
DOI: http://dx.doi.org/10.1590/1980-5373-MR-2019-0285
Materials Research. 2019; 22(5): e20190285

Development of Silica-Based Monoliths for the Capture of CO2
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The synthesis of mesoporous materials in macroscopic scale, as for example, the monoliths, has 
been of great interest in view of the wide range of applications that this material holds. Thus, this 
work consists of the production of silica monoliths for the purpose of they being used in the carbon 
dioxide (CO2) adsorption process. The adsorbents were prepared in pure form and also with addition 
of heteroatoms: Al, Ti and Zr. The samples were then functionalized with pentaethylenehexamine 
(PEHA) by the wet impregnation method. The materials were characterized by the following techniques: 
X-ray diffraction (XRD), textural analysis, Fourier transform infrared spectroscopy (FTIR), Scanning 
electron microscopy (SEM) and Thermogravimetry (TG/DTG). The analyses indicated that the materials 
synthesized with heteroatom incorporation presented a disordered pore structure and high surface area 
(1387 m2/g for sample Ti/M1). In addition, they showed a significant increase in adsorption of CO2 
relative to their parent sample, a fact that is not much explored in the literature. The CO2 adsorption 
performance tests were carried out at 30 ºC and atmospheric pressure. All functionalized materials 
demonstrated improved CO2 adsorption capacity relative to their starting samples. Adsorption capacities 
up to 111.3 mg/g were found in this work, which makes the materials developed promising candidates 
for the capture of CO2.
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1. Introduction

According to the IPCC 1, the carbon capture and storage 
(CCS) technology is one of the options, among the mitigation 
actions, that most contributes to the equilibrium of the levels 
of anthropogenic greenhouse gases in the atmosphere. A plant 
with CCS could reduce 80-90% of CO2 emissions from a 
plant that does not have this system 1. The CCS is subdivided 
into three phases: the capture, transport and storage of CO2 

2.
For the purpose of using the CCS process it is necessary 

to employ CO2 separation techniques, such as absorption, 
separation by membranes, cryogenic distillation, adsorption, 
among others3-5. The most used technique currently in the 
separation of CO2 from a gas mixture is the absorption using 
amines. However, although it is effective for its purpose, it 
presents some disadvantages due to the high energy cost 
for solution regeneration and oxidative degradation6,7. As a 
way to minimize these problems, the adsorption technique 
appears in this context as a promising alternative. The use 
of solid adsorbents has been highlighted for several reasons, 
namely: smaller energy consumption, easy regeneration, 
less amount of waste produced and high separation rate3,5,7,8.

Different adsorbent materials are currently under study 
for the CO2 capture process, among them are mesoporous 
silicas 9. This material can be synthesized in the form of 
powders 10,11, films 12,13, fibers 14,15 and monoliths 16,17,26,27,18–25. 

Mesoporous silica is usually produced in the form of fine powders, 
and when synthesized in this way, a conformation step must 
often be included during processing for most applications. 
The conformation process in this case is a further stage 
in the processing and thus increases production costs and 
complexities. Moreover, it may also lead to significant loss in 
porosities if high temperatures are necessary to ensure enough 
mechanical resistance of the final pellets. The advantage 
of synthesizing the mesoporous silica in monolith form is 
that the conformation step is not necessary. It is possible 
to synthesize the material in the desired form, because the 
shape of the mold in which the monolith is produced is 
maintained 16,23,27–30. Therefore, the materials manufactured 
as monoliths may save time and reduce production costs, 
as well as overcome the problem of loss of porosity present 
in the materials in the form of fine powders.

It should be emphasized that the research on the 
incorporation of heteroatoms in silica-based materials has 
shown to be very effective in obtaining materials with high 
thermal stability and regenerability 31–34. This modification 
technique is employed to improve, in addition to the mentioned 
characteristics, the properties of CO2 adsorption7,9,34,35. However, 
it was observed that the number of scientific publications 
regarding the study of the evaluation of CO2 adsorption 
performance for materials incorporated with heteroatoms, 
similar to those synthesized in this work, is extremely low 31–34. 
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This scarcity can be justified by the fact that the works found in 
the literature on the incorporation of heteroatoms do not perform 
this procedure with the purpose of contributing directly with 
the increase of the CO2 adsorption capacity, since the materials 
obtained from that are not analyzed in CO2 capture applications. 
Nevertheless, in this work the materials incorporated with 
heteroatoms were submitted to the performance evaluation 
test, in contrast to what is most often found in the literature.

