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ABSTRACT

The design of effective CO, capture materials is a current challenge. Here, we report the synthesis of ami-
nosilanes-functionalized MCM-41 and SBA-15 materials with high efficiency toward carbon dioxide adsorp-
tion. The functionalization of the mesoporous silicas involves a post-synthesis method by impregnation with
3-aminopropyltriethoxysilane. The carbon dioxide adsorption capacities for the samples were carried out
under ambient pressures. The results evidenced that aminosilanes with a terminal amine were functionalized
through covalent coupling of this group onto the channels' surface in the ordered mesoporous silica. It means
that the amine is anchored on the surface of the largest pores of the MCM-41 and SBA-15 supports. The
Lagergren kinetic model evidenced the enhanced carbon dioxide adsorption capacity and stability of the
functionalized ordered mesoporous molecular sieves.
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1. INTRODUCTION

The increase in atmospheric carbon dioxide concentration is becoming a serious environmental problem. It is
well-known that the primary human activity that emits CO, is the combustion of fossil fuels (coal, natural
gas, and oil) for energy and transportation. However, specific industrial processes and land-use changes also
emit CO,. In the transition toward a more sustainable energy economy, fossil fuels are likely to remain the
primary source of global energy supply for the future [1, 2]. Thus, the continuous use of fossil fuels is de-
pendent on the reduction of CO, emissions. Improving energy utilization efficiency and increasing the use of
low-carbon energy sources are potential ways to reduce CO, emissions. Recently, carbon capture and storage
techniques have been proposed as an emerging technology to minimize CO, emissions effectively [3].

The most common technologies for CO, scrubbing from power plant flue gas are based on adsorption,
using liquid amines. The major drawbacks of these adsorbents are the large amount of energy required for
regeneration, equipment corrosion, and solvent degradation in the presence of oxygen [4]. Therefore, exten-
sive efforts have been directed to developing alternative procedures for CO, capture, such as cryogenic tech-
nologies, adsorption, or membrane-based techniques [5, 6]. Because of the low energy requirement, the cost
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advantage, and ease of applicability over a relatively wide range of temperatures and pressures, adsorption
separation attracts much interest.

The most critical element of chemical adsorption of CO, involves the design and development of a suit-
able adsorbent, which consists of porous support onto which an amine is attached [7]. The adsorption of car-
bon dioxide has been studied in various mesoporous materials, including the MCM-41 and SBA-15 [8-11].
Different research groups have tried to introduce amine groups into mesoporous silicas because of their ele-
vated surface area. Polyethanolamine has been a modifying alternative for MCM-41-type materials, signifi-
cantly improving amine's efficiency for CO, adsorption [12]. The use of amino groups anchored onto the
support dramatically reduces the potential toxicity of the process, minimizing the corrosion of equipment and
simplifying the regeneration step. Mesoporous silicas with different pore sizes were modified by ami-
nosilanes, and CO, adsorption capacity was improved. However, (3-trimethoxysilylpropyl) diethylenetri-
amine modified mesoporous silicas with small pores, such as MCM-41 (2.9 or 3.1 nm) and SBA-15 (6.2 or
7.1 nm) were significantly decreased at high aminosilane density. In contrast, modified SBA-15 with a large
pore (10.6 nm) exhibited a further improvement of CO, adsorption capacity and amine efficiency [13-15].

According to Sanz and coworkers [16], mesoporous molecular sieves MCM-41 were modified by im-
pregnation with polyethyleneimine (PEI), and CO, adsorption properties of these materials depend on the
kind and amount of organic compound loaded. Grafted samples showed amine efficiencies in CO, capture up
to 0.38 mol CO,/mol N, leading to CO, uptake values ranging from 0.87 to 1.7 mmol.g™* CO,/g ads ( i.e.,
from 38.2 to 76.9 mg CO,/g ads at pure CO,, 45 °C, 1 bar) [16]. The critical issue for adsorption separation is
to develop an adsorbent with high CO, adsorption capacity and high CO, selectivity.

