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ABSTRACT

The concern of scientists and climatologists that high greenhouse gas emissions are on the rise, causing the earth’s 
surface to warm at a very rapid rate (Maring & Webley, 2013), have required solutions and technologies to reduce these 
emissions. By capturing, storing and transforming carbon dioxide (CO2), there is an opportunity to reduce emissions 
into the atmosphere and mitigate related problems. The following research describes the processes that were carried 
out to adsorb CO2, starting with the synthesis of mesoporous silica (SBA-15). MgO, Mg (OH)2, CaO y Ca (OH)2 in pro-
portions of 5%, 10% and 15%, were impregnated in SBA-15, continuing with the studies to know that the impregnation 
was correct and to continue the adsorption process. According to the results and analyzing the samples of MgO, Mg 
(OH)2, CaO y Ca (OH)2, which are supported in the SBA-15, those with the highest CO2 adsorption are magnesium, 
which increases the higher the proportion of impregnation for 15% MgO, 4.5 mmol/g and 4.1 mmol/g for 15% Mg(OH)2.

Keywords: CO2 adsorption, Acetates, Oxides, Hydroxides, Mesoporous silica.

RESUMEN

La preocupación de científicos y climatólogos debido a que las altas emisiones de gases de efecto invernadero van 
en aumento provocando que la superficie de la tierra se caliente a un ritmo muy acelerado (Maring & Webley, 2013), 
han requerido de soluciones y tecnologías para reducir estas emisiones. Mediante la captura, almacenamiento y trans-
formación de dióxido de carbono (CO2) se tiene la oportunidad de reducir las emisiones a la atmósfera y mitigar los 
problemas relacionados. La siguiente investigación describe los procesos que se llevaron a cabo para adsorber CO2, 
comenzando con la síntesis de la sílice mesoporosa (SBA-15). Los MgO, Mg (OH)2, CaO y Ca (OH)2 en proporciones 
de 5 %, 10 % y 15 %, se impregnaron en la SBA-15, continuando con los estudios para saber que la impregnación fue 
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correcta y continuar el proceso de adsorción. De acuerdo 
con los resultados y analizando las muestras del MgO, 
Mg (OH)2, Ca O y Ca (OH)2, mismas que se encuentran 
soportadas en la SBA-15, las de mayor adsorción de CO2 
son las de magnesio, el cual va en aumento mientras ma-
yor sea la proporción de la impregnación para un 15 % de 
MgO, 4.71 mmol/g y 4.1 mmol/g para 15 % de Mg (OH)2.

Palabras clave: Adsorción de CO2, Acetatos, Óxidos, Hi-
dróxidos, Sílice mesoporosa.

INTRODUCTION

Human activity has caused CO2 emissions to be emitted 
in large quantities into the atmosphere and seriously affect 
the environment and people’s quality of life. It is estima-
ted that without CO2 and water vapor in the atmosphere, 
the average temperature at the Earth’s surface would be 
below zero, as these gases absorb some of the infrared 
radiation that goes back into space after bouncing off the 
Earth’s surface (Zeyad et al., 2022). In this way, if carbon 
emissions are not drastically reduced, there will be irrepa-
rable damage to the planet, but what if there was a way to 
repair all this damage? 

To capture CO2, it is necessary to separate it from the 
rest of the gases that originate during combustion in pro-
cesses that are carried out in industries, thermoelectric 
plants, and many more. When separated from the other 
gases, it is transferred and introduced into deep geologi-
cal formations where it will be isolated, it is in this way that 
the amount of CO2 generated in the atmosphere can be 
minimized (López et al., 2013).

According to Cuellar et al. (2015), the process of transfor-
ming CO2 is based on the chemical conversion that oc-
curs with alkaline adsorbents. Since there is a sustainable 
approach to the permanent storage of CO2, the transfor-
mation of CO2 into calcium and magnesium carbonates 
must be stable and insoluble in water (Shan et al., 2018). 
Adsorption, on the other hand, is the method of transfe-
rring a material known as an adsorbate from a liquid or 
gas to a solid phase called an adsorbent (Adamson, 
1996). In this process, the adsorbent material is a porous 
solid that helps keep the adsorbate on its surface (Beruto 
& Botter, 2000).

