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A wide variety of solid sorbents has recently been synthesized for application in CO2

adsorption. Among them, mesoporous silicas deserve attention because of their ability

to accommodate large concentrations of different chemicals as a consequence of their

surface chemistry and tunable pore structure. Functionalized materials exhibit promising

features for CO2 adsorption at high temperatures and low CO2 concentrations. This

work aimed to assess the influence of the textural properties on the performance

of CO2 adsorption on functionalized mesoporous silica. With this goal, several

mesoporous silica foams were synthesized by varying the aging temperature, obtaining

materials with larger pore diameter. Thus, the synthesized materials were functionalized

by grafting or impregnation with 3-aminopropyltriethoxysilane, polyethylenimine, and

tetraethylenepentamine as amine sources. Finally, the amino functionalized materials

were assessed for CO2 capture by means of equilibrium adsorption isotherms at 25,

45, and 65◦C. Among the most outstanding results, high aging temperatures favor

the performance of impregnated materials by exposing greater pore diameters. Low

or intermediate temperatures favor grafting by preserving an appropriate density of

silanol groups.

Keywords: silica, mesocellular foam, synthesis, amino groups, CO2 adsorption

INTRODUCTION

In the last centuries, the increase in world population along with the industrial developments have
caused an exponential increase in energy consumption, mainly from the use of fossil fuels as oil
and coal. The combustion of these fossil fuels has led to an increase in polluting emissions, which
generates serious consequences to the Earth, such as the rupture of the ozone layer, the formation
of acid rain and/or the intensification of the Greenhouse Effect (GE). In the case of the GE, CO2

emissions, which has increased tremendously since the beginning of the industrial revolution, have
caused a progressive global warming (Serreze, 2010; Intergovernmental Panel on Climate Change.
Working Group III Edenhofer, 2014). As a consequence of the rising temperature, strong climate
changes, such as the glaciers melting and/or the increase in periods of droughts and floods, are
affecting agriculture and stockbreeding, causing economic losses and a greater social imbalance
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(Intergovernmental Panel on Climate Change. Working Group
III Edenhofer, 2014). Considering this global problem, some
governments propose stringent environmental regulations to
minimize anthropogenic CO2 emissions, and thus lessen the
consequences of GE (Intergovernmental Panel on Climate
Change. Working Group III Edenhofer, 2014).

The quest for the mitigation of global warming has led
to the development of different strategies aimed at decreasing
the emissions of anthropogenic CO2. Nowadays, the Carbon
Capture and Storage (CCS) processes are the most sustainable
technology to mitigate CO2 emissions (Pera-Titus, 2014). The
most expensive step in CCS is the CO2 capture, accounting for
50–90% of the total cost (Pera-Titus, 2014). The most commonly
used sorbents in post-combustion CO2 capture are based on
liquid amine absorption, such as monoethanolamine (MEA),
diethanolamine (DEA), and/or methyldiethanolamine (MDEA)
as sorbent. Although these amines lead to high efficiency in
CO2 capture, there are serious disadvantages related to the high
levels of equipment corrosion and the high energy consumption
required in the regeneration step of the amine, raising the
total cost of the method (Oyenekan and Rochelle, 2007; Choi
et al., 2009). Several processes have been proposed to replace
traditional amine absorption technologies, such as membrane
selective permeation or cryogenic distillation; however, the high
energy penalty in the case of cryogenic distillation and poor
driving force for separation under low CO2 concentration limits
their application for large-scale (Oyenekan and Rochelle, 2007;
Choi et al., 2009; Samanta et al., 2012). Another approach to CO2

capture is the use of porous materials with such a small pore size
that can act as a molecular sieve through solid-gas interactions
(Ma’mun et al., 2007). Previous investigations have reported
high CO2 adsorption capacity for microporous materials, such
as activated carbons (Guo et al., 2006; Wickramaratne and
Jaroniec, 2013; Moura et al., 2018), zeolites (Siriwardane et al.,
2005; Bezerra et al., 2014) or metal organic frameworks (MOFs)
(Sumida et al., 2012; Chen et al., 2016). Metal oxides, such as
MgO (Hiremath et al., 2017; Hu et al., 2017) and, mainly CaO
(Luo et al., 2015; Ridha et al., 2015) or hydrotalcites, which
require a prior activation at high temperatures, strongly bind
CO2 to form carbonates, but high temperatures are required to
desorb CO2 and restore the oxide species (Hanif et al., 2014; Silva
et al., 2017).

Among all adsorbent materials, the use of SiO2-based
mesoporous materials has emerged as an alternative in CO2

capture processes (Pera-Titus, 2014). Despite the lower CO2

adsorption capacity in mesoporous materials than those reached
in microporous materials, these mesoporous materials can be
used as a support to be functionalized, mainly with amino species,
to improve CO2 capture due to the coexistence of physical
interactions and chemical reactions between the functionalized
species and CO2 molecules (Gargiulo et al., 2014; Wang
et al., 2014). Nonetheless, these interactions are weaker than
those shown in the case of metal oxides (MgO or CaO),
therefore regeneration of the adsorbent is easier (Pera-Titus,
2014). The functionalization with amino groups comes mainly
from two different strategies, grafting (or covalent bonding)
and/or (physical) impregnation. Grafting takes place by the

condensation reaction between aminoalkylsilanes with the silanol
groups on the silica surface leading to porous materials with
a large number of available -NH2 sites to interact with the
CO2 molecules. Furthermore, these materials can also act as
sieves, so the coexistence of chemical and physical interactions
in these sorbents can be considered, as reported in previous
studies (Sayari et al., 2011; Vilarrasa-García et al., 2014, 2015b;
Cecilia et al., 2016). Impregnation is another methodology used
in CO2 capture processes. This process consists in hosting
amine polymers with a large amount of amino groups, such
as polyethylenimine (PEI) or tetraethylenepentamine (TEPA),
which are stabilized by physical interactions and hydrogen bonds
with the silanol and siloxane groups of the porous silica (Pera-
Titus, 2014). Since Mobil R© scientists discovered a new family
of porous materials with a regular array of uniform mesopores,
denoted as M41S (Beck et al., 1992), the synthesis of mesoporous
silica has evolved in the last 25–30 years. The main structures of
this family are MCM-41 (hexagonal P6mm symmetry), MCM-
48 (cubic Ia3d symmetry) and MCM-50 (lamellar structure).
On the other hand, in 1998, scientists from the University
of California Santa Barbara synthesized a group of materials
denoted as SBA-x. Among them, SBA-15 also displays hexagonal
P6mm symmetry like MCM-41, but the mesochannels are
interconnected between them by micropores. There is greater
flexibility inmodulating pore volume of SBA-15 and it has thicker
walls as compared toMCM-41, resulting in porousmaterials with
superior hydrothermal and mechanical resistance. Thus, SBA-
15 has been widely studied as catalytic support to disperse the
active phase (Wang et al., 2005; Singh et al., 2018; Ballesteros-
Plata et al., 2019). In addition, the silanol groups of the silica
surface are prone to be functionalized, increasing the range
of applications. On the other hand, the high microporosity
attributed to pores connecting the mesochannels also favors their
use in gas adsorption.

