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Abstract: The adsorption of carbon dioxide on amino silanes-functionalized MCM-41 and SBA-15 18 
materials is reported. The functionalization of mesoporous silicas was made by post-synthesis 19 
method, by impregnation of 3-aminopropyltriethoxysilane. The obtained materials were 20 
characterized by X-ray diffraction, scanning and transmission electron microscopies, nitrogen 21 
adsorption-desorption and X-ray photoelectron spectroscopy measurements. The carbon dioxide 22 
adsorption capacities for the samples were carried out under ambient pressures. The obtained 23 
results evidenced that amino-silanes with a terminal amine (–NH2) were functionalized through 24 
covalent coupling of this group on the surface of the channels in the ordered mesoporous silica, 25 
meaning that the amine is anchored on the surface of the bigger pores of the MCM-41 and SBA-15 26 
support. For functionalized materials, the CO2 adsorption capacity of the AMCM-41 increased from 27 
0.18 to 1.1 mmol·g−1, whereas for ASBA-15, it was from 0.6 to 1.8 mmol·g−1. The Lagergren kinetic 28 
algorithms were applied in order to validate the obtained results, evidencing the enhanced carbon 29 
dioxide adsorption capacity and stability of the functionalized ordered mesoporous molecular 30 
sieves. 31 

Keywords: Adsorption; 3-Aminopropyltriethoxysilane; Carbon dioxide; Functionalization; 32 
Mesoporous silica; MCM-41; SBA-15 33 

 34 

1. Introduction 35 
The increase in the atmospheric carbon dioxide concentration is becoming a serious 36 

environmental problem. It is well known that the main human activity that emits CO2 is the 37 
combustion of fossil fuels (coal, natural gas and oil) for energy and transportation, although certain 38 
industrial processes and land-use changes also emit CO2. In the transition towards a more sustainable 39 
energy economy, fossil fuels are likely to remain the main source of global energy supply for the 40 
future [1,2]. Thus, the continuous use of fossil fuels is dependent on the reduction of CO2 emissions. 41 
Improving the efficiency of energy utilization and increasing the use of low-carbon energy sources 42 
are considered to be potential ways to reduce CO2 emissions. Recently, carbon capture and storage 43 
(CCS) techniques have been proposed as an emerging technology to effectively minimize CO2 44 
emissions [3]. 45 
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The most common technologies for CO2 scrubbing from power plant flue gas are on the basis of 46 
adsorption, using liquid amines. The major drawbacks of these adsorbents are the large amount of 47 
energy required for regeneration, equipment corrosion, and solvent degradation in the presence of 48 
oxygen [4]. Therefore, extensive efforts have been directed to the development of alternative 49 
procedures for CO2 capture, such as cryogenic technologies, adsorption or membrane based 50 
techniques [5,6]. Because of the low energy requirement, cost advantage, and ease of applicability 51 
over a relatively wide range of temperatures and pressures, adsorption separation attracts much 52 
interest.  53 

The most important element of the chemical adsorption of CO2 involves the design and 54 
development of a suitable adsorbent which consist of a porous support onto which an amine is 55 
attached [7]. The adsorption of carbon dioxide has been studied in various mesoporous materials 56 
including the MCM-41 and SBA-15 [8–11]. Groups of researchers have been trying to introduce amine 57 
groups into mesoporous silicas because of their elevated surface area. Polyethanolamine has been a 58 
modifying alternative for MCM-41 type materials, greatly improving the efficiency of the amine for 59 
CO2 adsorption [12]. The CO2 adsorption capacity of the modified adsorbent is 24 times higher than 60 
that of MCM-41. The use of amino groups anchored onto the support greatly reduces the potential 61 
toxicity of the process, minimize corrosion of equipment, and simplify the regeneration step. 62 
Mesoporous silicas with different pore size were modified by aminosilanes and CO2 adsorption 63 
capacity was improved. However, (3-trimethoxysilylpropyl) diethylentriamine (TA) modified 64 
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 65 
significantly decreased at high aminosilane density. In contrast, modified SBA-15 with a large pore 66 
(10.6 nm) exhibited further improvement of CO2 adsorption capacity and amine efficiency [13]. 67 

