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ABSTRACT: Lead is a toxic heavy metal that pollutes the
environment and accumulates in the human body, causing many
severe health issues. Metal sulfides have emerged as promising
sorbents for rapidly decontaminating Pb2+-containing wastewater,
showing exceptional sorption kinetics, capacities, and selectivity
against common competitive ionic species. In this study, we
present modified SnS2 phases, namely, SnS2(DMA)0.7(H2O)0.3
(SnS2/DMA, DMA = dimethylamine) and Sn1−xS2·yH2O (SnS2/
acid), which demonstrated efficient removal of Pb2+ ions from
aqueous solutions. Both materials exhibited fast kinetics (≤4 min),
high sorption capacities (838.0 mg g−1 for SnS2/DMA and 190.0
mg g−1 for SnS2/acid), remarkable selectivity toward Pb2+ over
several competing cations and in various pH values, because of
strong Pb−S covalent interactions. Aiming for practical wastewater treatment, we immobilized SnS2/DMA and SnS2/acid on cotton
fabrics, marking this as the initial application of metal sulfides immobilized onto cotton substrates. The metal sulfide-fabric
composites were utilized to remove Pb2+ under continuous flow conditions, showing significant Pb2+ sorption properties.
Significantly, the metal sulfide-based composites can be regenerated and reused over several Pb2+ sorption cycles. This feature,
demonstrated for the first time in metal sulfide materials, constitutes a breakthrough for this class of sorbents.

1. INTRODUCTION
The accumulation of heavy metals in the environment is a
significant issue due to its repercussions on human health and
the ecosystem. Heavy metal pollution derives from expanding
industrial activities, mining, lead-acid battery manufacturing or
recycling, industrial waste disposal, paint production, excessive
fertilizer use, chrome plating, leather tanning, etc.1,2 Among
the common pollutants, Pb2+ is very harmful, toxic, and
carcinogenic, even in ppb (parts per billion) concentrations.3

The World Health Organization has defined tap water’s
maximum acceptable total lead limit as 10 μg L−1. At the same
time, in 2021, the EU decided to reduce the drinking water
limit to 5 μg L−1, a goal that must be achieved by 2036.4

With its sizable atomic mass, lead is one of the most
abundant heavy metals. Lead has become a global issue
because of its toxicity to humans, animals, and the environ-
ment.5 In ancient times, Pb2+ was commonly used for making
water pipes, coins, and various tools6,7 due to its availability
and properties.8 Lead poisoning poses significant health risks,
particularly impacting neurological development in children,9

as well as a range of physical health problems, including kidney
impairment,10 cardiovascular issues,11 and gastrointestinal
symptoms.12 Therefore, capturing and removing Pb2+ from

industrial sewage is crucial before it is released into the water
system.

Ion-exchange,13 chemical precipitation,14 membrane filtra-
tion15 and electrochemical techniques16 have been utilized to
decrease Pb2+ levels in wastewater efficiently. Although each of
these methods has advantages, there are significant drawbacks,
such as high operating expenses, production of sludge, low
selectivity for lead ions, and the methods’ complexity. On the
other hand, sorption has captured the researchers’ interest due
to its low cost, high sensitivity, regenerative ability, and cost-
effectiveness.17

Metal sulfides (MSs) such as MoS2, SnS2, K2xMnxSn3−xS6
(KMS-1),18 K2xMgxSn3−xS6 (KMS-2)19 and H2xMnxSn3−xS6
(LHMS)20 have been employed extensively in water
remediation, as their unique structural features offer many
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advantages.21−24 Based on the Lewis acid−base theory
principles, MSs are up-and-coming candidates for decontami-
nating water from heavy metals because the soft-acidic metal
ions create strong covalent bonds with soft base S2− ligands.25

Among MSs, tin disulfide (SnS2) has been widely used for
environmental purposes, such as the degradation of organic
dyes,26 adsorption,27 reduction of Cr6+28,29 production of H2,

30

and CO2 reduction.31,32 SnS2 is a layered MS semiconductor
(n-type IV−VI) with bandgap energy in the 2.2−2.4 range.33 It
exhibits a CdI2-type hexagonal crystal structure, where covalent
bonds bind the intralayer atoms while van der Waals forces
keep the individual layers together. This kind of layered
structure allows the accommodation of ions (Li2+34) or
molecules (amines35), resulting in the modification of the
physical properties of the pristine material.
Despite their promising properties for heavy metal ion

capture, MSs are not reusable, which may restrict their
practical applications in wastewater treatment.13,36 Further-
more, MSs tested for heavy metal ion removal are usually tiny
crystals or microcrystalline powder, making their practical
applications in environmental remediation challenging and
likely not feasible.18,19 One of the main difficulties is retrieving
powdered sorbents from large water bodies and the risk of
environmental pollution and increased turbidity, which can
harm the ecosystem. One possible way to address these issues
is by immobilizing sorbents onto bulk substrates like cotton
textiles. These fabric composites can be submerged in water to
capture harmful contaminants and easily retrieved afterward.37

MSs immobilized on bulk substrates could also be utilized as

filters for wastewater decontamination under continuous flow,
thus expanding their applications toward water treatment and
reuse.

