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Fig.1 Annual changes in global energy-related

carbon emissions from 1990 to 2024
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X e R R0 | S it sk R AR AR A Y
YER™M,
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PR, A SCH S Xt H i CO, B4 B 44 44 2L B
T LI T RGN SRIE X A A ) 26 7
W R 8 0 T 25 A 52 B TR I A A 7 R 258
TEAE ), fi Jr AR AR W BfE i COL T SE R AR BIUIR , &5
H A @4 @A Bl 4 75 SRR AR e R
L vE A AT 14 AR N i S B K SR8 Tl o

I COLEFR B b
CO, [ {4 I B A A1 AR B3 W2 B AL a1 g A T) T 43y
B B A Ak R Tk 2 W B A L PR R 2K . ) B fE

ARk o A A5 e R B A R A o L AR
PLAEZ2 44 8L (MOFs) LA J 2 FL R & ¥ (POPs) %5 5 1k
= W BAE A 6 5 1 R e L W B A4 ) L 4 B AR
(Metal Oxides, MOs) LA K 27K 1 7 W B 44 ) 450020
o LI AR A 53T O R e i O A
AL POPs LA K MOFs 45 3 223 I F Ik (<200°C) €O,
I fF 2ot R 5 2K A W A Ak MO e i B 791 45 3
HHFHR (200 ~ 400°C) HHA, CO, W BT 7 5 CaO 3
I o 700 R 4 i B e T B A R (A L, Zr0) 55 U 5
FHF B (>400°C) T8O 444 F 1Y CO, W B2 2o
T SO MR R R R 2 TR A R R A T EAR A
1.1 432 R b4t
L1 BRI R R

T b B 2 H Bl TT 3R Ry 25 0 T2 AR 1) — IS i
WAL o H UL PR Rl b ARk G 58 0 P e L T A 2T 4
W A>T 0 BRI KAT A1 5200 B A8 K 21 4 (Carbon
Nanofibers, CNFs) f14E %) 55 A5 RS, K
FEE R H AT ME— R T B R R K ZE A Tolk
FHRZ B0, AT R 8 17 FH 55 R0 S AR

DG ER o T B R e e A Th S &
e 0 ot 2 3 e A RIS A A5 10— i JEE R B A
e 218 FR 5 35 600 ~ 2 000 m*/g, FLERGE#:) &3k, 9
TR E A o B KA BRI AT
K, T 2 2F A bR T RS AL s R T -
RIAE R EP AT - R AL-E A 1 I
J& T REMWFGT , 3 — 25 P T b R LR -T)
A U R TSR (A0 A S 45 2514, Creamer 25115 423
T LA KOH \HsPO. 5 VAT Ak il £ 1) i 15 L 3R T BRS
PE7% (SBET>2 000 m? g™') , 7 25°C . 100 kPa F CO.%
B B 2B 4 mmol - ¢!, FFH8 H<0. 7 nm SALXHIE I
B VR . Abd %558 1 NH5 R 2 DL K R -
WAL A 5 F B, 5L AMEME—N JRIE B 3% S i vk
A7, AR AT 19 R SR 98 4% 08 P A AE 15 kPa iR/
X B i 2 T 40% ~ 60% , COL/NLEFRIE>25

2) k5 T o Bk 4> T 0 (Carbon Molecular
Sieves, CMSs) LA i 4li i fy 32 B/ 28, fLA& 5 15 78
0.3~ 1.0 nm G HEN, FE 1 FLIE RSP REIE X CO, 40
SIS R T A A I RO
i FLAME A 25 7T 43 A £F 4R CMSs  JIURR CMSs
FIEER CMSs'™ i 7370 BAT FLAR 1 — g
I PufbsFRa e Ve KRR AR R R A SRR
o IEARR, S TR T B B R AL
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R P15 R E M L CMC 5525 LI M DAC 2%
& A ESE 7 0] . Carruthers 27 IR R — 5 &
M (PVDC) 2 J5URH ] £ B 310, 28 I A5 5 R %)
CO, W BT 353 4. 5 mmol - g™ A WFFE LT, 5y
TR CO, 1 e 52 ) H ) 28 J5URH 2 45K
DL K AT AU BCT 28 By B R i 20 531 O DRk o] 4
1) CMS, 7 CO,/CH, iR & I 7T B, CMS 1 3l ) 27
R4 26% F1 8% ™, M, CMS H T4 i
TR ARG W B2 AR X BRI | 2 T A 2 B LA R
— 1l A A At BRI T AR A I R S
37 T R R H

