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12 1 Experimental section 

13 1.1 Preparation of metal-incorporated silica and amine-impregnated 

14 adsorbents

15 PEI (99%) with 600 Da molecular weight was purchased from Adamas (China), and 

16 SBA-15 (primary pore diameter: 6-11 nm) was purchased from XFNANO (China). 

17 Methanol (HPLC grade) was purchased from Fisher Scientific (USA), and ethanol (AR) 

18 was purchased from Greagent (China). Al(NO3)3·9H2O (AR) and Fe(NO3)3·9H2O (AR) 

19 were purchased from Aladdin (China), while Ce(NO3)4 (AR) was purchased from Boer 

20 (China). Nitrogen (N2; 99.999%) and CO2 (99.999%) were purchased from Praxair 

21 (USA). 

22 The metal-incorporated silica had been prepared by the impregnation method. Firstly, 

23 bare silica was degassed in an oven under vacuum (pressure＜1 mmHg) at 105 ℃ for 

24 3 h. Then, the required amount of metal nitrate was dissolved in 20 mL of ethanol and 

25 stirred until completely mixed at room temperature. Subsequently, 1 g of degassed 

26 silica and another 15 mL of ethanol were added. The mixture was stirred at 40 ℃ 

27 overnight until the solvent had almost completely evaporated. The residue was dried 

28 under vacuum at 60 ℃ for 3 h. Finally, the product was calcined at 550 ℃ for 4 h. The 

29 metal-incorporated silica was named SBA-15-Me, where Me referred to the type of 

30 metal (Me = Al, Ce, Ce’, Fe, or Fe’). Wherein the amount of substance ratio of metal 

31 and silica in SBA-15-Al, SBA-15-Ce, and SBA-15-Fe were 3.33%, while the mass ratio 
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32 of metal and silica in SBA-15-Al, SBA-15-Ce’, and SBA-15-Fe’ were 1.50%. This 

33 referred to the proportion added during preparation. Therefore, SBA-15-Al, SBA-15-

34 Ce, and SBA-15-Fe could compare the effects of adding different types of metals on 

35 the performance of adsorbents. SBA-15-Ce’, and SBA-15-Fe’ provided additional 

36 explanation on the effects of metal quality.

37 The preparation method of solid amine adsorbents had been previously reported by our 

38 group’s paper [1]. Firstly, the required amount of amine was dissolved in 20 mL of 

39 methanol and stirred until completely mixed at room temperature. Subsequently, 1 g of 

40 degassed silica or metal-incorporated silica and another 10 mL of methanol were added. 

41 The mixture was stirred at 40 ℃ for 12 h until the solvent had almost completely 

42 evaporated. Finally, the residue was dried under vacuum at 50 ℃ for 4-5 h and the final 

43 product was collected for analysis. The synthesized amine-impregnated adsorbents 

44 were named SBA-15-N or SBA-15-Me-N, where Me referred to the type of metal (Me 

45 = Al, Ce, Ce’, Fe, or Fe’).

46 1.2 Characterization

47 The chemical groups of the samples were determined by Fourier transform infrared 

48 spectroscopy (FTIR) using an infrared spectrometer (Thermo Scientific, USA). The 

49 resolution and scan frequency were 4.0 cm-1 and 64 min-1, respectively.

50 The thermal stabilities of the samples were measured by thermogravimetric analysis 

51 (TGA) using a TGA/DSC 2 STARe thermogravimetric analyzer (Mettler Toledo, USA). 
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52 The analysis was conducted from 30 ℃ to 900 ℃ at a rate of 10 ℃/min under a 100 

53 mL/min N2 flow.

54 The contents of carbon (C), hydrogen (H), and nitrogen (N) in the solid amine 

55 adsorbents were measured using a Vario EL III Elemental Analyzer (Elementar, 

56 Germany). Two replicate samples were analyzed for each product. The amine loadings 

57 of the adsorbents were calculated according to the results of elemental analysis, 

58 approximating by subtracting the sum of the contents of C, H, and N in bare silica from 

59 the sum of the contents of C, H, and N in solid amine adsorbents.

60 The metal contents in the solid amine adsorbents were measured by inductively coupled 

61 plasma-optical emission spectrometry (Thermo Scientific, USA). The samples were 

62 digested into solution before testing.