Here, we incorporated aminopropyltriethoxysilane (abbreviated as APTES) into MCM-41 and SBA-15
mesoporous materials to improve their adsorption capacities for CO, under ambient conditions of tempera-
ture and pressure. The developed adsorbents were characterized by X-ray diffraction (XRD), scanning elec-
tron microscopy (SEM), transmission electron microscopy (TEM), also equipped by an energy-dispersive X-
ray spectroscopy detector, nitrogen adsorption-desorption measurements, and X-ray photoelectron spectros-
copy (XPS). The results demonstrated that chemical functionalization had a positive effect on the sorption
capacity of the nanostructured materials.

This study also aimed to optimize the synthesis of APTES-functionalized mesoporous materials by
preserving the ordered structure while favoring the anchoring of the amine onto the material surface. The
optimization is intended to lower costs without jeopardizing performance to make the process scalable. This
issue is essential to bring the process to industrial application. A significant portion of the cost structure is
related to the structure-directing agent (SDA) — Pluronic. In order to achieve our purpose, variations in the
mass ratio of TEOS and the SDA were carried out.

2. MATERIALS AND METHODS

2.1. Synthesis and functionalization of mesoporous materials

According to studies published elsewhere, ordered mesoporous molecular sieves MCM-41 and SBA-15 were
synthesized by a hydrothermal method [16, 17]. The synthesis by the hydrothermal method was carried out in
200 mL Teflon containers introduced inside the system (autoclave stainless) under heating at 100 °C. In the
synthesis of MCM-41, reagents precursors as silicon dioxide (Sigma-Aldrich) as a silicon source, sodium
hydroxide as a sodium source, cetyltrimethylammonium bromide (CTABr) as a template structure, and dis-
tilled water as a solvent were used. An initial mixture with 11.68 g of silicon dioxide, 165 g of distilled water,
and 3.74 g of sodium hydroxide was stirred for 2 h at 60 °C, and then it was added to an aqueous solution
with 17.11 g of CTABTr for 30 min to obtain a homogeneous mixture. After that, this reactive hydrogel was
transferred to a Teflon-lined stainless-steel autoclave, which was maintained at 100 °C for 96 h. A molar
composition 1 CTMABT. 2 NaOH. 4 SiO,. 200 H,O was used. The obtained material was filtered, washed
with distilled water, dried at 100 °C in a drying oven for 4 h, and calcined in N, and with airflow at 450 °C
for 2 h for removing the surfactant [17, 18].

The hydrogel to obtain the SBA-15 mesoporous molecular sieve was prepared with the following com-
position in grams: 10.4 TEOS/4.8 P123/10 HCI/174 H,0. Previous reports have successfully obtained this
material using Pluronic F127 and phenolic resin oligomers as precursors. However, the quantities, in grams,
of these reagents were higher than the ones used in this work (i.e., TEOS/SDA ratios of 0.625 [19] and 1.875
[20] versus 2.17 used in this work). In this way, the choice of precursors and their quantities allowed lower-
ing the synthesis cost. The mixture was stirred at 40 °C for 24 h, and it was transferred to a Teflon-lined
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stainless-steel autoclave, which was kept at 100 °C for 48 h. The precipitate was filtered, washed with dis-
tilled water, and dried at 100 °C in a drying oven overnight. The dried precipitate was calcined in air at 550
°C for 6 h to remove the structure-directing agent.

The calcined MCM-41 and SBA-15 materials were functionalized by the post-synthesis method, using a
system reflux to impregnate the APTES amine. Initially, the MCM-41 and SBA-15 were previously dried at
100 °C under N, flow for 2 h. Afterward, 1 g of the mesoporous material was added to the mixture containing
APTES (3 mL) and ethanol (30 mL) and submitted to reflux at 75 °C for 24 h. Later, the products were fil-
tered and washed several times with ethanol and dried at 100 °C overnight. The obtained samples were la-
beled as AMCM-41 and ASBA-15, relative to MCM-41 and SBA-15 after grafting with 3-aminopropyl-
triethoxysilane.