3V PE LR 4 . T 1k o 21 2 2 P ik 21 4E A ]
WAL 4 (R BT R RN 0 %) 16 1615 2
(O £F 4 BLARTE S ~ 13 pum, FLARTE 1~4 nm f) 5 %
B RA L S AR GG PR B AR L, 1 P £ 4 LE R TR
15 2 500 m*/g, LA By, FLAR AT BE R A
LA LA 110 VI R 35 0 e A 7 e, R k2% 4 O
HORTEE , Tl AW B R T Al 4520 %
PRSP 35 P 7 21 4 |, eV S A BHR CO, W B 62 4
FHZE 24. 4%, An5FEPR AT ACE FIEy BEA IR &2 5 61
BE 285 CO, W2 B T35 1 2 21 4, e I ACF 5 B 1 44 g
i o LU B 7, CO, B W BB /DN o SRV I P e £
HEA BRI CO, M B RE 1 , (B HAFFE A TR E A
B AL 2 A ), iR A — D RS A

4) 4 K B L ik 40 K 48 (Carbon Nanotubes,
CNTS) & —Fh 25 ARG i 2l A1 RE, 328 h A4
A F A i, AT LAEAG AN (] 09 45 BE Bk D1 R A
B AN KA O 25 R SR | L R T RB AR, B S 1Y
T2 DGR SRR, Tz N T R AU A VR
AR BAF 3 9 A 4RI . L 3520 Ll 13- B A =
CAFERELE (APTS) SO B ORLTE P o B4l K A5
AT CO, W B BE , 2 B A5 40 KA oo M () B o
fi& 5 4 o Lithoxoos 55 X S AR £ B0 BE ik 44 K 45
(Single—Walled Carbon Nanotubes, SWNTSs) I [ 1k Fft
HEAT T SERE UE AR, e X T €O, AR
GF i I RE T, B —E TSR, [ EETCT
CNTs X} CO, B M M AT FEATAL TR B BL

5)f1 50 . A1 504 (Graphene ) & — 7S £ I 5
AR Y S 25 R ) Al b RE . KRR SUTE T AR T
TR (IR M 2 630 m/g) , FR1HE MRS, LR
JER T AR S , TR i B4 B4 A0 A 2 A 1 A
L R eE e s A BRI T COL 5

SR W B B T OF BOAS R OAE R R
Chowdhury %57 il £ T HAT R 4F 8K i) =4k 2 1L
A SR MR, 7E 100 kPa JE J1 25 7F T, CO, W B 7T
IEF) 2. 11 mmol-g™'. Zhou 55 5K F = I m e pie v
A1 B REORE A5 B R X CO, B IR B 2 Tk
12 mmol'gflo RUE A BRI Coﬂiﬁﬁﬁﬁﬁﬁtﬂ—
SE 1 R AR W BCR AR, B AR T 2R 4%,
il 25 AR 5 4 G W R AA LA B AT 5 v, BRI T L
BRI

UL AR, 56T CO, B 3 WG BFE R} (%) Rl 1 B 52
li1) = B A - O LA AT P A A g 05 A iy 9 AR i) 45 R AR
ARZ AL ; @il 22 H T (N0 .S . P) B4 £ E
ABALFE TG (<15 kPa) 3£ M1 ) ; QDT 1) BLH245 <d
R (DAC) T3 G ALEEAE - Dy B P R] 14 ke S 58 I /4N
KA WAL S5 R L R T BB 2k A A B A
BB -SRI = e AR IR R A A R
23 S AR (DAC) 3 50 T 1 Ko COo/MR S BE I A A%,
Z I T 4B v T A PR A5 7 ), R A L B
FfesE M FE TR U T 5 2 1 U ] R0
1.1.2 Wi