63 The pore characteristics of the samples were determined using an ASAP 2020 system 

64 (Micromeritics, USA). Bare silica and metal-incorporated ones were degassed under 

65 vacuum for 5 h at 110 ℃. The PEI-modified samples were degassed for 9 h at 50 ℃. 

66 Then N2 adsorption-desorption isotherms were collected at -196 °C, and the specific 

67 surface areas were obtained through the Brunauer-Emmett-Teller (BET) model, while 

68 the pore distributions were obtained based on the Barrett-Joyner-Halenda (BJH) model.

69 Powder X-ray diffraction (XRD) pattern was performed on a D8 Advance 

70 diffractometer (Bruker, Germany) using a Cu Kα radiation. The diffraction data were 

71 recorded in the 2θ range of 10–90° with a scanning speed of 5°/min and 0.5–5° with a 

72 scanning speed of 1°/min.
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73 X-ray photoelectron spectroscopy (XPS) results were obtained with a K-Alpha electron 

74 spectrometer (Thermo Scientific, USA) using Al-Kα radiation. 

75 The contents of OH groups in the samples were determined by in-situ diffuse 

76 reflectance infrared Fourier transform spectroscopy (in-situ DRIFTS) using an in-situ 

77 infrared spectrometer (Thermo Scientific, USA). A certain amount of the sample was 

78 placed in the in-situ reaction cell and first degassed for 0.5 h at 120 ℃ under a 50 

79 mL/min N2 flow. Then, the temperature was switched to room temperature, collecting 

80 the spectrum as the background. Finally, the gas was switched to a 50 mL/min 

81 10%NH3/He flow for 0.5 h and the spectrum was collected. The resolution and scan 

82 frequency were 4.0 cm-1 and 64 min-1, respectively.

83 1.3 Adsorption and cyclic experiment

84 The CO2 adsorption measurements were performed using a TGA/DSC 2 STARe 

85 thermogravimetric analyzer. A certain amount of the sample was placed in the oven 

86 and first degassed for 0.5 h at 120 ℃ under a 60 mL/min N2 flow. Then the temperature 

87 was decreased to the adsorption temperature (40, 60, 80, 100, and 120 ℃) and the gas 

88 was switched to a 60 mL/min CO2 flow for 1 h. The CO2 adsorption capacity was 

89 calculated from the thermogravimetric (TG) curves. 

90 The cyclic stability was measured firstly under the same degasification conditions. In 

91 the adsorption process, the temperature was decreased to 100 ℃, and the gas was 

92 switched to a 60 mL/min CO2 flow for 0.5 h. In the desorption process, the temperature 

93 was increased to 120/150 ℃, and the gas was switched to a 60 mL/min N2 flow for 0.5 
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94 h. The adsorption/desorption cycles were conducted 30 times. In this study, 30 

95 adsorption-desorption cycles were performed on the amine-impregnated adsorbents 

96 under two conditions (condition 1: adsorption at 100 °C within a CO2 flow for 30 min 

97 and desorption at 120 °C within a N2 flow for 30 min; condition 2: adsorption at 100 

98 °C within a CO2 flow for 30 min and desorption at 150 °C within a N2 flow for 30 min) 

99 and the CO2 uptakes of each cycle were recorded. What’s more, FTIR results were also 

100 recorded after 30 adsorption-desorption cycles to reflect the formation of urea.

101 1.4 Breakthrough experiment

102 The breakthrough measurements were performed using a fixed-bed system. A certain 

103 amount of the sample was placed in the reactor and first degassed for 1 h at 120 ℃ 

104 under a 50 mL/min N2 flow. Then the temperature was decreased to 100 ℃ and the gas 

105 was switched to a 50 mL/min 15%CO2/85%N2 flow for 1 h. The outlet concentrations 

106 of CO2 and N2 were measured using an online Micro-490 gas chromatography (Agilent, 

107 USA) equipped with a thermal conductivity detector. The breakthrough and saturation 

108 capacity of CO2 was obtained from the dynamic CO2 breakthrough curve, calculated as 

109 follows:

110
𝑞𝑏 =

𝑄𝑐0[
𝑡𝑏

∫
0

(1 ‒
𝑐𝑡

𝑐0
)𝑑𝑡 ‒ 𝑡𝐷]

