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ABSTRACT 
 

Silicon-zirconia based glass was prepared by sol-gel method with the (70-x) SiO2-6P2O5-24CaO-(x) ZrO2. In 
which SiO2 was substituted by ZrO2 with different values (x = 0, 2, 4, 6, 8 and 10wt %). The bioactivity 
evaluation of the formed glass was assessed through in vitro experiments with immersion in simulated body 
fluid (SBF) for 7 days while monitoring the concentration of calcium and phosphate in the SBF solution for 
different time intervals. The deposition of the bone-like apatite at the sol-gel glass surface, after in vitro assays 
and the kinetic reaction between the sol-gel glass and the synthetic fluids were thoroughly investigated. XRD, 
FTIR, SEM (EDX) studies were done before and after soaking of the material with SBF. Results indicate that 
increasing ZrO2 content in the present glass composition increases the growth of HA layer on glass surfaces 
soaked in SBF and leads to enhance the bioactivity of the glasses. The bone-like apatite formation of sol-gel 
glass surface suggests the potential of the studied glasses for integration with bone tissue. 
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Introduction 
 

One of the most attractive materials used in tissue engineering for bone regeneration is bioactive glass. 
Bioactive glasses were discovered by Professor Larry Hench and his colleagues in 1969. It presented a 
biological activity for the first time by formation of a strong bond with the living tissues such as bone (Hench 
2006 ; Hench et al., 1971). The ability of bioactive glasses to bond with living bone is characterized by the 
surface reaction when it is soaked in biological fluid. Several bioactive glassy materials were prepared and 
extensively studied. For example, new studies of bioactive glasses have been progressed to designing bio-
glasses that can release functional ions such as strontium, zinc, magnesium, silver and cobalt to improve 
osteogenesis, antibacterial, and angiogenesis properties (Mouriño et al., 2012), due to the high composition 
doping tolerance of the glass matrix. 

Silicate based bioactive glass have different medical applications such as synthetic bone grafts for general 
orthopedic, cranio-maxillofacial, and tissue engineering scaffolds for bone (El-Meliegy and Van Noort, 2012). 
SiO2 network former in the bioactive glass holds the three-dimensional nonperiodic glass structure together 
during selective dissolution of cations (e.g., Na+) by suppressing the detachment of some other ions. The 
presence of SiO2 also helps the precipitation or surface reconstruction of the loose silica-rich layer, and hence 
enhances the formation of the hydroxylcarbonate apatite (HCA) layer, amorphous calcium phosphate (ACP) or 
crystalline hydroxyapatite (HA) phase on there surface. This apatite layer is chemically and structurally similar 
to the mineral phase in bone, providing the interfacial bond between bone and implant (Judith  and Serena  
2012). 

Compared to melt-quenching technique, sol–gel route allowed preparing materials with high-purity at low 
temperatures to simplify the glass compositions with various shapes such as powders and thin films as well as to 
avoid the addition of sodium oxide which used to reduce the melting temperature of the melt-derived glasses 
(Alberto, et al., 2008). Moreover, sol–gel glasses exhibit a higher bioactivity in a wider compositional range 
with respect to glass powders prepared via the melt-quenching route (Arcos and Vallet-Regí,  2010). 

Zirconium oxide (ZrO2) is often used in dental and orthopedic application due to its chemical inertness and 
good mechanical strength (Mollazadeh et al., 2013). It shows a morphological fixation with surrounding tissues 
and does not release harmful substances when implanted into human body (Liu,  et al., 2006). Silica–zirconia 
materials provided a more stable structure than pure silica material, making them beneficial for the culture and 
growth of cells and for drug release applications (Colilla et al., 2010). 

In recent years, more attention has been paid to improve the bioactivity and physico-chemical properties of 
silicate glasses for different biomedical applications. The bio-inert oxides such as TiO2, ZrO2 and Al2O3 are used 
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for several biomedical applications (Dibakar et al., 2013). The addition of the bio-inert ZrO2 into bioactive glass 
improves chemical durability because of its network-forming ability to form units. A small amount of certain 
additives like ZrO2 may induce an increase in glass viscosity, decrease in ion mobility and reduce the 
crystallization rate (Kord et al., 2009). Biodegradability is also enhanced by an amorphous microstructure that 
makes bioglass more bioactive. 

