
Journal of Hazardous Materials 455 (2023) 131648

Available online 16 May 2023
0304-3894/© 2023 Elsevier B.V. All rights reserved.

Research Paper 

Leaching of structural Ca2+ ions from a chalcogenide adsorbent by H+ lifts 
Cs(I) uptake 

Chenyang Yang a, Yong Jae Suh b,c,*, Kuk Cho a,** 

a Department of Environmental Engineering, Pusan National University, 2 Busandaehak-ro 63beon-gil, Geumjeong-gu, Busan 46241, Republic of Korea 
b Resources Utilization Division, Korea Institute of Geoscience and Mineral Resources, 124 Gwahak-ro, Yuseong-gu, Daejeon 34132, Republic of Korea 
c Department of Resources Engineering, Korea University of Science and Technology, 217 Gajeong-ro, Yuseong-gu, Daejeon 34113, Republic of Korea   

H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• A novel KCaSnS adsorbent with meta
stable Ca2+ in Sn-S matrix is designed. 

• Cs+ adsorption capacity amounts to 620 
mg/g at pH 2, 68% higher than that at 
pH 7. 

• The enhanced Cs+ adsorption at pH 2 is 
due to leaching of structural Ca2+ by H+

and Cs+. 
• The adsorption capacity dependence on 

pH opposes the general tendency. 
• We turn the problematic proton into a 

functional agent of ion exchange by 
design.  
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A B S T R A C T   

Acidic wastewater containing radioactive 137Cs is difficult to treat by selective adsorption. Abundant H+ under 
acidic conditions damages the structure of adsorbents and competes with Cs+ for adsorption sites. Herein, we 
designed a novel layered calcium thiostannate (KCaSnS) that contains Ca2+ as a dopant. The dopant Ca2+ ion is 
metastable and larger than the ions attempted before. The pristine KCaSnS demonstrated a high Cs+ adsorption 
capacity of 620 mg/g at 8250 mg/L Cs+ solution and pH 2, which is 68% higher than that at pH 5.5 (370 mg/g), 
a trend opposite to all previous studies. The neutral condition allowed the release of Ca2+ present only in the 
interlayer (~20%); whereas the high acidity facilitated the leaching of Ca2+ from the backbone structure 
(~80%). The complete structural Ca2+ leaching was made possible only by a synergistic interaction of highly 
concentrated H+ and Cs+. Doping a large enough ion, such as Ca2+, to accommodate Cs+ into the Sn-S matrix 
upon its liberation opens a new way of designing high-performance adsorbents.   
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1. Introduction 

Nuclear power, as a relatively clean energy considering air pollutants 
and CO2 emissions, has been used to create electricity to meet the 
world’s energy needs. Nonetheless, the growth of the nuclear sector 
generates environmental and safety problems due to the accumulation 
of radiotoxic waste. 137Cs is one of the major fission products and is 
considered a hazardous radioactive element with a half-life of approxi
mately 30 years [19], and 137Cs emits beta-particles and strong 
gamma-rays in the decay process. It is also easily assimilated into the 
living body because of its high solubility in water and its similar trans
port behavior to those of K+. Thus, Cs+ removal from radioactive 
wastewaters has been investigated in many previous studies. It is known 
that selective removal of Cs+ from practical nuclear wastewater is 
difficult owing to interference with high concentrations of coexisting 
non-radioactive cations [25]. In particular, a high concentration of 
protons in acidic wastewater inhibits the removal of Cs+. The radioac
tive wastewaters generated from reprocessing spent fuel and decom
missioning nuclear power plants (NPPs) are usually acidic (pH < 2.3) 
[12,25]. However, effective and selective Cs+ removal from acidic 
radioactive fluids remains a significant difficulty. 

Adsorption by ion exchange is a promising wastewater remediation 
technology for NPPs because of its advantage of treating trace amounts 
of pollutant with ease [15]. Metal sulfides are considered a remarkable 
selective class of ion exchangers for Lewis-soft acid treatment because of 
the presence of Lewis-soft base S2- in their structure. However, most of 
the existing metal sulfides, such as InSnOS [26], KMS-1 [10], KMPS-1 
[18], KMS-2 [11], and KATS-2 [29] showed low adsorption capacity 
or distribution coefficient for Cs+ in highly acidic conditions. This is 
because they have only interlayer cations as ion-exchangeable species. A 
recent report demonstrated that a structural dopant cation, in addition 
to interlayer ions, could also contribute to adsorption by being leached 
out under acidic conditions [30]. However, presumably owing to the 
significantly smaller size of the dopant cation (Al3+, r = 0.54 Å)) than 
that of Cs+ (r = 1.67 Å) [20], Cs+ cannot reside in the original Al3+ sites, 
and protons, which are much smaller and abundant, are deposited 
instead. This presumption suggests that if dopant cations are more 
comparable in ionic size to Cs+ and leachable in acid, the dopant lattice 
positions in the crystal structure of adsorbent can operate as additional 
active adsorption sites for Cs+. Metal sulfides doped with an 
intermediate-sized dopant cation will provide much higher capacity for 
Cs+ adsorption in acidic conditions as long as the crystal structure is 
stable in acid. 

