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Abstract: Radioactive strontium and cesium, generated by nuclear power plants, present significant threats
top human health and ecological safety due to their long half-lives and strong bio-accumulation. Given
these risks, finding ways to remove strontium and cesium has become an urgent priority. Among numerous
treatment technologies, adsorption stands out as one of the most widely adopted and efficient approaches
for water treatment, owing to its high efficiency, safety, selectivity, and ease of operation. In recent years,
advancements in nanotechnology have highlighted metal sulfides as a promising class of adsorbents, thanks
to their unique layered structures and excellent physical and chemical properties. These are layered
composite compounds, formed by combining metal or semi-metal cations with sulfur anions in the form of
M,S,, can be categorized into binary, ternary and multi-component metal sulfides. Compared with
traditional materials, metal sulfide-based materials offer many merits such as versatile preparation methods,
large specific surface areas, rapid adsorption kinetics, large adsorption capacities, and excellent thermal and
chemical stability. However, to fully leverage the potential of metal sulfides in strontium and cesium
removal and promote their practical application, it is necessary to gain a comprehensive and in-depth
understanding of their adsorption behavior to elucidate the microscopic mechanisms by which they capture
and immobilize target pollutants from the aqueous phase. The adsorption properties are influenced not only
by the physical and chemical properties of the adsorbents, but also by external factors such as initial
pollutant concentration, pH value, temperature and the presence of competing ions. This paper provides a
brief overview of the structure, properties, and synthesis methods of metal sulfide materials. It focuses on
reviewing and discussing recent research progress in the adsorption and removal of radioactive strontium
and cesium using metal sulfide materials. Through in-depth discussion and analysis of adsorption
performance and mechanisms, the prominent challenges, particularly the difficulty in efficiently separating
and recovering used adsorbents, as well as challenges in practical water applications, secondary pollution,
and other issues are identified. Finally, future development directions for metal sulfides and their
composites, with the aim of advancing the practical application of these adsorbents in the remediation of
radioactive contamination are explored.

Key words: metal sulfide; radioactive wastewater; strontium; cesium; adsorption
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Table 1  Adsorption performance of St** by various adsorbents
— i @/ po(SE2)/ R MR Ky o R/ SaET
min (mgeL™") (mgeg™) % (mLeg™!) T
4 FIEMAEIE- 404N (SPAC) 120 100 58.21 70.65 [2]
Fe,0,@WO0, 90 100 44.18 90.00 45 20 K*., Ca** [55]
NSC@MS-4A 40 1000 44.87 95.00 9x10° 7.0 25 K*. Ca* [56]
KA HE A REERRRER (CST) 15 100 276.00 90.00 [57]
SA-PA-H 30 100 151.70 99.20 1.97x10? 4.0~10.0 25~40 Ca? [58]
1.14x10°
[Me,NH,][Ln(C,0,),(H,0)]*3H,0 3 50 92.17 99.60 2.61x10°  4.0~9.9 Mg¥, Ca®*  [59]
(3D AL £ FER R (Ln-ox);
Ln=Y, Nd, Sm, Eu, Gd, Er, Tm, Yb)
TiNTs 30 10 97.00 95.00 =10° 4.0~10.0 Ca* [60]
F 2 AR BT XE CsT ity 0 B i
Table 2 Adsorption performance of Cs™ by various adsorbents
PR IR o (CSOF DRRERRS DR Ky oH T EPET ik
min (mgeL™) (mgeg™) % (mLeg™)
Fe;0,-O-CMK-3 5 100.00 205.00 95.00 5.0~11.0 Sr?*, Li*, K, Na*, Ca** [71
Fe;0,@WO, 180 100.00 53.16 90.00 45 20 K*, Ca*' [55]
NSC@MS-4A 40 10.00 4435 92.00 1.6x10° 7.0 25 K*, Ca* [56]
hf-TiFC 5 68.70 454.54 99.10 =10° 1.0~11.0 Na*, K* [61]
PB@PAAmM 30 10.00 378.00 90.00 3.6x10° 3.0~9.0 Na", K* [62]
PSF-Naj, Nij 5Sn, ¢5S; 30 100.00 436.72 96.50 625~13123  2.0~12.0 26 K*. Na’, Ca* [63]
NiFC-PAN 300 100.00 162.78 7.2x10* 60 [64]
Zein@SA/KBS 30 25.00 343.52 96.71 30128 7.0 25 Mg**, Ca** [65]
KOH-AC 60 100.00 62.70 80.00 Na', Ca?* [66]
PB-SCB 120 300.00 56.70 92.86 3.0~10.0 60 K", Na', Li" [67]
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Fig. 1 Schematic diagram of the preparation of KTS-3@PAN nanofiber composite!*!); schematic diagram of the ball milling

