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Section 1 Synthesis and Structure

Table S1. Crystal data for CdSnSe-2.

Compound CdSnSe-2
Empirical formula C4H»,CdyN4Se oSn;
Formula weight 1484.71
Crystal system Tetragonal
Space group A

T/K 2932) K

A 1.54178

a/A 9.7043(4)

b/A 9.7043(4)

c/A 16.0699(17)
al® 90

p° 90

y/° 90

VIA3 1513.4(2)

VA 2

D./Mg m3 3.258

w/mm! 44.243

F(000) 1308
Measured refls. 2212
Independent refls. 1314

Ring 0.0354

No. of parameters 57

GOF 1.009
R,BIwWR,y[I>20(1)] 0.0495, 0.1381
Ry, wR, (all data) 0.0514, 0.1395

1Ry = XN Fol-Fell/ZNFol, wRy = {Xw[(Fo)* -(Fo) P/ Xwl(Fo) 1P}



Table S2. Selected hydrogen-bonding data for CdSnSe-2.

D-HA d(D—H) dH-A)  dD-A)  <(DHA)
N(Q2)-H(2A) --N(1) 0.90 2.39 3.16(3) 144.4
NQ2)-H(2B)---Se(3)#4  0.90 2.92 3.54(3) 126.7
NQ2)-HQ2C)---Se(2)#6  0.90 2.84 3.70(3) 160.3
C(2)-H(2D)--SeQ)#7  0.96 2.83 3.79(3) 175.0
C(2)-H(2E) *-Se(2) 0.96 3.14 3.78(3) 125.3
C(2)-HQ2F)---Se(1)#4  0.96 3.02 3.92(3) 154.9

Symmetry transformations used to generate equivalent atoms: #1 y, -x+2, -z+2; #2 -
v+3/2, x-1/2, -z+3/2; #3 -x+2, -y+1, z ; #4 y+1/2, -x+3/2, -z+3/2; #5 -x+2, -y+2, z; #6 -
yv+2, x, -z+2; #7 y+1, -x+2, -z+2.
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Figure S1. Photographs of the products obtained from the optimizing reactions for
CdSnSe-2 performed at different temperatures.
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Figure S2. Powder XRD patterns of the products obtained from the optimizing
reactions for CdSnSe-2 performed at different temperatures.



Figure S3. Photographs of the products obtained from the optimizing reactions for
CdSnSe-2 with different time at 160 °C.
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Figure S4. Powder XRD patterns of the products obtained from the optimizing
reactions for CdSnSe-2 with different time at 160 °C.
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Figure S5. Photographs of the products obtained from the optimizing reactions for
CdSnSe-2 with different N,H4 -H,O:N,N’-dimethylurea molar ratios at 160 °C. The
initial amount of N,N’-dimethylurea is 16 mmol.
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Figure S6. Powder XRD patterns of the products obtained from the optimizing
reactions for CdSnSe-2 with different N,H,-H,O:N,N’-dimethylurea molar ratios at
160 °C. The initial amount of N,N’-dimethylurea is 16 mmol.
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Figure S7. Photographs of the products obtained from the optimizing reactions for
CdSnSe-2 with different alkylamine hydrochlorides at 160 °C.
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Figure S8. Powder XRD patterns of the products obtained from the optimizing
reactions for CdSnSe-2 with different alkylamine hydrochlorides at 160 °C.
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Figure S9. The asymmetric unit of CdSnSe-2.
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Figure S10. '"H NMR spectra of (a) CdSnSe-2 and (b) CH;NH,-HCL
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Figure S11. 3C NMR spectra of (a) CdSnSe-2 and (b) CH;NH,-HCI.

[CH;NH,]*

Figure S12. Positional relationship between the ammonium and methylammonium
cations in the anionic framework of CdSnSe-2 viewed along the a axis.
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Figure S13. Powder XRD patterns of CdSnSe-2K and the corresponding samples after

B and vy irradiations.

Table S3. Molecular formulae and weight losses of CdSnSe-2 and CdSnSe-2K,
CdSnSe-2Cs, CdSnSe-2Co and CdSnSe-2Ni.

