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The removal of highly-radioactive and long-lived 137Cs+ and 90Sr2+ from solution is of significance 
for radionuclide remediation. Herein we prepared a two-dimensionally microporous thiostannate, 
namely (Me2NH2)4/3(Me3NH)2/3Sn3S7·1.25H2O (FJSM-SnS), and systematically investigated its 
Cs+ and Sr2+ ion-exchange performance in different conditions. The structural stabilities and 
variation, ion-exchange kinetic and isothermal studies, pH dependent distribution coefficients 
(Kd), ion-exchange in the simulated groundwater and ion-exchange applied chromatography have 
been investigated. The results indicated that the maximum Cs+ and Sr2+ ion-exchange capacities 

of FJSM-SnS were 408.91 mg/g and 65.19 mg/g, respectively. In particular, the FJSM-SnS 
showed quick ion-exchange ability and wide pH resistance (0.7 ~ 12.7) which make it outstanding 
among the ion-exchangers. The ion-exchange chromatographic column was firstly studied for 
chalcogenido ion-exchange materials, that is, a column filled with 3.0 g FJSM-SnS could remove 
96% ~ 99% of Cs+ ion and near 100% of Sr2+ ion at low ionic concentrations in 900 bed volumes 
solutions, respectively. Furthermore, the title material could be synthesized in large-scale by a 
facile, one-pot and economically solvothermal method. The relatively low-cost but remarkable 
ion-exchange performance makes it promising for radionuclide remediation. 
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1. Introduction 

Today, with the nuclear energy development, the problem of 
radioactive wastes has become more and more thorny. The 
removal of toxic radioactive contaminants for further treatment 
and disposal is of vital significance. For example, there are dilute 5 

radioactive ions with thick additional ions in the nuclear waste.1-4 

Among them, 137Cs+ and 90Sr2+ ions are the most hazardous and 
long-lived byproducts with high concentration of Na+ (> 5 
mol/L).5-10 Thus far, a number of methods have been developed 
to treat the aqueous radioactive wastes including ion-exchange, 10 

precipitation, evaporation, reverse osmoses, ultrafiltration, 
microfiltration and solvent extraction.11 The ion-exchange 
treatment is attractive for the high selectivity, minimum solidified 
waste and reductive radioactive discharge.12, 13 The ion-
exchangers could be divided into the inorganic and organic 15 

materials.14, 15 Considering that in the highly-radioactive solution 
the organic ion-exchangers could be damaged by hydrolysis of 
functional groups, chain scission and changes in degree of 
crosslinking, the inorganic ion-exchanger is screened out for the 
superior chemical, thermal, radiation resistance, and easily 20 

immobilizing for use and then disposing off after use.16, 17 The 
typical inorganic ion-exchangers such as the natural minerals 
(zeolites and clays),18-22 insoluble transition metal 
ferrocyanides,23, 24 and titanium silicates have been studied.25-28 
However, the natural minerals and silicates would be ineffective 25 

at extreme pH for the dissolution of aluminate and protons 
inhibiting effect. While the microcrystalline nature of 
ferrocyanides renders their application in column mode 
operations.23 In recent years, the open-framework metal 
chalcogenides as ion-exchangers have caught increasing attention 30 

owing to their high ion-exchange capacity and high selectivity.29-

36 The advantages of chalcogenido ion-exchangers originate from 
their more flexible frameworks compared to those of oxide ion-
exchangers and the favorable interactions between the soft Lewis 
basic Q2- (Q = S and Se) ions and the soft Lewis acidic metal 35 

ions.37, 38 . 
Some inorganic crystalline chalcogenido ion-exchangers 

have been reported, such as KBi3S5,
39, 40 K14Cd15Sn12Se46,

41 
K6Sn[Zn4Sn4S17],

35, 36 (NH4)4In12Se20,
37 K2xMnxSn3-xS6 (KMS-

1)33, 34, 42 and K2xMgxSn3-xS6 (KMS-2),3 in which the K+ and NH4
+ 40 

are able to be exchanged by the Cs+, Sr2+ and some other heavy 
metal ions. Recently, much considerable progress has been made 
in the search of chalcogenido ion-exchange materials with the 
organic amine cations as counterions and structural directing 
agents (SDAs), as the organic amines feature large size tunability 45 

and conformational flexibility. Significant examples include 
[(CH3CH2CH2)2NH2]5In5Sb6S19·1.45H2O,38 
[(Me)2NH2]2Ga2Sb2S7·H2O,32 [(Me)2NH2]2[GeSb2S6]

43 and 
[(Me)2NH2]0.75[Ag1.25SnSe3].

