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Sol-gel derived porous bioactive glasses were 
prepared by using the dual-templating method.  Block 
copolymers used as one template component produced 
mesopores and the polymethyl methacrylate (PMMA) 
colloidal crystals as the other template component yielded 
three-dimensionally ordered macroporous bioactive glasses 
(3DOM-BG). The dual-templating 3DOM-BG with two 
different compositions exhibited greater weight loss in 
thermogravimetric analysis (TGA) and larger heat release in 
the major exothermic peak in differential thermal analysis 
(DTA) than the single-templating counterparts. It can be 
concluded that 3DOM-BG have higher crystalline phase and 
moisture absorption in their scaffolds. 

 
 

 

  
Au fost preparate sticle bioactive poroase prin sol-

gel folosind metoda cu şablon dublu. Copolimerii bloc 
utilizaţi ca un component al şablonului au produs mezopori 
iar cristalele coloidale de polimetacrilat de metil (PMMA) ca 
a doua componentă a şablonului au condus la sticle 
bioactive macroporoase tridimensional ordonate (3DOM-
BG). Şablonul dublu 3DOM-BG cu două compoziţii diferite 
prezintă o pierdere în greutate mai mare la analiza 
termogravimetrică (TGA) şi o eliberare de căldură mai mare 
în vârful exotermic principal la analiza termică diferenţială 
(DTA) decât etapele singulare ale şablonului. Se poate 
concluziona că 3DOM-BG prezintă o fază cristalină şi o 
absorbţie de umiditate mai mare în eşafodajul lor.  
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1. Introduction 
 

Mesoporous bioactive glasses (MBG) have 
recently attracted significant interests in bone tissue 
engineering. The bioactivity and biodegradable in 
the regeneration of bone defects are increased 
compared to traditional bioactive glasses owing to 
the large surface area and volume in their porous 
structures [1-3]. The sol-gel method becomes an 
attractive route to derive biomaterials with various 
advantages over the melt-derived products [4]. Sol-
gel glasses can be prepared at low temperatures 
using hydrolysis and polycondensation process of 
alkoxides with the addition of bioactive modifiers. 
High surface area and volume of porosity are 
obtained from this process in a wide range of 
bioactive compositions (up to 90 % mol SiO2) [1,5]. 
To produce mesoporous structures (2-50 nm in 
diameter), nontoxic difunctional non-ionic block 
copolymer surfactants such as P123, F127, and 
CTAB have been used [2]. To support the bone 
growth, macroporous structures (> 50 nm in 
diameter) were fabricated by using the porogens 
such as polymethyl methacrylate (PMMA), 
polyurethane sponge and foaming agents (e.g., 
polyethylene glycols, polyurethane foams and 
polylactide foams) as templates [6-7]. This porosity  

  provides the scaffolds which areas for developing 
the vascular system and tailoring the new bone. 
Furthermore, their structures are also beneficial for 
bioresorption, biodegradation and bioactivity 
properties [8-10].  

In this work, the PMMA colloidal crystal is 
selected as the template of macroporous 
frameworks for the sol-gel derived three-
dimensional macroporous bioactive glass scaffolds 
(3DOM-BG). PMMA templates were prepared by a 
published method [11]. Upon the heat treatment, 
the PMMA template can easily be removed without 
fracturing of the three-dimensional network of glass 
[6]. Differences between thermal properties of 
3DOM-BG and MBG are investigated by 
thermogravimetric analysis (TGA), derivative 
thermogravimetry (DTG) and differential thermal 
analysis (DTA). 

2. Experimental 

The single-templating MBG and dual-
templating 3DOM-BG were prepared by using the 
sol-gel method.  In the presence of surfactant and 
acid catalysts, tetraethyl orthosilicate (TEOS) was 
slowly mixed with bioactive modifiers including 
calcium nitrate tetrahydrate (Ca(NO3)2⋅4H2O), 
sodium  nitrate  (NaNO3)  and  triethyl  phosphate  
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(TEP). The mixture was turbulently stirred to obtain 
a clear solution at room temperature. The solution 
was then aged at 60 °C in a vial allowing the 
hydrolysis and polycondensation processes before 
turning into the gel. In this aging step, two different 
conditions were applied by normal aging for MBG 
and by immersion of PMMA templates in the 
solution before aging for 3DOM-BG. The products 
were dried at the same temperature to allow the 
evaporation of excess solvents, catalysts, and by-
products for one day. Finally, the calcination of 
dried gels at 600 °C for 6 hours activated the 
thermal decomposition of templates yielding the 
MBG and 3DOM-BG. To investigate the variation 
of thermal properties on the composition, two more 
samples with and without PMMA templates were 
synthesized by increasing the molar ratio of Si to 
Ca in the absence of Na as summarized in Table 1. 

