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As a non-actinide fission product of uranium, *’Cs has a long half-life, high-energy y-ray emissions, and
facile accessibility to ecosystems due to the high solubility and mobility of Cs* ions. Hence, rapid
remediation of ¥*’Cs from radioactive wastewater is an urgent task. Here, we have developed a layered
inorganic indium thioantimonate K;In,Sb,S,-2.2H,0 (KIAS) prepared via cationic substitution from
[(CH3),NH,l»In,SbyS; (NIAS) for the efficient enrichment and sequestration of Cs* from complex
aqueous solutions. KIAS possesses excellent radiation resistance, hydrolytic stability (In®* leaching rates
= 0.01% at pH 1-13) and high Cs* adsorption activity. Compared to unactivated NIAS, KIAS has enlarged
interlayer spacing and exchangeable interlayer K* ions. It exhibits extremely fast adsorption kinetics
towards Cs™ with high removal rate (~93%) in only 1 min, a record for Cs* adsorbents. It also displays
high adsorption capacity (309.60 mg g~ and outstanding selectivity for Cs* under the interference of
large amounts of alkali (earth) metal ions, anions, and humic acid and even in actual tap water or lake
water. Furthermore, KIAS can reversibly trap and release Cs* ions for at least five adsorption—desorption
cycles in an easy-to-operate and environmentally friendly elution procedure. The adsorption mechanism
of Cs* on KIAS, revealed by batch adsorption experiments and characterizations, is ion exchange
between Cs* and interlayer K* ions. This work not only highlights KIAS as a promising Cs* scavenger to
minimize contamination in complicated wastewater, but also presents a cation activation strategy to
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rsc.li/esadvances greatly enhance the adsorption performance of layered metal sulfides.

Environmental significance

37Cs possesses a long half-life and strong y-ray radiation emissions, posing serious threats to human health and environmental safety. It remains a serious
challenge to efficiently capture '*’Cs from radioactive wastewater due to its high solubility and easy mobility, and the influence of interfering ions. This study
achieves ultra-fast and selective sequestration of Cs" from complicated aqueous solutions through the ion exchange method by employing a layered inorganic
indium thioantimonate, K,In,Sb,S,-2.2H,0 (KIAS), which is prepared via cationic substitution from [(CH3),NH,],In,Sb,S; (NIAS). This work not only
demonstrates that KIAS has excellent application potential for highly efficient incarceration of Cs* from wastewater, but also presents a cation activation strategy
to greatly enhance the adsorption performance of layered metal sulfides.

137Cs, one of the main fission products of *°U, is the most
hazardous radionuclide with high fission yields (6.18%), long
half-life (30.17 years) and strong y-ray radiation emissions.?

1 Introduction

Over the past decades, radionuclides such as **Cs, *’Cs, °°Sr

and "I have been released into the environment following
nuclear power activities, nuclear accidents, and nuclear
weapons tests, causing irreversible damage to the ecological
environment and human health.* Among these radionuclides,
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Furthermore, the high solubility and mobility of Cs" cause its
easy migration and diffusion into aqueous systems.® Radioac-
tive "Cs can accumulate in living organisms, thereby posing
a serious threat to human health, such as cancer, genetic
disorders, genetic mutation, and other diseases.** On the other
hand, the concentrations of non-radioactive competing ions
(e.g. Na¥, K', Mg>", Ca**) coexisting in various radioactive
wastewaters are usually much higher than that of Cs’, which
can inhibit the uptake of *’Cs.® Accordingly, the rapid and
selective removal of *’Cs from nuclear wastewater is essential
and urgent.

Many treatment methods such as membrane separation,’
chemical precipitation,® solvent extraction,’ nanofiltration,*®
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ultrafiltration,' adsorption™ and ion exchange'*'* have been
utilized to remediate Cs' contaminated wastewater. Of these
methods, ion exchange has attracted widespread attention due
to its simple and flexible operation, well-established tech-
nology, high separation efficiency, and minimum solidified
wastes.”*™” In comparison with organic ion exchangers, the
inorganic ones exhibit lower production costs, higher thermal,
chemical and ionizing radiation stabilities, and higher selec-
tivities for specific ions, and thus have become a hotspot of
research over the past decades.’®'® Additionally, in contrast to
natural non-homogeneous adsorbents such as clays and
zeolites, synthetic inorganic ion exchangers may be fabricated
with a well-defined phase and chemical composition, and
possess tunable characteristics such as particle shape, size and
porosity as well as high adsorption capacity.”® However,
previous Cs' ion-exchangers often suffered from slow adsorp-
tion rate, low adsorption capacity, and poor selectivity or
renewability.