Herein, we designed a novel layered metal sulfide, potassium cal
cium thiostannate (KCaSnS), by introducing Ca2+ into the Sn-S matrix, 
assuming that Ca2+ (r = 1.00 Å) provides a large enough space for Cs+ to 
reside after its release from the lattice structure [20]. Calcium sulfide is 
readily dissolvable under acidic conditions [2,21], and Ca2+ is a much 
harder Lewis acid than Cs+. Therefore, we conjectured that the meta
stable structural Ca2+ in addition to the interlayered K+ will be 
exchanged for Cs+ at low pH, possibly resulting in a notable increase in 
the adsorption capacity. As hypothesized, our experiments demon
strated a high adsorption capacity of 620 mg/g for Cs+ at pH 2, the 
highest value to date. Even though the result was obtained at very high 
Cs+ concentration, which is not in a practical situation, this approach is 
original in its design of novel chalcogenide adsorbents for highly acidic 
wastewater treatment. 

2. Methods 

The information of chemicals and characterization techniques can be 
accessed in Sections S1 and S2 of Supporting Information. Equations 
used for data analysis and their corresponding descriptions can be found 
in Sections S3 and S4. 

2.1. Hydrothermal synthesis of KCaSnS 

A new KCaSnS adsorbent was synthesized by a hydrothermal method 
as follows: Briefly, the chemicals, potassium carbonate (K2CO3, 24 
mmol), calcium chloride dihydrate (CaCl2⋅2 H2O, 6 mmol), tin powder 
(Sn, 24 mmol), sulfur (S, 120 mmol), and about 2 mL of deionized water, 
were mixed in an agate mortar. The mixture was transferred into a 100 
mL Teflon-lined autoclave and heated in a furnace at 200 ℃ for 24 h. 
After cooling the autoclave to room temperature, the resultant powder 
was collected by centrifugation. Then, the powder was washed with 
acetone and deionized water, and dried in a vacuum oven at 60 ℃ for 18 
h. 

2.2. Ion exchange experiments 

Considering the hazard of 137Cs, all experiments in this study were 
performed using its nonradioactive isotope. A typical experiment was 
conducted in a 30 mL glass vial containing 25 mL Cs+ solution and 25 
mg of KCaSnS (solid/liquid ratio, S/L = 1 g/L) at room temperature in 
three batches. The solid-liquid mixture was shaken in a shaker for a 
certain period, and the solid was separated with a 0.22 µm PVDF filter. 
The filtrate was then diluted and analyzed for Cs+ concentration using 
an atomic absorption spectrometer. The solid residuals after adsorption 
under acidic and neutral conditions were named as Cs-KCaSnS-acidic 
and Cs-KCaSnS-neutral, respectively. Furthermore, for ease of descrip
tion, the pH range of 5–9 is signified as a neutral condition. When the pH 
of a solution is less than 3, it is said to be acidic. 

In kinetics studies, KCaSnS powder was mixed with approximately 
20 and 1000 mg/L Cs+ solutions of pH 2 and 7 for various times of 1, 5, 
15, 30, 60, 120, 300, and 1080 min. The isotherm experiments were 
conducted under neutral and acidic conditions with various Cs+ con
centrations (5.00–10600 mg/L at pH ~2; 19.1–13700 mg/L at pH 
~5.5). 

To study the effect of pH on the performance of KCaSnS for Cs+

adsorption, approximately 20 mg/L of Cs+ solutions with a pH range of 
1–13 were prepared by adjusting pH with HCl and NaOH solutions. The 
adsorption performance of KCaSnS toward Cs+ under acidic conditions 
was further investigated by dissolving the required amounts of NaNO3, 
KNO3, Mg(NO3)2⋅6 H2O, and Ca(NO3)2⋅4 H2O in Cs+ solution (~20 mg/ 
L). Besides, the ion exchange performance of KCaSnS in real water en
vironments was evaluated using ~20 mg/L Cs+ spiked artificial 
seawater (ASW) and tap water (TW) (Busan, Korea) with a natural pH 
(7.8 for ASW; 7.4 for TW) and pH 2. The contact time was set to 5 h. 

The reusability of KCaSnS under acidic conditions was investigated 
by a series of adsorption and desorption tests. In the adsorption process, 
a mixture of 500 mg KCaSnS and 500 mL of 1000 mg/L Cs+ solution with 
a pH ~2 was kept on a shaker for 5 h. Then, the adsorbed Cs ions were 
eluted from Cs-KCaSnS-acidic with each 500 mL of 1 M KCl solution, 1 M 
CaCl2⋅2 H2O solution, and a mixture of 1 M KCl and 1 M CaCl2⋅2 H2O, 
respectively. The resulting products are named KCaSnS-K, KCaSnS-Ca, 
and KCaSnS-K&Ca, respectively. In addition, a two-step elution test was 
run using a 1 M CaCl2⋅2 H2O and a 1 M KCl solution in sequence, whose 
product is named KCaSnS-Ca-K. All of the particles produced were 
rinsed several times with deionized water before being employed in 
subsequent Cs+ adsorption studies. 

