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1. Adsorption equations

The adsorption capacity qe (mg/g) at equilibrium, distribution coefficient Kd (mL/g) 

and removal rate R (%), desorption rate D (%), and leaching rate L (%) can be calculated 

based on equations (S1), (S2), (S3), (S4) and (S5), respectively:

𝑞𝑒 =
𝑉
𝑚

(𝐶0 ‒ 𝐶𝑒)                                           (𝑆1)

𝐾𝑑 =
𝑉
𝑚

(𝐶0 ‒ 𝐶𝑒)

𝐶𝑒
                                          (𝑆2)

𝑅 =
(𝐶0 ‒ 𝐶𝑒)

𝐶0
× 100%                                (𝑆3)

𝐷 =
(𝐶𝑒𝑙𝑢𝑡𝑖𝑜𝑛 × 𝑉𝑒𝑙𝑢𝑡𝑖𝑜𝑛)

(𝐶0 ‒ 𝐶𝑒) × 𝑉
× 100%              (𝑆4)

𝐿 =
𝐶𝐴

𝐶𝑇
× 100%                                              (𝑆5)

where C0 (mg/L) and Ce (mg/L) are concentrations of Cs+ (or other metal ions) at the 

initial state and equilibrium state, respectively. V (mL) is the Cs+ solution volume, and 

m (g) is the mass of KIAS. Celution (mg/L) and Velution (mL) are concentration and volume 

of eluent, respectively. CA (mg/L) is the actual concentration of In in the solution after 

soaking the sample, and CT (mg/L) is the theoretical concentration of In when the 

sample is completely dissolved in the solution.

Two classical models are commonly used in adsorption kinetic data, namely the 

pseudo-first-order and pseudo-two-order kinetic models. The integrated pseudo-first-

order and seudo-two-order models are expressed using equations (S6) and (S7), 

respectively.

ln(𝑞𝑒 ‒ 𝑞𝑡) = ln𝑞𝑒 ‒ 𝑘1t                          (𝑆6)

𝑡
𝑞𝑡

=
1

𝑘2𝑞2
𝑒

‒
𝑡

𝑞𝑒
                                            (𝑆7)

where qe (mg/g) and qt (mg/g) are the amounts of Cs+ ions adsorbed at equilibrium state 

and at time t, respectively. t (min) is a adsorption time. k1 (min-1) and k2 (g/mg min-1) 

are respectively the rate constants of pseudo-first-order and pseudo-two-order. The 
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pseudo-two-order model has more complex reaction mechanism than the pseudo-first-

order model, which assumes that the adsorption process involves both physical 

diffusion and chemiadsorption, and that chemiadsorption is the main rate-limiting step.1

The main common adsorption isotherm models in solution systems about the initial 

concentration of Cs+ adsorbed are the Langmuir and the Freundlich models, which are 

used to obtain the maximum adsorption capacity (qm). The linear forms of the two 

models can be expressed by equations (S8) and (S9), respectively.

𝐶𝑒

𝑞𝑒
=

1
𝑞𝑚𝐾𝐿

+
𝐶𝑒

𝑞𝑚
                                         (𝑆8)

ln𝑞𝑒 = ln𝐾𝐹 +
1
𝑛

ln 𝐶𝑒                              (𝑆9)

where qe (mg/g) and qm (mg/g) are the equilibrium adsorption amount and maximum 

adsorption capacity, respectively. Ce (mg/L) is the equilibrium concentration of Cs+ in 

solution. KL (L/mg) is the Langmuir constant related to the free energy of adsorption. 