The textural properties of the SBA-15 can be modulated
tailored according to its final application. In order to increase
the pore volume of the SBA-15, several swelling agents, such
as alkylbenzenes (Feng et al., 2013; Vilarrasa-García et al.,
2014, 2015b), alkanes (Kruk and Cao, 2007; Vilarrasa-García
et al., 2014), or amines (Sayari et al., 1998), have been used,
which enlarge the volume of the surfactant micelle used as
template. Larger pores are expected to cause a decrease in
diffusion resistance along the mesochannels. On the other
hand, the incorporation of fluoride species can also limit the
aggregation of silica in the synthetic step, reducing the length
of the mesochannels and frequently leading to mesocellular
foams (MCFs). Although MCFs lose the classical hexagonal
long-range pore ordering, reducing mesochannels length can
contribute to decrease diffusional resistances and increases the
availability of silanol groups for functionalization (Lettow et al.,
2000; Vilarrasa-García et al., 2014, 2015b; Cecilia et al., 2016).
In the present work, several MCFs with different pore sizes
and pore volumes have been synthesized to assess a correlation
between the textural properties of these MCFs with their
CO2 adsorption capacity. To improve the adsorption capacity,
these porous silicas have been functionalized by grafting with
3-aminopropyltriethoxysilane (APTES) and by impregnation
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with TEPA and PEI. In addition, this work analyzes the
presence of two CO2 adsorption sites attributed to physical and
chemical interactions.

EXPERIMENTAL

Materials
The reagents employed in the synthesis of the MCFs were
hydrochloric acid (HCl) (VWR, 37%), triblock copolymer,
Pluronic P123, (PEO20PPO70PEO20) with an average molecular
weight of 5,800 g mol−1 (Aldrich R©), as directing agent structure;
tetraethylorthosilicate (TEOS) (Aldrich R©, 98%), as silicon
source; 1,3,5-trimethylbenzene (TMB) (Aldrich R©, 98%), as pore
expander and ammonium fluoride (NH4F) (Aldrich R©) to limit
the growth of the silica mesochannels.

The functionalization of the MCFs with amine groups
was carried out using 3-aminopropyltriethoxysilane (APTES)
(Aldrich R©, 98%) and toluene (Aldrich R©, 99.5%) in the case of
the grafting. The impregnation protocol was performed using
branched polyethylenimine (PEI) (averageMn≈ 600,Aldrich R©)
and tetraethylenepentamine (TEPA) (AcrosOrganics R©, 98%)
dissolved in methanol (Aldrich R©, 99.9%).

The gases used in the textural characterization and
adsorption experiments were He (AirLiquide R©, 99.999%,),
N2 (AirLiquide R©, 99.9999%), and CO2 (AirLiquide R©, 99.998%).

Synthesis of the Porous Silicas (MCFs)
The synthesis of the MCFs was carried out following the
procedure described by Santos et al. with slight modifications
(Santos et al., 2016). Briefly, the template (P123) and NH4F were
dissolved in an acid solution of HCl 1.7 molL−1 by stirring at
40◦C. After total dissolution of the template, TMB, used as pore
expanding agent, was added to the mother solution dropwise.
After 30min, TEOS, the silicon source, was also added to the
mother liquor. The final gel has the following molar ratio: 1 P123:
55 SiO2: 48 TMB: 350 HCl: 1.8 NH4F: 11100 H2O. The obtained
gel was stirred at 40◦C for 24 h and was then transferred to a
Teflon-lined autoclave, where the gel was aged for 72 h from
room temperature (rt) to 120◦C. After that, the gel was filtered
and washed with distilled water and dried overnight at 80◦C.
Finally, the solid was calcined at 550◦C to remove the template
with a heating rate of 1◦C min−1, maintaining the calcination
temperature for 6 h.

Functionalization of the MCFs With Amine
Groups
The incorporation of amine groups by grafting was carried out
following the procedure described by Hiyoshi et al. (2004, 2005).
In a typical grafting process, 0.3 g MCF were dried at 110◦C
under He flow. Then, the dried adsorbent was placed in a three-
neck flask with a solution of 20% vol. APTES in toluene (15mL)
and was treated at 110◦C for 24 h under reflux. Finally, the
functionalized solid was filtered, washed with toluene and dried
under air flow at 110◦C.

The functionalization by impregnation was carried out
following the methodology proposed elsewhere (Sanz et al., 2010;
Vilarrasa-García et al., 2017a). Briefly, for each impregnation,

TABLE 1 | Summary of all synthetized samples.

Sample code Description

Synthesis

Temp. (◦C)

Functionalization

(Group/Technique)

Functionalization

amount

MCF-RT, MCF-60,

MCF-80, MCF-100,

MCF-120, MCF-140

room temp.,

(60–140)

- -

MCF-RT 20A, MCF-60

20A, MCF-80 20A,

MCF-100 20A, MCF-120

20A, MCF-140 20A

room temp.,

(60–140)

APTES/grafting 20.0 vol.%

MCF-RT 50P, MCF-60

50P, MCF-80 50P,

MCF-100 50P, MCF-120

50P, MCF-140 50P

room temp.,

(60–140)

PEI/impregnation 50.0 wt.%

MCF-RT 50T, MCF-60

50T, MCF-80 50T,

MCF-100 50T, MCF-120

50T, MCF-140 50T

room temp.,

(60–140)

TEPA/impregnation 50.0 wt.%

0.3 gMCFwere dried at 110◦C overnight and then, the dried solid
was added to a solution of methanol/amine-rich polymer (PEI or
TEPA). The mass ratio methanol/porous silica was maintained
constant at 8:1 for each sample, while the methanol/amine-rich
polymer was 10:1, leading to silica with an impregnation of 50
wt.% in all cases.

The samples were labeled as MCF-x-yz, where x is the
aging temperature in the synthesis step, y is the amount of
functionalized species: vol.(%) in the case of the APTES and the
wt.(%) for loaded PEI or TEPA and z represents the amine source
(i.e., A for APTES, P for PEI, and T for TEPA. The codes for
samples labeling are summarized in Table 1.

Characterization Techniques
Small-angle X-ray Scattering (SAXS) measurements were
performed in a D8 DISCOVER-Bruker instrument operating at
40 kV and 40mA. Powder patterns were recorded in capillary-
transmission configuration by using a Göbel mirror (CuKα1
radiation) and the LYNX eye detector. The powder patterns were
measured between 0.2 and 10◦ in 2θ with a total measuring time
of 120min. The morphology of the synthesized materials was
studied by Transmission Electron Microscopy (TEM), using a
FEI Talos F200X equipment.