3. Results 

3.1. Characteristics of KCaSnS 

Important properties of the as-synthesized KCaSnS, such as 
morphology, elemental distribution and composition, crystalline phase, 
and electron binding energy, were analyzed using various techniques. A 
field-emission scanning electron microscopy (FE-SEM) image of the 
pristine KCaSnS exhibited a plate-like morphology (Fig. 1a), and 
elemental mapping analysis showed a uniform distribution of K, Ca, Sn, 
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and S in KCaSnS (Fig. 1b). Energy dispersive X-ray spectroscopy (EDS) 
showed the stoichiometry of K1.49Ca0.81Sn3S6.08 (Table S1); the more 
accurate composition analyzed using inductively coupled plasma- 
optical emission spectrometry (ICP-OES) was K1.35Ca0.91Sn3S7.59. X-ray 
photoelectron spectroscopy (XPS) spectra (Fig. 1c–f) revealed the 
characteristic peaks of K (292.7 and 295.5 eV), Ca (347.0 and 350.6 eV), 
Sn (486.1 and 494.5 eV), and S (161.1 and 162.2 eV) [13]. The stability 
of the pristine KCaSnS was investigated at various pH values. From pH 
4–12, the samples retained their original crystal structure (Fig. S1). 
However, a new Bragg peak at 15.0◦ appeared at pH 2, and the char
acteristic peaks of CaSn(OH)6 appeared at pH 13 because of the high 
concentrations of proton and hydroxide ions at the respective pHs. 

3.2. Kinetics of Cs+ adsorption 

The adsorption kinetics was studied to know how fast the Cs+

adsorption takes place. Fig. 2 shows that KCaSnS displayed quick 
adsorption kinetics in both neutral and acidic environments with an 

initial concentration of ~20 mg/L. Cs+ concentration achieved equi
librium in the first minute under neutral circumstances (Fig. 2a), 
showing a steep decrease in concentration from 20 to 0.136 mg/L. This 
indicates a removal efficiency of 99.3% in 1 min, which is higher than 
that of KTS-3 (K1.92Sn3.04S7.04: 94% in 5 min) [19], SbS-1 K 
(K2Sb4S7⋅2 H2O: 93% in 2 min) [33], AgSnSe-1 
([NH3CH3]0.5[NH2(CH3)2]0.25Ag1.25SnSe3: 88% in 4 h) [3], FJSM-4 
([(EtNH3)1.68(Et2NH2)0.32]Sn3S7⋅0.68 H2O: 79% in 30 min) [7], and 
NVPC ((NH4)2[(VO)2(HPO4)2C2O4]⋅5 H2O: 52% in 1 min) [34]. 

Under acidic conditions, slow kinetics has generally been observed 
for the adsorption of Cs+ because of severe competition with protons. 
Notably, KCaSnS exhibited fast adsorption kinetics at pH 2. As shown in 
Fig. 2b, the Cs+ adsorption reached equilibrium within 1 min, with a 
removal efficiency of 95.4%, which is substantially faster than that of 
FJSM-4 (78% in 5 min) [7], and DB-ZrP (3,4-dibenzo-21-crown-7 
intercalated zirconium phosphonate: 70% in 60 min) [14]. It is worth 
noting that the adsorption of Cs+ can still reach equilibrium within 
30 min with a high initial concentration of ~1000 mg/L under both 

Fig. 1. Morphology, elemental distribution, and XPS spectra of the pristine KCaSnS. a FE-SEM image and b elemental mapping. High-resolution XPS spectra of c 
potassium, d calcium, e tin, and f sulfur. 
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neutral and acidic conditions (Fig. S2 and Table S2). 

3.3. Cs+ adsorption isotherm 

To investigate the maximum Cs+ adsorption capacities of KCaSnS 
under neutral and acidic conditions, the isotherm study was conducted 
using low to extremely high concentrations of Cs+ solutions. Under 
neutral conditions, equilibrium adsorption capacity (qe, mg/g) rapidly 
increased with the equilibrium concentration of Cs+ in solution (Ce, mg/ 
L) up to 370 mg/g or 2.78 mmol/g (Fig. 2c). The qe value is lower than 
~460.8 mg/g for hf-TiFC (hollow flower-like titanium ferrocyanide) 
[31], 453 mg/g for MIL-101-SO3H [1], 437.5 mg/g for NVPC [34], and 
400 mg/g for FJSM-SnS-4 [7]. But it is higher than that of most other 
adsorbents, such as ~252.1 mg/g for NH4V4O10 (layered ammonium 
vanadate) [32], 250.3 mg/g for KAlSnS-3 (K1.83Al0.48Sn3S7.64) [30], 
~222 mg/g for KMS-1 (K1.9Mn0.95Sn2.05S6) [10], and 174 mg/g for 
AgSnSe-1 [3], and much higher than ~82.7 mg/g for commercial 
AMP-PAN (ammonium molybdophosphate–polyacrylonitrile) [16] 
(Fig. 3a). 

