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Introduction 

Ever since the company Mobile first mentioned them1, porous silica materials have emerged as versatile materials 

with significant potential across a broad range of applications, including catalysis, adsorption, separation, thermal 

insulation, optics, and controlled drug release2; 3. Their synthesis however involves the uses of expensive templates, 

toxic solvents and high-energy treatment procedures4; 5. In this study p-toluenesulfonic acid (pTSA) was used for 

the synthesis of porous silica xerogels. The pTSA was used both as a template and as a catalyst for hydrolyses. By 

applying different synthesis conditions like acid concentration, drying temperature and the method of acid removal 

we were able to find the materials with the best textural properties. The surface of the newly produced material 

was further modified with amino groups by a two-step post-synthesis procedure and the obtained functionalized 

xerogel was studied for CO2 capture. Considering that the atmospheric carbon dioxide levels have continuously 

risen over the last several decades the need for effectively capturing and separating CO2 form point sources such 

as flue gas is a critical strategy to mitigate greenhouse gas emissions. 

 

Material and methods 

Mesoporous silica materials were synthesised in aqueous solution using the sol-gel process with pTSA as a non-

surfactant template and TEOS as silica source. After the pTSA had been dissolved in water (50 mL) the TEOS 

was added dropwise (molar ratios 1:1 and 1:3 TEOS:pTSA). The resulting mixture was stirred for 120 min at room 

temperature, then dried at either 30, 60, or 90 ◦C. To remove the porogen two different methods were used – high-

temperature calcination and water extraction. Calcination was performed at 550 ◦C for 5 h with a heating rate of 3 

◦C/min, while the water extraction was done by two cycles of vigorous stirring in water (1 g of silica-acid 

suspended in 100 mL of distilled water) for 1 hour each at room temperature. 

In order to modify the surface one gram of mesoporous silica was suspended in 8 mL of dry toluene, and 1 g of 

(3-chloropropyl)trimethoxysilane was added. The mixture was refluxed for 48 h. The modified silica was filtered 

through a nylon membrane filter (pore size 0.45 μm, ø 47 mm) and washed with toluene. In the second step, 0.71 

g of the obtained material was suspended in 7 mL of dry toluene containing 0.71 g of 1-(2-hydroxyethyl)piperazine 

(HEP), and the reaction mixture was refluxed for 72 hours. The solid phase was filtered through a nylon membrane 

filter (pore size 0.45 μm, ø 47 mm) and washed consecutively with toluene and ethanol. 

The physico-chemical properties of the obtained pure and modified silica materials were evaluated by X-Ray 

diffraction, nitrogen and carbon dioxide adsorption-desorption analysis, thermogravimetric analysis and solid-state 

NMR spectroscopy. CO2 adsorption experiments were performed under dynamic conditions using a flow-through 

system. Prior to adsorption, 0.40 g of adsorbent was dried at 150 ◦C for 2 h. The experiments were conducted using 

a gas mixture of 5 mL/min CO2 in N2 at a total flow rate of 30 mL/min. 

 

Results and discussion 

The obtained materials were characterized at each step of the synthetic process. The results demonstrated that both 

the drying temperature and quantity of the pTSA significantly influenced the pore structure of the xerogels. 

Environmentally friendly template removal by solvent extraction produced materials with superior textural 

properties (as seen in Table 1) compared to traditional calcination, enabling the recovery and reuse of pTSA with 

over 95% efficiency. A selected mesoporous silica xerogel was modified by a simple two-step post-synthesis 

procedure with 1-(2-Hydroxyethyl) piperazine (HEP). The obtained material had high CO2 adsorption capacity 

and leaching of the silica functional groups could not be detected even after four consecutive adsorption cycles. 

 

Table 1. Textural properties of porous silica xerogels. 

Samples Specific Surface Area m2/g Total Pore Volume cm3/g 



 

 

MSX-60-1-C 885 0.91 

MSX-60-3-C   796 0.94 

MSX-30-1-C 868 0.95 

MSX-90-1-C 817 0.97 

MSX-60-1-W 980 0.84 

MSX-30-1-W 990 0.57 

MSX-90-1-W 886 0.70 

 

The 29Si NMR spectra showed significant difference between the washed and calcined samples. The washed silica 

had a lot more Q3 species compared to the calcined ones, making them a preferred material for surface 

modifications. The silica xerogel synthesized at 60 ◦C with a ratio of 1:1 TEOS:acid and washed for the removal 

of the acid, was selected for further modification with HEP because of its appropriate textural properties. The 

modification resulted in a significant surface decrease of the material and partial pore blocking. The CO2 

adsorption capacity of the materials was also measured. It was found that the functionalized mesoporous silica 

materials adsorbed a higher amount of CO2 (30%) than the parent mesoporous xerogel. The reason for this is the 

main adsorption sites for the unmodified silica are silanol groups, which limit the adsorption behaviour. 

Furthermore, the modified silica shows higher selectivity for CO2 compared to N2. The selectivity for CO2 was 

also tested in the presence of 1 vol.% water (CO2/H2O/N2) and a small increase of the adsorption capacities was 

registered compared to the dry gas mixture (CO2/N2). The total CO2 desorption of the functionalized silica samples 

were registered at 60 ◦C and the CO2 capacity did not decrease significantly after ten consecutive adsorption–

desorption cycles. TG analysis were also done after the adsorption experiments and no leaching of the active sites 

was observed. 

 

Conclusions 

Porous silica xerogels were successfully synthesised using a pTSA-assisted procedure. Key variables included the 

concentration. The results demonstrated that both the drying temperature and the amount of pTSA significantly 

influenced the surface area, pore volume, and pore structure. The use of pTSA as a template led to the formation 

of silica with a high surface area and pore volume. Environmentally friendly template removal via water extraction 

produced materials with superior textural properties compared to traditional calcination, while enabling the 

recovery and reuse of pTSA with over 95% efficiency.  

Synthesis at 60 ◦C using a TEOS-to-acid ratio of 1:1 and water extraction for acid removal resulted in optimal 

textural and structural characteristics. The amino modified mesoporous xerogel was successfully synthesized via 

a simple two-step post-synthesis procedure and a higher CO2 adsorption capacity was observed compared to the 

non-modified silica. Modification with the amine also resulted in a higher isosteric heat of adsorption than that of 

the pure silica material, due to stronger interactions between the surface functional groups and CO2 molecules. 

Complete CO2 desorption from the functionalized material was achieved at 60 ◦C, with no leaching of functional 

groups detected after four consecutive adsorption cycles. 
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