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ABSTRACT: '#Ba, ®*Ni, and ®Co are hazardous to the
ecosystem and human health. Their nonradioactive isotopes are
also worthy of concern as toxic metal ions. Barium can be studied
as a simulant of hazardous **Ra because of their comparable ionic
radii and similar ion exchange behaviors. Herein, we report that the
layered metal sulfide (Me,NH,), 33(Me;sNH),4,5n5S,-1.25H,0
(FJSM-SnS) exhibits excellent capture properties for Ba®*, Ni*",
and Co?* with high capacities (g’ = 289.0 mg/g; i = 83.27 mg/
g; and q5° = 51.98 mg/g), fast kinetics (within S min), wide pH
durability, and outstanding Ba>* selectivity. FJSM-SnS exhibits high
removal efficiencies (>99%) for these ions in ion-exchange column
experiments. The material possesses radiation resistance with good
structural and crystal stability; it survives highly acidic conditions. Our results point to a promising scavenger for Ba**, Ni**, and Co**
and, by extension, the even more harmful 226Ra, which suggest that metal sulfide materials should be considered as effective

scavengers for these ions from complex wastewater.

B INTRODUCTION

Radioactive contaminants are generated from mine tailings,
spent nuclear fuel reprocessing, nuclear accidents, and
radioactive products used in industry, agriculture, medicine,
and academia.'™* Liquid radioactive wastes are of particular
concern because of their extremely harmful effects on humans
and the environment. Barium, for example, has many
radioactive isotopes. Among them, '**Ba with a relatively
long half-life (T, ~ 10.7 y) exists in the byproduct of nuclear
fuel fissions and emits y ray at an energy of 356 keV.>°
Moreover, it is well known that soluble salts of nonradioactive
Ba** are harmful to animals, plants, and humans.””'® The
maximum permissible concentration of nonradioactive Ba** in
drinking water documented by the U.S. Environmental
protection agency (EPA) is 2 mg/L, while the WHO’s limit
is only 0.7 mg/L.n_13 Barium pollution, however, has been
getting more attention.'”'*'*™** Importantly, it has been
documented that barium can be studied as a simulant of
hazardous **Ra because of their comparable ionic radii (1.34
A for Ba** and 143 A for Ra®>) and similar ion exchange
behaviors.' "' #!>1$2122 226Ry can generate a large radiation
dose for an extremely long period of time (y emitter with a
half-life of 1600 + 7 y) and decays into harmful **’Rn gas.
226Ra as the daughter radionuclide of 28U, which constitutes
the main radioactive waste in uranium mill tailings, is known to

possess high mobility in the geosphere and can enter the food
. 5,182324
chain.” >
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The “Co (T, = 5.3 y) isotope emits strong y radiation,
®Ni (T,/, ~ 100.1 y) emits pure /3 radiation, and both can be
derived from neutron activation of reactor materials.”> ">’ Both
Co and ®Ni can be released from the pressurized water
nuclear power reactors even under normal operating
conditions.””** For instance, liquid wastes including “°Co
and ®Ni from French nuclear facilities entered the freshwater
related to the River Rhone.”” Nonradioactive Co and Ni ions
are widely applied in medicine, academia, and industry
including electroplating, smelting, and battery manufactur-
ing.*>*' They are considered toxic to the ecosystem and
human health.>® The tolerance limit for Co(II) in potable
water is 0.05 mg/L,*” while the WHO’s limit for Ni(II) is 0.07
mg/L.13

Eliminating barium, cobalt, and nickel from complex
wastewater is therefore important, and several approaches
have been used to remove Ba>*, Ni*¥, and Co>" from
wastewater including precipitation, solvent extraction, adsorp-
tion, and ion exchange.33_36 The ion exchangers investigated
for Ba** removal are mostly oxide materials such as
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zeolites,' 1% clays,” "’ modified zeolites,” modified

clays,ls’17 titanate nanofibers,'® and niobates.'®'® However,
they suffer from low capacity and poor selectivity. The sorbent
materials for Ni** and Co?* removal are generally zeolites,””
clays,”*® and activated carbon,*”*’ which show low selectivity
and fail to remediate solutions at low ion concentrations. On
the other hand, selective uptake of radioactive ions presents a
serious challenge because of the additional complexity of these
liquid wastes. For instance, high-concentration Na* and other
ions are always present in nuclear waste liquids.*' Therefore,
there is sufficient motivation to develop more effective ion
exchangers that could selectively remove barium, nickel, and
cobalt from a wide variety of wastewater systems.