44 Nevertheless, the research on 
crystalline chalcogenido ion-exchangers is still in a fledging 50 

period. In particular, the development of new superior 
chalcogenido ion-exchangers, which are structurally robust and 

uniform, easily synthesized and highly cost-efficient, remains a 
challenge towards practical applications. Hitherto, several worthy 
compounds are limited to KMS-1 (K2xMnxSn3-xS6),

30, 33, 34, 45, 46  55 

LHMS (H2xMnxSn3-xS6)
47 and KMS-2 (K2xMgxSn3-xS6).

3 But they 
are all restricted to the Mn/Mg-Sn-S frameworks. The valence of 
manganese in KMS-1 and LHMS is unstable and the indefinite 
element proportion may impact the uniformity of the product in 
magnifying synthesis. Comparatively speaking, the thiostannates 60 

are relatively inexpensive and usually present stable and uniform 
open frameworks. For example, layered A2Sn3S7 (A = cations) 
are easily synthesized with very robust and flexible frameworks, 
but their Cs+ and Sr2+ ion-exchange properties haven’t been 
reported. 65 

Herein we designed a new thiostannate as superior ion-
exchange material, namely 
[Me2NH2]4/3[Me3NH]2/3Sn3S7·1.25H2O (denoted as FJSM-SnS). 
It could be easily synthesized in large-scale by a facile, one-pot 
and economically solvothermal method. The structural 70 

characterizations and ion-exchange properties of FJSM-SnS have 
been studied thoroughly. The results indicated that the ion-
exchanges for Cs+ and Sr2+ could reach rapid equilibrium within 
5 minutes, which is much faster than those of most of the ion-
exchangers.48 The Cs+ and Sr2+ equilibrium isotherms fit the 75 

Langmuir model well with the maximum Cs+ and Sr2+ exchange 
capacities of 408.91 mg/g and 65.19 mg/g, respectively. More 
importantly, the material could keep its robust framework and 
effective distribution coefficient over wide pH range (0.7 ~ 12.7) 
and various simulated environments during the ion-exchange 80 

processes. Furthermore, the simple ion-exchange 
chromatographic column filled with 3.0 g FJSM-SnS could 
remove 96% ~ 99% Cs+ and near 100% Sr2+, respectively, at low 
ion concentrations in 900 bed volumes solutions.  

2. Experimental section  85 

2.1 Material Synthesis 

All reagents and chemicals were purchased from 
commercial sources without further purification. Synthesis of 
(Me2NH2)4/3(Me3NH)2/3(Sn3S7)·1.25H2O: A mixture of 
SnCl4·5H2O (1.4 mmol, 0.502 g), S (4 mmol, 0.131 g) in 3 mL 90 

dimethylamine (38% ~ 41%) and 1 mL water was stirred under 
ambient conditions until homogeneous. The resulting mixture 
was sealed in a 20 mL stainless steel reactor with a Teflon liner, 
heated at 180 °C for 7 days and then cooled to room temperature. 
Yellow hexagonal crystals of the title compound and tiny 95 

indefinite yellow powders were obtained by filtration. The 
crystalline products were washed by ethanol, and air-dried 
(Yield: 0.270 g, 80.35% based on Sn). Anal. calc. for 
N24C56H238Sn36S84O15: C, 7.96%; H, 2.84%; N, 3.98%. Found: C, 
8.05%; H, 2.78%; N, 4.06%. Large scale synthesis of 100 

(Me2NH2)4/3(Me3NH)2/3(Sn3S7)·1.25H2O: a mixture of 
SnCl4·5H2O (11.5 mmol, 4.047 g), S (28 mmol, 0.896 g) in 24 
mL dimethylamine (38% ~ 41%) and 8 mL water was stirred 
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under ambient conditions until homogeneous. The resulting 
mixture was sealed in a 235 mL stainless steel reactor with a 
Teflon liner, heated at 180 °C for 7 days and then cooled to room 
temperature. Yellow hexagonal crystals of the title compound and 
tiny indefinite yellow powders were obtained by filtration. The 5 

crystalline products were washed by ethanol and air-dried (Yield: 
2.062 g, 76.3% based on Sn).  

2.2 Physical Measurements 

Elemental analyses of C, H, and N were carried out on a 
German Elementary Vario EL III instrument. Energy-dispersive 10 

spectroscopy (EDS) and SEM analyses were performed with a 
JEOL JSM-6700F scanning electron microscope and HITACHI 
FE-SEM SU8010. The transmission electron microscope (TEM) 
was performed on FEI Tecani G2 F20. FT-IR spectra (KBr pellet) 
were recorded on a Magna 750 FTIR spectrometer in the range of 15 

4000-400 cm-1. The UV/Vis spectra were measured by using 
BaSO4 as a standard (100% reflectance) at room temperature with 
a Perkin-Elmer Lambda 900. Powder X-ray diffraction (PXRD) 
patterns were obtained from a Miniflex II diffractometer at 30 kV 
and 15 mA using CuKα (1.54178 Ǻ) in the angular range of 2θ = 20 

