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Calcium silicate ceramics are intended for application as long-term implant materials. In the present work,
attention was paid to understand the correlations between the nanostructure (aggregate size, crystallinity,
porosity) and the macroscopic properties (solubility in water and simulated body fluids, SBF; hardness) vary-
ing the chemical composition. Varying the catalyst (from a base to various acids) during the chemical synthe-
sis was shown to significantly impact on the pore size, crystallinity and mechanical properties. The basic
catalyst yields the ceramics with the highest mechanical strength. Ammonia used in 1.0 or 10.0 molar ratio
results in bulk ceramics with parameters required for a biomedical application, good hardness (180–200
HV) and low solubility (1–3%) in water and in SBF. The fine porosity (~50 nm) and homogeneous amorphous
structure induce good mechanical character.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

The bioactive glass-ceramics and composites have been successfully
used for the repair, reconstruction, and replacement of diseased or
damaged parts of the body, especially bone or tooth. Themost bioactive
glasses and ceramics have been based on a silicate network due to the
slight and slow solubility of silicates in human body fluid. Hereby
these bioactive materials can be used as long-term implants. The bioac-
tivity can be attributed to the bone bonding behavior. On the surface of
bioactive materials, a biologically active carbonate hydroxyapatite
(HCA) layer formswhich provides the bonding interface with the living
tissues. The growth rate of the HCA layer mainly depends on the bioac-
tive glass composition and the porosity. The lower SiO2 and higher CaO
contents result in a higher apatite layer growth, while the larger surface
area (> natural bone porosity) and smaller pore size reduce the growth
rates of the apatite layer [1–7]. Studying the “in vitro behavior” of the
glasses indicates that the presence of phosphorus in the glass composi-
tion is not an essential requirement for the development of the HCA
layer [1–8]. The apatite layer forms in the P2O5-free calcium silicate
glasses using the phosphorus content present in the in vitro solution.

The gel-derived ceramics have been demonstrated to have better
bioactivity than melt-quenched ceramics [9–13]. The better bioactivity
can be explained by the great differences in the textural properties
(e.g. in the porosity) of the gel- and melt-derived materials [11–13]
and the better homogeneity, purity and amorphous feature of the sol–

gel ceramics [11–16]. Furthermore, the amount and the position of crys-
talline particles can be much easier controlled via sol–gel than melting
processes.

In our previous work, acid- or base-catalyzed sol–gel routes have
been developed for the synthesis of calcium silicate systems [17,18].
The effect of the chemical composition, notably the catalysts on the
bond systems has been investigated [19]. The present work focuses on
the determination of the correlations between the ceramic nanostruc-
ture (particle size, crystallinity, and porosity) and the macroscopic
properties (solubility in distilledwater and simulated body fluids; hard-
ness) achieved by using various catalysts (ammonia, acetic acid, and
phosphoric acid). Dynamic light scattering (DLS) and scanning electron
microscopy (SEM) provide the size characterization. The crystalline
phases, morphology, and chemical composition of the particles with
different shapes have been analyzed by X-ray diffraction (XRD), SEM,
Fourier transform infrared spectroscopy (FTIR), and energy dispersive
X-ray spectrometer (EDX).

2. Experimental

2.1. Materials and gel synthesis

The calcium silicate gel samples were produced by sol–gel technique
starting from tetraethoxysilane (TEOS), (Si(OC2H5)4, 98%, Aldrich) and
calcium nitrate tetrahydrate, (Ca(NO3)2·4H2O, 99%, Reanal) as precur-
sors; 1-propanol (at. Aldrich) as solvent; ammonia (25% aqueous solu-
tion, Reanal), acetic acid (99–100%, Reanal) and phosphoric acid (85%
aqueous solution, Reanal) as catalysts. The syntheses of materials were
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carried out by hydrolysis and polycondensation in an organic solution
of stoichiometric amounts of the precursors. The rate of the catalyst con-
centrations (0.50–10.0 mol catalyst/Si) was varied during this synthesis
series. The gelation time of starting organic solution was 1 h in basic
(NH3 solution) or in phosphoric acid catalyzed processes, and 24 h in
acidic solution (acetic acid). The aging as well as the drying processes
were performed at 80 °C [8–10]. The heat treatment i.e. the sintering of
ceramic powders was conducted in two steps, first at 600 °C (30 min)
and after pressing the pellets (uniaxial pressing at 24.5–39.2 MPa for
15–20 min/pellets) at 700 °C (3 h, 100 °C/min heating and 20 °C/min
cooling rates).