𝑚 ∙ 𝑉𝑚
×

𝑇0

𝑇
× 𝑀𝑤                                                                     (1)

111
𝑞𝑠 =

𝑄𝑐0[
𝑡𝑠

∫
0

(1 ‒
𝑐𝑡

𝑐0
)𝑑𝑡 ‒ 𝑡𝐷]

𝑚 ∙ 𝑉𝑚
×

𝑇0

𝑇
× 𝑀𝑤                                                                     (2)

112 where qb was the breakthrough capacity of CO2, mg/g; qs was the saturation capacity 
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113 of CO2, mg/g; m was the mass of the sorbent packed in the bed, g; Q was the feed flow 

114 rate, mL/min; c0 was the initial CO2 concentration in feed mixture, %; ct was the CO2 

115 concentration at the outlet of the column, %; tD was the dead time of fixed-bed, 0.667 

116 min; T0 was the temperature in standard condition, 273.15 K; T was the adsorption 

117 temperature, K; Mw was the molar mass of CO2, 44.0095 g/mol; Vm was the molar gas 

118 volume in standard condition, 22.4 L/mol; tb was the breakthrough time at which ct 

119 reached 5% of c0, min; ts was the exhaustion time at which ct reached 95% of c0, min 

120 [2].

121

122
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123 2 Supporting figures

124

125 Figure S1. (a) the survey scan XPS spectra of SBA-15 and metal-incorporated silica; (b) 

126 Al2p high-resolution XPS spectra of SBA-15-Al-N; (c) Ce3d high-resolution XPS spectra of 

127 SBA-15-Ce-N; (d) Fe2p high-resolution XPS spectra of SBA-15-Fe-N.

128
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129

130 Figure S2. (a) R2 values of different models and (b) Parity plots for different models applied 

131 to amine-impregnated adsorbents.
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132

133 Figure S3. Adsorption curves of amine-impregnated adsorbents at 40 ℃.



 11 / 24

134

135 Figure S4. Adsorption curves of amine-impregnated adsorbents at 60 ℃.

136
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137

138 Figure S5. Adsorption curves of amine-impregnated adsorbents at 80 ℃.

139
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140

141 Figure S6. Adsorption curves of amine-impregnated adsorbents at 100 ℃.

142
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143

144 Figure S7. Adsorption curves of amine-impregnated adsorbents at 120 ℃.

145



 15 / 24

146

147 Figure S8. CO2 adsorption rates of amine-impregnated adsorbents at different temperatures.
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148

149 Figure S9. Peak adsorption rates of amine-impregnated adsorbents.

150

151

152 Figure S10. (a) adsorption half-times of amine-impregnated adsorbents; (b) adsorption time 

153 lengths for 90% CO2 uptakes of amine-impregnated adsorbents.

154

155

156

157
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158

159 Figure S11. Breakthrough measurements using (a) SBA-15-N and (b) SBA-15-Al-N at 100 °C 

160 under a 15%CO2/85%N2 flow; (c) CO2 breakthrough and saturation capacities calculated 

161 from CO2 breakthrough curves.

162 Breakthrough experiments under a 15%CO2/85%N2 flow were conducted to find the 

163 actual effect of the flue gas. The metal-incorporated adsorbent represented by SBA-15-

164 Al-N had a breakthrough capacity of 83.11 mg/g and a saturation capacity of 102.27 

165 mg/g, which were similar to those of SBA-15-N (Figure S11). Compared with other 

166 solid amine adsorbents applied to similar conditions [3, 4], the metal-incorporated 

167 adsorbent synthesized in this work exhibited excellent breakthrough and saturation 

168 capacity, which was expected to be applied to carbon capture in actual flue gas.

169

170
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171

172 Figure S12. TGA cycle sorption–desorption isotherms under different conditions

173
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174 3 Supporting tables

175 Table S1. Comparison of adsorption abilities and cyclic stabilities of solid amine adsorbents.

Adsorption
temperature

Desorption
temperature

CO2 uptake before 
modification

CO2 uptake after 
modificationSample

Anti-urea
modification

℃ ℃ mg/g mg/g

Cyclic stability 
before 

modification

Cyclic stability 
after modification

Ref.

