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Abstract

It is known that the world scenario is one of constant search for sustainable technologies that can reduce the emission of
carbon dioxide (CO,) in the atmosphere. This is because CO, is seen as the main responsible for the increase in the
generation of greenhouse gases, which leads to global warming and climate change. The development of efficient adsorbents
for CO, capture is a current challenge. MCM-41 and SBA-15 were synthesized in a microwave reactor and used as
adsorbents in this work. Microwave irradiation presents itself as an easy synthesis strategy with less preparation time and
energy requirement. The silica synthesis period was extremely reduced (1 h) at a temperature of 60 and 80 °C in the
microwave reactor, obtaining silica with good textural and chemical properties. The CO, adsorption isotherms were
performed at 0, 25, and 40 °C at 1 bar. The MCM-41 and SBA-15 present favorable results for CO, capture processes,
showing that pure silica synthesized by microwave already obtains promising results, reaching a maximum adsorption
capacity of 2.16 mmol g~! (1 bar—0 °C) and a good fit for the Langmuir, DsL and Toth models. Furthermore, to increase
CO, adsorption, the mesoporous silica was also modified via impregnation with branched polyethylene diamine (PEI) or
tetraethylenepentamine (TEPA). It is worth mentioning that microwave irradiation reduced the synthesis steps and improved
the properties and adsorption capacity of the silica. This work opens new opportunities in the efficient preparation of
materials that require optimizing the adsorbent synthesis process.
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Graphical Abstract

CO, adsorption capacity of MCM-41 and SBA-15 prepared by rapid synthesis using microwave irradiation and amino
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Highlights

e MCM-41 and SBA-15 were synthesized in 1 h at 60 and 80 °C by microwave irradiation.

e Heating by microwave irradiation is an efficient tool to be used in the synthesis of silica.

e Pure silicas synthesized by microwave irradiation are promising adsorbents for CO, adsorption.
e The CO, adsorption capacity of silicas decreases with increasing temperature.

1 Introduction

The burning of fossil fuels is one of the main causes of
greenhouse gas emissions with the release of CO, being a
global concern due to its impact on the climate. Thus, many
studies are being developed to generate technologies to
reduce these emissions [1, 2]. Among the existing methods,
CO, capture by adsorption is presented as an efficient
method, due to its high adsorption capacity, as well as its
simplicity and low cost [3, 4]. The development of a sui-
table adsorbent is the most important component for
adsorption [5]. Many studies report that to obtain an effi-
cient CO, capture, the adsorbent must have high CO,
adsorption capacity and selectivity, low cost of raw mate-
rials, a moderate pore diameter with a high surface area, and
good thermal and hydrothermal stability [6, 7].

Thus, the search for adsorbents that are competitive for
this process has led several researchers to design different
materials. Mesoporous and microporous silica, activated
carbons, zeolites, MOFs, and amine-modified materials
make up the main class of adsorbents used for CO,
adsorption [1, 8-10]. In 1992, the first family of ordered
silicas, called M41S, was reported by scientists at Mobil Oil
Corporation. Since their discovery, ordered mesoporous
silicas such as MCM-41 and SBA-15 have attracted much
attention from the scientific community due to their struc-
tural and physicochemical properties, such as high surface
area and defined pore volume. The MCM-41 and SBA-15
silicas have an ordered pore arrangement, a surface area

between 600 and 1300 m? g~ ! and a pore diameter between
2 and 30 nm [11, 12].

Cecilia et al. [13] synthesized pure hollow silica micro-
spheres and functionalized with aminopropyltriethoxysilane
(APTES), and via impregnation with polyethylenimine
(PED) or tetraecthylenepentamine (TEPA), where it was
possible to obtain high surface area and homogeneous pore
size distribution. Impregnation with amine polymers, such
as PEI and TEPA, was more efficient for adsorbents with
greater external surface area. The incorporation of TEPA
molecules increased the dispersion of the amine species
mainly at high loads. The CO, adsorption isotherms of the
amine-functionalized silicas were fitted to the Dual-
Langmuir model, where the physical and chemical
adsorption sites are described. The stability of the adsor-
bents was also evaluated, where the silicas showed resis-
tance of the amine species to the regeneration conditions, at
least after five cycles. Muchan et al. [7] synthesized pure
MCM-41 and SBA-15 silicas and modified with APTES for
application in CO, adsorption. The modified silicas showed
good performance stability after five cycles of adsorption/
desorption. The CO, adsorption capacity of the mesoporous
silicas depends on the number of amine sites and the pore
volume. Thus, for the amine-modified silica, the adsorption
capacity increased from 0.63 to 1.01 mmol g~ for MCM-41
silica and from 0.71 to 1.75 mmol g~! for SBA-15 silica. It
is worth mentioning that the pore diameter and the porous
structure of the adsorbent also affect the adsorption of CO,,
and it is also possible to obtain good results with pure silica,
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just by modifying some parameters in the synthesis step.
Furthermore, the functionalization with APTES depends on
the amount of silanol groups of the porous silica MCM-41
and SBA-15, since the grafting of APTES occurs with the
silanol groups.

It is known that silica has already been recognized as a
powerful adsorbent, as it has been used for decades until
today, and its properties such as stability, superficial area,
pore volume and versatility, the possibility of modifying the
silica surface according to hydrophilicity or hydrophobicity
make it a promising adsorbent for process adsorption
[14-16]. Furthermore, it is important to note that ordered
mesoporous silicas perform well in terms of their mechan-
ical stability, being able to be used in different pressure
ranges [17], thus presenting desired properties for their use
in pressurized systems. Mayanovic et al. [18] evaluated the
thermal, mechanical, and hydrothermal properties of
mesoporous silicas under different pressure and temperature
conditions. Silica SBA-15 showed excellent hydrothermal
stability for supercritical conditions (500 °C and 3700 bar)
and it is still possible to improve this property by varying
the types of precursors in the synthesis step or making
changes to its surface. In addition, the development of new
synthesis routes, such as the use of microwave irradiation
(MW), generates advantages over conventional synthesis to
obtain this material, reducing the use of solvents, reaction
time, and energy. It is worth mentioning the reduction in the
use of solvents and energy, since it is a faster process when
compared to the synthesis using autoclave [16, 19].

Heating by microwave irradiation is an efficient tool to
be used in the synthesis of silicas and that, in addition to
reducing the reaction time, it is also possible to provide
greater uniformity in the pores of the materials. The use of
MW in silica synthesis processes has already been used in
several processes. Peres et al. [20] synthesized silica
nanoparticles through rice husk using microwave heating at
a temperature of 80 °C and 30 min. The authors concluded
that microwave synthesis generated material with greater
purity, surface area, pore volume and porosity in less time
compared to the traditional method. This is because, com-
pared to conventional methods, microwave heating is rapid
volumetric heating without the conductive heat process,
which can achieve uniform heating in a short time. Oliveira
et al. [16] showed that microwave irradiation in the synth-
esis of SBA-15 silica reduced the synthesis time, making it
possible to control the textural properties, in addition to
obtaining silicas with a greater amount of silanol groups
when compared to silicas synthesized in an autoclave.
Bordoni et al. [21] used microwave irradiation to expand the
pores of non-calcined SiO,-based mesoporous materials
(core-shell nanoparticles and SBA-15). Using a greener
alternative, the authors chose pore-broadening agents
(mesitylene and naphthalene) over common surfactants for
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the synthesis step and demonstrated that the use of micro-
waves significantly decreased the reaction time, and it was
compatible with pore models of ionic and non-ionic sur-
factants. Furthermore, the microwave post-treatment of the
calcined mesoporous materials with pore dilating agents
allowed the control and increase of the final pore dimen-
sions of the material as well as the adaptation of the
molecular structure of the materials.