3-65° at room temperature. The simulated PXRD pattern through 
single crystal data was generated by using the PowderCell 
program. The thermogravimetric (TG) analyses were performed 
on a NETZSCH STA449C thermogravimetric analyzer with a 
heating rate of 5 oC/min under a nitrogen atmosphere and the TG-25 

MS was carried on a STA449C-QMS403C. The Inductively 
Coupled Plasma (ICP) analyses were performed on an Ultima 2 
unit. The Atomic Absorption Spectroscopy (AAS) were carried 
on a ContrAA 700. The Single-crystal X-ray diffraction data for 
FJSM-SnS were collected on a SuperNova CCD diffractometer 30 

with graphite-monochromated MoKα (0.71073 Ǻ) at 100(2) K. 
The single-crystal X-ray diffraction data for FJSM-SnS-Cs were 
collected on an Oxford Xcalibur Eos CCD diffractometer with 
graphite-monochromated MoKα (0.71073 Ǻ) at room 
temperature. The structures were solved by direct methods and 35 

refined by full-matrix least-squares on F2 by using the program 
SHELX-97. An empirical absorption correction was applied 
using the multi-scan method; CCDC 1025383 for FJSM-SnS and 
CCDC 1025384 for Cs+-exchanged FJSM-SnS. 

2.3 Ion-exchange Experiments  40 

A typical ion-exchange experiment of FJSM-SnS with ACl 
(A = Cs+, Sr2+) is as follows. In a solution of ACl, the ground 
polycrystalline powders of FJSM-SnS were added. The mixture 
was kept under magnetic stirring for ~ 20 min at 65 oC. Then the 
yellow polycrystalline materials were separated by centrifugation 45 

and washed several times with deionized water. The 
concentrations of Cs+ and Sr2+ in the clear supernatant were 
determined by Inductively Coupled Plasma (ICP) or Atomic 
Absorption Spectroscopy (AAS). 

Kinetic and isotherm experiments: In kinetic experiments, 50 

the solutions of Cs+ (128 ppm) and Sr2+ (44.31 ppm) were 
prepared individually at neutral condition. V:m is 278 mL/g for 
Cs+ (V = 5 mL, m = 18 mg) and V:m is 1000 mL/g for Sr2+ (V = 
10 mL, m = 10 mg), respectively. All the samples were put in the 
65 oC water bath under magnetic stirring. Then we took one 55 

sample one time at different time of ion-exchange. In isotherm 
experiment, the solutions of Cs+ and Sr2+ with different 

concentrations were prepared, respectively. The V:m of all the 
samples is 1000 mL/g (V = 18 mL, m = 18 mg). The ion-
exchange lasted about 20 min. Then all the samples were taken 60 

out and processed.  
The pH dependent experiments: The solutions of Cs+ and 

Sr2+ with different pH were prepared. The initial concentrations 
are around 5 ~ 7 ppm for Cs+ ion and 2 ~ 7 ppm for Sr2+ ion, 
respectively. And V:m is 1000 mL/g (V = 18 mL, m = 18mg). The 65 

pH was regulated by NaOH or HCl. Then the typical ion-
exchange experiments were carried on. The competitive ion-
exchange experiments with the coexistence of Cs+ and Sr2+ ions 
in different pH were performed in a similar way. 

In the simulated groundwater: The aqueous solution with ~ 8 70 

ppm Ca2+, 77 ppm Na+, 8 ppm Mg2+, 6 ppm K+ and 2 ppm Cs+ 
ions was used to simulate Cs+-contaminated neutral groundwater 
and the aqueous solution with ~ 7 ppm Ca2+, 232.5 ppm Na+, 9.7 
ppm Mg2+, 9.1 ppm K+ and 6 ppm Sr2+ to simulate Sr2+-
contaminated neutral groundwater, respectively. Such solutions 75 

with adjusted pH of ~11 were used to simulate typical alkaline 
groundwater contaminated with Cs+ and Sr2+ ions, respectively. 
The initial concentrations of Cs+ and Sr2+ were about 2 ppm and 6 
ppm with the V:m = 1000 mL/g, respectively. 

Ion-exchange chromatographic column: A column with 80 

inside diameter of 13.4 mm was filled with 3 g FJSM-SnS 
crystals. The height of the filler was about 10 cm with a sealed 
empty glass tube (outside diameter = 12 mm) in the centre of the 
column. Then a mixing solution of Cs+ and Sr2+ flowed through 
the ion-exchange chromatographic column at room temperature. 85 

The initial Cs+ concentration is in the range of 12 ~ 14.5 ppm and 
initial Sr2+ concentration is 5.98 ~ 8.2 ppm. AAS and ICP were 
used to track the Cs+ and Sr2+ concentrations in the outlet 
solution. 

