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Section S1. Crystallography and Structural Description.

Table S1. Crystal data for CdSnSe-1, CdSnSe-1Cs and CdSnSe-1Sr.

Compound CdSnSe-1 CdSnSe-1Cs CdSnSe-1Sr

(CH3NH3)3(NHy);  Css6(CH3NH3)02(NH4)oo  Srags(CH3NH3)0.15(NH4)o.15
Cd4SH3S€13'(H20)3 Cd4SI13S€13'3.5H20 Cd4SH3S€13'6.5H20

Empirical formula

Formula weight 2036.53 2649.52 2206.49
Crystal system Trigonal Trigonal Trigonal
Space group R3m R3m R3m

T/K 293(2) K 293(2) K 293(2) K
MA 1.54178 1.54178 1.54178
alA 14.94000(10) 14.9443(2) 14.7181(2)
b/A 14.94000(10) 14.9443(2) 14.7181(2)
c/A 16.0233(2) 16.4222(4) 16.3882(4)
a/® 90 90 90

p° 90 90 90

/° 120 120 120

VIA3 3097.30(6) 3176.24(11) 3074.43(11)
VA 3 3 3

D/Mg m-3 3.275 4.156 3.575
w/mm'! 43.639 79.477 48.533
F(000) 2712 3399 2885
Measured refls. 3943 3666 3905
Independent refls. 1275 1430 1185

Rint 0.0388 0.0328 0.0336
No. of parameters 65 62 70

GOF 1.021 1.018 1.025

RFIwR, [1>20(1)]
Ry, wR; (all data)

CCDC

0.0356, 0.0952
0.0358, 0.0953
2133519

0.0307, 0.0804
0.0310, 0.0806
2133520

0.0443, 0.1245
0.0447, 0.1260
2133521

IRy = X|Fol-|Fe|l/Z|Fol, wRy = {Zwl(Fo)* -(Fe)’P/wl(Fo)’I*} 1”2
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Table S2. Crystal data for CdSnSe-1Cs-K and CdSnSe-1Sr-K.

Compound CdSnSe-1Cs-K CdSnSe-1Sr-K

Empirical formula KcCd4Sn;Se;3-5H,O Srg 35K5 3Cd4Sn3Se;3-6.5H,0

Formula weight 2156.83 2187.15
Crystal system Trigonal Trigonal
Space group R3m R3m

T/K 293(2) K 293(2) K
MA 1.54178 1.54178
alA 14.8258(2) 14.8189(2)
b/A 14.8258(2) 14.8189(2)
c/A 16.0744(4) 16.0559(4)
al/° 90 90

pl° 90 90

y/° 120 120

VIA3 3059.86(11) 3053.5(2)
zZ 3 3
D./Mg-m? 3.511 3.568
w/mm! 49.632 49.702
F(000) 2844 2889
Measured refls. 3771 3674
Independent refls. 1410 1374

Rint 0.0362 0.0407
No. of parameters 64 58

GOF 1.007 1.003

RBwR, [1>201)]

Ry, wR, (all data)
CCDC

0.0357,0.0912
0.0363, 0.0916
2133522

0.0384, 0.1030
0.0394, 0.1039
2133523

W Ry = X||Fol-|Fel/ZIFol, wRy = {Xwl(Fo)? -(Fc) P/ Zwl(Fo)*1*} 2
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Table S3. Selected hydrogen-bonding data for CdSnSe-1.

D-H-A dD-H)  d(H-A) dD--A)  <(DHA)
N(1)-H(1D)---Se(2)#1 0.90 2.83 3.52(2) 133.9
N(1)-H(1E)---Se(2) 0.89 2.82 3.52(2) 136.8
N(1)-H(1F)---Se(4)#1 0.90 2.94 3.71(2) 145.2
N(1)-H(1F)---Se(4)#3 0.90 3.13 3.71(2) 124.2
N(2)-H(2D)---Se(3) 0.90 2.63 3.528(19)  179.7
N(Q2)-HQ2A)---O(1W) 0.90 2.07 2.78(4) 135.2
N(Q2)-H(2B)---Se(3)#2 0.90 3.01 3.528(19) 1184
N(Q2)-H(2B)---Se(4)#9 0.90 3.08 3.959(16)  164.7
N(2)-H(2C)---Se(4)#1 0.90 2.88 3.71(2) 152.8
O(1W)-H(1WB)---Se(2)#10  0.85 2.88 3.55(2) 137.0

Symmetry codes: #1 -x+3, y, -z-1/2; #2 -x+5/2, -y+1/2, -z-1; #3 -x+3, -y, -z-1; #4 x+5/2,
y-1/2, -z-1/2; #5 x, -y, z+1/2.
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CdSnSe-1Sr CdSnSe-1Cs-K

Figure S1. Dimensions of the {CdsSn;Seq} window (highlighted in grey) in CdSnSe-1,
CdSnSe-1Cs, CdSnSe-1Sr, and CdSnSe-1Cs-K.
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Section S2. Characterizations on the Exchange-Saturated Products.