Some alkaline adsorbents have been proposed for CO2 
capture such as simple metal oxides (e.g., CaO, MgO), 
hydroxides (e.g., Ca (OH)2, Mg (OH) 2, and Na (OH)2 
(Reddy et al., 2011). They consist of particles of base 
metals which are needed in nanoscale sizes (Gislason 
et al., 2014). Calcium hydroxide can be used as a re-
agent (Vance et al., 2015), calcium and magnesium 

oxides facilitate carbonate formation by reacting with CO2 
(Cuellar et al., 2015) and are silicate minerals, which are 
relatively abundant worldwide, making them an attractive 
feedstock for CO2 mineralization (Styring & North, 2015). 
In this case, the material called SBA-15 (Santa Barbara 
Amorphous No. 15), which was first developed by Stucky 
et al. (1994), to which, due to its textural properties, nano-
particles of hydroxides and oxides can be incorporated 
(as in this case), which causes them to have a high dis-
persion and consequently much more active adsorbents 
are generated.  It has a high surface area and a hexago-
nal structure of uniform pores (honeycomb-like), and in 
addition, a wide range of pore sizes (4.6 nm to 30 nm) and 
pore wall thicknesses (3.1 nm to 6.4 nm).

In this work, we seek to develop CO2 adsorbent materials 
based on mesoporous silicas of the SBA-15 type deco-
rated with nanoparticles of hydroxides and oxides of cal-
cium and magnesium, for the capture and conversion of 
CO2, due to the efficiency of CO2 adsorption that is had 
with the resulting material, it can be implemented in the 
use of cementitious processing for its capture, as well 
as the generation of fuel from the capture of CO2, at the 
same time as helping not to pollute with gas, it can be 
used in the creation of new materials that are used in the 
daily life of society.

MATERIALS AND METHODS

Material Preparation

Synthesis of the ordered mesoporous silica material 
SBA-15

The short SBA-15 mesoporous silica material was prepa-
red using the Sol-Gel process (Zarazua et al., 2017), whe-
re a neutral surfactant is used as the directing agent of the 
mesostructure, Pluronic P123.

P123 is dissolved in a solution of hydrochloric acid and 
deionized water with constant agitation at 35°C.  Once 
P123 is completely dissolved, the Sol-Gel process begins 
by adding the silica precursor (Hernández et al., 2014) 
TEOS. The reaction was performed for 24 hours and with 
constant agitation.

After this time, the maturation process is carried out, pla-
cing the gel obtained in a polypropylene container, cove-
ring it and placing it in the muffle for 24 hours at a tempe-
rature of 80°C without stirring.

When finished, it is allowed to cool and the solid is recove-
red by filtration (Styring & North, 2015). It is dried at room 
temperature and then at 110°C for 18 hours at a heating 
rate of 2°C/min.
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Finally, it is calcined at 550°C for 4 hours at a heating rate of 1°C/min. In this way, it will be possible to eliminate the 
organic base by producing only the mesoporous silica structure (Vance et al., 2015). The process is described in the 
figure below (Figure 1).

Fig 1. Synthesis of Ordered Mesoporous Silica Material SBA-15.

Source: own elaboration.

Incorporation of Ca (OH)2 and Mg (OH) nanoparticles into SBA-15.

For the incorporation of calcium hydroxide (Ca (OH)2) and magnesium hydroxide (Mg (OH)2) nanoparticles into the 
surface of SBA-15 mesoporous silica, the pore-filling impregnation method (incipient wetting) was used (Feliczak et 
al., 2016). Calcium and magnesium hydroxides, aqueous solutions of calcium (II) acetate dihydrate Ca (OH)2•2H2O 
(Sigma-Aldrich) and magnesium (II) acetate dihydrate Mg (OH)2•2H2O (Sigma-Aldrich) were used as sources. The 
amounts (5, 10 and 15 % by weight) of Ca (OH) 2 and Mg (OH)2 and (5, 10 and 15 % by weight) of CaO and MgO that 
were deposited in the SBA-15 were varied. Subsequently, the impregnated samples were dried at a temperature of 
110ºC for 18h.