2.2. Characterization methods

The aggregate size of ceramics powders has been determined by
dynamical light scattering (DLS) method. DLS measurements were
performed by means of an equipment (Brookhaven) consisting of a
BI-200SM goniometer and a BI-9000AT digital correlator. An argon-ion
laser (Omnichrome, model 543AP) operating at 488 nm wavelength
and emitting vertically polarized light was used as the light source. The
signal analyzer was used in real-time “multi tau” mode. In this mode
the time axis was logarithmically spaced over an appropriate time inter-
val and the correlator used 218 time channels. The pinhole was 100 μm.
The particles were generally dispersed in ethanol for DLS measurements
instead of distilledwater in order to avoid the aggregation of the particles
in distilled water. The number-weighted particle size distribution was
detected by DLS.

The particle size and morphology of ceramic powders and sintered
pellets have been studied by a FEI Quanta 3D FEG scanning electron mi-

croscope (SEM). The SEM images were prepared by the Everhart–
Thornley secondary electron detector (ETD), its ultimate resolution is
1–2 nm, and the accelerating voltage is 15.0 kV. Since the conductance
of the particles investigated is high enough to remove the electric
charge accumulated on the surface, the SEM images were performed
in high vacuum without any coverage on the specimen surface. For
the best SEM visibility, the particles were deposited on a HOPG (graph-
ite) substrate surface. SEM combined with energy disperse X-ray spec-
troscopy (EDX) is mainly applied for spatially resolved chemical
analysis of bulk samples.

Wide-angle x-ray scattering (WAXS) were detected with a 1D
MYTHEN detector in HASYLAB of DESY (Hamburg). The WAXS data
were collected over the 2θ-range of 7–30° with a step size 0.0212°.
Identification of phases was achieved by comparing the diffraction
patterns with the standard PDF cards.

The mechanical properties of bulk ceramics were compared with
Vickers hardness measurements. The compressed tablets were tested
with various instruments (an Akashi Microhardness tester, Anton
Paar Microhardness tester MHT 4, and Shimadzu DUH-202 tester). A
pyramidal diamond indenter was applied to the tablet surface under
a load of 0.5–2 N for 15 s. The tests were repeated at three different
places 5–20 times for each sample.

The surface area and porosity of ceramic samples were character-
ized by CCl4 sorption analysis at 25 °C on an autosorb computer con-
trolled surface analyzer (AUTOSORB-1, Quantachrome or ASAP 2010
Micrometrics). Each sample was degassed for 12 h prior to analysis.

The solubility of the ceramics has been investigated in distilledwater
as well as in simulated body fluid (SBF) [20]. In all cases the sintered
bulk samples were soaked for 1–14 days in distilled water and for
3 days in SBF. The drying process took for 2 h at 180 °C and 2 h at
700 °C after distilled water treatment and for 10 days at room temper-
ature after dipping in SBF, respectively. Parallel tests have been carried
out on ten samples.Weight changes, chemical surfacemodification, and
the ions eluted into solution (in tissue culture water after 7 days) were
fully analyzed.

The ions dissolved in distilled water were analyzed with total reflec-

tion X-ray fluorescence (TXRF) spectroscopy. The TXRF measurements

were performedwith anAtomika 8030C (FEI Co.) instrument. The influ-
ence of SBF soaking on the surfacewasmonitored by attenuated total re-
flectance (ATR) Fourier transform infrared (FTIR) spectroscopy. The FTIR
measurements were performed on Bruker IFS 55 instrument with dia-
mond ATR head (PIKE technology). The infrared spectra were collected
over the range of 4000–550 cm−1 at a resolution of 0.5 cm−1.

