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Abstract 

The distribution of amino groups on amino-functionalized SBA-15 materials for CO2 

adsorption was studied by Transmission Electron Microscopy (TEM) in combination 

with a staining technique using RuO4 in order to analyse the influence of the aminated 

organic chains location on the CO2 adsorption properties. Mesostructured amino-

functionalized SBA-15 materials were obtained by co-condensation, grafting and 

impregnation using aminopropyl, AP (N), ethylene-diamine, ED (NN), diethylene-

triamine, DT (NNN) and polyethyleneimine, PEI, as functionalizing agents. CO2 

adsorption isotherms of functionalized samples at 45 ºC showed that both the adsorption 

capacity (mg CO2/g ads) and the efficiency of amino groups (mol CO2/mol N) depend 

on the functionalization technique and the amount of organic compound used. While 

samples synthesized by co-condensation showed negligible CO2 uptake and efficiency, 

adsorbents prepared by grafting and impregnation presented significant CO2 adsorption 

capacities but a dissimilar efficiency. Key differences in the location of aminated chains 

explained the performance of CO2 capture for every adsorbent, being grafted samples 

the adsorbents where amino groups were better distributed, favouring the CO2 diffusion 

trough the whole structure. 

 

Keywords: Mesostructured silica, amino-functionalized SBA-15, staining technique, 

transmission electron microscopy, CO2 adsorption. 
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1. Introduction 

Global warming is considered to be caused by the anthropogenic emissions of 

greenhouse gases (GHG). Carbon dioxide, which mainly comes from fossil fuel 

combustion, is the most important source representing a 72 % of the total GHG 

emissions
1
. To face this problem Carbon Capture and Storage (CCS) techniques are 

being proposed as feasible technologies to effectively minimise CO2 emissions
2,3

.  

The commercially available techniques for CO2 capture are based on absorption with 

liquid amine compounds such as monoethanolamine (MEA), diethanolamine (DEA), 

and methyldiethanolamine (MDEA). However, these absorption processes present as 

disadvantages the liquid mixture corrosivity, the amine waste during operation, and the 

high energy cost of the regeneration process
4,5

.  

Consequently in the last years there has been an increasing interest in developing 

efficient selective adsorbents for CO2 capture as an alternative to liquid absorption. 

Thereby, zeolites, activated carbons, mesostructured silicas, and metal-organic 

frameworks have been investigated for the removal of carbon dioxide
6
. Among these 

solid supports, mesostructured inorganic silica materials such as M41S, HMS, MSU and 

SBA families
7-12

, stand out due to their high surface area and pore volume, as well as 

their uniform mesopore size.  

For CO2 removal, mesostructured supports are functionalized with organic molecules 

containing basic amino groups, which act as specific sites for CO2 capture by chemical 

adsorption
13-19

. The incorporation of functional groups can be achieved by different 

methods based on either chemical or physical surface modification. The chemical 

procedure is based on the use of organosilane molecules containing several amino 
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groups as amino precursors
13,14

, and can be accomplished by two routes: the grafting 

method, which is based on the reaction between an organoalcoxysilane precursor of the 

organic chain and the silanol groups of the previously obtained silica support, and the 

co-condensation method, that involves the simultaneous condensation in the synthesis 

medium of the organoalcoxysilane compound and the alcoxysilane precursor of the 

silica structure
20,21

. The physical modification consists on the incorporation of organic 

molecules or polymers that contain many amino groups, such as polyethyleneimine 

(PEI)
15-17

 or alike
18,19

 to the silica support. The PEI compound is a polymer with a large 

number of amino sites and can be incorporated to the silica by impregnation into the 

channels of mesoporous sieves
15,16

 or by acid-catalysed hyperbranching surface 

polymerization
17

. In general, PEI functionalized materials exhibit a surface 

concentration of amino groups on the mesopore walls much higher than other materials 

obtained by silanization with organoalcoxysilanes.  

One of the most important problems related to the characterization of these amino 

containing mesostructured materials, regardless of the method followed to obtain them, 

as well as other hybrid organic-inorganic mesoporous structures, is to find out the 

resulting distribution of amino groups on the material structure, which can be located 

either coating the outer surface of the particles or homogeneously distributed within the 

pores, or even blocking the pores entrance. Usually, the location and accessibility of the 

incorporated functional groups are not determined
21

.  

