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ABSTRACT: The need to effectively and selectively remove radioactive 137Cs and
90Sr from nuclear waste solutions persists to mitigate their environmental mobility
and high radiotoxicity. Because it is difficult to effectively remove them from acidic
environments that degrade most sorbents, new sorbent materials are highly
desirable. Here, efficient removal of Cs+ and Sr2+ is achieved by the composite of
layered tin sulfide (Me2NH2)4/3(Me3NH)2/3Sn3S7·1.25H2O (FJSM-SnS) and
polyacrylonitrile (PAN) (FJSM-SnS/PAN). The granulous composite possesses
regular particle morphology and good mechanical strength as an engineered form.
It shows excellent acid−base and γ-irradiation resistance, high maximum
adsorption capacities (qm) of 296.12 and 62.88 mg/g for Cs+ and Sr2+ ions, respectively, and high selectivity even in the presence
of excess Na+ ions or using lake water. Impressively, qm

Cs of FJSM-SnS/PAN reaches 89.29 mg/g under even acidic conditions (pH
= 2.5). The column loaded with FJSM-SnS/PAN granules exhibits high removal rates (R) toward low-concentration Cs+ and Sr2+

ions under both neutral and acidic conditions. Moreover, the composite can be recycled and reused with high RCs and RSr. This work
highlights the great potential of metal sulfide ion-exchangers in engineered form for the efficient removal of Cs+ or Sr2+ ions,
especially under acidic conditions, for radionuclide remediation.

KEYWORDS: Cesium, Strontium, Radionuclide remediation, Nuclear waste management, Layered metal sulfide, Polyacrylonitrile,
Composite material

■ INTRODUCTION

The continued development of nuclear energy is necessary
given the high energy density and no emission of greenhouse
gases it can afford. The nuclear waste disposal is one of the key
problems for the development of nuclear energy.1,2 137Cs (t1/2
= 30.17 years) and 90Sr (t1/2 = 28.80 years) as relatively long
half-life radionuclides are produced with high fission yields
(6.18% for 137Cs and 5.89% for 90Sr) by nuclear fission of 235U
and/or 239Pu after absorbing neutrons in a nuclear reactor.3

They are considered highly hazardous because of the high-
energy β- and γ-radiations. In particular, the highly soluble and
mobile ionic forms of 137Cs and 90Sr with strong biological
toxicity pose long-term threats to environmental safety and
human health.4−9 For instance, during the Fukushima incident
137Cs and 90Sr rapidly spread into the sea, causing considerable
concern.10 Although it is critical to remove 137Cs and 90Sr from
nuclear waste, it is a great challenge to effectively and
selectively do so because of the chemically complex aqueous
solutions.11−13 In particular, it is difficult to effectively remove
Cs+ and Sr2+ ions from acidic environments because of the
effects of protonation of the ion-exchange materials and
retardation of their performance.14,15

The commonly used methods for the removal of 137Cs and
90Sr include evaporation, precipitation, solvent extraction,
biological treatment, adsorption, ion exchange, and so

forth.4,16−21 The ion exchange method holds great promise
due to its low-cost, convenient operation, good selectivity, less
solidified waste, and high efficiency.22,23 Compared with
organic ion exchangers,24 inorganic ion exchangers usually
show better chemical and thermal stability, irradiation
resistance, and higher adsorption capacity or selectivity for
Cs+ and Sr2+ ions.25−27 To date, various inorganic ion
exchangers have been investigated, such as zeolites,28,29

heteropoly acid salts,30 ferrous metal cyanide compounds,31,32

and titanium silicates.33−35 Nevertheless, current ion-exchange
materials usually suffer from low capacity, instabilities in acidic
solutions, and poor selectivity. Metal sulfides are newly
emerging Cs+/Sr2+ ion exchangers showing high adsorption
capacity and faster kinetic response, which is ascribed to their
flexible frameworks and strong affinity of the soft Lewis basic
sites of S2− for moderately soft Lewis acids of Cs+/Sr2+.6,36−45

Ion-exchange columns are often necessary to achieve simple
operation and low operating cost and are important for
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radioactive waste treatment.46 The aforementioned very
promising metal sulfide ion-exchangers generally are small
particle-sized materials and columns made from them can
block very easily with increasing back pressure.45,47 Therefore,
various engineered forms of metal sulfide ion-exchange
materials should be developed for practical applications. To
this end, forming composite material with regular particle
morphology is attractive as it may improve the mechanical
strength and solvent stability of materials.45 To date, however,
there are only a few examples of metal sulfide-based
composites for ion removal, including KMS-1/PAN (KMS-1,
K2xMnxSn3−xS6, x = 0.5−0.95; PAN. polyacrylonitrile),47

