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A. Experimental 

Chemicals  

Phenyltrimethoxysilane (PTMS, purity ≥ 97 %), (3-aminopropyl)trimethoxysilane (APTMS, purity ≥ 97 %), 

trimethoxy[3-(methylamino)propyl]silane (MAPS, purity ≥ 97 %), N-[3-(trimethoxysilyl)propyl]ethylenediamine 

(AAMS, purity ≥ 97 %) and benzyl alcohol (purity ≥ 99 %) were purchased from Sigma Aldrich. 

Tetraethylorthosilicate (TEOS) and the copolymer Pluronic RPE 1740 were provided by WACKER and BASF, 

respectively. All chemicals were used without any additional purification. The reactor column was filled with 

deionized (DI) water. 

X-Ray Diffraction 

Powder X-ray diffraction (XRD) patterns were measured on a Philips X’pert diffractometer with an X’celerator 

detector (Cu Kα radiation). All diffractograms were measured with a step size of 0.033° in the range of 2Θ = 5 to 

40°. 

N2 Physisorption 

All sorbents were outgassed under vacuum at 100 °C for 1 h. The Brunauer-Emmett-Teller (BET) method
1
 was 

applied to quantify the surface area. The mesopore volume (pore size: 2 – 50 nm) and pore size distribution were 

calculated by the Barrett-Joyner-Halenda (BJH) model (desorption branch of the isotherm).
2
 

Scanning electron microscopy (SEM). 

SEM images of calcined adsorbents were recorded on a FEI Helios NanoLab 660 Focused Ion Beam (DualBeam 

FIB) microscope. SEM images of non-calcined sorbents were recorded with a Jeol JSM 7500F. All images were 

taken by secondary electron imaging (SEI) at 2 kV of non-sputtered adsorbents 

Adsorption-desorption experiments 

The adsorption and desorption steps (concentration swing with N2) were carried out for 180 min at constant 

temperatures of 50 and 75 °C in a Setaram Sensys Evo, respectively. Additionally, adsorption was carried out for 3 h 

at 50 °C under atmospheric flow conditions (10 vol.% CO2 in N2) followed by a 3 h desorption section in pure N2 at 

75 °C for 10 times to obtain a set of multi-cycle experiments. 
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B. Structural Properties of the Sorbents for Different Aminosilanes 

The surface properties of SiO2 spheres strongly depend on the method chosen for the removal of the surfactants (e.g., 

Soxhlet extraction or calcination). The functionality and the concentration of amines, employed in the synthesis, 

influence the morphology of the sorbents through base catalyzed condensation of TEOS.
3
 The content of amine 

groups, for all sorbents discussed in this section, was kept constant at 3.3 mmol g
-1

 to ensure comparability among 

the sorbents and to solely focus on the impact of different amine functionalities during synthesis. The effect of 

different amine concentrations on sorbent characteristics like surface area and pore volume is discussed in section C.  

 

 The X-ray diffraction patterns (XRD) of non-calcined APTMS(1), MAPS(2) and AAMS(1,2) are depicted in 

Figure S1A. The diffraction pattern did not show any distinct changes prior or upon calcination of the sorbents at 500 

°C in synthetic air (Figure S1B). Thus, no defined crystalline structure could be observed by XRD for all SiO2 

spheres and therefore, a well-defined long range order was excluded (Figure S1). 

 

 

Figure S1. XRD of (I) APTMS(1) with 3.31 mmol N/g, (II) MAPS(2) with 3.30 mmol N/g and (III) AAMS(1,2) with 

3.29 mmol N/g. Intensity in arbitrary units. 

 

The concentration of residual surfactants in the adsorbents after Soxhlet extraction was below 1 mol % based on the 

content of aminosilanes for APTMS(1), MAPS(2) and AAMS(1,2). The N2 physisorption isotherms of mesoporous 

SiO2 spheres (3.3 – 3.6 mmol g
-1

) as well as the pore size distributions are displayed in Figure S2. The pore volume 

was most pronounced for APTMS(1) and AAMS(1,2) that also exhibited the highest surface areas with 82 and 

92 m
2
 g

-1
, respectively (Table S1). The surface area and pore volume of MAPS(2) was approximately 50 % lower 

compared to APTMS(1). The sorbents revealed a hierarchical distribution of the pores independent of the 

aminosilane employed in the synthesis (Figure S2A). The hierarchical structure of the sorbents has been confirmed in 

our former studies by scanning electron microscopy (SEM) and is also displayed in Figure S3A.
3-5

 The pore size 
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distribution was well-defined for APTMS(1) and AAMS(1,2) with average pore sizes at around 15 and 30 nm, 

respectively. In contrast, a broader distribution was observed for MAPS(2) (Figure S3B). 