Some work related to hybrid organic-inorganic mesostructures has been published, 

focused on indirect methods to establish the possible location of the organic functional 

groups. Stein et al. compared the properties of vinyl-functionalized MCM-41 silica 

obtained by grafting and co-condensation in one of the early reports of 

functionalization
22

. Based on nitrogen adsorption experiments, XPS, and a kinetic study 
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of the bromination reaction with vinyl groups, it was thoroughly argued how the 

distribution of the organic groups was. XPS coupled with argon etching of the surface 

of MCM-41 grafted with a copper complex was also used to explore the distribution of 

the transition complex within the pores and the external surface
23

. Other indirect 

assessment of the location of organic groups has been the analysis of the accessibility of 

functional groups for the adsorption of heavy metals on the surface of functionalized 

materials, such as mercury on thiol groups 
24-27

. In fact, since the mercury uptake was 

related to the sulphur contain, relevant conclusions were extracted about the 

stoichiometry of the interaction and accessibility of functional groups
25,26

. 

Some reports have also described the distribution of amino groups in amino 

functionalized mesostructured solids. Yokoi et al. studied MCM-41 samples 

functionalized with mono, di and triamino-organosilanes obtained by grafting and co-

condensation in order to elucidate if the organic groups were located on the surface or 

embedded in the walls, based on the comparison of measurements of the amount of 

organic groups by elemental chemical analysis and by superficial volumetric 

determination with AgNO3
28

. They also used the same strategy to compare amino-

functionalized MCM-41 and anionic-surfactant-templated mesoporous silica (AMS)
29

. 

On the other hand, the adsorption of copper complexes over amino-functionalized 

Periodic Mesoporous Organosilicas (PMO’s) was analysed in terms of accessibility of 

amino functional groups as well
30

, but in this case a detailed study of metal coordination 

was needed for discussing about location and distribution of organic groups
31

.  

More recently, some research groups have studied the distribution of amino groups on 

mesostructured materials by analysing the UV spectrum of samples subjected to specific 

chemical reactions
32-34

. Functionalized MCM-41 materials and different 

aminopropylsilane molecules were studied by reacting amino groups with fluorescein 



6 

coupled with molecular UV spectroscopy
32

. Mono, di and tri-amino MCM-41 samples 

obtained by grafting in different solvents were treated to form cupric amino complexes, 

whose electronic spectrum allowed to elucidate the degree of site isolation of amino 

groups and the distribution of organoamines
33

. Amino-modified SBA-15 silica materials 

obtained by grafting, co-condensation and polymerization were also used to determine 

the effective concentration of accessible amino groups by reaction with benzaldehyde 

derivatives and by UV spectroscopy
34

. 

In this paper, the distribution of amino groups incorporated to the mesostructured silica 

surface has been determined by a combination of transmission electron microscopy 

(TEM) and a staining technique of the functional groups. TEM provides direct and local 

information at the nanometric scale
35-36

 based on the image contrast, which is the result 

of the variation in electron density among the existing structures. However, organic 

molecules incorporated to mesostructured silicas have low atomic number elements, 

which exhibit little variation in electron density, so that alternative methods have to be 

used to achieve their efficient location. The staining technique has been proven useful in 

contrast enhancement of other type of materials, such as multiphase polymers
37

. The 

staining agents are heavy atoms that are added to specific structures and can selectively 

interact with functional groups incorporated to the support. Thus, the functional groups 

are recognized because the presence of the staining agent changes the contrast with the 

whole structure, allowing to directly locate the position of functional groups by looking 

at the distribution of the staining agent.  

This combination of techniques has been scarcely reported in the literature in order to 

identify the allocation of silanol, thiol and amino groups incorporated to mesostructured 

MCM-41 silica by using large transition metal clusters as staining agents
38-39

. Actually, 

this technique has been occasionally applied to demonstrate the selective 



7 

functionalization of inner and outer surfaces of the adsorbents by means of the reaction 

of vinyl organic moieties with palladium complexes
40

 or by complexing the 

propylamino groups with iridium (III) chloride
41

, being the palladium and iridum metals 

the contrast agents in TEM micrographs. 

Among the staining reagents used for detecting specific functional groups, both osmium 

and ruthenium tetroxide are considered as specific staining agents for amino groups
37

. 

