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Ca ion release from bioactive biomaterials could play an important role in their bioactivity and osteoconductivity properties. 
In order to improve hydroxyapatite (HA) dissolution rate, in situ apatite-silica nanocomposite powders with various silica 
contents were synthesized via sol-gel method and mechanisms controlling the Ca ion release from them were investigated. 
Obtained powders were characterized by X-ray diffraction (XRD) and transmission electron spectroscopy (TEM) techniques, 
acid dissolution test, and spectroscopy by atomic absorption spectrometer (AAS). Results indicated the possible incorporation 
of SiO4

4- into the HA structure and tendency of amorphous silica to cover the surface of HA particles. However, 20 wt. % 
silica was the lowest amount that fully covered HA particles. All of the nanocomposite powders showed more Ca ion release 
compared with pure HA, and HA - 10 wt. % silica had the highest Ca ion release. The crystallinity, the crystallite size, and 
the content of HA, along with the integrity, thickness, and ion diffusion possibility through the amorphous silica layer on 
the surface of HA, were factors that varied due to changes in the silica content and were affected the Ca ion release from 
nanocomposite powders.

INTRODUCTION

 Bone diseases and defects are serious issues that 
affect the patients’ quality of life [1]. Bioceramics as 
synthetic bone graft substitute materials are an appro- 
priate medical intervention due to availability, reprodu-
cibility, and reliability [2-3]. The aim of the bone graft, 
besides restoration of the bone defect, is to support the 
repaired area by inducing new bone ingrowth into the 
defect site [4].
 Synthetic hydroxyapatite (Ca10(PO4)6(OH)2; HA) 
consists of the majority of the inorganic elements of 
human bones and teeth. HA is one of the most important 
candidates for bone graft substitute materials due to 
its biocompatibility, bioactivity, and osteoconductivity 
[5-7]. However, very slow dissolution rate is one of 
disadvantage of the synthetic stoichiometric HA that 
could interfere with the growth of new bone tissue 
[8-10]. Moreover, slow dissolution rate of HA limits 
its bioactivity and leads to low reactivity of HA with 
existing bone [11-12].
 It has been reported that the bioactivity and the 
osteoconductivity properties of HA are related to its 
dissolution behavior in human body environment [13-

15]. In other words, the dissolution of calcium and 
phosphate ions from the HA may occur by means of the 
surrounding environment (extracellular fluid) and may 
also be actively mediated by osteoclast cells [16]. The HA 
dissolution lead to an increase in the concentrations of 
calcium and inorganic phosphate in the gap between the 
existing bone and the HA graft [17], and would enhance 
the formation of new natural bone by consuming these 
ions [13-14]. In this case, Ca ions have a key role in HA 
initial nucleation. In fact, the heterogeneous nucleation of 
HA is accelerated by the accumulation of Ca ions caused 
by the attractive interaction between the Ca ions and the 
negatively charged surface [18]. The HA precipitated 
into this gap will ensure integration of the HA graft with 
the existing bone. So, the accelerating this process could 
make a significant improvement in the bioactivity of HA 
and also in the quality of life of the patient [19].
 Silicon plays an important role in bone metabolism 
[20]. It is also vital to the growth and development of 
biological tissue such as bone and teeth [21]. It was 
reported that the substitution of SiO4

4̶ in the HA structure 
increase its solubility [19, 22-23]. Also, the formation of 
an amorphous silica layer on the surface of HA could 
change the HA dissolution [24].
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 Based on the importance of enhancing a HA graft’s 
bonding to bone and the vital role of Ca ions in this 
process, the main objective of this study was to improve 
HA dissolution by means of silica and to determine the 
mechanisms controlling the Ca ion release from HA-
silica nanocomposite  powders.