Material characterization

Determination of the textural, morphological, structural and electronic properties of adsorbent materials:

Adsorption-desorption isotherms from N
2
 to 77 K

The textural properties of the mesoporous silicas SBA-15 and NH2-SBA-15 were determined by adsorption-desorption 
isotherms from N2 to 77 K in an Autosorb iQ2 equipment, of the Quanthachrome brand.
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Prior to analysis, the sample was degassed at 150°C in vacuum for 5 h, to ensure a dry, clean surface free of weakly adsorbed 
species.

X-ray diffraction (XRD) at low and conventional angles

By X-ray diffraction (XRD) at low angles (0-5° at 2θ), the order in the pore arrangement of SBA-15C and NH2-SBA-15C was 
verified (Tanev & Pinnavaia, 1995).

Scanning Electron Microscopy (SEM)

The HITACHI SU8200 scanning electron microscope was used to image the SBA-15 and NH2-SBA-15 samples, mainly to 
determine the morphology and size of the particles (Chang, 2017 b). 

The pellet-shaped samples will be placed in the sample holders and coated with charcoal.

Fourier transform infrared spectroscopy (FT-IR)

The presence of the amino groups on the surface of the mesoporous silica SBA-15, as well as the interaction of the CO2 mol-
ecule with the amino groups, were analyzed by means of the vibrational response of their molecular bonds, through infrared 
spectroscopy analyses (Beck et al., 2008). The IR vibration spectra of the powder samples will be measured on a Bruker 
Vector 33 spectrophotometer, in the range of 400 to 4000 cm-1, with a resolution of 2 cm-1.

Micro Raman spectroscopy

The vibronic spectra of the molecular bonds due to the presence of the amino groups in the NH2-SBA-15 samples and as a 
complementary characterization to the FT-IR spectra, micro-Raman spectroscopy was performed, using a Labram-Dior model 
micro spectrometer (López, 2013).

Thermogravimetric Analysis (TGA)

The TGA/DTG thermogravimetric analysis will allow the evaluation of the thermal stability of the amino functional groups inside 
the pores of mesoporous materials (Montes et al., 2012). This study will be carried out on a TA Instruments Q500 TGA and 
Q2000 DSC equipment, in a temperature range of 25 °C to 600 °C.

Carbonation reaction

The carbonation reaction under non-isothermal conditions was carried out in a TGA/DTG thermogravimetric analyzer, in a 
Q500 TGA equipment from TA Instruments, in a temperature range of 25°C to 800°C.  With a heating speed of 10°C/min and 
a flow of 50 mL/min of 100% CO2 gas.

Determination of the type of interaction between hydroxide nanoparticles and calcium and magnesium oxide.

X-ray photoelectron spectroscopy (XPS)

The XPS technique allows the species in a sample to be identified, their oxidation state and their chemical environment. 
Because each atom has a characteristic response factor, the XPS signal can be used in the quantitative determination of 
chemical species on the surface (Zhao et al., 1998).

To verify the adsorption of CO2 molecules in the adsorbents, X-ray photoelectron spectroscopy (XPS) was performed.

RESULTS-DISCUSSION

Differential Scanning Calorimetry (DSC)

Hydroxides are obtained from 100°-300°, in our case calcium hydroxides were obtained at 148.34° and magnesium hy-
droxides at 151.08, while oxides are obtained from 301°-500°, calcium oxides were at 445.96° and magnesium oxides 
at 340.95° (Figure 2).

The precursors of Ca and Mg impregnated in SBA-15, which were given a heat treatment of 110°c.  It was determined 
with greater precision to know at what temperature the hydroxides and oxides of calcium and magnesium are obtained, 
according to what has been reported in the literature.
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Fig. 2. Profiles of DSC of the hydroxides and oxides of calcium and magnesium.

Source: own elaboration.

You can see that the proportions of the samples are above the percentages indicated, so the results will be excellent 
when adsorbing the CO2 with our materials (Figure 3).

Fig 3. Note that the samples’ proportions are above the indicated percentages, so the results will be excellent when 
adsorbing the CO2 with our materials.

Source: own elaboration.

Pure mesoporous silica (SBA-15) and the different results with respect to the equivalent proportion of each of the pre-
cursors, starting with magnesium oxides, of 5%, 10% and 15%, magnesium hydroxides, of 5%, 10% and 15%, calcium 
oxides, of 5%, 10% and 15%, and calcium hydroxides, of 5%, 10% and 15%, which are in an adequate proportion.