Table S1. Amine concentration, BET surface area and pore volume determined by N2 physisorption of SiO2 spheres. Mesopore 

volume determined by BJH method (desorption branch). 

 

 Amine concentration 

[mmol g-1] 

BET surface area 

[m2 g-1] 

Mesopore volume  

[cm3 g-1] 

APTMS(1) 3.31 82 0.27 

MAPS(2) 3.30 40 0.13 

AAMS(1,2) 3.29 92 0.41 

 

The pKa values, representing the Brønsted basicity, of primary and secondary amines are both between 10 and 11.
6-7

 

Secondary amines reveal a higher Lewis basicity because of an enhanced electron density, induced by the additional 

alkyl group neighboring the N atom.
7-8

 Thus, we calculated the proton affinity, an intrinsic property of the employed 

amines that is independent of the solvent used. The proton affinity reflects the acidity of a molecule comparable to a 

pKa value that is, however, dependent on the reaction medium. The proton affinity determined by DFT was 30 and 

43 kJ mol
-1

 higher for secondary amines in MAPS(2) and AAMS(1,2) than for APTMS(1) as displayed in Table S1.  

 

Table S2. Proton affinity of primary, secondary and bifunctional aminosilanes determined by DFT. 

 Proton affinity (kJ mol-1) 

 APTMS(1) MAPS(2) AAMS(1,2) 

   Primary Secondary 

 - 916 - 946 - 917 - 959 

 

The base catalyzed condensation of TEOS was faster when secondary aminosilanes were employed in the synthesis 

due to their higher nucleophilicity.
9
 Thus, the enhanced condensation rate of TEOS with MAPS(2) led to cross-

linking and a bulky and less-defined SiO2 framework (Figure S2C, Figure S3B). In agreement with the latter, the 

most ordered structure of all sorbents was achieved by the primary aminosilane, being the weakest Lewis base 

(Figure S2B, Figure S3B). Furthermore, the high mesopore volume of SiO2 spheres synthesized with AAMS(1,2) is 

attributed to the enhanced length of the aminosilane, directing the structural alignment of the condensed TEOS 

molecules (Table S1, Figure S2D, Figure S3B). 

 In summary, the structural properties of SiO2 spheres were least evolved when synthesized with the strong 

secondary Lewis base MAPS(2) compared to APTMS(1) and AAMS(1,2). 
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Figure S2. SEM images of the hierarchical structure of a (A) calcined hemisphere. Inner structure of (B) APTMS(1), (C) 

MAPS(2) and (D) AAMS(1,2). 

 

 

 

Figure S3. (A) Isotherms, adsorption (filled symbols) and desorption branches (unfilled symbols), wherein an offset of 300 is 

added between the isotherms of the various sorbents. (B) Pore size distribution (BJH method, desorption branch) of APTMS(1), 

MAPS(2) and AAMS(1,2) (Table S 1) determined by N2 physisorption. 
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C. Structural Properties of the Sorbents for Different Amine Contents 

The dependency of the surface area and pore volume of the sorbents on the amine contents is depicted in Figure S4. 

The maximum accessible surface area of 280 and 245 m
2
 g

-1
 was observed for monofunctional aminosilanes 

APTMS(1) and MAPS(2) with the lowest amine concentration. SiO2 spheres synthesized with monofunctional 

amines exhibited a strong decline in the surface area and pore volume with increasing amine contents. As noted 

earlier, the amine content is eminent for the base catalyzed hydrolysis of the structure building silanes (e.g. TEOS), 

but also led to a decrease of surface area due to occupation of accessible sites by the aminosilanes itself. Thus, an 

optimum in the surface properties is anticipated and could be observed for the bibasic aminosilane AAMS(1,2) 

(Figure S4). The reduced hydrolysis rate in AAMS(1,2) due to sterical hindrance by pre-condensed silanes 

surrounding the aminosilane resulted in a trend that is proposed to occur for monofunctional aminosilanes at lower 

amine concentrations. 

 Low concentrations of especially monofunctional amines (APTMS(1) and MAPS(2)) result in high surface areas 

(> 200 m
2
 g

-1
) that exhibit a higher number of free physisorption sites for the adsorption of CO2. At higher amine 

loadings chemisorption becomes the dominant form of adsorption due to reduced number of accessible Si-OH sites. 

