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Abstract: This paper discusses the synthesis of three ceramic compositions: 50SiO2-

50CaO (A), 45SiO2-45CaO-10P2O5 (B) and 40SiO2-40CaO-20P2O5 (C) (wt %) using the 

sol-gel technique. XRD analysis demonstrates that only sample C can form bioactive 

glass material. Treated temperatures and heated times were also evaluated. The analysis 

data show that bioglass 40SiO2-40CaO-20P2O5 (wt %) can successfully elaborate when 

the ceramic powder is heated at 750 oC for 3 hours. ‘‘In vitro’’ experiment was 

effectuated to investigate the bioactivity of bioglass 40SiO2-40CaO-20P2O5 by soaking 

powder samples in SBF solution. The obtained result confirms the formation of 

hydroxyapatite (HA) phase on glass surface after 15 days of immersion, in which HA 

formation orients following (211) and (222) miller planes in crystalline structure of HA phase. 
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1. Introduction 

Bioactive glasses (Bioglasses) are materials 

which has the ability to repair and replace 

diseased or damaged bone [1,2]. When these 

materials are immersed in physiological 

medium, they interact with environment and 
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release calcium, phosphate ions. The gradual 

crystallization of calcium and phosphate ions 

results in the formation of an apatite layer 

which allows bone grafting [2-4]. The first 

bioglass in the quaternary system SiO2-CaO-

Na2O-P2O5 was synthesized by Larry Hench. 

This glass has been used since decades in many 

medical devices used for orthopedic and dental 

treatments [3-5]. Generally, bioglasses are 

elaborated by the traditional melting-quenching 

process which requires high temperatures and 

greatly limits the porosity and specific surface 
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of biomaterials. Besides, this method has 

disadvantage of evaporation of volatile component 

during high temperature treatment [6, 7]. 

An alternative approach to prepare bioglasses 

without melting process is the sol-gel technique 

which operates at low temperature [8, 9]. This 

way can elaborate a wide range of compositions 

with high purity, homogeneity and production 

of different shapes such as monoliths, powders, 

fibers or coatings [10]. Additionally, sol-gel 

synthetic glasses exhibit higher surface area and 

porosity which are important factors for their 

bioactivity [11]. 

Various research groups have applied the sol-

gel technique for preparation of bioglasses in 

binary SiO2-CaO, ternary SiO2-CaO-P2O5 and 

quaternary SiO2-CaO-P2O5-MgO systems for 

biomedical applications. ‘‘In vitro’’ studies 

have mentioned that nucleation and 

crystallization rates of biological 

hydroxyapatite (HA) depend on some factors 

including the glass composition. The study of 

Xia and Chang [12] has showed that the sizes of 

the sol-gel nano-bioglass particles were 

controlled in range of 20-40 nm by adjusting 

the concentrations of ammonia solution in an 

alkali-mediated sol-gel process. Li et al [13] 

studied the bioactivity of sol-gel derived 

quaternary bioglass system SiO2-CaO-P2O5-

Na2O, apatite layer has been identified when 

glass immersed in a TRIS buffer solution. Lao 

et al [14] synthesized gel-glass powders 

containing 75wt% SiO2 and 25wt% CaO using 

the sol-gel process. The obtained glass has been 

proved to be homogeneous and the Ca-P layer 

growth was easier since the phosphate ions 

coming from the solution. The bioactivity and 

biocompatibility of sol-gel glass composed of 

SiO2-CaO-P2O5-ZnO have studied by 

Balamurugan et al [15]. The investigations 

shows that the incorporation of Zn into the 

bioglass system does not diminish the 

bioactivity of bioglass and the addition of Zn is 

beneficial for cell attachment and for 

maintaining the pH of SBF. The combination of 

sol-gel and co-precipitation processes was 

effectuated to synthesize nanoparticles of 

bioglass with sizes of 30-100 nm in diameter 

[16]. The synthetic bioglass could rapidly 

induce the carbonated hydroxyapatite from 

solution after 3 days of immersion. In addition, 

the bioactivity of bioglass is fully dependent on 

sintering temperature or crystallization 

temperature. The increase of sintering 

temperature has led to decrease the bioactivity 

and biocompatibility but improve the 

mechanical properties of glass samples. Similar 

observation was also recorded by Peitl et al [17] 