Diffuse reflectance spectroscopy in the Uv-vis range

Figure 4: a) Two high-intensity absorption bands centered at approx. 255 and 360 nm, characteristic of OH-bound 
Ca2+, at the edges and corners of Ca (OH)2 crystallites. b) Two absorption bands with high intensity, approx. at 250 and 
350 nm, characteristic of Ca2+ bound to O2-, at the edges and corners of the CaO crystallites. c) Two absorption bands 
with high intensity, approx. at 250 and 330 nm, characteristic of Mg2+ bound to OH-, at the edges and corners of the 
Mg (OH)2 crystallites, d) Two absorption bands with high intensity, approx. at 250 and 330 nm, characteristic of Mg2+ 
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bound to O2-, at the edges and corners of the MgO crystallites. These bands indicate the presence of hydroxides and 
oxides of calcium and magnesium.

Fig 4. Diffuse reflectance spectroscopy in the uv-vis range.

Source: own elaboration.

Espectroscopia micro-Raman

Figure 5: In the figure on the left, peaks are observed in the spectra at the positions of 80 cm-1, 500 cm-1, 700 cm-1, 
1000 cm-1, 1500 cm-1, 1700 cm-1 and 3000 cm-1 approximately assigned to the vibration modes respectively. These 
optical modes are characteristic of the hexagonal structure. In the figure on the right, peaks are observed in these spec-
tra at the positions of 80 cm-1, 500 cm-1, 700 cm-1, 1000 cm-1, 1500 cm-1, 1700 cm-1 and 1900 cm-1 approximately 
assigned to the vibration modes respectively.

As in the diffuse UV-VIS reflectance, the micro-Raman study confirms the presence of hydroxides and oxides of calcium 
and magnesium. Charges (wavenumbers) are displayed.
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Fig. 5. Espectroscopia micro-Raman.

Source: own elaboration.

X-ray Diffraction (XRD)  

It can be seen in the images of paragraphs a and b, that the reflections that are presented are longer, but shorter, while 
in the image of section c a pronounced reflection is seen different from that of pure esoporous silica, which indicates the 
existence of Mg (OH)2, impregnated, the same happens in section d with MgO, therefore, in all the samples analyzed, 
hydroxides and oxides of calcium and magnesium were successfully impregnated (Figure 6).

Fig. 6. X-ray diffraction (XRD): a) Ca (OH)2, b) Ca O, c) Mg (OH)2 and d) MgO.

Source: own elaboration.                                                             

(e)
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SEM

Figure 7. a) SBA-15, b) Ca (OH)2, c) Mg (OH)2, d) CaO and e) MgO.

Fig 7. Sem.

Source: own elaboration.                                                             

Even with the impregnation of calcium and magnesium hydroxides and oxides, the structure of SBA-15 is preserved. 
In all the images particles are observed with the naked eye that are not seen in SBA-15, which comparing it with the 
other methods that were carried out tells us that there is the presence of calcium and magnesium, these are found on 
the external surface, in figure d, it can be seen that there is a greater surface area so it is very likely that the CaO, are 
impregnated on the inner surface of the pores.

Infrared Spectroscopy

Figure 8. The following bands indicate us:

 750-800 cm-1, is assigned to the vibration of the Si-O-Si bond, siloxane group.

950 cm-1 Si-OH siranol group.

1100 cm-1 Si-O-Si siloxane group.

1600 cm-1 water adsorbed on the material.

2300 cm-1 interaction between CaO and Si.

3500 cm-1 Si-OH siranol group.

It is confirmed with the Micro Raman analysis that the higher the percentage, the larger the wavenumbers.
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Fig. 8 Infrared Spectroscopy.
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    Source: own elaboration.                                                             

MgO and CaO isotherms/ Pore size distribution of MgO and CaO.

Figure 9. Left-sided MgO and CaO isotherms/ Right-sided MgO and CaO pore size distribution.

The textural properties of mesoporous materials were studied by means of the N2 adsorption-desorption isotherms at 
77 K. Pore size distributions were calculated from the adsorption isotherm using the Barrett-Joyner-Halenda model. 

The N2 adsorption-desorption isotherms of the materials are shown in Fig. 9, on the left side. All mesoporous samples 
of MgO/SBA-15 and CaO/SBA-15, as well as pure SBA-15, exhibit type IV adsorption isotherms with areas of type H1 
hysteresis according to the IUPAC classification. These isotherms are characteristic of mesoporous materials with a 
hexagonal arrangement of pores.