Recently, metal sulfide ion-exchangers have proven promis-
ing as new materials that can achieve high performance in
removing heavy metal ions such as Hg** and Pb** and
radioactive ions of UO,*, 1¥7Cs*, and 2S¢ ~#%% Owing to
their soft Lewis basic character, metal sulfides offer a unique
function that is not available in the conventional oxide
materials, namely, strong innate binding affinity for softer
Lewis acidic metal ions. However, studies of metal sulfide ion-
exchangers for removing radioactive Ba>, Co*", and Ni** are
still in their infancy.>**°°7>> Herein, we report the efficient
and selective capture of Ba®*, Ni**, and Co?* ions with an acid-
and radiation-resistant layered metal sulfide
(Me,NH,), 53(Me3sNH) ¢-,.-Sn;3S,.-1.25H,0 (FJSM-SnS).
Ba’" is generally considered a hard Lewis acid cation, albeit
within the alkaline earth group of ions, it is the softest. Ni**
and Co*" on the other hand are viewed as borderline soft
Lewis acids. In this study, we found that Ba**, Ni**, or Co** are
sufficiently soft for FJSM-SnS to exhibit high selectivities. It
does so with high capacities, fast kinetics, and wide pH
durability, while achieving very low residual concentrations for
Ba**, Ni*!, and Co®'. Moreover, the material possesses
radiation resistance with good structural and crystal stability;
it survives highly acidic conditions. With these advantages,
facile synthesis and environmentally friendly nature, FJSM-SnS
is a promising scavenger for Ba®*, Ni**, and Co?* and, by
extension, the even more harmful ***Ra.

B EXPERIMENTAL SECTION

Materials and Synthesis. SnCl,-SH,O (98%, Sigma-Aldrich),
sulfur sublimed (99.5%, Chengdu Kelong Chemical Co. Ltd.), and
dimethylamine solution (40% in water, Shanghai Mackiln Biochemical
Co. Ltd.) were used without further purification. A mixture of SnCl,-
SH,0, sublimed sulfur, dimethylamine solution, and water was sealed
in a stainless steel reactor with a Teflon liner, heated at 180 °C for 7
days, and cooled to room temperature, as we previously reported.*’
The obtained solid product was yellow hexagonal bulk crystals mixed
with yellow powder both of which were shown to be FJSM-SnS by
powder X-ray diffraction (PXRD). Ground polycrystalline samples of
FJSM-SnS were utilized in batch ion-exchange experiments. Samples
composed of larger particles of FJSM-SnS (on the scale of a few
millimeters) were used to fill the ion-exchange column to avoid the
loss of material during the column experiments.

Physical Measurements and Irradiation Studies. Scanning
electron microscope (SEM) analysis was carried out on a JEOL JSM-
6700F scanning electron microscope. Energy-dispersive spectroscopy
(EDS) was measured using a HITACHI FE-SEM SU8010. PXRD
patterns were collected in the angular range of 20 = 5—65° at room
temperature on a Miniflex II diffractometer with Cu Kar (4 = 1.54178
A), a Bruker D8 Advance diffractometer with Cu Ka radiation (4 =
1.5418 A), and a Lynxeye one-dimensional detector. FJSM-SnS
samples were irradiated at a dose rate of 1.2 kGy/h with three
different doses of 20, 100, and 200 kGy in the ®Co y irradiation
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experiments and at a dose rate of 20 kGy/h with three different doses
of 20, 100, and 200 kGy in f irradiation experiments. The y-ray
irradiation was provided by a ®Co irradiation source (92.42 PBq) in
Suzhou CNNC Huadong Radiation Co., Ltd, China. The f irradiation
was conducted using electron beams (10 MeV) provided by an
electron accelerator located in CGN Dasheng Electron Accelerator
Co., Ltd in Jiangsu Province of China.