Table S4. N, C, H elemental analysis on the pristine and exchange-saturated products.

Products N% C% H%

CdSnSe-1 4.151 1.791 1.980
CdSnSe-1Cs 0.096 0.216 0.927
CdSnSe-1Sr 0.182 0.118 1.331
CdSnSe-1Cs-K 0 0 1.138
CdSnSe-1Sr-K 0 0 1.078

element wt% atomic%
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Figure S3. EDS analysis on CdSnSe-1Cs.
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Figure S4. EDS analysis on CdSnSe-1Sr.
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Figure S5. Powder XRD patterns of CdSnSe-1 before and after  and vy irradiations.
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Figure S6. FTIR spectra of CdSnSe-1, CdSnSe-1Cs and CdSnSe-1Sr measured at

room temperature on KBr pellets.
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Figure S7. UV/vis reflectance spectra of CdSnSe-1, CdSnSe-1Cs and CdSnSe-1Sr.
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(a) "H NMR of CdSnSe-1
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Figure S8. 'H NMR spectra of (a) CdSnSe-1 and (b) methylamine hydrochloride
dissolved in mixed N,H4-H,0 (98%)/D,0 recorded at room temperature.
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(a) BC NMR of CdSnSe-1
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Figure S9. 3C NMR spectra of (a) CdSnSe-1 and (b) methylamine dissolved in mixed
N,H4-H,0 (98%)/D,0 recorded at room temperature.
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Section S3. Ion Exchange Kinetics and Isotherms.

Table S5. The parameters calculated for pseudo-second-order kinetic model.

ions Geexp (Mg g',48h)  geca (Mg g7) ky (g mg'min")  R?
CdSnSe-1

Cs* 5.61 5.79 0.00212 0.99982
Sr2* 5.75 5.85 0.00373 0.99922
CdSnSe-1Cs-K

Cs* 5.70 5.88 0.00240 0.99870
Sr2* 5.64 5.99 0.00100 0.99790

Table S6. The parameters calculated for Langmuir and Langmuir-Freundlich models
applied for Cs* and Sr?>* ion exchange isotherm fitting.

Model ¢m (mg g) b (L mg7) n R?

Cs*

Langmuir 371.377+31.52  0.0044 +£0.0009 — 0.99197
Sr2+

Langmuir-Freundlich  128.40 + 60.34 0.0015+0.0033 2.415+0.563 0.98002
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Table S7. Comparison between the individual Cs™and Sr>* ion exchange capacities of

CdSnSe-1 and those of other exchangers.

Adsorbents Ions gm (mg g) Ref.

AMP-PAN Cs* 80.1 (1
Sr?* 15.8

Phl Cs* 22.5 (2]
Sr2* 14.9

PMM Cs* 93.3 3]
Sr2* 12.5

NaMT1 Cs* 290.7 (4]
Sr2* 184.8

HKUST-1 Cs* 153 (3]

CBCA@STS Cs* 195.4 [6]

TAM-5 Cs* 191.8 [7]

I-as Cs* 134 (8]

Na,VO16-3H,0 Cs* 284 (9]
Sr2* 96.4

Zeolite A Cs* 207.5 [10]
Sr2* 303

LitoFill Cs* 54.5 (1]
Sr2* 30

AO-XZ Cs* 222.2 [12]

Clay Cs* 46.3 (13]
Sr2* 39.7

FISM-InMOF Cs* 198.6 [14]
Sr2* 43.8

FISM-CA Sr2* 21.3 [13]

Sz-7 Sr2* 183 [1e]

CST Sr2* 33.9 [17]

SZ-4 Sr2* 117.9 (18]

AMPA-GO Sr?* 142.4 [19]

SZ-6 Sr2* 61.4 (20]

SZ-5 Sr2* 118.6 (21]

MnO,-PMMA Sr2* 49.1 [22]
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Table S8. Summary of the Cs*, Sr>" ion exchange capacities for metal sulfides.