2.2. Physicochemical characterization

The XRD powder patterns were obtained with a Philips Xpert PRO apparatus using Cu Ka; radiation (A =
0.1540 nm) with a Ge (111) monochromator working at 45 kV and 35 mA. All the low-angle measurements
were made with a step size of 0.02 degrees. The SEM micrographs were obtained using either an XL30-
ESEM model or JEOL SM 840 microscopes, both working at 20 kV. Samples were placed on an aluminum
drum and metallized with a gold film using a JEOL lon Sputter JFC 1100. The TEM images were obtained
using a Philips CM 200 microscope working at 100 kV. The measurements of energy-dispersive X-ray spec-
troscopy were registered using an EDAX CM200ST probe based on a SiLi detector. The samples were dis-
persed in 2-propanol and dropped over a Cu grid.

Nitrogen adsorption-desorption measurements were performed at liquid N, temperature (-196 °C) with
an ASAP 2020 apparatus from Micromeritics. Before each test, samples were degassed by 12 h at 150 °C and
10°? Pa. The specific surface area (Sger) Was calculated using the BET method, and the specific pore volume
(Vp) was estimated at P/P, = 0.98. The pore size distribution was calculated following the Kruk-Jaroniec-
Sayari method [21], taking the desorption branch's data and assuming a cylindrical pore model.

XPS studies were conducted on a Physical Electronic PHI 5700 spectrometer using nonmonochromatic
Mg Ka radiation (300W, 15 kV, 1253.6 eV). The core level signals of C 1s, N 1s, O 1s, and Si 2p were ana-
lyzed with a hemispherical multichannel detector. The binding energy values were referenced to the C 1s
signal (284.8 eV). Shirley type background and Gauss-Lorentz curves were used to determine the binding
energy values for each element.

2.3. Adsorption of CO; and kinetics
The CO, adsorption tests consisted of two steps: activation and adsorption. A mass sample of approximately
100 mg was transferred to a glass sample holder contained within the reactor and subjected to an activation
step into a stream of N, approximately 150 mL min* for 2 h at a temperature of 200 °C. After activation, the
system was cooled to room temperature and then performed the adsorption step. Before starting the adsorp-
tion, the adsorbent was weighted again. The adsorption was carried out under atmospheric pressure and CO,
flowing at 150 mL min?, at room temperature and variation in reaction time from 0 to 210 min. The adsorp-
tion capacity was calculated according to the weight variation observed to reach equilibrium as being equal to
the ratio of the amount of CO, adsorbed by the adsorbent mass activated.

The adsorption kinetics was described by kinetic models of pseudo-first and second-order. The linear
form of the models is given by Lagergren Equations (1) and (2) [22, 23].

log (@e—0qy) =log g — (K1 /2.303)t (1)
t/gq=1/(K,0e) + (170t 2

The values of K; can be obtained from the slope of the plot of log (ge—q;) versus t. The plot of t / g; versus t
gives a linear relationship, allowing for the computation of g, and K,. The validity can again be tested by
comparing the values of g, obtained from both the plots and experimental data [24].

3. RESULTS AND DISCUSSION

3.1. Materials Characterization

The APTES-functionalized mesoporous molecular sieves MCM-41 and SBA-15, before and after surface
modification, were characterized by XRD (Figures 1 and 2). The XRD patterns of MCM-41 (Figure 1a) and
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AMCM-41 (Figure 1b) are consistent with the literature, showing one broad peak corresponding to the plane
(100), along with three small peaks of the crystal planes (110), (200) and (210), which are typical features of
MCM-41 materials [25, 26].

Similar behavior was observed with SBA-15 and ASBA-15 materials that presented the diffraction
peaks characteristic of mesoporous silica in the plans (100), (110), and (200), as shown in Figure 1(c,d), for
SBA-15 and ASBA-15, respectively. The structures of mesoporous materials were preserved after functional-
ization [27, 28].
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Figure 1: Low-angle XRD diffractograms of the synthesized materials: (a) MCM-41 and (b) AMCM-41 (MCM-41 after
grafting with 3-aminopropyl-triethoxysilane), as well as (c) SBA-15 and (d) ASBA-15 (SBA-15 after grafting with 3-
aminopropyl-triethoxysilane).