3. Result and discussion

The calcium silicate ceramic systems were synthesized by acid- or
base-catalyzed sol–gel routes [17,18]. A Ca- and Si-containing colloid
(gel or sol) systems form in the first step of the sol–gel method. The
ceramic products can be obtained by drying and sintering processes
from the gel system. The main reactions of the gelation are the hydro-
lysis and condensation. The hydrolysis and condensation reactions re-
quire acid or base catalysis [17,18].

The previous research has studied the effect of the chemical param-
eters (e.g. catalysis, Ca/Si and catalyst/Si ratios) and the heat treatment
on the bond systems and aggregate structures. The acid-catalyzed reac-
tions produce a gel system with randomly branched network arising
from the fast hydrolysis. The base-catalyzed reactions yield a sol system
built up from aggregates due to longer hydrolysis time, which can pro-
vide the possibility for the aggregation of particles into the most ther-
modynamically stable arrangement [19]. The NH3 catalyst favors the
formation of =Si(OSi)2 units (SiO)2Si(O

−)2 or (SiO)2Si(OH)2 . The Ca
ions prefer the bond to =Si(OSi)2 units [19]. The Ca ions bond not
only to the silicate matrix or silicate anions in a crystalline phase, but
also to the carbonate as well as OH ions in the range of 160–500 °C.
According to the XRD data, CaO does not form in these sol–gel derived
ceramics up to 1000 °C.

3.1. Comparison of various types of catalyst

In Table 1, the porosity data and the particle sizes represent the struc-
tural parameters; while the Vickers hardness values (HV) themechanical
properties. For better comparison, the samples of presented investiga-
tions were synthesized with the same compositions (1:1:1 molar ratios
of Si/Ca/catalyst) and sintered at 700 °C, only the type of catalysts was
varied.

The ceramic products prepared by base catalysis possess the best
mechanical strength (around 200 HV); this result is promising for a
biomedical application. The sample of phosphoric acid catalysis
shows altering HV values (on average 120 HV) due to the inhomoge-
neous phase composition (Fig. 1). The acetic acid catalysis produces
low HV values (42–52 HV).

The big differences between the HV data may be explained by the
porosity (Table 1) and the crystalline phases. The porosity of the ce-
ramic systems is one of the important features with respect to the
medical application. For comparison, the average specific surface
areas of the cancellous and cortical human bone are 50–100 m2 g−1

[21,22] and 2–40 m2 g−1 [21,23,24], respectively. The total porosity

Table 1

Structural and mechanical data of ceramic samples synthesized with different catalysts.

Measurements Ammonia Acetic acid Phosphoric
acid

Vickers hardness (HV) 190±20 47±5 120±50
Porosity (%) (SEM) 17±3 8±2 15±2
Specific surface area (m2 g−1)
(CCl4 adsorption)

19±3 7±2 14±1

Pore size (range/average in nm)
(SEM)

20–240/50 20–2000/165 40–1500/310

Particle size (range/average in nm)
(DLS)

50–180/90 80–120/100 150–600/300

Particle size (range/average in nm)
(SEM)

45–120/75 30–110/90 90–180/119
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of the cancellous and cortical bone is 30–90% and 5–30% [25–29],
respectively. All porosity data fit to the porosity range of natural bone.
The highest porosity and the largest specific surface area (≈17%,
19 m2 g−1) could be detected in the samples prepared with ammonia.
The ammonia-catalyzed sample contains many fine pores; the mean
pore size is about 50 nm. The systems obtained in acidicmediumpossess
the lowest value (8%, 7 m2 g−1). The acetic acid-catalyzed sample can be
characterized by less, but larger and polydisperse pores (20–2000 nm, on
average 165 nm). The polydisperse larger pores reduce dramatically the
mechanical strength (e.g. ~190 HV at 20–240 nm pore size and ~47 HV
at 20–2000 nm). The porosity of the phosphorous containing samples is
slightly lower (≈15%, 14 m2 g−1) than that of ammonia catalyzed sam-
ple. Whereas, the sample of phosphoric acid has the largest (around
310 nm) but less polydisperse pores, its mean Vickers hardness data is
much better than that of acetic acid owing to the glassy phase (Fig. 1).
The large pores are present rather in the aggregated part of the bulk
ceramics than in glass phases decreasing the mechanical properties of
the phase built up from aggregates. Otherwise, the compact and poreless
glass phase has a good hardness.