X-ray photoelectron spectroscopy (XPS) was performed using an
ESCALAB 250Xi X-ray photoelectron spectrometer microprobe. The
inductively coupled plasma—optical emission spectroscopy (ICP—
OES) and the inductively coupled plasma—mass spectroscopy (ICP—
MS) were performed on a Thermo 7400 and a XSerise II, respectively.

lon-Exchange Experiments. Considering the high toxicity of
133Ba, ©Ni, and “Co, their nonradioactive isotopes were used in the
ion exchange experiments and the typical ion-exchange experiments of
FJSM-SnS with ACl, (A = Ba®*, Ni**, and Co**) are as follows. All the
experiments were conducted at ~25 °C using the batch sorption
method. Ground polycrystalline powders of FJSM-SnS (10 mg) were
added to aqueous solutions of ACl, with different concentrations of
Ba*, Ni**, or Co** (10 mL). Then, the mixture was kept under
magnetic stirring at ~25 °C. After treatment, the yellow polycrystal-
line material was separated by filtration using a 0.22 ym Millipore
filter on a 10 mL syringe and washed several times with ethanol,
leaving a clear supernatant. The concentrations of Ba*, Ni*, and
Co?" in the clear supernatant were determined by ICP—OES or ICP—
MS. These solutions were diluted with ultrapure water to meet the
concentration range of the test instrument.

Isotherm Experiments. Solutions of Ba**, Ni**, and Co*" with
different concentrations were prepared, and the ratio of V/m of 1000
mL/g (V =10 mL, m = 10 mg) was used for all cases. After 24 h, the
filtered suspensions were analyzed with ICP—OES (Tables S1—S3).

Kinetics Experiments of lon-Exchange. Ion-exchange experi-
ments were performed for various reaction times. An amount of 100
mg of FJSM-SnS polycrystalline powders was added into a 100 mL
solution containing ~370 ug/L of barium ions, which is comparable
to the actual concentration of barium contaminants found in
groundwater samples.”* The concentrations of the Ni and Co ions
were ~1100 pg/L. The solution mixtures were magnetically stirred for
various reaction times, and the filtered solutions were analyzed by
ICP—MS (Tables S5—S7).

pH-Dependent lon-Exchange Experiments. The solutions of
Ba** were prepared with different pH (3.3—10.8) values with
concentrations varying from 264.4 to 857.8 ug/L (Table S8). The
solutions of Ni** and Co®* with different pH (2.3—10.8) were
prepared with initial concentrations varying from 835 to 1147 ug/L
(Table S9). The pH was regulated by NaOH or HCl solutions. The
ion-exchange lasted ~24 h at ~25 °C, and the V/m of all the samples
was 1000 mL/g (V = 30 mL, m = 30 mg). Then, the filtered solutions
were analyzed with ICP—MS.

lon-Exchange Experiments with Samples before and after
Irradiation. The pristine unirradiated FJSM-SnS and its samples after
200 kGy p irradiation and 200 kGy y irradiation were added to mixed
solutions of Ba®*, Ni**, and Co** (Table $10). The ion-exchange was
performed as above. Then, the concentrations of Ba**, Ni**, and Co**
and potential leaching of Sn** were analyzed with ICP—MS.

Competitive lon-Exchange Experiments. The ion-exchange
experiments with FJSM-SnS were carried out at the V/m ratio of 1000
mL/g, ~25 °C and 24 h contact time. We used different conditions,
such as in the presence of individual alkali or alkaline-earth metal ions
(K*, Cs*, Ca*, and Mg*, Table S11), in the presence of Na*
(Na*:Ba** molar ratios in the range of 14.37—23219, Table S12),
and in the simulated groundwater (Table $13). We also tested FJSM-
SnS with solutions of Cs*, Sr**, UO,*, Eu®*, Ba*, Ni**, and Co*
(Tables S14 and S15). Finally, we also performed Ba®" ion exchange
experiments in the presence of individual solutions of Pb?*, Mn**, and
Fe’" as the competitive ions using V/m ratio of 1000 mL/g, ~25 °C
and 1 h contact time (Tables S16).