In this work, we report the synthesis and characterization of
new modified SnS2 phases, SnS2(DMA)0.7(H2O)0.3 (SnS2/
DMA, DMA = Dimethylamine) and Sn1−xS2·yH2O (SnS2/
acid). These materials indicate exceptional Pb2+ sorption
properties combined with fast kinetics and high removal
capacities at high (100 ppm) or lower (1 ppm) concentrations
of Pb2+, even amidst various competitive ions (Na+, Ca2+, and
Mg2+). Both materials were immobilized on cotton fabrics
using poly(methyl methacrylate) (PMMA) as a binder.
Notably, these composite materials could decontaminate
relatively large amounts of wastewater simulant under
continuous flow and are reusable. The reusability of these
SnS2-based cotton filters, which has not been reported for
metal sulfide materials, combined with the relatively low cost
of the metal sulfide materials and the abundance of cotton,
make them particularly attractive for applications in wastewater
purification.

2. EXPERIMENTAL SECTION
2.1. Synthesis of SnS2(DMA)0.7(H2O)0.3 (SnS2/DMA). Sn (0.2 g,

1.68 mmol) and S powder (0.162 g, 5.04 mmol) were combined in a
23 mL Teflon cup with a mixture of 0.6 mL of an aqueous solution
(40% w/w) of dimethylamine (1.78 g, 39.5 mmol) and 2 mL of
deionized water. The cup was covered with a lid and sealed inside a
stainless-steel Parr autoclave. The autoclave was maintained at 180 °C
in a preheated oven for 4 days under autogenous pressure. After 4

Figure 1. (A) Le Bail plot of SnS2/DMA, Structural models of SnS2/DMA with (B) polyhedral representation of the layers viewed along the c-axis,
(C) space-filling model of SnS2/DMA (element color coding: S, yellow; Sn, purple; C, black; Ν, blue; and Η, light pink), (D) Le Bail plot of SnS2/
acid, Structural models of SnS2 with (E) polyhedral representation of the layers viewed along the c-axis, (F) space-filling model of SnS2 (element
color coding: S, yellow; Sn, purple). In the Le Bail plots, violet crosses represent experimental points, the red line corresponds to the calculated
pattern, the black line shows the difference pattern (exp.−calc.), and green bars indicate the Bragg positions.
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days, the autoclave was left to cool to room temperature. The
resulting orange powder was centrifugated, washed repeatedly with
water (x2) and acetone (x1), and was left to dry overnight in an oven
at 60 °C (Yield = 0.179 g).

2.2. Synthesis of Sn1−xS2·yH2O (SnS2/Acid). 300 mg (1.365
mmol) of SnS2/DMA and 30 mL of HCl (1 M) were added in a
conical flask and the mixture was left stirring overnight. The resulting
product was centrifugated, washed repeatedly with water (x4) and
acetone (x1), and was left to dry overnight in an oven at 60 °C. This
procedure was repeated twice (Yield = 0.243 g).

2.3. Solid-State Synthesis of SnS2. 0.5 g (4.21 mmol) of Sn
powder and 0.283 g (8.84 mmol) of S powder were mixed using a
mortar and pestle, and the mixture was put in a pellet press under 9
Tons pressure for about 15 min. Then, the obtained pellet was
smashed into three smaller pieces and sealed in a quartz ampule under
vacuum (10−3 Torr), which was annealed at 500 °C for 24 h (Yield =
0.52 g).

2.4. Immobilization of MS onto the Cotton Fabric. Ten mg of
PMMA were dissolved in 5 mL of acetone, followed by ultra-
sonication for 15 min. Next, 10 mg of MS were introduced into the
PMMA solution and stirred at room temperature for 2−3 h until a
homogeneous suspension was obtained. Following this, a piece of
cotton fabric with a tetragonal shape (and an area of 1 cm2) was
submerged into the suspension briefly while stirring and left to dry in
the air. The process of immersing and drying was repeated several
times until the entire suspension was consumed. To promote stronger
adhesion of the MS to the cotton fabric, the composite was left to dry
at 60 °C overnight.

2.5. Determination of the MS Content onto the PMMA@
Cotton Fabric Composites. MS particles can be easily extracted
from MS-PMMA@Cotton fabric composites due to the high
solubility of PMMA in acetone, allowing for precise quantification
of MS content. As acetone dissolves PMMA, the MS particles can no
longer adhere to the fabric. The composites were immersed in 10 mL
of acetone, sonicated, and stirred for ∼30 min. The fabric pieces were
removed from the suspension. The latter was centrifuged to isolate
the released MS particles. The extracted MS was dried at 60 °C for 1
h. The calculated masses for the six MS-PMMA@Cotton Fabrics used
in each column were 16.6 and 17.1 mg for SnS2/DMA and SnS2/
acid, respectively.

3. RESULTS AND DISCUSSION
3.1. Synthesis and Structural Characterization. The

solvothermal method is frequently used to create ion-

intercalated metal sulfides.38−40 Intercalation of neutral
molecules, such as amines, in SnS2 typically requires a two-
step process: (a) synthesis of SnS2 (whether in crystals or bulk
form) and (b) the subsequent intercalation of amines, often
achieved by stirring and heating SnS2 in the amine solution or
by repeating a solvothermal reaction.41,42 As a result of
exploratory synthesis, aiming at new metal chalcogenide
materials, we have synthesized new SnS2-based phases, namely
SnS2/DMA and SnS2/acid. SnS2/DMA was synthesized via a
one-step solvothermal reaction involving tin (Sn) metal and
sulfur (S) powder in a diluted aqueous dimethylamine solution
at 180 °C. SnS2/acid is produced by the acid-induced
conversion of SnS2/DMA, which removes dimethylamine
from the interlayer spacing.