Figure 2 shows the SEM micrographs of the synthesized and functionalized samples. This technique
was used to observe the morphology of the materials obtained. The synthesized materials are formed by the
agglomeration of particles generally rounded. Moreover, for samples AMCM-41 and ASBA-15 (Figure 2b,
2d), particles' morphology is similar to the morphology of the synthesized materials, MCM-41 and SBA-15
(Figure 2a, 2c).

The mesoporous hexagonal structure of these materials is not observed because this technique does not
provide an image resolution that reveals visually mesoporous hexagonal channels and their lateral silica
tubes. Then, the developed materials were also characterized by TEM. The TEM images of the synthesized
MCM-41 and SBA-15 materials, shown in Figure 3, evidence the characteristic structures of mesoporous
materials since the formation of the hexagonal ordered mesoporous structure is observed, demonstrating the
high-quality material that was obtained.
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Besides the hexagonal mesoporous, we observed silica tubes formed in parallel. This result directly cor-
relates with the XRD data, in which the presence of the diffraction peak related to the plane (100) corre-
sponds to the tubular channels formed by the silica material. The same mesoporous structures were observed
for samples functionalized AMCM-41 and ASBA-15 without compromising their structure even after func-
tionalization with the amine. The functionalized materials maintained their hexagonal formation, as well as
the ordering of their silica tubes.
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Figure 3: TEM images showing highly-ordered and a long-range hexagonal array of mesopores in the obtained materials
before and after modification with aminosilanes: (a) MCM-41, (b) AMCM-41, (c) SBA-15, and (d) ASBA-15.
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Figure 4 shows the nitrogen adsorption/desorption isotherms of the materials studied. All samples have
the type-IV isotherm, according to the IUPAC [29], characteristic of mesoporous materials. Precisely, The
SBA-15-based materials are Type 1V(a) since the adsorption and desorption branches do not fully match, and
the MCM-41-based materials are Type 1V(b), with fully matched adsorption-desorption. Moreover, the SBA-
15 displays an H1 hysteresis loop [30, 31], which changes to H2(a) upon the incorporation of the amine [29].
H1 hysteresis is characteristic of mesoporous materials with uniform cylindrical pores, while H2(a) can be
attributed to pore-blocking or narrowing of pore necks [29]. The change in the hysteresis loop is expected
because the amine is occupying the pores. The isotherms of the samples have a sharp capillary condensation
step, indicating uniform pores. The adsorption and structural parameters of the porous materials are summa-
rized in Table 1.

Table 1: Textural properties of the obtained materials before and after surface modification with aminosilanes.

MATERIALS ao (nm) Dp (nm) Wt (nm) Vp (cm®*g™) Sger (M2 g™
MCM-41 4.85 2.80 2.00 0.81 1070
SBA-15 12.43 6.40 6.30 1.08 715

AMCM-41 4.63 1.90 2.70 0.43 665
ASBA-15 11.10 4.30 6.80 0.76 465

ay: Lattice spacing [32]; Dp: pore diameter; Wt: wall thickness (Wt = a; — Dp); Vp: pore volume; Sget: Surface area
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Figure 4: Nitrogen adsorption and desorption isotherms at —196 °C for the MCM-41, AMCM-41, SBA-15, and ASBA-15
materials.

The MCM-41 and SBA-15 samples exhibit high surface area values (Sget), which are equivalent to 1070
and 713 m?.g ™, respectively. Expectedly, the functionalized samples, AMCM-41 and ASBA-15, have lower
values regarding their textural properties compared with the parent materials, with surface areas of 665 and
465 m?-g ™, respectively. This outcome occurs because the amines are filling up the porous structure, which is
responsible for the large specific surface areas. This reduction in the surface area is ratified by the reduction in
pore sizes and a, upon functionalization, as shown in Table 1.