when studying the bioglass with chemical 

compositions of 1Na2O-2CaO-3SiO2 and 

1.5Na2O-1.5CaO-3SiO2, containing different 

wt% of P2O5. Liu et al [18] studied the 

bioactivity, biodegradability and mechanical 

strength of sol-gel bioglass with composition of 

58 mol% SiO2, 38 mol% CaO and 4 mol% 

P2O5. The bioglass powder was pressed and 

then sintered at 500, 800, 1000, and 1200 oC, 

respectively. It was found that at sintering 

temperatures above 800oC, the bioactivity and 

bio-degradability of the bioglass started to decrease. 

The main objective of this work concerns the 

evaluation of some factors including glass 

composition and heating temperature to 

synthesize a new bioglass system by using the 

sol-gel technique. Three samples 50SiO2-

50CaO, 45SiO2-45CaO-10P2O5 and 40SiO2-

40CaO-20P2O5 (wt%) were selected for study. 

The suitable conditions for bioglass synthesis 

were evaluated and indicated. The bioactivity of 

optimal sol-gel bioglass was also evaluated via 

‘‘in vitro’’ experiments. 

2. Materials and Method 

2.1. Materials 

The main chemicals for elaborating sol-gel 

ceramics are listed as bellows: 

Tetraethylorthosilicate (TEOS, Si(OC2H5)4, 

99.999%, Sigma-Aldrich), triethylphosphate 

(TEP, OP(OC2H5)3, 99.8%, Sigma-Aldrich), 

calcium nitrate tetrahydrate (Ca(NO3)2.4H2O, 

99%, Sigma-Aldrich) and nitric acid (HNO3, 

70%, Sigma-Aldrich).  
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2.2. Sol–gel synthesis 

The sol–gel synthesis of three compositions 

50SiO2-50CaO (A), 45SiO2-45CaO-10P2O5 (B) 

and 40SiO2-40CaO-20P2O5 (C) (wt%) was 

briefly described following several steps. 

Firstly, TEOS and TEP were dissolved in 

distilled water. The solution of nitric acid 1M 

was added to hydrolyze the precursors. The 

reaction mixture was stirred for 60 minutes at 

the room temperature. Next, the amount of 

Ca(NO3)2.4H2O was added slowly and 

continuously stirred with the same time as step 

1 to result in a transparent sol. The condensed 

gel was completely formed in 5 days. Finally, 

the wet gel was dried at 60 oC for 1 day and 

then treated at 650, 750, 850 and 950oC for 3 

hours to obtain ceramic powders. 

2.3. In vitro experiments 

The ‘‘in vitro’’ tests were effectuated by 

immersing powder samples of the optimal 

bioglass in a container filled with the SBF 

solution (Simulated Body Fluid). The 

composition of SBF solution is similar to that 

of human blood plasma as presented in Table 1. 

It was prepared according to the Kokubo’s 

method [19]. The samples were immersed in 

the SBF solution for 1, 3, 6, 10 and 15 days and 

remained in an incubator at 37 0C. The ratio of 

glass powder to solution volume of the SBF 

was 1/2 (mg/mL). After each period of soaking 

time, the samples were removed from the 

solution, gently rinsed with distilled water and 

dried at room temperature. The dried powders 

were stored to physic-chemical characterizations.  

Tab. 1. Ionic concentrations (mM) of blood plasma and synthetic SBF 

Ions Na+ K+ Ca2+ Mg2+ Cl- HCO3
- HPO4

2- 

SBF 142.0 5.0 2.5 1.5 148.8 4.2 1.0 

Plasma 142.0 5.0 2.5 1.5 103.0 27.0 1.0 

 

2.4. Physic-chemical characterizations 

The crystallinity of ceramic powders was 

evaluated by X-ray diffraction (XRD) with a 

Bruker D8 Advance diffractometer using a 

monochromatic copper radiation (CuKα) of 

wavelength λ = 0.154 nm. Powder samples 

were mixed homogeneously with cyclohexane 

and dropped on the surfaces of plastic tablets. 