WA o TR R R AR BN T A i i 4 e (K
Na.Li) 3 & % + 4 )& (Mg Ca Ba 55 ) (1) 45 i ik 57 R
b, LA B A LA 45 AL L i A R M R o 1 7K
PR M Tz N R | W R R 5 T R 48 S5 4
BV HRT, BLSA R 13X AR 4 T E 4
B2 R T CO, B BRERT A3 B ELZE B 4 A
MR AEAE W M RE N M B AR .
1738 5 B 7 52 e | g 32 Ak B Ak AE LR i LA K
“Trapdoor” 3 W 45 5 X0 B 43—F 0 b4 Rk 2R 47 Bl ik
FIVEREME AL . Pham %5238 i3 PHES 738 4R FHER 4M
FBR B SSZ-13 Wb A itE 47 ekt | B il 4% 1 Li-SSZ-
13 F 0 I v 1 AU AR R I BT BE ) o Kim 4519 R
F A /e 3k = 1 U BE ik B (ODTMS) il 4 A4 5 7K
AT, R CO, M B 25 F 38 T 33. 3% Zhou
I BA 40K NaX 3525 76 0 K M SR N M R B 52 N,
£ 1) NaX/ R NI TR R 52 & M ORHE 25°C I 11%RH
B 7K 3R R 5. 20 mmol - g, Hb 4l 58 N 4 TR B A1 T
64.77%.

TEARZ2 CO, WL BRF [ 1A B4 L v, 43— 0 A B 5500 )
CO, W B 75 12t DL R A Re e PR 34 BH B , (R L i 1
BCSAR BR ] T R FH o R L, REAIG 437 07 I
B oA R 1 B AR 2 9 3 28 W R A R Tl e iz
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JH i 5 g R ) 2 —
113 &EAHHER

MOF's 2 — 7 H 4 Ja& 755 sl 1A AILC 438 3 e o7
RSB R AL RE . MOFs 9 =5 b 210 A D RE (7
JCATARAE S5 KA COA AR P L3 i, R 15
TS FEATRY R & CTE . {H MOFs 111 4 J& 15 4
AT AR LU 55 1 T B i 42, X S BOCHAE R il s
J 857 20 SO 2R Y BAAS E PEAR R 85 22, () I %)
TR B 25 A 7K S AR R 32 558 B R R 1
MOFs A BHERFARL CO, A i Tl Ak R FH o

S B THEIE IR B Y COL AR RCR I FE A B
B3 A SR W 5 MOFs A TR K — S &
GRSk AT A5 A BT E CHn IR % B K P 5 e T SR
PR, ot 5 A Bt (AN g1 A BK 4 R
HALRETBO o Li BETER AT E ZE X Cr-MIL-101
PEATHCME 7 15 kPa 25 CAAF T, H COLME it ih 2]
4.21 mmol-g™'. Andirova ) R = o vl B B
—HIREE (DOBDC) A BLHA M T £ e B REAL Y
MOF ¥4 ¥t (ED-Mg/DOBDC) . %M BHEZESAFAE T
TSREDLSEIR B CO, 231, AW Fff - D 4. 66 mmol-g™!
WG B 2 4. 47 mmol - g~ {H I HAE SRR T
S R4 BORSE Y CO, I PERE . LIRWIESE 4k i
MOFs TEARME FF 5T S b FHBE i T 2 REA
114 ZALESY

ZHLA PR AP (POPs) & — 2 il T 50 A&
S50 3R 18 2o i A L B O A R SRR A
Pkt L. AR 25 H TR A, POPs £ 2R £
L2 A ¥ W 4% (Porous Polymer Networks, PPN) . £
LA HLHE 22 (Porous Organic Frameworks, POF) .3t
B 13 fL B A ¥ (Conjugated Microporous Polymers,
CMP) . [ 4 4 fL B & # (Polymers of Intrinsic
Microporosity, PIM) | #8 22 B 2 & ¥ (Hyper-
Crosslinked Polymers, HCP) | 3t fy = & JL 5 48
(Covalent Triazine Frameworks, CTF) .2 4L 75 & B 28
(Porous Aromatic Frameworks, PAF) L K 4% & de 4y
A HLH 22 (Crystalline Covalent Organic Frameworks,
COF)%1, POPs B AT iy LU R ETAR | i FLIR A 454
SRR AT 2 1 W) B A RS PR A L, B E
R CO B REMIBM T , 76 w0550 25 BRI T 19 COLA
et R R B R0 1 TR T