EXPERIMENTAL

Preparation of apatite-silica
nanocomposite powders

 Apatite-silica nanocomposite powders were pre-
pared by optimized methodology described in our 
previous research [25]. Calcium nitrate tetrahydrate 
[Ca(NO3)2.4H2O, Merck] and phosphoric pentoxide 
[P2O5, Merck] were dissolved in separate beakers con-
taining absolute ethanol [C2H5OH, Merck]. Both solu-
tions were mixed at a Ca/P molar ratio of 5:3, and the 
mixture was stirred for ~3 h at 30°C and was then aged 
for ~6 h at 30°C. Different amounts of tetraethylorthosi-
licate (TEOS) [Si(OC2H5)4, Merck] were added drop wise 
to the aged solutions of HA under continuous stirring. 
After ~1 h of stirring, 0.1 N HNO3 and acetic acid were 
added as the catalyst. The molar ratio of H2O/TEOS and 
water/acetic acid was 2:1 and 7:1, respectively. Final 
mixtures were stirred for ~3 h at 30°C and were then 
aged for 24 h at room temperature under static condi-
tions. The resulting gels were then dried at 80°C for 24 h. 
The dry powders were crushed using a ball mill (Fretch 
Pulverisette 5) with a 125 ml zirconia vial and four 
20 mm diameter zirconia balls at room temperature. 
The process was performed with a ball/powder mass 
ratio of 20:1 and a rotation speed of 150 rpm for 90 min. 
They were calcinated by heating to 600°C at 5°C∙min-1, 
kept at the mentioned temperature for 30 min, and then 
cooled to room temperature. The obtained nanocompo-
site powders were referred to as HA-5S, HA-10S, 
HA-20S, etc., corresponding to the calculated content 
of silica (wt. %) in the nanocomposite  powders. For 
comparison purposes, pure HA nanopowder was also 
prepared.

Characterization of
nanocomposite powders

 Phase structure and crystallinity of the prepared 
powders were analyzed and determined by an X-ray dif-
fractometer (XRD, Philips X’Pert-MPD) using a Cu Kα
radiation (λ = 0.15418 nm, 40 kV and 30 mA) over the 
range of 10 - 70° with a step size of 0.05°∙s−1. Lattice 
parameters (a and c) and unit cell volume of the prepared 
powders were calculated using the obtained XRD 
patterns and the cell parameters refinement software, 
Celref V.3. [26].
 Transmission electron microscopy (TEM, Philips 
CM120) was used to study and determine the morphology 
and the particle size of the powders.

 An acid dissolution test was carried out by disper-
sing the powder samples with a ratio of 8 mg∙ml-1 in 2M 
HCl. After 30 min in an ultrasonic bath, the apparent 
color of the solutions/suspensions was observed.
 A physiological saline solution (0.9 wt. % NaCl) 
was used to evaluate the dissolution behavior of the 
powders. For this purpose, vials containing the prepared 
powder samples and the physiological saline solution at 
a ratio of 1mg∙ml-1 were placed in a shaking water bath 
at 37°C and 50 rpm. After 6 h, the dissolution of calcium 
ions in the filtered physiological saline solution was 
determined by an atomic absorption spectrometer (AAS, 
Perkin-Elemer 2380). 

RESULTS AND DISCUSSION

X-ray diffraction analysis

 Figure 1 shows the XRD patterns of the prepared 
apatite-silica nanocomposite powders accompanying by 
HA nanopowder for comparison. Whereas silica is an 
amorphous phase, no peak related to silica was recorded 
in the XRD patterns. However, the presence of silica by 
its effect on the XRD patterns has become quite visible.  

 The lattice parameters and the unit cell volume 
of pure HA along with HA in HA-5S and HA-10S 
nanocomposite powders, calculated by the Celref 
soft-ware using XRD diffraction data, are presented 
in Table 1. It should be noted that the calculation of 
the lattice parameters of HA in other nanocomposite 
powders was difficult due to the very low intensity of 
the HA peaks. Therefore, it is not presented in Table 1. In 
agreement with other researchers [27-28], the higher unit 
cell volumes of HA in nanocomposite powders rather 
than HA are related to the incorporation of SiO4

4̶  into the 

Figure 1.  XRD patterns of the prepared HA nanopowder and 
apatite-silica nanocomposite powders with different amounts 
of silica.