The size of the particles, which build up the ceramic structures, has
no observable effect on the properties. There is only a slight difference
between the particles of base and acetic acid catalysis: 90 (base), 100
(acid) nm before the sintering and 75 (base), 90 (acid) nm after the
sintering, respectively) (Table 1). In the sample of the phosphoric
acid catalysis, the largest particles (300 nm) can be detected by DLS

before the sintering. After the sintering much lower sizes (119 nm)
are presented with SEM. That also indicates that a significant melting
process occurred during the sintering at 700 °C.

Comparing the crystalline structures obtained by various catalysts,
the phosphorous-containing systems possess the largest volume of
crystals; β- and γ-Ca2P2O7 phases at 700 °C (Fig. 2). On the one hand,
the phosphorus content plays an important role in the crystallization
of the glasses; it induces the crystallization of calcium phosphate
phases. On the other hand, the higher P ratio (>0.5 mol P/Ca) furthers
even the melting process. The synthesis with 2 mol P/Ca leads to
the formation of a glass foam at 600 °C. Glassy lenses (Fig. 1) are
silicate-based glass with 30% phosphorous and 10% calcium oxides con-
tent (EDX). In the system of 1:1:1 molar ratio of Ca/Si/P, γ-Ca2P2O7

appears first as a crystalline phase during the heating, its amount
continually decreases with the rising temperature and turns into β-
and γ-Ca2P2O7 phases at around 500 °C. A small amount of CaCO3 and
2 Ca2SiO4·Ca3(PO4)2 can be identified between 300 and 500 °C.
Moreover, the presence of phosphorus produces a heterogeneous dis-
tribution of defects in the ceramic bodies reducing the mechanical
strength. In the acetic acid-catalyzed systems, a small amount of crystal-
line phases (CaCO3 and SiO2) can be demonstrated by XRD or WAXS
between 80 and 500 °C. A new calcium silicate phase, β-Ca2SiO4 de-
velops already at low temperature (300 °C) that transforms to wollas-
tonite (CaSiO3) at around 900 °C. The ammonia-catalyzed systems are
principally amorphous. Only a slight amount of β-Ca2SiO4 may be

Fig. 1. SEM images (75 000×) taken from different places of ceramic surfaces formed by means of various catalysts (ammonia, acetic acid, phosphoric acid). EDX spectra illustrate
homogeneous (NH3, HAc) or inhomogeneous (phosphoric acid) chemical composition of the surfaces.
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observed between 700 and 900 °C (Table 2). Similar to the acetic
acid-catalyzed systems, β-Ca2SiO4 changes to a calcium metasilicate
phase at about 900 °C.

3.2. Material features in the function of ammonia concentration

Only the ammonia-catalyzed bulk ceramics can be utilized as a ce-
ramic body of long-term implants owing to their good bioactivity,
sufficient mechanical strength, and low solubility (see in Section
3.3). The phosphorus content provided by H3PO4 increases drastically
the solubility (discussed further in Section 3.3), while the acetic acid
catalysis yields ceramics with low mechanical strength. The previous
examinations of the ammonia influence on the bond system have in-
dicated a considerable change at ≥1 molar ratio of NH3/Ca. This ratio
of catalyst is needed for achieving the pH required for the hydrolysis