However, the use of silicas synthesized by microwave
irradiation, without modification/impregnation of amines
for the adsorption of CO; is a subject little discussed in the
scientific community. You et al. [22] evaluated the CO,
adsorption capacity of zeolite Beta synthesized by MW
(Beta-MW) and by the conventional hydrothermal method
(Beta-HT). The CO, adsorption tests were investigated at a
temperature of 40 °C and absolute pressure of 1 bar. Beta-
MW was rapidly synthesized in 4 h (Sgpr = 463 m? g~ ! and
Vp=0.28 cm® g~ 1), obtaining properties like Beta-HT in
48h (Sger=483m?>g™ ! and Vp=0.29cm?g~!). How-
ever, Beta-MW obtained better adsorption capacity
(2.16 mmol gfl) and CO, selectivity (17.1 %) than Beta-
HT (1.94 mmol g~! and 14.5%). This result showed effi-
ciency in the synthesis of the adsorbent per MW and was
attributed to the best hydrophilicity generated in the
synthesis per MW.

In this way, it will be shown that it is also possible to
obtain promising results with pure silica, just by modifying
the synthesis route. Given the adsorbents already mentioned
in the literature, this interest in ordered mesoporous silica is
attributed to its easy handling, affordable cost when com-
pared to other adsorbents, silanol groups that have great
interaction with CO, and its physicochemical properties, such
as adjustable pore size, high surface area, good stability, and
low density [16, 23, 24]. In this context, the idea of this study
was to evaluate the textural and structural properties of
MCM-41 and SBA-15 mesoporous silicas synthesized by
microwave irradiation and the efficiency of CO, adsorption.

2 Materials and methods
2.1 Materials

MCM-41 synthesis was carried out wusing cetyl-
trimethylammonium bromide (CTAB) (98%, Sigma-Aldrich)
as a template, tetraethylorthosilicate (TEOS) (Sigma-Aldrich,
98%) as silicon source, and aqueous ammonia solution (25%
Merck). SBA-15 synthesis was carried out using Pluronic
P123, (Sigma-Aldrich) as template, TEOS as silicon source,
and hydrochloric acid (HCI) (Vetec, 37%). The microwave
reactor used in the silica synthesis was the CEM, Discovery
SP model, single-mode type, with temperature and power
control.
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2.2 MCM-41 synthesis

MCM-41 synthesis was adapted from the procedure
described by Grun et al. [25] and Oliveira et al. [16]. First,
1.4 g of CTAB were dissolved in 60 ml of deionized water,
under stirring, at a temperature of & 25 °C. Then, 4.75 g of
aqueous ammonia solution was added to the reaction. While
stirring, 5 g of TEOS were slowly added to the solution. The
mixture was stirred for 1 h at a temperature of = 25 °C, after
which it was poured into a quartz tube and placed in the
microwave. The reaction temperature and time used in the
microwave synthesis were 60 and 80 °C for 1 h, maximum
power of 250 W (CEM, Discovery SP model). The obtained
adsorbents were washed with deionized water, filtered
under vacuum, and dried in an oven at 80 °C for 8 h. Then,
the adsorbents were calcined for 6 h at 550 °C (10 °C min
1) to remove the CTAB surfactant. The samples were
named MCM-41-MW60 and MCM-41-MW80.

2.3 SBA-15 synthesis

The synthesis of SBA-15 followed the procedure described
by Oliveira et al. [16]. In brief, 2 g of copolymer P123 were
dissolved in a beaker containing 75 ml of HCI solution
(2M). The mixture was kept at 40 °C under constant stirring
until P123 was dissolved. In total, 4.55 ml of TEOS were
then slowly added to the system. The system was main-
tained for another 1 h under the same conditions. Then, the
mixture was transferred to a quartz tube and introduced into
a microwave CEM reactor and the same conditions of
synthesis of silica MCM-41 were used (60 and 80 °C for
1 h). The white solid obtained was filtered, washed with
deionized water, dried, and calcined under the same con-
ditions of MCM-41. The samples were named SBA-15-
MW60 and SBA-15-MWS0.

2.4 Modification of the silicas with amine groups

The modification by impregnation was carried out follow-
ing the methodology proposed by Xu et al. [26]. and Cecilia
et al. [27]. For each impregnation, 0.3 g of silica were 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/ silica was maintained constant at
8:1 for each sample, while the methanol/PEI ratio was
varied in each case. The desired amount of amine (25, 40,
55, or 70% by mass) was weighed in a beaker and then
dissolved in methanol under stirring for 10 min. Then, the
silica was added to the amino/methanol solution. The
resulting suspension was continuously stirred for 30 min.
Then the suspension was dried in an oven at 80 °C for 24 h.
The samples were labeled as MCM-41-MW60-XY, where x
is the amine type and y is the amine content, being 25%

equivalent to 1, 40% to 2, 55% to 3 and 70% to 4. For
example, silica modified with 25% of PEI will be called
MCM-41-MW60-P1. The silica modified with 55% of
TEPA will be called MCM-41-MWG60-T3.

2.5 Characterization techniques

Nitrogen adsorption/desorption measurements were per-
formed at liquid N, temperature (—196 °C) with an ASAP
2420 apparatus from Micromeritics. The specific surface area
was determined by the Brunauer-Emmett-Teller equation
(BET) and Langmuir using the adsorption data in the range
of relative pressures of 0 to 1 bar. The pore size distribution
was determined from the desorption branch of the isotherm
using the non-local density functional theory (NLDFT) and
MP method. The total pore volume was calculated from
adsorbed N, at a relative pressure (P/Py) =0.99. Before the
measurements, samples were outgassed overnight at 120 °C
and 10~ mbar.

The elemental chemical analysis was determined using a
CHNS EA3000 analyzer through the combustion of the
samples at 1100 °C in pure oxygen.

XPS studies were conducted on a Physical Electronic
PHI 5700 spectrometer using non-monochromatic Mg Ko
radiation (300 W, 15kV, 1253.6 eV). The core level signals
of C 1s, O 1s, and Si 2p were analyzed with a hemispherical
multichannel detector. The BE values were referenced to the
C 1s signal of adventitious carbon (284.8 eV). The absolute
error in the binding energies values of high resolution
spectra is +0.1 eV, as indicated by the manufacturer (Phy-
sical Electronics); binding energies values within 0.2 eV can
be considered the same, within the experimental error. The
error in determination of the atomic concentration % was
below 5%.