Metal sulfides have become a new growing class of ion
exchangers, showing fast adsorption kinetics and exceptional
selectivity for soft or relatively soft metal ions.**"** These can be
justified by the following reasons: (i) the S*~ ligand in the
framework belongs to Lewis soft base with an innately strong
affinity for Lewis soft acids;'*** (ii) the flexible chemical
bonding and open-framework allow the target ions to be
“locked” by the “breathing effect” during ion exchange.**?¢
Recent advances in the capture of Cs" ions have been focused on
layered metal sulfides characterized by flexible interlayer
spaces, large specific surface area, many exposed S~ adsorption
sites and labile interlayer cations, which facilitate easy diffusion
of external Cs' ions and thus exhibit fast adsorption
kinetics.'>'*24262% Although great progress has been made in
recent years, most of the available layered metal sulfides still
have some problems during ion exchange, for example, the
release of environmentally unfriendly organic amines from
[(CH;),NH,],Ga,Sb,S;-H,0 and FJSM-SnS,**?¢ and the oxida-
tion of Mn** to Mn®" in KMS-1 resulting in a lower than theo-
retical adsorption capacity for Cs* ions.?* Therefore, increasing
efforts have been made to develop environmentally friendly and
chemically stable inorganic layered metal sulfide-based
exchangers with high adsorption performance for the effective
removal of Cs" ions from complex aqueous solutions.

Herein, we provide an activation approach to enhance the
adsorption performance of layered metal sulfides for the first
time, i.e. cation-activated layered indium thioantimonates, K-
In,Sb,S;-2.2H,0 (KIAS), achieving ultra-fast and selective
capture of Cs' ions. KIAS exhibits high radiation stability and
good pH durability (pH 1-13), and excellent Cs" adsorption
activity. Compared to unactivated [(CH;),NH,],In,Sb,S; (NIAS),
the as-prepared KIAS with large interlayer spacing and labile
interlayer K" ions exhibits extremely fast adsorption kinetics
and can remove ~93% of Cs' ions in only 1 min at room
temperature. To our knowledge, it is the fastest for various Cs"
adsorbents reported until now. KIAS displays high exchange
capacity of 309.60 mg g, and can selectively capture Cs" in the
presence of excess interferents such as Na*, Mg>*, CO;>~, and
humic acid and even in actual tap water or lake water.
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Furthermore, KIAS can reversibly capture Cs™ and be fully
regenerated for at least five adsorption-desorption cycles in an
easy-to-operate and environmentally friendly elution procedure.

2 Experimental
2.1 Chemical materials

All chemical reagents were purchased from commercial sources
and used without any further purification. They include In,S;
(99.99%, Sichuan Xinlong Tellurium Technology Development
Co., Ltd), Sb,S; (98%, Tianjin Jinhai Huaxing Technology
Development Co., Ltd), S (99.5%, Tianjin Kermel Chemical Co.,
Ltd), dimethylamine solution (33% in water, Sinopharm
Chemical Reagent Co., Ltd), methanol (AR, Sinopharm Chem-
ical Reagent Co., Ltd), CsCl (99.99%, Shanghai Longjin Metallic
Material Co., Ltd), and KCI (99.9%, Greagent).

2.2 Synthesis of NIAS and KIAS

NIAS was fabricated by a modified method according to our
previous report.*® A mixture of In,S; (3.258 g, 10.0 mmol), Sb,S;
(0.849 g, 2.5 mmol), S (0.802 g, 25.0 mmol) in 20 mL dime-
thylamine (33% in water) and 20 mL methanol was sealed in
a stainless-steel reactor with a 235 mL Teflon liner and heated at
160 °C for 6 days. After cooling down to room temperature by
natural ventilation, the product was washed several times with
deionized water and ethanol and then dried under vacuum at
50 °C. 1.925 g of pure yellow brick-like crystals of NIAS was
collected in a yield of 97.49% based on Sb. To activate adsor-
bents, 0.5 g of NIAS powder was first added into 100 mL of
1 mol L™' CsCl solution and shaken for 2 d at 85 °C, with
replacement of CsCl solution once during treatment to obtain
a sample labeled Cs@NIAS; Cs@NIAS was then dipped into
100 mL of 2 mol L™ KCI solution and shaken for 2 d at room
temperature, with KCl solution replaced once during the
process to derive a sample labeled KIAS.

2.3 Physical characterization

Energy-dispersive X-ray spectroscopy (EDS), elemental distri-
bution mapping, and field emission scanning electron micro-
scope (SEM) analyses were performed on a JEOL JSM-6700F
scanning electron microscope. Transmission electron micros-
copy (TEM), high-resolution TEM and selected-area electron
diffraction (SAED) measurements were performed using FEI
Tecnai G2 F20. Elemental analyses (EA, to determine the
weight% of N, C, and H) were performed on a German Ele-
mentar vario MICRO cube. Thermogravimetric analyses (TGA)
were conducted on a Netzsch STA449C from ambient temper-
ature to 600 °C at a heating rate of 10 °C min ™" under a nitrogen
atmosphere. Powder X-ray diffraction (PXRD) patterns were
collected in the 26 range of 5-65° on a Japan Rigaku Miniflex II
diffractometer using a Cu Ko X-ray source (A = 1.54178 A).
Ultraviolet-visible (UV-vis) absorption spectra were recorded by
a Shimadzu UV-2600 spectrophotometer using a BaSO, plate as
a reference (100% reflectance). The band gap energy was esti-
mated by using the Kubelka-Munk function.** X-ray photo-

electron spectra (XPS) analyses were carried out on

© 2022 The Author(s). Published by the Royal Society of Chemistry
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a ThermoFisher ESCALAB 250Xi XPS spectrometer system with
an Al Ka X-ray source. All peaks were referenced to the signature
C 1s peak binding energy for adventitious carbon at 284.8 eV.
The fitting of the peaks has been done using Avantage 5.932
software. Inductively coupled plasma-optical emission spec-
trometry (ICP-OES) was performed with a Thermo 7400 and
inductively coupled plasma-mass spectrometry (ICP-MS) was
studied on an XSeries II to accurately determine the concen-
tration of metal ions.