3. Results and discussion 90 

3.1 Structural characterizations  

The yellow hexagonal crystals are stable in air (Fig. 1a). 
Before the ion-exchange experiments, the phase purity was 
confirmed by PXRD on the selected polycrystalline sample, Fig. 
1b. Various analytic techniques were employed to confirm that 95 

the formula of FJSM-SnS was 
(Me2NH2)4/3(Me3NH)2/3Sn3S7·1.25H2O. Especially, the TG-MS 
analyses were used to track the components of [Me2NH2]

+ and 
[Me3NH]+ (Fig. S1). The TG-MS results showed that at the 
weight-loss step around 200 oC, the characteristic mass peaks of 100 

[Me3NH]+, [Me2NH2]
+ and H2O

 could be detected. So the weight-
loss was mostly attributed to the removal of Me3N, Me2NH, H2O 
and one H2S molecule per formula (theoretical weight loss: 
22.17%, found: 22.21%) before 200 oC. It is noted that the Me3N 
hasn’t been used in the synthesis. To find out the origin of 105 

[Me3NH]+ ion, the mass spectra of the Me2NH aqueous solution 
and that of the solution after solvothermal reaction have been 
compared. It is clear that the proportion of the [Me3NH]+ 
dramatically increased after the reaction (Fig. S2). Based on the 
results of the mass spectra, the unexpected [Me3NH]+ should be 110 

in-situ generated from the solvent Me2NH.49  
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Fig. 1 (a) Photographs of FJSM-SnS crystals; (b) experimental and 
simulated PXRD patterns of FJSM-SnS; (c) a 2D [Sn3S7]n

2n- anionic layer 
parallel to the ab plane; (d) packing of the layers in FJSM-SnS in a 
perspective view along the b-axis. The H2O molecules and H atoms of 5 

organic amines are omitted for clarity. 

Single crystal X-ray crystallography reveals that FJSM-SnS 
belongs to the space group C2/c with cell parameters of a = 
22.5651(10), b = 13.0672(6), c = 14.8064(13) Å and β = 

101.227(6)°, V = 4282.3(5) Å3, Z = 8. The compound features a 10 

microporous layered structure, similar to those of the tin sulfides 
Cs-SnS-1,50 TMA-SnS-1a,51 and DABCOH-SnS-1.52-54 All the Sn 
atoms are five-coordinated with S to form SnS5 trigonal 
bipyramids. Three SnS5 trigonal bipyramids are fused into a 
[Sn3S10] unit with a [Sn3S4] semi-cubane-like core by edge-15 

sharing. Then each [Sn3S10] unit connects to other three such 
units by edge-sharing, resulting in a 2D [Sn3S7]n

2n- anionic layer 
parallel to the ab plane, in which there exist windows formed by 
twenty-four-membered [Sn12S12] rings from six [Sn3S4] cores 
(Fig. 1c). The 2D [Sn3S7]n

2n- layers are stacked in AA sequence 20 

along the c-axis (Fig. 1d). The interlayer distance is estimated to 
be 7.258 Å.30 The [Me2NH2]

+, [Me3NH]+ cations and lattice 
water molecules are located at the interlayer spaces. 

 

Since the pioneer work by Ozin et al., A2Sn3S7 has received 25 

much attention for its unique robust and flexible framework that 
can undergo elastic deformations in response to a variety of 
cations.52-59 The voids within and between the layers could be 
adjusted by different templating cations, for example, [Me4N]+,59 
Rb+,60 Cs+,50 [Me3N]+,51 [DABCOH]+ (protonated 1,8-30 

diazabicyclooctane),52 QUIN (QUIN = quinuclidinium),55 TBA 
(TBA = tert-butylamine),55 [NH4]

+ and [Et4N]+ ([Et4N]+ = 
tetraethylamine).54 The performances of A2Sn3S7, such as gas 
adsorption and discrimination, chemical sensing and amine 
exchange, have been studied in the previous works. In the case of 35 

ion-exchange property, there was only one example 
demonstrating partial [Me4N]+ exchange with the Na+, Ca2+, Co2+ 
and Ni2+ ions in [Me4N]2Sn3S7·H2O.59 Up to now, the 
applications of this series of compounds in Cs+ and Sr2+ ion-
exchanges have not been mentioned.  40 