Adsorbents Ions qm (mg g) Ref
K2:Mn,Sn3_.Ss (KMS-1, x = 0.5-0.95) Cs* 226 [23.24]
Sr?t 77
Ky Mg, Sn3 ., Sg (KMS-2, x = 0.5-1) Cs* 531.7 25]
Sr2* 86.89
K5Sny ,Sg. (KTS-3, x=0.65-1) Cs* 280 26
Sr2* 102
K,SnsSo (KTS-1) Cs* 205 27)
[In}0.55145][(H,NCH,CH,NHCH,); ] 5 Cs* 41.23 [28]
Sr2* 62.2
(Me;NH,), 33(MesNH)o ¢:SmsS7-1.25H,0  Cs* 408.91 [29]
(FISM-SnS) Sp2+ 65.19
[CH;NH;][Bmmim]Sn;S;-0.5H,0 (FJSM- Cs* 266.54 [30]
SnS-2) Sr2+ 59.41
[CH;NH3]g.75[Bmmim]; ,5Sn3S;-H,O Cs* 109.68
(FISM-SnS-3) Q2+ 5781
[Me,NH, ],[Ga,Sb,S,]-HoO (FISM-GAS-1)  Cs* 164 B1]
Sr2* 80
[CH3NH;],0Ge 9SbygS7,- 7H,O Cs* 230.91 [32]
[MeNH;]5SbsS, 5 (FISM-SbS) Cs* 143.47 [33]
K 87ZnSn; ¢3Ss.30 (KZTS) Sr2* 19.3 [34]
NaZTS Sr* 40.4 [33]
KZTS-NS Sr2* 55.7 [36]
Na,Sn,S; (NaTS) SrZ* 80 [37]
(Heta)o s(H;0), s[IngSn ,0108] 22H,0  Cs* 5377 [38]
K@RWY Cs* 316 [39]
NasZn; 5Sn3 5S;3-6H,0 (ZnSnS-1) Sr2* 124.2 [40]
[CH;CH,NH;]sIngS 1> (InS-1) Sr2* 105.35 [41]
[CH;CH,NH;]4IngS, 5 (InS-2) Sr2* 143.29 [42]
[NH;CHs]o 75Cuy 25GeSes (CuGeSe-1) Cs* 2253 [43]
[NH3CH3]o.s[NH2(CH3)2]0.25Ag1.255nSes3 Cs* 174.4 [44]
(AgSnSe-1)
FISM-SnS-4 Cs* 388.94 [45]
FISM-SnS-4 Sr2* 141.22
KATS-2 Cs* 358 [46]
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Section S4. Elution.

element wt% atomic%
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Figure S10. EDS analysis on the eluted product CdSnSe-1Cs-K.
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Figure S11. EDS analysis on the eluted product CdSnSe-1Sr-K .
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Figure S12. Powder XRD patterns of CdSnSe-1 and eluted products CdSnSe-1Cs-K
and CdSnSe-1Sr-K.
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Figure S13. Kinetic curve of Cs* ion exchange by CdSnSe-1Cs-K (C“* = 6.19 ppm).

Inset: plot of #/g, versus t.
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Figure S14. Kinetic curve of Sr** ion exchange by CdSnSe-1Sr-K (C% = 5.68 ppm).

Inset: plot of #/g, versus t.
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Section S5. Structural and Theoretical Investigation on the Ion Exchange.

Table S9. Summary of adsorption energies from theoretical calculation.

Tons E(fram+ad) E(fram) E(ad) AE 4 AE,q

/eV mol! /eV mol! /eVmol! /eVmol! /kcal mol!
Cs* (void I) -64.46 -60.3093 -1.8895 -2.26117 -51.95
Cs* (void II) -80.5227 -76.3787 -1.8895 -2.25449 -51.79
Sr2* (void III)  -57.662 -48.7297 -1.92951 ~7.00271 -160.87

Table S10. Weight loss and crystalline water of pristine, exchanged and eluted
products.

Weight loss (%) Number of H,O
Products

(40-150 °C) (per formula)
CdSnSe-1 1.747 3
CdSnSe-1Cs 2.402 3.5
CdSnSe-1Sr 5.381 6.5
CdSnSe-1Cs-K 4.133 5
CdSnSe-1Sr-K 5.376 6.5
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Figure S15. TG curves of the pristine, exchanged and eluted products.
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(b)

(c) (d)

CdSnSe-1Sr front view CdSnSe-1Sr side view

Figure S16. Front and side views of the Cs* and Sr?** location in CdSnSe-1Cs and

CdSnSe-1Sr, respectively.
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Section S6. Effect of pH on the Ion Exchange.