Previously, most studies about zirconium oxide replacing calcium oxide showed that the change of apatite 
layer formation is attributed directly to calcium oxide in bioglass. Therefore, this cannot evaluate bioactivity of 
the glass directly by adding zirconium dioxide at the expense of calcium oxide.  

Accordingly, it can be stated that many work has been carried out dealing with the replacement of CaO by 
ZrO2 while these are no work dealing with the replacement of SiO2 by ZrO2. Therefore, in this article the 
bioactive properties of some silicate based bioactive glasses will be thoroughly investigated under the effect of 
introducing different contents of ZrO2 at the expense of SiO2. The structural properties and bioactivity of such 
glasses are revealed through different characterization techniques in order to optimize the ideal composition of 
the studied glasses for biomedical applications. 

 

Material and Methods 
 
Materials  

 
Tetraethyl orthosilicate (TEOS) (Si(OC2H5)4(98%)), triethyl phosphate ((TEP) OP (OC2H5)3 (≥98%)), 

calcium nitrate tetrahydrate (Ca(NO3)2.4H2O (99%)) and zirconium (IV) oxinitrate hydrate (ZrO(NO3)2.XH2O: 
X-3(99%)) were provided by Sigma-Aldrich. Ammonia solution, 35% and nitric acid, 65%, were purchased 
from Merck, USA. Nitric acid solution was diluted to 2M using distilled water. All these materials were used as 
starting raw materials for preparing the supposed glasses by sol-gel method and table (1) exhibits the numeral 
composition of the selected samples. 

 

Table 1. Nominal composition of glasses with and without zirconium oxide. 

Glass 
Glassbase (mol%) 

Additive 

 (mol %) 

SiO2 CaO P2O5 ZrO2 

G0 70 24 6 0 

G2 68 24 6 2 

G
4 66 24 6 4 

G
6 64 24 6 6 

G8 62 24 6 8 

G10 60 24 6 10 

 
Synthesis of gel powder 
 

The preparation of the gels involved hydrolysis and polycondensation reactions aftermixing stoichiometric 
amounts of tetraethoxysilane (TEOS), triethylphosphate (TEP), calcium nitrate tetrahydrate, zirconium 
oxynitrate were different amount of ZrO2 were added to the glass compositions at the expenseof SiO2.Aqueous 
solution of the gel was prepared using stoichiometric amounts of each precursor and the gel glasses were 
obtained applaying the method described previously (Oki et al. 2004). Symbols are shown in Table (1). Initially, 
tetraethylorthosilicate, ethanol, 2M nitric acid (as ahydrolysis catalyst), were successively mixed in distilled 
water and the mixture was allowed to react for 45min under continuous magnetic stirring for acidhydrolysis of 
TEOS.  

Alcohol and water act as the mutual solvent for TEOS, which are immiscible with each other.The molar ratio 
of water /TEOS was fixed at 1/12 and volume ratio of water/nitric acid was fixed at 1/6 (Kokubo et al. 1990). 
The following reagents were added in sequence allowing 45 min for each reagent to react completely: 
(triethylphosphate:TEP), calcium nitrate tetrahydrate. On the other hand, an appropriate amount of zirconium 
oxynitrate was dissolved in distal water for 45 min. under continuous magnetic stirring at room temperature 
until a clear homogeneous solution resulted. Then, zirconium solution drop wised into acid sol mixture for 45 
min under vigorously stirring at room temperature. After the final addition, the mixture was stirred for 1 h in 
order to completely the hydrolysis reaction. The solution was poured into Teflon container, kept sealed at 25 oC 
for 10 days until complete gel formation. After that, the gel was dried at 90oC for 2 days and 120oC for 1 day. 
Finally, the dried gel was heated at 550oC for 2 h in air to eliminate the residual nitrate and organic substances. 
The treatment temperature was chosen above the temperatures required to complete water elimination. 
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Glass characterization 