Fig. 9. Left-sided MgO and CaO isotherms/ Right-sided MgO and CaO pore size distribution.
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Source: own elaboration.

The SBA-15 sample presents the hysteresis area in a well-defined range at high relative pressures (0.61 <P/P0 <0.8) 
representing spontaneous filling of mesopores due to capillary condensation, indicating the presence of uniform meso-
phores. Modified mesoporous silicas of MgO and CaO show areas of hysteresis at intervals of lower relative pressures 
(0.4 <P/P0 <0.7) due to a decrease in the size of the mesopores due to the presence of small particles of MgO and CaO 
dispersed within the pores of SBA-15.

All the isotherms presented are similar to those reported in the literature for the mesoporous silica SBA-15. As seen in 
Fig. 9, on the left side, the N2 adsorption-desorption isotherms of the mesoporous matrices (MgO)X/SBA-15 and (CaO)
x/SBA-15 are similar, indicating that the mesostructure of the SBA-15 material was maintained after the incorporation of 
MgO and CaO.

Regarding the pore size distribution shown in Fig. 9, on the right side it should be noted that all mesoporous matrices 
show a uniform and narrow pore size distribution. There appears to be a change in pore diameter to a smaller diameter 
following an increase in MgO and CaO loading. Simultaneously, the total volume of N2 decreased with the increase in 
the load of MgO and CaO in the mesoporous matrices. As expected, the loading of magnesium and calcium in the silica 
matrix decreases the surface area and pore volume of the SBA-15 support (Table 1).

As the Mg and CaO load increases, there is a change from diameter to smaller and the total volume also decreases.

Table 1. Textural properties of SBA-15, MgO/SBA-15 and CaO/SBA-15 mesoporous materials.

Sample MgO y CaO(wt.%) SBET(m2/g) Vtotal(m3/g) Dp          Adsortion    
(nm)      (mmol/g)

SBA-15 0.0 932 1.05 5.9            0

5%MgO/SBA-15 9.29 659 0.83 5.0            3.42

10%MgO/SBA-15 15.86 505 0.69 5.0            3.96

15%MgO/SBA-15 19.27 507 0.52 4.1            4.71

5%CaO/SBA-15 10.93 584 0.694 5.1            3.1

10%CaO/SBA-15 23.66 575 0.683 4.9            3.4

15%CaO/SBA-15 24.31 506 0.581 4.0            3.85
 Source: own elaboration.
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BET Specific Surface Area (SBET), Total Pore Volume (Vtotal) and Pore Diameter (Dp)

CO2 Adsorption. TGA

Figure 10: Adsorption of CO2, on the left side calcium and magnesium oxides in proportions of 5%, 10% and 15%, on 
the right-side calcium and magnesium hydroxides in proportions of 5%, 10% and 15.

According to the study carried out, we can see that the higher the percentage of impregnation of calcium and magne-
sium oxides and hydroxides, their absorbance increases, but the material that presents the highest CO2 adsorption is 
magnesium.

Fig: 10. Adsorption of CO2.

Source: own elaboration.

CONCLUSIONS

The mesoporous silica material SBA-15 was successfully prepared by the Sol-Gel process with a neutral surfactant as 
the directing agent of the mesostructure, Pluronic P123.

The results of XRD, Micro Raman and FTIR indicated the presence of calcium and magnesium oxides and hydroxide 
nanoparticles in SBA-15.

SBET (pore diameter distribution) results indicated that magnesium oxide nanoparticles are dispersed on the inner 
surface of the pores of SBA-15.

The XRD results indicated a high dispersion of hydroxides and magnesium oxides in SBA-15, generating a higher den-
sity of active sites for CO2 adsorption and therefore a higher CO2 consumption.

The higher the percentage of impregnation of calcium and magnesium oxides, the higher the CO2 consumption.

According to the studies carried out, it can be seen that the material that is supported in the mesoporous silica of the 
SBA-15 type with greater CO2 adsorption is magnesium, and which increases the higher the proportion of the impreg-
nation, for 15% of MgO, 4.71 mmol/g and 4.1 mmol/g for 15% of Mg (OH)2.
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