Products Molecular Formula Weight loss (%)
40-150 °C
CdSnSe-2 (CH;3;NHj3);NH4Cd,Sn;3Se -0.02%
CdSnSe-2K K;5.4(CH3NH3)g.45(NHy)0.15Cd>Sn3Seqo-3.4H,0 -3.63%
CdSnSe-2Cs Cs2.46K0.94(CH3NH3)0.45(NHy)0.15Cd,Sn3Se;°0.4H,0 - -0.40%
CdSnSe-2Co  Coy 2K 36(CH3NH3)0.45(NHy)0.15Cd>Sn3Se o 1.2H,0  -1.42%
CdSnSe-2Ni Ni 85K 7(CH3NH3)0.45(NH4)0.15Cd2Sn3Se - 1.6H,O0 - -1.85%
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Figure S14. SEM and elemental mapping images of CdSnSe-2.
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Figure S15. EDS analysis on CdSnSe-2.
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Figure S16. Thermogravimetric curves of CdSnSe-2, CdSnSe-2K, CdSnSe-2Cs,
CdSnSe-2Co and CdSnSe-2Ni.
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Figure S17. (a) Solid-state UV-vis reflectance spectra of CdSnSe-2, CdSnSe-2K,

CdSnSe-2Cs, CdSnSe-2Co and CdSnSe-2Ni. (b) Kubelka-Munk spectra of CdSnSe-
2, CdSnSe-2K and CdSnSe-2Cs.
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Figure S18. EDS analyses on (a) CdSnSe-2K, (b) CdSnSe-2Cs, (c) CdSnSe-2Co and

(d) CdSnSe-2Ni.
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Figure S19. FTIR spectra of CdSnSe-2, CdSnSe-2K, CdSnSe-2Cs, CdSnSe-2Co and

CdSnSe-2Ni measured at room temperature on KBr pellets.
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Section 2 Adsorption Kinetics and isotherms

Table S4. The concentrations of Cs*, Co?" and Ni** (Cs, CL°, CNi, ppm) and the
corresponding removal rates (R®S, R, RN, %) at different contact time ¢ (min) in kinetic

experiments.

t (min) G (ppm) R (%) G (ppm) R (%) CN (ppm) RN (%)
0 6.1480 0 5.7624 0 5.5760 0

0.5 0.2735 95.551 / / / /

1 0.133 97.837 / / / /

2 0.0895 98.544 2.2050 61.735 3.1205 44.037
5 0.0265 99.569 0.9978 82.685 1.6078 71.167
10 0.0223 99.638 0.4170 92.763 0.7518 86.518
20 0.0210 99.658 0.1448 97.488 0.3580 93.580
40 0.0335 99.455 0.1228 97.870 0.1298 97.673
60 0.0190 99.691 0.1073 98.139 0.1358 97.565
80 / / 0.1060 98.160 0.1223 97.808
120 0.0278 99.549 0.0968 98.321 0.1223 97.808
240 0.0450 99.268 0.0570 99.011 0.0710 98.727
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Figure S20. Non-linear Fitting of the kinetic data and the corresponding regular
residuals for (a,b,c) Cs*, (d,e,f) Co?", and (g,h,i) Ni** ions by using pseudo-fisrt-order

and pseudo-second-order models.

Table S5. The parameters calculated for the fitting of Cs*, Co?" and Ni?* adsorption
kinetics by CdSnSe-2K using the non-linear pseudo-first-order and pseudo-second-

order model (within 60 min contact time).

ions Qeexp (ME ') geca (mgg")  ky (min')  k; (g mg' min)  R?
pseudo-first-order

Cs* 6.122 6.126 6.046 - 0.73607
Co?* 5.705 5.633 0.404 - 0.92873
Ni2* 5.505 5.397 0.225 - 0.97593
pseudo-second-order

Cs* 6.122 6.132 - 9.706 0.92807
Co?* 5.705 5.770 - 0.182 0.95344
Ni%* 5.505 5.681 - 0.099 0.98282
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Table S6. Comparison of the initial Cs* concentration (C,**), removal rate (R.*) and time (¢,) at equilibrium, and pseudo-second-order adsorption
rate constant (k) for CdSnSe-2K and other inorganic adsorbents.

Adsorbents Co® (ppm) R.© t, (min) k(g mg! min') Ref.
CdSnSe-2K 6 99.569% <5 9.706 This work
(1 min/97.837%)
ZnSnSe-1K 6 99.34% 2 9.240 [1]
SbS-1K 6 99.06% 40 1.040 [2]
InSnS-1 3.44 95-96% >60 1.77846 [3]
PIATS 34 99% 3 0.25 [4]
K-MPS-1 45 77.6% 15 0.0982 [5]
FISM-SnS/PAN 9.32 80.17% 180 0.0314 [6]
KMS-1 | >90% 5 NA [7]
KTS-3 1.2 94% 5 NA 8]
KIAS 2.05 95% 10 NA [9]
FISM-SnS 130.4 55% 30 NA [10]
FJSM-SnS-2 0.73 83% 60 NA [11]
FJSM-SnS-3 0.778 75% 60 NA
FJSM-SnS-4 11.2 78.57% 30 -0.1189 [12]
FISM-SbS 0.6 86.9% 2 NA [13]
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Table S7. The parameters calculated for the fitting of Cs*, Co?" and Ni*" adsorption
isotherms by CdSnSe-2K using Langmuir-Freundlich models.

Model ¢m (mg g) b (L mg?) n R?