KF [(mg/g)(L/mg)1/n)] is the Freundlich constant related to the adsorbent capacity. n is 

the constant indicating the intensity of the adsorption process. The Langmuir model 

assumes that the adsorption on the solid surface is homogeneous, ideal monolayer 

adsorption; that all adsorption sites have equal capacity; that the interactions between 

adjacent sites are ignored; and that there are no mutual forces between adsorbed 

molecules.2 The Freundlich model is commonly used to fit the adsorption process to 

the inhomogeneous surface of a solid. The model assumes that the energy distribution 

on the adsorbent surface is not homogeneous; that the adsorbent surface sites are 

occupied by adsorbate and that the energies are ordered from high to low during the 

adsorption process.3

The type of Langmuir model can be evaluated by separation fator (RL). The 

adsorption process may be irreversible for RL = 0, favourable for 0 < RL < 1, linear for 

RL = 1, or unfavourable for RL > 1.4 The definition is as follow:

𝑅𝐿 =
1

1 + 𝐾𝐿𝐶0
                                             (𝑆10)

where C0 (mg/L) is the highest initial concentration of Cs+.
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The theoretical adsorption capacity can be calculated based on equation (S11).

𝑞(𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙) =  
2 × 𝑎𝑡𝑜𝑚𝑖𝑐 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝐶𝑠
𝐹𝑜𝑟𝑚𝑢𝑙𝑎 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝐾𝐼𝐴𝑆

× 1000                    (𝑆11)
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2. Characterizations

Fig. S1. EDS analysis results of Cs@NIAS, KIAS and KIAS-Cs.

Fig. S2. TGA analysis results of KIAS.

Fig. S3. High-resolution TEM images of Cs@NIAS, KIAS and KIAS-Cs.
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Fig. S4. XPS high-resolution (a) Cs 3d and (b) K 2p spectra of Cs@NIAS, KIAS and KIAS-Cs.

3. Radiolytic and hydrolytic stability

Table S1. Distribution coefficients and removal rates of Cs+ ions captured by KIAS before and after 

γ-ray irradiation (V = 10 mL, m = 10 mg, V/m = 1000 mL/g; 5 h contact time; at room temperature).

C0
Cs (mg/L) Ce

Cs (mg/L) qCs (mg/g) Kd
Cs (mL/g) RCs (%)

Pristine 7.75 0.183 7.568 4.15×104 97.65

100 kGy γ 7.75 0.448 7.303 1.63×104 94.23

200 kGy γ 7.75 0.57 7.18 1.26×104 92.65

Pristine 41.3 1.345 39.955 2.97×104 96.74

100 kGy γ 41.3 1.735 39.565 2.28×104 95.80

200 kGy γ 41.3 1.9 39.4 2.07×104 95.40
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Table S2. The pH-dependent Cs+ ion-exchange results and In3+ leaching rates of KIAS soaked in 

Cs+-solutions with different pH values (V = 10 mL, m = 10 mg, V/m = 1000 mL/g; 5 h contact time; 

at room temperature).

Initial 

pH

C0
Cs 

(mg/L)

Ce
Cs 

(mg/L)

qCs 

(mg/g)

Kd
Cs 

(mL/g)
RCs (%)

CIn 

(mg/L)
LIn (%)

1.1 4.627 2.58 2.047 7.93×102 44.23 0.0210 0.0075

2.2 6.7 3.33 3.37 1.01×103 50.30 0.0187 0.0066

3.2 4.437 0.286 4.151 1.45×104 93.55 0.0166 0.0059

4.0 4.456 0.345 4.111 1.19×104 92.26 0.0280 0.0099

5.4 4.256 0.212 4.044 1.91×104 95.02 0.0320 0.0114

6.2 4.304 0.181 4.123 2.28×104 95.81 0.0390 0.0138

7.2 4.437 0.188 4.248 2.26×104 95.76 0.0240 0.0085

8.1 4.38 0.179 4.201 2.35×104 95.92 0.0122 0.0043

9.0 4.475 0.221 4.253 1.92×104 95.05 0.0116 0.0041

10.1 4.38 0.199 4.181 2.11×104 95.47 0.0129 0.0046

11.1 4.418 0.318 4.099 1.29×104 92.80 0.0097 0.0034

12.0 4.076 1.82 2.255 1.24×103 55.34 0.0179 0.0064

13.0 5.558 3.11 2.448 7.87×102 44.04 0.0168 0.0060

Fig. S5. The In3+ leaching rates of KIAS soaked in Cs+-solutions with different pH values.
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4. Adsorption kinetics

Table S3. The adsorption kinetic results of NIAS ([(CH3)2NH2]2In2Sb2S7) towards Cs+ (V = 50 mL, 

m = 50 mg, V/m = 1000 mL/g; at room temperature).

