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T2 720.6%. Bellatreche®5 A BF4E T SAPO-344%
FHEPLIY, Na*, K'. Cs"XFCO,WMHRAm, 45
T, BHE S AR, SAPO-3441F-ifi X} CO,
W B e . WuZ AUBIFSE T A B 1 B2 A
& SAPO-344)F- 1 Hok— 48l Al e R 280 S B 43 B 1R BE,
SEILI, BT | ABE D 1 COWR B e e k.
SR, X = U A5 4 BH B 7 X 20— 0 W B B 1 52
Wi, DA S 2240 53 S B 50 B34 R R B AL, 3 5 2
— RS,

A58 R AN AN 5 1 4 J FH S 7 X SAPO-3443
T T, (A0 A . A R
SRS B SRR 5 55y TR S W AT R B
FECOL/N U 43 AR IR it R e 1, SR PEA
PR R G 2T A A 0 B 4 i PR e AR k.
[, 3 i Avramiti R K Virial J7 FE %0 0% B i A (1 3l
2 RIS F AT SE,  LAHE 78 COo/ N 43 S AR TE
SAPO-3443-iii A W R ATLFE.

1 55

1.1 SAPO-34%y Tty hilss

KA B BE T SAPO-340r Tl 5. 1
Se#49.2 gWsR(H;PO,, 85%, Sachem Inc.). 5.6 gillid
JKES 47 (AIOOH, 80%, sigma)511.7 g5 F/KIRA. 1
FIRTBEREL b SRS, #r4.8 gfREIAIR(30%, Strem
Chemical)547.12 gl ZZL S AL (TEAOH, 25%)ill
A FRIRAR, MRS Ri24 b BRI i s
R 31200 mLEA BRI NATR S RS2, 1E
473 KIS ST k48 h. B i 5 1A I B as 3f
UE, HREEEF KOG, JF7E353 KN T/%8 h
A[13SAPO-344> T 5k, HeJm, 1E823 KA AU
FRIBEE4 h, ATTESAPO-3443 1.

1.2 SAPO-34%y T-mitydietk

W B T AT SAPO-3443 T e ATk, L.
Na“", K", Mg®", Ca*", sr*", Ba" % & mEFol A%
SAPO-34/y 1. F+SAPO-3443 10 )53 51 mol/L
& I8 FACYIRWAE333 K FHEdk4 h, SR AR5 1
KM SR JTAE353 KN T8 h. e, 1E823 K
SRR R4 . 3 R S A IR TR R AT R
AR BN [E] B T 385 1 43 7. B 728 ¥ J5 SAPO-
3450 T 24 W X-SAPO-34-Y (X H AR 2542 & B B
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o, ko /W IR R, E W HEALRE, RASARH
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Figure 1 (Color online) XRD of X-SAPO-34-1 zeolite

() T AR MR, &8 B Tttt AR =R 5 m.
FIATH, SAPO-34HAK AR LRI, HKH T
680 m*/g, TELL 4R B TRMEIG, FrSFES o) e
RO B PR Hodp, Na B lobb)s 595070 L & i
MR Z, HIIRMN487 mY/g, Ca® B Tektkxt
Sy TR LR B RN, 566 mYg. EAKRE,
ANTEI 2548 i B 1RO X F SAPO-3443 715 i L 2% T AR
DL FUBRZE A 1 7= A 3 KIS, 088 T 4011 () £ L
BEALAR, 23X L SR TR A W B A = A — R R .

2.2 RHNSAERCOL/NWFH 75 B PERE
HIFFECOL 5N, 3w 4+ W B -5 2 3800 X — SR AL Bl

B 2 X-SAPO-34-14FIfiISEMIB F-. (a) H-SAPO-34; (b) Li-SAPO-34-1; (c) Na-SAPO-34-1; (d) K-SAPO-34-1; (e) Mg-SAPO-34-1;

(f) Ca-SAPO-34-1; (g) Sr-SAPO-34-1; (h) Ba-SAPO-34-1

Figure 2 SEM of Zeolites X-SAPO-34-1. (a) H-SAPO-34; (b) Li-SAPO-34-1; (c) Na-SAPO-34-1; (d) K-SAPO-34-1; (e) Mg-SAPO-34-1;

(f) Ca-SAPO-34-1; (g) Sr-SAPO-34-1; (h) Ba-SAPO-34-1
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Figure 3 (Color online) Adsorption-desorption curve of N, in X-
SAPO-34-1 zeolite