Cs* 218.08 + 80.08 0.00673 +0.01293 2.332+£0.576  0.98204
Co?* 43.95+16.57 0.0046 +0.01252 3.58 +0.878 0.96958
Ni?* 42.527 +16.50 0.11743 £0.31218 2.67+£1.51 0.90573

Table S8. M:Cd (M = Cs, Co, Ni) molar ratio and the calculated M"" adsorption
capacities of the exchanged products obtained from solutions with CoM varying from

0.05 to 0.2 mol L' according to ICP-MS test.

CoM (mol L) M:Cd molar ratio Exchange capacity (mg g)
Cs*

0.05 1.216:1 204.322
0.1 1.200:1 201.634
0.2 1.274:1 214.068
average 1.230:1 206.680
Co?*

0.05 0.5257:1 39.170
0.1 0.5324:1 39.660
0.2 0.4756:1 35.430
average 0.5112:1 38.090
Ni2*

0.05 0.4296:1 31.878
0.1 0.4217:1 31.291
0.2 0.4255:1 31.573
average 0.4256:1 31.581
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Theoretical ~ exchange  capacities of Cs", Co?*’, Ni** and by
K3.4(CH3NH3)0.45(NH4)0.15CdZSn3Selo'3.4H20 (CdSHSC-ZK, FM = 1581.87 g mol'! =
1581.87 mg mmol!) are calculated as follows:

(1) For 1 g exchanger, the molar amount of K™:
n(K*) =m/FM x 3.4=1 g/1581.87 g mol! x 3.4 =0.0021494 mol

(2) If all the K" are replaced by Cs* or Sr?*, the molar amount of Cs*, Co?*, Ni** should
be:

n(Cs*) = n(K*) = 0.0021494 mol

n(Co*") = n(Ni*) = n(K+)/2 = 0.0010747 mol

(3) The theoretical mass of adsorbed Cs*, Co**, Ni** should be:

m(Cs*) = n(Cs*) x M(Cs") = 0.0021494 mol x 132.9 g mol'! = 0.28566 g = 285.66 mg

m(Co2*) = n(Co2*) x M(Co®") = 0.0010747 mol x 58.93 g mol' = 0.06333 g = 63.33
mg

m(Ni2*) = n(Ni2") x M(Ni2") = 0.0010747 mol x 58.69 g mol! = 0.06307 g = 63.07 mg
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Section 3 Effects of solution pH on adsorption
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Figure S21. Powder XRD patterns of the (a) Co?" and (b) Ni?>*exchanged products at
different pH values.
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Table S9. Removal rates and Ky values of individual Cs*, Co?*, Ni?>* ions using
CdSnSe-2K in the pH range of 0-14 (Cy ~ 6 ppm for Cs*, Co?", Ni**; V/m = 1000 mL
g'!; room temperature)

pH RS (%) KO(mLgh) R©(%) KO (mLg) RV(%) KN (mLgh

0 3.04 31.32 2.87 29.59 2.39 24.53

1 1.85 18.87 0.98 9.89 7.40 79.92

2 97.97 48224.57 20.13 252.13 6.56 70.23

3 99.02 101237.90 34.74 532.44 27.54 380.04

4 99.32 145342.70 95.01 19032.66 98.16 53457.90
5 98.47 64776.92 99.18 121561.80 98.62 71721.09
6 99.57 231000 99.01 100096.49 98.73 77535.21
7 98.99 98150.20 98.72 76896.19 98.10 51496.42
8 98.63 71902.65 98.08 51007.13 90.19 9192.42
9 98.37 60504.76 99.22 127100 97.88 46112.15
10 98.22 55188.18 99.75 404981.13 96.76 29909.49
11 64.58 1823.71 99.77 443170.21 94.49 17138.02
12 23.22 302.55 - - - -

13 7.54 81.55 - - - -

14 5.23 55.22 - - - -
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Section 4 Effect of competitive ions on adsorption

Table S10. Removal rates and Ky values for individual Cs*, Co?" and Ni*" exchange
with increasing concentrations of Na*, K*, Mg?" and Ca”* from 0 to 100 mmol L-! (C,
~ 6 ppm for Cs*, Co?" and Ni?*; V/m = 1000 mL g''; room temperature).