KMS-1/r-GO (r-GO: reduced graphene oxide),48 PAN-
chalcogel,49 and KMS-2/CA (KMS-2: K2xMgxSn3−xS6, x =
0.5−1; CA. calcium alginate).50,51 Among them, KMS-1/
PAN47 and KMS-1/r-GO48 were studied for the removal of
Cs+ or Sr2+ ions through batch experiments, whereas PAN-
chalcogel49 and KMS-2/CA50,51 were loaded in a column to
investigate removal of I− ions and heavy metal ions such as
Pb2+, respectively. However, the removal of Cs+ or Sr2+ ions
using metal sulfide composites in an ion-exchange column has
not been reported.
Polyacrylonitrile (PAN) with a series of advantages such as

good pellet-forming ability, adhesion to inorganic materials,
good thermal mechanical stability wear resistance and high
tensile performance should be an ideal polymer matrix for
preparing metal sulfide composites.46,49,52−59 Herein, we
describe a new composite adsorbent FJSM-SnS/PAN compris-
ing layered tin sulfide (Me2NH2)4/3(Me3NH)2/3Sn3S7·
1.25H2O (FJSM-SnS)43,60 and PAN by a facile method that
presents excellent acid−base and γ-irradiation resistance. Batch
adsorption experiments show that FJSM-SnS/PAN retains
high adsorption capacities and excellent selectivity for Cs+ and
Sr2+ ions in the presence of excessive Na+ ions or under even
tap and lake water. Particularly, the efficient removal of Cs+ can
be achieved by FJSM-SnS/PAN with qm

Cs of 89.29 mg/g under
even acidic conditions (pH = 2.5). Moreover, granulous FJSM-
SnS/PAN composite possesses regular particle morphology
and good mechanical strength as an engineered form. The ion-
exchange column loaded with FJSM-SnS/PAN granules
maintains high removal rates (R) toward low-concentration
Cs+ and Sr2+ ions under neutral and acidic conditions (pH =
2.5). The multiple elution-reuse experiments confirm the
recyclability of FJSM-SnS/PAN. This work highlights the
promise of metal-sulfide/PAN composites in radionuclide
remediation field under a broad range of pH conditions.

■ EXPERIMENTAL SECTION
Synthesis of FJSM-SnS. FJSM-SnS was synthesized through the

solvothermal method by heating a mixture of SnCl4·5H2O, elemental
sulfur, dimethylamine solution, and water at 180 °C for 7 days, as we
previously reported.43

Synthesis of FJSM-SnS/PAN. FJSM-SnS/PAN composite micro-
spheres were prepared by the following process. First, 1.00 g of FJSM-
SnS powder sample was added to 6.00 mL of dimethyl sulfoxide
(DMSO) under rapid stirring. PAN (0.40 g) was added to the above
suspension and then the mixture was heated at 40 °C until a viscous
suspension was formed. Then, the suspension was dropped into a
beaker with large amount of water using a pipet. Granules were
formed in the water, which were collected, further washed with water,
and dried 10 h in an oven at 50 °C. When the drying temperature
exceeded 80 °C, the composite would dissolve in the drying process;
when the dosage of PAN was below 15%, the regular particle

morphology of composite would not form. Finally, yellow granules of
FJSM-SnS/PAN composite were obtained.

Batch Adsorption Experiments. Considering the high radio-
activity of 137Cs and 90Sr, their nonradioactive isotopes were used as
surrogates for batch adsorption experiments. All batch adsorption
experiments were carried out at room temperature (RT), and the V
(solution volume)/m (adsorbent weight) was 1000 mL/g. All of the
ACl solutions (A = Cs+, Sr2+, K+, Na+) solutions used in the
adsorption experiments were prepared from corresponding chlorides.
The pH values of solutions were adjusted by adding NaOH and HCl
solutions.