Elution Experiments. The Ba®, Ni**, and Co’*-exchanged
products of FJSM-SnS were used for elution experiments. An amount
of ~20 mg was added to 20 mL 0.5 M KCl solutions and stirred for
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12 h at ~25 °C. After this treatment, the solid samples were analyzed
by the EDS, elemental distribution mapping, and PXRD.
lon-Exchange Column Experiments. A glass column was filled
with ~3.1 g of FJSM-SnS using particles of a few millimeters. The
inside diameter of the column was 13.4 mm, and a small amount of
medical purified cotton was placed at the bottom of the column to
avoid material loss (Figure S1). The solution slowly passed through
the column by gravity. A typical ion-exchange experiment of FJSM-
SnS with Ba?*, Ni**, and Co*" ions was as follows: Initially, fifty bed
volumes of the solution (140 mL) slowly passed through the column
and were collected at the bottom in a 200 mL serum bottle, and the
solutions were analyzed. Then, a similar number of bed volumes
slowly passed through the same column, and finally, 1100 bed volume
solution (3.08 L) were passed and the solutions were analyzed. The
initial ion concentrations were in the range of 704.9—928.6 ug/L, and
the final concentrations in the outlet solution are shown in Table S17.

M RESULTS AND DISCUSSION

Structure and Stability of FJSM-SnS. Multigram-scale
samples of FJSM-SnS were synthesized through a one-pot
solvothermal route. Single crystal X-ray crystallography®’
shows that the material features a layered structure of
[Sn,S,],*"", consisting of edge-sharing [Sn,S,] clusters that
form a perforated layer (Figure 1a). The layers are separated
by [Me,NH,]" and [Me;NH]"* cations (Figure 1b).
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Figure 1. (a) [Sn;S,],*" layer in FJSM-SnS; (b) arrangement of two
adjacent layers and the organic ammonium cations (C, gray; N, blue;
and [OAC]" = [Me,NH,]* and [Me;NH]") located in the interlayer
space; guest water molecules are omitted for clarity; (c) PXRD
patterns of pristine FJSM-SnS and the samples after f and y
irradiations.

The success of a sorbent designed for removing radioactive
ions depends in part on its ability to be acid and radiation
resistant. In this context, we subjected FJSM-SnS to radiation
exposure and as an initial assessment found it to be structurally
radiation resistant. Specifically, FJSM-SnS samples were
irradiated at a dose rate of 1.2 kGy/h for three different
doses of 20, 100, and 200 kGy using ®Co y radiation
experiments. We also used a dose rate of 20 kGy/h for three
different doses of 20, 100, and 200 kGy in f irradiation
experiments. The samples exhibited no structural and crystal
degradation even under 200 kGy f# (10 MeV) or 200 kGy of
%Co y ray irradiation, as suggested by PXRD (Figure 1c). Of
course, far more systematic experiments will be required to
make a full assessment of this type of stability, but such work is
outside of the scope of this report.

In addition, we also assessed the stability of FJSM-SnS in
acid solutions. Based on PXRD, the material retains its layered
structure down to pH ~ 0.6 (Figure S20). Furthermore, the
concentrations of dissolved Sn for FJSM-SnS soaked in acid
solutions were in the range of 45.9—671.90 pug/L, correspond-
ing to very low dissolution rates of Sn, that is, 0.009% at pH =
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3.6—0.133% at pH = 0.6 (Table S21 and Figure S21).
Generally, sulfides were considered to be unstable in acidic
solutions. The acid and radiation resistance of FJSM-SnS are
therefore additional advantages for the material when
considering it for removing radionuclides in practice.

Characterization of lon-Exchanged Products. The
exchange of [OAC]" in FJSM-SnS with Ba*, Ni*, and Co?*
were confirmed by a wide variety of physical methods
including inductively coupled plasma spectroscopy (ICP),
PXRD patterns, EDS, and XPS. PXRD shows that Ba**, Ni*',
and Co®" ion exchanged products are isostructural with the
pristine compound, and the interlayer distances decrease after
ion exchange as revealed by the shifting of (002) Bragg peaks
to higher 26 (lower d spacing) (Figure S2). EDS analyses of
the ion-exchanged samples show that Ba>*, Ni**, and Co** ions
entered the crystallites (Figures S3—SS). Elemental distribu-
tion mapping reveals the presence of the captured Ba**, Ni*',
and Co*" ions and their homogeneous distributions in the
samples (Figure S6). XPS of the exchanged products show the
presence of characteristic peaks of Ba 3d, Ni 2p, and Co 2p,
which further confirms the success of Ba>*, Ni**, and Co*" ion
exchange, respectively (Figure S7).