In this work the synthesis of a series of silica monoliths was 
carried out and these samples were prepared with and without 
addition of heteroatoms: Al, Ti and Zr. Subsequently, the obtained 
materials were functionalized with PEHA. These procedures were 
performed with the objective of obtaining a material with high 
CO2 adsorption capacity. The silica monoliths were prepared by 
sol-gel process, for the purpose of being applied in the treatment 
of several gas streams, for example, in biogas, landfill gas and 
sewage, etc 36. The materials were characterized by the following 
techniques: XRD, textural analysis, FTIR, SEM and TG/DTG.

2. Experimental

2.1 Silica monolith synthesis

Monolith M1 was prepared using tetraethoxysilane (TEOS) 
as a silica source and the cetyltrimethylammonium bromide 
(CTAB) as surfactant. The methodology for the preparation 
of this sample was based on the literature 37. The experimental 
procedure consisted of adding ethyl alcohol to the aqueous 
nitric acid solution. Then, the polyethylene glycol (PEG) was 
dissolved in that solution and when a homogeneous solution 
was obtained, the TEOS was added. Thereafter, the sol formed 
was stirred until a clear solution was obtained. The CTAB was 
added and stirring continued until the surfactant was completely 
dissolved. The final sol molar composition was 1 TEOS: 0.19 
CTAB: 0.25 HNO3: 0.26 PEG: 2 C2H5OH: 14.69 H20. The 
sample was placed in the oven at 60 ºC. The gelling time was 
also observed and the sample remained in the oven for another 
48 h. The removal of the surfactant was performed through 
a thermal treatment. The material was heated up to 550 °C at 
1° C/min, and kept at this temperature for 6 h. Cooling was 
carried out at a rate of 10 °C/min to room temperature. The steps 
involved in the preparation of material M1 can be seen in Fig. 1.

2.2 Synthesis of monoliths incorporated with 
heteroatoms

The insertion of the heteroatoms was performed during the 
synthesis of the monolith by two processes: addition of metal salt 
after addition of the surfactant and incorporation of alkoxides of 
metals after the addition of the silica source and the surfactant. 
The addition was performed using the following precursors: 
aluminum sulfate, titanium (IV) butoxide and zirconium (IV) 
propoxide, and the synthesized materials were named: Al/M1, 
Ti/M1 and Zr/M1, respectively. The procedure for preparing the 
monoliths was performed with the addition of 10 mol% of metal.

2.3 Functionalization of monoliths

The adsorbent material was impregnated to obtain 
loading of 25 wt% of PEHA. Samples loaded with the 
amine were identified as: Al/M1-P, Ti/M1-P and Zr/M1-P. 
The procedure for the impregnation of amines in the porous 
support consisted in initially dissolving PEHA in ethanol under 
stirring. Soon after the complete dissolution, the calcined 
material was enveloped on filter paper and added to the 
amine solution with ethanol and stirred for about 24 hours. 
Thereafter, the solvent on the adsorbent was evaporated in 
the oven at a temperature of 60 °C. The schematic diagram 
of the procedures for obtaining adsorbents impregnated with 
amine can be seen in Fig. 2.

Figure 1. Steps involved in the preparation of silica monolith M1.

Figure 2. Schematic diagram of the procedures for obtaining 
adsorbents impregnated with amine.

2.4 Characterization of silica monoliths

The XRD was carried out using a PANalytical Empyrean 
X-ray diffractometer. The samples were initially powdered 
to perform the XRD analysis. The diffractograms were taken 
in the 2θ range from 0.41° to 3.99°, using scan speed of 
0.02° with an acquisition time of 20 s per step. The analysis 
XRD was carried out to verify that the samples had ordering 
pores. To determine the specific surface area, pore volume 
and pore diameter of the samples, the equipment used was 
a Quantachrome Autosorb-1. The samples were treated 
under vacuum at 130 °C prior to analysis. The samples 
were examined in a Perkin-Elmer Frontier spectrometer. 



3Development of Silica-Based Monoliths for the Capture of CO2

The samples, prepared as pellets with KBr, were analyzed in 
the range of wavenumbers from 4000 cm-1 to 400 cm-1. To 
perform the analysis on the SEM, the samples were powdered 
and their surfaces were covered with a layer of about 15 nm of 
amorphous carbon to improve surface conductivity, avoiding 
the accumulation of charges during image acquisition. SEM 
was performed using a Quanta 3D FEG FEI microscope. 
The energy dispersive X-ray spectrometry (EDS) experiment 
was performed using acceleration voltage of 15 kV, size 6.5 
and opening of 50 mm.