According literature [14], mesoporous molecular sieves MCM-41 was modified by impregnation 68 
with polyethyleneimine (PEI) and CO2 adsorption properties of these materials were found to depend 69 
on the kind and amount of the organic compound loaded. Grafted samples showed amine efficiencies 70 
in CO2 capture up to 0.38 mol CO2/mol N, leading to CO2 uptakes ranging from 38.2 to 76.9 mg CO2/g 71 
ads (pure CO2, 45 °C, 1 bar) [14]. The key issue for adsorption separation is to develop an adsorbent 72 
with high CO2 adsorption capacity and high CO2 selectivity. 73 

The aim of this works is to incorporate aminopropyltriethoxysilane (abbreviated as APTES) in 74 
the MCM-41 and SBA-15 mesoporous materials, in order to improve their adsorption capacities for 75 
CO2, focusing to reduce the emissions greenhouse gases in the atmosphere. Differential of this work 76 
in relation to the others mentioned was the increase of the adsorption capacity, being used a simple 77 
system of low cost and in ambient conditions of temperature and pressure. 78 

2. Materials and Methods  79 
The ordered mesoporous molecular sieves MCM-41 and SBA-15 were synthesized by 80 

hydrothermal method according to the studies of literature [15,16]. Synthesis by the hydrothermal 81 
method was carried out in 200 mL Teflon containers introduced inside the system (autoclave 82 
stainless), under heating at 100 °C. In the synthesis of MCM-41, reagents precursors as silicon dioxide 83 
(Sigma-Aldrich) as a silicon source, sodium hydroxide as sodium source, cethyltrimethylammonium 84 
bromide (CTABr) as template structure and distilled water as solvent were used. An initial mixture 85 
with 11.6835 g silicon dioxide, 165 g distilled water and 3.7348 g sodium hydroxide was stirred for 2 86 
h at 60 ° C and then it was added to an aqueous solution with 17.1125 g CTABr for 30 min to obtain 87 
a homogeneous mixture. Thereafter, this reactive hydrogel was transferred to a Teflon-lined stainless 88 
steel autoclave, which was kept at 100 °C during 96 h. A molar composition 1 CTMABr. 2 NaOH. 4 89 
SiO2. 200 H2O was used. The obtained material was filtered, washed, dried at 100 ° C for 4 h and 90 
calcined in N2 and with air flow at 450 ° C for 2 h for the removal of the surfactant [15,16]. 91 

To obtain the SBA-15 mesoporous molecular sieve, the hydrogel was prepared with the 92 
following composition in grams: 10.4 TEOS / 4.8 P123 / 10 HCl / 174 H2O. Other literature studies are 93 
able to obtain this material using Pluronic F127 and phenolic resin oligomers (resol) as precursors, 94 
however, the quantities in grams of these reagents were much higher compared to this work [17,18]. 95 
In this way, the choice of precursors and their quantities allowed lowering the synthesis cost. The 96 
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mixture was stirred at 40 °C for 24 h, it was transferred to a Teflon-lined stainless steel autoclave, 97 
which were kept at 100 °C during 48 h. The precipitate was filtered, washed and dried at 100 °C 98 
overnight. To remove the structure-directing agent, the dried precipitate was calcined in air at 550 °C 99 
for 6 h. 100 

The calcined MCM-41 and SBA-15 materials were functionalized by post-synthesis method, 101 
using a system reflux for impregnation of the APTES amine. Initially, the MCM-41 and SBA-15 were 102 
previously dried at 100 °C under N2 flow during 2 h. Afterwards, 1 g of the mesoporous material was 103 
added to the mixture containing APTES (3 mL) and ethanol (30 mL), and submitted to reflux at 75 °C 104 
for 24 h. After, the products were filtered and washed several times with ethanol, and dried at 100 °C 105 
overnight. The obtained samples were labeled as AMCM-41 and ASBA-15, relative to MCM-41 and 106 
SBA-15 after grafting with 3-aminopropyl-triethoxysilane, respectively.  107 