2.4 Radiolytic and hydrolytic stability tests

The y-ray irradiation experiments were carried out at the no. 1
°Co irradiation source (2 000 000 Ci) unit of Suzhou CNNC
Huadong Radiation Co., Ltd, China. KIAS was irradiated with
two different total doses of 100 kGy (1.05 kGy h™* for 95 h) and
200 kGy (1.05 kGy h™" for 190 h), respectively. The irradiated
samples were further analyzed by PXRD patterns and Cs*
adsorption experiments. In hydrolytic stability experiments,
KIAS was shaken in HNO; or NaOH solutions with various pH
values from 1 to 13 for 5 h. The pH of all solutions was tested on
a Shanghai Leich E-201F pH meter. After solid-liquid separa-
tion, the solid samples were analyzed for structural stability by
PXRD patterns and the concentration of In** ions released into
the solution was measured by ICP-MS.

2.5 Batch adsorption experiments

In this work, ion exchange experiments were carried out by the
batch method. A typical Cs" adsorption experiment was first
performed at room temperature by shaking 10 mg of KIAS
dispersed in 10 mL of non-radioactive Cs" aqueous solution (V/
m = 1000 mL g ). The mixture was then separated after
a contact time of 5 h using a membrane filter with a pore size of
0.22 um. The concentration of Cs' (or other metal ions) in the
filtrates was measured by ICP-MS and ICP-OES. The solid
material after the adsorption process was collected by centri-
fugation and washed several times with ultrapure water and
ethanol, and then dried under vacuum at 50 °C. More details
about the equations and instructions for data analysis are
provided in the ESL.f

In radiation adsorption experiments, 10 mg of unirradiated,
100 kGy irradiated and 200 kGy irradiated KIAS was added to
10 mL of ~10 and 50 mg L™ Cs” solutions and shaken at room
temperature for 5 h, respectively. In pH-dependent experiments,
the pH values of ~5 mg L™" Cs* solutions were adjusted to
a range of 1-13 by using HNO; or NaOH solutions. In kinetic
experiments, 50 mg of NIAS or KIAS was added into 50 mL of
~2 mg L™ Cs" solution and shaken at room temperature. The
mixture was sampled and filtered at different time intervals to
test the concentration of Cs'" ions in the solution. In isotherm
experiments, different initial concentrations of Cs" solutions (50~
800 mg L") were prepared separately. Several interference
experiments were carried out under different conditions,
including in the presence of large amounts of alkali (earth) metal
ion chloride salts (NaCl, KCl, RbCl, MgCl,, CaCl,, SrCl,, BaCl,),
anionic sodium salts (Na,CO;, NaHCO3, NaNO3;, Na,SO,), and
humic acid (HA, as dissolved organic matter), respectively. In the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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actual water samples, low concentrations of Cs" were individually
added to local tap water (Gulou District, Fuzhou) and lake water
(West Lake, Fuzhou) to simulate Cs'-contaminated water
samples. Finally, in adsorption-desorption cycle experiments,
10 mg of KIAS was first added to 10 mL of ~10 or 50 mg L™* Cs"
solutions and shaken continuously for 5 h at room temperature.
The suspension was separated by centrifugation and the filtrate
was measured for determining the final concentration of Cs* by
ICP-MS. The precipitate was washed with ultrapure water and
ethanol, and dried under vacuum at 50 °C. This dried sample was
then treated with 0.2 mol L™ KCl solution as an eluent for 5 h,
filtered and analyzed using ICP-MS for the amount of Cs' ions
released into the solution. The regeneration of KIAS was inves-
tigated by using KCI solution for up to 5 cycles and the same
sample was used repeatedly for the uptake of Cs" ions.

3 Results and discussion
3.1 Synthesis and activation of NIAS

To improve NIAS yield, our previously reported synthetic
method was modified mainly as follows: (i) the reactant molar
ratio of In,S; : Sb,S; : S was adjusted from 1:1:5to4:1:10;
(ii) the mixture of N,N-dimethylformamide and hydrazine
hydrate was replaced by a mixture of dimethylamine and
methanol; (iii) the volume of the Teflon liner was increased
from 20 mL to 235 mL.* The resultant NIAS was isolated as
bright-yellow brick-like crystals with a significantly enhanced
product yield of 97.49% (1.925 g) with respect to 72% of our
previous crystals (0.284 g). The phase purity was characterized
by PXRD (Fig. 1a). The structure of NIAS is constitutive of
infinite [In,Sb,S;],>”~ anionic layers with protonated
[(CH;),NH,]" cations located in interlayer spaces (Fig. 1b). The
[In,Sb,S,],>"~ layer consists of infinite [In,Sb,Ss],*"~ ribbons,
which are arranged in an antiparallel mode via corner-sharing S
atoms (Fig. 1c).