2Si MAS-NMR (magic angle spinning nuclear mag-
netic resonance) spectra were recorded at RT in an
AVANCEII HD 600 (Bruker AXS) spectrometer using a
double resonance DVT probe of 4.0 mm at a spinning rate
of 13 kHz. °Si MAS NMR spectra were recorded with a
8-ms 90° pulse and 60-s delay with "H decoupling (*°Si
Hpdec with cw decoupling sequence for Si) and summing
up 1000 scans.

The Fourier Transform Infrared (FTIR) spectra were
collected in a Vertex70 (Bruker) FTIR spectrometer
equipped with a Golden Gate Single Reflection Diamond
ATR System accessory. For the acquisition of the spec-
tra, a standard spectral resolution of 4 cm™' was used in
the spectral range of 4000-500cm™!, as well as 64
accumulations.

X-ray powder diffraction patterns (XRD) were collected
on a PANanalytical EMPYREAN automated diffractometer.
Powder patterns were recorded in theta-theta transmission
configuration emplacing the sample between two kapton foils
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and by using a focusing mirror and the PIXcel 3D detector
(working in 1D mode) with a step size of 0.013° (26). The
powder patterns were recorded between 0.5 and 10 degrees in
20 with a total measuring time of 60 min. The porous struc-
tures was analyzed by transmission electron microscope
(TEM—FEI Talos F200X).

2.6 Adsorption CO,

The adsorption tests were used to evaluate the CO, capture
capacity of the silica. Adsorption/desorption isotherms were
measured with a Micromeritics ASAP 2020 Analyzer (i.e.,
volumetrically) at 0, 25, and 40 °C, all under absolute
pressure ranging to 1 bar. The purity of the CO, used in the
tests was 99.998%. Before the measurements, samples were
outgassed at 110 °C and 10~* mbar.

2.7 Adsorption models

The CO, adsorption isotherms on silicas were fitted by
using the Langmuir (1) and Toth models (3) [28]. The
Langmuir equation is:

bP

1+ bP m

qdi = 4m

where g¢; is the adsorbed amount of component i; g, is the
maximum adsorption capacity of the adsorbent; b is the
adsorption constant or the Langmuir constant; P is the
pressure. The dependence on the Langmuir constant
temperature is expressed by the Van’t Hoff equation:

by = bPe(5H) (2)

where K; is the adsorption constant at infinite temperature;
(—AH) is the heat of adsorption on the homogeneous
surface; R is the universal gas constant; and 7' is the system
temperature in Kelvin.

To describe isotherms of amine-modified materials, the
Dualsite Langmuir (DsL) model was used, to distinguish
between contributions due to chemical reactions and phy-
sical interactions. The DsL equation is:

- by x P by X P
T T < T, < P

qi (3)
where ¢; is the adsorbed amount of component i; g,,; and
g are the maximum adsorption capacity of the adsorbent;
b, and b, are the adsorption constant or the Langmuir
constant; P is the pressure.

The Toth isotherm model was developed in 1961 to
produce a better fit when compared to empirical equations
such as Langmuir, DSL, SIPS. Toth’s equation allows a
good description of many systems with sub-monolayer
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coverage [28]. Toth’s isothermal equation is:
Ki x P

q9i =4qmi—— T
[1 + (K,- X P)"’]n,-

(4)

where ¢; and g,,,; are the amount adsorbed and the maximum
adsorption capacity of component i; K; and n; are specific
parameters for adsorbate-adsorbent pairs; P is the pressure.
For n=1, the Toth isotherm reduces to the Langmuir
equation. As n deviates further from unity, the system is more
heterogeneous. This isotherm assumes that the adsorption
occurs in only one layer and allows the interaction between
the adsorbed molecules.

2.8 Thermodynamic parameters

Thermodynamic parameters can be used to assess whether
the sorption process was spontaneous or not in the behavior
of adsorbents. Equation van’t Hoff (5) was used for calcu-
lation of enthalpy and entropy from the slope and intercept
of plot InK vs. 1/T:

AS®  AH®
InK®=— —— (5)
R RT
where R is the universal gas constant (8.314J mol ! K’l), T
is the absolute temperature (K).

The standard Gibbs free energy change can be calculated

by Eq. (6):

AG = —RT InK° (6)

2.9 Stability between adsorption cycles

To evaluate the efficiency of the adsorbents in successive
cycles of adsorption, reuse tests were carried out. CO,
adsorption capacities were obtained at 1 bar for the silicas
with the best results, i.e., MCM-41-MW60 and SBA-15-
MW60. The reuse test was repeated three times for each
adsorbent. The temperature selected to measure the CO,
capacity was 25 °C. Between the adsorption/desorption
runs, the silicas were isothermally degassed for 4 h.

3 Results and discussion
3.1 Characterization

N, adsorption/desorption isotherms at —196°C for the
mesoporous silicas are shown in Fig. 1. Recalling that the
silicas synthesized at 60 °C are called MW60 and at 80 °C
as MWS80. The N, adsorption/desorption analysis of the
MCM-41 and SBA-15 silicas showed Type IV isotherms,
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being Type IV(a) for silicas MCM-41-MW60 and MCM-
41-MW80, since the adsorption and desorption branches do
not fully combine, where the adsorption in the mesopores is
determined by the interactions between the adsorbent and
the adsorbate and by the capillary condensation, which
presents hysteresis of the type H4 [29].

Silica SBA-15-MW80 also has a type IV(a) isotherm,
which is suggested when the isotherms do not reach a
well-defined saturation plateau, presenting a behavior
close to an S-shaped isotherm [30]. However, its hyster-
esis loop is of the H2(b) type, which is associated with
pore blockage or pore narrowing and can be observed in
some ordered silicas after hydrothermal treatment. For

700 7 e MCM-41-MW60
a ] MCM-41-MW80 9
£ 600 1 SBA-15-MW60 R
- 1 —e—SBA-I5S-MW80 __ omoooo e
&0 500 P00 e
@ L Seseest
5 . ] | s
2 400 o
E | ] 05y ®
= 300 . / OO.././.
i) ) o®®
cv:N 200 A .....oooaféo
Z | o

100 |

0.0 02 0.4 0.6 0.8 1.0

Relative Pressure (P/P)

Fig. 1 N, adsorption/desorption isotherms at —196 °C for the MCM-
41-MW60, MCM-41-MW80, SBA-15-MW60, and SBA-15-MWS80

Fig. 2 Pore size distributions

SBA-15-MW60, an excess has occurred, where the Type
I(b) isotherm is noted, showing that adsorption and des-
orption are fully compatible, pore size distributions in a
wider range, including larger sized micropores and pos-
sibly narrow mesopores (<2.5 nm) [29]. It is believed that
for this sample, during microwave irradiation, there was a
blockage of the pores on the surface of the silica, pre-
senting only micropores on its surface, which is unusual
for SBA-15 silica, however, Oliveira et al. [16] showed in
his work that it was possible to obtain mesoporous silica at
a temperature of 60 °C.