The thermogravimetric analysis was performed using 
a Perkin-Elmer STA 6000 simultaneous thermal analyzer. 
The materials were heated from 30 °C to 800 °C at a rate 
of 10 °C / min. The tests used a Ni flow of 20 mL/min. 
The amine content of the samples was determined in mmol/g 
through Equation 1 38,39.

  %N m
MM100
1000loss

lig
$=           (1)

Where refers to the mass loss in TG in the temperature 
range corresponding to the decomposition of the amine 
PEHA and is the molecular weight of the organic part of the 
amine which was burned during heating. It was considered 
that the is the molecular weight of the amine PEHA, i.e., 
the value used was 232.38 g/mol.

The CO2 adsorption performance tests were carried 
out with a Perkin-Elemer STA-6000 thermobalance. The 
samples were initially cleaned in a thermal treatment at 
110 °C for 10 min, under He flow. Subsequently, the system 
was cooled to a temperature of 30 °C and the CO2 adsorption 
step was performed. The adsorption process was carried out 
at atmospheric pressure, under gas flow of 50 mL/min at 
30 °C for 40 min with He as purge gas.

3. Results and Discussion

3.1 Characterization of pure silica monoliths and 
incorporated with heteroatoms

3.1.1 XRD

The small angle X-ray diffractograms of the pure calcined 
samples and incorporated with heteroatoms were obtained 
by XRD analysis (not shown). The XRD analyses showed 
that all samples presented a similar structure, without having 
ordered pores.

3.1.2 FTIR

The spectra obtained for the samples are shown 
in Fig. 3. For all the studied materials, it is possible 
to observe a broad band around 3470 cm-1 relative to 
the hydroxyl groups of silanol terminations and water 
adsorbed on the surface of the material 3,40,41. The band at 
approximately 1640 cm-1 refers to the adsorbed water 3,40,41. 

The absorption bands in regions close to 1095 cm-1, 800 
cm-1 and 465 cm-1 are attributed to vibrations νas(Si-O-Si), 
νs(Si-O-Si) and δ(Si-O-Si), respectively 42. The absorption 
band around 965 cm-1 can be associated with the vibration 
of the Si-OH or Si-O- 3,40,41,43.

Figure 3. FTIR spectra for pure M1 calcined materials and 
incorporated with heteroatoms.

It can be seen the bands in the regions of 1095 cm-1 
and 800 cm-1 present in the spectrum of the starting sample 
were shifted to 1080 cm-1 and 802 cm-1 in the spectrum 
of the Al/M1. A similar result was reported by Xie et al. 
44. They also observed displacements in these regions of 
the spectrum, and suggested that these changes may have 
been due to the formation of the Al-MCM-41 structure. 
The displacement in the region close to 1080 cm-1 may 
have appeared in the spectrum of the aluminum-containing 
material still due to the simultaneous vibrations of the SiO4 
and AlO4 tetrahedra 45. This behavior was also verified for 
the samples incorporated with Ti and Zr. Since the decrease 
in the wavenumber of the absorption signal in the spectrum 
indicates an increase in the length of the bonds related to 
it (or decrease in the strength of these bonds), one may 
also conclude that the Si-O-Si framework was disturbed in 
these materials when compared to their pure silica version. 
Therefore, this suggests a successful insertion of the metals 
into the silica monolith

3.1.3 Textural analysis

The textural characteristics of the pure calcined materials 
and with addition of heteroatoms were determined through 
the nitrogen adsorption/desorption isotherms presented in 
Fig. 4. It is also possible to observe the pore distribution of 
the samples in Fig. 5.

The samples synthesized in this work have the shape 
of the isotherms with intermediate characteristics between 
types I and IV, according to IUPAC recommendations 46. 
However, they can not be classified in this way because the 
adsorptions branches do not exhibit the typical inflexion. 
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As can be seen in the isotherms presented in Fig. 4, it was 
possible to verify that along the desorption branch in the P/P0 
range 0.4 - 0.45 (for N2 at 77 K) all the samples presented a 
forced closure of the hysteresis loop, which can be explained 
by the tensile strength effect (TSE) 47–49. In the pores with 
critical diameters smaller than 4 nm, the disappearance 
of the hysteresis occurs when there is a collapse of the 
hemispherical meniscus and the interconnected pores filled 
with N2 are immediately emptied 47,49. Due to this sudden drop 
in volume adsorbed during desorption, the mentioned forced 
closure occurs in the mentioned critical pressure range 47,49. 
The tensile strength in the adsorbed phase increases as the 
pore size decreases because of the meniscus instability due 
to the increased chemical potential of the pore walls 47. 