Adsorption Isotherm Studies. The adsorption isotherms
of FJSM-SnS for Ba**, Ni**, and Co®* are shown in Figure 2.
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Figure 2. (a) Ba?* ion-exchange isotherm for FJSM-SnS; (b) Ni** and
Co® ion-exchange isotherms for FJSM-SnS; (c) comparison of Ba**
removal capacity and the Ky value for FJSM-SnS with those of other
materials: titanate nanofiber T3(H) and titanate nanofiber T3,
Na,Nb,0¢H,0," K,NbsO,,,'"® and Na-4-mica (the K, value was
measured by removing Ra®*, which is the analogue of Ba®*),'®
ZUSCeFe and ZUSNa,”* Na-Bent and Bent;'” the maximum uptake
capacity qga of 289.0 & 15.91 mg/g and Kga value of 3.68 X 10° mL/g
for FJSM-SnS under excess and competitive Ca** are shown.

Figure 2a, b plots the capacities for Ba®*, Ni**, and Co*'-
exchange against the concentration at equilibrium. The
Langmuir models could well fit the equilibrium isotherms,
yielding R* values of 0.953, 0.990, and 0.987 for Ba>*, Ni**, and
Co?", respectively. The Langmuir model is based on the
assumption that adsorption occurs on a homogeneous surface
and a maximum uptake exists. It is also assumed that all the
adsorption sites have the same sorption activation energy (and
thus constant and independent of surface coverage) and there
is no transmigration of adsorbate from one site to another.> It
is described by eq 1.
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Here, g (mg/g) is the exchange capacity at the equilibrium
concentration C, (mg/L), which can be calculated from eq 2;
qm represents the maximum exchange capacity, and b (L/mg)
is the Langmuir constant related to the energy of the
adsorption.

— (Co - Ce)V

m

)

where C, and C, (mg/L) are the initial and equilibrium
concentrations, respectively. V (mL) and m (g) are the volume
of the solution and the amount of the ion-exchanger used in
the ion-exchange experiment, respectively.

The corresponding parameters of the fitting results are
shown in Table S4. It is noteworthy that the maximum uptake
capacity gut by FJSM-SnS is 289.0 + 15.91 mg/g (Table S4),
which is higher than those of the most previously reported
Ba®*-decontaminating materials'"'*7**°" such as titanate
nanofiber T3(H) (130.15 mg/g) and titanate nanoﬁber T3
(159.6 mg/g)," NaszZO6 H,0 (144.165 mg/g), K,NbsO,,
(205.95 mg/g),"* and Na-4-mica (78.78 mg/g)" (Figure 2c).
The comparisons of Ba®>* removal efficiencies by various
sorbents in this work and references are listed in Table S18.
The g} is 83.27 + 2.05 mg/g, and the ¢5° is 51.98 + 0.59 mg/
g, both of which exceed those of many reported materials, such
as kaolinite (10.4 mg/g for Ni** and 11.0 mg/g for Co*"),
montmorillonite (28.4 mg/g for Ni** and 28.6 mg/g for Co*"),
modified kaolinite (8.4 mg/g for Ni** and 9.0 mg/ g for Co**),
and modified montmorillonite (19.7 mg/g for Ni** and 22.3
mg/g for Co™"). 3337 The different capacities for Ba**, Ni**, and
Co®" may originate from the distinct hydrated radii of Ba®*
(4.04 A), Ni** (4.04 A), and Co** (4.23 A).*° The interlayer
spaces of FJSM-SnS are large enough to load the full
stoichiometric numbers of the hydrated Ba** and Ni** ions
but not the larger hydrated Co*" ions. Thus, the [OAC]* was
completely exchanged by the Ba** and Ni** ions and partially
exchanged by the Co®* ions, which has been confirmed by the
disappeared characteristic peak of nitrogen for Ba**- or Ni**-
exchanged products and the subdued characteristic peak of
nitrogen for the Co**-exchanged product in XPS spectra,
respectively, (Figure S7g). Higher g is also attributed to some
surface adsorption. Similar phenomena have also been found in
other sulfide ion-exchangers.*””** The interlayer spaces of
FJSM-SnS are large enough to load the full stoichiometric
number of the hydrated form of Ni** ions but not the larger
Co®" ions. In addition, the fitting results give the b (L/mg)
constants of 0.0237 + 0.0072 for Ba®*, 0.0225 + 0.0025 for
Ni?*, and 0.061 + 0.0044 for Co** (Table S4).