Unfortunately, we could not obtain single crystals of SnS2/
DMA for precise structural determination via single-crystal X-
ray crystallography. Therefore, we used powder X-ray
diffraction (PXRD) to identify its structural characteristics.
Unit cell indexing indicated that SnS2/DMA crystallizes in the
hexagonal/trigonal crystal system and P3̅m1 space group. Le
Bail analysis was conducted using TOPAS,43 and the results
were quite satisfactory (Figure 1A). The refined unit cell
parameters were determined to be a = 3.545(2) Å, c = 9.51(6)
Å and V = 103.6(1) Å3 (space group P3̅m1). The PXRD data
revealed a significant expansion of the interlayer spacing in
SnS2/DMA material, being d = 9.53 Å, compared to that (d =
5.89 Å) for the nonintercalated SnS2 compound. Such an
expansion can be justified by the insertion of dimethylamine in
the interlayer space. Specifically, subtracting the covalent
radius of S atoms (2 × 1.05 Å) from the distance (6.9 Å)
between the S atoms from adjacent layers of SnS2/DMA, the
available interlayer spacing is 4.8 Å. Considering that
dimethylamine’s size is about 4.42 Å (distance between the
farthest H atoms is 3.8 Å, plus the H covalent radius being 2 ×
0.31 Å), it can be confirmed that the space between the layers
of SnS2/DMA can fit dimethylamine molecules (Figure 1B,C).
PXRD measurements (Figure S1) also showed that SnS2/acid
is a layered material, isostructural with SnS2 (space group:
P3̅m1, a = 3.65 Å, c = 5.89 Å, V = 67.86 Å3). Le Bail refinement
was also performed on SnS2/acid (Figure 1D), resulting in

Figure 2. Tauc plot of (A) SnS2/DMA, (B) SnS2/acid, (C) SnS2, and images of the color of each solid (D−F), respectively. The linear part of the
plot is extrapolated to the x-axis.
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refined unit cell parameters: a = 3.60(2), c = 6.00(4) Å and V
= 67.2(1) Å3 (space group P3̅m1).
UV−vis Spectroscopy revealed that SnS2/DMA and SnS2/

acid are wide-bandgap semiconductors with a band gap energy
of 2.23 and 1.86 eV, respectively. The band gap of SnS2/DMA
is relatively close to that of nonintercalated SnS2 (2.20 eV),
which agrees with the similar colors of these materials. In
contrast, the darker SnS2/acid has a much lower band gap
(Figure 2B,E). The presence of defects in the structure of
SnS2/acid (see below) likely introduces electronic states
within the band gap, enhancing visible light absorption and
altering the material’s optical properties.44,45

The structural stability of SnS2/DMA was evaluated versus
temperature by using Variable-Temperature PXRD (VT-
PXRD). The VT-PXRD data revealed that the structure of
SnS2/DMA remains intact within the temperature range of 50
to 100 °C (Figure S2). However, from 150 to 300 °C, a new
diffraction peak is observed at ∼14.9° (Figure S3), ascribed to
the SnS2 phase. This suggests partial decomposition of SnS2/
DMA due to the release of the organic content (dimethyl-
amine) at temperatures above 100 °C. The results from VT-
PXRD measurements align with those obtained from the
thermal analysis discussed below.
Thermogravimetric analysis (TGA) was performed to

determine H2O and dimethylamine content in the new
materials. The TGA data for SnS2/DMA (Figure S4) indicate
two stages of weight loss, with the first weight loss from 35 to
102 °C ascribed to the removal of H2O (∼2.6%) and the
following weight loss (∼14.6%) attributed to the release of
dimethylamine. Based on this data, the dimethylamine and
water contents of the material were calculated at 0.7 and 0.3
mol per formula unit (see Supporting Information). As for
SnS2/acid, the material shows only one weight loss stage from
35 to 106 °C (Figure S5) assigned to removing H2O (∼6.3%).
The absence of weight loss at higher temperatures indicates
that SnS2/acid does not contain dimethylamine.

SnS2/DMA has an almost neutral surface charge (showing a
zeta potential slightly above zero, namely +0.353 mV at pH ∼
7, Figure S6), whereas SnS2/acid exhibits a negative surface
charge with a zeta potential of -30.4 mV at pH ∼ 7 (Figure
S7). The origin of the negative surface charge of SnS2/acid is
likely the Sn atoms’ leaching from the surface of SnS2/DMA
upon its treatment with the concentrated acidic solution.
Energy-dispersive X-ray Spectroscopy (EDS) and X-ray
Fluorescence Spectroscopy (XRF) (Figure S8) data revealed
a Sn/S ratio of ∼ 1/2 for SnS2/acid (similar results were also
obtained for SnS2/DMA). Thus, the Sn deficiency is likely too
small to be determined considering the accuracy of the EDS
and XRF measurements (5−10%).46