20 30 40 50 60 70

In
te

ns
ity

 (a
.u

.)

2θ (°)

HA

 (2
00

)

 (2
02

)

 (2
22

)

 (3
22

)

 (2
03

)

 (2
02

)

 (5
02

) (3
00

)

 (3
10

)

 (3
04

)+
(3

23
)

 (4
22

)+
(4

13
)

 (4
10

)

 (4
20

)

 (3
11

)

 (5
11

)

 (3
21

)
 (3

12
)

 (3
01

)

 (2
10

)
 (2

11
)

 (1
12

)

 (1
13

)

 (3
13

)

 (2
13

)

 (2
12

)

 (2
14

)

 (1
11

)
 (0

02
)

 (0
04

)

 (1
02

)

HA-5S

HA-10S

HA-20S

HA-30S

HA-40S

Hydroxyapatite



Latifi S. M., Fathi M., Varshosaz J., Ghochaghi N.

66 Ceramics – Silikáty  59 (1) 64-69 (2015)

HA structure. Also, the higher unit cell volume of HA in 
HA-10S nanocomposite powder rather than HA-5S can 
be attributed to the higher incorporation of SiO4

4̶  into 
the HA structure. The incorporation of SiO4

4̶  into the HA 
structure reduces to some extent the crystallinity of HA 
[22].

 Due to the limited incorporation of SiO4
4̶ into 

the HA structure [27], the intense change in the XRD 
patterns of HA-20S to HA-40S nanocomposite powders 
is related to the special configuration of the amorphous 
silica phase and the HA phase in these nanocomposite 
powders. In other words, as the large portion of HA-20S 
nanocomposite powder is composed of the HA phase, 
it was expected that its XRD pattern would represent 
obvious peaks with high intensity indicative of the HA 
phase. However, contrasting to expectation, the HA peaks 
have very low intensity. In fact, the silica amorphous 
phase in nanocomposite powders covered the surface of 
HA [24, 29-30], acting as a barrier for the recognition of 
HA by an X-ray beam. Therefore, the existence of the 
HA phase, which composes a large portion of HA-20S 
nanocomposite powder, shows a lower level on the X-ray 
diffraction than its actual level. The higher the silica 
content is in the nanocomposite powder, the higher the 
thickness of the amorphous silica layer on the surface of 
HA [24, 29]. Consequently, this fact is intensified more 
in HA-30S and HA-40S nanocomposite powders.
 It is worth mentioning that the silica layer on the 
surface of HA not only acts as a barrier for recognition 

of HA by an X-ray beam but can also act as a hindrance 
against crystallization of the HA phase and has a 
reduction effect on the crystallinity of HA to some extent 
by limiting its atomic arrangement [24].

Acid dissolution test

 Figure 2 shows the effect of an acidic environment 
(2 M HCl solution) on nanocomposite powders com-
pared with HA powder. Hydroxyapatite’s reaction 
ability in an acidic environment (below pH 4.8) leads 
to HA dissolution [30-32], which causes a change in the 
color of the solution. However, silica is resistant to an 
acidic environment, as it does not change the color of 
its solution [30]. Considering the different behaviors of 
HA and silica in acidic environments, acid dissolution 
test can be indicative of the configuration of amorphous 
silica phase in nanocomposite powders. Additionally, it 
can be indicative of the qualitative efficiency of surface 
modification of HA with a silica amorphous layer.
 As shown in Figure 2, HA-5S nanocomposite 
powder has the same color as HA in the acidic envi-
ronment. This matter is indicative of the insufficiency 
of silica content to cover the surface of HA. However, 
by increasing the silica content to 10 wt. % and higher, 
the ability of silica for covering the surface of HA 
considerably increases and the color of the acidic envi-
ronments approach each other due to the distribution 
of nanocomposite powders in them. Covering the sur-
face of HA with the amorphous silica layer for HA-10S 
to HA-40S nanocomposite powders is desirable, but 
a near full covering of HA for HA-20S to HA-40S 
nanocomposite powders protected the HA core against 
the acidic environment. A faint color differential, which 
is visible in the acidic environments containing HA-10S 
to HA-40S nanocomposite powders, can be attributed 
to the integrity [30], thickness [24, 29], and nature of 
the silica layer on the surface of HA [30]. This matter is 
more evidenced in nanocomposite powders with lower 
silica content, especially in HA-10S nanocomposite 

Table 1.  Lattice parameters (a and c) and unit cell volume of 
HA, HA-5S and HA-10S nanocomposite powders.