 

 

Figure S4. (A) Surface area and (B) pore volume of APTMS(1), MAPS(2) and AAMS(1,2) for various amine contents. 
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D. Adsorption-Desorption Properties and Long Term Cycle Stability 

The long-term stability of an amine functionalized adsorbent is strongly influenced by the level of flue gas 

contamination (SOx, NOx, H2O etc.) and the desorption conditions applied. Sayari reported that secondary amines 

exhibit a higher resistance against thermal degradation, i.e., formation of urea, compared to primary amines when 

H2O is absent in the adsorption process.
10

 The gaseous H2O content in industrial flue gas streams (up to 15 vol.-%) 

hinders thermal degradation via hydrolysis independent of the amine functionality.
11

 The amine content of the 

sorbents for long term studies was selected to yield the highest CO2 uptake capacities as illustrated in Figure 4.  

10 adsorption-desorption cycles were conducted for each adsorbent (Figure S6). The CO2 uptake normalized to the 

amine concentration, i.e. the amine efficiency, remained constant over 10 cycles and was approximately 20 % for 

APTMS(1), 25 % for MAPS(2) and 10 % for AAMS(1,2). In summary, the amine functionalized SiO2 spheres 

achieve excellent adsorption-desorption long-term properties for all employed aminosilane even without the presence 

of H2O. 

 

 

Figure S5. CO2 adsorption of (A) APTMS(1) with 3.31 mmol N/g, (B) MAPS(2) with 3.57 mmol N/g and (C) AAMS(1,2) with 

3.29 mmol N/g. Adsorption for 180 min under atmospheric flow conditions (50 °C, 10 vol.% CO2 in N2) followed by a 180 min 

desorption section in pure N2. Constant adsorption-desorption temperature of 50 °C (solid line) and 75 °C (dotted line). 
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Figure S6. Temperature-swing multi-cycle CO2 adsorption of (A) APTMS(1), (B) MAPS(2) and (C) AAMS(1,2) over 10 cycles. 

Values determined by TGA DSC under atmospheric flow conditions (50 °C, 10 vol.% CO2 in N2) and desorption at 75 °C in a 

flow of pure N2. (1) Adsorbed CO2 and (2) heats of adsorption. 
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E. Effect of the Amine Concentration on the Amine Efficiency and Heats of Adsorption 

In order to quantify the impact of the physisorption of CO2 on the pure SiO2 support on the capture capability of the 

amine functionalized adsorbents the sorbents have been calcined and the adsorption capacity was obtained 

(Table S3). The calcination was carried out in synthetic air (100 mL min
-1

) at 600 °C for 6 h with a heating rate of 

2 °C min
-1

 to ensure the total removal of all remaining organic compounds. The uptake of the sorbents without amine 

groups present was in the order of 0.04 mmol g
-1

 (AAMS(1,2)) to 0.1 mmol g
-1

 (Table S3). Please note that the 

degree of physisorption is strongly dependent on the accessible surface area, which was higher for calcined SiO2 

spheres (>500 m
2
 g

-1
) compared to amine containing SiO2 spheres (Figure S4). However, physisorption of CO2 on 

the silanol surfaces cannot be excluded especially for amine loadings below 2 mmol g
-1

 (Figure S4). 

 

Table S3. Amount of adsorbed CO2 and heats of adsorption of CO2 on calcined APTMS(1), MAPS(2) and AAMS(1,2) 

determined by TGA under flow conditions (quasi equilibrium). The amine contents before calcination: APTMS(1), 

3.31 mmol N/g; (II) MAPS(2), 3.57 mmol N/g and AAMS(1,2), 3.29 mmol N/g 

 CO2 adsorbed [mmol g-1] - ∆Hads [kJ mol-1] 

APTMS(1)_calcined 0.10 28 

MAPS(2)_calcined 0.07 23 

AAMS(1,2)_calcined 0.04 24 

 

 

The CO2 uptake normalized to the amine concentration (amine efficiency) and the heats of adsorption are illustrated 

in Figure S7. The amine efficiency of APTMS(1), MAPS(2) and AAMS(1,2) at an amine loading of 3.3 mmol g
-1

 

were 23 %, 21 % and 12 %, respectively. As discussed above, the functionality of amines determines their maximum 

efficiency, i.e., 50 % for APTMS(1) and MAPS(2) and only 25 % for AAMS(1,2). However, encapsulation of 

aminosilanes in the SiO2 network by condensation reactions in the base catalyzed synthesis significantly decreases 

the achievable amine efficiency by inaccessible amine sites of approximately 1.5 - 2 mmol g
-1