The IR spectra of SnS2/DMA and SnS2/acid are given in
Figure S9. SnS2/DMA has vibration bands at 3400, 2900, and
1400 cm−1, which can be attributed to −N−H, −C−H, and
−C−N bonds, respectively. These vibration bands are
significantly weaker in SnS2/acid’s spectrum, confirming the
almost quantitative removal of dimethylamine from SnS2/
DMA.
Field Emission-Scanning Electron Microscopy (FE-SEM)

demonstrates a typical layer morphology for SnS2/DMA and
SnS2/acid. In particular, the particles have a sheet-like
morphology and are stacked on each other (Figures S10 and
S11). SnS2/DMA has an average particle size of about 80 μm,
whereas SnS2/acid displays significantly smaller particles of
around 7−7.5 μm. This difference in particle size can be

attributed to the stirring process, which causes exfoliation of
SnS2/DMA and leads to the formation of smaller fragments in
SnS2/acid. Energy-dispersive X-ray Spectroscopy (EDS) data
(Figures S12 and S13) revealed the presence of Sn, S, and N
atoms in SnS2/DMA and Sn and S atoms in SnS2/acid.

X-ray Photoelectron Spectroscopy (XPS) measurements
were performed for pristine SnS2 (synthesized via a solid-state
reaction), SnS2/DMA, and SnS2/acid. The S spectrum of the
nonintercalated SnS2 indicates two peaks, at 162.8 and 161.6
eV, assigned to S 2p1/2 and S 2p3/2 core-level signals (Figure
S14A). The characteristic Sn4+ peaks, Sn 3d3/2 and Sn 3d5/2
core-level signals, are presented in Figure S14B with binding
energies of 495.1 and 486.7 eV, respectively. The S spectrum
(Figure S15A) for SnS2/DMA consists of two peaks, at 161.9
and 160.7 eV, attributed to S 2p1/2 and S 2p3/2 core-level
signals. These values differ around 1 eV from those of
nonintercalated SnS2, likely because of possible interactions of
the intralayer S2− ligands with the intercalated dimethylamine
and water molecules. The binding energies of the characteristic
Sn4+ peaks, Sn 3d3/2 and 3d5/2, are 494.4 and 486.0 eV,
respectively (Figure S15B), negatively shifted compared to
those for the nonintercalated material. This shift can also be
attributed to the effect of the intercalated amine/water
molecules. The presence of Sn atoms in other oxidation states
besides (IV) is excluded from the Mössbauer data discussed
below. In the N 1s spectrum (Figure S15C), the main peak
centers at 401.2 eV, positively shifted compared to the
expected value for neutral amines. This shift can be ascribed to
the formation of relatively strong hydrogen bonds between
dimethylamine molecules or dimethylamine and H2O mole-
cules present in the interlayer spacing of SnS2/DMA. The
existence of protonated dimethylamine is not likely because
SnS2/DMA has a neutral surface charge, indicating neutral
metal sulfide layers and intercalated amines. As for SnS2/acid,
the 162.5 and 161.1 eV peaks can be attributed to S 2p1/2 and
S 2p3/2 core-level signals, respectively (Figure S15D). We thus
observe much less shift for the sulfur signals of SnS2/acid vs
those of SnS2/DMA, which reflects the absence of intercalated
dimethylamine molecules in the first material. The binding
energies of the Sn 3d3/2 and Sn 3d5/2 core-level signals are
494.9 and 486.5 eV, like those observed for the nonintercalated
SnS2 (Figure S15E). In addition, XPS confirmed the successful
removal of dimethylamine from SnS2/DMA (Figure S16B), as
nitrogen is hardly seen in the XPS spectrum of SnS2/acid.

119Sn Mössbauer spectra of the pristine SnS2, SnS2/DMA,
and SnS2/acid samples recorded at 80 K are shown in Figure
3. The spectrum of the pristine SnS2 sample, which was
synthesized following the solid-state reaction path to be used
as the standard, was fitted with one component having fixed
zero quadrupole splitting (QS), as expected by the nature of
the high symmetric regular SnS6 octahedra found in the SnS2
structure.47−49 Table S1 gives the resulting Mössbauer
parameters from the fittings of all spectra. The isomer shift
(IS) value for the singlet is 1.06(2) mm s−1, which falls within
the expected values for the Sn4+ ions in this phase.47−49

However, a broadening of the resonant lines is observed for the
spectra of the SnS2/DMA and SnS2/acid samples compared to
that of the pristine SnS2 sample. Consequently, a set of two
components, composed of a singlet and a doublet, fit these
spectra adequately. From Table S1, the resulting Mössbauer
parameters reveal that both components correspond to Sn4+

ions. For the singlet, the IS values are only slightly shifted
relative to that found for the pristine SnS2 sample, but for the
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IS of the doublet, the shift is higher for both samples. From the
nature of these components, relative to the properties of the
corresponding samples, we can assign the singlet to those Sn4+

ions situated at the regular octahedra of the SnS2 layered
structure. At the same time, the appearance of the non-
vanishing QS values for the doublet is attributed to the
distortions induced by some of the SnS6 octahedra because of
the presence of the interlayer DMA and H2O molecules and
the defects that should be unavoidably created by the
subsequent insertion and/or extraction of these molecules at
the interlayer space. These defects should mainly include Sn4+

and/or S2− ion vacancies. From the values of the absorption
areas of these two components, resulting in the SnS2/DMA
and SnS2/acid spectra, it can be suggested that the population
of the Sn4+ ions that are affected and unaffected, respectively,
by the insertion and extraction of the DMA and H2O
molecules is close to 1:1; that is, about half of the Sn4+ ions are
strongly affected by this procedure.