LEHEAFEZENHILEE L. RHCO,/N,=20/80(101.3 kPa,
298 K)Xi B T2 MERT IS BISAPO-343 T e E AT —
TR SIS 255 2. WNE4TR, X-SAPO-34-1Ff
i PEIE LI W 22 Sk, BRI 2RE I 2 R
GrF R I B AR, FEMR B R, NLSETCOL K
B 2 ok, ELING SR (RIAR A, JIE R 1 R B39 )
STEREST. R, COMIN, I SFE I ] 22 7 2, K]
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ULAbh, TERTA SAPO-3438)1745 555 i 2k rh ER UL AR BN vk
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FxCox ["(1-S0)di— 7,
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F 1 BFREHRSAPO-345 FRAMEIE R

_ qCOZ/qNZ

Yco, /N,
Hr, SHCOMPFEEFENE, 900, Mg N, fUERCOFIN, Y
PRI, yoo, iy R B IR &
CO, N, EEJR .

FIH 25 5 A () P s 5
25PN BT SR A R A W e B -
Perk, TR RINE20T/R, Na-SAPO-34-143F i Xf
CO/NW B B e FE Ve dRc i, W24 1.751 mmol/g,
VEREMEN9.414. AHLLARACHAISAPO-3453 ikt 4
AR R4 2 17 30%, BEFRPERL R T40%. BlE#EACH:
BRI, AR B, 48 TR
/N AN 4 S B L A 28 B R B - AR A BT AN,
4R TR AL SAPO-344) 10 5 4 Y i faf 25
B, MTECAS T SAPO-3443F i A AR 431 22 8] A AR
HAEH T, MANE 48 B F et 5 SAPO-3443F i Xif
COL/N, W it B e PEPEANTR]. L AT sh A 2R 5L 56
ZER(K2), Al LR BEYE R SAPO-344> T xt — A4k
T W Bt BE Fh 3 21 55 80 Na-SAPO-34>K-SAPO-
34>Mg-SAPO-34>Ca-SAPO-34>Sr-SAPO-34>Ba-
SAPO-34>Li-SAPO-34. EiFHA 4IRS TMlt)s
SAPO-34%r T AHXT 4G B, R RIS AR FE B ) R
1%, HE LA B O IS 43 0 A X 235 32 A AT i 3 e
K, COMMRER T 52 20501 55 F B A BAEH
TSN, B fE—E R L 5 Tl ai i a ¢, &
BTl 2 Na "B 728 S5 SAPO-3443 -0 1 W B

AEfAIL.

(7

2.3 BIEE T ASHIREER A 47 S A CO/N, W Bt
4 B PEREN N
A AR B2 B e fE vl A, 8 i (Al SAPO-3443 1

Table 1 Data table of SAPO-34 zeolite texture before and after ion modification

R Sy4,(m*/g) Sj41.(m*/g) Sig1,(m*/g) Vi (m’/g) Vi (m’/g) Vg (m*/g)  FH55L42(am)

H-SAPO-34 680 39 641 0.409 0.096 0.314 2.406
Li-SAPO-34-1 517 36 481 0.286 0.05 0.231 2.210
Na-SAPO-34-1 487 22 467 0.304 0.044 0.260 2.202
K-SAPO-34-1 521 35 481 0.290 0.052 0.238 2.226
Mg-SAPO-34-1 530 40 490 0.294 0.054 0.241 2.221
Ca-SAPO-34-1 566 9 557 0.301 0.028 0.273 2.217
Sr-SAPO-34-1 555 42 512 0.300 0.050 0.251 2.266
Ba-SAPO-34 518 32 486 0.273 0.035 0.238 2.108
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Figure 4  (Color online) Dynamic penetration curve of X-SAPO-34-1
zeolite

%2 X-SAPO-34-19 7R B R
Table 2 Table of X-SAPO-34-1 zeolite adsorption
CO, M b i N -

e (mmol/g) (mmol/g) ST
H-SAPO-34 1.327 0.789 6.723
Li-SAPO-34-1 1.438 0.421 13.649
Na-SAPO-34-1 1.751 0.744 9.414
K-SAPO-34-1 1.728 1.071 6.452
Mg-SAPO-34-1 1.530 0.816 7.498
Ca-SAPO-34-1 1.552 0.797 7.787
Sr-SAPO-34-1 1.416 1.001 5.657
Ba-SAPO-34-1 1.608 1.011 5.657