In acidic solutions, KCaSnS showed a significantly enhanced 
adsorption capacity toward Cs+. Unlike at neutral conditions, qe 

increased stepwise with Ce in acidic solutions (Fig. 2d). The sites, which 
proton would occupy, appeared to be adsorbed by Lewis softer Cs+

above the Cs+ concentration of 8250 mg/L. The saturated adsorption 
capacity was as high as 620 mg/g, or 4.66 mmol/g, which is the highest 
value among those measured at a pH value near 2.0. The other adsor
bents with high capacities include KAlSnS-3 (170 mg/g at pH 2) [30], 
KMS-1 (168 mg/g at pH 2.5) [10], and DB-ZrP (155.42 mg/g at pH 1) 
[14]. KCaSnS has a substantially greater adsorption capacity at pH 2 
than FJSM-SnS-4 (144.8 mg/g at pH 1.6) [7] and NVPC (65 mg/g at pH 
2.05) [34], which have higher adsorption capacities than KCaSnS in 
neutral conditions (Fig. 3a). Although the maximum capacity of KCaSnS 
at pH 2 appeared to be unrealistically high, a low standard deviation 
range of all the equilibrium data shown in both Fig. 2c and 2d proved 
accuracy of the results. The detailed explanation of this peculiar trend 
will be provided in Discussion later. 

3.4. pH-dependent Cs+ adsorption 

To further investigate the influence of solution acidity or basicity on 
the Cs+ adsorption, adsorption experiments were performed over the pH 
range of 1–13. As shown in Fig. 4a, more than 97.8% of Cs+ was 

Fig. 2. Kinetics curves of KCaSnS at a neutral condition and b pH 2 (C0
Cs = ~20 mg/L); Equilibrium data for Cs+ adsorption by KCaSnS at c neutral condition and 

d pH 2. The symbol ▴ in the plots c and d represents the adsorption result for the adsorbent that was first allowed to reach equilibrium at 10000 mg/L Cs+ and pH 2 
and then regenerated with KCl solution. 

Fig. 3. Comparison of a adsorption capacity (qe) and b distribution coefficient (Kd) of representative adsorbents. pH values for acidic conditions of qe ranges from 1 
to 3. qe of some adsorbents were obtained from the corresponding figures of the references using GetData Graph Digitizer. 
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removed in the pH range of 4–12, and the distribution coefficient (Kd) 
was higher than 4.39 × 104 mL/g. On the other hand, at pH 13, Kd 
slightly decreased to 3.72 × 103 mL/g. The decrease in Kd might be due 
to the partial decomposition of KCaSnS to CaSn(OH)6; whereas the 
pristine crystal structure was preserved in the pH range of 4–12 
(Fig. S1). Meanwhile, at the initial pH range of 4–8, the adsorption ex
periments resulted in an increase in the final solution pH, implying 
competitive adsorption of protons in the lower Cs+ concentrations at the 
end stage (Fig. 4a and 4b) [9]. Despite the competition between Cs+ and 
protons, the Kd values at pH 1 and 2 were as high as 5.41 × 103 mL/g 
and 2.30 × 104 mL/g, respectively. In acidic solutions, KCaSnS shows 
higher values of Kd than AgSnSe-1 [3], KAlSnS-3 [30], InSnOS 
((Heta)9.5(H3O)2.5[In8Sn12O10S32]⋅22 H2O) [26], KTS-3 [19], KMS-2 
[11], and PATiW (polyaniline titanotungstate) [4], except for hf-TiFC 
[31] (Fig. 3b). It is worth noting that the Kd of KCaSnS under acidic 
conditions is also higher than that of FJSM-SnS-4 [7], NVPC [34], and 
MIL-101-SO3H [1], all of which have higher adsorption capacities than 
KCaSnS in neutral conditions. 

3.5. Effect of interfering ions on the Cs+ adsorption in different water 
systems 

High concentrations of nonradioactive ions such as Na+, K+, Mg2+, 
and Ca2+ in the radioactive wastewater inhibit the selective adsorption 
of Cs+. Furthermore, protons contained in radioactive wastewaters 
created during NPP decommissioning and spent fuel reprocessing 
interfere with Cs+ adsorption via two routes: the breakdown of the 
adsorbent structure and the competition for adsorptive sites with Cs+. 
Accordingly, the adsorption performance of KCaSnS in acidic solutions 
with various concentrations of competing ions was investigated. As 
shown in Fig. 4c, when the concentrations of competing ions ranged 
from 0.1 to 1 mmol/L, the Kd for Cs+ was higher than 1.27 × 104 mL/g. 
The effects of divalent Mg2+ and Ca2+ were more prominent than those 
of monovalent Na+ and K+ in this range because of stronger electrostatic 
interaction at a relatively low ionic strength [6]. 