Morphology of the samples was 
characterized by scanning electron microscopy 
(SEM) (JEOL JSM-5410) and their compositions 
were analyzed by energy dispersive spectrometry 
(EDS) (INCA 300, Oxford). To study thermal 
properties of MBG and 3DOM-BG after the 
template removal, the thermogravimetric analysis 
(TGA) with its derivative thermogravimetry (DTG) 
and the differential thermal analysis (DTA) with the 
heating rate 10 °C/min from 50 °C up to 1,300 °C 
under N2 atmosphere were carried out on the 
samples in thermal analysis system (Perkin-Elmer, 
7 series). The TGA measures the mass change of 
the bioactive glasses as a function of temperature 
whereas the DTA measures the temperature 
difference of the sample versus a reference, 
caused by thermal properties of the sample. 

 3. Results and Discussion 
 

In the initial stages of the sol-gel synthesis 
described in Eqs. (1)-(3), silanol [≡Si−OH] is 
formed by hydrolysis reactions of silicon alkoxides 
[TEOS; Si(OCH2CH3)4; Si(OR)4] and the 
condensation reactions then results in the siloxane 
[≡Si−O−Si≡] [12-17]. 
Hydrolysis  Si(OR)4 + nH2O  → Si(OR)(4-n)(OH)n +  
                                                   + nROH            (1) 
Water condensation  ≡Si−OH + HO−Si≡  →   
                                   →  ≡Si−O−Si≡ + H2O        (2) 
Alcohol condensation  ≡Si−OH + RO−Si≡  →  
                                     →≡Si−O−Si≡ + ROH      (3) 

The hydrolysis reaction can be accelerated 
by the addition of acid catalyst due to the 
protonation of alkoxide [14]. 
 H2O + Si(OR)3(OHR)+  →   
→ (H2O)δ+…Si(OR)3…(OHR)δ+             (4) 
(H2O)δ+…Si(OR)3…(OHR)δ+  →   
→Si(OR)3OH + ROH + H+                  (5) 

The gel is formed in the polycondensation 
reaction with the siloxane monomers turning into 
oligomers. The aggregation and the growing 
clusters of the polymerization network results in 
the gelation mechanisms. Ca2+ and Na+ ions are 
incorporated into the gel by attracting to 
nonbridging oxygen atoms [18].  
Ca2+ + 2[≡Si−OH]  →   
                            →  ≡Si−O…Ca…O−Si≡ +  2H+(6) 
   
Na+ + ≡Si−OH → ≡Si−O…Na  + H+             (7)

The  EDS  spectra in Figure 1  confirm  the 
phases  of  sol-gel  derived  59S MBG  and   

Table 1   
 

Sol-gel synthesis conditions for MBG and 3DOM-BG/ Condiţiile de sinteză sol-gel pentru MBG şi 3DOM-BG 
Samples 

ID 
Identificator 

probă 

template Molar ratio 
Fracţie molară Chemicals and reagents / Reactivi chimici 

şablon Si/Ca/Na/P TEOS
(ml) 

Ca(NO3)2 

⋅4H2O (g) 
1M NaNO3 

(ml) 
TEP
(ml) Surfactant Catalyst 

Catalizator solvent 

59S MBG - 
59/35/2/4 1.29 0.81 0.40 0.12 0.49 g  

F127 
1 ml (1M)HNO3 
0.50 ml C6H8O7 

- 59S  
3DOM-BG PMMA 

80S MBG - 
80/15/0/5 1.67 0.35 - 0.18 1.00 g  

P123 
0.25 ml  

(0.5M)HCl 
2 ml 

ethanol80S 
3DOM-BG PMMA 

 

 

     
 

Fig. 1 - EDS spectra of (a) 59S MBG and (b) 59S 3DOM-BG./ Spectrele EDS ale (a) 59S MBG şi (b) 59S 3DOM-BG. 



       322              T. Charoensuk, C. Sirisathitkul, U. Boonyang  / Thermal analysis of mesoporous and macroporous bioactive glasses                                    
                                                                                                       synthesized by sol-gel method 

   
 

Fig. 2 - SEM images of samples (a) 59S MBG and (b) 59S 3DOM-BG. Insets show higher magnifications. /Micrografii SEM ale probelor 
(a) 59S MBG şi (b) 59S 3DOM-BG. Medalioanele prezintă măriri mai mari. 

 
59S 3DOM-BG. Bioactivity substances such as Ca, 
Na, and P which are the elemental compositions of 
bioactive glass are detected in both samples. 
Interestingly, the ratio of Ca to Na peak intensity is 
significantly higher in the case of 59S MBG.  
Moreover, these EDS spectra indicate the purity of 
glasses by showing no impurity peak. 