A typical batch adsorption experiment was performed as follows. A
certain amount of crushed FJSM-SnS/PAN sample was added to a
CsCl or SrCl2 solution with the initial Cs+ concentration (C0

Cs) of
3000 mg/L or initial Sr2+ concentration (C0

Sr) of 800 mg/L. The
resulting mixture was stirred for 10 h at RT. Then the solid products
were separated by centrifugation and filtration (denoted as FJSM-
SnS/PAN-Cs and FJSM-SnS/PAN-Sr, respectively), which then were
used for characterization analyses including powder X-ray diffraction
patterns (PXRD), energy-dispersive spectroscopy (EDS), and X-ray
photoelectron spectroscopy (XPS). The concentration of metal ion in
the filtered solution was determined by inductively coupled plasma-
mass spectroscopy (ICP-MS), inductively coupled plasma-optical
emission spectroscopy (ICP-OES), or atomic absorption spectrosco-
py (AAS). All solution samples (including the standard and blank
solution) were diluted with HNO3 solution (2%) for the
concentration test. More detailed information can be found in
Supporting Information.

Ion-Exchange Column Experiments. The adsorption experi-
ments under dynamic conditions, that is, ion-exchange column
experiments, were studied under both neutral (pH = 7.1) and acidic
(pH = 2.5) conditions. In a typical experiment, a sample of about 1.30
g of FJSM-SnS/PAN granules was packed into a glass tube column
with an internal diameter of 13.40 mm, resulting in a height of about
2.00 cm. To avoid the loss of material, a small amount of cotton wool
was placed at the bottom of the column. The Cs+ and Sr2+ mixed
solutions with the initial concentrations in the range of 0.94−1.00
mg/L for C0

Cs and 0.99−1.10 mg/L for C0
Sr were prepared. About 50

bed volumes of the above solution (140 mL) slowly passed through
the column in 5 h, which was collected at the bottom into a 200 mL
serum bottle. Finally, in this section 500−600 bed volume solutions
(1.40−1.68 L) were tested. The concentration of the solutions after
the column was analyzed using ICP-MS.

The Elution and Reusability Experiments. FJSM-SnS/PAN
composites after ion exchange experiments were eluted with high-
concentration KCl solution (0.30 M). About 1.00 g of sample was
added to 50 mL of 0.30 M KCl solution which was slowly stirred
under magnetic agitation at RT for 12 h. Finally, the sample (denoted
as FJSM-SnS/PAN-elution) was further washed with water and dried
in an oven at 80 °C overnight and then analyzed by EDS and PXRD.
In the reusability assessment experiments, ∼0.70−1.20 g FJSM-SnS/
PAN-elution granules were packed into a glass column with an
internal diameter of 13.40 mm. The procedure was the same as the
column experiments with pH = 7.1.

■ RESULTS AND DISCUSSION

Characterizations of FJSM-SnS/PAN, FJSM-SnS/PAN-
Cs, and FJSM-SnS/PAN-Sr. The FJSM-SnS/PAN composite
was obtained as yellow granules with a diameter of 2−3 mm as
measured by Vernier calipers (Figure 1a,b). Scanning electron
microscopy (SEM) images of PAN, FJSM-SnS, and FJSM-
SnS/PAN indicate that FJSM-SnS/PAN retains the layered
FJSM-SnS (Figure S1). PXRD patterns of FJSM-SnS, PAN and
FJSM-SnS/PAN are shown in Figure 1c. The characteristic
Bragg peaks corresponding to FJSM-SnS are present in the
PXRD pattern of FJSM-SnS/PAN, and the additional peak at
10−17° is attributed to PAN. No extra reflections were
observed in the PXRD pattern of FJSM-SnS/PAN, indicating

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://dx.doi.org/10.1021/acsami.1c01983
ACS Appl. Mater. Interfaces 2021, 13, 13434−13442

13435

http://pubs.acs.org/doi/suppl/10.1021/acsami.1c01983/suppl_file/am1c01983_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.1c01983/suppl_file/am1c01983_si_001.pdf
www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.1c01983?ref=pdf


that FJSM-SnS and PAN successfully combined without
changing the phase of FJSM-SnS and PAN.
The microscopic morphologies of FJSM-SnS/PAN-Cs and