The textural parameters were evaluated from N2 adsorption-
desorption isotherms at −196◦C, as measured in an
automated ASAP 2020 system, by Micromeritics R©. Prior to
the measurements, all samples were outgassed overnight at
110◦C and 10−4 mbar. The specific surface area was determined
by the Brunauer-Emmett-Teller equation (BET) using the
adsorption data in the range of relative pressures at which
conditions of linearity and considerations regarding the method
were fulfilled taking into account that the N2 cross section
is 16.2 Å2 (Brunauer et al., 1938). Micropore surface areas
were obtained by de Boer’s t-plot method (de Boer et al.,
1966). The pore size distribution was determined from the
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desorption branch of the isotherm using the Non-local Density
Functional Theory (NLDFT) (Landers et al., 2013). The total
pore volume was calculated from adsorbed N2 at relative
pressure (P/P0)= 0.996.

The FTIR spectra were collected in a Varian 3100 Fourier
Transform Infrared (FTIR) spectrometer equipped with a
Diffuse Reflectance Infrared Fourier Transform (DRIFT)
cell. The interferograms consisted of 200 scans, and the
spectra were collected using a KBr spectrum as background.
For each analysis, about 30mg of sample was mixed
with KBr in a weight ratio of 1:9 and then the spectrum
was collected.

The nitrogen content after the functionalization step was
determined by elemental chemical analysis using a LECO CHNS
932 analyzer through the combustion of the samples at 1,100◦C
in pure oxygen.

CO2 Adsorption Measurements
CO2 adsorption-desorption isotherms were measured with
a Micromeritics ASAP 2020 Analyzer (i.e., volumetrically)
between 25 and 65◦C. Prior to the measurements, samples
were outgassed at 110◦C and 10−4 mbar until total outgassing
was reached.

Equilibrium Model
The CO2 adsorption isotherms on pure MCF were modeled
by Langmuir model Equation (1) (Langmuir, 1918; Do, 1998).
In the case of CO2 adsorption on functionalized MCF, the
Dual Site Langmuir Model – DsL Equation (2) was applied
(Serna-Guerrero et al., 2010). One of the sites is ascribed to
the interaction of CO2 molecules with silanol groups and/or
hydroxyl groups (physisorption sites – 1, with lower value of bi)
while the second site is ascribed to the interaction of CO2 with
amines-species located on the surface or inside mesoporous silica
(chemisorption sites – 2, with higher value of bi). The Dualsite
Langmuir model Equation (1) was used to qualify the interaction
between adsorbent and adsorbate. This model is a variation of
Langmuir model.

q =
qmbP

1+ bP
(1)

q =
qm1b1P

1+ b1P
+

qm2b2P

1+ b2P
(2)

where qm (mmol g−1) represents the maximum adsorbed
capacity, b (kPa−1) is the affinity constant, P is the pressure (kPa).

KHenry (mmol g−1kPa−1) is the Henry’s law constant, taking
into account that Langmuir’s equation reduces to Henry’s law
when pressure tends to zero. Thereby the Henry’s law can be
written as follows Equation (3):

q = KHP = qmibiP (3)

To estimate the accuracy of each fit, the Average Relative Error
(ARE) Equation (4) function based on the difference of the

FIGURE 1 | SAXS profiles of the MCFs synthesized with different aging

temperature (from room temperature to 140◦C).

experimental and estimated amount adsorbed was used:

ARE (%) =
1

NT

NT
∑

i=1

∣

∣qi,exp − qi,est
∣

∣

qi,exp
∗100 (4)

where NT is the number of the data points, and qi,exp and qi,est are
the experimental and estimated amounts adsorbed, respectively.

CHARACTERIZATION OF THE MCFs

The arrangement of the MCFs synthesized at different aging
temperatures was evaluated by SAXS as shown in Figure 1. In
the case of the MCF-RT, it is noteworthy the presence of a
band located about 2θ = 0.38◦, which is attributed to the (100)
reflection and another less intense and broader band located
about 2θ = 0.60◦, ascribed to the coexistence of the (110) and
(200) reflections, which is in concordance with those previously
reported in the literature (Lettow et al., 2000; Schmidt-Winkel
et al., 2000). An increase of the aging temperature causes a
progressive shift of the reflections to lower 2θ values, reaching
a value of 0.32◦ for the (100) reflection in the case of the
MCF-140 sample, which indicates the formation of structures
with larger pore size. In addition, the MCFs synthesized at
intermediates temperatures (60–80◦C) display better-defined
diffraction profiles, suggesting the formation of structures with
higher long-range ordering. Thus, these structures display a third
reflection band located about 2θ = 0.84◦, which can be attributed
to the overlapping of the (210) and (300) reflections (Lettow et al.,
2000; Schmidt-Winkel et al., 2000).

The SAXS profile of MCF-100 was chosen as representative
sample to compare it with that obtained for SBA-15
obtained under similar synthetic conditions, but without
the incorporation of modifying structure agents in the synthetic
step (Supplementary Figure 1). It can be observed how the
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FIGURE 2 | TEM images of the MCFs aged to rt (A), 100◦C (B), and 140◦C (C) and micrography of SBA-15 aged to 100◦C (D) (scale: 100 nm).

reflections of the SBA-100 are significantly more intense than
those shown for MCF-100, which reveals that the SBA-15
presents a more ordered structure than the MCFs. Regarding
this evidence, several authors (Nguyen et al., 2008; Santos et al.,
2016) have pointed out that the incorporation of a swelling
agent, as TMB, causes an increase of the volume occupied by
the hydrophobic template in the micelle core. This gives rise to
structures with larger pore size, as suggested by the shift of the
(100) reflection at lower 2θ values in the case of the MCF-100;
however, this also leads to a partial loss of the typical hexagonal
arrangement of SBA-15. Likewise, the addition of NH4F limits
the aggregation and growth of the mesochannels, generating
structures with lower long-range order (Lettow et al., 2000).
Considering both premises, it seems clear that the incorporation

of additives leads to modifications in the textural properties of
the porous silica; however, it may also display an adverse effect
related to the control of the self-assembly manner (Yao et al.,
2004).

The morphology of the MCFs was evaluated from their
transmission electron micrographs (Figure 2). Figures 2A–C

reveals the formation of a heterogeneous porous structure with
mesocellular foam-like morphology, as was previously described
by other authors (Lettow et al., 2000; Vilarrasa-García et al., 2014,
2015b; Cecilia et al., 2016). The increase of the aging temperature
in the synthetic step seems to form structures with slightly larger
pore size, which is in agreement with the shift at lower 2θ values
shown in Figure 1. In the case of MCF-140 (Figure 2C), the
obtained structure looks the most disordered, which is also in

Frontiers in Chemistry | www.frontiersin.org 5 November 2020 | Volume 8 | Article 591766

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Vilarrasa-García et al. CO2 Adsorption Functionalized Mesocellular Foams

FIGURE 3 | N2 adsorption-desorption isotherm at −196◦C (A) and pore size distribution determined by NLDFT method (B) of the MCFs synthesized with different

aging temperature (from rt to 140◦C).

accordance with Figure 1, since the reflections obtained from
SAXS are less intense than for higher aging temperatures. Finally,
the comparison between MCF-100 and SBA-100 (Figures 2B,D)
confirms that the incorporation of structural modifying agents
leads to the formation of wider pores, although it also generates a
greater structural disorder, leading to much more heterogeneous
structures, as previously suggested from SAXS data in
Figure 1.