Ruthenium tetroxide is known to be a stronger oxidizing agent than osmium tetroxide 

and it also exhibits fast diffusion. The expected reaction of amino groups with 

ruthenium tetroxide is the oxidation of the basic group and the formation of ruthenium 

dioxide, which can be easily detected by TEM. 

In this work amino-functionalized SBA-15 materials that show interesting CO2 

adsorption properties have been studied by characterizing the amino group distribution 

on the silica surface, observing the effect of this distribution on the CO2 adsorption 

performance. The incorporation of amino groups to SBA-15 was performed by grafting, 

co-condensation and impregnation procedures.  

 

2. Experimental procedure  

2.1. Synthesis of SBA-15 silica  

SBA-15 mesoporous silica was synthesised according to Zhao et al.
12

 using the triblock 

copolymer Pluronic P123 (triblock poly (ethylene oxide)-poly (propylene oxide)-

poly (ethylene oxide), PEO20PPO70PEO20) as structure directing agent and TEOS 

(tetraethoxysilane; (CH3CH2O)4 Si) as silica source. Gel composition TEOS:Pluronic 

P123:HCl:H2O was 1:0.017:5.8:163, carrying out the synthesis at 40 ºC for 20 h. 

Further aging was performed by maintaining the suspension at 110 ºC for 24 h. 
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Calcination at 550 ºC using a heating rate of 1.8 ºC/min was used to remove the 

surfactant from the formed porous structure. 

 

2.2. Synthesis of amino-functionalized SBA-15 silica materials  

The preparation of amino-functionalized materials was performed by three different 

procedures: grafting
14

, co-condensation
42

, and impregnation
16

. 

Grafted materials with amino groups were obtained by refluxing 1 g of SBA-15 silica in 

250 mL toluene with selected organosilanes for 24 h
14

. Three different aminosilanes 

were used: 3-(Trimethoxysilyl)propylamine [(H2N-(CH2)3-Si(OCH3)3)], 

N-[3-(Trimethoxysilyl)propyl]ethylenediamine [(H2N-(CH2)2-NH-(CH2)3-Si(OCH3)3)] 

and N
1
-(3-Trimethoxysilylpropyl)diethylenetriamine [(H2N-(CH2)2-NH-(CH2)2-NH-

(CH2)3-Si(OCH3)3)]. These molecules will be denoted as aminopropyl, AP (N); 

ethylenediaminopropyl, ED (NN); and diethylenetriaminopropyl, DT (NNN). The 

amount of aminosilane used in the synthesis was calculated by assuming a number of 

superficial silanol group concentration (1.7, 6 and 10 SiOH/ nm
2
) and a 1:1 

stoichiometry reaction between silanol groups and organosilane moieties. Since the 

estimated silanol surface concentration value for silica calcined at 550 ºC is 

approximately 1.7 SiOH/nm
2
 
43

, the three mentioned values of silanol surface 

concentration represent an excess above the stoichiometric value. Samples were named 

as G-SBA-15-X-(n), G referring to grafting, X to the organic moiety, i.e., AP(N), 

ED(NN), or DT(NNN), and n to the number of silanol groups per unit surface in 

SBA-15, i.e., 1.7, 6, or 10 SiOH/nm
2
. 

Co-condensed aminated SBA-15 silica materials were synthesised in a single step 

producing the condensation of TEOS and the organosilane in the reactive medium but 

maintaining a short TEOS prehydrolysis time (45 min) before the organosilane 
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addition
42

. The initial synthesis mixture was the following in all cases: 1 TEOS: 

0.1 aminosilane: 0.018 P123: 6.4 HCl: 182 H2O. This gel was stirred up at 40 ºC for 

20 h and the aging step was carried out at 110 ºC for 24 h. Extraction with ethanol under 

reflux for 24 h was used to remove the template (140 mL ethanol per gram of solid). 

The resulting materials were named as C-SBA-15-N, C-SBA-15-NN, and 

C-SBA-15-NNN, now C referring to co-condensation. 

Materials obtained by both procedures were filtered, washed with toluene and dried at 

room temperature, since previous studies showed that air-drying of functionalized 

samples at mild temperatures such as 110 ºC leads to amino group decomposition
 14

. 

