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Abstract: Inert gas argon has important applications in the fields of daily life, industrial manufacture and
nuclear environmental monitoring. The key to its application is to selectively and efficiently separate and
purify Ar from complex gas components. However, the separation of O, and Ar at normal temperature is
full of challenge due to their similar molecular sizes and adsorption properties as well as their close boiling
point. In industry, high purity Ar is mainly produced by low temperature rectification, which is mature
technology, but the equipment is large, high-energy consumption and explosive. Adsorption separation is a
common method of gas separation. Molecular sieves are the most widely used material due to their huge
specific surface area, aboudant pore structure and excellent adsorption properties. The silica tetrahedron in

molecular sieve is electrically neutral, while the aluminum tetrahedron is electronegative, which makes it

Y B #3:2023-08-07; 1&1iT B #i: 2024-04-15
HEWE: HE QAR AEE R E (12205126)
*BEBRRNBRLE


https://doi.org/10.7538/hhx.2024.46.05.0425

426 Wl 5O A2

necessary to use H" or Na" outside the molecular sieve skeleton to maintain electrical neutrality. In actual
application, the interaction between adsorbent and adsorbent can be enhanced by ion-exchange
modification of molecular sieve material, so as to effectively improve the O,/Ar separation capacity of
molecular sieve. In this paper, the application of ion-exchange modified molecular sieve materials in the
field of O,/Ar adsorption separation was systematically summarized and reviewed. The results show that
the O,/Ar separation coefficients of molecular sieves modified by alkaline earth metal ions like Ca®*, Sr**
and Ba®" can reach about 2.0, while that of Ce**-exchanged X-type molecular sieve is as high as 5.9, it is an
ideal adsorption material for O,/Ar separation. However, the high separation coefficient is limited to the
range of low partial pressure, and the O,/Ar separation coefficient under normal pressure is below 2.0. The
Ag*-exchanged molecular sieves, namely silver-loaded molecular sieves, have excellent Ar adsorption
selectivity. At present, the O,/Ar separation coefficients of silver-loaded molecular sieve materials at
atmospheric pressure are around 2.0, but the preparation cost of silver-loaded molecular sieves is high, and
it is more suitable for small-scale separation applications, it means that the efficient separation of O, and Ar
at normal temperature and pressure is still challenging. The development of novel ion-exchange modified
molecular sieve materials with high adsorption capacity and high adsorption selectivity for the separation of
O, and Ar is still one of the focuses and trends of future research projects.
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Fig. 1 Crystal structures of zeolite molecular sieve materials for gas adsorption separation
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Table 1 Parameters for the adsorption data of varies silver-exchange zeolites at 303 K, 101.99 kPal®"!
W BBy IS Y —
W JE57 (kJemol™) (mmoleg 'sbar!) (ﬁ%jh?;()
0, Ar 0, Ar Qar/0,
zeolite A Na' 2.5 23 0.11 0.10 0.93
Ag" 43 4.7 0.19 0.21 1.63
zeolite X Na* 3.0 29 0.13 0.13 0.93
Ag' 3.5 39 0.16 0.17 1.11
zeolite Y Na* 22 1.8 0.10 0.08 0.91
Ag" 3.5 39 0.16 0.17 1.12
zeolite L Na' 1.8 1.8 0.08 0.08 1.00
Ag" 2.1 22 0.09 0.10 1.04
BEA Na* 5.6 4.4 0.25 0.20 0.98
Ag* 5.2 5.2 0.23 0.23 1.07
mordenite 060 Na* 5.7 59 0.25 0.26 1.02
Ag" 5.6 6.7 0.25 0.30 1.22
mordenite 510 Na* 3.9 4.1 0.17 0.18 1.07
Ag" 6.9 8.1 0.31 0.36 1.13
ZSM-5(25) Na* 5.9 5.7 0.26 0.25 1.02
Ag* 6.5 7.5 0.29 0.33 1.65
ZSM-5(40) Na* 6.7 5.9 0.30 0.26 1.05
Ag' 6.9 7.7 0.31 0.34 1.25
ZSM-5(100) Na* 4.5 4.6 0.20 0.21 1.04
Ag" 5.5 7.1 0.25 0.32 1.23
ZSM-5(400) Na* 4.0 4.0 0.18 0.18 1.05
Ag* 4.1 4.6 0.18 0.21 1.15
ZSM-5(900) Na* 3.8 39 0.17 0.17 1.03
Ag' 3.5 33 0.16 0.15 1.05
s Aa) = A(b) A % Bt 25 43 1) oM 0.48 mmol/g 1 0.49 mmol/g,
< «<
N 50%0,-50%Ar 50%0,-50%Ar 5 N
= R AR F Z K45k 0.13 mmol/(gebar) 1 0.19 mmol/
i O7 Ar i o)
P ) A
P = o NN (gebar), RLEH KT Ag-ETS-10 X Ar b X}
— - T O A E WM. HR, LA 195K T4