The pore size distribution curves were obtained by the
NLDFT and MP method and are shown in Fig. 2, where it
is possible to analyze the micro and mesopore regions.
MCM-41 type samples have a narrower pore distribution
than SBA-15 type silica. The microporosity of silicas
decreases with increasing temperature used in the micro-
wave reactor, as reported by Galarneau et al. [31] that using
the higher aging temperature moves the surfactant micelles
away from each other, causing the intercommunication
between them to decrease. However, to silica SBA-15-
MW60 has a predominant micropore region, which is best
visualized in Fig. 2b and with the data from Table 1, where
a surface area (Sggr) of 788 m? g’1 and a micropore area
(Smp) of 749 m? g~ ! are verified, showing the predominance
of micropores, which may be associated with a blockage of
pores on the surface of this sample. According to Thommes
et al. [29], this has already been noticed in some micro-
mesoporous silicas, zeolites, and activated carbon, and
reports that these phenomena occur if large pores have
access to the external surface only through narrow

—e— MCM-41-MW60 SBA-15-MW60

MCM-41-MW80 —e— SBA-15-MW80

~ 51
obtained by NLDFT (a) and MP =0 61 (a) "\ e MCM-41-MW60 o (b) 2 s
(b) method for the studied E 5 i MCM-41-MW80 = 4 I §on
S [\ SBA-15-MW60 5 PR
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g 4 I 5 ] 5 0
v—O- ‘\ \‘ _‘g ‘ E‘o‘ 0.03
o 1 I g .
5 T g 27 | S oo e o
g 2 4 ‘J‘ ‘\‘ . n? ‘ p Pore Width (nm)
S, 0 AN AP N
5 & J | .- N 2 w
g 0 7?r“~‘..;/.-a‘.-—b:;' ‘ : : ‘Eofr‘j g 0 s ‘ : ‘h“ . : . . :
I 2 3 4 5 6 7 8 9 10 T 02 04 06 08 10 12 14 16
Pore Width (nm) Pore Width (nm)
Table 1 Textural properties of
the obtained materials and Samples Seer Smp tpoc VP Vip eplor Dporr - Dpwp XPS
atomic concentration % m?g™h @@’g™hH (emPg™ (emPg™) @m) (m) %C %0  %Si
determined by XPS
MCM-41-MW60 999 781 0.89 0.59 3.71 0.60 5.59 66.1 283
MCM-41-MWS80 744 492 0.84 0.36 3.25 0.56 6.49 654 28.1
SBA-15-MW60 788 749 0.29 0.25 2.81 0.39 390 68.0 28.1
SBA-15-MW80 626 164 0.64 0.06 4.06 0.89 6.10 67.1 26.8
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Fig. 3 XPS survey spectra (a) 7%5%:3}:%&:8

and %’Si NMR spectra (b) for SBA-15-MW60
—— SBA-15-MW80

MCM-41-MW60, MCM-41-
MWS80, SBA-15-MW60, and
SBA-15-MW80

O KLL

Intensity (a.u.)
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Si2s
sizp
02s
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(a) ——MCM41-MW60
MCM41-MW80

SBA-15-MW60 Q;

—— SBA-15-MW80

Q,

Intensity (a.u.)

1200 1000 800

Binding Energy (eV)

bottlenecks. The pores are filled as before and remain filled
during desorption until the narrow necks empty at lower
Vapor pressures.

Table 1 presents data on the textural properties of silica.
The silicas synthesized at a temperature of 60 °C, presented
higher surface area and pore volume values than the silicas
synthesized at 80 °C, showing that it is possible to obtain
silica with good textural properties at lower temperature
conditions. In addition, it is noted that with only 1h of
hydrothermal treatment, it was possible to obtain silicas
with surface area values and pore volumes very close to
silicas synthesized in an autoclave, with a hydrothermal
treatment of 24 h or even higher [16].

Rao et al. [32] synthesized MCM-41 silica for CO,
adsorption using a 96h hydrothermal treatment and
obtained a surface area of 992 m*g ' and pore volume of
0.69 cm® g~!. Muchan et al. [7] used MCM-41 and SBA-15
silica for CO, adsorption and performed the silica synthesis
with a hydrothermal treatment of 12 and 24 h, obtaining a
surface area of 1007 and 731 m*g~! and pore volume of
0.94 and 1.24 cm® g™ !, respectively. In the studies men-
tioned above, the synthesis of silica required more reaction
time and, even so, surface areas lower than those of this
work were obtained. This happens because microwave
irradiation presents faster and more homogeneous heating,
due to this, the hydrothermal treatment in microwave
reactor ends up being faster and more efficient when com-
pared to the hydrothermal process in the autoclave, thus
reducing the synthesis time and maintaining the textural and
structural properties of the samples [16].

The chemical composition of these materials was
evaluated by XPS and NMR. MCM-41 and SBA-15 silicas
are mesoporous materials with oxygen and silicon func-
tional groups. Their atomic concentration is ~5% carbon,
67% oxygen and 28% silicon, according to the data
obtained. The XPS spectrum of pure silicas contains
three main photoemission signals, O 1s, Si 2s, and Si 2p
(Fig. 3a). In addition to these, a carbon signal (C 1s) with a
relatively low atomic percentage is also observed, which is
associated with adventitious carbon. According to Yama-
shita and Hayes [33], carbon is always present in XPS
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analyses, as it is common to use its peak (carbon binding
energy (BE) 284.6eV) as a reference for the correction of
other energies. The BE of the Si 2p signal in all samples
was approximately at 103.6 eV, characteristic of meso-
porous silicas such as MCM-41 and SBA-15. Furthermore,
a single peak centered at 532.8 eV would be attributed to
the photoemission of O 1s, attributed to the oxygen atoms
of the siliceous support [34].

In Fig. 3b, it is also possible to analyze the °Si NMR
spectra of the MCM-41 and SBA-15 silicas, which shows
the three signals. The one with the greatest chemical shift,
Qy, refers to the silicon atoms located inside the inorganic
network (siloxanes), linked to four structural oxygen atoms.
The second signal, Q3, is equivalent to surface silicon atoms
bonded to a hydroxyl group (free silanols) and three
structural oxygen atoms. The third, smaller chemical shift
signal, Q,, is attributed to surface silicon atoms bonded to
two hydroxyl groups (geminal silanols) and two structural
oxygen atoms [35].

The ordering and structure of the silica channels was
confirmed using TEM and XRD. Figure 4 shows the for-
mation of the aligned and hexagonal channels, characteristic
of these ordered silicas. Note that there was no expressive
difference in the structures of MCM-41 and SBA-15 with
the temperature variation of 60 and 80 °C. It is also verified
the configuration in the form of equidistant parallel lines in
the mesoporous silicas, except for the SBA-15-MW60
silica. Chaignon et al. [36] synthesized mesoporous silicas
of the MCM-41 type using microwave irradiation and
evaluated the effect of temperature (150 and 180 °C) on the
synthesis process. The authors found that the proper use of
microwave irradiation not only reduces the synthesis time of
mesoporous silicas but when combined with programmed
temperatures it is also possible to obtain ordered materials
with consolidated structures and good thermal stability
when compared to materials obtained by the hydrothermal
process conventional using autoclave.