The as-prepared NIAS suffers from poor adsorption kinetics
and low removal rates for Cs* ions, probably due to small
interlayer distance and strong N-H---S hydrogen bonding
interactions. In this case, we managed to activate NIAS by dis-
placing protonated [(CH;),NH,]" with hard K" ions, but sluggish
[(CH;),NH,]" could hardly be directly replaced with K" (Fig. 1d).
We then tried activation with relatively soft Cs" ions and only
~30% of [(CH3),NH,]" cations could be substituted out (based
on EDS, Fig. S1,t and EA, N = 2.24%, C = 3.98%, H = 1.25%). It
is clear that “soft” Cs" activates the channels more effectively
than “hard” K'. This may stem from weak interactions between
hard K" and soft surface $>~, which make it difficult for K to be
directly replace with [(CH;),NH,]".** Further activation of
previously obtained Cs@NIAS with hard K showed that both
Cs" and remaining [(CH;),NH,]" ions could be replaced, which
greatly improves the adsorption performance of the material for
Cs’, as will be discussed in detail in the following sections.

3.2 Characterization of KIAS

PXRD, elemental mapping, EDS, EA, TGA, TEM, UV-vis and XPS
were employed to analyze the activation of Cs" and K" ions into

Environ. Sci.. Adv, 2022, 1, 331-341 | 333
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(a) PXRD patterns of NIAS, Cs@NIAS, KIAS, and KIAS-Cs; inset: magnification of PXRD patterns in the 26 range of 9-12°. (b) The stacking of
layers with protonated [(CH3)>NH,]" located in interlayer spaces (H-bonds are represented by deep purple dotted lines). (c)

[IN,Sb»S71,2"~ layer viewed along the a axis. (d) Schematic representation displaying the activation of NIAS and ion-exchange of KIAS.

NIAS. PXRD pattern results manifest that the layered crystal
structure of the pristine sample remains unchanged after the
activation processes of Cs" and K" ions, with only an expansion
of interlayer spacing (Fig. 1a). KIAS exhibits an increased
interlayer distance of 8.65 A compared to 8.25 A for the host
NIAS due to a large amount of H,O molecules entering the
interlayer spaces.*> The appropriate interlayer spacing and
labile interlayer K™ ions give KIAS outstanding ion exchange
properties. In the elemental mapping images of Cs@NIAS and
KIAS, S, In, Sb, Cs or K are observed, demonstrating successful
activation of NIAS by Cs" and K" ions (Fig. 2a—c). More intuitive
results are observed in EDS analysis (Fig. S11). The chemical
formula of KIAS was derived from EDS, EA (N < 0.3%, C < 0.3%,
H = 0.55%) and TGA (2.2% weight loss from room temperature
to 500 °C, see Fig. S27t) results to be K,In,Sb,S,-2.2H,0. TEM
images demonstrate the typical lamellar morphology and
smooth surface of KIAS, and the layers are thinner than those of

334 | Environ. Sci.; Adv, 2022, 1, 331-341

Cs@NIAS, possibly due to K'-activation resulting in expansion
and even exfoliation of layer (Fig. 2d and e). More crystallo-
graphic information can be inferred from the SAED patterns
(inset, Fig. 2d and e) and high-resolution TEM images (Fig. S37),
which display the crystal fringes of Cs@NIAS and KIAS. The
SAED patterns clearly show numerous regularly arranged spots,
revealing the single crystalline nature. Optical absorption
spectra of NIAS, Cs@NIAS and KIAS are plotted in Fig. 3a. The
absorption spectrum of pristine NIAS exhibits a negligible shift
after the initial activation of Cs*, while a distinct blueshift is
observed from 2.58 eV to 2.66 eV upon further introduction of
K', consistent with their color change (Fig. 1d). This demon-
strates that the distance between two layers increases due to
activation of K* not Cs*. XPS spectra show two new character-
istic peaks of Cs 3d;/, at 738.0 €V and Cs 3ds), at 723.9 eV in
Cs@NIAS, and other characteristic peaks of K 2p;,, at 295.4 eV
and K 2p3/, at 292.7 eV also occur in KIAS (Fig. 3b and S47).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Elemental mapping images of (a) Cs@NIAS, (b) KIAS, and (c)
KIAS-Cs. TEM images of (d) Cs@NIAS, (e) KIAS and (f) KIAS-Cs; inset:
the corresponding SAED patterns for d—f.
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Fig. 3 (a) UV-vis spectra, (b) XPS full survey spectra, (c) high-
resolution N 1s spectra, (d) high-resolution In 3d spectra, (e) high-
resolution S 2p spectra and (f) high-resolution Sb 3d spectra of NIAS,
Cs@NIAS, KIAS and KIAS-Cs.