  
Differential scanning calorimetry (DSC) and thermal gravimetric analysis (TGA) were carried outusing a 

computerized SETARAM labsys™ TG-DSC thermal analysis system in the range of 25–1100oC with a heating 
rate of 10 oC/min. XRD patterns of the samples have been measured using [Cukα =1.54056 Å] radiation at 25 
mA and 40 Kv with scanning rate of 0.1o in the 2θ ranging from 10 to 70o step time one second. Fourier 
transform infrared (FTIR) spectroscopy measurements were performed at room temperature in the range of 400 
– 4000 cm-1, which spectrometer model (580, Perkin-Elmer) applying the KBr disk technique. The surface of 
the glass samples were examined by scanning electron microscope (SEM) model Quanta 250 FEG (Field 
Emission Gun) attached with EDX Unit (Energy Dispersive X-ray Analyses), with accelerating voltage of 30 
KV, magnification of 14x up to 1000000 and resolution for Gun.1n). SEM micrographs were obtainedwithout 
coating the samples surface under vacuum. 
 
In vitro measurements 

 
In vitro bioactivity of the studied glasses was investigated by immersion in simulated body fluid (SBF) 

solution at 37oC as previously proposed (Kokubo et al., 1990 ; Agathopoulos et al., 2006), In vitro bioactivity of 
the glasses reflected intheir capability for formation of hydroxyapatite layeronto their surface. SBF contains the 
same concentrations of inorganic ions as human plasma. Table (2) shows the composition of this solution 
compared with that of human blood plasma (El-Kady et al., 2012). 

 
Table 2: Ionic concentration of human blood plasma and SBF used for evaluation of in vitro bioactivity. 

 
Simulated Body 

Fluid(SBF) 
Ionic concentration (mmol.L-1) 

ISO 23317 
(June 2007) Na

+
 K

+ 
Mg

2+ 
Ca

2+ 
Cl

-
 HCO3

-
 HPO4

2-
 SO4

2- 

Human blood plasma 142.0 5.0 1.5 2.5 103.0 27.0 1.0 0.5 

SBF 142.0 5.0 1.5 2.5 147.8 4.2 1.0 0.5 

 
The in vitro studies were carried out by soaking powder samples in SBF solution at pH=7.4. The sample SBF 
mixtures were immediately sealed into sterilized containers, and were stored in an in cub 370C for 7 days. After 
soaking, the samples were filtered, washed by ethanol and distilled water, and then dried in air. The surface 
changes were then investigated through XRD, SEM, and FTIR measurements. 
 

Results and Discussion 
 
Thermal analysis 
 

Fig. (1) shows the combined TGA/DSC trace obtained from the thermal analysis of the dried gel glass 
sample with X= 4 mol % ZrO2. As representative figure the TGA trace exhibits five regions of significant mass 
loss and  gradual loss of ~16.76% in the temperature range of 27-185°C, loss of ~12.17% in the range 
temperature range of  185–320°C, small in mass loss of 3.03% in the temperature range of 320–360°C, mass 
loss of ~ 12.7 % in the temperature range of 360-564°C and finally a loss of ~ 5.27 % in the temperature range 
of 564-991 °C. The first mass loss can be attributed to volatilization of physisorbed water and any remaining 
solvent from the gel (Kokubo, 2006). This assignment is supported by a broad endothermic peak in the DSC 
trace which is consistent with the consumption of heat energy to drive off the solvent and H2O. The second mass 
loss is most likely due to the pyrolysis reaction of free organic species and/or the release of the resulting water 
from the further condensation of silanol and P–OH groups (Aderemi et al., 2004).This mass loss corresponds to 
the endothermic peak in the DSC trace centered at 247°C which is due to the energy required to drive the 
increase in cross linking in the network structure. The third and fourth mass losses are due to the departure of 
nitrate groups that are usually removed during the thermal stabilization process. These losses correspond to two 
endothermic peaks around 350 and 460 °C attributed to the decomposition of the nitrate ions introduced as 
metal nitrate during the preparation of the sol-gel such as Ca(NO3)2∙4H2O and ZrO(NO3)2∙XH2O (David et al. 
2008). All nitrates were removed by 564 °C, leading to an apparent mass loss of 15.73%.The final mass loss 
start at 571°C corresponds to endothermic and exothermic peaks in the DSC trace centered at 987 °C.The glass 
transition (Tg) of the gel glass started at approximately 571 °C. While the exothermic peak centered at 987 °C 
with an onset of 940 °C corresponds to the crystallization process of the glass (Maziar et al. 2015).The crystal 
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phases of Zirconia-silicate-based glass-ceramic melted at above1000 °C. TG curve shows that the total mass 
reduction is 49.86%. 
 