FJSM-SnS/PAN-Sr were consistent with that of pristine FJSM-
SnS/PAN, as shown in the transmission electron microscopy
(TEM) images (Figure 1d−f) and the electron diffraction
patterns (Figure 1g,h). This confirms that the crystal lattice is
retained after Cs+ and Sr2+ adsorption, consistent with an ion
exchange process. Compared with that of pristine FJSM-SnS/
PAN, PXRD patterns of FJSM-SnS/PAN-Cs and FJSM-SnS/
PAN-Sr show shifts of (00l) Bragg peaks to higher 2θ (lower d-
spacing) indicating the expected decrease of the interlayer
distance after the Cs+ or Sr2+ ion-exchange (Figure S2). EDS
analyses of the products after ion-exchange show the presence
of Cs+ or Sr2+ (Figure S3). The elemental distribution mapping
confirms that Cs+ or Sr2+ ions are uniformly distributed in the
samples (Figure 2). XPS shows characteristic peaks of Cs (3d)

for FJSM-SnS/PAN-Cs and Sr (3d) for FJSM-SnS/PAN-Sr,
which further confirms the EDS results (Figure S4).

Adsorption Kinetics. Cs+ or Sr2+ adsorption kinetics were
studied under different contact time at pH of 7.1. The removal
rate (R, eq S2) of FJSM-SnS/PAN for Cs+ ions reaches 55.26%
within 10 min and approaches 77.25% within 90 min,
corresponding to a decrease of Cs+ concentration from 9.32
to 2.12 mg/L (Figure 3a). The FJSM-SnS/PAN removed
60.64% Sr2+ ions within 15 min and captured 89.30% Sr2+ ions
within 90 min, corresponding to a decrease of Sr2+

concentration from 9.35 to 1.00 mg/L (Figure 3b). Compared
with the commercial UOP IONSIV I-911 (te

Cs > 4 h; te
Sr > 4

h),61 the current composite shows more rapid adsorption
kinetics at pH of 7.1. The kinetic data for Cs+ and Sr2+ ions can
be fitted with the pseudo-first-order kinetics model (eq S3)
and the pseudo-second-order kinetics model (eq S4). The
latter fit is better giving higher correlation coefficients (R2 =
0.99981 for Cs+ and 0.99982 for Sr2+, Figure S5 and Table S2),
indicating that the adsorption process is chemical sorp-
tion.62−64

Adsorption Isotherm Studies. To assess the maximum
uptake capacities (qm) of FJSM-SnS/PAN for Cs+ and Sr2+

ions, the adsorption isotherm experiments were measured at
pH = 7.1. The equilibrium adsorption data for Cs+ and Sr2+

ions are fitted with both the Langmuir isotherm model (eq S5)
and Freundlich isotherm model (eq S6). The Langmuir
isotherm model describes the adsorption process of monolayer
on a homogeneous surface of adsorbent with an identical
number of binding sites.65 The Freundlich isotherm model is
an empirical model that possesses no saturated adsorption
value, which takes into account multilayer adsorption that
occurs on a heterogeneous surfaces with an undetermined
active binding site.66 In the Langmuir and Freundlich models,
all adsorption sites are assumed to be equivalent, and only one
ion can be captured at each site.67−70 The adsorption
behaviors of Cs+ or Sr2+ for FJSM-SnS/PAN fit the Langmuir
adsorption model with the high correlation coefficients R2

(Figure 3c,d and Table S7). Accordingly, qm
Cs and qm

Sr are
296.12 and 62.88 mg/g, respectively.
As shown in Figure 3e and Table S14, the qm

Cs for FJSM-
SnS/PAN is higher than commercial sorbents under neutral
conditions, such as ammonium molybdophosphate-polyacry-
lonitrile (AMP-PAN) (81.31 mg/g)54 and hydrous crystalline
sodium silicotitanate (TAM-5) (191.8 mg/g),71 and exceeds
other Cs+ adsorption composite materials based on PAN, such
as sodium titanosilicate-polyacrylonitrile (STS-PAN) (58.48
mg/g),58 hydrous manganese oxide-polyacrylonitrile (HMO-
PAN) (73.21 mg/g),56 polyacrylonitrile-zeolite nanocomposite
(PZNC) (214.1 mg/g),53 polyacrylonitrile-potassium nickel

Figure 1. (a) Photograph of the granulous FJSM-SnS/PAN
composite; (b) typical size of FJSM-SnS/PAN (2.56 mm) measured
by a Vernier caliper (the specification is 0.02 mm); (c) PXRD
patterns for pristine FJSM-SnS, PAN, and FJSM-SnS/PAN; TEM
images of FJSM-SnS/PAN (d), FJSM-SnS/PAN-Cs (e), and FJSM-
SnS/PAN-Sr (f); electron diffraction patterns of FJSM-SnS/PAN-Cs
(g) and FJSM-SnS/PAN-Sr (h).