Moreover, it is worth noting that the characteristic peak of N 1s
at 400.8 eV is greatly quenched after exchange of [(CH;),NH,]"
with Cs” or K" in NIAS, indicating complete replacement of
[(CH;),NH,]" (Fig. 3¢).

3.3 Characterization of KIAS-Cs

A sample of KIAS solid product immersed in Cs" solution at
a concentration of approximately 3000 mg L' is denoted as

© 2022 The Author(s). Published by the Royal Society of Chemistry
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KIAS-Cs, where V/m is 1000 mL g~ '. PXRD of KIAS-Cs manifests
a similar pattern to that of NIAS, characterized by a shift of the
(200) Bragg peak towards higher 26 and a corresponding
reduction in the interlayer distance to 8.25 A compared to those
of KIAS (Fig. 1a). Elemental mapping displays a homogeneous
distribution of Cs in KIAS-Cs (Fig. 2c). It is worth noting that
there is no K element, proving the saturated exchange of K* with
Cs'. As can be observed from Fig. 2f, KIAS-Cs maintains
a lamellar structure, while the surface becomes scabrous and
bumpy, probably owing to additional surface adsorption.

UV-vis and XPS spectra were measured to further analyze the
ion-exchange mechanism of KIAS-Cs. The band gap of KIAS-Cs
is shifted to lower energy (2.48 eV) with respect to that of KIAS
(Fig. 3a). The redshift in the band gap of KIAS-Cs may be
attributed to the stronger bonding interactions of Cs---S than
those of K---S.>* Comparing XPS full survey and high-resolution
spectra, two characteristic peaks of Cs 3d;/, at 738.0 eV and Cs
3ds), at 723.9 eV appear in KIAS-Cs, while two characteristic
peaks of K 2p;,, at 295.4 eV and K 2p;,, at 292.7 eV disappear
(Fig. 3b and S4t). Additionally, the binding energies of In 3d;,
at 451.9 eV and In 3ds,, at 444.4 eV do not change in KIAS and
KIAS-Cs (Fig. 3d). However, the main binding energies of Sb 3d
and S 2p shift slightly (Fig. 3e and f). Sb 3d3/, increases from
538.6 to 538.9 eV and Sb 3ds, increases from 529.2 eV to
529.5 eV, which suggests a lower electron density around Sb in
KIAS-Cs, possibly owing to chemisorption of “soft” Cs" through
the lone pair electrons of Sb**.3*3¢ The binding energies of S
3p12 and S 3ps, decrease from 162.4 to 162.3 eV and from 161.2
to 161.1 eV, respectively, manifesting a higher electron density
around S in KIAS-Cs.***” The exchange of K with less electro-
negative Cs leads to a higher electron density around S, prob-
ably demonstrating the electron transfer from Cs to S and
formation of Cs---S bonding interactions. According to the
hard-soft acid-base theory, soft base S>~ has a higher affinity
for relatively “soft” Cs" compared to “hard” K'.** Therefore, ion
exchange between Cs" and K" may lead to the formation of
strong Cs---S bonding interactions.

3.4 Radiolytic and hydrolytic stability and adsorption

activity

When treating radioactive wastewater, the adsorbent will be
exposed to intense radiation, which may damage its structure
leading to reduced adsorption activity of radionuclides. Thus,
the development of radiation-stabilized adsorbent materials is
of great research importance for the remediation of radionu-
clides. To evaluate the radiation resistance of KIAS materials,
the structural stability and Cs" capture efficiency of KIAS after -
ray irradiation at various dose levels (100 or 200 kGy) were
systematically studied. As shown in Fig. 4a, PXRD patterns of
irradiated KIAS can match well with pristine ones, indicating its
excellent radiation resistance. Furthermore, the Cs" removal
rates (R®) of ~95% show tiny changes between KIAS samples
under different doses of y-irradiation (Fig. 4b and Table S17).
These characteristics provide a set of prerequisites for the
practical application of KIAS under extreme conditions of
strong radiation fields.

Environ. Sci.: Adv., 2022, 1, 331-341 | 335
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diated samples and Cs*-exchanged products at different pH values. (b)
RS (%) of pristine KIAS and irradiated samples. (c) R® (%) of KIAS at
various pH values.

In addition, to accommodate the change from acidic to
alkaline radioactive cesium-containing wastewater, the influ-
ence of pH on the chemical stability and Cs" adsorption activity
of KIAS was investigated. Over a wide pH range from 1 to 13,
KIAS exhibits a good retention of the pristine structure and
crystallinity (Fig. 4a). And as demonstrated in Table S2 and
Fig. S5,1 the In®" leaching rates (L™) of KIAS are almost negli-
gible (<0.01%), manifesting the excellent chemical stability of
KIAS. The effect of initial solution pH on Cs’ removal by KIAS is
shown in Fig. 4c and Table S2.} Over a narrow initial pH range
(1-3), a substantial increase in R® from 44% to 94% is
observed. The low R in the acidic region may derive from
competitive adsorption behavior between H;O' and Cs'.®*
With a further rise in initial pH (4 to 11), R®® can remain at
a high constant level (exceeding 92%) and all distribution
coefficient (K4°°) values are above 10* mL g, demonstrating
that the adsorbent KIAS has a strong affinity for Cs* ions in the
pH range of 3-11. Even in a highly alkaline environment (pH =
13.0), >44% of Cs" ions can be removed by KIAS.