and condensation of TEOS and for the development of Si\OH groups
[19]. Thus, the present study focused on the investigations of 1.0–10.0
molar ratios of NH3/Ca. The structural (porosity, pore and particle
sizes) and mechanical parameters (hardness) are listed in Table 3 in
the function of ammonia molar ratio. Significant differences can be
observed in the Vickers hardness data. The application of terminal
(1.0 or 10.0) ammonia molar ratios leaded to surprise results; that
produced bulk ceramics with the largest hardness (140–350 HV, on
average 180–190 HV). The intermediate ammonia molar ratios pro-
vided the bulk ceramics with less hardness (on average 110–120
HV). These data have been checked by three different Vickers hard-
ness testers in order to approve the non-linear change (Fig. 3). The
change of HV values can be interpreted by means of porosity, espe-
cially of pore size and crystallinity similar to the effect of the various
types of catalyst (Table 3). The fine pores (on average 50 nm) result
in a good mechanical strength. At 3.0 or 5.0 ammonia molar ratio,
the larger pores (on average 80–120 nm) decrease strongly the hard-
ness. The percent porosity and the particle sizes do not change unam-
biguously as a function of ammonia ratio (Table 3).

The difference in the hardness values can be interpreted by
the crystalline phases. The in-situ WAXS and XRD measurements
detected α-quartz (SiO2) and calcite (CaCO3) as first crystalline
phases in the ammonia-catalyzed systems during the heat treatment,
in the range of 140 and 500 °C (Table 4). Both phases disappear si-
multaneously at around 500 °C, indicating a reaction between them
independent of the ammonia concentration. The character of the
newly developed phase depends on the ammonia concentration.
The use of 1.0 and 10.0 molar ratios leads directly to the formation
of a temporary calcium silicate amorphous phase, which transforms
to smaller crystals (β-Ca2SiO4) only at higher temperature (700 and
800 °C). The same crystalline phase (β-Ca2SiO4) forms already
above 500 °C in the samples of the intermediate molar ratios (3, 5).
Above 800 °C,β-dicalcium silicate turns into a crystalline phase of calci-
um metasilicates (e.g. wollastonite) in every sample. Fig. 4 depicts the
X-ray diffraction patterns for ceramic systems obtained by using various
ammonia concentrations and heated at 700 °C. The XRD curves repre-
sent a rising amorphous character for ammonia-catalyzed ceramic ma-
terials in the function of the increasing molar ratio.

3.3. Soluble behavior of the sintered calcium-containing ceramic systems

From the view point of medical application, the soluble behavior
of the bulk ceramic samples possesses an outstanding relevance.
The bulk ceramics sintered at 700 °C were soaked in distilled water
as well as in simulated body fluids (SBF). The solubility in distilled
water has been characterized by measurements of weight loss and
analyzed for ionic content by TXRF after 7 days. The behavior of the
bulk ceramics in SBF has been mostly analyzed by surface control
(SEM, EDX, FTIR).

A weight loss of 3–4% in distilled water can be detected in the
samples synthesized with acetic acid or ammonia catalyst (Table 5
and Fig. 5). These weight losses occur in 1–2 days and after that the
bulks hold their weight. In order to determine the reason of weight
loss, the chemical composition of distilled water has been analyzed
by TXRF measurements observed after a period of soaking in water

Fig. 2. X-ray diffraction patterns of calcium silicate systems synthesized with different
catalysts and heated at 700 °C.

Table 2

Temperature range of the crystalline phases in the function of catalysis.

Temperature range (°C) Acetic acid Ammonia Phosphoric acid

80 CaCO3

SiO2

Amorphous γ-Ca2P2O7

CaCO3

2Ca2SiO4∙Ca3(PO4)2

140
300
500 CaCO3

SiO2

β-Ca2SiO4

CaCO3

SiO2

γ-Ca2P2O7

β-Ca2P2O7

CaCO3

2Ca2SiO4∙Ca3(PO4)2
600 β-Ca2SiO4 Amorphous β-Ca2P2O7

γ-Ca2P2O7

δ-Ca(PO3)2

700 β-Ca2SiO4

800
900 CaSiO3 CaSiO3

>900 β-Ca2P2O7

SiO2

Table 3

Structural and mechanical data of ceramic samples synthesized with various amounts of ammonia catalyst.