The TSE observed on the form of the isotherms is explained 
by the presence of narrowed and blocked mesopores through 
micropores 50. As a result, it is possible to observe a peak 
that is not real between 3.5 and 4.0 nm in the pore size 
distribution (Fig. 5), which can be called an artefact 49,50.

Fig. 5 shows the pore distribution curves for the 
sample M1, pure and incorporated with heteroatoms. 
From this figure it is possible to observe that the samples have the 
great majority of pores with the size greater than 2 nm, so these 
materials are mesoporous, according to IUPAC classification 46. 
However, these mesopores are blocked as previously explained.

Through the textural analysis, it was possible to determine 
the estimated surface area and pore volume for each material, 
according to Table 1. It can be seen that besides the silica 
monolith, the samples can be compared with the MCM-41 
material because of their similar surface area and range of 
mesopore sizes. However, the synthesized samples do not 
present organized pores as MCM-41. This similarity of textural 
features between the samples from this work and MCM-41 
is expected because they share a common porogenic agent: 
the CTAB. The parameters for the studied materials are in 
agreement with the values reported in the literature for the 
silica-based monolith, an example is the monolith obtained 
by Chen et al. 37, which has a surface area of 950 m2/g, and 
with MCM-41 material, because the values found in the 
scientific works for surface area and pore volume vary from 
669 m2/g 51 to 1031 m2/g 52 and 0.2 cm3/g 40 to 0.9 cm3/g 52, 
respectively. The performances of the materials MCM-41 and 
the monoliths synthesized in this work can be compared due 
to the similarities in these materials, as previously mentioned. 
This comparison is made in the following sections.

It is possible to observe that after the addition of the 
heteroatoms, all the materials obtained presented a change 
in their textural properties. It should be emphasized that 
all samples synthesized with addition of heteroatoms may 
exhibit pores with wide distribution of shapes and diameters 
because such materials have a disordered pore distribution, 
as confirmed by analyses.

3.1.4 SEM

The SEM analysis of monoliths with addition of 
heteroatoms (Al, Ti and Zr) can be seen in Fig. 6. From 
this figure, it is possible to observe representative 
fragments of the samples studied. Analyzing the Ti/M1 
and Zr/M1 micrographs, the samples showed a structure 
consisting of particles that appear to be generally irregular. 

Figure 4. N2 adsorption-desorption isotherms of the samples M1, 
Al/M1, Ti/M1 and Zr/M1.

Figure 5. Pore distribution curves of the samples M1, Al/M1, 
Ti/M1 and Zr/M1.

Table 1. Textural properties and CO2 adsorption capacity of samples.

Monolith % metal
without PEHA With PEHA

A (m2/g) V (cm3/g) Cap. (mg/g) A (m2/g) V (cm3/g) Amine content (mmol/g) Cap. (mg/g)

M1 - 949.0 0.8 5.7 104.6 0.22 0.74 23.6

Al/M1  8.6 864.0 0.6 10.5 194.7 0.19 0.69 36.7

Ti/M1 9.6 1387.0 1.1 7.3 118.8 0.27 1.00 56.9

Zr/M1 6.0 872.0 0.6 18.3 139.5 0.25 0.77 43.6
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Figure 6. Scanning electron microscopy of samples Al/M1 (A), Ti/M1 (B), Zr/M1 (C), and selected region (D), (E) and (F) for the EDS 
technique fof samples (A), (B) and (C), respectively.
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Figure 7. CO2 adsorption cycles of samples M1 before and after 
the incorporation of heteroatoms (Al, Ti and Zr). Figure 8. FTIR spectra of PEHA-functionalized samples.

