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Abstract: Direct air capture (DAC) technology is a promising carbon removal method with great
potential to address CO, emissions and support the achievement of future carbon neutrality. The high
selectivity, low energy consumption, and flexibility of solid amine adsorbents make them ideal for DAC
applications. The CO, capture capacity of solid amine adsorbents depends on the number of amine
groups present on their surface. Primary and secondary amines typically require two amine groups to
form a zwitterion, which enables CO, capture via proton transfer. The capture efficiency of both types
of amines is improved under humid conditions due to the assistance of water molecules. Tertiary amines
are usually not used as sources of amines for solid amine adsorbents. This is due to their inability to
transfer protons and their low CO, capture efficiency. Solid amine adsorbents are often classified into
four types based on their preparation methods: impregnated amine adsorbents, grafted amine
adsorbents, in situ polymerization adsorbents, and composite amine adsorbents. Impregnated amine

adsorbents involve directly loading amine groups onto a support material. This method is simple,
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resulting in a high amine loading, and typically yielding a high CO, capture capacity. However, the
weak binding between the amine groups and the support material leads to easy leaching of amine
molecule during recycling, resulting in poor material stability. Grafted amine adsorbents utilize silanol
groups on mesoporous SiO, (such as MCM-41, SBA-15) to undergo a silanization reaction (grafting
reaction) with amino silane reagents, or cross-coupling to attach amine groups. Chemical bonding
prevents amine leaching, thereby improving material stability, which is a limitation of impregnated
adsorbents. However, grafted amines are typically loaded in a single layer on the support, resulting in a
lower loading capacity compared to impregnation and a relatively lower CO, capture capacity. In situ
polymerization involves fixing polymeric amine groups to the support material via covalent bonds. In
situ polymerization can further increase the amine load, improve performance, and ensure material
stability. Composite amine adsorbents are prepared by combining impregnation and grafting to improve
the adsorption properties of the materials. Overall, improving the adsorption performance of materials
and reducing preparation costs are the two key challenges for widespread applications. To achieve this,
combining solid amine adsorbents with green energy, carbon dioxide resource utilization, and other
systems could improve the commercial viability of the technology and facilitate its large-scale
application. The development of highly efficient adsorbents and modular capture devices will be the
primary focus of future research in this field.
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Engineering application
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Fig.1 Capture process of solid amine adsorbent
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Table 1 Comparison of adsorption capacity of impregnated amine adsorbents
. . i B 7 At/ X
EERLS MR /% W i A1 . FasE E = DTN
(mmol-g )
PAA 41 ) 0.86 . o
MCF 25 °C, 0.04% CO,, T4 109% CO,, 3URAE IR B L b 1 BE R [25]
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PEI 48 ) 110 10% CO,, SUCTRFRIE A B I P BE T K2 13%
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PPG 50 0.63  10% CO,, SUAEH WMt BH I 3 v M BB T B 241 56%
31 1.03 FRIRAE 5 PR RE T 425.2%
FrflLy-AL0,
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SBA-15 )
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AAMASIO,  paA A [36]
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Al -SBA-15 34 0.29 A
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(Pore-Expanded MCM-41, PE-MCM-41) #47 T 4%
B, & B R 67 3% 4 (5 L, FLAR 10 nm
) TRI-PE-MCM-41 1) W [ %5 5 b FL4% 3.7 nm 19
TRI-MCM-41 {5 45%, ifif H. TRI-PE-MCM-41 7£ 3fj
5 B S G A AT DLAE 4.2 min PN S AR 909% 1% J
7, LASHAKI 5 TRI 2R AR Rl FLAZ A
SBA-15, & ¥ fL4% 10.9 nm Y TRI-SBA-15-130-0.4
W o ) 5L A e v ) 2 o 5 4t (1.88 mmol/g ), [R] Fif
TEVEERMZBR 12 YR, W B 25 {082 0.06 mmol/g,
B ACFL A% I 1 FLAA RS AS AT L i e £ %
AT AR TR CO, B 28 . ANYANWU
W ffi 1] TA 7E SBA-15 F1 ¥ fl. SBA-15( Pore-
Expanded SBA-15, PE-SBA-15) ['#:4% N'-(3-=H 4
JLRENEL) — M = (N'-(3-Trimethoxysilylpropyl)
diethylenetriamine, DT), & ¥t PE-SBA-15 W [f} 5
(94 B ) Bl 127 DIR’(1x107) s ) & T
SBA-15 Mg fi$ 19 110 D/R*(1x107)(s ), B K AL
e B B AT AU AR R BR A, A T 4 v A8
HE— 0157 45 # (Gas Hourly Space Velocity, GHSV)
Xt W B RE 7 BB, & PR R 43 34 (20 000 h ) T,
FEOR B AR PEBE L 2S8R 2 000 h ' T 73%,
BAR Y 23 A R F CO, 5 W B0 & 28 R o B
T8 R AL REAE R 3K, ZHANG %P1 i ]
F-127 R x& FLF, il 2% 7 i FL B 3 R 0 i b 4 &1
4 (Polyacrylonitrile, PAN) , & H. 5 TEPA % &5
F| TEPA@PAN W [ff 551, 7£ CO, ¥ &£ R 0.047%~
0.500% I %1 F , TEPA@PAN *f CO, W% [f} fig
A 1.70~3.66 mmol/g, [F] i A BRLIE B2 14 RE £ T
B BB, £ 20 YA 2 -fife W S 56 b, W 6 )
WA B R, ANYANWU 252 Fi) F U2/ AL
%A fkfE (Hierarchical Bimodal Mesoporous Silica,