Mesostructured silica SBA-15 was impregnated with an organic polymer, 

polyethyleneimine (PEI) with 800 units of molecular weight, which contains a high 

amount of amino groups in its structure
16

. The support was impregnated by adding 

different amounts of the organic polymer to obtain 10, 30, 50 and 70 % weight of 

organic component in the final product. The impregnation was carried out by dispersing 

1 g of SBA-15 silica in a methanol solution of PEI polymer. The ratio 

SBA-15:methanol was maintained to 1:8 (wt.), while PEI:methanol relation 

subsequently varied. After stirring for 30 minutes, solvent was removed by drying at 

room temperature. The resulting solids were named as I-SBA-15-PEI-x, where x 

represents the weight percentage of PEI in the final solid and “I” refers to impregnation. 

 

2.3. Chemical, textural, and structural characterization of synthesised materials 

The nitrogen content, corresponding to the amino groups incorporated, was measured 

by elemental microanalysis on a CHNOS model Vario EL III of Elemental Analyses 

System GMHB. 
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Textural properties were determined from N2 adsorption-desorption isotherms at 

-196 ºC measured in a Micromeritics Tristar 3000 sorptometer. Surface area was 

calculated by using the B.E.T. equation (P/P0 from 0.05 to 0.20) and the pore size 

distribution was obtained from the adsorption branch by means of the B.J.H. model 

assuming a cylindrical geometry of the pores
44

. Degasification step prior to adsorption 

analyses was carried out under a nitrogen flux of 100 mL/min, at a temperature of 

200 ºC for pure silica SBA-15 and at 150 ºC for organic-containing samples. 

Low-angle X-Ray diffraction measurements to check the mesoscopic order were 

performed on a powder Philips X-Pert MPD diffractometer using the K  Cu radiation. 

 

2.4. Characterization by combining the staining technique and transmission 

electron microscopy. 

The distribution of amino groups was determined by the selective fixation of RuO4 over 

amino groups and its subsequent reduction to RuO2. The high electronic density of this 

heavy metal makes the electron beam pass through it difficult when the sample is 

analysed by TEM. Thus, a specific darkening can be assigned to RuO2 and, as a 

consequence, to the position of amino groups in the samples. 

Following a general method for RuO4 staining
37

, SBA-15 samples have been exposed to 

the vapour of 0.5 % RuO4 (aq.) for 15 min to stain amino groups. Previous studies
45-47

 

have shown that a RuO4 exposure time of 5, 8 or 10 min respectively are enough to 

stain the sample. Transmission electron micrographs were acquired on a Phillips Tecnai 

20 electronic microscope working at 200 kV. 

 

2.5. CO2 adsorption analyses 



11 

Pure CO2 adsorption-desorption isotherms were carried out in a Scientific Instruments 

HVPA-100 equipment, VTI, at 45 ºC from 0 to 6 bar. Samples were previously 

outgassed at 110 ºC under vacuum for 2 h. Sievert method was used to acquire isotherm 

points and two equilibrium criteria were jointly considered: a pressure drop below 

0.2 mbar/3 min or a maximum equilibration time of 60 min. 

 

3. Results and discussion  

3.1. Physical-chemical characterization of samples 

Table 1 shows the textural properties and nitrogen content obtained for pure SBA-15 

and functionalized samples. As it was previously shown, grafted
14

, impregnated
16

 and 

co-condensed
42

 materials present a significant reduction in their textural properties 

(surface area and pore volume) compared to pure SBA-15 due to the presence of the 

organic agent. Comparatively, co-condensation method led to a lower reduction. 

Also, low angle X-ray diffraction patterns (not shown here) confirmed the characteristic 

2D hexagonal mesostructure of all samples, despite the reduced intensity of the 

diffraction peaks due to the organic content present in the pores. 