The textural properties of the MCFs were determined
from their N2 adsorption-desorption isotherms at −196◦C
(Figure 3A). According to the IUPAC classification, the isotherm
profiles of the samples synthesized with lower aging temperature
can be considered as IVa-type, which are ascribed to mesoporous
materials (Thommes et al., 2015). An increase of the aging
temperature gives rise to the evolution of the isotherm profile to
II-type, which is assigned to non-porous or, as in the present case,
macroporous materials (Thommes et al., 2015). These data are
correlated with their respective hysteresis loops, which are shifted
to higher relative pressure as the aging temperature of the MCF
increases. The hysteresis loop (Figure 3A) also reveals that MCF-
RT displays a hysteresis loop of type H2(a), which is attributed to
pore-blocking in a narrow range of pore necks or to cavitation-
induced evaporation. The remainingMCFs show hysteresis loops
of type H2(b) that are also associated with pore blockage,
although the size distribution of neck width is much larger
(Thommes et al., 2015).

The specific surface area (SBET) was determined by the BET
equation (Brunauer et al., 1938). Table 2 shows how the SBET
values, as well as the microporosity of the MCFs, decrease
according as the aging temperature increases. These data are in
agreement with those reported by Galarneau et al. (2001), which
pointed out that the use of lower aging temperature favors the
interconnection of P-123 micelles in such a way that micropores
are generated after calcination of the template (Galarneau et al.,
2001). The use of higher aging temperature moves P-123 micelles
away from each other so that intercommunication also decreases,

TABLE 2 | Textural properties of MCF series.

Sample SBET

(m2g−1)

t-plot

(m2g−1)

t-plot

micropore

(cm3g−1)

Pore volume

(cm3g−1)

Average

pore size

(nm)

MCF-RT 824 217 0.096 1.213 13.2

MCF-60 955 219 0.085 2.386 17.5

MCF-80 661 212 0.075 2.621 19.7

MCF-100 488 158 0.071 2.602 25.2

MCF-120 373 125 0.055 2.522 32.7

MCF-140 293 99 0.044 2.654 42.8

leading to a structure with lower microporosity (Galarneau et al.,
2001).

The increase of the aging temperature also causes a shift of
the average pore size to higher values. The pore size distribution
was more clearly estimated from NLDFT method (Landers
et al., 2013) (Figure 3B). The maximum value of the pore
size distribution increases with the aging temperature from
13.2 nm for MCF-RT to 41.0 nm for MCF-140. However, the
distribution is wide, which indicates the formation of a relatively
heterogeneous structure, as was suggested by SAXS and TEM
data (Figures 1, 2A–C).

The comparison of N2 adsorption-desorption isotherms of
SBA-100 and MCF-100 is shown in Supplementary Figure 2.
The hysteresis loop of the SBA-100 takes place at lower relative
pressure. The isotherm profile of SBA-100 samples can be
classified as IVa-type, while the profile of MCF-100 sample is
closer to the II-type isotherm, as indicated by the increase of
the N2-adsorbed at higher relative pressure range. In addition,
the presence of long mesochannels in the SBA-100 sample
(Figure 2D) leads to a higher SBET value than that shown for
the MCF-100 sample. This fact implies the formation of a more
ordered structure with narrower pore size distribution in the case
of SBA-15 (Supplementary Figure 3), as also suggested by the
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FIGURE 4 | FTIR spectra of the MCF-100, MCF-100 20A, MCF-100 50P, and

MCF-100 50T.

SAXS data (Figure 1), with a lower pore size in comparison to
the MCF-100 sample.

As all the adsorbents are silica-based materials and displays
similar bands in the FTIR spectra, the MCF-100 sample was
chosen to be shown in Figure 4. The main band between
1,300 and 995 cm−1 is attributed to the overlap of the Si-O-
Si longitudinal asymmetric stretching, located about 1,100 cm−1

and Si-O-Si transverse asymmetric stretching, with a maximum
about 1,190 cm−1 (Borodko et al., 2005). The band centered at
810 cm−1 is attributed to Si-O-Si symmetric stretching vibrations
and the band located at 470 cm−1 is assigned to the Si-O-
Si bending vibrations, while the band centered at 970 cm−1

is assigned to the Si-O in plane stretching vibrations (Colilla
et al., 2010). The FTIR spectrum of MCF-100 also displays a
broad band between 3,800 and 2,700 cm−1, which is attributed
to the water molecules interacting with the silica. In addition, the
absence of the bands attributed to silanol groups (3,740 cm−1) is
noteworthy, probably due to the calcination conditions leading
to siloxane species (Burneau et al., 1990).

CO2 ADSORPTION DATA

CO2 Adsorption on MCFs
The CO2 adsorption isotherms obtained for the MCFs aged
at different aging temperature are compiled in Figure 5. In all
cases, the isotherms show a quasi-linear uptake behavior as the
absolute pressure increases. The adsorption data reveal that the
adsorbent synthesized at room temperature (MCF-RT) has the
highest CO2 adsorption capacity, reaching a value of 1.13 mmol
g−1 at 25◦C and 100 kPa. The increase of the aging temperature
causes a progressive decrease of the CO2 adsorption, the lowest
value of 0.55 mmol g−1 being obtained for MCF-140 under
similar experimental conditions. This trend is attributed to the
textural properties of theMCFs since it is well-known that porous

FIGURE 5 | CO2 adsorption isotherms at 25◦C of the MCFs synthesized with

different aging temperature (from rt to 140◦C).

materials act as sieve in the CO2 selective adsorption (Choi et al.,
2009). Thus, those materials with smaller pore sizes and narrower
pore size distributions, such as MOFs, zeolites or activated
carbons, reach the highest CO2 uptakes (Pera-Titus, 2014). The
adsorption data shown for the MCFs follow this trend since
the porous silicas with higher pore volume into the micropore
range, as indicates the t-plot values (Table 2) and the pore size
distribution (Figure 3B), are more likely to capture CO2.