Measurements Molar ratio of NH3/Ca

1.0 3.0 5.0 10.0

Vickers hardness (HV) 150–240/190 90–120/107 100–180/120 140–350/180
Porosity (%) (SEM) 17±3 15±2 19±3 20±3
Pore size (range/average in nm) (SEM) 20–240/50 20–300/83 10–300/120 5–140/50
Particle size (range/average in nm) (DLS) 50–180/90 30–180/85 35–180/85 30–300/110
Particle size (range/average in nm) (SEM) 45–120/75 50–140/80 45–134/80 45–120/84

1374 A. Meiszterics et al. / Materials Science and Engineering C 33 (2013) 1371–1379



after 7 days (Table 6). In acetic acid-catalyzed ceramics, the weight
loss (≈4%) mostly arises from the dissolution of calcium ions
(0.02 g Ca ions/g sample). The solution of the silicon atoms is negligi-
ble (1.7 10−5 g/g sample). After soaking the samples synthesized in
basic medium, not only calcium ions (2.9·10−3

–3.5·10−3 g/g sam-
ple) but silicon atoms could also be detected (1.7·10−3 g/g sample)
in the distilled water solution. Considering these concentration data,
the major part of the weight loss arises from the sintering defects,
i.e. the fine particles can be released from ceramic surfaces. Only a
minor part of the weight loss is the consequence of a real water
solubility.

In contrast to these acetic acid- or ammonia-catalyzed ceramic
materials, a larger and more or less continuous weight loss can be ob-
served in the systems catalyzed by phosphoric acid (Table 5, Fig. 5).
The weight change is faster in the first three days and it still continues
slower in the second week (Fig. 5). The solubility of the ceramics in-
creases drastically (from 10 to 48%) by rising molar ratio of Si/P
(Table 5). The phosphorus-containing systems release mainly phos-
phorus (3.7·10−3 g/g sample) and calcium (2.4·10−3 g/g sample)
ions and only a slight volume of silicon (3.6·10−4 g/g sample) during
the soaking (Table 6). Themost removed calcium ions (generally 70–80%)
are substituted byH+ ions. The silicon content dissolves as silicon-dioxide
from the surface of the phosphoric acid-catalyzed samples.

The weight change of the bulk ceramics has also been investigated
after a 3-day soaking in SBF. After soaking and drying, a lower weight
growth can be observed; at NH3 (2–2.5%) and at acetic acid catalysis
(5.0–5.5%). The phosphoric acid-catalyzed samples produce low
weight losses (2.0–2.5%) by soaking in SBF due to the larger dissolu-
tion than the precipitation from SBF. The influence of the soaking in

SBF on the surfaces was compared by means of SEM images
(Figs. 6–8) and the adsorbed compounds were identified by EDX
analysis. The ~5% weight growth of acetic acid-catalyzed sample oc-
curred by soaking is derived mainly from calcium carbonate and in
a smaller part from calcium phosphate and hydroxyapatite precipita-
tion. The small white particles (~350 nm) on the surfaces of acetic
acid-catalyzed samples are calcium phosphate crystallites (Fig. 6).
The phosphate precipitates are dispersed on the whole surface. The
larger crystallites, the “rose” (60–120 μm) proved to be calcium car-
bonate (Fig. 6).

In the ceramic systems catalyzed by ammonia, a weight growth of
2% can be observed. The precipitates dispersed overall on the ceramic
surfaces are similar to that separated in the systems of acetic acid cat-
alyst (Fig. 7). The small phosphate particles (~350 nm) are dominant,
while the large carbonate participates (65–120 μm) are present only

Fig. 3. Vickers hardness data measured by different instruments (Anton Paar Micro; Akashi
Micro; Shimadzu DUH-202 hardness testers) in the function of ammonia concentration.

Table 4

Temperature range of the crystalline phases in the function of ammonia concentration.

Temperature range (°C) Molar ratio of NH3/Ca

1.0 3.0 5.0 10.0

80 Amorphous Amorphous Amorphous Ca(NO3)2
140 CaCO3

SiO2

CaCO3

SiO2

CaCO3

SiO2

500 CaCO3

SiO2

Amorphous

600 Amorphous β-Ca2SiO4 β-Ca2SiO4 Amorphous
700 β-Ca2SiO4

800
900 CaSiO3 CaSiO3 CaSiO3 CaSiO3

>900

Fig. 4. X-ray diffraction patterns of calcium silicate systems synthesized by various
amounts of ammonia catalyst.