Nitrogen content measured for co-condensed materials presents small values, in the 

range 1.3-2.7 %, showing a small extent of organic functionalization. Samples obtained 

by grafting and impregnation achieve much higher nitrogen content (3.6-8.0 % for 

grafting and 3.1-13.5 % for impregnation). It is noteworthy that although nitrogen 

content in the samples increases with the number of amino functional groups of the 

organosilane (AP (N) < ED (NN) < DT (NNN)), the molar amount of organic chain 

incorporated in the material slightly decreases in the order G-SBA-15-N-(6) > 

G-SBA-15-NN-(6) > G-SBA-15-NNN-(6), from 2.6 to 1.7 mmol g
1
. This fact has been 

previously observed in these systems
42

. 
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3.2. Distribution of organic functional groups by TEM 

As a first step, the possible interaction of silanol groups of pure non-functionalized 

SBA-15 silica with the staining agent was checked. Fig. 1 shows the TEM micrographs 

for calcined SBA-15 before and after the staining treatment with RuO4 (Figures 1a and 

1b, 1c, respectively). As seen, images evidence the longitudinal arrangement of 

mesopores, characteristic of SBA-15 materials
12

, showing clear areas corresponding to 

the empty pores and darker regions corresponding to pore walls. This contrast is the 

same in both cases, that is, clear and dark areas correspond to the same regions (pore 

cavities and pore walls respectively) regardless of the presence of RuO4. This similarity 

between stained and non-stained SBA-15 verifies that RuO4 does not interact with the 

silanol groups of the silica surface in the staining conditions used in this work. 

 

3.2.1 Functionalization with amino groups by grafting. 

Materials grafted with aminopropyl (AP (N)), ethylenediaminopropyl (ED (NN)), and 

diethylenetriaminopropyl (DT (NNN)) moieties supposing a silanol surface 

concentration of 6 SiOH/nm
2
  have been firstly studied. Micrographs of samples stained 

with ruthenium are shown in Fig. 2. A different image contrast is now observed, 

depending on the number of amino groups per organic chain. TEM image of SBA-15 

material functionalized with aminopropyl (containing only one amino group) 

G-SBA-15-N-(6) (Fig. 2a), shows clear areas that correspond to the empty pores, and 

darker regions that correspond to the pore walls, similarly to pure SBA-15 siliceous 

material. Also, a scattering of black dots, corresponding to RuO4 particles interacting 

with the amino groups of the functionalized material, is observed. Regarding their size, 

black spots cannot be assigned to individual ruthenium atoms interacting with amino 
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groups, so they may represent either small groups of nearby amino moieties individually 

reacting with RuO4 or else several ruthenium atoms around a single amino group. As 

shown, the amino groups appear as discrete regions homogeneously distributed along 

the sample pores.  

As the number of amino groups per organosilane molecule increases, the organic 

content of the material increases too (G-SBA-15-N-(6) < G-SBA-15-NN-(6) < 

G-SBA-15-NNN-(6)), as observed in Table 1. Consequently, the amino groups present 

in the pores are closer to each other, as revealed when staining with RuO4, resulting in 

TEM images that show a more intense and continuous contrast along the pores (Fig. 

2b). Now, in the sample G-SBA-15-NN-(6), darker lines correspond to RuO2 filled 

pores, while lighter areas correspond to the pore walls. 

TEM micrograph of the highest loaded sample in this series, G-SBA-15-NNN-(6) 

(Fig. 2c) shows that the amino functional groups are practically filling up the pores as 

well as covering the outer surface of the particles, as shown by the dark-light contrast 

observed. Besides, G-SBA-15-NNN-(6) material has also been analysed without 

performing the staining step to check if amino groups are visible directly by TEM. Fig. 

2d shows the corresponding micrograph, where it can be seen that the unstained sample 

presents a distribution of pore cavities (light) and pore walls (dark) similar to the silica 

SBA-15 before functionalization. Thus, it clearly shows that amino groups are not 

detectable by TEM if the staining step is not performed. 

Following with the analysis of SBA-15 grafted with DT (NNN), TEM image of RuO4 

stained G-SBA-15-NNN-(1.7) is shown in Fig. 3. Here, Fig. 3a exhibits a transversal 

array of channels where the mentioned contrast is clearly shown. Again, pore channels 

appear as black circles in a hexagonal array due to the proximity of several amino 

groups which, after the interaction with RuO4 appear as continuous black areas. On the 
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contrary, surrounding silica walls are lighter. Pore channels appear now much darker, 

since they are filled up with amino groups and those have been stained with RuO4, 

while silica walls do not contain organic groups. Fig. 3b shows the same contrast, now 

corresponding to a longitudinal view of the pore structure (same sample). Finally, TEM 

image of G-SBA-15-NNN-(10) material, the sample with the highest nitrogen content, 

can be observed in Fig. 3c, where little contrast is found, being the channels-walls 

distribution hardly visible. This effect cannot be only assigned to a highly 

functionalization of the inner pores. Also, the outer surface may be similarly 

functionalized with DT (NNN), thus virtually avoiding the pore structure of the particle 

to be distinguished. 