 
Fig. 1: TGA and DSC curves of the G4 gel powder sample. 
 
X-ray diffraction analysis 

 
The obtained XRD patterns of the prepared samples after calcination at 550 oC for 2 h are shown in Fig. (2). 

It can be seen that all samples heated at 550 oC did not contain diffraction peaks and characterized by the typical 
broad hump between about 20 and 35o, which confirm the amorphous nature and the disorder character of 
investigated glasses  
   

 
Fig. 2: XRD patterns of glass samples at heat treatment 5500C 

 

Figure (3) shows the XRD patterns for thesamples after soaking in SBF for seven days. There aredifferent 
peaks are developed,  three peaks at 2θ values of 25.86o, 31.8o, and 32.96owell appeared with zirconium oxide 
addition.These three peaks could be assigned to (0 0 2),(2 1 1), (112) planes and indicating the formation of 
apatitelayer on the surface of the gel glass according to thestandard JCPDS file no. (86-0740). But their peak 
intensities were still well below those for this standard crystalline HA, indicating that the resulting CHA layer 
was incompletely crystallized or just weakly crystallized. 
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Fig. 3: XRD pattern for all glass samples with different zirconia content after soaking in SBF for seven day 

(*Hydroxyapatite). 
 

It can be seen that, the substitution of SiO2 by ZrO2 increase the rate of glass dissolution and enhancement of 
apatite formation due to the reducing of chemical stability (Yogambha et al., 2008). The reason for this is that 
the electronegativity of Si4+ is higher than that of Zr4+ [1.9 and 1.33 respectively] and the ionic radius of Si4+is 
lower than that of Zr4+, [0.4 Å and 0.72 Å respectively],  indicating more open and less compact glass network 
when ZrO2 is substituted for SiO2 (Wallace et al., 1999). The size of the introduced additive ions plays a 
dominant role in regulating the chemical stability and bioactivity of gel glasses. Thus, the metallic ions with a 
large ionic radius and low electronegativity contribute to the formation of weaker Si–O–Zr bonds in SiO2–P2O5–
CaO–ZrO2 gel glass system (Khorami et al, 2011). So, the addition of ZrO2 has a large disrupting effect on the 
structure and hence it will weaken the network, increasing deposition of apatite layer on the glasses surface, 
which leading to an enhancement of bioactivity. 

 
FTIR analysis 

 
The FTIR spectrum obtained for the glass G0 before soaking in SBF is shown in Fig.(5).The un-soaked 

sample without ZrO2 content exhibited eight infrared bands located at: 456, 563, 800, 955, 1081, 1168, 1401 and 
1639 cm-1, the range of internet were above 1800 cm-1 show only the water and OH groups as well as the 
hydrogen bands in the network.   

Among these bands, those located at 456, 796, 955 and 1081 cm-1 are assigned to the Si–O–Si symmetric 
bending, Si–O symmetric stretching of bridging oxygen atoms between tetrahedrons, Si–O symmetric stretching 
of non-bridging oxygen (NBO) atoms and Si–O–Si asymmetric stretching vibration. Also the bands located at 
563 cm-1 is attributed to the asymmetric vibration of PO4

3- (Clement et al., 2000). 
The band observed at 1168 cm-1 is ascribed to P=O vibration. Two bands located at 1401 and 1639 cm-1 can 

be attributed to the presence of [CO3]2- and H-O-H groups, respectively. This [CO3]2- group may be originated 
from CO2, during the preparation of sol-gel glass which is still remains after treatment at 550°C as little residual 
content. 

Fig. (6) FTIR spectra of the sol-gel glasses with ZrO2 content ranging from 0% to 10%. All characteristic absorption 
bands were observed for all samples but two differences were appeared after addition the of ZrO2. The first is 
the appearance of two new bands located in the regions of 730-840 cm-1, 950-1060 cm-1 and the second is the 
change in the intensity of Si–O bridging oxygen band which located around 800 cm-1.  