Figure 2. (a) SEM image and elemental distribution maps of Sn, S, and Cs for FJSM-SnS/PAN-Cs. (b) SEM image and elemental distribution
maps of Sn, S, and Sr for FJSM-SnS/PAN-Sr.
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hexacyanoferrates (PAN-KNiCF) (157.73 mg/g),57 copper
hexacyanoferrate-polyacrylonitrile (CHCF-PAN) (25.52 mg/
g),55 and the layered sulfide KMS-1/PAN (69.75 mg/g).47

Although the values of qm
Cs and qm

Sr for FJSM-SnS/PAN
decrease compared to FJSM-SnS itself (qm

Cs = 408.91 mg/g,
qm

Sr = 65.15 mg/g at 65 °C), the composite possesses regular
and large particle morphology and better mechanical strength
and is more suitable as a practical engineered form. The lower
qm of Sr2+ for FJSM-SnS/PAN may be due to the larger volume
of [Sr(H2O)6]

2+.40 Similar phenomena have been observed in
other sulfide ion exchangers such as pristine FJSM-SnS,43

KMS-1,40 and KMS-2.6

Effect of pH on Adsorption of Cs+ or Sr2+ Ions.
Previous studies have shown that FJSM-SnS has excellent acid/
base resistance in the pH range of 0.6−12.43,60 To further test
the Cs+ and Sr2+ removal abilities of the FJSM-SnS/PAN
composite under acidic or basic conditions, we investigated the
broad pH range of 0−11.4. The composite was soaked in
acidic solutions with various concentrations of Cs+ or Sr2+ ions
for 10 h, after which the dissolution percentages of Sn were
tested. The dissolution percentages of Sn reach 11.10% and
13.33% at pH = 0, respectively, whereas they both are 0.28% at
pH = 0.4 (Table S4). Our previous studies also indicated that
the dissolution percentages of Sn for FJSM-SnS varied from
0.13% to 0.09% in the pH range of 0.6−3.6.60 Impressively, the
removal rate R values for FJSM-SnS/PAN retained high levels
from 80.18% to 90.04% for Cs+ ions in the pH range of 4.6−
9.5 and from 85.94% to 99.92% for Sr2+ ions in the pH range of

3.3−10.2, respectively. Notably, it removed around 69.17% of
Cs+ even in an acidic environment (pH = 2.4). However, the
RCs was only 15.63% at pH of 0.4 and 12.20% at pH of 1.6,
respectively. The results indicate that the composite exhibited
its best efficiency for Cs+ adsorption in the pH range of 2.4−
11.4 (Table S5). Therefore, we chose to study the Cs+

adsorption performance of FJSM-SnS/PAN at the pH of 2.5.
The distribution coefficients (Kd, eq S7) for Cs+ ions range

from 1.35 × 103 mL/g to 9.04 × 103 mL/g in the pH range of
2.4−11.4, while the Kd values of Sr

2+ ions range from 4.71 ×
102 to 1.28 × 106 mL/g in the pH range of 2.4−10.2 (Figure
4a,b). In addition, PXRD patterns of samples after Cs+/Sr2+

ions adsorption in the pH range of 3.4−11.4 for Cs+ ions and
3.4−10.2 for Sr2+ ions are in accord with that of pristine FJSM-
SnS/PAN (Figure S6a,b), demonstrating the stability of FJSM-
SnS/PAN composite during the adsorption experiments. At
pH = 0.4 or 2.4, the PXRD patterns of Cs+/Sr2+ ion adsorption
products show the shift of the (00l) Bragg peak to higher 2θ,
suggesting the ion exchange of the organic ammonium cations
with H3O

+ ions. This is similar to other layered ion exchange
materials including pristine FJSM-SnS60 and Na2Sn3S7.