In contrast, the interference of K+ in the adsorption of Cs+ was more 

significant at concentrations from 10 to 100 mmol/L. Because the 
electric double layer is compressed in a high ionic strength solution, 
chemical hardness or affinity takes precedence in ion exchange [23]. As 
Lewis soft base S2- has higher affinity for the relatively soft acids Cs+

(chemical hardness η = 9.63 eV) and K+ (η = 13.64 eV) than for the 
hard acids Na+ (η = 21.07 eV), Mg2+ (η = 32.55 eV), and Ca2+

(η = 19.52 eV) [8,17], KCaSnS showed stable adsorption performance 
toward Cs+ in the presence of Lewis hard competing ions except for K+

at a high ionic strength. 
To simulate a more practical case, the adsorption performance of 

KCaSnS toward Cs+ was investigated in different water environments, 
including TW, ASW, and acid-spiked TW and ASW. The main compo
nents in each solution are listed in Table S3. KCaSnS showed high dis
tribution coefficients for Cs+ in TW (4.30 × 104 mL/g) and ASW (3.29 ×

103 mL/g) (Fig. 4d). Notably, the high Kd values can be maintained even 
in the acid-spiked water systems, i.e., 1.33 × 104 mL/g in acidic TW and 
2.95 × 103 mL/g in acidic ASW. The values of Kd in neutral conditions 
are comparable to previous works such as KAlSnS-3 [30] and SbS-1 K 
[33] (Table S4). One might consider the acidic TW and ASW impractical; 
in this study, they are just simulated acidic water based on real water 
resources. 

3.6. Reusability of KCaSnS 

To study the behavior of the structural Ca2+ on the recyclability of 
KCaSnS under acidic conditions, we conducted a series of adsorption- 
desorption experiments using different eluents. When Ca2+ was used 
as an eluent, some Cs+ remained in the structure (Table S6) because Cs+

is chemically softer than Ca2+. This resulted in a lower adsorption ca
pacity of KCaSnS-Ca than that of the pristine KCaSnS (Fig. 5a). With K+

as an eluent, most of the Cs+ in both the interlayer and structure were 
replaced with K+ (Table S6) because K+ has similar chemical hardness 
and ionic radius (r = 1.38 Å) to Cs+ (r = 1.67 Å). As the concentration 
of K+ is rather high (1 mol/L), some structural Ca2+ ions might be 
further replaced with K+. In the successive adsorption test, the replaced 
K+ was readily exchangeable with Cs+ at high Cs+ concentrations, 

Fig. 4. a Kd and removal efficiency of KCaSnS at different pH conditions; b equilibrium pH values after Cs+ adsorption at various initial pH values; c variation in Kd 
for Cs+ at various concentrations of competing ions (pH: ~2); d selective removal of Cs+ by KCaSnS in natural and acid-spiked water systems. C0

Cs 
= ~20 mg/L. 
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resulting in higher adsorption capacity (Fig. 5a). For the eluent con
taining both K+ and Ca2+, most of the structural Ca2+ in the Cs-KCaSnS- 
acidic might remain in the structure because of the high concentration of 
Ca2+ in the solution. As K+ replaced most of the adsorbed Cs+ (Table S6), 
the adsorption capacity of KCaSnS-K&Ca was similar to that of pristine 
KCaSnS (Fig. 5a). Finally, the two-step elution with Ca2+ and K+ in 
succession produced a product with approximately the same elemental 
composition as the regenerated KCaSnS-K. (Table S6). This indicated 
that the intermediate regeneration step with Ca2+ did not influence the 
second K+ regeneration step. Thus, KCaSnS-Ca-K showed the same trend 
of an increase in the adsorption capacity as KCaSnS-K (Fig. 5a). 

To further evaluate the reusability, regeneration tests with an eluent 
solution of KCl were performed three times successively. The first, sec
ond, and third regenerated adsorbents were named KCaSnS-K-1, 
KCaSnS-K-2, and KCaSnS-K-3, respectively. As mentioned earlier, 
KCaSnS-K-1 showed a higher adsorption capacity than the pristine 
KCaSnS; whereas the capacity gradually decreased in the second and 
third regeneration tests, finally reaching that of the pristine KCaSnS 
(Fig. 5b). The reason for the capacity reduction might be attributed to 
the remaining K during adsorption. The XRD patterns of the second 
(KCaSnS-K-2) and third (KCaSnS-K-3) regenerated samples showed two 
distinct peaks at 9.9◦ and 11.9◦ instead of the doublet that existed in that 
of the first regenerated adsorbent (KCaSnS-K-1) (Fig. S4a). The right 
shift of the peak indicates that the interlayer spacing was narrowed in 
the second and third regenerated samples, implying more remaining K 
along with the regeneration. In summary, the clear crystallinity of the 
regenerated adsorbents indicates that KCaSnS is highly reusable in 
acidic conditions. 

4. Discussion 

We have provided the major data on the Cs+ adsorption of a newly 
developed tin sulfide, KCaSnS, thus far. Because the experimental results 
revealed complicated behaviors caused by interactions between the 
various ions in the aqueous solution and the adsorbent, a thorough 
explanation incorporating all relevant data and hypotheses may be 
necessary. Accordingly, the Cs+ adsorption mechanism and the behavior 
of Ca2+ upon adsorption will be discussed in detail in the following, 
along with the concluding remarks on design strategy. 