3.2. Metal Sulfide-Cotton Fabric Composites. SnS2/
DMA and SnS2/acid were immobilized onto cotton fabric
textiles with poly(methyl methacrylate) (PMMA), an inex-
pensive and nontoxic adhesive agent.50 The PXRD patterns
(Figure 4A,B) reveal the successful immobilization of SnS2/
DMA and SnS2/acid onto the cotton substrate. In addition,
FE-SEM images of SnS2/DMA PMMA@Cotton Fabric
(Figure S17) and SnS2/acid PMMA@Cotton Fabric (Figure

S19) revealed that the cotton’s surface is extensively coated
with MS sheet-like particles, as further validated by EDS
analysis (Figures S18 and S20).

3.3. Batch Sorption Studies. Metal sulfides containing
abundant sulfur sites are ideal sorbents for soft or relatively soft
species such as Pb2+ ions. Thus, SnS2/DMA and SnS2/acid
were evaluated in detail for their Pb2+ sorption properties.
Further motivation for studying SnS2/acid as a cation sorbent
was its significant negative surface charge, particularly useful
for cation sorption. Similar studies were also conducted for the
pristine, nonintercalated SnS2 material for comparison.

3.4. Kinetic Studies. The results of the kinetics sorption
study for SnS2/DMA with a low initial Pb2+ concentration (1
ppm) revealed fast capture of Pb2+, with the equilibrium
reached within the first 4 min of contact (Figure 5A).
Interestingly, SnS2/DMA removes 97.6% of the initial
concentration of Pb2+. The kinetics for the sorption of Pb2+

was fitted with Lagergren’s first-order model (eq 1, SI, k = 1.53
s−1). Using higher Pb2+ concentrations (81.8 ppm), the
sorption kinetics was slower. Nevertheless, SnS2/DMA could
efficiently capture 99.7% of the initial Pb2+ concentration
(Figure S21) within 480 min (8 h) of solid/solution contact,
but the data could not be fitted to any kinetics model. SnS2/
acid demonstrated outstanding speed and efficiency as a Pb2+

sorbent, achieving a 99.9% removal rate at 1 ppm of Pb2+, with

Figure 3. 119Sn Mössbauer spectra of the pristine SnS2, SnS2/DMA,
SnS2/acid, and Pb-loaded SnS2/acid samples recorded at 80 K. The
points represent the experimental data, while the colored continuous
lines correspond to the components that fit the spectra, as the text
describes.

Figure 4. PXRD pattern of (A) SnS2/DMA (pink), SnS2/DMA
PMMA@Cotton fabric (light pink), PMMA@Cotton fabric (black),
and (B) SnS2/acid (wine), SnS2/acid PMMA@Cotton fabric (red),
and PMMA@Cotton fabric (black).
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equilibrium reached within 30 s of contact (Figure 6A). Hence,
the results could not be fitted to any kinetics model due to the
extremely fast sorption of Pb2+ by SnS2/acid. At higher
concentrations (81.8 ppm), the equilibrium was attained
within 480 min of contact, achieving 99.7% removal of the
initial Pb2+ amount (Figure S22). Lagergren’s first-order model
fits the kinetic data (eq 1, SI, k = 0.007 s−1).
The pristine SnS2 was also tested for its Pb2+ sorption

properties. At a low Pb2+ concentration (1 ppm), the material
could capture only 37.3% of the initial concentration in 60
min. At higher concentrations (81.8 ppm), the Pb2+ sorption
can be described with Lagergren’s first-order equation (eq 1,
SI, k = 0.003 s−1). The equilibrium is achieved after 24 h of
contact with 99.9% removal of Pb2+ (Figure S23). Comparing

the kinetic constants of SnS2/acid (k = 0.007 s−1) and the
nonintercalated SnS2 (k = 0.003 s−1), it is evident that SnS2/
acid reacts around twice as fast as SnS2 under the given
conditions. This can be justified since SnS2/acid has a negative
surface charge that facilitates the rapid attraction of cationic
species.

3.5. Sorption Isotherm Studies. The Pb2+ sorption
isotherm data for SnS2/DMA were well fitted to the Langmuir
isotherm model (eq 2, SI), exhibiting a maximum sorption
capacity calculated to be 838.0 ± 67.0 mg of Pb2+ per gram of
the material (Figure 5B). The sorption isotherm data of SnS2/
acid can be fitted with the Langmuir−Freundlich model (eq 3,
SI) (Figure 6B). The results indicate a maximum sorption
capacity of 190.0 ± 9.0 mg Pb2+ per gram of SnS2/acid. A
sorption isotherm study was also conducted for pristine SnS2.