technique(a)l’"); structural diagram of the KTS-3 anionic layer, layer stacking diagram(b)"
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J& AL T8 S0 1 T A T S e 148.99-103-1041 )
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N T R Y W o P N T i N
AR BT AR A RIS, B Y Y R 0 N
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Table 3  Synthesis conditions for metal sulfides synthesized by hydrothermal methods

&R mALY kL LB FRABYmL A IREE/C i [El/h UEAE] SCHR
KZTS K,COs. Sr, Zn, S 2.0 200 25 100H [35]
NaTS Na,COs. Sn. S 2.0 200 24 50H [39]
KTS-3 K,COs, Sn. S 2.2 220 60 [44]

KZTS-NS K,COs. Sn. Zn. S 30.0 200 96 [45]
NaZTS Na,COs. Zn, Sn, S 2.0 200 96 $=150 pm [47]
NMTS Na,CO;. MgCl,*6H,0. SnCl, 2.0 200 24 50H [96]
NaTS-2 Na,COs. S. SnCl, 2.0 200 24 50H [97]
KATS-2 K,CO;. Sb,0;. Sn. S 1.8 200 24 [98]
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Table 4 Comparative of advantages and disadvantages of methods for synthesis of metal sulfides
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Fig. 2 Effects of different factors on adsorption of Sr**: initial concentrations of Sr>* by KZTS adsorbent(a);
dosages of KZTS adsorbent(b);*¥ initial concentrations of Sr** by NaTS(c); NaTS dosages(d)i*”;
initial concentrations of Sr*>* by NaTS-2(e); NaTS-2 dosages(f-g)*”!
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Table 5 Initial concentrations of Sr*" and optimum dosages of typical metal sulfides in adsorption

SR po(Sr?)(mgeL™") W BSR4 A0 /(gL ) q/(mgeg™) SCHik
KZTS 5 1.0 19.30 [35]
NaTS 5 0.5 80.00 [39]
KZTS-NS 5 1.0 55.70 [45]
NaZT$ 5~100 1.0 40.40 [47]
NMTS 20 05 52.60 [96]
NaTS-2 0~50 0.1 88.90 [97]
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Fig. 3 Adsorption of Sr**(a) and Cs*(b) by KTS@PANM; adsorption of Cs* by KMS-1 at different pH(c)*?; structural diagrams of the
anionic layer and layer stacking diagrams of KMS-1(d)"*>33; K, values of Cs" and Sr** by FISM-SnS/PAN at different initial pH
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Table 6 Thermodynamics data of Sr**/Cs* adsorption by typical metal sulfides(Langmuir model)