HBS) (4 R LA RE AL, A 2 i 1 IR 351 e 2
BORCR, [FIRT3S5R CO, M4 #5 e a5 i ml Rk,
% WG-HBS-0.6 Wy [t 51 76 T4 4 7+ T DAC Hili
SRR RIE 1.04 mmol/g.

A P WA A 790 e 3 e e R g R R T R R
o7 S IR B0 A, PR I 8 2 T e R S AR i L R )
Wt kit o H R A R v, AL A RE T
B bk AR ), (AR AR ad FE 45 5 T B B
FRILUR /L, [T 25 7 A R RE SR 4 | 4544 i
W A AR o T A A R A, SR A R 2R
G 67,2 15 LN S 61 T 1 5 LU =0
F IR F CO,(Supercritical CO,, SC-CO,) " 4%
D E BB, TIAN 255 23 Bl i ] 2, | 2
B, TR 8 i FB P I SBA-15 Hh 2 BRI, &
BRAE ORI b 3 S 21 40 [ P Si—OH & 12 B
BTFE . USRS R L BEAE(49% ) H B
1 (18%) AT 4 B T Z Rk F23E RIRFE AL N 62%) -
SR A BUR SBA-15 22 J0Z 431 58 5 Bk 1t 5 A
8.7%, AH L2 T IO T R R K I A
HARENY HBOER, 7T PR35 2k kL
o YR FRE SRR, SC-CO, AT TE 23 BR
M 3 I B O 22 ) R T RE R E . VAN 2 B
9% THRBE . CBEAEHUR SC-CO, 3 FhJy i w2 3k
ISR, % B SC-CO, Bk AR T LUAT R A4 S 32
B&, AR AEAE AR R % A ), B iR A A P
S — P A R T B, WANG 25657 S 9 feif 48 s
FES TR A B SBA-15 % IHI ik 15 35 %85 B 45 5]
4 3.0 OH/nm” F1>5.1 OH/nm’, 3 H. B 7 W 4 kb 31
Ja BIFLAR th R BERY 6.4 nm R E E 7.5 nm,
TR 17 B F AT 35 92% LA 1