0 1 2 3 4 5 0 1 2 3 4 5
i} 8] /min [ 8] /min
(a)——Ag-ETS-10, (b) ——Ag-2 6 A1
K5 FRTAREENEERSY
TE 2R 731 r B0 SO (0 1 B8
Fig. 5 Gas chromatogram of argon-oxygen mixture at different

concentrations in silver exchanged zeolites!®!

B T, 2 B S VR A A A R R )
VA AP i QS P U W SR 7- 2 g <A
i Ag-ETS-10 1§ Ar/O, 43 B R Eh 1.41, FIFELE
AT, B Langmuir 5578 26t nl 315 1 Ar/O,
B 438 2B 1.5, LA, O, Fil ArfE Ag-ETS-10 I

BIXF 4l O, 4li Ar, 50%0,-50%Ar I A K . 95%0,-
5%Ar IR A SR L B 99.7%0,-0.3%Ar B IR A Sk
PEAT T 3 4 e, Wi 7(a—e) TR, O, Fil Ar (1)
3B B M, O FLBIE R Ar AR, O, M
Ar A3 SR BB A5 B AR b1 43 B

Shrotri 45 0 F Al g 48 i W 5 1 | AL & (H,0,)
b PR J Y R 2K 43 F 7 Na-ETS-10 #1 H-ETS-10 #F
7B T8 ¥4 T Ag-ETS-10 Fl Ag-H-ETS-10, Jf:
BT T 3X DU FF 43 F 0 X 26 O, Fali Ar () - 7 i F
PERE . S 45 KW, Na-ETS-10 #1 H-ETS-10 7£
298 K i1 10 bar & JJ 4518 7 X5 Ar 9 W B 25 & 43 51
>4 0.34 mmol/g F1 0.42 mmol/g, X} O, 1Y W& ff} 25 & 4
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#2 Ag-ETS-10 il Ag-22 56 11 £ 0~ 120 kPa T B 1% B 14 fig 2 0%
Table 2 Parameters for the adsorption data of Ag-ETS-10 and Ag-mordenite in the range of 0-120 kPal*®
ST R A/ S v d
i - W B e
W ] (mmoleg™) (mmoleg 'sbar™!) .
UrE %0
0, Ar 0, Ar @ar/0,
Ag-ETS-10 0.987 53 0.732 62 0.202 0.302 1.49
Ag-236Eh A 0.933 05 0.846 51 0.218 0.272 1.25
= ; ; A(b)
< T(a) 3 =
Py (0] = = 0
% > Ar = #‘iﬁ 50%0,
i = i S0%Ar
i i =
0 1 2 3 4 5 4 5
s} []/min s [A]/min . \ . .
20 40 100 0 20 40 60 80 100
(a) 4fi O, F 4l Ar, (b) ——50%0,-50%Ar ”ETIHJ/mm AR B 5] /min
Bl 6 298K T4l 0, 4l Ar & 50%0,-50%Ar IR & S ARTE . 95%0, )
Ag-ETS-10 H iy AH a3 ] 1) 43,\3( EL:( 95%0,
Fig. 6 Gas chromatograms of pure oxygen and argon, ??: é“?:
a mixture of 50%-50% oxygen and argon & & 5%Ar
i _ETS- 159]
in Ag-ETS-10 at 298 K 5% AL
. 0 20 40 0 20 40 60 80 100
54 0.32 mmol/g i1 0.36 mmol/g, 1fii Ag-ETS-10 F1 nEﬂHJ/mm (R EA ] /min
Ag-H-ETS-10 e A7 7] 45 44 7 X5 Ar 8 1 B 25 2t 43 o
: Ale
4 0.78 mmol/g 1 1.13 mmol/g, ¥t O, F) I fif 25 & 43 3 99.7%0,
‘ o =
51124 0.75 mmol/g 1 0.87 mmol/g, Ag3s it f5 43 F i ESE
i