The Langmuir model was applied to fit the experimental data.
The adsorption model shows a good fit with the experimental
data in the studied pressure range, as indicates the low ARE
values. The fitting parameters are summarized in Table 3. These
data reveal that the highest qmax value is obtained for the MCF-
60 samples 2.834 mmol g−1. As was indicated previously, the
increase of the pore volume also displays a decrease of the
qmax value, obtaining a lowest value of 1.439 mmol g−1 for
MCF-140 sample. The b parameter defines the strength of the
interaction between the adsorbate (CO2) and the adsorbent
(porous silica). These data reveal that the sample with the highest
CO2 adsorption capacity also displays the largest Henry’s law
constant (KHenry) as a consequence of its higher micropore
volume (see t-plot and micropore volume values in Table 2),
which favors a stronger interaction between CO2 molecules and
the porous structure due to more intense confinement effects. In
other words, as the aging temperature increases the KHenry values
(Table 3) decrease and this fact could be related to the micropore
volume decrease (Table 2).

CO2 adsorption capacity of the MCF-100 was compared with
that obtained for SBA-100 sample (Supplementary Figure 4).
These data reveal that SBA-100 displays a CO2 adsorption
of 0.93 mmol g−1 at 25◦C and 100 kPa, while MCF-100
only reaches a CO2 adsorption of 0.75 mmol g−1 at the
same conditions. The difference in the CO2 uptake may be
attributed to their different textural properties. MCF-100 has
a heterogeneous porous structure with a higher pore size
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TABLE 3 | Langmuir model fitting parameters for MCF Series Isotherms.

Sample qm

[mmol g−1]

b *103

(kPa−1)

ARE (%) K*
Henry10

2

(mmolg−1kPa−1)

MCF-RT 2.792 6.296 1.761 1.758

MCF-60 2.834 5.671 1.478 1.607

MCF-80 2.014 6.329 1.769 1.274

MCF-100 1.891 6.213 1.556 1.175

MCF-120 1.736 5.584 1.963 0.969

MCF-140 1.439 5.785 1.687 0.832

ARE, average relative error (%).

than SBA-100 (Supplementary Figure 3), the latter consisting
of homogeneous and narrower meso channels interconnected
between them by micro channels. This explains the higher t-plot
= 179 m2g−1 and micropore volume = 0.097 cm3g−1 of sample
SBA-100, which favors its superior CO2 adsorption.

CO2 Adsorption on Amino Functionalized
MCF
Considering that MCFs are porous silica with wide pore diameter
and short length of channels, these materials seem to be
appropriate to incorporate a considerable amount of amine-
species in such a way that chemical interaction between the
adsorbent and CO2 can improve the CO2 adsorption capacity
(Sayari et al., 2011). It is well-known that the most common
mechanism for CO2 capture in primary or secondary amino
functionalized materials involves the formation of a zwitterion
(Caplow, 1968; Danckwerts, 1979) through the interaction of
CO2 with an amine, followed by deprotonation of the zwitterion
by a base to produce a carbamate (Donaldson and Nguyen,
1980; Pinto et al., 2011; Mebane et al., 2013; Didas et al., 2014).
The typical heats of adsorption reported for this interaction
is in the range from 65 to 135 kJmol−1 (Potter et al., 2017),
depending on the density of amine groups (Alkhabbaz et al.,
2014). The mechanism for the interaction between CO2 and
primary/secondary amine is given below:
Primary amine:

First step : RNH2 + CO2 ↔ RNH+
2 COO

− (5)

Second step : RNH+
2 COO

− + RNH2 ↔ RNHCOO− + RNH+
3 (6)

Secondary amine:

First step : R2NH+ CO2 ↔ R2NH
+COO− (7)

Second step : RNH+COO− + R2NH ↔ R2NCOO
− + R2NH

+
2 (8)

Tertiary amines react with CO2 producing bicarbonate instead
of carbamate (Bishnoi and Rochelle, 2000), with lower heat
of adsorption than primary and secondary amines (Ko et al.,
2011). The reaction mechanism between CO2 and tertiary amine
interaction is given below:

First step : R3N+ CO2 ↔ R3N
+COO− (9)

Second step : R3N
+COO− + R3N ↔ R2NCOO

− + R4N
+ (10)

TABLE 4 | Elemental analysis (CHN) of amino functionalized materials determined.

Sample APTES (20% v/v) PEI (50 wt. %) TEPA (50 wt. %)

%C %N %C %N %C %N

MCF-RT 6.959 2.681 23.719 14.206 25.291 14.676

MCF-60 9.916 3.335 22.314 13.240 21.094 12.055

MCF-80 6.807 2.593 24.298 14.651 21.353 12.838

MCF-100 7.196 2.718 22.028 13.824 18.681 11.042

MCF-120 7.094 2.667 22.580 13.035 22.636 14.104

MCF-140 6.316 2.396 25.598 14.676 18.441 11.056

The efficiency, defined as the ratio of moles of CO2 captured
to moles of nitrogen in the material, is a useful measure to
quantify the effectiveness of adsorbents for CO2 capture. In the
“zwitterionic”mechanism, under anhydrous conditions, a second
amine acts as a base to produce an ammonium carbamate, giving
a theoretical maximum efficiency of 0.5. This suggests that getting
materials with a high amine density close to each other can
improve the capture efficiency.

Thus, the porous silicas were functionalized by grafting with
APTES and by impregnation with amine-rich polymers PEI
or TEPA. The elemental analysis of functionalized materials is
shown in Table 4.

Functionalization of the MCFs by Grafting With

APTES
Once the MCFs were functionalized by grafting with APTES, the
incorporation of the nitrogen species was confirmed by CHN
and FT-IR.

The elemental analysis (CHN) of the MCFs grafted with
APTES shows N-contents between 2.4 and 3.6% (Table 4). These
values are in the same range to those reported in other porous
silicas described previously (Vilarrasa-García et al., 2015a; Cecilia
et al., 2020; Sánchez-Zambrano et al., 2020). As the grafting
conditions were the same in all cases, the N-content must be
directly related to the amount of available silanol groups of the
MCFs since the grafting reaction takes place between the silanol
group of the MCFs and APTES in such a way that the MFCs are
functionalized with amine groups (Hiyoshi et al., 2004, 2005).

The FT-IR spectrum of the MCF-100 20A displays slight
modifications in comparison to the MCF-100 spectrum
(Figure 4). Thus, it is noticeable the appearance of two bands
located at 1,570 and 1,480 cm−1, which are attributed to
asymmetric and symmetric bending C-H (Wang et al., 2009).
In the same way, the weak bands located about 2,950 and 2,840
cm−1 are attributed to asymmetrical and symmetrical C-H
stretching vibrations coming from the alkyl-chain of the APTES
or the amine-rich polymers (Vilarrasa-García et al., 2015b). The
typical symmetrical and asymmetrical N-H stretching, which
should appear about 3,370 and 3,270 cm−1 (Wang et al., 2009),
are not observed probably due to these bands can be masked by
the broad band located between 3,700 and 2,600 cm−1 that is
ascribed to the physisorbed water.
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FIGURE 6 | CO2 adsorption isotherms at 25◦C of the porous silicas (MCFs)

synthesized under different aging temperature (from room temperature to

140◦C) grafted with APTES. Solid lines for fit to DsL model.