The X-ray diffraction (XRD) powder patterns were obtained with a Philips Xpert PRO apparatus 108 
using Cu Kα1 radiation (λ = 0.1540 nm) with Ge (111) monochromator working at 45 kV and 35 mA. 109 
All the measurements were made with a step size of 0.0167 degree in 30 min. Scanning electron 110 
microscopy (SEM) micrographs were obtained by using a JEOL SM 840 microscope, working at 15 111 
kV. Samples were placed on an aluminum drum and metalized with a gold film using a JEOL Ion 112 
Sputter JFC 1100. Transmission electron microscopy (TEM) images were obtained with a Philips CM 113 
200 microscope working at 100 kV. The measurements of energy dispersive X-ray spectroscopy were 114 
registered using an EDAX CM200ST probe based in a detector SiLi. The samples were dispersed in 115 
2-propanol and dropped over a Cu grid.  116 

Nitrogen adsorption-desorption measurements were performed at liquid N2 temperature (-196 ºC) 117 
with an ASAP 2020 apparatus from Micromeritics. Before each measurement, samples were degassed 118 
by 12 h at 150 ºC and 10–2 Pa. The specific BET surface area (SBET) was calculated using the BET 119 
equation, and the specific pore volume (Vp) was calculated at P/P0 = 0.98. The pore size distribution 120 
was calculated following Kruk-Jaronie-Sayari method [19], taking the data of the desorption branch 121 
and assuming a cylindrical pore model.  122 

The X-ray photoelectron spectroscopy (XPS) studies were realized by a Physical Electronic PHI 123 
5700 spectrometer using non monochromatic Mg K radiation (300W, 15 kV, 1253.6 eV) for the 124 
analysis of the core level signals of C 1s, N 1s, O 1s and Si 2p with a hemispherical multichannel 125 
detector. The binding energy values were referenced to C 1s signal (284.8 eV). Shirley type 126 
background and Gauss-Lorentz curves were used to determinate the binding energy. 127 

The CO2 adsorption tests consisted of two steps: the activation and adsorption. A mass sample 128 
of ca. 100 mg were transferred to a glass sample holder, contained within the reactor, and subjected 129 
to activation step into a stream of N2, approximately 150 mL min–1 for 2 h at a temperature of 200 °C. 130 
After activation, the system was cooled to room temperature and then performed the adsorption step. 131 
Before starting the adsorption, the adsorbent was weighted again. The adsorption was carried out 132 
under atmospheric pressure and CO2 flowing at 150 mL min–1, at room temperature and variation in 133 
reaction time from 0 to 210 min. The adsorption capacity was calculated according to the weight 134 
variation observed to reach equilibrium as being equal to the ratio of the amount of CO2 adsorbed by 135 
the adsorbent mass activated. 136 

The adsorption kinetics were described by kinetic models of pseudo first and second-order. The 137 
linear form of the models is given by Lagergren equations (1) and (2) [20,21].  138 

log (qe – qt) = log qe – (K1 / 2.303) t (1)

t / qt = 1 / (K2 qe2) + (1 / qe) t (2)

The values of K1 can be obtained from the slope of the plot of log (qe–qt) versus t. The plot of t / qt 139 
versus t gives a linear relationship, allowing for computation of qe and K2. The validity can again be 140 
tested by comparing values of qe obtained from the plots and from experiments [22]. 141 
 142 
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3. Results and Discussion 143 

3.1. Materials Characterization 144 

3.1.1. X-Ray diffraction 145 
The APTES-functionalized mesoporous molecular sieves MCM-41 and SBA-15, before and after 146 

surface modification, were characterized by XRD and the results are compared in Figure 1,2, 147 
respectively. The XRD patterns of MCM-41 (Figure 1a) and AMCM-41 (Figure 1b) are consistent with 148 
the literature, showing one large peak corresponding the plane (100), along with three small peaks of 149 
the planes (110), (200) and (210), which are typical features of MCM-41 materials [23,24]. The same 150 
behavior was observed with SBA-15 and ASBA-15 materials, that presented the diffraction peaks 151 
characteristic to mesoporous silicas in the plans (100), (110), and (200), as shown in Figure 2a,b for 152 
SBA-15 and ASBA-15, respectively. The structures of mesoporous materials after functionalization 153 
were preserved. 154 

 
 