F1hy W o 7% e 45 30 T B S AR T, I EXE Ar 0 B 2R
iR . Ag-H-ETS-10 [t Ag-ETS-10 R I T F
5 1 - A7 0 R i, 2 IR Ol 48 HL0, 4b B S H-
ETS-10 [t Na-ETS-10 H 8 7 8 £ 54 fL, i /v fL
AT SVF 2 J2 B o L Ab, Shrotri 451900 4]
LA RS S 7 T A N i DA S N (DN VIO
B &A%, 78 1 bar i}, Na-ETS-10, H-ETS-10, Ag-
ETS-10 fil Ag-H-ETS-10 Y Ar/O, 435 R %043 5k
1.09. 1.11. 1.39 1 1.38, Ffi 45 H J1 Y38 K, Ar/O, I
B 2 5 P o 322 T B AR, 24 R J0 3 K 3 10 bar B,
Ag-ETS-10 il Ag-H-ETS-10 1Y) Ar/O, /355 Z 50 A 1.04.

R E W B 3L B A% BT 8l )%, Hosseinzadeh Hejazi
SO S B U2 S RIS T U L R ) L R T
B 70 B2 A2 %) O, FT Ar 7E Ag-ETS-10 | - 7 W Bt 1
o, 45 FI, Ag-ETS-10 (1) Uk K /N XF W% ff
i JLT A s, 8 43 0 L B R BH T )
JIN, DT S SR A BT, TP M 3k B 0 ST A
1E 150, 200, 300 cm®/min = Fh A [6] BEAE W E T,
ﬁEArﬁJSO%oz 50%Ar TR A AR 1 W B 25 325 il 4%

N, HE R AL R K, gk 8 I RS A 1 R I

15

=50 O L ),
= 10 15 20 25
LR 8 B[R] /min

0 20 40 60 80 100
LB B[] /min

(a) 4li 0, fir4li Ar, (b) ——50%0,-50%Ar,
(¢)——95%0,-5%Ar, (d) ——95%0,-5%Ar Jit K 45 H:

(e) 99.7%0,-0.3%Ar, (f)——25%,
K7 195K TR EMEEIRSGYIE Ag-ETS-10 H111)
SAEREE (a—e) S ARIFT 1
25 B AW R 2R il £ (£) 1)

Fig. 7 Gas chromatograms of argon-oxygen mixture at different

concentrations in Ag-ETS-10 at 195 K(a-¢) and
air breakthrough curves on Ag-ETS-10

at ambient conditions(f)!