The results concerning the characterization by XPS of the synthesized mesoporous materials are given
in Table 2. The nitrogen concentration is higher for both functionalized samples than for the non-
functionalized samples since those latter do not have nitrogen in their composition. The values for N and C
observed in MCM-41 and SBA-15 come from impurities rather than amines. It is because significant differ-
ences were observed in these values when compared to AMCM-14 and ASBA-15. Therefore, these differ-
ences in the N content in the non-functionalized and functionalized samples evidence the presence of amine
groups in these materials.
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Table 2: Atomic concentrations of the elements in the synthesized materials determined by XPS measurements.

MATERIALS Cls N 1s O1s Si 2p C-C./N O/Si
MCM-41 4.95 0.18 64.1 30.8 - 2.08
AMCM-41 17.3 2.25 53.4 27.0 5.49 1.97
SBA-15 5.62 0.16 63.2 311 - 2.03
ASBA-15 15.6 2.52 53.5 28.3 3.96 1.88

Figure 5 shows the N 1s core-level spectra for the APTES-functionalized samples, AMCM-41 and AS-
BA-15. These spectra can be decomposed into two contributions. The most intense peak at 399.4 eV is as-
signed to amine groups, and the second one, with lower relative intensity at 401.5 eV, is due to the protonat-
ed amine being more pronounced for the ASBA-15 sample.

N 1s (b) ASBA-15 N 1s

(@)

AMCM-41

Intensity (c.p.s.)
Intensity (c.p.s.)

406 404 402 400 398 396 394 406 464 462 460 358 3é6 394
Binding energy (eV) Binding energy (eV)

Figure 5: XPS spectrum of N 1s for samples (a) AMCM-41 and (b) ASBA-15.

3.2. CO, Adsorption

To evaluate the potential of the obtained materials as adsorbents for CO, capture, Figure 6 shows the curves
of carbon dioxide adsorption onto the developed materials. The MCM-41 and SBA-15 samples present low
adsorption capacity for CO, compared to materials functionalized with APTES. The adsorption capacity of
CO, increases despite the evident decrease in the specific surface area upon surface modification. This im-
proved sorption capacity results from an enhancement in the surface affinity of the material with the adsor-
bent resulting from the incorporation of amino groups.

The observed enhancement of CO, adsorption capacities on ASBA-15 and AMCM-41 is from 0.6 and
0.1 mmol-g* to 1.8 and 1.0 mmol-g*, respectively. These adsorption improvements show the influence of
amino groups in the structure of the mesoporous materials, favoring the adsorption process. Besides, these
adsorption capacities were higher than those reported in similar studies using mesoporous silica materials
[33, 34]. Another relevant factor is that the adsorption process was conducted at atmospheric pressure (1 atm)
and room temperature (30 °C), with a variation in adsorption time from 0 to 210 min. These conditions can
be adjusted to tune the adsorption capacities since changes in the adsorption temperature or pressure affect
the amount uptake [35]. Note that the SBA-15 material shows a higher CO, uptake than MCM-41, even
though its specific surface area is lower than the latter. This phenomenon occurs because of the intrinsic mi-
croporosity of the SBA-15 [36]. The positive effect of the microporosity on the CO, uptake is well-
documented elsewhere [37, 38]. Nonetheless, the adsorption capacity of SBA-15 is negligible when com-
pared with the amino-functionalized material.
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Figure 6: CO, adsorption capacities of the obtained materials obtained at room temperature.

It is worthwhile to note that the CO, adsorption capacity of the ASBA-15 (1.8 mmol-g ™) tested at room
temperature is high and is compatible with the sorption outcomes obtained using some chemically modified
mesoporous materials already reported tested at similar or even higher temperatures. Briefly, CO, adsorption
of ca. 1.6 mmol g was reported for MCM-48 containing ethylenediamine (EDA) at 25 °C and using 400 mg
of the sample [39]. A series of hexagonal mesoporous silica (HMS) modified with polyethyleneimine (PEI)
with different mesoporosities were used as materials for CO, adsorption. A sample containing 60 wt.% PEI
loaded presented a CO, sorption capacity of 4 mmol-g* sorbent (184 mg g ) at 75 °C [40].