72

The adsorption isotherm experiments of FJSM-SnS/PAN
under acidic conditions were further performed. Consider that
FJSM-SnS/PAN remains as the high R value of 69.17% for Cs+

ions at pH = 2.4, which was much higher than RCs at pH = 0.4
or 1.6. The adsorption isotherm experiments were tested at pH
= 2.5, and we observed that Cs+ ions could be effectively
removed at pH = 2.5 despite interference from H+ ions. Figure

Figure 3. (a) Kinetics of FJSM-SnS/PAN for the removal of Cs+ ions; (b) kinetics for Sr2+ ions plotted as a function of concentrations (mg/g) (red
line) and their removal rate (%) (blue line) versus the time t (min), respectively (C0

Cs = 9.32 ± 0.3 mg/L and contact time = 10 h, C0
Sr = 9.35 mg/

L, contact time = 8 h; V/m = 1000 mL/g; ∼RT, pH = 7.1); equilibrium data for Cs+ (c) and Sr2+ (d) ions adsorptions of FJSM-S/PANfitted with
the Langmuir and Freundlich isotherm models (C0

Cs in the range of 41.10−2408 mg/L and C0
Sr in the range of 17.50−280 mg/L; V/m = 1000

mL/g, contact time = 10 h; ∼RT, pH = 7.1); (e) the comparison of qm
Cs values of FJSM-SnS/PAN with other reported sorbents.
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4c and Table S7 show that the Langmuir isotherm model
describes well the adsorption behavior of Cs+ (R2 = 0.9449).
The qm

Cs of the FJSM-SnS/PAN sample reaches 89.29 mg/g at
pH = 2.5.
To our knowledge, only a few adsorption studies of Cs+ ions

under acidic conditions have been reported, that is, SnSiMo
(pH = 5, qm = 16 mg/g),73 HMO-PAN (pH = 5, qm = 73.21
mg/g),56 natural clinoptilolite (pH = 5, qm = 49.02 mg/g),74

magnetic Nb-substituted crystalline silicotitanate (Mag-Nb-
CST) (pH = 4, qm = 11.18 mg/g),8 and NaFeTiO (pH = 4.1,
qm = 40.9 mg/g).75 Compared with these adsorbents, the
FJSM-SnS/PAN presents better acid resistance and higher
adsorption capacity for Cs+ under acidic conditions (Table
S14).
Cs+ and Sr2+ Separation in the Presence of

Interfering Ions. Radioactive waste usually contains large
amounts of diverse ions such as alkali or alkaline earth metal
ions that can interfere with the separation process by
competing for the sorbent. Among them, the high concen-
tration of Na+ ions poses a great challenge for the selective
capture of target ions.6,76 Hence, we investigated the Cs+ and
Sr2+ adsorption ability of FJSM-SnS/PAN in the presence of
0.88−757 mg/L Na+ ions. The composite retained its high
removal rates of Sr2+ ions in the presence of excess Na+ ions.
When the Na+/Sr2+ mole ratios reach 1408.81 and 5622.18, it
could still retain RSr of 90.27% and 81.85%, respectively
(Figure S7a). Therefore, FJSM-SnS/PAN has excellent
selectivity for Sr2+ ions. By contrast, the effect of massive
excess Na+ ions on Cs+ ions was serious because of the
competitive ion exchange. When the mole ratios of Na+/Cs+

ions varied from 4.26 to 3688.43, RCs values were 40.65% to
8.78% (Figure S7b). The very large excess of Na+ ions in the
solution partly saturate the Cs+ ion adsorption sites of FJSM-
SnS/PAN.
Adsorption in Tap Water and Lake Water. The abilities

of FJSM-SnS/PAN for the Cs+ or Sr2+ removal in various water

environments, such as deionized water, tap water (Fuzhou city,
Fujian 2018), and lake water (Fuzhou Xihu lake, September
2018) were investigated. We simulated deionized water, tap
water, and lake water contaminated by Cs+ or Sr2+ with the
initial concentration of 4.52−5.00 mg/L for Cs+ and 5.60−6.50
mg/L for Sr2+ ions, respectively. Kd

Cs and RCs values in tap
water and lake water are 5.24 × 102 mL/g and 34.40%, and
3.51 × 102 mL/g and 26.00%, respectively, which is lower than
that in deionized water (Kd

Cs = 9.04 × 103 mL/g and RCs =
90.04%) (Figure 4d and Table S9). Compared with Kd

Sr and
RSr values in deionized water (Kd

Sr, 2.21 × 105 mL/g; RSr,
99.55%), Kd

Sr and RSr in tap water and lake water can still reach
8.06 × 103 mL/g and 88.96% and 6.63 × 103 mL/g and
86.89%, respectively. Therefore, FJSM-SnS/PAN can retain
good selectivity for Sr2+ ions in these water environments.