A A B Y O, 2 BB Ry . 7E 303.15. 313.15,
323.15 K IR JE R, 4l Ar Fl1 95%0,-5%Ar IR & <Ak
P14 82 BT 25 375 i 442 b s, R Ry W BE SF  BE f]
S, X A It R R o AR A T 2 TR

1% 5T 8 1 2 BN P 1 o EANTRL R 1 R W 4%
BT RIS . DL EAFIE 45 R E ] Ag-ETS-10
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TE W B 3 i o i) A% T BEL g JL T 1T L 20 AT, E
— B AE T Ag-ETS-10 7£ P 3 48 JE W Fff (RPSA)
T A T
23 HiteBEFXBSFIH

Wy A L0 SR U AN W) M 25 19 BB 1 (AgT .
Ca?, Ce™) i 1 /K ¥ W B 5 i 12 %) 35 MG ikt 41
FE 43 9 (Li-LSX) #E A7 BH 85 7 2ok, 2R 58 Hox 45
B o3 B P RE RO RZ MR o P T CeHE far 9 R T
Ag'. Ca®, H Ce¥ 71t 71 i vh ¥ ) 70 A A5 # T
i HL 37, S 0o 1 O P9 AR AL B8 B S 2 AL
BIELEHE, HE T 4y 10 L R T AR S ALARFR . 25 °C
T, Ce¥ Bk 43 1 1 O, W B 25 1 2 0.222 mmol/g,
Ar W [ 25 8 S 0.081 mmol/g, O,/Ar 43 B ZE R
274, = T HAM > 70 . R, Ced et iy 43 1 i
S B A B PR RE AR T AgT. Ca?", & W] CeLi-LSX
3 Ui 2 — ol A ) S T R e

Choudary 2511 L) NaX Fl NaY 43 F i A Hf {4
HEAT C* 58, il 45 1 — R O, B LR B I3 7
i W B 50, 32 2R 51 B R0 TS A AN, 19 UK
REWh ik FErE W 0, H, Ced st iy
X B4y 797 CeXE 7E 303 K T XF O, 1 Ar 1) W% [t ==
F R B4 5 M 4.25 mmol/(gebar) F1 0.72 mmol/
(gebar), H O,/Ar 70 B Z B35 5.9, CeXP-1
(0.09Na,0 : 0.30Ce,0; : Al,O; : 2.4Si0, : wH,0) |
CeXP-3(0.04Na,0 : 0.32Ce,0; : Al, Oy : 2.4Si0, :

wH,0) #il CeXP-4(0.02Na,0 : 0.33Ce,0; : Al,O; :
2.4Si0, : wH,0) Xt O, iy W Bff = F & 52 7 51 A
3.17, 1.50, 2.65 mmol/(gebar), XF Ar {1 Fft = F
2809k 0.77, 0.72, 0.71 mmol/(gebar), H
CeXP-1 1 CeXP-4 1Y O,/Ar 43 & & B i 43 5 5 ik
4.1 F1 3.8, CeXP-3 i O/Ar P ES R BN 2.1, 4553
FW, %R T 0% O./Ar 70 85 ZECE WFEML T
Ce3" 2 Al 1Y NaXP(O,/Ar 0B &2 % 1.1) L &
NaXE(Oy/Ar 70 B 2480 1.1), H O/Ar 43 B VERE
g2 Tt . Jayaraman %564 %} Choudary %51 4 35 (1)
RO Fi TR T - L IR AMES, 45 R %
B, Choudary %% 473K 1% & 543 i O, Itk %E
PEREE HOA AR AR R A A

Sebastian %[ BF 5¢ T 7E 288.2, 303.0 K 41
T, 0, Al Ar 78 Co** 38 4 X Ak A I ) W B, Wit
MrERe S 809 32 3. WA — M Na'gh— 4~
Co? AR, i 2L 4b M & v W B wtw 2>, JF H
Co?(0.74 A) It Na*(0.94 A) 7E 9 43 5 v 5 48 58 /0
Hy 23 A, Bk, 5 NaX A L, Co? &8 Ji i) X ik A1
Ll 2 AR B . E AR RS A, O, W
A IR0, T Ar B RE ) LT AN 32 Cor B 1
SR, O 7 0 B 25 S NaX LT H5F . Wik, 1
IR X Bl 3 Co* 3¢ it A 14 0, I Oy/Ar 432§ R4
A EBRE MR, Co" 52 iy 71% I, 7E
101.99 kPa £5 144 '~ Oy/Ar 73 B R 8w K, M 1.57,

H3 CoMETH TR AR MR fiE 2

Table 3 Parameters for the adsorption data of Co**-exchanged zeolites!*?!