C(mmol L) R® (%) K @mLg') R (%) Ki@mLg') RV (%) KN (mLgh)

Na®*

0 99.57 231000 99.01 100096.49 98.73 77535.21
0.1 08.76 79462.90 08.38 60729.11 94.64 17643.88
1 08.82 83985.45 95.84 23052.40 94.31 16577.45
10 95.64 21925.43 84.61 5498.87 81.68 4457.48
100 92.29 11970.23 69.25 2251.65 75.78 3128.90
K+

0 99.57 231000 99.01 100096.49 98.73 77535.21
0.1 98.57 69162.24 96.76 29936.58 97.95 47697.89
1 97.07 33080.76 83.53 5072.39 98.08 51036.41
10 86.76 6552.81 77.45 3435.11 79.53 3884.71
100 63.19 1716.43 53.80 1164.77 58.48 1408.73
Mg2+

0 99.57 231000 99.01 100096.49 98.73 77535.21
0.1 98.49 65389.78 88.28 7537.44 99.23 128893.62
1 97.04 32732.22 79.09 3783.74 9591 23421.35
10 95.32 20345.66 84.35 5390.35 86.67 6502.25
100 91.25 10429.93 65.00 1857.21 26.10 353.24
Ca?*

0 99.57 231000 99.01 100096.49 98.73 77535.21
0.1 96.20 25291.84 95.03 19120.45 98.30 57764.89
1 96.18 25200.66 85.23 5770.02 93.63 14687.99
10 86.65 6492.74 87.04 6716.94 74.15 2868.81
100 72.62 2651.91 74.12 2864.02 30.42 437.27
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Figure S22. The removal rates of mixed Cs*, Co?" and Ni*" by CdSnSe-2K in presence
of mixed Na*/K* and Na*/K*/Ca?". Note: Cy = 6 ppm for each of Cs*, Co?" and Ni**;

Co=0.1 mmol L! for each of Na*, K and Ca?"; V/m = 1000 mL g'!; room temperature.

Table S11. Removal rates and Ky values for individual Cs*, Co?" and Ni?* adsorption
experiments performed in deionized water (DW), mineral water (MW), tap water (TW),
lake water (LW) and sea water (SW). (Cy = 6 ppm for Cs*, Co?" and Ni**; V/m = 1000
mL g!; room temperature).

Water RS (%) K (@mLg') R (%) K @mLg') RN (%) KN (@mLgh)

DW 99.57 231000 99.01 100138.15 98.91 90480.85
MW 94.23 16336.70 92.78 12860.72 99.44 176938.05
™ 96.08 24504.17 90.80 9869.80 97.91 46820.16
LW 90.29 9299.95 67.65 2091.52 79.51 3879.47
SW 70.73 2415.89 82.07 4577.75 69.77 2307.80

Table S12. Actual pH and concentrations of Na*, K*, Mg?" and Ca?* measured in DW,
MW, TW, LW and SW. Note: the water samples were taken from the same sources of
the following reference, J. Hazard. Mater. 2022, 425, 128007.

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

MW 7.83 5.31 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

SW 8.10 10781.45  399.10 1283.72 412.08
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Table S13. Removal rates and Ky values for mixed Cs*, Co?" and Ni*" adsorption in
presence of individual A", Fe3*, Eu’" and UO,?* cations (Cy = 3 ppm for Cs*, Co?",
Ni2*, AI¥*, Fe3*, Eu*", UO,%*; V/m = 1000 mL g!; room temperature).

Cations R® (%) K (@mLg!) RC (%) K°@mLg') RN (%) KN (mLgh
A 70.45 2384.66 99.42 171206.11 97.59 10738.07
Fe3* 78.71 3695.48 99.02 100887.39 95.29 27897.80
Eu3* 79.89 3971.56 96.88 31018.73 96.54 20240.38
UO,** 83.74 5149.50 98.93 92565.96 91.48 40495.27

Table S14. Removal rates and Ky values for mixed Cs*, Co?" and Ni*" exchange in
presence of individual HCO3-, NO3-, COs*, and SO4* anions (Cy = 3 ppm for Cs*, Co?",
Ni?*; Cy = 30 ppm for HCO;, COs*, NO;s™ and SO4*; V/m = 1000 mL g''; room

temperature).
Anion R (%) Kq© (mLg!) RC (%) K;°(@mLg!) RN (%) KN (mLgh)
HCO5 79.74 3936.50 86.84 6596.69 86.21 6250.23
NO5- 76.29 3218.17 87.72 7146.50 88.31 7557.97
COs* 84.41 5414.95 90.67 9716.46 93.98 15614.45
SO+ 77.27 3401.13 86.76 6557.19 87.47 6986.81
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Section 5 Elution and reusability
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Figure S23. SEM images and elemental distribution maps of the eluted products (a)
CdSnSe-2Cs-K, (b) CdSnSe-2Co-K and (c) CdSnSe-2Ni-K.
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Figure S24. EDS analyses on the eluted products (a) CdSnSe-2Cs-K, (b) CdSnSe-
2Co-K, and (c) CdSnSe-2Ni-K.
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Figure S25. Powder XRD patterns of CdSnSe-2K, adsorption-saturated, and eluted
products for individual (a) Cs™, (b) Co?" and (c) Ni adsorption.
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Figure S26. Resorption kinetics curves of Cs*, Co?*, Ni*>* by the corresponding eluted

products

CdSnSe-2Cs-K,

CdSnSe-2Co-K
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