3.2.2. Functionalization with amino groups by co-condensation. 

Amino-functionalized SBA-15 materials obtained by the one-step co-condensation 

synthesis procedure, named C-SBA-15-N, C-SBA-15-NN, and C-SBA-15-NNN, have 

also been compared with the grafted samples. A micrograph for non-stained 

C-SBA-15-N sample is shown in Fig. 4a, where the typical longitudinal channels are 

observed. TEM micrographs of C-SBA-15-N, C-SBA-15-NN, and C-SBA-15-NNN 

samples after RuO4 staining are also shown in Fig. 4b, 4c and 4d respectively. The three 

images exhibit a considerable number of black dots, assigned to ruthenium species fixed 

over amino groups homogeneously distributed in the sample, including pores and walls, 

as observed when comparing figures 4b and 3b. This appearance can be explained by 

taking into account the synthesis method used in this case. During the hydrolysis step, 

the highly acidic synthesis medium leads to the protonation of amino groups of the 

aminosilanes. Protonated species can cross-link with the alcoxysilane precursor during 

the condensation step and as a consequence the organosilanes used are eventually 

deposited both in the pore channels and inside the walls of the resulting materials
48

. 
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Therefore, TEM images of samples obtained by co-condensation show the presence of 

amino groups in the silica walls as well as inside the pores. This was not the case of 

grafted samples, where high contrast dots were only found within the channels, as 

amino groups are only incorporated to the silica surface. 

When the number of amino groups in the organosilane increases, the amount of black 

ruthenium dots existing in the sample also increases. This effect leads to a hardly 

distinguishable structure in the sample C-SBA-15-NNN, which contains the highest 

number of amino groups. 

 

3.2.3. Functionalization with amino groups by impregnation.  

SBA-15 samples impregnated with the branched type of polyethyleneimine polymer, 

I-SBA-15-PEI-10, I-SBA-15-PEI-30, and I-SBA-15-PEI-50, which contain 10, 30 and 

50 % (wt.) of PEI respectively, have been compared with the rest of the functionalized 

materials. 

TEM characterization of stained samples has led to critical findings about the 

preparation procedure. Fig. 5 shows a micrograph corresponding to the 

I-SBA-15-PEI-10, which contains 3.1 % of nitrogen (Fig. 5a), along with two images of 

I-SBA-15-PEI-50, with 13.5 % N (Figures 5b and 5c). Both samples were stained with 

RuO4. As seen, low nitrogen sample evidences a heterogeneous PEI loading, where low 

and high coated areas can be distinguished (Fig. 5a). This sample has also shown the 

existence of non-covered particles (images not shown), suggesting a heterogeneous 

loading of PEI polymer. 

TEM images of I-SBA-15-PEI-50, corresponding to the highest amount of nitrogen, 

show a high contrast (Figures 5b and 5c). However, its appearance is remarkably 

different in comparison with highly loaded materials obtained by grafting (Fig. 3c). As 
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it can be seen, RuO2 particles are located on the external surface of the impregnated 

sample, but the pores do not seem to be significantly occupied by the staining agent. 

Considering the pore volume of SBA-15 pure silica, the maximum PEI amount that 

could be incorporated to the pores of this material is 53.6 % 
16

. However, although this 

sample contains 50 % of PEI, it is mainly located on the external surface. Moreover, 

there are also many regions in this sample which have no amino groups (not shown 

here), similarly to I-SBA-15-PEI-10 sample. Therefore, we conclude that pore diffusion 

of PEI polymer is much more difficult than organosilane pore diffusion in grafting 

processes, and consequently that the impregnation technique leads to heterogeneous 

solids, where PEI does not completely fill up the pores, but stays on the particle external 

surface. This interpretation has not been found in the literature till now, as the complete 

pore filling with PEI has been usually claimed. 