3.2 The variation of structure and optical properties  

The structural stability of FJSM-SnS in the Cs+ and Sr2+ 
solutions has been considered before the subsequent systematic 
ion-exchange investigations. Scanning electronic microscope 
(SEM) analyses indicated that FJSM-SnS could still maintain the 45 

crystal shape after ion-exchange. The layered nature was more 
distinct after the inorganic ions intercalated into the layers, Fig. 
2a-c. The PXRD patterns of the Cs+ and Sr2+-exchanged materials 
retained similar to that of the pristine (Fig. 2d). The results of 
SEM and PXRD of ion-exchanged products indicated that the 50 

title compound with a robust framework was stable under humid 
atmosphere. The band gap of the pristine compound is about 2.92 
eV, while it is 2.82 eV and 2.60 eV for the Cs+- and Sr2+-
exchanged products, respectively (Fig. 2e). The narrower band 
gaps are consistent with the deeper colors of the Cs+- and Sr2+-55 

exchanged materials. The shifts of the optical absorption edges 
should be attributed to the charge transfer between the sulfur 
ligands of inorganic layers and the inserted Cs+ and Sr2+ ions. 
Similar phenomena have been also found in other Cs+ and Sr2+ 
ion-exchange materials such as KMS-2.360 

 
Fig. 2 SEM images of pristine FJSM-SnS crystals (a), the Cs+-exchanged (b) and the Sr2+-exchanged (c) ones, PXRD patterns (d) and solid-state optical 
absorption spectra (e) of the pristine FJSM-SnS, Cs+ and Sr2+-exchanged products. 
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Fig. 3 The simplified hexagon with Sn3S4 as a node and (µ–S)2 as a ligand in FJSM-SnS (a) and FJSM-SnS-Cs (b); packing of FJSM-SnS-Cs (c).

The single crystal X-ray crystallography data of Cs+-
exchanged FJSM-SnS has been collected (Cs2Sn3S7·4.5H2O, 5 

denoted as FJSM-SnS-Cs) to further understand the ion-exchange 
mechanism. Cs2Sn3S7·4.5H2O (FJSM-SnS-Cs) is isostructural to 
the previously reported Cs2Sn3S7·1/2S8 (Cs-SnS-1).50 The 
formula has been confirmed by the TG-MS (Fig. S5) and EA 
results (Found, C/N = 0 and H = 1.00%; Calculated: C/N = 0 and 10 

H = 0.98%). It also belongs to the C2/c space group with cell 
parameters of a = 22.363(5), b = 13.0895(16), c = 14.432(3) Å 
and β = 111.60(2)°, V = 3927.6 (13) Å3, Z = 8. Compared to 
those of the pristine, the c-axis constricts ~ 0.37 Å while the β 

expands from 101.227(6)° to 111.60(2)° in the FJSM-SnS-Cs unit 15 

cell. There is only a little distortion of the windows formed by the 
twenty-four-membered [Sn12S12] rings from six [Sn3S4] cores in 
the [Sn3S7]n

2n- layer. For a clearer comparison, a hexagonal 
window was brought out with [Sn3S4] as a node and (µ–S)2 as a 
ligand, respectively. All the lengths of sides shrink 0.1 ~ 0.3 Å 20 

after Cs+-exchange while the diagonal lengths of the hexagonal 
window mentioned above change from 15.04 × 15.08 × 15.08 Å 
to 14.86 × 15.09 × 15.09 Å (Fig. 3a and 3b). The interlayer 
distance condenses from 7.258 to 6.709 Å (Fig. 1d and 3c), which 
is in accordance with the shift towards the higher 2θ angles in the 25 

PXRD patterns after ion-exchange (Fig. 2d). The structural 
variation described above might spring from the strong affinity of 
Cs+ to the soft basic framework. The flexible framework of 
FJSM-SnS, which has an intermediate character between the 
layered chalcogenide and porous molecular sieves, should play an 30 

important role in the extraordinary ion-exchange performance.  
Besides the above mentioned characterizations, the ion-

exchange properties for Cs+ and Sr2+ ions were also confirmed by 
EDS (Fig. S6), ICP and AAS. 

3.3 Kinetic and isotherm studies of ion exchange  35 

 
Fig. 4 Kinetics of Cs+ and Sr2+ ion-exchange of FJSM-SnS plotted as the 
Cs+ and Sr2+ ion concentration (ppm) vs the time t (min), respectively. 

Table 1 The equilibrium time of different materials 
Compound Equilibrium time for Cs+ 

(temperature) 
Equilibrium time for Sr2+ 

(temperature) 
FJISM-SnS 
(This report) 

5 min (65 °C) 5 min (65 °C) 
30 min (17 °C) 60 min (17 °C) 

KMS-133, 34 5 min (UMa) > 2 h (UM) 
KMS-23 10~15 h (UM) 10~15 h (UM) 
K6Sn[Zn4Sn4S17]35 > 12h (RT)  ------ 
zeolite A61 90~120 min (20~60 °C) 90~120 min (20~60 °C) 
Indium Sulphide17 ------ 60 min (UM) 
UCR-2862 ------ 90~120 min (RT) 
H-CST25 60 min (25 °C) ------ 
GaSbS48  15 h (UM, SWb) ------ 
K-SGU-4548 15 h (UM, SW) ------ 
Na-CST48 15 h (UM, SW) ------ 
Na-PMica48  15 h (UM, SW) ------ 
CHA48  15 h (UM, SW) ------ 
ETS-1063 50 min (40 °C) ------ 