Lu 5538 5 TAST 355 % B, 280l I i 6 e A
PR 9 2 LR W 4 (PPN-6-SOsNH. ) X CO-H

W B B e PEPE . 7E 295 K. 100 kPa, 15% CO»
(N2 AR S F T, H COL M B 25 £ 35 5
1.7 mmol-g~'c BLAb, 70 AF 5% & 038 i e 5 ek
PE IS ABE AE R FERTCHLE 4% CO,
FEH AT — R 508 B POPs THRER RL, B8 T
HAYE COZ MMM B, Nt — 28T T
POPs #4 B} 1) COLME it 25 B Ffnfa e 14 . R4 POPs T
B A4 BHLE COLM B 43 5 7 1T 22 I HE R A L (H
U5TENIG B B T 28 2% AR 15 45 74 ZRAE FRIME | 1 B
BILH w5 AN B O 2% KR <AL 3 5 ) 5 [n) R, iR 5 T
R AW
1.2 LR R
1201 [ AR B S i 551

[ e 56 W I 70 2 — 2SR A W R A 5 5 1Y
BRI R RE R, R A% e B A S M CO, B P R K
B 25 o PN R AR () 22 FLL | g b 2R TR K SRR e PR A
s, FARbE RN AT DL A A TR B
JE . MOFs % o # UL A e 25 040 46 2R & 0% W i
(PED) DU Z 4 Tl (TEPA) , — Z B2 (DEA ) 2514
W MRS WA Z M 45 G 7 X R EA R AR
B R R AR VLG A R CAan A R 45 ) 45
TR A SR e A A A FLE RS
(OMA) A HLES (MIL-53 (Al) ) PEAT il ik vie i, &5 21
FEHH,7E 298 KW B K 7 400 kPa . %5 3 300 h' 451
T, OMA-MEA il MIL-53 (A1) -MEA % CO, %) 11 F11

43 71 4 165. 5 mg/g A1 178. 9 mg/g, I+ HEA R

WA TE A PERE . Kalantarifard 5504 5 T —Fp
2 i (EDA) B i fL g 41 ZSM-5, CO, W i 75
Al 35 6. 13 mmol - g, 338 3ot IR Al I , 528 100% fiff

12 S8 15 285 e b Rk i1 5 AR W2 B A7 A s o 7™ o
WA Wi th fLIE 3% JE 5 [n] S ARk, [
AR Ty W R 3R 8 Bk B A7 B 5 0 1 R R 4 1 F 5
S B IEIE AR BT ER A , A B R A e V5 T 1Y
BEAR A, i P as A T8 Dl A A PR, A R R
A HE A RS TR R AR 2 —
1.2.2 &EAky

& JE ALY (MO0s) J&— 2l i 5 CO, [ i 52 31
X CO, Y 3 25 F0 2 B 00 W BEE A ), 5 DL A CaO
MgO . ALO, Na,0 55 , 3 & H T HL ) B a5 a4 <
ZAE(100°CRL 1) o Hidr, CaO [ CO, BRI W B 5k
78. 6% (Jo1 5 4380 B H 5 CO, S A= B i) ik 2 15



56 - v E A6 A

BRER

S W AE CaO R, 35 ZE W B 57 FLIE , B BH
R AR, [RIE, CaO W B 570 F5-4E BEFE =5 (800 ~
900°CHEAR A ) , H 5 K] CaO Ke 4 5 B0 AP g
F% . Abanades 5“7/ 7E i b K 2R CaO WK CO,,
2211 RAEFR T MR I R AR T B T 50% . A A
FEI I XS TUHE CaCO, HEAT BUPE AN Ry CaO 45452 i 46
A9 19 FL B 6 RN B J ol b RE DA ek 22 W B 4 e
I, (RIS = W B At AR e M. 5 CaO M L, MgO
W R A AR T M AR BE 8 . CO, 43 AR o — i K
AR AR BA B 0 3E A . MgO H 4538
B P S A A R AR 1% I8 BRI B2, ELOR VR 3z, AT RN
BEARAE P o SR, MgO W FFFAA A6k Ay Wi B fi AT A 1o
2 PE T [ B 55 5 R SN #8384 T AR B e A
[m] g
1.2.3 KA R R