The small absorption band that appeared at 740 cm-1 can be attributed to symmetric stretching of Si–O bond 
with nonbonding oxygen (Filgueiras M.R., et al.; 1993), namely, Si–NBO–Zr; [Si-O---Zr] bending vibration 
(Junmin et al., 2009), and the intensity of this band increases with ZrO2addition increases. Meanwhile, the 

second new band was observed at 1050 cm-1which attributed to Si-O- (NBO) group and also the intensity of this 
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band measured gradually with the measure of ZrO2, as shown in Fig. (6) for sample G10. On the other hand, the 
intensity of Si–O bridging oxygen band located around 800 cm-1 decreased with increasing the addition of ZrO2. 
All of these changes are due to the addition of ZrO2 (were Zr act as modifire), the expense of SiO2 (were Si act 
as former). In fact the addition of network-modifiers disrupts and breakage bonds of Si-O-Si bridging leading to 
smaller average connectivity of the silicate network. 

 

 
Fig. 5: FTIR spectrum of G0 sol-gel glass sample before soaking in SBF. 

 

 
Fig. 6: FTIR spectra of all the synthesized sol-gel glasses with different amounts of ZrO2 before soaking in 

SBF. 
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This phenomenon leads to a decrease of the number of bridging oxygen (BOs) and an increase of non-bridging 
oxygen (NBOs) atoms present in the glass (Xuanyong et al., 2006). Therefore, a significant reduction in the 
number of BOs and enhancement in number of NBOs in the FTIR spectra of the dried gels after the 
incorporation of Zr can be easily observed. 

There are many variations were observed in G0 sample after soaking in SBF for seven days, as shown in Fig 
(7). These variations observed as many forms such as appearance of new bands, disappearance of other new 
bands, sharpening to some bands and changing in intensity. The vibrational bands of Si–O–NBO at 955 cm-1 
disappear or weaken and the new vibration bands of P-O at 1038 cm-1 emerge after soaking in SBF for 7 days as 
shown in Fig. (7,8), indicating that the prepared glass experiences a dissolution-precipitation during the soaking 
period (Lebecq et al., 2007). Moreover, the disappearance of Si–O–Zr stretching vibration band near 740 cm-1 

indicates the release of zirconium from the silica network of the sol-gel glass to solution after soaking. 
The broad absorption band located at 563 cm-1, which assigned to amorphous P-O bands and observed for all 
samples before soaking in SBF, was splited and creates two small bands at 565 cm-1 and 603 cm-1 after soaking 
in SBF. These two bands were assigned to crystalline P-O binding vibration mode of PO4

3-  tetrahedral group in 
crystalline apatite; indicative the formation of a phosphate layer and lead to formation of surface apatite laye 
(Brauer et al., 2012). In addition, broad shoulder at 1168 cm-1 related to the stretching vibration mode of the O-
P-O become sharp shoulder after soaking in SBF. This absorption band was found in the spectra of all glasses 
samples after soaking but with different intensities depending on the amount of ZrO2 content and thus, affecting 
on the deposition of apatite layer the glass surface. 

 

 
Fig. 7: FTIR spectrum of G0 sol-gel glass sample after soaking in SBF. 

 
 As shown in Fig. (8), the intensities of these P–O bands increased largely with increasing the addition of 

ZrO2, leading to an increase of calcium phosphate layer formation onto all samples, indicating their bioactive 

potential. This change in the spectra can be attributed to stage 4 of the proposed mechanism for bioactivity, 

which leads to the  formation of an amorphous calcium phosphate-rich layer on the sample surface (Li et al. 

2008). The appearance of some bands due to phosphate and carbonate in the spectra of glasses after immersion 

in SBF not only confirms the formation of an apatite-like layer but also reveals that the newly formed material is 

a carbonated calcium phosphate. 
Fig. (8): FTIR spectra of all synthesized sol-gel glasses with different amounts of ZrO2 after soaking in SBF. 

For fresh bone mineral, it is a poorly crystalline nonstoichiometric carbonate hydroxyapatite. In order to 

have a semi-quantitative measure of the changes produced in the FTIR spectra of the sol-glass samples shown in 

Fig. (9) after soaking in SBF, the method proposed by (Pereira et al., 1994) can be used studied crystallinity 

index (splitting factor), which is known as concentrations of synthetic amorphous and crystalline apatites. It is 

indicated that the double peak of phosphate (PO3
−4) bending frequency at approximately 565 and 603 cm−1 

becomes increasingly separated, or splited, as crystallinity increases (Termine and Posner 1966). 