50 min (20 °C) 
> 160 h (4 °C) 

ETS-464, 65 > 10 h (RTc) 24 h (RT)  
AM-266 > 400 h (90 °C) > 400 h (90 °C) 
UOP IONSIV IE-
91167 

> 4 h (23 °C, 1 M Na+ 
solution) 

> 4 h (23 °C, 1 M Na+ 
solution) 

aUM = unmentioned; bSW = seawater; cRT = room temperature. 40 
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The kinetics and isotherms of Cs+ and Sr2+ ion-exchanges 
have been studied. As shown in Fig. 4, the concentrations of Cs+ 
(128 ppm) and Sr2+ (44.31 ppm) ions vertically decreased and 
reached their equilibriums within 5 minutes at 65 °C. The Cs+ and 
Sr2+ ion-exchanges are much faster than those of most of the ion-5 

exchangers including the vanadosilicate SGU-45 (noted as the 
most effective Cs+ remover,48 Table 1). This should be attributed 
to the flexible porous framework, the higher affinity of the 
chalcogenide for the soft Cs+ and Sr2+ ions and the excellent ion-
exchange abilities of small organic amines. There is an obvious 10 

fluctuation in the kinetic curve of Cs+ ion-exchange compared to 
that of Sr2+ ion, which could be attributed to the dynamic Cs+-
exchange process.33 The Cs+ ion replaced the [Me2NH2]

+ or 
[Me3NH]+ cations immediately at the beginning and 
progressively a small fraction of [Me2NH2]

+ or [Me3NH]+ re-15 

entered the interlayer spaces releasing some Cs+ ion back to the 
solution. In contrast, the Sr2+-exchange kinetic curve is almost 
flat according to the larger volume and higher affinity of Sr2+, 
which make the dynamic process calmer. In addition, the kinetic 
studies at room temperature (RT) have been performed (Fig. S7). 20 

The results indicated that the compound still retained its abilities 
of fast ion-capture at RT. At RT, the ion-exchange equilibrium 
for Cs+ ions could be reached within 30 minutes while that for 
Sr2+ ions was extended to 60 minutes (Table 1). The equilibrium 
time is longer time than that at 65 °C (5 minutes for Cs+ and 25 

Sr2+), but is still comparable to those of the other ion exchangers 
including the commercial UOP IONSIV IE-911 whose 
equilibrium time is more than 4h.62-72 

 
Fig. 5 Cs+ (a) and Sr2+ (b) equilibrium curves for FJSM-SnS (pH ≈ 7, V:m 30 

= 1000 mL/g, contact time 20 min, at 65 oC, initial Cs+ and Sr2+ 

concentrations in the range of 1-2920 ppm and 6-151 ppm, respectively ). 
Langmuir equilibrium isotherms are derived from the Cs+ and Sr2+ 

concentration at equilibrium plotted against the capacity (mg ions 
removed/g of ion-exchanger). 35 

The Cs+ equilibrium curve is graphed in Fig. 5a, which is 
derived from the Cs+ concentration at equilibrium plotted against 
the capacity of Cs+-exchange. Langmuir model could fit the 

equilibrium isotherm very well with the R2 = 0.9595. The model 
is based on the assumptions that the surface containing the 40 

equivalent adsorbing sites is homogeneous, the state of the 
exchanged ions in the structure is definite, the ions on adjacent 
sites are independent and each site can catch only one ion.61, 73 It 
can be described by the equation 1. 

 
1

e
m

e

bC
q q

bC
=

+

                    (1) 45 

Where q (mg/g) is the amount of the ion exchanged at the 
equilibrium concentration Ce (ppm), qm is the maximum 
exchange capacity of the exchanger, and b (L/mg) is the 
Langmuir constant related to the free energy of the exchange. The 
value of q can be calculated from the equation 2. 50 

 0( )fC C V
q

m

−
=                       (2) 

Where C0 and Cf (ppm) are the initial and equilibrium 
concentrations, respectively, which could be determined by the 
AAS or ICP method. V (mL) is the volume of the solution and m 
(g) is the amount of the ion-exchanger used in the experiment.  55 

From the Fig. 5a, the maximum Cs+ exchange capacity qm of 
FJSM-SnS is 408.91 ± 29.1 mg/g, close to its theoretical ion-
exchange capacity (377.2 mg/g). It is worth noting that the qm of 
FJSM-SnS for Cs+ ion is 1.8 times of that of KMS-1 (226 mg/g) 
and far more than those of commercial AMP-PAN (81 mg/g) and 60 

TAM-5 (191.8 mg/g) which are currently marketed by UOP as 
IONSIV IE-910 and IE-911.33, 67, 70-72 