Figure 1. 1 Low-angle X-ray diffraction spectra of the synthesized materials: (a) MCM-41 and (b) 155 
AMCM-41 (MCM-41 after grafting with 3-aminopropyl-triethoxysilane). 156 

  

Figure 2. Low-angle X-ray diffraction spectra of the synthesized samples: (a) SBA-15 and (b) ASBA-157 
15 (SBA-15 after grafting with 3-aminopropyl-triethoxysilane). 158 

3.1.2. SEM and TEM analysis 159 

Analyses of SEM of the synthesized and functionalized samples are presented in Fig. 3. This 160 
technique was used in order to observe the morphology of materials obtained. According to the 161 
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micrographs, the synthesized materials were formed by agglomeration of particles generally 162 
rounded. Moreover, for samples AMCM-41 and ASBA-15 (Figure 3b,d), the morphology of particles 163 
were similar when compared with the morphology of the synthesized material, MCM-41 and SBA-164 
15 (Figure 3a,c). 165 

 

 

Figure 3. SEM images for samples (a) SBA-15 (×3.500), (b) ASBA-15 (×1.800), (c) MCM-41 (×4.996) and 166 
(d) AMCM-41 (×5.000). 167 

The mesopores hexagonal structure of these materials cannot be observed through this analysis 168 
technique, because it does not provide an image resolution that reveals visually mesoporous 169 
hexagonal channels, as well as their lateral silica tubes. The technique that shows the exact structure 170 
for this type of material is TEM. 171 

The TEM of the synthesized MCM-41 and SBA-15 materials (Figure 4a,c) showed the 172 
characteristic structures of mesoporous materials, since the formation of hexagonal ordered 173 
mesoporous and shows the high quality of material obtained. Besides the hexagonal mesoporous, we 174 
observed silica tubes formed in parallel. This result is directly correlated with the XRD technique, in 175 
which, the presence of the diffraction peak related to the plane (100) corresponds to the tubular 176 
channels formed by silica material. The same mesoporous structures were observed for samples 177 
functionalized AMCM-41 and ASBA-15 (Figure 4b,d), without compromising their structure even 178 
after functionalization with the amine. The functionalized materials maintained their hexagonal 179 
formation, as well as the ordering of their silica tubes. 180 
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Figure 4. TEM image showing highly ordered, long-range hexagonal array of mesopores in the 181 
obtained materials before and after modification with amino silanes: (a) MCM-41, (b) AMCM-41, (c) 182 
SBA-15 and (d) ASBA-15. 183 

3.1.3. N2 Adsorption/Desorption Isotherms 184 

Nitrogen adsorption/desorption isotherms of the materials studied are shown in Fig. 5. All the 185 
samples have the type-IV isotherm, following the recommendations of IUPAC [25] with a H1 186 
hysteresis loop that is representative of mesoporous materials [26]. The isotherms of the samples have 187 
a sharp capillary condensation step. The parameters of the porous structure and XRD data are 188 
summarized in Table 1. 189 

The MCM-41 and SBA-15 exhibit high values of surface area (SBET), equivalent to 1070 and 713 190 
m2·g-1, respectively. However, the functionalized samples, AMCM-41 and ASBA-15, had lower values 191 
regarding their textural properties when compared with pure materials, i.e. surface area of 666 and 192 
465 m2·g–1, respectively. 193 
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Figure 5. Nitrogen adsorption and desorption isotherms at -196 ºC for the MCM-41, AMCM-41, SBA-194 
15 and ASBA-15 materials. 195 

Table 1. Textural properties of the obtained materials before and after amino silanes surface 196 
modification. 197 

Materials a0 (nm) Dp (nm) Wt (nm) Vp 
(cm3·g–1) 

SBET 
(m2·g–1) 

MCM-41 4.85 2.8 2.0 0.81 1070 
SBA-15 12.43 6.4 6.0 1.08 713 

AMCM-41 4.63 1.9 2.7 0.43 666 
ASBA-15 11.10 4.3 6.8 0.76 465 

a0: Lattice spacing, Dp: pore diameter, Wt: wall thickness (Wt = a0 − Dp), Vp: pore 
volume, SBET: surface area 