The CO2 adsorption capacities of the MCFs functionalized by
grafting with APTES are compiled in Figure 6. All isotherms have
a more pronounced non-linear character than those observed
for MCFs without amine-species. The considerable increase in
CO2 uptake at low pressure suggests the existence of chemical
sites, which adsorb more strongly than physical ones. CO2

uptakes in samples functionalized with APTES do not follow the
same trends as those observed for the non-functionalized silica
samples, in which case the adsorbents with lower pore diameter
and pore volume reached higher CO2 adsorption capacities
(Figure 5). In the case of the MCFs functionalized with APTES,
the highest CO2 adsorption capacity was obtained for the sample
MCF-80 20A, which reaches a value of 1.45 mmol CO2 g−1 at
100 kPa and 25◦C, while adsorbents with narrower pore size,
such as MCF-RT, only reaches 1.11 mmol CO2 g−1. The use of
a higher aging temperature favors the increase of the pore size, as
indicated in Figure 3B. However, beyond the aging temperature
of 80◦C, the CO2 adsorption capacity decreases, reaching 1.18
mmol g−1 for the MCF-140 20A sample.

Adsorption isotherms for the APTES-grafted samples were
well fitted to the Dualsite Langmuir model (Table 5), as suggested
by the low ARE values. This adsorption model was chosen
because it takes into account two adsorption sites ascribed to the
physical (Site 1) and the chemical interactions (Site 2). In this
adsorption model, the strength of interaction between CO2 and
the adsorbent, defined by bi values, confirms that the chemical
interactions are stronger than physical ones as indicated by the
higher b2 values as opposed to b1values. The grafting of APTES
on the MFCs causes a partial blockage of the porous structure
although these adsorbents still maintain a remarkable surface
area. This fact explains the decreases both the SBET ant t-plot
values, but these adsorbents still have potential to act asmolecular
sieves (Table 6). From these data, it is to be expected that those
MCFs grafted with APTES, with higher SBET and t-plot, should

TABLE 5 | Dualsite Langmuir model fitting parameters for MCF (with APTES).

Sample qm1

(mmolg−1)

b1 *103

(kPa−1)

qm2

(mmolg−1)

b2

(kPa−1)

ARE (%)

MCF-RT 20A 0.937 18.113 0.395 4.876 2.742

MCF-60 20A 1.022 17.451 0.411 3.834 3.091

MCF-80 20A 0.928 26.543 0.737 8.718 2.537

MCF-100 20A 1.191 25.229 0.627 7.086 2.643

MCF-120 20A 0.819 24.171 0.608 6.734 2.433

MCF-140 20A 0.782 21.654 0.519 5.542 2.401

ARE, average relative error (%).

reach the superior CO2 uptakes due to higher proportion of
physical adsorption sites shown for these materials.

In previous investigations (Mebane et al., 2013; Hwang et al.,
2014; Sánchez-Zambrano et al., 2020), it has been established
that the chemical interaction between CO2 molecules and the
amine-species takes place via a zwitterion intermediate to form
carbamate species. These authors reported that the maximum
theoretical efficiency of the N-species must reach a CO2/N
molar ratio of 0.5 in dry conditions (Sanz-Pérez et al., 2016).
Taking into account that N-species are only involved in the
CO2 chemisorption, the efficiency was calculated considering the
maximum quantity of CO2 adsorbed on chemical sites (qm2).
The experimental efficiency values of the N-species, shown in
Table 6, are between 0.206 and 0.334, and these data are below the
theoretical values. In this sense, an efficiency of 0.5 is reported for
those adsorbents where all N-species are available on its surface
as –NH2. However, these –NH2 sites can react with other APTES
molecules in the grafting step or the APTES molecules grafted
can react with neighboring silanol groups forming secondary or
ternary amines (Hiyoshi et al., 2005), which leads to a lower
efficiency in comparison to the primary amines (Sanz-Pérez et al.,
2016).

In order to compare between SBA-15 and MCF synthesized
at the same aging temperature (100◦C), both adsorbents
were functionalized with the same proportion of APTES
(Supplementary Figure 5). The obtained data reveal higher CO2

adsorption capacity in the case of MCF-100 20A sample, which
reaches a value of 1.38 mmol g−1, while the SBA-100 20A sample
only achieves 0.97 mmol g−1. In both cases, the samples adsorb
at low absolute pressure in higher proportion than the respective
supports, confirming the appearance of chemical adsorption
sites. Despite the higher N-content of SBA-100 20A (3.63 wt.%),
CO2 uptake of this adsorbent is lower. This is also true for the
efficiency of the N species since the CO2/N molar ratio is 0.25 for
SBA-100 20A, considerably below that reached by MCF-100 20A
(0.323). These evidences suggest that the accessibility of the N-
species is limited for the SBA-100 20A due to the smaller pore size
and longer channels as compared to MCFs. As the pore diameter
of the channels is narrower, it is also likely that –NH2 species
interact with neighboring silanol groups to form secondary or
ternary amines, which lower capture efficiency as compared to
primary amines (Sanz-Pérez et al., 2016).
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TABLE 6 | Textural properties, nitrogen content, and efficiency of the N-sites for the MCFs synthesized under different aging temperature (from room temperature to

140◦C) grafted with APTES.

Sample SBET

(m2g−1)

t-plot

(m2g−1)

N

(wt.%)

q15

[mmol g−1]

qm2

[mmol g−1]

mol CO2/mol N

(qm2)

MCF-RT 20A 197 20 2.681 0.592 0.395 0.206

MCF-60 20A 225 30 3.335 0.624 0.411 0.173

MCF-80 20A 247 36 3.093 1.000 0.737 0.334

MCF-100 20A 201 27 2.718 0.856 0.627 0.323

MCF-120 20A 140 24 2.667 0.829 0.608 0.319

MCF-140 20A 104 21 2.396 0.621 0.519 0.303

q15, quantity of CO2 adsorbed at 15 kPa.

FIGURE 7 | CO2 adsorption isotherms at 25◦C of the porous silicas (MCFs)

synthesized under different aging temperature (from room temperature to

140◦C) impregnated with PEI. Solid lines for fit to DsL model.

TABLE 7 | Dualsite Langmuir model fitting parameters for MCFs impregnated with

PEI.

Sample qm1

(mmolg−1)

b1 *103

(kPa−1)

qm2

(mmolg−1)

b2

(kPa−1)

ARE (%)

MCF-RT 50P 1.055 1.379 0.339 3.876 3.221

MCF-60 50P 1.333 1.483 1.523 0.851 3.088

MCF-80 50P 0.978 3.922 1.676 2.213 5.318

MCF-100 50P 0.911 3.498 1.953 12.262 0.929

MCF-120 50P 1.911 3.532 1.712 19.278 1.676

MCF-140 50P 1.131 4.666 1.788 24.813 1.111

ARE, average relative error (%).