With respect to the surface characteristics of the particles, the 
presence of mostly smooth surfaces is noticeable, but there 
are also regions that have roughness, presenting small grains, 
as can be seen in the figures. It is also verified the existence 
of some cracks in the samples surface, which probably came 
from the maceration process performed before the samples 
were analyzed in the SEM. From the observation of the 
micrograph of the sample Al/M1, it can be verified that, 
unlike the other samples, it is formed by agglomerations 
of rounded particles that do not have a uniform size, being 
noticeable the presence of small particles, of less than 3 
mm, and larger than 10 mm. The morphology presented by 
these samples has good agreement with that of material Al-
MCM-41, as reported in works found in the literature 40,53,54.

In order to estimate the values of percentages of metals 
present in the samples, the EDS technique was used, the 
percentages found for the samples can be seen in Table 1. 
Measurements were made in the demarcated region in Fig. 6 
for each material. The percentage values found for each metal 
in sample M1, in which aluminum sulphate and titanium (IV) 
butoxide were added, were close to the amount of metal initially 
introduced into the samples during the synthesis, i.e, 10 mol% 
of metal. In addition, it should be noted that the Zr/M1 sample 
had a percentage of metal below what was added in the sample. 
The EDS analysis confirmed the presence of the metal heteroatoms 
in the composition of the chemical elements present in the 
samples, ratifying the results obtained by the FTIR analysis.

3.1.5 Performance evaluation

The adsorption-desorption cycles were constructed for the 
sample M1, pure and incorporated with heteroatoms, at 30 
°C and 1 atm, according to Fig. 7. From these cycles it was 
possible to evaluate the CO2 adsorption performance of the 
samples. As can be seen in the figure, the materials exhibited 
rapid adsorption kinetics. Note that the Zr/M1 sample showed 
the steepest slope in comparison with the other samples, thus 
suggesting that this sample has the highest adsorption rate, 
which reverberates at a relatively better adsorption performance.

From these graphs it was possible to determine the CO2 
adsorption capacity of the samples, as can be seen in Table 1. It 
was observed that the samples incorporated with heteroatoms 
presented an improvement of the CO2 adsorption capacity. The 
materials Zr/M1 e Al/M1 had the highest values of CO2 adsorption 
capacity among the other samples, with Al/M1 almost doubling 
the adsorption capacity of M1 and Zr/M1 tripling the value 
obtained for M1. Moreover, as the inclination of the adsorption 
curves in the end of the adsorption step showed, the adsorbents 
were not yet saturated when the desorption step began – with a 
longer adsorption time, an even higher capacity can be obtained.

The material Zr/M1 had an increase in adsorption capacity of 
220% only with the metal insertion, which means that the materials 
presented significant increases before the amine functionalization 
process. Additionally, it can be further stated that in applications 
where the use of the amine is not suitable, only the heteroatom 
insertion can already improve the performance of the resulting 
material. The study by Xu et al. 31 was one of the few papers 
available reporting the value of the CO2 adsorption capacity for 
the Al-incorporated material MCM-41. It was possible to deduce 
that the results obtained in this study are in good agreement with 
the value found in their study, which was 7.6 mg/g. As will be 
further discussed later in this work, it is believed that the presence 
of the heteroatoms created amphoteric sites on the surface of the 
materials, which are capable of attracting more strongly the CO2 
molecules than the sites present in the pure silica. This explains 
the increase in adsorption capacities observed in this work for 
the metal-containing monoliths.

3.2 Functionalization of silica-based monoliths

3.2.1 FTIR

The FTIR was used in this stage of the work to identify 
the functional groups in the samples impregnated with amine 
in order to confirm the presence of groups characteristic of the 
amines used in this work. Fig. 8 shows the spectra of samples M1 
without and with addition of metal heteroatoms functionalized 
with PEHA. In this figure are noticed the bands in the same 
regions present in the spectrum of the starting sample.
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As can be seen in all the spectra present in Fig. 8, there 
is a diminution of the band near the 960 cm-1 region, a fact 
that can be justified due to the interaction between the 
surface Si-OH groups and the molecules PEHA. Ji et al. 55 
also obtained a decrease in the intensity of the absorption 
band designated for vibrations of the Si-OH group on the 
porous silica material supported with PEHA.

It is also possible to observe for all samples the appearance 
of bands, namely: the band around 1360 cm-1 that is associated 
with vibration δ(C-N) 42, the band of 1474 cm-1 that can be 
attributed to symmetrical flexion of amines (-NH2) 

55, and 
the band of 1550 cm-1, which refers to the δ(N-H) of -NH- 42. 
The presence of these peaks was also described by Liu et al. 42, 
who synthesized the material MCM-41 impregnated with 
PEHA and Ji et al. 55, which have developed a porous silica 
material supported with PEHA. This is an indication that 
the material was successfully functionalized.