The XRD patterns characteristic of the MCM-41 meso-
porous silica present 3 to 4 peaks, referring to the reflection
planes (100), (110), (200) and (210), with the (100) plane
being the most intense [11]. These peaks are the reference
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Fig. 4 TEM micrographs of

a MCM-41-MW60, b MCM-41-
MWS80, ¢ SBA-15-MW60, and
d SBA-15-MW80

of the hexagonal unit cell of the material. In Supplementary
Material (Fig. 13) can be seen in that MCM-41 silicas
present all peaks, while for SBA-15 silica, the main peak
referring to the (100) plane, which characterizes ordered
mesoporous materials, is only noticed for SBA-15-MW80,
corroborating the results obtained by the adsorption/deso-
rption of N,. In addition to pore blockages on the surface,
this may also be related to the formation of “hot spots”
during microwave radiation, which may have influenced the
disordering of SBA-15-MWG60 [16]. Through chemical
composition analysis, this sample presented similar results
to the others, however it was proven that it does not present
the typical order of the SBA-15.

Even with the unexpected result for SBA-15-MW60
silica, all silicas will be applied in CO, adsorption, to
evaluate these properties. Furthermore, it is worth men-
tioning that microwave irradiation is a fast and adequate
technique that allows adapting the porous and surface
structure of a material, in addition to generating new
opportunities for obtaining pure silicas in less time and with
good textural and physical-chemicals properties.

3.2 CO, adsorption
Figure 5 shows the CO, adsorption isotherms for the meso-

porous silicas MCM-41 and SBA-15, carried out at tem-
peratures of 0, 25, and 40 °C at a pressure of 1bar. The

adsorbents did not reach saturation, i.e, the maximum
adsorption capacity under the conditions studied, however, it
is believed that with greater time and pressure, these data
would reach the maximum adsorption capacity. Silica SBA-
15 has a greater capacity for adsorbing CO, than that of
MCM-41. This happens because SBA-15 presents in its
structure a greater amount of active sites available in the
micropore region, being more prone to adsorb CO, [9].
Furthermore, with increasing temperature there is a decrease
in the adsorption capacity of silica, for example, the SBA-
MW&60 adsorbs 2.16mmolg~! at 0°C and decreases to
0.87 mmol g~ ! at 40 °C, which suggests a weak interaction
between the adsorbent and CO,, as shown by the results
found in the literature [27]. Amine groups are usually intro-
duced on the surfaces of mesoporous silicas to improve the
material’s efficiency for CO, adsorption [1, 2, 35]. However,
this study will also show that it is possible to obtain pro-
mising results, just by modifying the route of synthesis of
ordered silicas without the insertion of amine groups.

It is noted that the tests performed at 0 °C showed the best
results, showing adsorption capacities from 1.30 to
2.16mmol g ! at 1 bar. In addition, it is worth mentioning
another important result, which was that the pure silicas
obtained similarly and, in some cases, even superior to
amine-modified silica. In the works of Muchan et al. [7], the
synthesis of MCM-41 by the conventional method (24 h) was
reported and they obtained a Q,4;=0.63 mmolg~', while
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Table 2 Fit parameters for the Lanemuir
CO, adsorption equilibrium £
isotherms for the Langmuir and Samples gm (mmol g ™) b (bar™ ) (—AH) (kJ mol ™)
Toth model on ordered s
mesoporous silicas MCM-41-MW60 4.51 9.08 x 10 19.4
MCM-41-MW80 3.58 1.08x 1074 19.5
SBA-15-MW60 4.00 1.91x107° 25.0
SBA-15-MW80 3.41 2.56x107° 24.3
Toth
Samples ¢m (mmol g’l) b (bar h ni (—AH) (kJ mol™h)
MCM-41-MW60 9.49 477%107° 0.68 19.4
MCM-41-MW80 12.95 2.90x107° 0.53 20.0
SBA-15-MW60 8.79 6.52x107° 0.56 26.4
SBA-15-MW80 8.37 1.09x 1073 0.53 25.1

Barbosa et al. [2] synthesized a silica MCM-41 by the con-
ventional method (96 h) and modified with amine obtaining
Qags = 1.0 mmol g’l, at a temperature of 25 °C at 1 bar. In
this work, with only 1 h of synthesis, it was possible to obtain
a CO, adsorption capacity of Q,4s=0.88 mmol g_l at a
temperature of 25 °C and 1 bar using the silicas synthesized
in a MW reactor in a time of 1 h.

To fit the experimental data, the Langmuir and Toth
models were applied, showing a good fit with the experi-
mental data (Table 2). The model parameters were obtained
for each silica, minimizing the sum of squares of the
absolute errors between the calculated and experimental
values with the help of the Solver supplement, in Excel, as
well as in the work by Regufe et al. [8]. Both models show
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good agreement with the experimental data (Fig. 5) and can
accurately predict the sites of CO, adsorption.

It can be seen in Table 2 that all silicas exhibit heat of
adsorption between AH = —19.4 and —26.4 kJ mol ™" for all
models. These values agree with those reported in the litera-
ture, where lower heats of adsorption occur between —15 and
—40kJ mol ™!, being associated with poor adsorption due to
physisorption processes [37, 38]. In all silicas, the adsorption
process is favored at lower temperatures. The parameter n is
related to the degree of surface homogeneity, with n =1 for a
completely smooth surface. The obtained values of n vary
between 0.53 and 0.68 for the mesoporous silicas, showing
heterogeneity of the CO, adsorption sites. The b values are
related to the energetic interaction between the adsorbent and
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Table 3 Bibliographic search of the amount of CO, adsorbed for silicas
MCM-41 and SBA-15 compared with results obtained in this work

Adsorbent Amine T (°C) Sggr Q.45 CO, Reference
m*g)  (mmolg™h
SBA-15 - 0 735 0.91 [35]
SBA-15 - 853 1.39 [52]
MCM-41 - 1168 1.43
SBA-15- - 788 2.16 This
MW60 work
SBA-15- - 626 1.85
MW80
MCM-41- - 999 1.44
MW60
MCM41- - 744 1.32
MW80
MCM-41 PEI 296 1.26 [52]
SBA-15 302 1.34
SBA-15 - 25 665 0.64 [46]
- 793 0.91 [53]
- 735 0.53 [35]
MCM-41 - 1007 0.63 [7]
SBA-15- - 788 1.18 This
MW60 work
SBA-15- - 626 1.14
MW80
MCM-41- - 999 0.88
MW60
MCM-41- - 744 0.79
MW80
SBA-15 APTES 216 1.44 [47]
389 1.37 [35]
MCM-41 665 1.00 [2]
SBA-15 PEI 49 1.33 [27]
MCM-41 24 3.53 [32]
SBA-15 - 30 572 0.59 [32]
735 0.47 [35]
MCM-41 PEI 51 2.60 [54]
- 40 985 0.25
SBA-15- - 788 0.87 This
MW60 work
SBA-15- - 626 0.77
MW80
MCM-41- - 999 0.62
MW60
MCM-41- - 744 0.60
MW80