The Sr2+ equilibrium curve is graphed in Fig. 5b, which is 
derived from the Sr2+ concentration at equilibrium plotted against 
the capacity of Sr2+-exchange. The Sr2+ equilibrium isotherm also 65 

fits the Langmuir model at the R2 = 0.9293. The maximum Sr2+ 
exchange capacity qm of FJSM-SnS is 65.19 ± 4.8 mg/g, which is 
about 4 times of that of the commercial AMP-PAN (15 mg/g).70 

The qm of FJSM-SnS for Sr2+ ion is about 52% of the theoretical 
ion-exchange capacity (124.32 mg/g). This is probably attributed 70 

to the large volume of [Sr(H2O)6]
2+ as Sr2+ enters the structure in 

a hydrated form, while the interlayer space of FJSM-SnS is too 
small to load the full stoichiometric number of such large ions. 
Thus the Sr2+-exchanged product still contained organic counter 
ions, which has been confirmed by the elemental analyses of C, 75 

H, and N (C, 3.92%; H, 2.84%; N, 1.55%). The similar 
phenomena have also been found in the layered metal sulfide 
KMS-1 and KMS-2.3, 34 

3.4 pH dependent ion exchange experiments  

Following the kinetic and isotherm studies, the pH 80 

dependent experiments of FJSM-SnS have been conducted. The 
distribution coefficient Kd was measured at various pH 
conditions. As a measurement of affinity and selectivity, Kd is 
described as follows: 

 0( )f

d

f

C CV
K

m C

−
=

            (3) 85 

In equation 3, C0 and Cf represent the initial and equilibrium 
ions concentration, V is the volume (mL) of the testing solution 
and m is the mass of the ion exchanger (g).  
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Fig. 6 TEM (a) and electron diffraction pattern (b) of the FJSM-SnS 
nanocrystal at pH ≈ 12.7. 

As shown in Fig. S8, the PXRD patterns of ion-exchanged 
materials at a pH range from 0.7 to 11 were in good agreement 5 

with that of the pristine. When the pH was adjusted to 12.7, the 
FJSM-SnS bulk crystal was dissolved in the solution. But as 
shown in Fig. 6a and 6b, the bulk crystals were dispersed as 
nanocrystals into the solution and the crystal lattice was still kept 
well. The structural stability of FJSM-SnS is impressive over 10 

such wide pH range (from 0.7 to 12.7), which is very rare in the 
typical natural mineral ion-exchangers. 

In the individual pH dependent ion-exchange experiments, 
the Kd (Cs+) ranges from 898 mL/g (pH ≈ 0.7) to 2355 mL/g (pH 
≈ 6.6) as shown in Fig. 7a. The Kd (Cs+) at pH ≈ 1.4 is 1912 mL/g 15 

compared to 1180 mL/g of KMS-2 at pH ≈ 3. And the Kd (Sr2+) 
could reach the value of 88863 mL/g in neutral solution, then 
decreased to 1708 mL/g (pH ≈ 3) and 2232 mL/g (pH ≈ 10). It 
demonstrates that FJSM-SnS is an effective Cs+ and Sr2+ ion-
exchanger over wide pH, even in extreme acid or alkali 20 

conditions. Compared to the other ion-exchangers,11 the title 
compound exhibits super acid and alkali resistance. 

 
Fig. 7 (a) The Kd of Cs+ and Sr2+ in individual pH dependent ion-
exchange experiments (C0 in the range of 5-8 ppm for Cs+ and 2-7 ppm 25 

for Sr2+, V:m = 1000 mL/g, at 65 oC); (b) the Kd of Cs+ and Sr2+ in 
competitive ion-exchange experiments with the coexistence of Cs+ and 
Sr2+ ions at extreme pH conditions (C0 in the range of 5-7 ppm for both 
Cs+ and Sr2+, V:m = 1000 mL/g, at 65 oC); (c) the Kd of Cs+ and Sr2+ in the 
simulated neutral and alkaline groundwater (C0 ~ 2 ppm for Cs+, C0 ~ 6 30 

ppm for Sr2+, at 65 oC). 

Besides the individual pH dependent experiments, the 
interaction between Cs+ and Sr2+ ions at extreme pH has also 
been discussed. The competitive ion-exchange results (Fig. 7b) 
are almost as the same as the individual. But the Kd (Sr2+) has 35 

increased from 2232 mL/g to 29051 mL/g when Cs+ coexisted in 
the pH ≈ 10 solution. The synergistic effect between Cs+ and Sr2+ 
could also be found in the KMS-2.3 

3.5 Ion-exchange in the simulated groundwater  

The ion-exchange performance in the simulated groundwater 40 

has been further explored. The solution containing a variety of 
cations such as Ca2+, Mg2+, K+, Na+ and Cs+ or Sr2+ ions were 
used to simulate groundwater.33 In the simulated groundwater, Kd 
(Cs+) is 2.15 × 102 mL/g at pH ≈ 7 and 1.48 × 102 mL/g at pH ≈ 
11, while Kd (Sr2+) is 3.53 × 103 mL/g at pH ≈ 7 and 6.32 × 102 