Table S11. Removal rates (R) and K values of individual Cs* and Sr** using CdSnSe-1

in pH 0-14 (Cy ~ 6 ppm; V/m = 1000 mL g'; room temperature).

pH RC (%) K (mLg') R (%) K, (mLg))
0 5.68 60.24995 4.42 46.22164
1 16.80 201.90401 4.40 45.98654
2 31.67 463.38116 35.54 551.32973
3 49.44 977.99591 54.19 1183.05658
4 84.29 5365.39953 88.14 7434.78261
5 91.74 11102.6694 92.09 11642.69142
6 89.80 8804.08654 95.15 19628.93617
7 80.16 4040.57428 78.74 3703.76072
8 81.86 4512.94008 86.51 6411.61707
9 85.70 5991.17737 87.59 7055.87447
10 84.87 5607.82609 91.81 11203.15343
11 93.40 14155.44761 93.75 15002.90065
12 78.33 3614.7875 78.11 3567.51964
13 19.96 249.31888 42.73 746.09248
14 15.96 189.91411 15.94 189.61326
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Figure S17. Powder XRD patterns of (a) Cs*- and (b) Sr?>*-exchanged products at

different pH values. (c,d) Phase identification of the Cs*- and Sr**-exchanged products

atpHO, 1, 2, 14.

Figure S18. Photographs of the Cs'-exchanged products obtained from the test

solutions with pH varying from 0 to 14.
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Figure S19. Photographs of the Sr?*-exchanged products obtained from the test
solutions with pH varying from 0 to 14.
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Section S7. Effect of Coexisting Ions on the Ion Exchange.

Table S12. Removal rates (R) and Ky values for the Cs™ and Sr?>" exchange with

increasing concentrations of Na*, K*, Mg?" and Ca?" from 0 to 100 mmol L-!.

C(mmol L)  R% (%) Ky (mL g) RS (%) K8 (mL g)
Na*

0 89.80 8804.08654 95.15 19628.93617
0.1 92.36 12090.59233 98.05 50304.24528
1 83.08 4909.03906 98.79 81695.8042
10 82.46 4702.56971 96.21 25409.62289
100 50.75 1030.44008 37.08 589.30163
K*

0 89.80 8804.08654 95.15 19628.93617
0.1 91.58 10876.13293 98.91 91121.62162
1 78.84 3726.91754 96.91 31360.84142
10 53.82 1165.41719 95.69 22187.21461
100 21.13 267.85334 46.24 860.03521
Mg?*

0 89.80 8804.08654 95.15 19628.93617
0.1 84.07 5277.95906 85.07 5698.4625

1 77.47 3438.43594 61.47 1595.55041
10 75.05 3007.63494 41.80 718.17068
100 57.22 1337.4359 38.09 615.36003
Ca?*

0 89.80 8804.08654 95.15 19628.93617
0.1 87.98 7319.71514 88.76 7897.50329
1 66.15 1954.11196 46.27 861.18044
10 69.53 2281.95545 7.11 76.52745

100 60.20 1512.82633 7.53 81.38239
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Section S8. Ion Exchange in Actual Water Environments.

Table S13. The actual pH and concentrations of Na*, K*, Mg?* and Ca’" measured in

deionized water (DW), mineral water (MW), tap water (TW), and lake water (LW). The

water samples were taken from the same sources reported in J. Hazard. Mater. 2022,

425, 128007.147]

Water pH Na* (ppm) K*(ppm)  Mg* (ppm) Ca*" (ppm)
DW 6.11 0.38 0.30 0.03 NA

MW 7.83 531 3.69 4.35 9.88

W 7.96 6.16 1.81 4.75 36.3

LW 8.27 683.05 25.05 102.80 81.20

Table S14. The removal rates (R) and Ky values for individual Cs* and Sr** ion

exchange in DW, MW, TW, and LW. (Cy ~ 6 ppm; V/m = 1000 mL g'!'; room

temperature).
Water RS (%) K, (mLg') RS (%) K (mLg?h)
DW 89.80 8804.08654 95.15 19628.93617
MW 77.41 3426.66917 47.81 916.14958
™ 79.31 3832.94907 38.83 634.85596
LW 54.62 1203.77358 17.05 205.59507
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