Functionalization of the MCFs by Impregnation With

PEI
MCFs were also functionalized by impregnation with amine-
rich polymer PEI. The FT-IR spectrum of MCF-100 50P displays
the same bands that were previously observed for the MCF-100
20A, although in this case the intensity of these bands is more

pronounced (Figure 4). This fact is ascribed to the incorporation
of larger amount of C- and N-species by the impregnation
method as was shown from the elemental analysis (CHN)
(Table 4). The bands located at 2,947 and 2,840 cm−1 correspond
to the symmetric and non-symmetric stretching vibrations of –
CH in PEI. The bands at 1,570 and 1,485 cm−1 are related to the
symmetric and non-symmetric stretching vibrations of N-H in
PEI, indicating that PEI was successfully impregnated on MCF
(Chen et al., 2010). These data show a N-content between 13.0
and 14.7 wt.%.

CO2 adsorption data for the MCFs impregnated with PEI are
shown in Figure 7. All isotherms exhibit a much more steep
profile at low pressures than those for the MFCs and the APTES-
grafted MFCs, although this slope slightly varies according to
the aging temperature. At low absolute pressures, the adsorption
process is governed mainly by chemical interactions while
the physical contribution can be considered marginal. The
adsorption data (Figure 7) reveals that the CO2 uptake increases
with rising aging temperatures: from 0.48 mmol CO2 g−1 for
the sample MCF-RT 50P to 2.24 mmol CO2 g−1 for the sample
MCF-100 50P. From this point on, higher aging temperature to
increase of pore diameter of the MCF hardly affects the CO2

adsorption capacity.
The Dualsite Langmuir model was used to fit the isotherm

data (Table 7). The estimated model parameters confirm that
adsorbate-adsorbent interaction is much higher in the chemical
sites (b2) in comparison to the physical sites (b1). The
textural properties of the samples impregnated with PEI show
a drastic decrease in both SBET and t-plot values (Table 8),
more pronounced than that observed after the grafting process
(Table 6). Hence, impregnation of a large amount of amine-
rich polymer fills the porous structure. However, as MCFs have
a very wide pore diameter, this pore filling is less pronounced
than in other porous materials with a smaller pore size (Cecilia
et al., 2018, 2020) in which case the amine-rich polymer stacks
on the surface of the silica blocking the porous structure and
thus decreasing the access to chemisorption sites. This fact can
be observed in the data shown in Figure 7 and Table 8: the
adsorbents with a lower pore diameter tend to load a similar
amount of PEI and CO2 adsorption capacity is lower. The
efficiency of the N-species from PEI (Table 8) is well below
the theoretical values and those reported for the APTES-grafted
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TABLE 8 | Textural properties, nitrogen content and efficiency of the N-sites for the MCFs synthesized under different aging temperature (from room temperature to

140◦C) impregnated with PEI.

Sample SBET

(m2g−1)

t-plot

(m2g−1)

N

(wt.%)

q15

[mmol g−1]

qm2

[mmol g−1]

mol CO2/mol N

(qm2)

MCF-RT 50P 29 10 14.206 0.357 0.339 0.033

MCF-60 50P 43 12 13.240 1.481 1.523 0.161

MCF-80 50P 59 19 14.651 1.696 1.676 0.160

MCF-100 50P 69 28 13.824 1.942 1.953 0.198

MCF-120 50P 65 25 13.035 1.845 1.712 0.184

MCF-140 50P 62 23 14.676 1.839 1.788 0.171

q15, quantity of CO2 adsorbed at 15 kPa.

MCFs. These low efficiency values are possibly due to the poor
exposure of stacked amine-rich polymer in the pores as well
as the presence of primary, secondary and ternary amines.
This is particularly evident for those adsorbents with lower
pore diameter.

The comparison between SBA-15 and MCF aged at 100◦C
(Supplementary Figure 6) reveals that the impregnation with 50
wt.% PEI leads to higher CO2 adsorption capacity in the case of
the MCF. MCF has higher pore diameter and shorter channels,
which favors the pore filling with PEI molecules and enhances
diffusion in such a way that a larger amount of available amine
sites is involved in CO2 chemisorption.

Functionalization of the MCFs by Impregnation With

TEPA
The MFCs were also functionalized by impregnation with
another amine rich polymer, TEPA. The FT-IR spectrum ofMCF-
100 50T shows a similar profile to the case of MCF-100 50P, while
the elemental CHN analyses of the adsorbents impregnated with
TEPA are in the same range as measured for MCFs impregnated
with PEI (11.042-14.676 wt.%).

The CO2 adsorption isotherms for TEPA-impregnated MCFs
are compiled in Figure 8. Similarly to those samples impregnated
with PEI (Figure 7), all isotherms show a clearly rectangular
profile, indicating that the adsorption process is also eminently
governed by chemisorption. It is noteworthy that CO2 uptake
improves as the aging temperature increases: from 0.89 mmol
CO2 g−1 for MCF-RT 50T to 2.70 mmol CO2 g−1 for MCF-120
50T, which is directly related to the larger pore diameter and
pore volume (Figure 3B and Table 2). Despite the similarities
with PEI-impregnated samples (Figure 7), CO2 adsorption in
TEPA-impregnated MCFs is higher because TEPA is a less bulky
molecule with lower viscosity than PEI. These features are likely
to lessen the blocking effect of the amine-rich molecule on
the surface of the adsorbent and its pores, which favors the
availability of CO2 chemisorption sites.

The adsorption isothermswere fitted to theDualsite Langmuir
model (Table 9). As observed for the PEI-impregnated MCFs,
the higher value of the parameter b for the chemical sites
(b2) confirms the stronger adsorbate-adsorbent interactions. The
efficiency of the TEPA-impregnated samples (Table 10) shows
CO2/N molar ratios that are slightly higher than those reported

FIGURE 8 | CO2 adsorption isotherms at 25◦C of the porous silicas (MCFs)

synthesized under different aging temperature (from room temperature to

140◦C) impregnated with TEPA. Solid lines for fit to DsL model.

TABLE 9 | Dualsite Langmuir model fitting parameters for MCFs impregnated with

TEPA.

Sample qm1

(mmolg−1)

b1 *103

(kPa−1)

qm2

(mmolg−1)

b2

(kPa−1)

ARE (%)

MCF-RT-50T 0.698 1.933 0.465 4.932 1.969

MCF-60-50T 0.745 3.064 1.177 227.988 0.191

MCF-80-50T 1.265 5.217 1.731 226.052 0.638

MCF-100-50T 0.855 6.358 2.101 203.849 0.582

MCF-120-50T 1.332 4.684 2.254 202.114 0.328

MCF-140-50T 1.502 3.376 1.904 202.117 0.307

by the PEI-impregnated MCFs, confirming that the N-species of
the TEPA are more available and therefore more efficient than in
the case of PEI-impregnated MCFs. This fact leads to a higher
CO2 adsorption capacity.