2K W A1 M #l (Layered Double Hydroxides,
LDHs) ¥R 2R AGE 4 Ji S Ay, 2 — Kl )2
M 4 i BH 25— R 2 R] 9 25 A 2 258 i B i A2
TeHLZALA RN S 2K A MR =] R
[M* _M* (OH), " (A™) , - zH,0 , Herp Z A Fil =41 H
BRI LU Mg Ni** Zn> (AP Cr 3, 2RI B T
AT LR A BB T (Co2- on ) itk & B & 1
(F, CI)AE™ 28K A pHRHEAT 4k 2 1 A g
1N DR A R A, )12 N T AR AR R B
AR BEBRAA R | PR K Ab B 2540 4 >

YESh CO, WL Bt A1 B}, #% G2 i) LDH 5 28 4:k #A kb 2
(R I A0 20 5 AR O Al 55 ) e 78 Sy 2K A Ak
¥ (Layered Double Oxide, LDO) #4 ¥} 4 fE 3% 8 1 4
1 B CO, M BB Ay el s L B R, AR 9T
(BB Uk R R NG 1 NE S 5 /NG e RN 4
7% LDHs J50RE /N2 R AR b il T 1B 4k 4
J& LA K 5 H AR B 52 A 55 O 2K i A
W B A4 REFEA T AL O o Climent 555 2R FH AN [R] il
A LT RK I A AT A ALO-Mg-0 E A 42 R
AW, S 30 P A BN e A R T B o ROk 1
SRR R L R A . Wang 5538 1 1F 58 & PLAE
B B R A A A AL B S B0 B R
HhABHZEE T LDHs (19 CO, B PERE . Oliveira 457 i)
FoK AT BAK . CsHE&BE T, 1E403°C.CO, 00
FE 40 kPa Z51F F , #8244 K (1 MG30 Ff i CO, W B A
0. 1 mmol- g '#£F+ % 0. 76 mmol -g7',

55 R 2 B0 U W B ) Can i PR i Lk A

MOFs) 75 & /K 2508 T PERE T BEA S, I /K 28R 5%
7 LDO 1y CO, W it RE A 10% A2 A7 3 T+ {H
F AR o3 A AE RV 2 S BOL R B 25 5 R R
o HATRTIZIEM B CO, WL B AH SR FE 85/,
HCO,M B MR FeoE TS A e it — 204 &
1.3 H A FrE g A

B LA B # R 2 A, — S E B T A
B CO, W A AL , T2 B 4 i 45 s W) 25 2 Wi e 541
(40 14,Zr0,) F1 6 4 & 6 B2 R & e % B AR Can
Li,Si0,,Li, NaSiO,,Li,, (Si, Al )0,%%,

e 45 i g s A R o6 7R EL AT AR = 1) €O, W of 1k g
DL R RS M AE % B 3k R AEAE Li,CO, Rl 7= 4y BH A
CO, I I 1L, B ol W B 2o Rl R, A W9 R
JH Btk T B 5 ¢ 1 0 o) L, Zv O, R AT e M A 38 i et
X CO, A BFF 33 R . Xiao 25 7O F 5% 3845 K- Li: Zr 8
IR AR O R 0. 2: 1. 6: 1 89 Li,ZrO, W B 57 , 75
550°C %5 1F K, 15 min PN % CO, W B & 15 2] 23%
(i 580 ) o Nakagawa 55" & WA Li,ZrO, W% Fff
R, 7E 450 ~ 680°C 55 1 T , 5L bR CO, W Bff 1 1] 1K
5.682 mmol-g~', H 25 18 YCAE ¥ J5 W fh & [
1. 1%, B 4 J Ak 1R 6 0% B A4 60— a5 FH T 500 ~
850°C Y CO, M s B2, ph 7 8 B I B e AIG, HL AR
PRI, IR 3 AR R i W B CO, AR % 56 1 S
Z—o BET MBS 7 10 2 O 25
SO | B3R 4 R R U AR Na B i 45
B CO, M B 00 7 5 Ay W B A 8 1 R SR T3
(I 5% JEL I R 1), A Bh T it — 2530 TE C O, ARG
B2 A A R Bk 4 T 25 1 22450800 FH