Likewise, the CO, adsorption capacity of different functionalized mesoporous silicas of the SBA-15
type was investigated, and the influence of the textural properties and the effect of the silicon source on the
CO, uptake was studied. The most promising result was taken at the 1,3,5-triisopropylbenzene-fluoride im-
pregnated with PEI (TiPB-F/50PEI silica), which captured 1.87 mmol g* and 2.21 mmol g™* of CO, at 25°C
and 75 °Cin 1 bar [41].

3.3. Kinetic Study

From the results of CO, adsorption over time, curves were constructed representing the kinetics of sorption
of CO, by the mesoporous materials. The data were fitted to the kinetic models of pseudo-first-order, log (qe—
) versus time, and pseudo-second-order, t/g; versus time. A proper correlation was found for the latter mod-
el, which is shown in Figure 7. The former did not fit well with the experimental data. Table 3 shows the Ki-
netic parameters obtained from the linear regressions shown in Figure 7.
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Figure 7: Kinetic analysis of the CO, adsorption of materials studied at room temperature by a pseudo-second-order
(PSO) equation.
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Quantitative evaluation of these models requires the comparison of the correlation coefficients (R?). No-
tably, the R? values calculated for the pseudo-second-order kinetic model are higher than 0.99. Another rele-
vant parameter was the calculated ¢, values. Since the calculated values of g. are higher than the experi-
mental values of g, this one shows the consistency of the results; otherwise, if the calculated values of g, are
lower than the experimental values, they are irrelevant.

The CO, adsorption experiments were very well fitted with the pseudo-second-order since this adjust-
ment was confirmed by comparing the experimental g. values with the calculated ones, presenting good
agreement. Bacsik and coworkers [42] studied the mechanisms and kinetics of sorption of CO, on mesopo-
rous silica modified with n-propylamine. From infrared spectroscopy data, they identified molecular species
formed during the sorption of carbon dioxide on amine-modified MCM-48 and showed that the amine group
reacts with CO, to form ammonium carbamate ion pairs and carbamic acids, and it is one crucial reaction
step for CO, capture.

Table 3: Kinetic parameters of the CO, adsorption onto the developed materials studied by Lagergren pseudo-second-
order equation.

KINETIC MODEL MCM-41 SBA-15 AMCM-41 ASBA-15
K, 6.2x107° 1.1x107 6.2x10™ 28x10™
R? 0.99 0.99 0.99 0.99
a 2.493 1.123 0.761 0.562
Second-order*
b 0.109 0.028 0.017 0.008
Qe experimental 8 28 46 79
ge calculated 9 35 56 118

"t = 1/(Ko062) + (1/ga)t ; coefficients : a, b.

4. CONCLUSIONS

Amino silanes-functionalized mesoporous molecular sieves (MCM-41 and SBA-15) were prepared by post-
synthesis functionalization via a straightforward reflux method. Through physicochemical characterizations
of the synthesized materials before and after modification with the amine, it was possible to evaluate the effi-
ciency of the functionalization method, showing the presence of amino groups in the structure of mesoporous
molecular sieves according to the XPS analyses. The CO, adsorption increased on both samples containing
amine, reaching 1.1 mmol-g™' for sample AMCM-41 and 1.8 mmol-g* for sample ASBA-15. It was possible
to compare the quantities adsorbed experimentally and theoretically through kinetic studies, thereby validat-
ing the adsorption experiments. The kinetic parameters obtained were best fitted to the kinetic model of se-
cond-order since the calculated values of g, were consistent compared with the experimental values. The cor-
rection factor was equal to 0.99. It is important to note that the CO, adsorption process was carried out at
room temperature under atmospheric pressure. The results are relevant for such materials, and their efficiency
can be improved by varying the adsorption conditions at different pressures or temperatures.
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