3.5 Adsorption kinetics

During the actual sequestration of radionuclides, the extremely
fast kinetic rate of sorbents helps to ensure less radiation
damage. The decontamination of Cs' ions by unactivated NIAS
and KIAS samples was investigated as a function of time. As
shown in Fig. 5a and Table S3, the adsorption behavior of NIAS
for Cs™ is unstable, and although R reaches 43.69% within
2 min, the adsorbed Cs' ions desorb rapidly, with only 8.24%
after 600 min. In contrast, KIAS shows dramatically enhanced
adsorption kinetics for Cs" ions (Fig. 5b and Table S47). After
1 min of exposure, the Cs" concentration decreases sharply
from 2.05 to 0.144 mg L™, reaching R® of ~93% and near
equilibrium. Even after 600 min, R°® of KIAS is more than 95%.
The ultra-fast adsorption kinetics of KIAS should be attributed
to its large interlayer spacing and easily movable interlayer K*
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Fig. 5 (a) Adsorption kinetics for Cs* by (a) unactivated NIAS and (b)
KIAS plotted as concentration (mg L™ (purple line) and removal rate
(%) (red line) vs. time (min). (c) The Langmuir and (d) Freundlich
isotherm models of Cs* adsorption using KIAS.

ions, facilitating rapid exchange of external Cs" with K" ions,
while the unstable adsorption behavior of NIAS may be due to
surface adsorption. Clearly, the cation-activation approach
greatly improves the adsorption efficiency of layered metal
sulfides for Cs’, while avoiding the release of environmentally
unfriendly organic cations during Cs® incarceration. As tabu-
lated in Table S5, such an ultra-fast kinetics as well as high
removal rate (~93% in 1 min) of KIAS ranks ahead of previously
reported well-known Cs" adsorbents, such as FJSM-SnS (73% in
5 min)," KMS-1 (90% in 5 min),** KTS-3 (94% in 5 min),*® K-
MPS-1 (78% in 15 min),* zeolite A (90% in 90 min),"" and
FJSM-InMOF (91.7% in 3 h).*?

The kinetic data are fitted using the pseudo-first-order and
pseudo-second-order models, which can be expressed accord-
ing to eqn (S6) and (S7),T respectively. The fitted results are
shown in Fig. S6.f The adsorption process for Cs" on KIAS
follows the pseudo-second-order model (R* = 1) better than the
pseudo-first-order model (R*> = 0.9998). The pseudo-second-
order model demonstrates that the adsorption process of Cs*
on KIAS involves both physical diffusion and chemisorption,
and that chemisorption is the main rate-limiting step.*

3.6 Adsorption isotherms

To better evaluate the adsorption performance of KIAS for Cs*
ions, a systematic adsorption isotherm study was carried out by
varying the Cs' concentrations in an aqueous solution. The Cs"
adsorption equilibrium data (Table S51) are linearly fitted with
the Langmuir and Freundlich isotherm models, which can be
expressed by eqn (S8) and (S9),} respectively. Fig. 5c¢ and
d depict fitted straight lines of Langmuir and Freundlich
isotherm models for Cs" removal using KIAS, respectively. The
corresponding constants and parameters are presented in Table
1. The adsorption data for KIAS can be well fitted by both
Langmuir and Freundlich isotherm models. However, the
correlation coefficient of the Langmuir isotherm model (R* =
0.9960) is much higher than that of the Freundlich isotherm
model (R> < 0.9734), indicating that the Langmuir isotherm

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table1 Constants and parameters of the isotherm models describing
adsorption of Cs* onto KIAS

Langmuir model

gm (mg g ) b (L mg ™) R Ry

309.60 0.0218 0.9960 0.0550

Freundlich model

Ke (mg g~ )(L
n mg— 1)1/n RZ

2.7379 3222.3299 0.9734

model can better describe the adsorption process. The Lang-
muir isotherm model suggests a monolayer adsorption mech-
anism of Cs" on KIAS whose surface is homogeneous.*
Furthermore, the separation factor (R;) value for the Langmuir
isotherm model calculated from eqn (510) is 0.0550, which
means the adsorption process of Cs* on KIAS is favorable.®
The theoretical adsorption capacity of KIAS, assuming that
all K' ions are completely replaced by Cs' ions, can be calcu-
lated from eqn (S11)f to be 325.97 mg g '. The maximum
adsorption capacity (g,°%) of KIAS according to the Langmuir
isotherm model is 309.60 mg g * (Table 1), very close to the
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theoretical one, which is higher than those of most previously
reported adsorbents (e.g., FJSM-GAS-1, KMS-1, KTS-1, K,Nb¢O-,
NaFeTiO, zeolite A, AMP-PAN: 52.8-280 mg g ' for Cs'; Table

S6T)'14,z4,28,41,45—4s

3.7 Effect of coexisting ions and dissolved organic matter

Nuclear wastewater often contains a large excess of non-
radioactive interfering ions, such as a high concentration of
alkali (earth) metal cations (e.g., Na*, K*, Mg>", Ca**), which can
affect the selective capture of Cs" by adsorbents.® There is
therefore an urgent demand to investigate the effect of these
interfering species on the selective adsorption of Cs'. Compet-
itive adsorption experiments of Cs* on KIAS in the presence of
individual Na*, K*, Rb*, Mg**, Ca®*, Sr** and Ba>" were carried
out. As shown in Fig. 6a and Table S7,T KIAS can maintain high
K4 values from 3.05 x 10> to 1.58 x 10* mL g~ . In particular,
all R®® of KIAS are more than 90% in excessive individual Na",
K', Rb", Mg>*, Ca®", and Ba”" solutions.