Compound a-Axis c-Axis Unit cell volume
 (Å) (Å) (Å3)

HA 9.4093 6.8862 527.98
HA-5S 9.4329 6.8794 530.12
HA-10S 9.4345 6.8905 531.16

Figure 2.  Acid dissolution test of HA nanopowder, and apatite-silica nanocomposite powder samples in 2 M HCl solution.
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powder. In other words, the darker color of the acidic 
environment containing HA-10S nanocomposite powder 
can be a consequence of the low integrity in the silica 
layer on the surface of HA. Moreover, the amorphous 
silica layer on the surface of HA has the potential to 
act as a semi-permeable layer with a selective diffusive 
Ca ion property [30]. So, the lower the silica content 
in nanocomposite powders, the lower the thickness of 
amorphous silica layer on the surface of HA, facilitating 
selective and controlled ion diffusion.

TEM analysis

 Figure 3 shows the TEM images of HA-5S and HA-
40S nanocomposite powders. The particles related to 
HA-5S nanocomposite powders have an elongated shape 
with a size of about 30nm in the longest dimension, but 
the particles related to HA-40S nanocomposite powders 
have an orbicular appearance with a size of about 15 
nm. The significant changes in the morphology and the 
size of particles can be attributed to the silica layer. In 
fact, the growth of HA crystallite is restricted due to the 
presence of the silica layer on the surface of HA during 
the ageing process [24, 29].  

Dissolution behavior

 Figure 4 shows the degree of Ca ion release in 
physiological saline solution for HA and various com-
pounds of apatite-silica nanocomposite powders based 
on the same magnitude powder (Figure 4a) and the 
same HA magnitude (Figure 4b). In other words, the 
HA content is decreased by increasing the silica content 
in nano-composite powders. Therefore, Figure 4b was 
extracted from Figure 4a based on the same HA content in 
nanocomposite powders. Considering that the objective 
of conducting this test was solely to study the dissolution 
behavior of nanocomposite powders, a 6 hour period 
was used in order to avoid disorder in the evaluation of 
results due to the reprecipitation of ions.
 The overall study of Figure 4a indicates that all 
nanocomposite powders in comparison with pure HA 
have more Ca ion release and among them, HA-10S 
nanocomposite powder has the highest. It should be 
noted that all powders have the same magnitude, with 
nanocomposite powders having a lower amount of HA 
in comparison with pure HA, and this difference is 
intensified with increasing the silica content. Moreover, 
according to the results of the acid dissolution test, a 
full covering of HA by silica is developed for HA-20S 
to HA-40S nanocomposite powders. So, the higher level 
Ca ion release from HA-20S to HA-40S nanocomposite  
powders compared with pure HA can prove the diffusion 
possibility of Ca ion from an amorphous silica layer on 
the surface of HA [30].
 According to literature, the incorporation of SiO4

4̶  
into the HA structure reduces the crystallinity [22] and 
the crystallite size of HA [23, 33], which lead to increase 
the solubility of HA [19, 22-23, 33]. So, the increase 
in Ca ion release for HA-5S nanocomposite powder 
compared to pure HA is the consequence of silica’s 
effect on the HA structure. In fact, the incorporation 
of SiO4

4̶  into the HA structure and also the hindering 
effect of a silica layer against HA crystallization lead to 
a reduction in the crystallinity and the crystallite size of 
HA. Consequently, accumulation of these factors leads 
to increased Ca ion release from HA-5S nanocomposite 
powder.