ST B A ZHIRBK/ W A/
7 BETHAMRY (G /i) (mmoleg 'sbar ") HEEFERE Cr B 550 (kJemol ™)
(m?eg™") @ar0, (3.33 kPa /101.99 kPa)

0, Ar 0, Ar 0, Ar
NaX 542 1.8 1.7 0.133 0.128 1.08/1.07 15.1 13.4
NaCoX 46 676 2.0 1.7 0.066 0.089 1.08/1.12 17.2 133
NaCoX 71 696 2.1 1.6 0.078 0.082 1.46/1.57 17.9 13.9
NaCoX 88 662 2.1 1.6 0.096 0.077 1.39/1.45 18.1 14.1
NaCoX 93 669 2.1 1.5 0.098 0.075 1.31/1.42 18.5 14.1

3 REERE

EEZAN T o100 TR o B £
TR Ok B T A 4 Bk A 43 i MORHEE O,/Ar
MR BRF 2 5 400 Jek e ) BF 5 TR o E I R R R

T 25 4 LA B L TE P9 R P R AT ORG AR T RE i
DA 2 O/Ar Zr B FEoR . BT, B+ 48 & 7
& 53 05 1 O,/Ar 43 B R AT 36 2.0 £ 47, Ce™
) X TSy T OL/Ar 43 85 BB ik 5.9, J& 5

(89 T %25 Oof Ar W B o0 B A (9 A% L, 2 A
O3 B AL N5y B AR S o X T O/ Ar 23 B R
[T D TP O A= a0 % e Rl U V= NI N

B O,/ Ar 43 55 B0 B AR W B A4 R, H & 4 5 R R
PR T4 FEJE BB, B T A OL/Ar 70 B R B
FTREAR, JEA DA E 2.0 AR o Ag sS4y T %
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PR A A0 S T B Ar B, L AO, 4 R
B TR 2.0 £ A0, (HZRAR 2 7 0 19 1 A5 A B v
L3S T /NSS4 B 0 FH o RO, R IR R TR
T O /Ar F AU B AR A PR . FE SRR T
i A= 7, — 25 AR R A LA AR G 9 1 i
S, Oo/Ar 73 85 B 531~ 0 BE 46 16 5 WL BEE O, A 17T 7
W 46 BE A, T Ar/O, 43 B3 8 43 i ) il B o5 46
J& O, (A3 JC 15 3 3 — A5 A8 R W B A5 31 5 46 % At

BEF 18 SR Ar 7R B T 28 45 8L 4y F O 4 R
TR TR B 43 B ST BCAR X R ok O/ Ar W B 43 2
MOBFB A AR R LT S

(1) B 7284, TR B m WM 25 /L &
W B B M 1 A I BEE A RE, 2 R IR R R Y
O,/Ar 53 B3 Z B, AT 88 J& oK o i) BiF 5% 0 o1 0 34
Z—;

(2) T AR FE 43 10 X Ar (16 05 B 40 25 AL B
S T0 W BREPE R 45 Al BT Rk, WS ek
PERE Ar 4 B b RHR BT L i A A B O R AL
63, A EE R B B = AR 5T R FH AR

(3) AR 7 F I X Ar Fe X O, B A W & 19 1
Bt 37 M, FLE X R 3 0 7E A T2 B v 1 1
I H D, W] 1 Z2 T 2 B4R 43 F Ui 1 1 45 5 07
5% )y H ik — P R

(4)EF X} O/ Ar 3 B3 R 43— Ui 300 43 728 s WA i o)
I Ar B R FH 3 5, T % B T4 S 5w
J1. B R ST IR R R, DS B R
BT, R Tl AR 7 oK .
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