The degree of splitting (‘the crystalline index’) is estimated by drawing a baseline from 656 to 512cm−1 and 
then measuring the heights of the peaks at 603 cm−1 (B), 565 cm−1 (A) and at 595 cm−1 (C) (the lowest point 
between them). The crystalline index CIFTIR is the value calculated by the formula. 
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Fig. 8: FTIR spectra of all synthesized sol-gel glasses with different amounts of ZrO2 after soaking in SBF. 

 
The crystallinity index values (ClFTIR) of apatite layer formed on sol-glass surface were measured. Fig. (9) 

shows two regions between the crystallinity index (ClFTIR) and ZrO2 additives. This relationship means that at 
small addition of zirconium oxide the percentage of crystallinity index (ClFTIR) increased at 4wt% ZrO2 (G4) and 
then gradually decreased with high addition of ZrO2 (G10). 
 

 
 

Fig. 9:  The crystallinity index (CIFTIR) of sol-gel glass samples after soaking in SBF for 7 days versus 
percentage ZrO2. 

 
Moreover, after soaking in SBF for 7 days, it was observed that the SF values are mainly distributed around 

3.45 and the variation is slight for different sol-gel glass samples. In addition, stoichiometric hydroxyapatite 
powders prepared by hydrothermal synthesis were used as reference sample. It was indicated that the SF value 
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of stoichiometric HA is about 5.8, (George et al., 2010), suggesting that the apatite-like layer formed on sol-gel 
glass surface possesses poor crystallinity. 

These results due to the competition between Ca and Zr ions to occupy the position in the apatite lattice, 
which lead to substitution of Ca with Zr ions and can induce changes in its physicochemical properties. This 
would reduce the overall rate of seeded calcium phosphate crystallization and markedly delay the transformation 
of Calcium deficient apatite or amorphous calcium phosphate (Ca,Zr)9(PO4)6, which is more soluble, to high 
stable apatite crystal phases, stoichiometric apatite (Rabadjieva et al., 2010). 
 
SEM Analysis 
 

The scanning electron micrographs of the surfaces of the bioactive glass sample G4 before soaking and 
samples G0, G4 and G10 after immersion in the SBF for 7 days are exhibited in Fig. (10). After immersion, the 
micrographs showed prominent growth on the surface of the sample and the entire surface was almost fully 
covered with calcium phosphate precipitates from SBF, which is assumed to be due to the formation of “non-
well developed apatite”. The amount of precipitates increased as the Zr content increased which agrees with the 
results obtained from the XRD and FTIR analysis, Fig. (3) and Fig. (8). 

The elemental concentration on the surface of the G4 sample was obtained after removal of the samples from 
SBF using EDX, which is shown in Fig. (11). The EDX results show that the main composition of the formed 
surface layer was calcium and phosphorus which confirmed by the enhancement of the Ca and P peaks after 
immersion. Also the EDX results show significant increases in the Ca and P contents, as expected, due to the 
formation of calcium phosphate layers, as observed by SEM in Fig. (10). 

 

   

    

)Before soaking4(G 

)After 0(G
soaking 
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Fig. 10: Compression SEM images of bioactive glass sample G4 before soaking and G0, G4 and G10 after soaking 

in SBF for 7 days, taken at same and largest magnification. 

 
Fig. 11: EDX spectra of G4 before and after soaking in SBF for 7 days. The Ca and P peaks are enhanced after 

soaking 

 
Conclusion: 

 
According to the investigation that performed and the obtained results, it can be concluded that, (70-x) SiO2- 

6 P2O5-24 CaO base glass can be used successfully to prepare bioactive glass by introducing ZrO2 from zero up 
to ten mol%. These glass was successfully incorporated in a bioactive composition via a simple sol-gel method 
and heat treatment 550 0C for 2h of the obtained dried gels. However, Zr content act to increases the in vitro 
formation of HCA on the glass surface. Different content have different ZrO2 formation according to Zr ratio. 
Therefore, dissolution of Zr in the glass structure helps HCA formation and could be used to control its 

)After 4(G
soaking 

After soaking 10)(G 
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formation rate. It was found the gradual increases of ZrO2 act to increases the bioactivity of the studied glasses. 
It can be concluded also that the best bioactive and the largest HCA formation sample in that containing 10 
mol% of ZrO2. 
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