Bold values denote results obtained in this work

the adsorbate. The values obtained show a low interaction
between CO, molecules [39]. The relative errors found in the
experimental fit are between 1.2 and 3.6%, which indicates
acceptable values. Therefore, the maximum CO, adsorption
capacity of silica can be obtained using both models.
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Rl
|
|
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:
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1
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Fig. 6 Relationship between microporosity (t-plot) and CO, adsorption

capacity of porous silicas (SBA-15 and MCM-41) under different CO,
adsorption temperatures (0, 25 and 40 °C)

MCM-41 and SBA-15 silicas, in addition to their thermal
and mechanical stability and high surface area, have silanol
groups that allow greater interaction with other CO, mole-
cules. Thus, the CO, adsorption results were satisfactory, as it
was shown that it is possible to achieve good adsorption
capacities at low temperature and pressure with pure silica,
because in addition to impregnation with amine, the porous
structure, the volume and diameter of pores, regeneration
capacity and CO, selectivity are important factors to be ana-
lyzed [1, 7]. In addition, these results can still be more effi-
cient by adjusting the experimental conditions of adsorption,
since changes in temperature/pressure of adsorption affect the
amount adsorbed [37]. Table 3 presents a bibliographic sur-
vey of similar studies using silicas of the MCM-41 and SBA-
15 type, synthesized by the conventional hydrothermal
method. It is noted that the adsorption capacity results
obtained in this work were superior to those reported in
similar studies using MCM-41 and SBA-15 silicas synthe-
sized by the conventional hydrothermal method. In addition,
it is worth mentioning another important result, which was
that the pure silicas obtained similar adsorption capacities and,
in some cases, even superior to amine-modified silicas.

Furthermore, it is worth adding that the adsorption
capacity of CO, increases linearly according to micro-
porosity (t-plot value) of the adsorbents, as shown in Fig. 6.
The microporosity of silicas decreases with aging tem-
perature increases. Galarneau et al. [31] have already
reported similar results, where they showed that the use of
lower aging temperature favors the interconnection of sur-
factant micelles (P123 or CTAB), in such a way that
micropores are generated after calcination of the model.
Thus, the silicas synthesized at 60 °C obtained micropores
values higher than the silicas obtained at 80 °C, thus pre-
senting better adsorption results.
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Table 4 Thermodynamic Samples AH AS AG (K mol ™) R,

parameters for CO, adsorption 1 1

. .. (kJ mol™") (Jmol™ " K)

of the studied mesoporous silica 0°C 25°C 40 °C
MCM-41-MW60 14.44 49.86 0.802 —0.355 —-1.217 0.9965
MCM-41-MW80 13.65 47.32 0.609 —0.636 —1.290 0.9988
SBA-15-MW60 14.61 47.85 1.561 0.307 —0.337 0.9986
SBA-15-MW80 13.77 45.82 1.224 0.225 —0.651 0.9899

3.3 Thermodynamic studies 1490 1t run [ 20d ron [ 3rd run

1.2 1 1.16 114

The thermodynamic parameters (AH, AS and AG) for the
prepared silica are given in Table 4. The values obtained for
enthalpy variation (AH) indicate the nature of the adsorption
process. Positive AH implies an endothermic nature, as was
the case with the silicas used in this work (13.65 to
14.61 kI mol™!). The values of standard entropy variation
(AS) were all positive for CO, adsorption, showing that
during the entire adsorption process some structural changes
occur on the silica surface [40]. The Gibbs free energy
showed that increasing the adsorption temperature increases
the negative value of AG, which consequently generates an
increase in the degree of spontaneity for the adsorption of
CO, in both adsorbents [40, 41]. The quantitative evalua-
tion of these parameters requires a comparison of the cor-
relation coefficients (R?). Notably, the R? values calculated
for the order parameters are greater than 0.98, thus indi-
cating good linearization.

3.4 Stability of adsorbents

Practical applications in CO, capture demand robust adsor-
bents that exhibit thermal stability even after several adsorp-
tion/desorption cycles. To evaluate the regeneration capacity
of the adsorbents, in Fig. 7, the silicas with the highest CO,
adsorption capacity were chosen, in this case, MCM-41-
MW60 and SBA-15-MWG60. The reuse tests of these adsor-
bents during the three cycles are like each other, where
changes hardly occur, indicating a similar adsorption capacity
and good thermal stability. The silica SBA-15-MW60 and
MCM-41-MW60 obtained CO, adsorption capacity of 1.16,
1.14, 1.12mmol g ! and 1.01, 1.0, 0.99 mmol g~ in the 1st,
2nd and 3rd cycle, respectively. It is believed that the silicas
would support more regeneration cycles since in the first runs
there is a decrease in the adsorption capacity, however, the
adsorbent reuse tests in three cycles succeeded in small
decreases in the adsorbed amount of CO,.

3.5 Amine influence
To evaluate the influence of the amine on the adsorption of

CO,, using silicas synthesized by microwave irradiation,
the silica MCM-41-MW60 was chosen. N, and CO,
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Fig. 7 CO, amount adsorbed for SBA-15-MW60 and MCM-41-
MW60 at 25 °C and 1 bar for three runs

adsorption/desorption isotherms, CHN, FTIR, XPS, XRD,
NMR, TEM analyses and morphology before and after PEI
and TEPA impregnation were performed for MCM-41-
MWG6O silica and are presented below. It is worth remem-
bering, the nomenclature used for modified silicas, where
the letters P and T, are equivalent to the amine group PEI
and TEPA, and the numbers 1, 2, 3 and 4, the amount of
amine (25%, 40%, 55% and 70%) in mass, respectively.

Figure 8a shows that silicas of type MCM-41-MW60
impregnated with up to 55% amine continue to show Type
IV isotherms with a hysteresis of type H4, even after
impregnation. The MCM-41-MW60 isotherm showed two
hysteresis loops: the first, shows a marked pore-filling step
below the relative pressure of 0.45 and the second, a small
step of N, adsorption in a P/P, range of 0.45-1.0, indicating
a bimodal pore size distribution. When the amount of PEI or
TEPA increases, the hysteresis loop became thinner or dis-
appeared, indicating a decline in pore volume and specific
surface area. According to Thommes et al. [29], this limiting
adsorption is governed by the accessible micropore volume
and not by the internal surface area. As this sample has the
highest amount of amine, it is believed that PEI pre-
dominantly occupied the pore openings, thus hindering the
entry of N, molecules [42].