Two other absorption bands, 2818 cm-1 and 2934 cm-1, 
were also identified which refer to the symmetrical and 
asymmetric stretches of CH2, respectively. The presence of 
these bands suggests that the amine PEHA was introduced 
into the material and have also been reported by 42,55,56. It is 
visible from the figures that Ti/M1-P has more pronounced 
bands referring to the amine group, thus indicating that this 
sample has higher amine content than the other samples.

3.2.2 Textural analysis

Through the textural analysis, the isotherms and pore size 
distribution curves were obtained for all PEHA-functionalized 
samples. The isotherms of the samples M1 before and after 
incorporation of the heteroatoms impregnated with PEHA can 
be seen in Fig. 9, as well as their respective pore distribution 
curves in Fig. 10. It is verified in the figures that after the 
functionalization of the samples there was a great change 
in the adsorption-desorption isotherms and in the pore 
distribution of all the materials studied. It is important to 
point out that the changes are reflections of the modifications 
resulting from the functionalization process.

The majority of the PEHA -functionalized samples presented 
intermediate characteristics between the isotherms type I 
and IV, typical isotherms of microporous and mesoporous 
materials, respectively, according to IUPAC 46. However, 
as explained in section 3.1.3, they can not be classified in 
this way due to TSE.

Table 1 presents the textural properties of the 
functionalized samples, determined from the textural analysis. 
According to the data obtained, it can be ascertained that the 
parameters of the samples decreased substantially after the 
functionalization step, relative to the materials before impregnation. 
This behavior has good agreement with the works described in 
the literature 8,57,58.

A significant reduction in surface areas and pore volumes 
may be related to the functionalization process, in which the 
amines probably have filled the pores and also must have 
been deposited on the surface of the materials 31,34,52,59. This 
behavior also occurred in the work of Carvalho et al. 60, in 
which the authors report that the reduction of the surface 
area and pore volume of the materials MCM-41, after the 
functionalization process, may indicate that the pores were 
filled or a new structure formed with the amine groups 
aggregated on the surface of the materials. This result is 
consistent with the results obtained by the FTIR method and 
confirms that the impregnation of amines in the materials 
occurred successfully. By comparing the samples before and 
after the functionalization process, it can be verified that the 
sample Ti/M1-P had the greatest reduction of the surface 
area, and this reduction was higher than 90% in relation to 
the sample Ti/M1.

With respect to the pore distribution curves, after the 
impregnation of the samples with amine, it can be observed 
that the pores of the samples were partially filled with amine 
molecules, thus confirming the reason for the decrease of 
the textural parameters in the samples studied, as discussed 
above. The same trend was also reported in studies found in the 
literature 8,31,60,61. In addition, it was possible to verify that the 
materials presented a small amount of mesopores of larger sizes than 
the mesopores of the sample before the functionalization process. 

Figure 9. Nitrogen adsorption-desorption isotherms for the samples 
M1 incorporated with heteroatoms and functionalized with PEHA.

Figure 10. Pore distribution curves for the samples M1 incorporated 
with heteroatoms and functionalized with PEHA.
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The hypothesis to explain this result is that the M1 sample 
may have presented a macroporosity that was not detected, 
since this porosity was outside the limit of detection of the 
equipment used. Suppose, then, that the amine molecules 
first filled up the pores of smaller size, pores detected and 
that appeared in the pore distribution curves, and soon 
afterwards, the rest of the molecules probably filled partially 
the macropores and/or was deposited on the surface of the 
material. In this way, the amine impregnated materials 
presented pores of larger size than their respective samples 
before the functionalization process, due to the decrease of 
the size of the macropores, as a result of filling them with 
the amine molecules.

3.2.3 TG/DTG

The TG/DTG curves obtained for the pure silica sample 
M1 and samples with heteroatoms, all functionalized with 
PEHA, are shown in Fig. 11. The presence of two regions of 
mass losses is verified in all samples functionalized with PEHA, 
and the second mass loss region is attributed to the PEHA 
decomposition 62. In this case, the first loss of mass occurs at 
about 100 °C and may be associated with the water exit from 
the material. The profiles found for the PEHA functionalized 
samples are analogous to those reported by other researches 42,62.