Kinetic Studies. In addition to the high capacity, the fast
kinetics of the process further indicates that FJSM-SnS has
outstanding removal efficiency. Specifically, over 94.6% of Ba**
ions (initially ~370 pg/L), 99.0% of Ni** ions (initially ~1100
ug/L), and 98.8% of Co®* ions (initially ~1000 ug/L) were
removed within S min of contact (Figures S8—S10). The
residual concentrations of Ba**, Ni**, and Co*" within 5 min
were 20.0, 10.94, and 12.2 ug/L (Tables S5—S7), respectively.
The ion exchange kinetic data of Ba**, Ni**, and Co®" were
fitted with the pseudo-second-order kinetic model (eq
§1).57-60

pH Dependent lon-Exchange Studies and Irradiation.
To further test the stability and functionality of FJSM-SnS, we
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performed the ion-exchange experiments under a wide range of
pH conditions and found that FJSM-SnS retained its removal
capacities for Ba** in pH = 3.3—10.8 and for Ni** and Co** in
pH = 2.3—10.8. The removal efficiency R (eq S2) for Ba*" can
still reach 92.6% even at pH = 3.3. The distribution coeflicient
Ky (eq S3) for Ba>* can range from 1.25 X 10* to 7.49 x 10*
mL/g even in the conditions of 3.3 < pH < 8.1 (Figure 3a).
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Figure 3. (a) Distribution coefficient (K;) values of Ba®* at various
initial pH values; (b) removal efficiencies of Ba**, Ni**, and Co**
using irradiated FJSM-SnS compared with pristine FJSM-SnS sample;
(c) K& values (blue) in the presence of excess alkali or alkaline-earth
metal ions (red); and (d) variations of K5* (black) and R® (blue)
with the Na/Ba molar ratios.

Additionally, the K}' and K§° values range from 2.62 X 10* to
8.92 X 10* mL/g and 4.67 X 10* to 3.7 X 10° mL/g in the
conditions of 2.3 < pH < 10.8, respectively (Figure S12b).
Importantly, the high K; and R values were essentially
unchanged even after 200 kGy f and y irradiation as compared
with the pristine unirradiated FJSM-SnS (Figure 3b, Table
S10). The order of K, for those three metal ions is Co** > Ba**
> Ni** before and after 200 kGy f and y irradiations, which is
in agreement with the order of the corresponding constants b
in the above equilibrium isotherms. The PXRD patterns reveal
that the structure of FJSM-SnS was stable after ion-exchange
for Ba®" in pH = 3.3—10.8 and for Ni** and Co*" in pH = 2.3—
10.8 (Figures SI11 and S12a) or using its corresponding
samples after 200 kGy f and y irradiations (Figure S13).
Meanwhile, the ion-exchange experiments performed using the
P and y irradiated samples of FJSM-SnS suggest negligible
leaching of Sn ions, indicating irradiation has no effect on
FJSM-SnS (Table S10).

Competitive lon-Exchange. The nuclear wastes typically
contain excess of alkali or alkaline-earth metal ions, which can
have a strong interference effect on the selective capture of
targeted ions.”’ ~* Hence, we investigated in more depth the
selectivity of FJSM-SnS for Ba>* in competitive experiments.
For example, aiming at removing a concentration of 0.7 mg/L
Ba®* in the presence of individual excess of K', Cs*, Ca*,
Mg**, and Sr**, we find that FJSM-SnS retains high values of
K from 5.84 X 10* to 3.68 x 10° mL/g (Figure 3c, Table
S11). Particularly notable is the ultrahigh K5* value of 3.68 X
10° mL/ g of FJSM-SnS under excess of competitive Ca**
(Figure 3¢, Table S11), representing 22-fold improvement over
the highest K, value for barium reported to date (1.60 X 10*
mL/g of titanate nanofiber T3'°). The ion- exchange ability of
FJSM-SnS in the presence of excess Na™ was also investigated.
With tremendous excess of Na' (1437 fold), FJSM-SnS

exhibited a removal rate R™ as high as 94.51% and K3* of 1.72

https://dx.doi.org/10.1021/acs.chemmater.9b04831
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X 10* mL/g. Even at the molar ratio (Na*/Ba®") of 2.32 X 10*,
the uptake of Ba®* still reached 84.08% (Figure 3d, Table S12).