100 120
10.8% decay after 

30 cycles
6.2% decay after 

30 cycles
PEI/SBA-15

Metal 
incorporation

100 150
184.24 185.43

35.9% decay after 
30 cycles

19.0% decay after 
30 cycles

This 
work

0.16-HBP Hydroxylation 25 85 231.44 178.20
54.6% decay after 

20 cycles
No decay after 20 

cycles
[5]

90 120 /
1.9% decay after 

10 cycles
PEI/CSH

Metal 
incorporation

90 150
/ 198

/
48.0% decay after 

10 cycles

[6]

PEI/SBA-15
Metal 

incorporation
75 130 77.5 67.5

42.9% decay after 
50 cycles

5.2% decay after 
50 cycles

[7]

EDA/zeolite
H2O

co-adsorption
40 130 145.2 70.4

74.3% decay after 
20 cycles

21.4% decay after 
20 cycles

[8]

PEI/Silica
Cross-linking 

agents
100 130 140 121

83.1% decay after 
40 cycles

39.0% decay after 
40 cycles

[9]

PEI/Silica
Cross-linking 

agents
40 130 209 154

55.8% decay after 
15 cycles

18.8% decay after 
15 cycles

[10]



 20 / 24

PEI/Silica
Cross-linking 

agents
40 150 114 101

57.7% decay after 
5 cycles

21.7% decay after 
5 cycles

[11]

PEI/Silica Hydroxylation 40 120 132 96.8
63.3% decay after 

50 cycles
No decay after 50 

cycles
[12]

PEI/Silica / 45 110 / 76 /
12.0% decay after 

10 cycles
[13]

PEI/Silica / 105 100 / 132 /
7.3% decay after 

20 cycles
[14]

PEI/Silica / 75 110 / 107 /
No decay after 8 

cycles
[15]

PEI/Silica / 75 105 / 215 /
4.9% decay after 

10 cycles
[16]

PEI/Silica / 25 100 / 155 /
12.7% decay after 

5 cycles
[17]

APTES/Silica / 25 110 / 54.1 /
5.7% decay after 

5 cycles
[18]

176

177

178

179
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180 Table S2. Pore characteristics and element contents of SBA-15, metal-incorporated silica, and amine-impregnated adsorbents.

SBET VBJH DBJH N content Amine loading nmetal : nSiO2 a mmetal : mSiO2 aSample
m2/g cm3/g nm wt.% wt.% mol % wt. %

SBA-15 481.38 1.322 8.91 0.03 / / /

SBA-15-Al 475.62 1.281 8.61 0.01 / 3.33 1.50
SBA-15-Ce 458.22 1.211 8.46 0.00 / 3.33 7.78
SBA-15-Fe 470.59 1.278 8.92 0.00 / 3.33 3.11
SBA-15-Ce’ 476.23 1.312 9.07 0.03 / 0.64 1.50
SBA-15-Fe’ 476.44 1.290 8.69 0.01 / 1.61 1.50
SBA-15-N 6.57 0.036 19.07 17.27 52.96 / /

SBA-15-Al-N 3.14 0.012 13.20 18.93 58.42 3.33 1.50
SBA-15-Ce-N 3.69 0.014 14.88 16.87 52.40 3.33 7.78
SBA-15-Fe-N 5.63 0.029 18.54 16.55 51.78 3.33 3.11
SBA-15-Ce’-N 3.33 0.011 14.19 17.85 55.08 0.64 1.50
SBA-15-Fe’-N 3.88 0.015 13.53 17.96 55.33 1.61 1.50

181 a This referred to the proportion added during preparation.

182

183

184
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185 Table S3. Actual metal contents of amine-impregnated adsorbents.

Al content Ce content Fe content Al content a Ce content a Fe content a
Sample

wt. % wt. % wt. % mol/g adsorbent mol/g adsorbent mol/g adsorbent
SBA-15-N N.D. N.D. N.D. N.D. N.D. N.D.

SBA-15-Al-N 0.455 N.D. N.D. 0.017 N.D. N.D.
SBA-15-Ce-N N.D. 2.21 N.D. N.D. 0.021 N.D.
SBA-15-Fe-N N.D. N.D. 1.02 N.D. N.D. 0.018
SBA-15-Ce’-N N.D. 0.409 N.D. N.D. 0.004 N.D.
SBA-15-Fe’-N N.D. N.D. 0.468 N.D. N.D. 0.008

186 a This was calculated by Me content (wt. %).
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