 For the MCM-41, AMCM-41 and SBA-15 materials, the Pore Size Distribution (PSD) analysis 198 
were obtained by the NLDFT method [27]. This is one of most adequate method for the PSD analysis 199 
of this mesoporous materials, which contains primary microporosity and a typical cylindrical 200 
geometry. The PSD graphics for the samples are shown in Figures 6(a)-(c). The micropore volume, 201 
micropore area and external surface area, are given in Table 2. The obtained data for MCM-41 and 202 
AMCM-41 samples, suggest that the amine functionalization decreased the external area, from 130 to 203 
84 m2 g-1, and pore width, from 2.6 to 2.3 nm, respectively. For SBA-15, was obtained a maximum 204 
pore width of 7.0 nm, however values of 3.0 and 5.1 nm were observed. All these values being in the 205 
range of typical mesopores ordered materials. 206 
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 207 

 208 

Figure 6. Pore size distribution obtained by NLDFT method for: (a) MCM-41; (b) AMCM-41; 209 
(c) SBA-15. 210 

 Table 2. Textural properties for synthesized materials. 211 

   Materials 
Total   

surface  

(m2 g-1) 

Micropore  
area 

(m2 g-1) 

External 
area 

(m2 g-1) 

Vmic 

(cm3 g–1) 
dw 

(nm) 

MCM-41  878 748 130 0.50 2.6 
AMCM-41  783 699  84 0.28 2.3 

SBA-15  743 232 511 1.08 7.0 
Vmic: Micropore volume; dw: Pore width 

 212 

3.1.5. XPS analysis 213 
The results concerning the characterization by XPS of the synthesized mesoporous materials are 214 

given in Table 3. According to the data, it was possible to obtain the atomic composition of the 215 
elements present in the materials. A much greater concentration of the nitrogen element was 216 
observed for the functionalized samples as compared to the non-functionalized samples, since the 217 
latter are not present in their elemental composition the nitrogen atom. The values for N and C 218 
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observed in MCM-41 and SBA-15 pure are considered interference rather than amine, since a 219 
significant difference was observed in these values when compared to AMCM-14 and ASBA-15. 220 
Therefore, this composition significant difference of N evidenced the presence of amine groups in 221 
these materials.  222 

 223 

Table 3. Atomic concentrations of the elements in the synthesized materials. 224 

Materials C 1s N 1s O 1s Si 2p C – Ca / 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 31.1 - 2.03 

ASBA-15 15.6 2.52 53.5 28.3 3.96 1.88 
 225 
Figure 7 shows the N 1s core level spectra for the APTES functionalized samples, AMCM-41 and 226 

ASBA-15, respectively. These spectra can be decomposed in two contributions. The most intense peak 227 
at 399.4 ev is assigned to amine groups, and the second one, with lower relative intensity at 401.5 eV 228 
is due to protonated amine, being more pronounced in the case of sample ASBA-15.  229 

Figure 7. XPS spectrum N 1s of (a) AMCM-41 and (b) ASBA-15 samples. 230 

3.2. CO2 Adsorption 231 
To evaluate the potential of the obtained materials as adsorbents for CO2 capture, Figure 8 shows 232 

the curves of adsorption of carbon dioxide materials. It was observed that the MCM-41 and SBA-15 233 
showed low adsorption capacity for CO2 compared to materials functionalized with APTES. The 234 
adsorption capacity of CO2 increased despite the evident decrease in the specific surface area upon 235 
surface modification. This is related to an enhancement in surface affinity of the material with the 236 
adsorbent due to the incorporation of amino groups. The graph corresponding to the amount of CO2 237 
adsorbed versus time showed the isotherms for ASBA-15 and AMCM-41 samples, since their 238 
adsorption capacities have been improved from 0.6 and 0.1 mmol·g–1, respectively, to reaching 1.8 239 
and 1.0 mmol·g–1. These adsorption improvements show the influence of amino groups in the 240 
structure of mesoporous materials, favoring the adsorption process. 241 