Time (minutes) Ct
Cs (mg/L) qt

Cs (mg/g) Kd
Cs (mL/g) RCs (%)

0 1.918 0 0 0

2 1.08 0.838 775.93 43.69

5 1.08 0.838 775.93 43.69

10 1.112 0.806 724.82 42.02

20 1.208 0.71 587.75 37.02

30 1.248 0.67 536.86 34.93

60 1.314 0.604 459.67 31.49

80 1.39 0.528 379.86 27.53

120 1.432 0.486 339.39 25.34

180 1.582 0.336 212.39 17.52

360 1.616 0.302 186.88 15.75

600 1.76 0.158 89.77 8.24

Table S4. The adsorption kinetic results of KIAS towards Cs+ (V = 50 mL, m = 50 mg, V/m = 1000 

mL/g; at room temperature).

Time (minutes) Ct
Cs (mg/L) qt

Cs (mg/g) Kd
Cs (mL/g) RCs (%)

0 2.05 0 0 0

1 0.144 1.906 1.32×104 92.98

2 0.11 1.94 1.76×104 94.63

5 0.109 1.941 1.78×104 94.68

10 0.094 1.956 2.08×104 95.41

20 0.081 1.969 2.43×104 96.05

30 0.101 1.949 1.93×104 95.07

60 0.099 1.951 1.97×104 95.17

80 0.097 1.953 2.01×104 95.27

120 0.102 1.948 1.91×104 95.02

180 0.093 1.957 2.10×104 95.46

360 0.099 1.951 1.97×104 95.17

600 0.092 1.958 2.13×104 95.51
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Table S5. Comparison of Cs+ adsorption performance for KIAS and other adsorbents.

Materials Temperature
Active pH 

range
kinetics/RCs

qm
Cs 

(mg/g)
Ref.

KIAS RT 1.1–13.0 1 min/92.98% 309.60
This 

work

FJSM-GAS-1 RT NA NA 164.23 5

[CH3NH3]20Ge10Sb28S

72·7H2O
65 oC 2.8–11.0 2 min/59% 230.91 6

KATS-2 RT 1-12 5 min/99% 358 7

FJSM-SnS 65 oC 0.7–11.0 5 min/73% 408.91 8

FJSM-SnS-2 RT 3.2–9.3 < 60 min/83.56% 266.54 9

FJSM-SnS-3 RT 3.2–9.3 < 60 min/73.36% 109.68 9

FJSM-SbS 80 oC 3.4–11.4 2 min/86.90% 143.47 10

KMS-1 RT 0.8–11.6 5 min/90% 226 11

KMS-2 RT 3–10 10–15 h/NA 531.74 12

KTS-3 RT 2–12 5 min/94% 280 13

InSnOS RT 2–12 5 min/97% 537.71 14

K@RWY RT 1.6–11.8 5 min/97% 310 15

K-MPS-1 RT 2–12 15 min/78% 337.48 16

KMS-1/r-GO RT 2–13 > 4 h/69% 338.18 17

KMS-1/PAN 25 oC 3–11 3 h/< 90% 69.75 18

KTS-3/PAN 25 oC 2–12 > 4 h/95% 133.6 19

FJSM-InMOF ~25 oC NA > 3 h/91.73% 198.63 20

MOF/KNiFC 25 oC 2–9 45 min 153 21

K4Nb6O7 RT 1–14 5 h/50% 166.13 22

Na2V6O16·3H2O RT NA 10 min/94% 285.75 23

NaFeTiO 25 oC 2.1–10.1 200 min/97.5 52.8 24

Zeolite A 25 oC 2–8 90 min/90% 207.47 25

NaMT1 25 oC 3–11 > 1 h/86.98% 290.70 26

AMP-PAN 20 oC 2–10 NA 81.31 27

RT = room temperature; NA = Not available.
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Fig. S6. Kinetics data fitted using (a) pseudo-first-order model and (b) pseudo-second-order model 

for KIAS.