 

3.3. CO2 adsorption over functionalized samples. 

After studying the distribution of amino groups in the mesoporous SBA-15 silica 

samples functionalized by chemical and physical procedures, their CO2 adsorption 

properties were evaluated. Pure CO2 isotherms of the materials carried out at 45 ºC are 

shown in Fig. 6. The corresponding adsorption capacities (mg CO2/g sample) along 

with the nitrogen content and CO2 capture efficiency values (mol CO2/mol N) are 

shown for each sample in Table 2. Adsorption capacity values at a partial pressure of 

0.15 bar are included in Table 2, as this partial pressure corresponds to the existing CO2 

concentration in the exhaust gases of a typical coal-fired thermal power station. 

CO2 adsorption isotherms present marked differences in their behaviour depending on 

the presence of amino groups. Thus, siliceous SBA-15 material shows small adsorption 

values at low partial pressures and significantly higher values at higher pressures, as a 
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pressure-dependent isotherm pattern is revealed. Also, the process is completely 

reversible, as the desorption branch of the isotherm is coincident with the adsorption 

branch. These characteristics are indicative of physical adsorption processes, as 

observed for activated carbons
49

 and zeolites
50

. 

In contrast, SBA-15 functionalized materials (mainly grafted and impregnated samples) 

show a different behaviour: CO2 adsorption capacity at low pressures is much higher 

now, and pressure dependence is reduced, since uptake values at higher pressures do not 

increase as much as for SBA-15 sample. Besides, the CO2 adsorption process is not 

completely reversible in the adsorption conditions, as the desorption and adsorption 

branches do not coincide. These features, characteristic of chemical adsorption, are 

more pronounced for higher loaded samples. However, less loaded samples and co-

condensated materials are closer to the physisorption behaviour, as they contain few 

amino groups or these organic moieties are not significantly contributing to the 

chemical adsorption mechanism. 

Grafted samples show an adsorption capacity at 0.15 bar ranging from 33.0 to 

60.8 mg CO2/g depending on the nitrogen content of the sample. Thus, 

G-SBA-15-NNN-(1.7), with a nitrogen content of 5.3 %, reaches an adsorption capacity 

of 45.3 mg CO2/g at 0.15 bar, while G-SBA-15-NNN-(6) contains 7.3 % nitrogen and 

adsorbs up to 60.8 mg CO2/g . 

The efficiency of amino groups for CO2 adsorption of grafted samples is in the range 

0.23-0.38 mol CO2/mol N depending on the organosilane chain, AP (N), ED (NN) or 

DT (NNN), and the amount of organosilane used for grafting. While the maximum 

efficiency obtained for DT (NNN) molecule is 0.32-0.33 mol CO2/mol N (for 

G-SBA-15-NNN-(6) and G-SBA-15-NNN-(10) respectively), the G-SBA-15-N-(6) 

sample presents a value of 0.38 mol CO2/mol N. Thus, aminopropyl molecule, which 
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has only one amino group, is shown to be more effective for CO2 adsorption in terms of 

efficient use of amino groups, or in other words, the reaction of CO2 molecules with 

every amino group present in the sample seems to be favoured by the presence of just 

one amino group in the organic chain. 

When a higher content of DT (NNN) is grafted over the surface, not only the total 

nitrogen content increases (6.3, 7.3, and 8.0 % for 1.6, 6, and 10 SiOH/nm
2
 respectively, 

Table 2), but also the concentration of organic chains in the surface (1.5, 1.7 and 

1.9 mmol/g respectively, Table 1) does. The higher packing of aminated organosilanes 

favours the CO2 interaction with amino groups from nearby chains, consequently 

increasing the efficiency of the process (0.23, 0.33 and 0.32 mol CO2/mol N 

respectively, Table 2). When discussing efficiency data, it must be noted that 

0.50 mol CO2/mol N is the maximum achievable value in dry conditions, since one 

mole of CO2 reacts with two adjacent amino groups, according to the reaction 

mechanism for the CO2 chemisorption
48

. 

Samples obtained by co-condensation show a very low CO2 adsorption capacity in all 

cases. Some values are even lower than the corresponding to the SBA-15 siliceous 

support, as they range from 1.9 to 3.7 mg CO2/g at 0.15 bar. The efficiency of amino 

groups in these samples is also very low, ranging from 0.11 to 0.22 mol CO2/mol N. 