In addition, these adsorption capacities were higher when compared with other similar works 242 
in the literature [28,29]. Another relevant factor is that the adsorption process was carried out at 243 
atmospheric pressure (1 atm) and at room temperature (30 °C), with a variation in adsorption time 244 
from 0 to 210 min. These conditions can be adjusted to tune the adsorption capacities, since changes 245 
in the adsorption temperature or pressure affects the amount uptake [30]. Note that the SBA-15 246 
material shows a higher CO2 uptake than that of MCM-41, despite the fact that its specific surface 247 
area is lower. This occurs because of the intrinsic microporosity of SBA-15 [31]. The positive effect of 248 
microporosity in the CO2 uptake is well-documented elsewhere [32,33]. 249 
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Figure 8. CO2 adsorption capacities of the obtained materials, obtained at room temperature. 250 

3.3. Kinetic Study 251 
From the results of adsorption of CO2 for various times, curves were constructed representing 252 

the kinetics of sorption of CO2 by mesoporous materials. The graphs referring to kinetic models 253 
pseudo first-order, log (qe–qt) versus time, and the pseudo second-order, t/qt versus time, are shown 254 
in Fig. 9(a) and 8(b), respectively. Table 4 shows the kinetic parameters obtained by linear regressions 255 
of these graphs. Quantitative evaluation of models requires that the correlation coefficients are 256 
compared (R2). It was observed that the R2 values calculated for the kinetic model of pseudo second-257 
order greater were than 0.99. Another relevant parameter was the calculated qe values. Since the 258 
calculated values of qe are greater than the experimental values of qe, this one shows a consistency of 259 
results, otherwise, if the calculated values of qe are lower than the experimental values, they are not 260 
relevant. The results of adsorption did not fit the kinetic model of first-order by this fact. However, 261 
the CO2 adsorption experiments were best fitted to the engine pseudo second-order, since this 262 
adjustment was confirmed by comparing of the experimental qe values with the calculated, which 263 
showed in good agreement. 264 
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(a) (b) 

Figure 9. Kinetic analysis of the CO2 adsorption of materials studied at room temperature by (a) 265 
Lagergren pseudo first-order (LFO) equation and (b) pseudo second-order (PSO) equation. 266 

Table 4. Kinetic parameters of the CO2 adsorption of materials studied by Lagergren pseudo first-267 
order equation and pseudo second-order equation. 268 

Kinetic  MCM-41 SBA-15 AMCM-41 ASBA-15 

First-order* 

K1 0.022 0.022 0.013 0.047 
R2 0.99 0.96 0.97 0.97 
a 0.76818 1.42023 1.55682 2.18579 
b −0.00953 −0.00996 −0.00597 −0.02076 

qe experimental 8 28 46 79 
qe calculated 6 26 36 151 

Second-order** 

K2 6.2 × 10−3 1.1 × 10−3 6.2 × 10−4 2.8 × 10−4 
R2 0.99 0.99 0.99 0.99 
a 2.49319 1.12381 0.76129 0.56262 
b 0.10984 0.02821 0.01773 0.00843 

qe experimental 8 28 46 79 
qe calculated 9 35 56 118 

*log(qe–qt) = log(qe)–(K1/2,303)t; **t/qt = 1/(K2qe2) + (1/qe)t ; coefficients : a, b. 

4. Conclusions 269 
Amino silanes-functionalized mesoporous molecular sieves MCM-41 and SBA-15 type were 270 

prepared by post-synthesis functionalization via a facile reflux method. Through physico-chemical 271 
characterizations of the synthesized materials before and after modification with amine, it was 272 
possible to evaluate the efficiency of the functionalization method, showing the presence of amino 273 
groups in the structure of mesoporous molecular sieves, according to the XPS analysis. The CO2 274 
adsorption tests showed an increase in the amount of gas adsorbed on both samples containing 275 
amine, reaching 1.1 mmol·g−1 for sample AMCM-41 and 1.8 mmol·g–1 for sample ASBA-15. It was 276 
possible to compare the quantities adsorbed experimentally and theoretically through kinetic studies 277 
and thereby validate the adsorption experiments. The kinetic parameters obtained were best fitted to 278 
the kinetic model of second order, since the calculated values of qe were consistent compared with 279 
the experimental values, as well as the correction factor equal to 0.99. It is important to note that the 280 
CO2 adsorption process was carried out at room temperature under atmospheric pressure. The results 281 
are relevant for such materials and can be improved by varying the condition of the adsorption 282 
process at different pressures and/or temperatures. 283 
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