Effects of Irradiation. It is necessary that the sorbent
materials for radionuclide remediation possess excellent
radiation resistance.39,77 Therefore, we conducted a prelimi-
nary investigation of effects of γ-irradiation on Cs+ and Sr2+

ions adsorption of FJSM-SnS/PAN. The detailed information
about the irradiation experiments can be found in Supporting
Information. The FJSM-SnS/PAN sample was irradiated under
100 kGy γ radiation for 178.57 h or 200 kGy γ radiation for
377.56 h, respectively. PXRD patterns of samples after γ-
irradiation remain unchanged compared with the pristine,
indicating the good irradiation resistance of FJSM-SnS/PAN
(Figure 5a). In the solution of mixed Cs+ and Sr2+ ions (C0

Cs,

17.79 mg/L; C0
Sr, 16.70 mg/L), the Kd values of the sample

after 100 kGy γ irradiation were 1.44 × 103 mL/g for Cs+ and
6.58 × 104 mL/g for Sr2+. Kd

Cs and Kd
Sr of sample after 200

kGy γ-irradiation were 1.43 × 103 mL/g and 4.67 × 104 mL/g,
respectively (Figure 5b and Table S10). Thus, the Cs+ and Sr2+

removal capacities of FJSM-SnS/PAN were retained even after
strong γ-irradiation, further indicating the irradiation resistance
of FJSM-SnS/PAN and its potential for application in practical
radioactive wastewater treatment.

Sorbent Recovery by Elution. The recovery and
reusability of sorbent materials are important to evaluate
their potential in practical use. Here, a high concentration KCl
solution (0.3 M) was used to conduct elution experiments on
the FJSM-SnS/PAN-Cs and FJSM-SnS/PAN-Sr under stirring
at room temperature. The eluted samples are denoted as
FJSM-SnS/PAN-Cs-K and FJSM-SnS/PAN-Sr-K, respectively.
EDS analyses and the elemental distribution mappings also
show that the Cs+ and Sr2+ ions were completely removed and
replaced by K+ ions which were evenly distributed in the
samples (Figures S8 and S9). PXRD patterns of FJSM-SnS/

Figure 4. Kd values of Cs
+ (a) and Sr2+ (b) for FJSM-SnS/PAN at

various initial pH values (C0
Cs in the range of 4.52−7.98 mg/L, pH =

2.4−11.4; C0
Sr in the range of 4.20−6.86 mg/L, pH = 2.4−10.2; V/m

= 1000 mL/g, contact time = 10 h; ∼RT); (c) equilibrium data for
Cs+ ions adsorption for FJSM-SnS/PAN under acidic conditions
fitted with the Langmuir and Freundlich isotherm models, (C0

Cs in
the range of 11−670 mg/L; V/m = 1000 mL/g, pH = 2.5; contact
time: 10 h; RT); (d) Kd values of FJSM-SnS/PAN for Cs+ or Sr2+ in
various water environments (C0

Cs in the range of 4.52−5.00 mg/L
and C0

Sr in the range of 5.60−6.50 mg/L; V/m = 1000 mL/g, contact
time: 10 h; RT).

Figure 5. (a) PXRD patterns of the pristine, γ (100 and 200 kGy)
irradiated samples of FJSM-SnS/PAN. (b) Kd values of Cs

+ and Sr2+

for γ-irradiated samples compared with those of pristine FJSM-SnS/
PAN (C0

Cs = 17.80 mg/L C0
Sr = 16.70 mg/L; V/m = 1000 mL/g,

contact time: 10 h; RT).
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PAN-Cs-K show that the pristine layered framework of FJSM-
SnS in the composite remained unchanged (Figure S10).
Ion-Exchange Column Studies. Continuous bed flow

ion-exchange column operations are commonly used in many
industrial wastewater treatment processes. However, if the size
of the adsorbent is very small, there is instability against
particle flow. As a result, high packing of particles and column
blocking phenomena occur which hinder further practical
application. The granulous FJSM-SnS/PAN composite with a
diameter of about 2 mm was then loaded in a column of an
internal diameter of 13.40 mm and a height of about 2.00 cm
to perform the ion-exchange experiments (Figure 6a). Mixed
solutions (pH = 7.1) containing Cs+ and Sr2+ passed through
slowly (0.5 mL/min) the column. The composite in column
experiments exhibited high removal rate for low concentration
Cs+ and Sr2+ ions (C0