Figure 3.  TEM images of HA-5S (a) and HA-40S (b) nanocom-
posite powders.
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 By increasing silica content to 10 wt. % in HA-
10S nanocomposite powder, the incorporation of SiO4

4̶  
into the HA structure and the hindering effect of silica 
layer against crystallization of HA would be further 
increased, causing to more reduction in the crystallinity 
and the crystallite size of HA. Moreover, considering the 
results of the acid dissolution test, the barrier effect of 
the silica layer on the surface of HA to Ca ion release 
is low due to the low integrity and the small thickness 
of this layer in HA-10S nanocomposite powder. So, the 
forgoing factors lead to an increase in Ca ion release 
from HA-10S nanocomposite powder compared to 
HA-5S nanocomposite powder.
 Reduction in the Ca ion release level from HA-20S 
nanocomposite powder compared to HA-10S nanocom-
posite powder can be attributed to the full covering of 
HA with the silica layer, which is in good agreement 
with result of the acid dissolution test. In fact, the silica 
protective layer on the surface of HA acts as an obstacle 
for Ca ion release and suppresses the impact of the 
hindering effect of the silica layer against crystallization 
of HA, which lead to a decrease in Ca ion release from 
HA.
 Considering the results of the acid dissolution test, 
full covering of HA is developed by silica for HA-20S to 
HA-40S nanocomposite powders. So, the higher Ca ion 
release from HA-30S nanocomposite powder compared 
to HA-20S nanocomposite  powder can be attributed to 
the dominance of the hindering effect of the silica layer 
against HA crystallization that compensates for the impact 
of the silica protective layer on the surface of HA that 
acts as an obstacle for Ca ion release. The results shown 
in Figure 4b for HA-20S to HA-30S nanocomposite 
powders confirms the foregoing reasoning.

 HA-40S nanocomposite powder in comparison 
with HA-30S nanocomposite powder has lower Ca ion 
release. This matter can be attributed to a decrease of HA 
content on one hand and to an increase of the thickness 
of the silica layer on the surface of HA on the other hand. 
The foregoing reasoning is in agreement with the result 
of Figure 4b for HA-30S to HA-40S nanocomposite 
powders. In fact, the decreasing slope of dashed line 
in Figure 4b for HA-20S to HA-40S nanocomposite 
powders indicates the increasing thickness of the silica 
layer on the surface of HA.

CONCLUSIONS

 The results of this study demonstrated the incor-
poration of SiO4

4̶  into the HA structure and the tendency 
of the amorphous silica for covering the surface of 
HA particles in Sol- gel derived in situ apatite-silica 
nanocomposite powders, but the full covering of HA 
was developed by amorphous silica layer for HA-20S 
to HA-40S nanocomposite powders. Also, increasing 
the silica content in the nanocomposite powders showed 
a reduction effect on particle size of powders and 
changed their morphology. All of the nanocomposite 
powders compared with pure HA had more Ca ion 
release. However, HA-10S nanocomposite powder 
had the highest Ca ion release. The Ca ion release 
from nanocomposite powders was determined by the 
competition between three processes: 1) the reduction 
in the crystallinity and the crystallite size of HA due to 
the hindering effect of the silica layer on the surface of 
HA against HA crystallization and the incorporation of 
SiO4

4̶  into the HA structure, 2) the selective diffusion 

b)a)

Figure 4.  Ca ion release in physiological saline solution for HA nanopowder and apatite-silica nanocomposite powders after 6 h at 
37°C and 50 rpm based on the same magnitude powder (a), and the same HA magnitude, which derived of figure 4a (b).
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of Ca ions through the silica layer, and 3) the reduction 
in the HA content and the increase of thickness and 
integrity of the silica layer on the surface of HA. The 
first and second processes had a positive effect and the 
third process had a negative effect on the Ca ion release 
from nanocomposite powders. The variation of the silica 
content in nanocomposite powders lead to changes 
in the impact of the above-mentioned processes and, 
consequently, the Ca ion release from them would be 
affected.
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