Figure 8b shows some variations when the amine is
impregnated on the silica surface through the pore size
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MCM-41-MW60 unmodified MCM-41-MW60 999 780 0.89 0.59 3.71 0.22 1.25 0.0 0.88
and modified mesoporous silicas MCM-41-MW60-P1 563 442 0.46 0.27 2.73 9.07 2.18 5.1 098
MCM-41-MW60-P2 378 288 0.30 0.15 2.53 1323 299 76 130
MCM-41-MW60-P3 194 127 0.17 0.05 2.35 16.06 3.86 9.65 1.54
MCM-41-MW60-P4 33 13 0.04 0.005 - 21.15 532 11.8 046
MCM-41-MW60-T1 552 451 0.35 0.19 2.75 8.81 425 59 1.83
MCM-41-MW60-T2 360 195 0.19 0.07 252 1422 497 88 190
MCM-41-MW60-T3 458 352 0.29 0.13 2.51 17.45 454 109 2.10
MCM-41-MW60-T4 27 - 0.06 - - 1875 491 114 133

distribution. For MCM-41-MW60 we have a wider pore
distribution and as the amount of amine impregnated
increases, the pore distribution becomes narrower, and the
adsorbed volume is much smaller. However, MCM-41-
MW60-P4 and MCM-41-MWG60-T4 does not have the same
properties due to saturated pores from excess amine, which
corroborates the great extent of PEI or TEPA modification in
silica pores.

The structural characteristics of this sample are shown
in Table 5. Because of filling the pores with PEI/TEPA,
the surface area and the pore volume decreased according
to the amount of amine impregnated, which can be cor-
related with the values obtained by the CHN elemental
analysis, since the higher the percentage of C and N, the
smaller the surface area and pore volume. These results
have already been reported in several studies, for example,

Sanz-Perez et al. [37] synthesized SBA-15 and

impregnated it with 30% TEPA, reporting a decrease in
surface area from 720 to 128 m? gfl. Rao et al. [32]
synthesized silica MCM-41 and impregnated with 50%
PEI, reporting a decrease in surface area from 998 to
24 m?g~!. Cecilia et al. [27] impregnated 50% PEI onto
SBA-15 silica and reported a decrease in surface area from
665 to 19m* g .

In Fig. 9, the FTIR spectra show the characteristic peaks
of SiO, where it is possible to observe the groups that form
the chemical structure of these materials. FTIR spectra of
the TEPA-impregnated MCM-41 silicas present similar
bands to those of the PEI-impregnated samples (Fig. 9a).
The bands at 810 and 1074 cm™! are observed in all samples,
characteristic of the bending vibration and asymmetric
stretching of the Si-O-Si group [43]. For amine-impregnated
silicas, new bands appear when compared to that of the
MCM-41-MW60. A very important bond to confirm the
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Fig. 9 FTIR spectra (a) and
zoom of bands NH and CH (b)
for the MCM-41-MW60 and
MCM-41-MW60 impregnated
with PEI and TEPA
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modification with PEI and TEPA is the N-H bond, referring
to the amine groups (—NH,).

In Fig. 9b this functional group is observed in the form
of symmetrical angular deformation in the region of
around 1565 and 1485 cm ™' and the stretching band N-H
in the region of 3300 cm’! [1, 13]. Note that the greater
the amount of amine impregnated in the silica, the greater
the intensity of the band, which is not very noticeable for
samples impregnated with 25% PEI or TEPA. The two
bands located at 2955 and 2825 cm’l, which are more
visible for silicas impregnated with 55 and 70% amine,
are attributed to asymmetric and symmetrical C H
stretching vibrations [44]. The band in the region of
960 cm™! is attributed to the Si-OH stretch, however, in
the modified silica, it is not possible to visualize this band
due to the amount of PEI or TEPA impregnated on the
silica surface, since the amine groups interact with most
of the hydroxyl groups (OH) [13, 35]. In addition to the
FTIR analysis, it was possible to confirm the modification
of the surface of the silica, through XPS (Fig. 10a).
Amine-modified MCM-41 silicas show signals from C 1s,
N 1s, Si 2p and O 1s, where it is also noted that the
N and C signals increase according to the amount
of PEI or TEPA impregnated on the surface increases
(Fig. 10b). The results obtained through the XPS, cor-
roborate the data obtained by the CHN elemental analy-
sis, where we can see that the atomic concentration of the
elements increases according to the amount of amine
impregnated (Table 6).

@ Springer

420 400 380 360 340 320 300 280
Binding energy (eV)

T
400

Table 6 Atomic concentration determined by XPS for the MCM-41-
MW60 and MCM-41-MW60 modified with PEI and TEPA

Samples XPS—Atomic concentration (%)

Cls N 1s O 1s Si 2p
MCM-41-MW60-P1 17.88 5.93 54.57 21.62
MCM-41-MW60-P2 23.10 8.41 48.74 19.76
MCM-41-MW60-P3 26.27 10.00 46.01 17.72
MCM-41-MW60-P4 46.42 19.73 24.48 9.37
MCM-41-MW60-T1 20.63 7.55 51.00 20.83
MCM-41-MW60-T2 25.35 11.57 44.52 18.56
MCM-41-MW60-T3 25.54 12.16 452 17.10
MCM-41-MW60-T4 27.22 12.60 42.25 17.93

The confirmation of the hexagonal structure of the
silicas and to verify if there was any change in the struc-
ture after impregnation with amine was done by using the
TEM and X-ray diffraction technique. According to the
images provided by the TEM, it is evident the visualization
of the ordered mesoporous silica MCM-41 particles, even
after impregnation with PEI (Fig. 11a) or TEPA (Fig. 11b),
shows that a material synthesized by MW also obtains
good results for a modified surface. The transmission
microscopy presents materials with hexagonal channels
with long-range two-dimensional ordering and images in
the direction perpendicular to the pore axis, revealing the
set of channels that make up this silica. The XRD pattern
of silicas (Supplementary Material—Fig. 14) present only
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Fig. 11 Transmission electron
microscopy was obtained at 50
and 100 nm of the mesoporous
silicas a MCM-41-MW60-P2
and b MCM-41-MW60-T2

Fig. 12 CO, adsorption
isotherms at 25 °C of the porous
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the main peak referring to the (100) plane, which char-
acterizes ordered mesoporous materials. The peaks of the
modified silicas were shifted toward the upper angle when
compared to MCM-41-MW60 and the peak intensity
decreased or even disappeared, which was consistent with
the amount of PEI or TEPA on the surface of the silica,
thus indicating a greater occupation of the pores. Sanz-
Pérez et al. [45] reported that the reduction in diffraction
peak intensity with TEPA and PEI impregnation is due to
pore filling with organic compounds that prevent X-ray
diffraction through the mesoporous structure. This sug-
gests that the gradual reduction in peak intensity of the
amine-modified MCM-41 is due to pore filling with PEI or
TEPA, thus corroborating the results discussed above.
However, this shift and the weaker peaks do not com-
promise the formation of the ordered silica network and
agree with the results described in the literature, where this
shift of the diffraction peak was also reported [2, 16, 32].
Moreover, the TEM images of MCM-41, confirm an
ordered structure of the material, with a regular hexagonal
array of mesoporous channels.