PEI-impregnated materials reach the highest CO2 adsorption capacities, in the range 

14.1-71.2 mg CO2/g s at 0.15 bar, and also show the highest nitrogen content (3.1-

13.5 %). However, CO2 adsorption efficiency shows a significant drop as the organic 

loading is increased. While I-SBA-15-PEI-10 has an efficiency of 0.25 mol CO2/mol N, 

this parameter drops down to 0.18 for I-SBA-15-PEI-50, which has a higher PEI 

content. 
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These results can be explained by taking into account the distribution of amino groups 

previously observed by TEM. First of all, the very low CO2 adsorption observed for co-

condensed samples cannot be explained only by the small amount of nitrogen 

incorporated (1.3-2.7 %), but also by the fact that the one-step synthesis method 

produces the scattering of the aminated organosilanes within the materials, both through 

the pores and imbedded in the walls. It is also very likely that amino groups are still 

protonated in these samples
48

 and thus, they are not able to react with CO2 molecules, 

giving as a result a very low efficiency in CO2 adsorption. 

TEM images obtained for PEI-impregnated samples show that the polymer is 

heterogeneously incorporated, covering mainly the external surface of siliceous 

particles. Hence, a thicker layer of polymer is deposited around SBA-15 particles when 

a higher amount of PEI is used, increasing the difficulty of CO2 diffusion within the 

material. As a consequence, the amino groups inside the pores or located deep in the 

PEI layer scarcely react with CO2, reducing the CO2 adsorption efficiency. 

Grafted samples present a higher efficiency than co-condensated and impregnated 

samples. This is mainly due to the distribution of organosilane molecules in the silica 

material, mostly located in the porous surface of the particles. In this case CO2 diffusion 

trough the channels is facilitated, and thus, carbon dioxide easily reaches practically all 

amino groups. Additionally, organosilanes grafted on the external surface of the 

particles or in the pore entrance do not present a significant diffusion hindrance, as their 

molecule length is much shorter than the pore diameter of SBA-15 material. 

 

4. Conclusions 

Co-condensation, grafting and impregnation techniques are compared as procedures to 

obtain amino SBA-15 adsorbents for CO2 capture. However, the resulting materials 
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show large differences in the nitrogen content incorporated and in the CO2 adsorption 

uptake and efficiency values. 

Here, the dissimilar behaviour of amino groups in CO2 capture is related to the specific 

position of amino groups throughout the siliceous structure of SBA-15, which has been 

determined by the combination of Transmission Electron Microscopy (TEM) with a 

staining technique using RuO4. Samples obtained by co-condensation, with low 

nitrogen contents, exhibit their organic groups located both in the surface and inside the 

silica walls, not being available for CO2 capture. Impregnation of SBA-15 with PEI 

leads to the highest degree of functionalization, but amino groups are located mainly in 

the external surface of SBA-15, forming a thick layer that drastically limits CO2 

diffusion and pore access. Grafting materials achieve a considerable amount of organic 

loading, amino groups being mainly located inside pore channels, and thus favouring 

CO2 diffusion trough the whole structure. 
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Figure captions. 

Fig. 1. TEM micrographs of pure silica SBA-15: a) before staining with RuO4; b) and c) 

after staining. 

Fig. 2. TEM micrographs of samples stained with RuO4: (a) G-SBA-15-N-(6), (b) 

G-SBA-15-NN-(6), (c) G-SBA-15-NNN-(6) and (d) TEM micrograph of 

G-SBA-15-NNN-(6) not stained with RuO4. 

Fig. 3. TEM micrographs of samples stained with RuO4: (a) G-SBA-15-NNN-(1.7), 

transversal view; (b) G-SBA-15-NNN-(1.7), longitudinal view and (c) 

G-SBA-15-NNN-(10). 

Fig. 4. TEM micrographs of C-SBA-15-N: (a) without staining treatment, (b) 

longitudinal view after staining treatment with RuO4. TEM micrographs Ru-stained (c) 

C-SBA-15-NN and (d) C-SBA-15-NNN. 

Fig. 5. TEM micrographs of Ru-stained samples: (a) I-SBA-15-PEI-10 and (b) I-SBA-

15-PEI-50, longitudinal view; (c) I-SBA-15-PEI-50, transversal view. 

Fig. 6. Pure CO2 adsorption-desorption isotherms at 45 ºC on pure siliceous SBA-15 

support and functionalized SBA-15 materials obtained by: (a) grafting, (b) co-

condensation and (c) impregnation. 