i s LA 9 4 25 1l 35 48 R CO/N 1 W ff
FakEEE. R TR AR E X COL/N,
FRHE: N e BEMERE IR, XFSAPO-3443 11 BEA T AN [F) P2 E
MBS T35k, EIS1HX-SAPO-34-2 5X-SAPO-34-343 4]
HEF A B = IR B T XRDIE], S XRD
Fh R AR WA B 5 SAPO-344) 1 i b v 4 AE e — 5,
TE20°49.5°, 12.8°, 16.0°, 20.5°, 26.0°, 31.0°¥H
PRAA SRR, [R]RsE, E AR (R XRDE Hh A 8 |
S A 2R, RO R B 40 AN AE 4 B AL
Y& JE R SR, HES1(a), (b)AT LABT RS H
Bt G AN [F) 463 8 B8 AC e R B IS K, SAPO-3443 1
XRDFHEUEGREE T B, FHIBEH SAPO-3457 11 28 46
UREIETIN, A0—F T AE X 45 AR T B

FEIS2 R T 45 Fh 4 & BHE F AR R 58 e B SEM
. KS2(b)~(h) N X-SAPO-34-24> T SEMIK], ES2(i)~

(0) A X-SAPO-34-34rFiiiiSEMK]. X-SAPO-34-243F
i ELAT 5 O AR TR L 52 3 A S B 3, TRl s 52 485 )
SAPO-3453 i db it 43 W, RiEERST29°50.5 pm,
HABIFNZ TIPS, LK A BIX-SAPO-34-34Fiif
1) AU 2 TED A 98 T 52 48 PR IR I SAPO-3 443 T A A
JRA B 5] ST O I AR B9 43 F 0 A, 2ol BTk
PR 5 o5 AR S AN ) 22 AR sl bk, HLZead B
TR 5 A3 AR R BN, RGT 53 A AR A
Y15, BRI H B, X R T o S8
SIS — B R BBEIR, X4 S A — R s,
X XRDFEAFLE R —5L.

[KS3 yH-SAPO-34 . X-SAPO-34-2 K X-SAPO-34-
35T BN BB IR, ki JS SAPO-3443 TN,
W SRR 2R T 20, BEE O B i, e SR T B
AR (F£S1), 1ELi-SAPO 5 Ca-SAPOH A WLEEH] 3% Fh i
%, UL B 38 Nt SAPO-344F i i He 2 il
TR LR S5 HAA BRI,

[K1S4h 22 IRk 1 5 SAPO-34r T sh s 2 s i 2k
El. N TR, 7E2 R scHn, Na B8 T8 SAPO-34-
2. SAPO-34-3/3 i % CO, LA f5c e 1 W2 i (6 S2),
391,703, 1.642 mmol/g, FHES T45— Uk Mo 14
OyFO, UG R TR S, FIRE, Hakser:
B R PR R B B B T B A T A, B Na-
SAPO-34-1>Na-SAPO-34-2>Na-SAPO-34-3. XTIt
SEEFIMT, 2RI 7307 X CO./NL A I
BFf S B REE B T SRR EE A R R, Hoh, LitF
L2 R 5 X5 43T 0 C O o/ N IR o K 3o 86 47 £14) 2 Wi e
K, =Wkt E, HBEPEE TR 769.14%.

2.4 COWtah ¥

T GE U B2 A 1 BTy 2 T LA FH SR 3 g o6 550 1 s
CO MBS, 38 3 Bl 7 AR AU S S0 55 B 4 7400
&, BRI R, IR CO AT im AL AE™,
TR BRI, SOk A JLRP 3l ) A T4
HCOMMFIAFT . WangE NPOKIF TR 45 4, —
PN SR By ) 2 RERULE 153 Z2FL B 5 W% B C O, ) 2t
FRIAAEAE—E MR BT, 1M Avramifbi Bl A 45 b 01
BB FRIXFCOL MM . A fif SC BT, Na BT
UPERISAPO-340 F i A T COME FHPERE I P, PRIk
HUH-SAPO-344> 71 5 Na 8 1ol P ke S EA T30 7
SEWEGY, TR LI B ATLEE.