2 CO,MEMI T2

AT, AR 2R S5 PR A ] CO, M B T 25 32 %2
77 M 7% W B (Pressure Swing Adsorption, PSA) (7%
15 W% Bt (Temperature Swing Adsorption, TSA) | ZE Hi
W2 fff (Electric Swing Adsorption, ESA) DA K 28 i A8 He
55 W Bt (Pressure & Temperature Swing Adsorption,
PTSA) ZEH AR 7
2.1 ZFEEWH

A8 A B 18 R AR D R ) T A A o 551 %o €O,
PR A S P R S R R o 25 i s g 728 A ) o P R 52
B CO, M o> Bt ali . ZHARBA T2 n AR &,
REABARG , 3 PG , 3B G VA ) 40 A T e S G 7
AR S 1 1 g AN [) , 22 e W R S Al 23 A e 2 T
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W2 BFF (PSA ) FlEL %5 48 F W B (Vacuum Pressure Swing
Adsorption, VPSA)"™_ Fifi 25 7 A B A W ke if | A8 i
W2 ik 2 B PR A B B R R 2 Skarrstorm XU 4
R, Y 2 4 ~ 12 AW B A AG P16 i 5 1 B 4
YE 52 m T IneR, 1A T REESUR . K2
By 23 A8 e B T 2R B

N, HECO, N, CO,
- e
LR CO, L E40%~60% , CO,L4EE>95% ,
CO,N,=15:85 i i %590%
(B A N
— B B

B2 PR VPSA T AR
Fig. 2 Two-stage VPSA process flow diagram'™’

H i PSA =220 I T CO, 4 il S AU 43
AU R 8 XU P S A R W B (Dual -
reflux Vacuum Pressure Swing Adsorption, DR-
VPSA) \ Two-stage VPSA ZEME iff T2 & 28 i sl b
TR AR B FEJFORMR T CO MR EAR T
40% If , BBy PSA T 208 LATH A2 959 413 1 90% Y
(] 5 2 (R Al 4 5 F1 17 (Carbon Capture and Storage,
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Research progress on CQO, solid adsorption materials and technologies and their prospects

for application in the non—ferrous metallurgical industry
Lyu Ruitong, Yao Liang, Yu Yue, Wang Hao
(China ENFI Engineering Corporation, Beijing 100038, China)
Abstract: The non-ferrous metal industry is a key industry for carbon emissions in China’s industrial sector.
Carbon Capture, Utilization and Storage (CCUS) technology is an important way to achieve carbon neutralization in
the non-ferrous metal industry. Among them, the solid adsorption carbon capture technology has attracted
extensive attention from researchers and industry experts due to its simple process flow and high degree of
automation. The CO, pressure swing adsorption technology using carbon based materials, molecular sieves, and
solid amine based adsorbent materials as adsorbents has gradually been carried out in pilot and engineering
demonstration projects for post combustion flue gas carbon capture in coal-fired power plants, lime kilns, etc. ,
and has made critical progress. At the same time, the research on new CO, adsorption materials such as metal
organic framework materials (MOFs) , porous organic polymers (POPs) , and layered double hydroxides also
provides more material choices for carbon capture technology under different working conditions. At present,
adsorption based CO, separation and capture technology is mainly applicable to the CO, capture process at the end

of non-ferrous metal smelting. However, the stability and cost control of adsorbents and process related parameters
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under high sulfur conditions in non-ferrous smelting flue gas still need to be further improved and optimized through
research. In the actual application process, it is also necessary to draw on the experience of application fields such
as coal-fired power plants, combined with multi-disciplinary fields such as non-ferrous metallurgy, to seek the
application scenarios of carbon capture technology CO, products in non-ferrous metallurgy and related fields, solve
the economic benefits of carbon capture processes, and further explore the process path of cost reduction and
efficiency improvement.

Key words: nonferrous metal industry; technology of carbon dioxide capture; CO, adsorption; solid adsorption

materials; physical adsorption; chemical adsorption
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