The effective uptake of Cs” from wastewater containing large
amounts of Na' ions has been a serious challenge owing to the
similar hydration radii of Cs" and Na" (218 pm for Cs" and 219
pm for Na*).* The adsorption performance of KIAS for Cs" at
a variety of Na/Cs molar ratios was investigated. At Na/Cs molar
ratios of 12.43-53.31, K4 values can maintain above 10* mL
g~ ! with corresponding R“® greater than 92% (Fig. 6b and Table
S8t). Meanwhile, at the molar ratio (Na/Cs) of 300.78, Kq“°

100 100 100
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Fig.6 Variation of K4<° values (mL gfl) or R®® (%) of KIAS with (a) various individual alkali or alkaline-earth metalions, (b) Na/Cs molar ratios, (c) Sr/
Cs molar ratios, (d) various individual anions, and (e) 0.5-10 mg L™t HA. (f) R®® (%) in contaminated tap water and lake water samples. (g) Ks~°
values (mL g™ and R (%) and (h) Cs* desorption rates (%) for five adsorption—elution cycles (Co©® = 53.016 mg L™). (i) PXRD patterns for pristine

KIAS and its regenerated products in each cycle.
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values and R are still as high as 2.16 x 10° mL g~ ' and
68.32%, respectively. Even in the presence of a tremendous
excess of Na* (1.68 x 10* times), K4“° value is 2.59 x 10> mL g .
High K;°° values and R®® indicate that KIAS still exhibits good
Cs' capture in competitive environments, making it signifi-
cantly better than traditional inorganic exchange materials
such as titanosilicates, or commercial scavengers such as AMP-
PAN‘48,50

What's more, °°Sr is also a major hazardous fission
byproduct of U in nuclear reactors.® Therefore, we also per-
formed Cs'-competitive experiments of KIAS in the presence of
excess Sr**. As shown in Fig. 6¢ and Table S9,f at Sr/Cs molar
ratios of 0.66-18.63, K4 values and R®® of KIAS increase from
3.05 x 10’ to 2.77 x 10* mL g~ " and from 75.33 to 96.51%,
respectively. When the Sr/Cs molar ratio is increased by ~500
times, K4 value still amounts to 2.51 x 10> mL g '. This
indicates that the KIAS ion-exchanger has excellent selectivity
for Cs"' ions.

Considering the wide distribution of anions such as CO;*",
HCO;~, NO;~, and SO,>~ in various water systems, we investi-
gated the influence of their coexistence on the Cs" uptake. The
results are shown in Fig. 6d and Table $10.1 High K4 values
(1.01 x 10" to 2.27 x 10" mL g~ ') and R®® (90.99-95.78%) are
obtained with the coexistence of different anions and Cs" ions. In
particular, in the presence of HCO;~, R® of KIAS can exceed 95%.
It is clear that the common CO;>~, HCO;~, NO,™, and SO,>~
anions appear to have little influence on the uptake of Cs" ions.

In addition to inorganic ions, natural dissolved organic
matter in contaminated liquid may also affect the capture
performance of KIAS for Cs'. Humic acid (HA) is an organic
substance, containing functional groups such as -COOH, -OH
and -NH,, which can form polymers in solution and has strong
complexation.> HA was chosen as a representative of dissolved
organic matter in this work. The effect of different amounts of
HA on the adsorption of Cs" by KIAS is shown in Fig. 6e and
Table S11.1 The results show that as the concentration of HA
increases, K4 values and R®® do not decrease, but both remain
at a high level. For example, when the concentrations of HA and
Cs' reach around 10 and 5 mg L™, respectively, greater than
97% of Cs" can still be captured. Obviously, HA has little effect
on Cs" adsorption under the test conditions, probably because
of the weak complexation between HA and Cs" ions.>

3.8 Cs'ion capture in actual water environments

To gauge the combined effects of actual contaminated water,
tap water and lake water spiked with low concentration Cs" were
sampled to further test the Cs* removal. The adsorption results
of KIAS on Cs*, Na*, K", Mg>" and Ca®" are presented in Fig. 6f
and Table S12.F R®® can reach 85.99% in tap water and 87.41%
in lake water, much higher than corresponding R™*, R, R™® and
R, 1t should be noted that R* is negative, i.e., there are more K*
ions in the solution after adsorption due to the release of
interlayer K" ions from KIAS during the adsorption process.
This proves that KIAS maintains the outstanding selectivity for
Cs" ions even in a complicated environment with Na*, K*, Mg>*
and Ca®" ions.
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3.9 Desorption and regeneration