 (Figure S7). Thus, at 

low (below 10 %) amine concentrations the apparent amine efficiency significantly decreased to 5 – 6 % independent 

of the employed aminosilanes (Figure S7). The low heats of adsorption at low amine loadings (- 40 kJ mol
-1

) are 

tentatively also correlated to the partial occlusion of the amine sites. The heats of adsorption steadily increased for 

higher amine concentrations from - 40 kJ mol
-1

 up to approximately - 75 kJ mol
-1

 except for APTMS(1) with the 

highest amine loading. 
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Figure S7. (A) Amine efficiency and (B) heats of adsorption versus the amine concentration. Values determined by TGA DSC 

under flow conditions at 50 °C. 
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F. Illustrations of the CO2 Adsorption Mechanism 

 

 

Figure S8. Potential adsorption structures formed by interactions of CO2 and APTMS(1) at low and medium amine densities. (A) 

amine before adsorption, formation of a (B) zwitterion, (C) carbamic acid and an (D) ammonium carbamate. 
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G. IR Spectra and Peak Assignment 

The IR spectra of CO2 adsorbed on SiO2 spheres functionalized with APTMS(1), MAPS(2), AAMS(1,2) are 

displayed in Figure S9. The spectra of CO2 on APTMS(1) and AAMS(1,2) exhibited only a weakly defined band 

around 1690 cm
-1

 characteristic for C=O stretching vibration in carbamic acid (Figure S9). The corresponding OH 

deformation band at 1380 cm
-1

 was weak with APTMS(1) and not observable for AAMS(1,2) (Figure S9).
12-13

  

 

 

 

Figure S9. Intensity of surface Si-OH groups (3630 cm-1) as a function of the concentration of amines groups. IR spectra of 

APTMS(1) with an amine content of (I) 1.31 (II) 2.48 and (III) 3.57 mmol N/g. Spectrum range from 3500 - 1250 cm-1. 
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Figure S10. IR spectra of (I) APTMS(1) with 3.57 mmol N/g, (II) MAPS(2) with 3.57 mmol N/g) and (III) AAMS(1,2) with 

3.29 mmol N/g. Spectrum range from 3500 – 1250 cm-1  
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Table S4. Overview of IR bands present on amine functionalized SiO2 supports. 

Wavenumber  

[cm-1] 

Assignment References 

   

>3750 OH stretching vibration of free silanol groups (support) 14-16 

3700 - 3000 OH stretching of hydrogen bonded OH groups (H2O) 14, 17 

3650 - 3630 OH stretching of hydrogen bonded OH groups (support) 14, 18-19 

3370 - 3360 Asymmetric NH2-stretching vibration of primary amines 10, 18, 20 

3330 - 3300 Symmetric NH2 stretching vibration of primary amines 

NH stretching vibration of secondary amines 

10, 18-19, 21 

3090 - 3010 CH stretching vibration in aromatics 22-23 

3000 - 2980 NH stretching vibration (protonation by Si-OH) 12 

2930 - 2850 CH2 stretching vibration 18-19, 21 

2820 - 2760 NCH3 stretching vibration 24 

1670 - 1620 Asymmetric NHx
+ deformation (protonation by Si-OH) 15, 19, 22 

1640 - 1600 NHx deformation (variation by degree of H-bonding) 10, 14, 18-20 

1490 - 1480 Symmetric NHx
+ deformation (protonation by Si-OH) 19-20, 22 

1470 - 1440 CH2 bending 14, 19, 21, 25 

1440 - 1410 CN stretching 19, 21, 25-26 

 

Table S5. IR bands formed during adsorption of CO2 on amine functionalized SiO2 supports. 

Wavenumber 

[cm-1] 

Assignment References 

   

3615, 3715 Combination bands of gas phase CO2 
19, 27 

3440 - 3420 NH stretching vibration (carbamates, carbamic acid) 14, 20, 28 

3000 Stretching vibration of COOH (carbamic acid, broad peak) 22, 29 

2345 Gas phase CO2 

Asymmetric stretching of linearly physisorbed CO2 

20, 30 

1720 - 1670 CO stretching vibration (carbamic acid) 12-14, 18 

1670 - 1620 Asymmetric NHx
+ deformation 15, 19, 22 

1565 - 1550 Asymmetric COO- stretching vibration (ammonium carbamate) 14, 16, 20, 28 

1490 - 1480 Symmetric NHx
+ deformation 19-20, 22 

1430 - 1400 Symmetric COO- stretching (ammonium carbamate) 19-20, 22 

1380 OH deformation (carbamic acid) 12-13 

1330 - 1300 NCOO skeletal vibration  16, 18, 28 
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