Then, these tablets were dried to remove the 

solvent and introduced into diffractometer. The 

XRD data were acquired with a scanning speed 

of 1°/min. The crystalline phases were then 

identified by the powder diffraction files of the 

International Centre for Diffraction Data 

(ICDD) and scientific references. The XRD 

measurements were effectuated at Viet-Duc 

Technology Center, Ho Chi Minh City 

University of Food Industry. Scanning electron 

microscopy (SEM) was also used to evaluate 

the morphological surface of the optimal 

synthetic bioglass. The powder sample was 

metalized by coating gold-palladium layer to 

make it conductive before being put into 

analysis chamber. The surface observations of 

sample were carried out by collecting 

topographic contrast of secondary electrons. 

The micrographs of this work were performed 

on JEOL JSM 6301 microscope at Institute for 

Nanotechnology (INT), Vietnam National 

University – Ho Chi Minh City (VNUHCM). 

3. Results and discussion 

3.1. Evaluation of glass formation 

XRD diagrams of three samples 50SiO2-50CaO 

(A), 45SiO2-45CaO-10P2O5 (B) and 40SiO2-

40CaO-20P2O5 (C) heated at 650 oC for 3 hours 

are presented in figure 1. For the sample A, 

some characteristic peaks were identified at 

30.8o, 31.2o, 32.8o, 36o, 38.1o and 39.8o (2Ɵ). 

According to references [20-22], four peaks at 

30.8o, 31.2o, 32.8o and 39.8o with miller planes 

(210), (120), (202) and (122) respectively, 

assigned to Ca2SiO4 phase. The peak at 36o 
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(412) is characteristic of CaSiO3 phase. The last 

peak at 38.1ocorrespond to Ca(NO3)2 salt. The 

obtained result confirmed the existence of 

crystalline phases on the structure of synthetic 

ceramic. The presence of Ca(NO3)2 can be 

interpreted as being created by Ca(NO3)2.4H2O 

hydration during heating process. Then, the 

Ca(NO3)2 component decompose to result in 

CaO. The association of CaO and SiO2 formed 

CaSiO3 phase following the reaction CaO + 

SiO2 CaSiO3. The formation of Ca2SiO4 

phase is explained by the next reaction CaO + 

CaSiO3 Ca2SiO4. When adding 10 

percentages (wt %) of P2O5 (Fig. 1B), XRD 

diagram expressed clearly the change of line 

shape. The double peaks at around 31o seemed 

to be expanding. The other peaks at about 32.8o, 

36o, 38.1o and 39.8o decreased in intensity or 

disappeared. The double peaks at 31o were 

disappeared and became a broad halo when the 

sample added with 20 percentage (wt %) of 

P2O5 (sample C). Other peaks were not found. 

Therefore, the increase in P content caused to a 

decrease in crystallization and led to the 

formation of amorphous state of synthetic 

ceramic as observed in XRD diagram of  

sample C.  

 

Fig. 1. XRD pattern of ceramic samples treated  

at 650oC. 

 

Fig. 2. XRD of ceramic samples treated at 750oC. 

Through reviewing scientific references [23], 

the Si and P elements are network formers 

existing in covalently bonds -O-Si-O-P- in the 

structure of glass while the Ca elements play a 

role as network modifiers present in ionic bonds 

-O-Si-O-Ca2+-O-P-. The increase of P (network 

formers) needs to use Ca2+ ions (network 

modifiers) to break down –O-Si-O-Si-O-P-O-

Si- bonds. This can stimulate the diffusion of 

Ca2+ ions to participate in ionic bonds as well as 

making Ca elements not redundant to use for 

other reactions. 