Easy desorption and renewability of adsorbent are an important
factor in evaluating the cost of radioactive waste disposal in
practical applications. In addition to the ultra-fast kinetics,
excellent adsorption capacity and high selectivity, KIAS can be
regenerated multiple times by a simple and efficient elution
procedure with KCI solution. The reusability of this material
was systematically investigated for five consecutive adsorption-
desorption cycles using 53.016 mg L' Cs* solution and
0.2 mol L " KCl eluent. The removal rate (R°®) and desorption
rate (D®) results are presented in Fig. 6g and h and Table S13.}
In the first cycle, KIAS achieves R® of more than 94%. Even after
the fifth cycle, R®® is still higher than 92% (Fig. 6g). The
desorption rates of Cs'-loaded KIAS after five cycles remain at
~95% (Fig. 6h). Similar results are also obtained using other
concentrations of Cs* solution such as 7.152 mg L' (Table
S137). High desorption rates obtained by elution using KCl
solution in each cycle can also be further verified by elemental
distribution mapping and EDS results (Fig. S7 and S87).
Furthermore, SEM images show that the size of KIAS gradually
becomes smaller with increasing number of regeneration cycle
(Fig. S91). However, PXRD patterns of regenerated KIAS match
well with pristine ones, which indicates that KIAS can maintain
its layer structure without collapse after multiple regenerations
(Fig. 6i). This can be verified by the very low In*" leaching rates
(Table S13%).

3.10 Adsorption mechanism

The mechanism of Cs" uptake by KIAS is clearly revealed through
batch adsorption experiments and multiple characterizations.
First, the kinetic data follow the pseudo-second-order model,
demonstrating that the adsorption process of Cs® on KIAS
involves both physical diffusion and chemisorption, and that the
adsorption rate is controlled by a chemical reaction.*® Second,
the Langmuir model fits well with the adsorption isotherm data,
indicating a monolayer adsorption mechanism of Cs" on KIAS
with one-molecule/ion thickness adsorption on a homogeneous
surface.** And the separation factor value (0 < Ry, < 1) shows
favorable adsorption of Cs' on KIAS.* Third, the uniform
distribution and adsorption amount of Cs* on KIAS are visually
observed by elemental mapping and EDS analysis, and it can be
inferred that K' ions located in interlayer spaces have been
completely replaced by Cs'. Fourth, PXRD patterns show that the
interlayer spacing of KIAS-Cs is reduced to 8.25 A compared to
8.65 A for KIAS, which is due to K' ions being replaced by Cs",
carrying a large number of H,0O molecules out of the interlayer
spaces.*” Fifth, optical absorption spectra indicate that the
redshift of the KIAS-Cs band gap is probably due to the stronger
bonding interactions of Cs---S than those of K---S.* Finally, XPS
spectra reveal that after adsorption of Cs', the lower electron
density around Sb may result from the chemisorption of “soft”
Cs"* via the lone pair of electrons of Sb**,**¢ while the higher
electron density around S may be due to the exchange of less
electronegative Cs with K, resulting in electron transfer from Cs
to S and formation of Cs---S bonding interactions.**” Overall,
the adsorption mechanism of Cs* on KIAS can be concluded as

© 2022 The Author(s). Published by the Royal Society of Chemistry
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follows: owing to stronger Cs---S bonding interactions than K:--
S, K located between [In,Sb,S,],”*~ anionic layers can be
exchanged with Cs".

4 Conclusions

The ultra-fast and selective elimination of Cs" from complicated
aqueous solutions has been achieved through the ion exchange
method by employing a layered potassium indium thio-
antimonate, K,In,Sb,S,-2.2H,0 (KIAS), which is activated by
cationic substitution from [(CH;),NH,],In,Sb,S,; (NIAS). KIAS
possesses excellent radiation resistance and good pH durability
(pH 1-13), and exhibits high adsorption activity and capacity
(309.60 mg g~ ') towards Cs". In particular, KIAS achieves top-
level adsorption kinetics towards Cs* with a removal rate of
~93% in only 1 min with respect to unactivated NIAS. High
selectivity of Cs* capture against Na*, K*, Mg”*, Ca**, CO;*>",
HCO;~, NO;~, SO,>7, and humic acid, and even in contami-
nated tap water or lake water is confirmed by competitive
adsorption experiments. We further find that the Cs*-loaded
KIAS can be easily regenerated by gentle elution and maintain
high removal and desorption rates of Cs' after 5 adsorption-
elution cycles. Batch adsorption experiments combined with
multiple characterizations reveal that the adsorption mecha-
nism of Cs" ions on KIAS is ion exchange between Cs" and K"
ions located in [In,Sb,S,],>"" interlayer spaces. In summary,
this work not only presents an effective approach for improving
the adsorption performance, ie. cation activation, but also
sheds light on the utilization of layered metal sulfides as
effective exchangers for decontamination of *”Cs from complex
wastewater.
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