5. Adsorption isotherms

Table S6. The adsorption isotherm results of KIAS towards Cs+ (V = 10 mL, m = 10 mg, V/m = 

1000 mL/g; 5 h contact time; at room temperature).

C0
Cs (mg/L) Ce

Cs (mg/L) qCs (mg/g)

76.75 9 67.75

111.875 18.75 93.125

120 19.375 100.625

210.875 50.375 160.5

293.75 106.375 187.375

413.75 170.5 243.25

522.5 265 257.5

576.25 307.5 268.75

642.5 361.25 281.25

787.5 502.5 285
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6. Effects of coexisting ions and dissolved organic matter

Table S7. The results for the Cs+-exchange of KIAS with individual competitive alkali or alkali-

earth ions (V = 10 mL, m = 10 mg, V/m = 1000 mL/g; 5 h contact time; at room temperature).

Cation species
C0

Cs 

(mg/L)
Ce

Cs (mg/L) qCs (mg/g) Kd
Cs (mL/g) RCs (%)

35.69 mg/L Na+ 3.87 0.273 3.597 1.32×104 92.95

41.49 mg/L K+ 3.53 0.28 3.25 1.16×104 92.07

43.1 mg/L Rb+ 3.31 0.198 3.113 1.58×104 94.03

38.14 mg/L Mg2+ 4.525 0.393 4.132 1.05×104 91.31

38.51 mg/L Ca2+ 3.195 0.305 2.89 9.48×103 90.45

48.54 mg/L Sr2+ 3.953 0.975 2.978 3.05×103 75.33

24.44 mg/L Ba2+ 4.328 0.36 3.968 1.10×104 91.68

Table S8. The results for the Cs+-exchange of KIAS with competitive excess Na+ ions from NaCl 

(V = 10 mL, m = 10 mg, V/m = 1000 mL/g; 5 h contact time; at room temperature).

Initial Na/Cs 

molar ratio

C0
Na 

(mg/L)

C0
Cs 

(mg/L)

Ce
Cs 

(mg/L)
qCs (mg/g)

Kd
Cs 

(mL/g)
RCs (%)

12.43 11.764 5.47 0.326 5.144 1.58×104 94.04

53.31 35.69 3.87 0.273 3.597 1.32×104 92.95

300.78 148.8 2.86 0.906 1.954 2.16×103 68.32

916.94 467.9 2.95 1.883 1.067 5.67×102 36.17

16779.11 11725.8 4.04 3.21 0.83 2.59×102 20.54

Table S9. The results for the Cs+-exchange of KIAS with competitive excess Sr2+ ions from SrCl2 

(V = 10 mL, m = 10 mg, V/m = 1000 mL/g; 5 h contact time; at room temperature).

Initial Sr/Cs 

molar ratio

C0
Sr 

(mg/L)

C0
Cs 

(mg/L)

Ce
Cs 

(mg/L)
qCs (mg/g)

Kd
Cs 

(mL/g)
RCs (%)

0.66 1.92 4.443 0.155 4.288 2.77×104 96.51

1.91 5.15 4.08 0.478 3.603 7.54×103 88.30

18.63 48.54 3.953 0.975 2.978 3.05×103 75.33

67.78 194.6 4.355 3.093 1.263 4.08×102 28.99

190.95 474.9 3.773 3.015 0.758 2.51×102 20.08
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Table S10. The results for the Cs+-exchange of KIAS in the presence of interfering anions (V = 10 

mL, m = 10 mg, V/m = 1000 mL/g; 5 h contact time; at room temperature).