Figure 5. (A) Kinetics of Pb2+ sorption for SnS2/DMA (Cinitial of
Pb2+= 1 ppm, pH ∼ 7), (B) Isotherm Pb2+ sorption data for SnS2/
DMA. The red line signifies the data fitted with the Langmuir model
(R2 = 0.73, qe = 838.0 ± 67.0 mg g−1 and b = 10.1 ± 8.2 L mg−1

(contact time, t = 24 h), (C) Pb2+ sorption data for SnS2/DMA in the
coexistence of various cations (100-fold excess) and for artificially
contaminated bottled water samples (Cinitial of Pb2+ = 1 ppm, pH ∼
7), Composition of bottled water A: Ca2+ = 34.6 ppm, Mg2+ = 1.98
ppm, Na+= 1.53 ppm, K+= 0.18 ppm, and of bottled water B: Ca2+ =
80.7 ppm, Mg2+ = 5.34 ppm, Na+ = 2.24 ppm, K+ = 0.6 ppm.

Figure 6. (A) Kinetics of Pb2+ sorption for SnS2/acid (Cinitial of Pb2+=
1 ppm, pH ∼ 7), (B) Isotherm Pb2+ sorption data for SnS2/acid. The
red line signifies the data fitted with the Langmuir−Freundlich model
(R2 = 0.97, qe = 190.0 ± 9.0 mg g−1, b = 0.01 ± 0.001 L mg−1 and n =
0.40 ± 0.09 (contact time, t = 24 h), (C) Pb2+ sorption data for SnS2/
acid in the coexistence of various cations (100-fold excess) and for
artificially contaminated bottled water samples (Cinitial of Pb2+= 1
ppm, pH ∼ 7). The composition of bottled water samples is provided
in the caption of Figure 5.
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The Langmuir isotherm model (eq 2, SI) was used to fit the
Pb2+ sorption data for SnS2 (Figure S24), revealing a maximum
sorption capacity of 250.0 ± 32.0 mg Pb2+ per gram of SnS2.

3.6. Selectivity Studies and Application in Real Water
Samples. Another factor that plays a vital role in the efficiency
of a sorbent toward toxic metal ions is the coexistence of
various cations such as Mg2+, Ca2+, and Na+. Therefore, we
also investigated the sorption capability of SnS2/DMA and
SnS2/acid in the presence of the above competitive cations.
SnS2/DMA retains its sorption capability even in a 100-fold
excess of Na+, Mg2+, and Ca2+ (removal percentages of 100,
98.4, and 98.7%, respectively) (Figure 5C). For SnS2/acid, the
Pb2+ sorption is not affected by the coexistence of Ca2+, Na+
and Mg2+, as the removal percentages remained exceptionally
high (99.5−100%) (Figure 6C) in the presence of these
competitive cations. As the final step in this study, we
conducted sorption experiments using bottled water samples
(A and B) spiked with Pb2+ ions to simulate wastewater; such
samples contain a variety of competitive cations like Ca2+, Na+,
and Mg2+, in significant excess (Sample A: 34.6, 2.0, 1.5 -fold,
Sample B: 80.7, 5.3, 2.2-fold, respectively) compared to Pb2+,
as well as several anions such as Cl−, NO3

−, HCO3
−, and

SO4
2−. Remarkably, despite the presence of these competitive

ions, both SnS2/DMA (Figure 5C) and SnS2/acid (Figure
6C) can efficiently remove Pb2+ exhibiting high removal
percentages (99.7 and 99.8% for SnS2/DMA, 99.9 and 99.9%
for SnS2/acid, for bottled water A and B respectively).

3.7. Variable pH Sorption Studies. We also studied the
effect of pH on Pb2+ sorption by the new metal sulfide
materials. The results indicated that SnS2/DMA could
efficiently capture Pb2+ from pH 4 to 7, indicating a removal
percentage of 99.9%, whereas at pH = 3, the removal
percentage was reduced to 96.3% (Figure S25). According to
the results depicted in Figure S26, the Pb2+ removal
percentages by SnS2/acid were 81.4−99.4% at pH 4 to 7. In
contrast, at pH = 3, the removal percentage (12.9%)
significantly decreased.
Finally, we should note that no leaching of dimethylamine

was detected in Pb2+ solutions treated by SnS2/DMA, as
determined with 1H NMR Spectroscopy (Figure S27).

3.8. Sorption under Continuous Flow conditions. As
mentioned above, metal sulfides in powder form are unsuitable
for wastewater treatment applications. Thus, the cotton

composites of SnS2/DMA and SnS2/acid were prepared. At
first, SnS2/DMA-PMMA@Cotton fabric and SnS2/acid-
PMMA@Cotton fabric were tested for their Pb2+ removal
properties under batch conditions using bottled water samples
intentionally spiked with 10 ppm of Pb2+. The results showed
that within only 1 h of contact, the composites could
successfully remove Pb2+ from the contaminated bottled
water samples (removal percentage of >98%). In contrast,
the PMMA@Cotton fabric (containing no metal sulfide)
showed no Pb2+ sorption. Encouraged by the promising results,
we investigated the cotton composites’ performance for
decontaminating bottled water samples spiked with Pb2+

(initial Pb2+ concentration range: 8.5−11.2 ppm) under
continuous flow conditions. Thus, we set up a column with
a stationary phase consisting of six MS-cotton samples and
29.4 g of sea sand (Figure 7A).