4.1. Cs+ removal mechanism 

The removal of Cs+ was found to occur via the ion exchange mech
anism under both neutral and acidic conditions by SEM-EDS, ICP-OES, 
X-ray diffraction (XRD), and XPS analyses. In the adsorption experi
ments under neutral conditions, the plate-like morphology of KCaSnS 
was preserved after adsorption (Fig. S3a). Fig. 6 shows high-resolution 
XPS spectra with the typical peaks of Cs 3d appearing while the clear 

peaks of K 2p vanished and the intensity of Ca 2p dropped, showing ion 
exchange between K+/Ca2+ and Cs+. The same ion exchange behavior 
was semi-quantitatively revealed in the EDS analysis of Cs-KCaSnS- 
neutral: the amount of K and Ca decreased while the amount of Cs 
increased in comparison with the pristine KCaSnS (Table S1). Further
more, more precise data obtained using ICP-OES analysis revealed the 
composition change with a charge ratio of 0.826 for the adsorbed Cs+ to 
the released cations (K+ and Ca2+) (Table S5), suggesting the ion ex
change process in neutral conditions. 

Under acidic conditions, the adsorption experiments revealed the ion 
exchange between K+/Ca2+ in the adsorptive sites and the adsorbates 
Cs+/H+. The EDS results showed a decrease in the amount of K and Ca 
and an increase in the amount of Cs in Cs-KCaSnS-acidic (Table S1). 
Without conversion of the KCaSnS morphology (Fig. S3b), the trend of 
changes in the XPS spectra of Cs, K, and Ca upon adsorption under the 
acidic conditions were the same as that in the neutral conditions (Fig. 6). 
Notably, the intensity of Ca 2p almost disappeared in Cs-KCaSnS-acidic 
(Fig. 6c), indicating the removal of most Ca from KCaSnS. The additional 
Ca leaching from the adsorbent is attributed to the presence of abundant 
protons in the acidic solutions. The role of protons in leaching Ca was 
confirmed by a separate experiment using a Cs-free acidic solution with 
pH 2. According to the ICP-OES analysis (Table S5), the charge ratio of 
the reduced H+ to the sum of the released K+ and Ca2+ was 1.01, indi
cating the adsorption of H+ even onto the structural sites of Ca2+. In the 
presence of Cs+, the released adsorptive sites might be occupied by both 
H+ and Cs+. The changes in the composition of the Cs+ solutions ob
tained by ICP-OES revealed that the charge ratio of the sum of the 
adsorbed Cs+ and H+ to the sum of the released K+ and Ca2+ was 0.853, 
substantially greater than 0.368 when just Cs+ was regarded as an 
adsorbate (Table S5). As the solution pH was increased from 2.05 to 2.14 
after the experiment, the loss of H+ in the solution was assumed to be 
adsorbed by the adsorbent. The proton appeared to be less competitive 
for adsorption than Cs+ as the molar ratio of H+ to Cs+ was 2.56 and 
1.32 in the feed solution and in Cs-KCaSnS-acidic, respectively. There
fore, the Cs+ removal mechanisms in both the neutral and acidic con
ditions were the ion exchange between the cations present in the system 
except for Sn4+. 

4.2. Identification of Ca2+ location in KCaSnS 

The Ca2+ ions in the pristine KCaSnS were found to be present in both 
the interlayer and crystalline structures. In the neutral pH, CaS bond in 
KCaSnS is stable, and thus Ca2+ present only in the interlayer might be 
released into the aqueous solution. The release of the interlayered Ca2+

was evidenced by a decrease in Ca from 0.81 to 0.11 mol in the semi- 
quantitative EDS data (Table S1), indicating partial release. To 
confirm our hypothesis further, Ca2+ leaching tests were conducted 
using different concentrations of CsNO3 solutions in neutral conditions. 

Fig. 5. Adsorption capacity qe of the pristine KCaSnS and the adsorbents regenerated a using different eluents in one cycle of adsorption-desorption and b using an 
eluent KCl, in three successive cycles of adsorption-desorption. C0

Cs = ~1000 mg/L and pH 2. 
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Over the initial Cs+ concentration range of 3.78–101 mmol/L, the 
amount of Ca2+ leached out was kept nearly constant at about 20% 
(Section S4 and Fig. 7a). Besides, the XRD pattern indicated that the ion 
exchange is topotactic (Fig. S4b). The peak near 10◦ in the XRD pattern 
corresponded to the interlayer space of metal sulfides [19,30]. The 
enlarged XRD pattern of the pristine KCaSnS (Fig. S5) revealed two 
peaks at 10◦, which are attributable to the intercalation of Ca2+ and K+

[22,27]. 
Given the Ca2+-leaching-test results above, the structural Ca2+ might 

amount to about 80%. The incorporation of Ca2+ into the Sn-S crystal 
structure was substantiated by XPS analysis. As shown in Fig. 1f, the 
binding energy of S 2p3/2 (161.05 eV) in the pristine KCaSnS was lower 
than that in KTS-3 (161.5 eV) [19] and KAlSnS-3 (161.28 eV) [30]. The 
electron binding energy is inversely related to the electron density 
around an atom [28]. The electronegativity of Ca (χ = 1.00 by Pauling 

scale) is lower than that of Al (χ = 1.61) and Sn (χ = 1.96) but higher 
than that of K (χ = 0.82). If all the Ca2+ ions are located only in the 
interlayer by replacing some interlayered K+, the binding energy of S 
2p3/2 in KCaSnS should be higher than that in KTS-3, which contradicts 
the XPS analysis results. The substitution of Ca2+ for Al3+ in KAlSnS-3 
may also reduce the binding energy of sulfur. As a result, the 
decreased binding energy of S 2p3/2 in KCaSnS can be ascribed to the 
effective integration of Ca2+ into the Sn-S matrix via Sn4+ ion 
replacement. 