We also investigated the performance of FJSM-SnS for Ba**
selectivity in simulated groundwater. The solution was
composed of four competitive cations, K, Na*, Ca**, and
Mg** with higher concentrations than that of Ba** (the initial
Ba** concentration is 2.742 ppm) (Table S13). FJSM-SnS
captured 85.93% of Ba**, and the residual Ba®" concentration
in the solution was 0.386 mg/L, that is, far below the EPA’s 2
mg/L and WHO’s 0.7 mg/L acceptable limits of drinking
water.” Meanwhile, the general affinity order of FJSM-Sn$ in
this simulated groundwater was Ba** > Ca®* > Mg** > Na* >
K*, as revealed based on the K; values of these ions (Table
S13).

Because FJSM-SnS is an efficient ion-exchan%er capturing
Cs*, Sr**, UO,*, Eu®, Ba®, NiZ*, and Co*," ™ we also
carried out the ion exchange experiments using the same
concentrations or same moles of these ions to test the affinity
order (Tables S14 and S15). Both the competitive experiments
with the same concentrations and the same moles indicate that
the order of the K, values is Eu®>* > Co>* > Ba** > Sr** > Ni** >
UO,** > Cs', which is different from the corresponding
electronegativity order (Ni > Co > Eu > Sr > Ba > Cs). This
trend indicates that not only electrostatics (or surface charge)
but also a complex combination of factors including the soft
S$* ligands of FJSM-SnS, the hydration state of ions, and the
hard/soft Lewis acid/base interactions with the cations plays a
role in the capture kinetics.

lon-Exchange Studies Using a Column. The above ion-
exchange studies were based on the so-called batch (stirring)
method. In many industrial and wastewater treatment
processes, however, continuous bed flow ion-exchange
columns are required. Here, the purification efficiency of
FJSM-SnS for Ba®", Ni**, and Co®" was tested using a fixed-bed
ion-exchange column (Figure S1). It is noteworthy that the
removal efficiency (R) can be maintained about 99% in low
concentrations (704.9—928.6 ug/L) during processing 1100
bed volumes (bed volume = 2.80 mL) of mixture solution
(Figure 4a). Moreover, after processing more than 3 L mixed
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Figure 4. (a) Removal efficiencies of Ba®*, Ni**, and Co®* by FJSM-
SnS plotted against bed volumes in the ion-exchange column
experiments; photos of the pristine FJSM-SnS (b); and the product
after column experiments with the coexisting Ba**, Ni**, and Co** (c).

solution, 99.74, 99.30, and 99.65% of Ba®*, Ni**, and Co**
could be removed, respectively. The residual concentrations
were as low as 2.33 ug/L for Ba*", 6.24 ug/L for Ni**, and 3.25
ugL for Co** well under the environmental safety limits. This
further demonstrates the effectiveness of FJSM-SnS for the
removal of Ba?*, Ni**, and Co** (Table S17). After the ion-
exchange column experiments, the sorbent solids show deeper
colors compared with the pristine compound consistent with

the capture of Ba**, Ni**, and Co*" ions (Figure 4b,c). In
addition, the captured barium, nickel, and cobalt in the
exchanged products can be easily recovered by eluting them
with 0.5 M KCl solution (Figures S15—S18), which represents
the first realization of reversible barium, nickel, and cobalt
removal process for sulfide-based ion-exchangers to date.

B CONCLUSIONS

In summary, the easy—to-synthesize layered metal sulfide
FJSM-SnS is a very promising radioactive ion-exchanger that
can operate over a relatively wide pH range. It not only
exhibits extremely high sorption capability toward barium,
nickel, and cobalt but also fast and efficient removal of barium
ions in the presence of many competitive cations (K5* value as
a new record). Moreover, FJSM-SnS has the advantages of
good f and y radiation resistance, acid resistance, and efficient
elution of captured barium, nickel, and cobalt. The removal
efficiency of FJSM-SnS toward barium, nickel, and cobalt is
retained even after 200 kGy B and y irradiation, which
indicates its potential for application under harsh conditions in
the remediation of radioactive contamination. The layered
metal sulfide can be applied in ion exchange columns and
achieve the capture of barium, nickel, and cobalt from complex
wastewater. Therefore, the high capacities found in the sulfides
can effectively reduce the volume of generated wastes here.
This work underscores the enormous potential of metal
sulfides as a new appealing low cost class of materials for high
efficient and selective uptake of **Ba, ®*Ni, and ®Co and their
nonradioactive isotopes, as well as **Ra from complex
wastewater.
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