Figure 2 presented the XRD diagrams of the 

samples heated at 750 oC for 3 hours. In the 

XRD diagram of sample 50SiO2-50CaO (A), no 

peak at 31o (2Ɵ) could be found as observed in 

the sample heated at 650 oC. The peaks of 

Ca(NO3)2 and CaSiO3 phases did not appeared. 

Some peaks with weak intensity were observed 

at 37.5o, 39.3o, 43.8o, 46.3o and 48.9o (2Ɵ). By 

studying previous literatures [20, 24], all of 

these peaks correspond to Ca2SiO4 phase with 

miller planes (002), (203), (114), (222) and 

(204) respectively. This result confirmed the 

effect of heating temperature on the formation 

of synthetic ceramic. Thus, the Ca(NO3)2 

compound was used completely to decompose 

into CaO oxide at 750 oC. Next, the reaction of 
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CaO and CaSiO3 resulted in only Ca2SiO4 phase 

as shown in XRD diagram.  

At the same heating condition, the sample B 

with 10 wt% of P2O5 expressed the similar 

peaks like the sample (A) but with lower 

intensities. Sample C with the addition of 20 

wt% of P2O5 had not any crystalline peaks. This 

highlighted the amorphous state of the synthetic 

material which is characteristic of natural glassy 

state of bioglass.  

3.2. Optimal conditions to elaborate the sol-gel 

bioglass 

 

Fig. 3. XRD of bioglass 40SiO2-40CaO-20P2O5 

treated at different temperatures. 

After heating three samples 50SiO2-50CaO (A), 

45SiO2-45CaO-10P2O5 (B) and 40SiO2-40CaO-

20P2O5 (C) at 650 and 750 oC, the analyses by 

XRD highlighted that only sample C could 

form the amorphous state which is the natural 

characteristic of bioglass. 

To select the suitable condition to synthesize 

the bioglass (C), the powder samples were 

heated at higher temperatures. Figure 3 presents 

the XRD diagrams of glass samples heated at 

different temperatures. It is recognized that the 

sample (C) expressed the perfect amorphous 

state when heated at 750 oC for 3 hours. The 

crystalline peaks appeared at 28.6o, 30.5o, 31.8o 

and 45.3o when the sample (C) heated at 850 

and 950 oC. These peaks correspond to miller 

planes (201), (009), (204) and (303) 

respectively in hexagonal system of Ca3SiO5 

phase [20, 25]. This confirmed the breaking of 

amorphous structure of bioglass to form the 

crystalline material. Summary, a new bioglass 

with the composition of 40SiO2-40CaO-20P2O5 

(C) has successfully elaborated by heating dried 

gel at 750 oC for 3 hours. This glass was served 

for further investigation in the next sections. 

3.3. SEM observation of synthetic bioglass 

40SiO2-40CaO-20P2O5 

Figure 4 regrouped the images observed by 

SEM of bioglass at different magnifications. At 

the magnification of 500 times, the surface of 

biogalss seems to be smooth. The small 

particles were appeared on the bioglass surface 

at the magnification of 3000 times. These 

particles became more clearly at higher 

magnification as observing in the figure 4C and 

4D.   

 

Fig. 4. SEM images of bioglass 40SiO2-40CaO-

20P2O5. 

3.4. Evaluation of bioactivity of bioglass 

40SiO2-40CaO-20P2O5 (C) 

The bioactivity of bioglass 40SiO2-40CaO-

20P2O5 was evaluated by soaking powder 

samples in the SBF solution. Figure 5 regroups 

the XRD diagrams of bioglass before and after 

‘‘in vitro’’ experiments. The bioglass at 0 day 

(initial glass) did not express any crystalline 

peaks. This confirmed the amorphous property 
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of synthetic material. After soaking in SBF, the 

samples appeared crystalline peaks as 

mentioned in the XRD diagrams. According to 

the references [1-4], the general active 

mechanism of bioglasses in SBF environment is 

summarized as follows:  