Table 5

The time dependence of solubility in distilled water.

Molar ratio of
catalyst/Ca

Days of
soaking

Weight
loss %

Molar ratio of
catalyst/Ca

Days of
soaking

Weight
loss %

NH3/Ca=1 1 3.4±0.4 NH3/Ca=1 1 3.4±0.4
2 3.5±0.5 2 3.5±0.5
3 3.8±0.4 3 3.8±0.4
4 3.4±0.3 4 3.4±0.3
7 3.5±0.3 7 3.5±0.3
14 3.8±0.3 14 3.8±0.3

CH3COOH/Ca=1 1 4.3±0.5 NH3/Ca=3 1 4.0±0.5
2 4.4±0.5 2 3.3±0.5
3 4.0±0.4 3 4.0±0.4
4 4.4±0.3 4 3.7±0.4
7 4.0±0.3 7 4.3±0.3
14 4.9±0.5 14 4.4±0.3

H3PO4/Ca=1 1 7.9±0.6 NH3/Ca=5 1 4.0±0.5
2 8.5±0.7 2 3.7±0.5
3 9.0±0.7 3 4.3±0.4
4 8.9±0.6 4 5.0±0.5
7 9.6±0.6 7 4.4±0.4
14 10.4±0.7 14 4.5±0.5

H3PO4/Ca=2 1 40±4 NH3/Ca=10 1 4.2±0.4
2 43±4 2 4.3±0.4
3 45±4 3 4.3±0.4
4 45±4 4 4.0±0.4
7 47±5 7 3.8±0.3
14 48±5 14 3.9±0.4
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in a small amount (Fig. 7). Hydroxyapatite precipitation is not carried
out.

Relevant changes cannot be observed on the surface of the phos-
phoric acid-catalyzed samples (Fig. 8). Some phosphate precipitates
can be monitored by SEM on certain parts of the surface (Fig. 8).
The solubility of phosphate-containing materials is significantly less
in SBF (2–3%) than in pure water (8–10%). The reason of that is the
Ca2+ and PO4

3− ions of SBF decreasing strongly the solubility. Howev-
er, the precipitation from SBF must also be taken into account.

The FTIR spectra recorded before and after soaking in SBF verified the
results of EDX measurements (Fig. 9). In the case of acetic acid and am-
monia catalysis, new peaks appear in the FTIR spectra after a soaking in
SBF, which can be associated to the phosphate group (PO4

3−, 1080 and
1220 cm−1). Parallel with the absorption of phosphate groups, slight
carbonation (1440 cm−1 and 670 cm−1) and hydration (1645 cm−1)
processes can be identified. In the sample prepared by phosphoric acid,
only slight changes can be detected by FTIR after the SBF-soaking. In the
FTIR spectrum for the sample derived from the surface layer of an
ammonia-catalyzed system, the absorption band of Ca\O\Si strongly
reduces and the common band of SiO4 and PO4 (1077 cm−1) increases.
The decrease of the peak of Ca\O\Si (881 cm−1) indicates the dissolu-
tion of the Ca2+ ions from the ceramic surface. The calcium ions dissolved
in SBF solution are substituted by H+ ion and produce silanol (Si\OH)
groups on the ceramic surfaces. The substitution has been confirmed
by the appearance of the OH band in the IR spectra (at 3734 and
1644 cm−1). The silanol group on the surface of biomaterials is reported
to be essential for the formation of hydroxyapatite. The silanol group
provides favorable sites for hydroxyapatite nucleation [9–13,20,30–34].
The hydroxyapatite-like layer ensures the good connection to the living
tissues and increases hereby the bioactivity of ceramics.

Fig. 5. Time dependence of solubility in distilled water.

Table 6

TXRF analysis of the chemical composition of water after a 7-day soaking.