4.3. Ca2+ leaching enhanced the adsorption of Cs+

The adsorption capacity of KCaSnS was shown to be higher in the 
acidic condition than in the neutral condition (Fig. 2c and 2d), which 
opposes the common behavior of most adsorbents. In the neutral con
dition, the molar ratio of the adsorbed Cs+ to the released K+ was 1.11 
(Fig. S6 and Table S5), indicating that the interlayered Ca2+ also 
participated in the ion exchange. Clearly, this molar ratio value is 
greater than that of prior research in which only K+ may operate as an 
exchangeable ion [11,19,29,30]. The portion of the interlayered Ca2+

was estimated to be 22.5% (0.30 mmol/L) of the total Ca amount 
(1.32 mmol/L) in the pristine KCaSnS (Section S4 and Table S5). Given 
the formula of K1.35Ca0.91Sn3S7.59, complete release of Ca2+ in a 
solid-liquid system of 1 g/L will result in 1.32 mmol/L Ca2+ in the 
filtrate (Section S4). According to the XPS analysis (Fig. 7c), the S 2p 
binding energy of KCaSnS was reduced by 0.19 eV (from 161.05 to 
160.86 eV) after the Cs+ adsorption, which is greater than that of 
KAlSnS-3 (0.03 eV) [30] and KATS-2 (0.09 eV) [29] with only K+ as an 
exchangeable ion. This can be attributed to the exchange of more elec
tronegative Ca (χ = 1.00) for less electronegative Cs (χ = 0.79) and K 
(χ = 0.82). Notably, the highest qe of 370 mg/g (2.78 mmol/g) under 
neutral conditions was similar to the theoretical adsorption capacity 
(340 mg/g or 2.56 mmol/g) calculated from the sum of all K+ and 
interlayered Ca2+ in the pristine K1.35Ca0.91Sn3S7.59 (Fig. 2c). Therefore, 
we concluded that the interlayered Ca2+ in addition to K+ was replaced 
with Cs+ under neutral conditions. 

The acidic condition enhanced the Cs+ adsorption by facilitating the 
leaching of the structural Ca2+. The Cs+-free solution with pH 2 leached 
out 37.1% (0.49 mmol/L) of Ca2+; whereas the Cs+-rich solution with 
pH 2 leached out 76.7% (1.01 mmol/L) of Ca2+ at C0

Cs = ~500 mg/L or 
3.76 mmol/L (Table S5). They were both higher than in the neutral 
condition (22.5%). Upon the Cs+ adsorption, the higher chemical af
finity of S for softer Cs+ than Ca2+ and H+ might further increase the 
leaching amount of Ca2+. As the charge ratio of the sum of the adsorbed 
Cs+ and H+ to the released K+ was much higher than unity (1.80) 
(Table S5), the released Ca2+ should have participated in the Cs+

adsorption. Although H+ was adsorbed more than Cs+, probably owing 
to its higher concentration of 10 mmol/L (pH 2), the molar ratio of the 
adsorbed Cs+ to the adsorbed H+ in this study was 46% higher than that 
of KAlSnS-3. In KAlSnS-3, Cs+ cannot be in the structural positions of 
Al3+ because Cs+ ion (r = 1.67 Å) is much larger than Al3+ ion 
(r = 0.54 Å). The binding energy of S 2p increased slightly after Cs+

adsorption in the acidic state, from 161.05 eV to 161.07 eV (Fig. 7d); in 
the neutral condition, it decreased as previously described (Fig. 7c). This 
is because the amount of the adsorbed H+ was higher than that of Cs+, 
and H+ (χ = 2.20) is more electronegative than Cs+ (χ = 0.79). Never
theless, this value in Cs-KCaSnS-acidic was lower than that in Cs-loaded 
KAlSnS-3 at pH 2 (161.30 eV), in which less amount of Cs+ was 
adsorbed. 

A sharp increase in the Cs+ adsorption with increasing the initial Cs+

concentration at pH 2 was corroborated by the XRD analysis (Fig. 7b). In 
a 500 mg/L Cs+ case, the Bragg peaks around 10◦ was right shifted, 
implying that H+ was adsorbed more than Cs+ as agreed with the 
elemental data. The broadened Bragg peaks indicated a decrease in 
crystal size and an increase in lattice disorder due to the dominant 
adsorption of smaller-sized H+ [5]. As the Cs+ concentration increased 