To better understand the performance of pure and PEI/
TEPA-modified MCM-41-MW60 in CO, adsorption,
adsorption tests were performed at 25 °C up to 1 bar. The
results are shown in Fig. 12. The CO, adsorption isotherms

of the PEI-modified silicas showed a steep initial slope at
pressures below 0.1 bar, followed by a slight smooth
increase in the amount of CO, adsorbed. This behavior can
be associated with the chemical reaction between CO, and
the amine groups, which present a greater interaction [1].
Many studies have also reported that the increase in the
CO, adsorptive capacity of materials containing greater
amounts of amine can be attributed to interactions of
hydrogen bonds between hydrogen atoms (of NH) and
CO, molecules [1, 37, 46].

It is noted that the adsorption capacity of MCM-41-
MW60 increases according to the amount of PEI impreg-
nated, being 0.98 and 1.54 mmol g’1 for MCM-MW60-P1
and MCM-41-MW60-P3, respectively. There was an
increase in the amount adsorbed for the TEPA-modified
silicas when we analyzed the results obtained by PEI, with
the adsorption capacity of MCM-41-MW60-T1 and MCM-
41-MW60-T3 being 1.83mmol and 2.10mmolg ',
respectively. This improvement occurs because TEPA is a
polymer that has a lower viscosity than PEI, thus reducing
the clustering of amine groups and favoring greater inter-
action with CO, molecules, thus favoring the adsorption
process [37]. However, for samples MCM-41-MW60-P4
and MCM-41-MW60-T4, there was a sudden drop in
adsorption  capacity, to 0.47 and 1.33mmolg ',
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Table 7 Fit parameters for the

CO, for the DsL and Toth model Dualsite Langmuir

on PEI and TEPA impregnated

o Samples gm1 by qm2 by (—AH),
silicas (mmolg™h)  (bar™}) (mmol g1 (bar™") (kJ mol™")
MCM-41-MW60-P1  1.77 6.23x107%  1.46 3.31x107° 41.4
MCM-41-MW60-P2  0.60 1.18x107°  4.43 1.60x 1077 46.1
MCM-41-MW60-P3  0.98 993x107° 276 2.44x107° 59.5
MCM-41-MW60-P4  0.47 1.04x107% 044 2.34x107° 50.6
MCM-41-MW60-T1  0.91 630x107°  7.34 5.25x107° 60.5
MCM-41-MW60-T2  1.07 121x107°  4.92 1.36x1077 62.8
MCM-41-MW60-T3  2.33 151x107%  1.22 2.65x107° 42.8
MCM-41-MW60-T4  0.88 133x107%  18.72 2.65x107° 66.2
Toth
Samples Gm b n; (—AH)
(mmol g~ (bar™") (kJ mol ™"
MCM-41-MW60-P1 11.77 1.82x 107 0.32 255
MCM-41-MW60-P2 9.45 1.66x 107> 0.18 38.8
MCM-41-MW60-P3 436 1.84% 107 0.15 57.5
MCM-41-MW60-P4 2.41 1.83x107° 0.14 49.1
MCM-41-MW60-T1 8.27 1.13x 1073 0.18 42.9
MCM-41-MW60-T2 777 3.01x1073 0.13 55.8
MCM-41-MW60-T3 8.32 1.32x107° 0.11 67.2
MCM-41-MW60-T4 2.94 1.83%x107° 0.14 61.7

respectively, where the amine probably blocked the silica
pores, making the interaction with CO, difficult.

The CO, adsorption process on porous silica occurs
predominantly by physisorption, where the silica acts as a
molecular sieve for CO, molecules, limiting the affinity
with CO, compared to the adsorption process governed by
chemisorption [13]. Nevertheless, the impregnation of
amine groups leads to the adsorption of CO, occurring
through physisorption and chemisorption. Thus, the DsL
model, which assumes the coexistence of both adsorption
sites, was used to predict the fit of these data. Table 7
confirms the coexistence of both types of sites, although the
affinity of CO, for chemical sites is higher, as suggested by
the values of parameter b, we can also confirm the presence
of physisorption sites [47, 48].

In general, good adjustments were obtained, referring
to the applied models (Fig. 12). The Langmuir model is
the most widely used expression for physical monolayer
adsorption and chemisorption, and the Toth model is an
empirical model that was developed to produce a better fit
when compared to the models presented above. Based on
the results obtained here, it is noted that the greatest
increase in CO, adsorption capacity occurred when com-
paring the MCM-41-MW60 (Q,q; = 0.88 mmol g~ '—Fig.
5) with the MCM-41-MW60-T3 (Q,qs = 2.10 mmol g~ '—
Fig. 12). Although amine-modified MCM-41 absorbs

@ Springer

more CO, than MCM-41-MW60, we can see that pure
silicas show promising results. In addition, the modifica-
tion of the silica surface with the amine group, as well as
the chemical and thermal stability, suggest that the
hydrophilicity/hydrophobicity of the adsorbent is altered,
which can generate a greater interaction with CO,, leading
to an increase in the adsorption capacity [49, 50]. These
results are the result of a balance between the textural
parameters of the silicas and the functional characteristics
of each amine [51].

It is noteworthy that it was also possible to obtain good
results for CO, adsorption using pure silica synthesized by
MW. This happens because silicas synthesized by MW have
a greater amount of silanol groups than silicas synthesized by
the hydrothermal method in an autoclave, making the
adsorbents more hydrophilic and consequently a greater
number of active sites available for CO, adsorption [16]. It is
also noted that the synthesis process per MW is different
from the conventional heating methodology, wherein MW
irradiation it is possible to generate an accelerated crystal-
lization rate in a short time, in the case of ordered silica
synthesis, possibly the mesoporous structure and ordering of
the particles will be generated in the initial minutes, where
the microwaves are being transmitted at higher power. Thus,
the synthesis of MCM-41 and SBA-15 per MW can be
efficiently used in the CO, adsorption process.
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4 Conclusions

Silicas of MCM-41 and SBA-15 types were synthesized in
1 h at 60 and 80 °C with good quality and thermal stability.
Microwave irradiation-assisted synthesis showed a sig-
nificant reduction in time and energy consumption com-
pared to conventional autoclave synthesis, without
modifying the structural and morphological characteristics
of the materials, proving to be an efficient synthesis for
ordered mesoporous materials.

The pure silicas synthesized in microwaves (1h) pre-
sent similar results to silicas synthesized in autoclave
(20-96 h) modified with amine for CO, adsorption, thus
confirming the efficiency of this method, which in addition
to reducing the synthesis time, can also dispense with the
use of amine modification/impregnation methodologies.
The CO, adsorption isotherms showed that the adsorption
capacity of silicas decreases with increasing temperature
and the most promising adsorbent in terms of adsorption
capacity is SBA-15 reaching a CO, adsorption capacity of
2.16 mmol g~ ! at 1 bar and 0 °C.

The MCM-41 silicas modified with PEI and TEPA
improved the CO, adsorption capacity, which increased
from 0.88 mmolg~! to 1.5 and 2.1 mmol g ' at 1bar and
25 °C, respectively. All the silicas obtained in this study
(unmodified or modified) can be applied in CO, adsorption
processes, due to their textural and morphological, physi-
cochemical properties and good stability.
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