(i) - Hydrolysis of silica groups in glass’s 

structure by the interaction of bioglass and SBF 

solution 

-Si-O-Ca2+ + H+ + OH-   → -Si-OH + Ca2+(aq) 

+ OH- 

(ii) - Breaking of Si-O-Si bonds to form soluble 

silicic acid Si(OH)4 

Si-O-Si + H2O → Si(OH)4 

(iii) - Condensation of silanols Si-OH of 

Si(OH)4 to form a silica gel layer 

-Si-OH + -Si-OH → -Si-O-Si- + H2O 

(iv) - Migration of Ca2+ and PO4
3- from both the 

SBF solution and the glass sample to deposit an 

amorphous CaO-P2O5 mixture on the silica gel 

layer 

(v) - Crystallization of the amorphous CaO-

P2O5 film to form the crystalline biological 

hydroxyapatite (HA) layer. The HA material is 

similar to the inorganic component of natural 

bone. 

For this new composition of bioglass 40SiO2-

40CaO-20P2O5, the characteristic peaks of the 

Ca3(PO4)2 phase was observed after 1 day of 

immersion. This is explained by the association 

of Ca2+ and PO4
3- following the reaction 3Ca2+ 

+2PO4
3- → Ca3(PO4)2. After 3 days of 

experiment, the peaks of Ca3(PO4)2 were 

slightly shifted to the left side. This observation 

confirms the unstability of Ca3(PO4)2 phase. 

Within a period of 6 to 10 days, the mineral 

Ca3(PO4)2 was recorded as stable for a period of 

6 to 10 days. The characteristic peaks were 

identified at 28.3o (006), 30.7o (105), 44.5o (2-

16) and 55.5o (2-19). When the soaking time 

increased to 15 days, the above characteristic 

peaks were moved to the right side. The new 

positions of characteristic peaks were identified 

to HA phase. In detail, two main HA peaks 

were observed at around 32 and 45o (2Ɵ) which 

corresponds to (211) and (222) miller planes. 

This confirmed the bioactivity of bioglass after 

‘‘in vitro’’ experiment. This obtained result is 

according to previous studies where the 

Ca3(PO4)2 material has been proved to be 

bioactive [2]. When soaked in SBF solution, 

this material is dissolved and then resulting ions 

precipitate into a new HA layer following the 

reaction 10Ca2+ +  6PO4
3- + 2OH- →  

Ca10(PO4)6(OH)2. In the study of Larry Hench, 

the bioglass 45S with composition of SiO2 (45 

wt %), Na2O (24.5 wt %), CaO (24.5 wt %) and 

P2O5 (6 wt %) exhibited two HA principal 

peaks at 26o (002) and 32o (211) after ‘‘in 

vitro’’ test [2-3]. The new synthetic bioglass of 

this work expressed the different comportment 

of bioactivity compared to Larry Hench’s glass. 

So, it can be considered that the formation of 

HA phase oriented at 32o and 45o peaks is due 

to the shifting of characteristic peaks of 

Ca3(PO4)2 component during its dissolution in 

SBF fluid. 

 

 

Fig.5. XRD diagrams of bioglass 40SiO2-40CaO-

20P2O5 at different times in SBF. 
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4. Conclusion  

The XRD analyses of three sol-gel ceramic 

compositions 50SiO2-50CaO (A), 45SiO2-

45CaO-10P2O5 (B) and 40SiO2-40CaO-20P2O5 

(C) (wt%) highlight that only the sample (C) 

with the composition of 40SiO2-40CaO-20P2O5 

can be form the sol-gel bioglass. The heating 

temperature was selected and optimized at 750 
oC during 3 hours. The glassy state of bioglass 

C is disappeared by the appearance of 

crystalline peaks assigned to Ca3SiO5 phase 

when the bioglass heated at 850 and 950 oC. 

The ‘‘in vitro’’ experiments confirm the 

bioactivity of glass C by forming the 

characteristic peaks oriented at different 

positions (32o and 45o) in the hydroxyapatite 

crystalline structure.  
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