3.2.4 Performance evaluation

Fig. 12 shows the CO2 adsorption curves at 30 ºC for 
the PEHA-functionalized samples. According to the cycles 
presented in the cited figures, it can be seen that the shapes of 
the adsorption and desorption curves for the functionalized 
samples are similar and that the impregnation of amines in 
the materials had a positive impact on the adsorption. As 
can be seen, adsorption and desorption curves are more 
pronounced in the materials incorporated with heteroatoms 
and functionalized with amines compared to the functionalized 
and non-functionalized material M1. The CO2 adsorption 
kinetics of the functionalized samples prepared in this work 
is similar to that reported for some adsorbents present in 
the literature 34,63.

Figure 11. TG/DTG curves of the samples M1-P, Al/M1-P, Ti/M1-P 
and Zr/M1-P.

Figure 12. CO2 adsorption cycles of samples M1, M1-P, Al/M1-P, 
Ti/M1-P and Zr/M1-P.

The thermogravimetric analysis is able to estimate the 
amount of amine impregnated in each sample, since the 
amount of amine load after the functionalization can be 
obtained through mass loss 42. From the TG analysis, it was 
possible to confirm the amine load, with the percentage loss 
of mass of 17.3%, 16.0%, 23.1% and 17.8% for the samples 
M1-P, Al/M1-P, Ti/M1-P and Zr/M1-P, respectively. It is 
noted that the mass losses presented by the samples are 
less than the amount of amine added to the solution used 
for functionalization, thus suggesting that some amount of 
the compound remained in solution. The values estimated 
by Equation 1 for the amine content of the functionalized 
samples studied can be seen in Table 1. It is important to notice 
that sample Ti/M1-P showed the highest amine insertion.

Table 1 shows the values for the adsorption capacity 
of PEHA-functionalized materials. It is found that the CO2 
adsorption capacity of the sample M1 had a significant increase 
after addition of heteroatoms and, subsequently, with amine 
functionalization. The results showed that Ti/M1-P exhibited 
the highest adsorption capacity (56.9 mg/g) among the other 
samples, with an increase of approximately 675% in relation 
to Ti/M1. For a better visualization of the performance of 
all the synthesized materials, a bar chart was constructed, 
which can be observed in Fig. 13. In this chart, it is possible 
to observe the significant contributions of the heteroatom and 
amine functionalizations to the adsorption capacity of the 
resulting materials, both when used separately and combined.

In view of the obtained results, it could be noticed that 
the incorporation of heteroatoms modified the surfaces 
of the materials. One hypothesis to explain this alteration 
of the surface of the samples is the creation of Lewis and 
Brønsted acid sites 64. The substitution of silicon by the Al3+ 
ion in the silica-based samples, for instance, leads to the 
formation of stronger Brønsted acid sites on the surface, 
since the difference between Si and Al atoms is balanced 
by protonation of an O atom, after each substitution 34,64. 
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Al-MCM-41 material was 7.6 mg/g and for Al-MCM-41 
material impregnated with PEI, the adsorption capacity 
increased considerably, and the value obtained was 127 mg/g. 
The authors demonstrated that when aluminum is incorporated 
into the structure of the MCM-41, the pore volume increases, 
thus allowing a larger amount of PEI to be loaded into the 
channels of the material MCM-41 and thus significantly 
improving the performance of the resulting material 31.

In order to better evaluate the results, the performance 
analysis was repeated for the samples that presented the 
best CO2 adsorption performances (Ti/M1-P and Zr/M1-P), 
using longer cycles (of about 120 min for adsorption and 
desorption) as can be seen in Fig.14. From this figure one can 
find the CO2 adsorption capacity values for the samples Ti/
M1-P and Zr/M1-P, which were 111.3 mg/g and 68.7 mg/g, 
respectively. It can be seen, from the results obtained, that 
the adsorption contact time initially used was not sufficient 
for the samples to reach their maximum adsorption capacity. 
It is possible to verify that the samples Ti/M1-P and Zr/
M1-P presented increases of approximately 96% and 58%, 
respectively, in relation to the adsorption tests of the same 
samples performed in shorter cycles. Based on these results, 
it can be said that the samples subjected to longer adsorption 
cycles showed more satisfactory results in good agreement 
with the values for the CO2 adsorption capacities reported 
in the literature 42,58,62,65 for adsorbents similar to those 
synthesized in this work, although the conditions used in 
the experiments were different.