Anion species
C0

Cs 

(mg/L)
Ce

Cs (mg/L) qCs (mg/g) Kd
Cs (mL/g) RCs (%)

30 mg/L CO3
2– 5.006 0.451 4.555 1.01×104 90.99

30 mg/L HCO3
– 5.464 0.231 5.234 2.27×104 95.78

30 mg/L NO3
– 5.127 0.414 4.713 1.14×104 91.93

30 mg/L SO4
2– 5.104 0.299 4.805 1.61×104 94.14

Table S11. The results for the Cs+-exchange of KIAS in the presence of interfering humic acid (V 

= 10 mL, m = 10 mg, V/m = 1000 mL/g; 1−10 mg/L humic acid as dissolved organic matter; 5 h 

contact time; at room temperature).

HA (mg/L) C0
Cs (mg/L) Ce

Cs (mg/L) qCs (mg/g) Kd
Cs (mL/g) RCs (%)

0.5 4.414 0.092 4.323 4.72×104 97.93

1 4.426 0.082 4.344 5.28×104 98.14

2 4.700 0.089 4.611 5.18×104 98.11

5 4.744 0.100 4.644 4.63×104 97.89

10 4.696 0.096 4.601 4.80×104 97.96

7. Cs+ ions capture in actual water environments

Table S12. The results of Cs+-adsorption for KIAS in tap water and lake water (V = 10 mL, m = 10 

mg, V/m = 1000 mL/g; 5 h contact time; at room temperature).

Experimental 

condition

Mixed 

ions
C0 (mg/L) Ce (mg/L) q (mg/g) Kd (mL/g) R (%)

Cs+ 7.35 1.03 6.32 6.14×103 85.99

Na+ 19.649 17.681 1.968 111.31 10.02

K+ 4.001 48.25 -44.249 -917.08 -1105.95

Mg2+ 2.036 1.21 0.826 682.64 40.57

Tap water

Ca2+ 14.498 8.054 6.444 800.10 44.45

Cs+ 5.8 0.73 5.07 6.95×103 87.41

Na+ 13.751 11.708 2.043 174.50 14.86

K+ 3.624 41.27 -37.646 -912.19 -1038.80

Mg2+ 1.743 0.989 0.754 762.39 43.26

Lake water

Ca2+ 12.576 7.06 5.516 781.30 43.86
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8. Desorption and regeneration

Table S13. The results of five consecutive adsorption-desorption recycling experiments for KIAS 

(V = 10 mL, m = 10 mg, V/m = 1000 mL/g; 5 h contact time; at room temperature).

Cycles
C0

Cs 

(mg/L)

Ce
Cs 

(mg/L)

qCs 

(mg/g)

Kd
Cs 

(mL/g)

RCs 

(%)

CIn 

(mg/L)

LIn 

(%)

CelutionCs 

(mg/L)

DCs 

(%)

7.152 0.566 6.586 1.16×104 92.09 0.0464 0.0165 6.242 94.78
1

53.016 2.972 50.044 1.68×104 94.39 0.0439 0.0156 47.702 95.32

7.152 0.624 6.528 1.05×104 91.28 0.0174 0.0062 6.364 97.49
2

53.016 4.758 48.258 1.01×104 91.03 0.0066 0.0023 46.406 96.16

7.152 0.546 6.606 1.21×104 92.37 0.0257 0.0091 6.362 96.31
3

53.016 2.69 50.326 1.87×104 94.93 0.0211 0.0075 48.522 96.42

7.152 0.602 6.55 1.09×104 91.58 0.0181 0.0064 6.418 97.98
4

53.016 3.226 49.79 1.54×104 93.92 0.0176 0.0062 46.54 93.47

7.152 0.604 6.548 1.08×104 91.55 0.0093 0.0033 6.218 94.96
5

53.016 3.978 49.038 1.23×104 92.50 0.0108 0.0038 47.468 96.80

Fig. S7. Mapping analysis of the regenerated KIAS in each cycle (C0
Cs = 53.016 mg/L).
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Fig. S8. EDS results of the regenerated KIAS in each cycle (C0
Cs = 53.016 mg/L).

Fig. S9. SEM image of the regenerated KIAS in each cycle (C0
Cs = 53.016 mg/L).
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