b SR I F WIS =1 SCHR
AG®/(kJemol™") AH®/(kJemol™")  AS®/(kJemol™")
S KZTS >0.970 -10.26 —-14.138 —-15.15 5.26 65.22 [35]
(283 K) (298 K) (303K)
NaTS >0.997 -16.70 -17.70 -18.60 0.90 62.30 [39]
(283K) (298 K) (313K)
KZTS-NS >0.982 —48.40 —-49.70 -50.80 -11.70 99.90 [45]
(298 K) (308 K) (318K)
NaZT$S >0.936 —15.40 -16.30 —17.40 14.90 101.00 [47]
(298 K) (308 K) (318K)
NMTS >0.999 —14.09 -15.00 —-16.02 13.71 96.44 [96]
(288 K) (298 K) (308 K)
NaTS-2 >0.993 -13.22 -13.91 —14.47 4.69 62.27 [97]
(288 K) (298 K) (308 K)
Cs* PSF-Na, ;NigsSn,65S;  >0.998 -33.60 -34.03 —34.45 -34.87 -20.97 4237 [63]
(298.15K)  (308.15K) (318.15K) (328.15K)
KMS-1 >0.994 [32]
KTSS >0.982 —22.83 —23.80 —24.76 —25.73 5.49 96.61 [49]
(293.15K)  (303.15K) (313.15K) (323.15K)
KBS >0.974 -26.97 —-27.89 —28.81 —29.73 6.94 92.03 [65]
(293.15K)  (303.15K) (313.15K) (323.15K)
KATS-2 >0.965 [98]
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Fig. 5 SEM electron micrographs of KZTS(a); SEM electron micrographs of KZTS-NS(b); flowchart of the CTA-F-MF process(c);
kinetic adsorption curves of Sr** by KZTS(d); kinetic adsorption curves of Sr** by KZTS-NS(e);
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Table 7 Adsorption performance of MSs adsorbent on Sr?*
LZIEBL i} ] /min pH R po (St [(mgeL™") MR H/ (mgeg™) Ky/(mLeg™) SCHk
K,,Mg,Sn;_ S((KMS-2) 3.0~10.0 Na* 6 86.89 =10° [33]
K, 57ZnSn, ¢S5 3(KZTS) 10 3.0~11.0 Ca*, Mg¥, Sr** 5 19.30 1.26x10° [35]
Na,Sn,S,;(NaTS) 5 3.0~13.0 K*. Na* 5 80.00 3.43%x107 [39]
KTS-3@PAN 240 4.0~10.0 K" 5 32.40 =10 [44]
KZTS-NS 1 3.0~11.0  Ca?", Mg* 5 55.70 =10* [45]
NaZTS 5 3.0~12.0 Ca*", Mg* 5 40.40 (0.677~2.67)x10°  [47]
RGN 5 3.0~11.0  Ca* Mg 5 174.30 1.98x10° [79]
NMTS 3 4.0~10.0 Ca", Mg* 5 52.60 =10° [96]
NaTS-2 60 3.0~11.0 5 88.90+0.81 =(3.0+0.10)x10° [97]
FISM-SnS/PAN 90 24~11.4 Na' 9.35 62.88 1.28x10° [122]
K,,Mn,Sn;_ S4(x=0.5~0.95)(KMS-1) 1.0~14.0 4 77.00+2 1.48x10° [131]
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Table 8 Adsorption properties of MSs adsorbents for Cs*

SIRmALY E/min -~ pH EHET (S (mgeL™") WMt % it/ (mgeg™") K/(mLeg™) 3CHK

K, Mn,Sn;_ S¢(x=0.5~0.95)(KMS-1) 5 0.8~12.0 Na', Ca? 52 226.00+4 2x104 [32]
K, Mg,Sn; ,S¢(KMS-2) 3.0~10.0 Na* 6 531.70 =100 [33]
KTS-3@PAN 240  4.0~10.0 K* 10 133.70 =100 [44]

K, Sn, ., Ss (KTS-3) 5 2.0~12.0 K* 10 260.00+11 =104 [44]

KTSS 1 3.0~12.0 50 450.12 =104 [49]

KBS 2 4.0~11.0 Na*, K*, Ca>", Mg* 20 425.55 30127.66  [65]

KATS-2 5 1.0~12.0 Na', K, Ca*, Mg* 20 358.00 1.59x10° 98]
FJSM-SnS/PAN 90  24~114 Na* 9.32 296.12 9.04x10°  [122]

(Heta), s(H50), 5[IngSn;,0,,S5,]*22H,0 5 2.0~12.0 5 537.70 >10°  [132]
KInSnS,(InSnS-1) 5 7.0 Na', Sr**, La** 6 316.00 =100 [133]
PVC-[Me,NH,],Sn,S, 30 2.0~120 100 419.01 =10 [134]
[MeNH;];Sb,S;5 (FISM-SbS) 2 3.4~11.7 1.5 143.47 5.62x10°  [135]
[NH;CH;]os[NH,(CH,),]p,5A g, 2sSnSes(AgSnSe-1) 240 1.0~12.0 K* 6 174.40 1.06x10*  [136]
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and regeneration experiments of Sr>* by NMTS(f)°!
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