According to Perez-Beltran et al. 64, changes caused by 
aluminum do not imply major changes in the acid properties 
of the silanol groups initially present on the surface of the 
samples. On the other hand, the surface acidity properties are 
improved by the isomorphic substitution of Ti and Zr 64. This 
is because the replacement of silicon with tetravalent ions, 
Zr4+ and Ti4+, results in the formation of acidic Lewis sites 
which, in turn, are more efficient at retaining amines than the 
Brønsted acid sites 34. In the Zr insertion mainly Lewis acids 
sites are formed, but there are also traces of weak Brønsted 
acid sites. In the incorporation of Ti, only weak Lewis acid 
sites are produced. The acid-base interaction between the 
amines and the Lewis acid sites can stabilize or modify the 
structure of the amines, increasing the amine access to the 
available CO2 and, therefore, a greater amount of CO2 can 
be captured. In contrast, an inefficient interaction may be a 
consequence of the contact of the amines with the Brønsted 
acid sites, which in turn, will not corroborate with the capture 
of a large number of CO2 molecules 34.

In this way, it can be said that the lower adsorption 
capacity obtained for the starting sample occurred because 
of the poor interaction between the CO2 and the adsorbent 
material, and as verified from the results, the incorporation 
of the heteroatoms and the functionalization of the amine 
strengthened these interactions, which reverberated positively 
in high adsorption capacities. The CO2 adsorption capacity 
for samples incorporated with heteroatoms and functionalized 
with amines at 30 ºC under atmospheric pressure increases 
in the order of: Al/M1-P < Zr/M1-P < Ti/M1-P.

Concomitantly, and aiming to associate the results referring 
to the performance of CO2 adsorption capacity with the results 
obtained by textural analysis for the materials incorporated 
with heteroatoms, it is possible to verify that the sample with 
an increase in the pore volume after the addition of heteroatoms 
(Ti/M1) showed the highest adsorption capacity, since the 
increase in the pore volume allowed a higher loading of amine 
in the material. Results similar to these were also obtained 
by Xu et al. 31 in the studies on aluminum-incorporated 
material MCM-41, where the CO2 adsorption capacity for 

Figure 13. Adsorption capacities of all materials synthesized in 
this work.

Figure 14. CO2 adsorption cycles of samples Ti/M1-P and Zr/M1-P.

In this work, it was verified that the addition of heteroatoms 
and functionalization contributed to obtain satisfactory results 
regarding the CO2 adsorption capacity of the samples studied. 
The positive effect of the abovementioned procedures is not 
fully understood by the scientific community. However, it is 
believed that the heteroatoms inserted in the material may 
have originated an amphoteric surface, capable of stabilizing 
the amine PEHA via acid-base interactions, and thus allowing 
a greater number of amine adsorption sites to be formed 34. 
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Consequently, the CO2 molecules became more accessible 
to the active sites present in the materials, thus providing a 
better performance of the materials, as well as adsorption/
desorption kinetics and regenerability improved, as discussed 
by Kuwahara et al. 34.

4. Conclusions

In the present work, mesoporous silica monoliths were 
prepared by the sol-gel method. These monoliths were successfully 
synthesized and functionalized with different heteroatoms, 
exhibiting high surface areas (up to 1387 m2/g for the Ti/
M1 sample) and improvements of 220% (Zr/M1) in the CO2 
adosrption capacity when compared to the pure silica monolith.

The functionalization of these materials with PEHA was 
carried out through wet impregnation. Their CO2 adsorption 
capacity was greatly improved after this modification. The 
sample Ti/M1-P presented the highest CO2 adsorption capacity 
among the materials studied, reaching up to 111.3 mg/g. This 
value is about fifteen times greater than the capacity of the 
Ti/M1 material and twenty times greater than the capacity 
of the pure silica monolith.

The insertion of heteroatoms was found to greatly 
benefit the CO2 adsorption properties of the monoliths, both 
before and after the amine functionalization. The presence 
of heteroatoms formed an amphoteric surface that resulted 
in a stronger attraction of the CO2 molecules for the amine-
free materials. For the amine-functionalized adsorbents, 
these sites were capable of stabilizing the PEHA through 
acid-base interactions, thus enabling the amine to have a 
greater amount of adsorption sites.

Therefore, it can be said that the adsorbents in the form 
of monolith synthesized in this work are promising materials 
to be applied in the CO2 adsorption of several industrial gas 
streams in the CCS technology.
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