Figure 2 compares the morphology of 
samples 59S MBG and 59S 3DOM-BG. Figure 2(a) 

 reveals an irregular porous structure with a large 
variation of mesopores  and macropores  in the 
59S MBG. By contrast, the 59S 3DOM-BG in 
Figure 2(b) exhibits a three dimensional porous 
scaffolds with two different pore sizes. The 
regularity of the mesopores distributed inside the 
macropores occurs after the elimination of the 
spherical PMMA templates [6,8,15,19].  

 

 
a 

 
b 
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c 

 
d 

Fig. 3 - TGA/DTG curves of samples (a) 59S MBG, (b) 59S 3DOM-BG, (c) 80S MBG and (d) 80S 3DOM-BG. / Curbele TGA/DTG pentru 
probele (a) 59S MBG, (b) 59S 3DOM-BG, (c) 80S MBG şi (d) 80S 3DOM-BG. 

 
Figure 3(a)-(b) shows the curves from TGA 

plotted with DTG of samples 59S MBG and 59S 
3DOM-BG, respectively. Overall, 59S 3DOM-BG 
exhibits a greater weight loss. The first weight 
losses of approximately 8% from the removal of 
adsorbed water physically trapped in the pores [20-
23] are observed in both TGA curves but the onset 
for the 59S MBG at 67 °C is higher than 53 °C in 
the 59S 3DOM-BG. The corresponding DTG curve 
of the 59S MBG also has a large dip at a higher 
temperature. These observations are related to 
DTA curves shown in Figure 4(a)-(b). The 
endothermic peak around 95 °C with a much larger 
area indicates a larger heat consumption in 
residual dehydration in the case of 59S 3DOM-BG. 
As the temperature increased to the second and 
third weight losses, 59S 3DOM-BG still exhibits 
lower onset temperatures with higher losses. In 
stabilized samples, such losses are due to 
structural densification whereas the thermal 
decomposition of residual precursors is absent and  

 not evident in DTA curves [18]. The fourth weight 
loss of less than 2 % above 700 °C in DTG curves 
is due to the crystallization in glassy matrix [23-25]. 
These features in TGA/DTG curves are related to 
the broad exothermic peak around 810 °C in DTA 
curves. The area beneath this peak corresponding 
to the amount of heat release in the process is 
much larger for 59S 3DOM-BG. This implies the 
enhancement of crystallization in the 59S 3DOM-
BG. Furthermore, 59S MBG has another 
exothermic peak at a slightly higher temperature 
which possibly reflecting the irregularity of its 
structure. Finally, the weight losses observed in 
TGA curves above 1000 °C are due to the melting 
whose onset temperature is higher in the case of 
59S 3DOM-BG. 

With a variation in the composition, some 
trends are similarly observed in Figures 3(c)-(d) 
and 4(c)-(d). The area beneath the major 
exothermic DTA peak of 80S 3DOM-BG is larger 
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a 

 
b 

 
c  

d 
Fig. 4 - DTA curve of samples (a) 59S MBG, (b) 59S 3DOM-BG, (c) 80S MBG and (d) 80S 3DOM-BG. / Curbele DTA ale probelor (a) 

59S MBG, (b) 59S 3DOM-BG, (c) 80S MBG şi (d) 80S 3DOM-BG. 
 
than that of 80S MBG. This result underlines the 
dependence of crystallization of porous bioactive 
glasses on the PMMA templates during the 
synthesis. The total weight loss of sample 80S 
3DOM-BG measured by TGA is also greater with 
more heat in the major endothermic transition due 
to the moisture reduction. These occurrences in 
both compositions are explained by larger amount 
of absorbed water in three dimensional porous 
scaffolds. Finally, the onset of weight loss due to 
the melting of 80S 3DOM-BG is higher than that of 
80S MBG. Without Na, 80S samples have higher 
melting points and lower crystalline phases 
compared to those of 59S counterparts [3]. 

4. Conclusions 

1. 3DOM-BG with mesopores in ordered 
macropores can be obtained by using PMMA 
templates in the sol-gel synthesis. 

2. Compared to TGA of MBG from identical 
precursors, 3DOM-BG show greater first weight 
loss indicating more adsorbed water trapped in the 
scaffolds and higher onset temperature of the final 
weight loss from melting.  

3. Compared to DTA of MBG from identical 
precursors, 3DOM-BG show larger heat release in 
the major exothermic peak indicating the increase 
in crystalline phase. 

4. The inclusion of Na reduces the melting 
point and enhances the crystallization in 59S MBG 
and 59S 3DOM-BG.   
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