45 

mL/g at pH ≈ 11, Fig. 7c. Because the constituents and their 
concentrations in the simulated groundwater are inconsistent in 
different reports,3, 33, 34 it is hard to make a detailed comparison of 
Kd among different materials. The general affinity order of FJSM-
SnS was Sr2+ > Ca2+ > Mg2+ > Cs2+ > K+ (Table S2). In addition, 50 

two sets of competitive ion-exchange experiments using a molar 
10:10:10:1 ratio of Na+, K+, Rb+ and Cs+ ions and a molar 
10:10:10:1 ratio of Mg2+, Ca2+, Ba2+ and Sr2+ ions have been 
performed, respectively. The Kd values of Cs+ or Sr2+ are still 
several times of those of lighter elements in the same group 55 

(Table S3 and S4). For example, the Kd value of Cs+ is more than 
5 times of that of K+. The results were in accordance with the fact 
that the metal chalcogenides preferred the softer ions and higher 
charge state ions. The data in Table S2 also suggested that the 
higher removal rate could be achieved in the lower V:m ratio 60 

system, which should be attributed to the more available 
exchange sites. 33 

3.6 Ion-exchange chromatography  

The performance of the ion-exchange chromatographic 
column filled with 3 g of the FJSM-SnS crystals has been 65 

demonstrated at room temperature. The detail could be found in 
the experimental section. The removal rates (R) of Cs+ and Sr2+

 

were calculated by: 
0

0

( )
100%tC C

R
C

−
= ×

           (4) 

In equation 4, C0 is the initial concentration and Ct is the 70 

concentration in the outlet solution when a certain volume 
solution was processed.  

 
Fig. 8 The removal rates of Cs+ and Sr2+ are plotted against bed volumes, 
respectively. 75 
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During the treatment of 900 bed volumes (total volume = 
2.42 L, bed volume = 2.79 mL) mixing solutions of Cs+ (C0: 12 ~ 
14.5 ppm) and Sr2+ (C0: 5.98 ppm), there was no deterioration of 
the removal rate (Fig. 8). And the fluctuation accounted for the 
dynamic exchange process existed in the Cs+ removal curve. The 5 

result indicated that ion-exchange chromatographic column filled 
with FJSM-SnS crystals could remove 96% ~ 99% Cs+ and 
almost 100% Sr2+, respectively. 

As mentioned above, the maximum Cs+ exchange capacity 
of FJSM-SnS is 1.8 times that of KMS-1 and far more than those 10 

of commercial AMP-PAN and TAM-5. Such a big ion exchange 
capacity for Cs+ ion can be attributed to the stronger affinity of 
soft Lewis basic S2- ions for softer Lewis acidic Cs+ ion than 
harder [Me2NH2]

+ and [Me3NH]+ cations, as well as its two-
dimensionally microporous and flexible open-framework 15 

enabling the guest cations to diffuse in and out of the material.32, 

43, 44, 74 Both the [Me2NH2]
+ and [Me3NH]+ cations located at the 

interlayer spaces are able to be exchanged. The material still 
remains good crystalline structure after ion-exchange which can 
also be ascribed to the stability and flexibility of framework. 20 

Furthermore, it could reach rapid ion-exchange equilibrium 
within 5 minutes, which is much faster than other kinds of ion-
exchangers. The pH resistance (0.7 ~ 12.7) of FJSM-SnS is much 
wider than those of most of the ion-exchangers. The ion-
exchange column mode operation, which hasn’t been studied in 25 

chalcogenido ion-exchange materials before, has also been 
further conducted with good performance.  

4. Conclusions 

In conclusion, a robust, uniform, high cost-efficient layered 
thiostannate as ion-exchange material could be synthesized in 30 

large-scale by a facile, one-pot and economically solvothermal 
method, which revealed the abilities of fast ion capture, strong 
ion-exchange capacity and super acid and alkali resistance. The 
kinetic and isothermal studies of Cs+ and Sr2+ ion-exchange, pH 
dependent experiments, simulated environments and ion-35 

exchange chromatography have been studied in depth. In 
particular, the ion-exchange chromatographic column is firstly 
performed in chalcogenido ion-exchange materials, which 
promotes a big step towards the practical application of 
chalcogenido ion-exchanger. The title compound with the 40 

relatively low-cost but remarkable ion-exchange performance 
represents a new potential material of radioactive Cs+ and Sr2+ 

remediation. It is expected that more A2Sn3S7 materials templated 
by small organic amines can be developed to deal with 
radioactive and heavy metal ions. 45 
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