Passing ∼112 mL of the wastewater simulant solution
through the SnS2/DMA-PMMA@Cotton Fabric column, no
Pb was detected in the effluent (Figure 7B), and the
breakthrough capacity (eq 5, SI) was found to be 72.3 mg
g−1. The column was regenerated with 1 M HCl acid solution.
Then, a second run was performed, indicating no Pb in the
effluent after passing ∼80 mL of the solution, and the
breakthrough capacity was determined to be 53.0 mg g−1. The
column largely retained its sorption capacity even for a third
run, showing a breakthrough capacity of 49.4 mg g−1.

Regarding the SnS2/acid PMMA@Cotton Fabric column
(Figure 7C), the breakthrough capacities for three successive
runs were determined to be 29.8, 39.2, and 49.7 mg g−1 for the
first, second, and third column run, respectively. These
unexpected sorption properties for the SnS2/acid PMMA@
Cotton Fabric column, indicating a slight increase in the
breakthrough capacity in the second and third runs, are
reproducible. This abnormal behavior of the column may be
tentatively attributed to the rise of Sn deficiency and the
negative surface charge (favoring the interaction of the metal
sulfide with the Pb2+ cations) of the sorbent upon the
regeneration process involving washing with a highly acidic
solution (HCl 1M). Overall, the above column sorption results
indicate the reusability of the new metal sulfide sorbents, in
contrast to previous works revealing that metal sulfides cannot
be regenerated and reused for Pb2+ sorption.36,39,51

Figure 7. (A) Experimental setup used for Pb2+ sorption studies under continuous flow conditions (6 pieces of SnS2/DMA PMMA@Cotton
Fabric and SnS2/acid PMMA@Cotton Fabric and 29.4 g of sea sand were used in each column). Breakthrough curves for three column runs of
(B) SnS2/DMA-PMMA@Cotton Fabric (Cinitial of Pb2+ of the 1st, 2nd and 3rd run, respectively: 10.7, 11.0, and 10.2 ppm) and (C) SnS2/acid-
PMMA@Cotton Fabric (Cinitial of Pb2+ of the 1st, 2nd and 3rd run respectively: 8.5, 9.0, and 10.0 ppm) (pH ∼ 5.5, flow rate = 0.8 mL/min, one-
bed volume = 16 and 15 mL respectively). The lines are included for visual guidance.
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3.9. Mechanism of Pb2+ Sorption: Characterization of
the Pb-Loaded MSs. The successful binding of Pb2+ ions on
the MSs and their cotton-fabric composites was confirmed by
PXRD, XPS, EDS, and 119Sn Mossbauer Spectroscopy. EDS
analysis revealed Pb2+ ions in the Pb-loaded MSs (Figures S28
and S29). The PXRD data showed that at 10 ppm of Pb2+, the
structure of SnS2/DMA remains intact, whereas, using 50 ppm
of Pb2+ or above, a partial decomposition of the material and
the formation of the PbS phase were observed (Figure 8A). As
for SnS2/acid, no structural alterations were noted when the
material was treated with up to 50 ppm of Pb2+. However, the
treatment of SnS2/acid with a Pb2+ solution of 100 ppm
resulted in a partial decomposition of the material to PbS
(Figure 8B). Similar results were obtained for the Pb-loaded
MS-PMMA@Cotton Fabric composites, as revealed by their
PXRD data (Figure 8C,D). The XPS data for Pb-loaded SnS2/
acid and Pb-loaded SnS2/DMA confirmed the presence of Pb
4f5/2 and Pb 4f7/2 core-level signals (Figure S30C,G), with
binding energies of 142.7 and 137.8 eV, and 142.2 and 137.5
eV, respectively. Moreover, the binding energies for the S 2p1/2
and 2p3/2 core-level signals of Pb-loaded SnS2/acid (Figure
S30A) were found to be 162.5 and 161.3 eV, respectively, with
the latter value positively shifted ∼0.2 eV compared to the
lead-free material (Figure 9B). Similarly, for Pb-loaded SnS2/

DMA, the S spectrum (Figure S30D) consists of two peaks, at
162.4 and 161.2 eV, attributed to S 2p1/2 and S 2p3/2 core-level
signals. Both binding energies exhibited ∼0.5 eV positive shift
compared to the corresponding values for SnS2/DMA. The
shift to higher binding energies in both Pb2+-loaded materials
may be attributed to the strong interactions of the sorbed Pb2+

with the S2− ligands, involving an electron transfer from the
sulfide ligands to the Pb2+ cations (Figure 9A).

Moreover, the Mössbauer spectrum of the Pb-loaded SnS2/
acid sample appearing in Figure 3 acquires a higher broadening
of its resonant lines than the SnS2/DMA and SnS2/acid
samples spectra. We used the same model composed of a
singlet and a doublet for the later samples to fit this spectrum.
The resulting Mössbauer parameters listed in Table S1 reveal
more significant shifts of the IS values for both components
and a further increase of the QS value for the doublet
compared to those found for the SnS2/DMA and SnS2/acid
samples. This implies that the sorbed Pb2+ ions in the Pb-
loaded SnS2/acid sample should affect even more drastically
the properties of the Sn4+ ions through their connection to the
S2− ligands, as proposed following the XPS analyses above.
This is reflected in the electronic configuration of the Sn4+ ions
through the higher shift in their IS values and the further
increase of distortions to their local environment through the