Fig. 6. High-resolution XPS spectra of a Cs, b K, and c Ca in KCaSnS, Cs- 
KCaSnS-neutral, and Cs-KCaSnS-acidic, respectively. 
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to ~5000 mg/L, the two peaks representing the interlayer spacing were 
separated more widely than that of the pristine KCaSnS (Fig. 7b and S5). 
This is attributable to more Cs+ being adsorbed and the larger ionic-size 
difference between Cs+ and H+. In contrast, in the case of a 
~10000 mg/L Cs+ solution, only a single peak was observed at a lower 
2θ position, indicating that Cs+ occupied most adsorptive sites with 
negligible left H+ (Fig. 7b). The decrease in peak intensity over the range 
of 25–40◦ might be due to the incorporation of Cs+ into the structure. 
Hence, the adsorption capacity increased sharply at the initial concen
tration higher than 8250 mg/L. The qe of 620 mg/g (4.66 mmol/g) at 
high Cs+ concentrations over 8250 mg/L (62.08 mmol/L) was nearly 
identical to the theoretical qe (612 mg/g or 4.60 mmol/g) calculated 
from the sum of all K+ and Ca2+ in K1.35Ca0.91Sn3S7.59 (Fig. 2d). When 
the saturated adsorbent was regenerated with the K+ solution, its ca
pacity decreased slightly to 4.37 mmol/g (581 mg/g, Fig. 2d) at pH 2, 
leaving 0.29 mmol/g sites of K+. As a result, we are convinced that in 
acidic solutions with extra high Cs+ concentrations, the majority of the 
Ca2+ and K+ contained in KCaSnS were replaced with Cs+. 

4.4. New design strategy 

The radioactive Cs+-rich wastewater with high acidity and salinity is 
difficult to treat with conventional adsorbents. Recently, Tang et al. [24] 
reported a new metal sulfide adsorbent InSnS-1 that exhibited excellent 
acid resistance even at pH 0. On the contrary, this study aimed to 
improve the adsorption efficiency at pH conditions that most adsorption 
studies have employed, at high acidity conditions in particular. Hence, 
we synthesized a layered KCaSnS incorporating metastable Ca2+ into the 
Sn-S matrix, where Ca2+ is large enough to reserve space for locating Cs+

during adsorption. The structural Ca2+ ions were leached out in the 
acidic condition and their sites were replaced with Cs+. As the structure 
of KCaSnS is rather stable, even partial leaching of the constituent ions 
requires a certain level of acidity, i.e., pH 2 in this case. Upon the release 
of weakly bonded Ca2+ ions from the crystal structure, preferential 
adsorption of Cs+ would take place due to its high affinity toward S2-. 
Because proton is a very hard Lewis acid, it may not dominate the 
structural Ca2+ empty sites. Furthermore, as previously mentioned, 

proton alone cannot leach off all of the structural Ca2+. To increase the 
likelihood of Cs+ being accessible into the structure, the structural Ca2+

must be completely removed. This requires very high Cs+ concentra
tions, even higher than H+ concentrations. The commencement of Cs+

concentration of 62.08 mmol/L for the complete leaching at pH 2 in
dicates a synergistic interaction of Cs+ and H+, resulting in the 
maximum adsorption capacity of 4.66 mmol/g. 

5. Conclusions 

We have found that the coexistence of ample H+ and Cs+ is instru
mental in completely leaching the structural Ca2+ from the Sn-S matrix. 
The adsorbent design strategy that incorporates structural lattice points 
into interlayer space of typical layered materials overturns our previous 
understanding. Notably, the Cs+ adsorption capacity is greater in acidic 
solutions than that in neutral solutions, which contradicts the general 
trend of current SnS-type adsorbents. At first, a conspicuous increase in 
Cs+ adsorption capacity in acid was not noticed, although the release of 
appreciable amount of the structural Ca2+ was observed at 500 mg/L 
Cs+ and pH 2, for example. Then, we attempted a much higher con
centration of Cs+, i.e., above 8250 mg/L and could spot a steep rise in 
Cs+ adsorption capacity. The structure-damaging proton is used to 
mediate ion exchange in this case. The uncommon ion-exchange possi
bility is accomplished by the synthesis of an intermediate metastable 
crystal structure that can resist transformation while permitting ion 
exchange. We believe that our approach provides meaningful insights 
for the design of different types of novel adsorbents. 

Environmental implication 

137Cs, as a main hazardous radionuclide in acidic wastewater 
generated during spent fuel reprocessing and decommissioning of nu
clear power plants, poses a threat to human health. However, the Cs+

adsorption performance of most adsorbents in acidic conditions has an 
insurmountable limit due to the presence of copious protons. In this 
study, we turn the problematic proton into a functional agent by 
incorporating a large, weakly bonding ion, Ca2+ into Sn-S matrix. 

Fig. 7. a Ca2+ leaching test at different CsNO3 concentrations under the neutral condition; b XRD patterns of Cs-loaded KCaSnS after adsorption at different Cs+

initial concentrations at pH 2, and XPS spectra of sulfur in c pristine KCaSnS and Cs-KCaSnS-neutral, and in d pristine KCaSnS and Cs-KCaSnS-acidic. 
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Leaching Ca2+ from the matrix creates additional adsorption sites in 
potassium calcium thiostannate (KCaSnS) resulting in the greater Cs+

adsorption capacity in acidic solutions than that in neutral solutions. 
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