Cs, 0.94−0.97 mg/L; C0
Sr, 1.07−1.10 mg/

L) within 500 bed volumes (Table S11). After processing 250
bed volumes of the mixture solution (700 mL), RCs and RSr

reached 88.29% and 82.10%, respectively. After processing 450
bed volumes of the mixture solution (1.26 L), RCs and RSr

could still reach 82.75% and 75.59%, respectively (Figure 6b).
We then further studied the ion-exchange column of FJSM-

SnS/PAN under acidic conditions (pH = 2.5). The FJSM-
SnS/PAN column exhibited high removal rates for low-
concentration Cs+ and Sr2+ ions (C0

Cs and C0
Sr in the range of

0.99−1.00 mg/L) within 550 bed volumes under pH of 2.5
(Table S12). After processing 450 bed volumes (1.26 L), RCs

and RSr could still reach 86.61% and 68.85%, respectively
(Figure 6c). Compared with RCs and RSr under neutral
conditions, the abilities of the ion-exchange column to remove
low-concentration Cs+ and Sr2+ ions under acidic solutions
remained. After the treatment of Cs+ and Sr2+ ions under the
neutral and acid conditions, the composite granules still
retained their shape, confirming the excellent mechanical
strength of FJSM-SnS/PAN (Figure 6d). After processing the
acidic solutions by the ion-exchange column, the color of
FJSM-SnS/PAN granules became darker (signifying proto-
nation of S2− to SH) while it retained its regular shape (Figure
6d). This confirms the good mechanical strength of the
granules under acidic conditions.
Since the FJSM-SnS/PAN granules in the ion-exchange

column after elution (FJSM-SnS/PAN-elution) maintain their

shape (Figure S11), we performed back-ion-exchange (using K
ions rather than dimethylammonium or trimethylammonium
ions) to regenerate the sorbent for use in a subsequent cycle of
Cs+ and Sr2+ removal experiments. Compared with the pristine
FJSM-SnS/PAN, the regenerated FJSM-SnS/PAN-elution
granules in the ion-exchange column after processing 500
bed volumes exhibited comparable removal abilities for the Cs+

and Sr2+ ions to the original pristine composite (e.g., 73.51% to
96.12% for RCs versus 68.59% to 96.72% for RSr). Therefore,
the K+ ions play the same role in moving in and out of the
layered sulfide structure as the original methylammonium ions.
After three cycles of elution-reuse experiments, RCs and RSr of
the composite granules could still reach 96.43% and 96.33%,
respectively (Tables S13, Figure 6e).

■ CONCLUSION

The granulous FJSM-SnS/PAN composite has excellent γ-
irradiation resistance and acid−base resistance (pH = 2.4−
11.4), good regeneration ability, and high adsorption capacities
(qm

Cs, 296.12 mg/g and qm
Sr, 62.88 mg/g at pH = 7.1; qm

Cs,
89.29 mg/g at pH = 2.5) and high selectivity (Kd

Cs, 9.04 × 103

mL/g; Kd
Sr, 1.28 × 106 mL/g) for Cs+ and Sr2+ ions. The ion-

exchange column loaded with FJSM-SnS/PAN granules shows
excellent removal performance for low-concentration Cs+ and
Sr2+ ions even under acidic conditions with removal rates of
86.61% and 68.85% for Cs+ and Sr2+, respectively, at pH = 2.5.
Moreover, owing to the regular particle morphology and good
mechanical strength, FJSM-SnS/PAN granules can be recycled
in the application of ion-exchange column, maintaining high
removal rates of 96.43% for Cs+ and 96.33% for Sr2+ even after
multiple cycles of elution-reuse. These results reveal the
potential of FJSM-SnS/PAN composite as an attractive
engineered form of sorbent for radioactive wastewater
management.
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Figure 6. (a) An ion-exchange column made with the granulous FJSM-SnS/PAN composite; (b) removal rates for Cs+ and Sr2+ by FJSM-SnS/
PAN in an ion-exchange column experiment at pH = 7.1 plotted against bed volume; (c) removal rates for Cs+ and Sr2+ at pH = 2.5 plotted against
bed volume; (d) granulous FJSM-SnS/PAN composite samples before and after ion-exchange column experiments under pH = 7.1 or pH = 2.5
conditions; (e) removal rates of Cs+ and Sr2+ by FJSM-SnS/PAN-elution samples in multiple-cycle experiments.
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