30 A O o A 2 3 il A vk K — o TR T R 4y
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Figure 5 (Color online) Fitting diagram of the Avrami kinetic model of CO, adsorption by zeolite and the fitting curve of Ink to 1/7. (a) H-SAPO-34;

(b) Na-SAPO-34-1; (c) Na-SAPO-34-2; (d) Na-SAPO-34-3
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Effect of cation modification of zeolite SAP(O-34 on the
adsorption and separation of CO,/N, and its Kinetics
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Anthropogenic CO, emissions reached 41.6 billion tons in 2024, a 2% increase from 2023, with nearly 90% derived from fossil fuels.
This excessive emission triggers severe environmental crises, including global warming, sea-level rise, and frequent extreme weather
events. To address this, China has proposed the “dual carbon” strategy (carbon peaking and carbon neutrality), which aims to achieve a
balance between greenhouse gas emissions and absorption through policy measures and technological innovation. Among the key
technologies for this strategy, carbon capture, utilization, and storage (CCUS) is critical, and CO, adsorption stands out as an efficient
capture method. However, current adsorbents such as amine-grafted solids, metal-organic frameworks (MOFs), and carbon-based
materials face challenges of high cost, low selectivity, and poor thermal stability, limiting their industrial application.

Zeolites, especially SAPO-34 with regular pores and a cage-like CHA topological structure, exhibit superior adsorption performance
due to their reversible CO, adsorption enabled by a weaker electric field gradient than aluminosilicate zeolites. Previous studies have
explored modifying SAPO-34 with monovalent cations, but the effects of high-valence metal cations on its adsorption performance, as
well as the adsorption mechanism for multi-component gases, remain understudied.

Metal cations with different valence states (Li*, Na*, K, Mg2+, Ca®", Sr*, Ba2+) were incorporated into the SAPO-34 zeolite
framework via ion-exchange. Pristine SAPO-34 was synthesized hydrothermally: a mixture of 9.2 g H;PO, (85%), 5.6 g pseudo-
boehmite (80%), and 11.7 g deionized water was stirred at room temperature for 1 h; 4.8 g silica sol (30%) and 47.12 g TEAOH (25%)
were then added, followed by 24 h of stirring. The gel was crystallized in a 200 mL Teflon-lined autoclave at 473 K for 48 h, filtered,
washed, dried at 353 K for 8 h, and calcined at 823 K for 4 h. Modified samples (X-SAPO-34-Y, X: cation, Y: exchange cycles) were
prepared by stirring pristine SAPO-34 with 1 mol/L metal chloride solutions at 333 K for 4 h, followed by washing, drying, and
calcination.

The effects of ion modification on the morphology and structure of SAPO-34 were systematically examined using X-ray diffraction
(XRD), N, adsorption—desorption isotherms, scanning electron microscopy (SEM), and X-ray fluorescence spectroscopy (XRF),
showing that modified SAPO-34 retained its characteristic XRD peaks and cubic morphology without impurities. However, the specific
surface area decreased from 680 m*g (pristine) to 487 m%/g (Na'-modified) and 566 m*/g (Ca**-modified), indicating altered pore
structures.

Dual-component dynamic breakthrough experiments at 298 K and 101.3 kPa. The experimental results demonstrated that cation
modification consistently enhanced the CO, adsorption capacity of SAPO-34 in all cases. Among them, the Na“-exchanged SAPO-34
exhibited the highest CO, uptake of 1.751 mmol/g, representing a 30% increase relative to the unmodified sample, while the adsorption
selectivity reached 9.414, corresponding to a 40% improvement. Performance declined with increasing cation radius (e.g., Ba>*-modified
samples showed lower capacity than Na‘-modified ones) and exchange cycles: Na-SAPO-34-3 had a capacity of 1.642 mmol/g, and Li'-
modified samples with three cycles exhibited a 69.14% selectivity drop, attributed to reduced crystallinity and pore blockage.

Avrami kinetic model fitting (R? > 0.99) indicated that the Avrami exponent n ranged between 1 and 2, suggesting two-dimensional
diffusion-controlled physical adsorption. Adsorption rate constants increased with temperature, and Na-SAPO-34-1 had a lower
activation energy, facilitating CO, adsorption. The Virial equation (R? > 0.999) calculated adsorption heats (2—40 kJ/mol), confirming
physical adsorption; Na'-modified samples had higher heats, indicating stronger adsorbent-adsorbate interactions.

In conclusion, cation modification effectively improves SAPO-34’s CO,/N, separation performance, with Na-SAPO-34-1 being the
optimal adsorbent. CO, adsorption on SAPO-34 is primarily physical, influenced by cation properties and zeolite structure. This study
provides valuable insights for developing high-performance zeolite-based CO, adsorbents.

ion exchange, SAPO-34 zeolite, adsorption separation, Avrami kinetic model
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