Molar ratio of catalyst/Ca Ca (g/g) Si (g/g) P (g/g)

1.0 acetic acid 2.0·10−2 1.7·10−5
–

1.0 H3PO4 2.4·10−3 3.6·10−4 3.7·10−3

1.0 NH3 2.9·10−3 1.7·10−3
–

5.0 NH3 3.4·10−3 2.5·10−3
–

10.0 NH3 3.5·10−3 2.3·10−3
–

Fig. 6. SEM images of various magnifications for acetic acid-catalyzed samples before and after soaking in SBF for 3 days.
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Fig. 7. SEM images of various magnifications for ammonia-catalyzed samples before and after soaking in SBF for 3 days.

Fig. 8. SEM images of various magnifications for phosphoric acid-catalyzed samples before and after soaking in SBF for 3 days.
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The big differences in themechanical propertiesmay be explained by
the porosity, especially by the pore sizes. The large (>100 nm) and poly-
disperse pores considerably reduce the mechanical strength. However,
the large pores (50–100 μm)are crucial for an excellent osteointegration.
The pore system desired for the fast osteointegration could be prepared
only on the surface of the ceramic body considering the requirement of
the long-term implants for the goodmechanical strength. The crystallin-
ity has also effect on the hardness, the larger crystals (>100 nm) distort
the homogeneous texture and decrease the mechanical strength.

The treatment of calcium silicate bioceramics in SBF leads to precip-
itation of phosphate and slight carbonate particles. The calcium ions re-
leased in SBF solution are replaced by H+ ion and produce silanol
(Si-OH) groups. The silanol groups on the ceramic surface are essential
for the formation of hydroxyapatite, hereby improving the bioactivity.

4. Conclusions

The bioceramics based on silicate matrix can be utilized as
long-term implants due to their slight and slow solubility of silicates
in the humanbodyfluid. The aims of the presentworkwere to synthesize
bulk calcium silicate bioceramics by new sol–gel route and to understand
the correlations between the nanostructure (porosity, morphology or ag-
gregate size) and the macroscopic properties (solubility in water and
simulated body fluids, SBF; Vickers-hardness, HV). Varying the prepara-
tion conditions, the catalyst proved to be the most efficient parameter
in the influence of the ceramic structure and mechanical properties.
Basic (NH3) and acidic (CH3COOH, H3PO4) catalysts were applied in the
research work.

Ammonia of the different catalysts provides the bulk ceramics with
goodmechanical properties and low solubility required for a biomedical
application. The ammonia-catalyzed systems are principally amor-
phous. The fine porosity (~50 nm) induces the good mechanical char-
acter. The ceramic properties depend not only on the type of catalyst
but ammonia concentration, too. The ammonia catalyst used in 1.0 or

10.0 mole ratio of NH3/Ca results in the largest hardness (~200 HV),
similar porosity (17-20%) to that of human cortical bone and low solu-
bility (1-3%) in water and SBF. The use of 1.0 or 10.0 molar ratio leads
directly to the formation of a temporary calcium silicate amorphous
phase, which transforms to smaller crystals (β-Ca2SiO4) only at higher
temperature (around 700 °C).

In the respect of biomedical application, the main disadvantage of
the acetic acid-catalyzed systems is their bed mechanical strength
(45–50 HV). The reduction of the mechanical strength derives from
the larger and polydisperse pores (20–2000 nm, on average 165 nm).
The characteristic crystalline phase is β-Ca2SiO4 formed at 300 °C and
the crystals are growing up to the temperature of sintering. The advan-
tages of the bulk ceramics catalyzed by acetic acid are the homogeneous
gel structure, low solubility (~4%) inwater and SBF, and an apatite layer
can be formed on their surface in SBF.

The phosphoric acid-catalyzed ceramic systems can not be utilized
as an implant owing to their inhomogeneous structure and larger and
long term solution in water. The solubility of the ceramics increases
drastically by rising molar ratio of P/Si. The phosphorous-containing
systems possess the largest volume of crystals; β- and γ-Ca2P2O7

phases. Over the crystalline phases, glassy lenses can be displayed
in the texture. The inhomogeneous structure results in changing HV
values (on average 120 HV). The pores in the samples of phosphoric
acid are generally large (~310 nm) but less polydisperse.
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