The comparison between SBA-15 and MCF aged at the
same temperature (100◦C) (Supplementary Figure 7) shows
how functionalization by impregnation with TEPA is more
efficient for MCF. As explained previously, the higher pore
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TABLE 10 | Textural properties, nitrogen content and efficiency of the N-sites for the MCFs synthesized under different aging temperature (from room temperature to

140◦C) impregnated with TEPA.

Sample SBET

(m2g−1)

t-plot

(m2g−1)

N

(wt.%)

q15 [mmol

g−1]

qm2

(mmolg−1)

mol CO2/mol N

(q15)

MCF-RT 50T 21 8 14.676 0.604 0.465 0.044

MCF-60 50T 40 10 12.055 1.211 1.177 0.137

MCF-80 50T 62 21 12.838 1.839 1.731 0.189

MCF-100 50T 73 31 11.042 2.181 2.101 0.266

MCF-120 50T 79 34 14.104 2.376 2.254 0.224

MCF-140 50T 72 29 11.056 1.986 1.904 0.241

q15, quantity of CO2 adsorbed at 15 kPa.

FIGURE 9 | CO2 amount adsorbed for MCF-RT, MCF80-20A, MCF100-50P, and MCF120-50T at 25, 45, and 65◦C and 100 kPa.

diameter distribution and pore volume of the MCF enhances the
dispersion of the amine sites. This feature is less pronounced
than that observed for PEI, probably because TEPA is a less
bulky polymer. As a result, TEPA is more evenly dispersed in the
adsorbent pores in comparison to PEI, which seems to provide
an enhanced availability of chemical adsorption sites.

Influence of the Temperature in the CO2

Adsorption Capacity
The adsorbents with the highest CO2 adsorption capacity of
each set of adsorbents, that is, MCF-RT, MCF-80-20A, MCF-100-
50P, and MCF-120-50T, were chosen to carry out experiments
under at different adsorption temperatures. In the case of the
MCF-RT and MCF-80-20A samples (Figure 9), increasing the
adsorption temperature causes a drastic decrease in the CO2

uptake (at 100 kPa): from 1.13 mmol CO2 g−1 at 25◦C to 0.41
mmol CO2 g−1 at 65◦C for pure MCF-RT and from 1.45 mmol
CO2 g−1 at 25◦C to 0.66 mmol CO2 g−1 at 65◦C for MCF-80

20A. In the case of MCF-RT, this drop is attributed to adsorption
being mainly governed by physical interactions (Do, 1998;
Rouquerol et al., 2014; Thommes et al., 2015), which are favored
at lower temperatures. The sample functionalized with APTES
with highest CO2 adsorption capacity (MCF-80-20A) (Figure 9)
follows a similar trend as that observed for the purely physical
adsorbent, uptakes decreasing with increasing temperature. The
presence of amine groups should favor CO2 chemisorption,
which is likely to benefit from temperature increases (Vilarrasa-
García et al., 2015b, 2017a; Cecilia et al., 2016). However, the
observed behavior for the APTES-grafted MCF suggests that
grafting covered only a fraction of the surface, while keeping
the porous character responsible for physical adsorption, which
is unfavored at higher temperatures. This is in agreement with
the low concentration of silanol groups after calcination which
limited the amount of fixed nitrogen to nomore than 3.3%wt and
with the low amount of CO2 chemisorbed over CO2 physisorbed
ratio, as it shown in Supplementary Table 1. Therefore, despite
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FIGURE 10 | CO2 amount adsorbed for MCF-RT, MCF80-20A, MCF100-50P,

and MCF120-50T at 25◦C and 100 kPa for 9 runs.

the appearance of chemisorption sites, adsorption is likely to
be predominantly governed by physisorption in APTES-grafted
MCF samples.

The adsorbents impregnated with PEI and TEPA that showed
the highest CO2 uptakes were MCF-100-50P and MCF-120-50T.
At higher temperatures, CO2 adsorption capacity is improved
for both samples, reaching a maximum value of 2.91 mmol
CO2 g−1 at 65◦C for MCF-100 50P and 3.24 mmol CO2 g−1

at 65◦C for MCF-120 50T. In this sense, previous authors
have reported that porous silicas impregnated with amine rich-
polymer improve their CO2 adsorption capacity as a consequence
of a re arrangement of the polymer stacking that increases the
amount of available N-species and minimizes diffusion problems
in the porous structure (Xu et al., 2002; Wang et al., 2009, 2013;
Sanz et al., 2010; Vilarrasa-García et al., 2017b).

Stability of the Adsorbents
In order to assess the stability of the samples with the highest
CO2 adsorption capacity of each set of adsorbents (MCF-RT,
MCF-80-20A, MCF-100-50P, and MCF-120-50T), several CO2

adsorption/desorption runs were carried out (Figure 10).
Nearly all of the samples are stable after nine cycles. The

sample grafted with APTES suffers a slight decrease after several
runs, decreasing from 1.444 to 1.354 mmol CO2 g−1. In the case
of the samples impregnated with PEI or TEPA this decrease is
more pronounced, particularly in the first runs. This is probably
due to the regeneration conditions (110◦C and 10−4 mbar),
which can remove a small proportion of N-species that are not
sufficiently bound to the support by electrostatic interactions.

CONCLUSIONS

The use of structure modifying agents and varying
aging temperature were successful strategies to obtain
silica mesocellular foams with increasing pore diameter.

APTES-grafting of these structures enhances CO2 adsorption,
even though the amount of loaded amino groups is restricted by
the low density of silanols on the surface. Despite the chemical
interaction brought about by grafted primary amines from
APTES, physisorption has a leading role over chemisorption in
these MCFs and increasing temperature has an adverse effect on
CO2 uptakes.

In the case of samples impregnated with PEI and TEPA,
CO2 adsorption is mainly attributed to the chemical interaction
between the amines species and the CO2. CO2/N molar ratios
are considerably lower than those obtained for APTES-grafted
due to less availability of amino groups, despite the higher N-
content made possible by pore filling with the amine polymer.
This feature is less pronounced in the case of TEPA due to
its lower viscosity and molar volume as compared to PEI.
Unlike APTES-grafted MCFs, for samples impregnated with
PEI or TEPA, chemisorption governs CO2 retention over
physisorption. As a result, CO2 uptakes are improved with
increasing temperature.

All functionalized samples showed a relatively stable
uptake for up to nine adsorption-desorption runs, in which
case CO2 was desorbed by increasing the temperature and
lowering the pressure. The amine-functionalized materials,
particularly TEPA-impregnated MCFs, show potential for
CO2 capture from dilute and moderately hot streams.
Under these typical post-combustion conditions (15 kPa
and 65◦C), they may reach the competitive adsorbed
concentrations of 3 mmol/g and be cyclically used under
moderate temperature swings.
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