BRI T (AL B, Zr 55) 5] A FL SiO, M4
N T N o AW G L 7 S TR N
S5, Ay - E e T PR AR AR AN R L R kB 2
e JE T AR 5 2 T ik SR L 2 A i
SN 2% i R i AT R Ak B ©2 O R A A i
4 AN REFRIETE Y “ REFE L LT, M4 Ak R
L . WANG 25V il T 48 28 78 SBA-15
B IER B-SBA-15( ] 4), ¥ B-SBA-15 # 17
iR 4b A5 3 B-SBA-15-AT, ik} 5% N SBA-15
YIHARY 2.3 OH/nm” HEHN%E] 6.6 OH/mm®, FE— 1l
Fl APTMS %} SBA-15, B-SBA-15, B-SBA-15-AT
Jiie ¥ K Jm, Mgt 35 43 0l o 1.47. 1.70 A1 2.62
mmol/g, ¢ = W B 25 1t AT 3K 0.55 mmol/g, i —2
AR 5 2 (X R A TR SI/B BER L,
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Fig. 4 SBA-15 doping boron atoms after acid treatment

to form a "silicon hydroxyl nest" schematic'®”’

il £ 2% 1 BE 08 I S 5 ) JHE 1) AR RIOR
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50%. &5 ToK A A R A (T4 ) R BB SE I
FRZA AR, WA INZK G, — 75 T AT 3G fin 28 AR 2 i %

F, 53— AR 3 ©AH E B BB B Si—O0—Si
SRR I, N SRk b A SR A A o7 5,
W PR LU T e i i B ey VAR A A Al
23 5% e 10 28 e 1) 235 48, 30 110 552 o) A fek g g o 2
Al FEITOSA %' fE i F 3-5 4 4% = & S S ik
%t ( 3-Aminopropyltriethoxysilane, ATPS) %} SBA-
15 MORHERL PTG T AERCP R RN (28 e, 3R
L)« (AR A BT 551 (PO R g A N ) AR 1
BRI (R B CBE . TENEE) B 520, & IRAE
AR AR 0] T A e (RBP4 P 2 b 4
KN (C/N BEIR EE R 2.6) , Hid AEAR PE RS IA C ¢
P BUR W By 5.219% (B 53850, stk
0.139 mmol CO,/mmol N, 7E DAC s 7 W i} 75
B A 34 0.51 mmol/g.

25 BT IA, HeBOE RS E MEAHBIR i ik AT R
W 4 v (3R 2), AR 1 I R 0 B X ol 4 45 1
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23 RARERBHF
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Table 2 Comparison of adsorption capacity of grafted amine adsorbents

, . W B e/ X S
ik JHc U kA W B 2% 2 . Rtk "
(mmol-g ) Sk
APS 38% 0.74
MCM-41
TA 73% ) 0.93
40 °C, 15kPaCO,, T AR [32]
APS 21% 0.44
SBA-15
TA 39% 1.49
b 0 mel Sy oos ST T B
.10 mmol S1 . .
& o A
L-ethyl 1.25 mmol Si/g 0.16 SN 3 W BRI R R FEE45%
SBA-15 25 °C, 0.04% CO,, T4 A 2 43
L-propyl 1.28 mmol Si/g ’ 0.14 AR I TS L)
B-ethyl 1.03 mmol Si/g 0.18 AR AL T B BE R R 28 %
B-propyl 1.17 mmol Si/g 0.42 AN R B R T R 1%
MCM-41 5.69 mmol N/g ) 0.97
TRI 40 °C, 5% CO,, T E S [49]
PE-MCM-41 5.98 mmol N/g 1.41
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’ WS B o 5 B 7 A
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T4, 2000h [47]
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T4, 4000h
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2445% 4 0.17
20000 h
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PAN TEPA 35.0% 25C, 0.30%, T4 1.93 ESUIn [51]
38.8% 1.62
45,000 25 °C, 0.041 5%, 70% COEFRMIX 1005
HBS DT 255.0% 1.04 . 52
RH 25%. 3000h" WM R R s DO
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_ _ . mmo ., 0. 0, JES . 20 N
g L VL e A
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B10.SBALLS 063 070 BRI 10K S W B
- - .63 a.u. . - <
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:: RHOVAHXHZE (Relative Humidity) o
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IR 5 % B2 o A AN AR X AR S A AR E 1 T RE
JEH TR TS8R A TG . BT
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U SRR AL K AL A B R R AT, il T
TACRE IR R, 7E CO, R E S 9% 44
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