Figure 8. PXRD patterns of (A) Pb-loaded SnS2/DMA, (B) Pb-loaded SnS2/acid, (C) Pb-loaded SnS2/DMA PMMA@Cotton Fabric (Cinitial of
Pb2+= 10 ppm), (D) Pb-loaded SnS2/acid PMMA@Cotton Fabric (Cinitial of Pb2+= 10 ppm) and simulated PbS.
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higher QS values observed for the doublet. Therefore, the
remarkable Pb2+ capture by SnS2/DMA results from the strong
interactions between the soft S2− ligands with the Pb2+ ions.
For SnS2/acid, the strong affinity of S2− for Pb2+ ions and the
negative surface charge, which induces electrostatic inter-
actions with the Pb2+ ions, facilitate the Pb2+ sorption.
However, with a higher concentration of Pb2+ ions in both
cases, the formation of the PbS phase also contributes to the
capture of Pb2+ from the contaminated samples.52

Finally, an explanation should be provided for the reusability
of the materials reported in this work, in contrast to known
metal sulfides that cannot be reused for Pb2+ sorption. Most
known sorbents are based on anionic metal sulfide layers, and
the removal mechanism of Pb2+ ions is mainly attributed to

ion-exchange with the intercalated cations. Strong Pb−S bonds
within the interlayer spacing of these materials make
regeneration not feasible under mild conditions, whereas
using more intense conditions (e.g., concentrated acidic
solutions) results in the decomposition of the materials.18−20

In contrast, the compounds presented in this work do not sorb
Pb2+ via ion-exchange but through Pb2+ interactions with the S
atoms in the surface of the materials. As Pb2+ ions are located
on the surface rather than the interlayer space of the metal
sulfide, their desorption can be performed under relatively mild
conditions, thus avoiding the deterioration of the metal sulfide
structure. As a result, the materials can be easily regenerated,
without structure deterioration, and reused.

3.10. Comparison of the New SnS2-Based Materials
with Other Pb2+ Sorbents. At this point, comparing the
Pb2+ sorption properties of the new SnS2-based materials with
those of other sorbents would be helpful. Tables S2 and S3
present the most important properties (sorption capacities,
equilibrium time, selectivity, reusability, mass of the sorbent,
flow rate, and initial concentration) of various materials
investigated for their Pb2+ removal efficiency under batch and
flow conditions, respectively. SnS2/DMA exhibits a high
sorption capacity of 838.0 mg g−1, one of the highest among
the most effective Pb2+ sorbents.36,53,54 Some reported
sorbents may achieve higher sorption capacities but are not
reusable. In contrast, SnS2/DMA in the form of its composite
with cotton fabric can be regenerated and reused for Pb2+

sorption under flow conditions. Although SnS2/DMA requires
longer equilibrium times at high Pb2+ concentrations (8 h), it
achieves exceptionally rapid equilibrium at low concentrations
of Pb2+ (4 min for concentrations <1 ppm). In addition, it
exhibits high selectivity for Pb2+ ions, among various coexisting
ions such as Ca2+, Na+ and Mg2+.

On the other hand, SnS2/acid displays a lower sorption
capacity of 190.0 mg g−1 compared to the Pb2+ sorbents
presented in Table S2. However, it achieves equilibrium times
as fast as 30 s at low concentrations of Pb2+ (1 ppm). In
addition, it exhibits exceptional selectivity toward Pb2+ ions,
with a range of coexisting cations like Ca2+, Na+, and Mg2+ in a
high excess. Lastly, SnS2/acid can be immobilized on cotton
fabrics and used effectively to remove Pb2+ ions under
continuous flow conditions several times.

4. CONCLUSIONS
In conclusion, we successfully synthesized new SnS2-based
materials, SnS2/DMA, through a one-step solvothermal
reaction and SnS2/acid by treating SnS2/DMA with acid.
These materials displayed fast sorption kinetics (≤4 min) and
high sorption capacities (838.0 and 190.0 mg g−1). Addition-
ally, they exhibited exceptional selectivity for Pb2+ amidst
various coexisting ions, suggesting their potential for practical
applications. The remarkable affinity of these new materials for
Pb2+ ions is mainly due to the strong interactions of the soft
S2− ligands with the Pb2+ ions. Furthermore, in the case of
SnS2/acid, its negatively charged surface further enhances this
affinity by inducing electrostatic interactions with the Pb2+

ions. Aiming at applications in wastewater treatment, we
immobilized the new metal sulfides onto cotton fabric
substrates using PMMA as an adhesive agent. This
immobilization process was applied for the first time for
metal sulfide materials. The composite materials were
employed as a stationary phase (along with sea sand) in
sorption columns and proved highly effective in remediating

Figure 9. Comparison of the XPS spectra of (A) S 2p1/2 and 2p3/2 of
SnS2/DMA and Pb-loaded SnS2/DMA and (B) S 2p1/2 and 2p3/2 of
SnS2/acid and Pb-loaded SnS2/acid.
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bottled water samples artificially contaminated with Pb2+ ions
under continuous flow conditions. Notably, the metal sulfide-
based materials could be regenerated and reused for Pb2+

sorption, representing a significant breakthrough for this family
of sorbents, as this property was not reported before the
present work. These findings encourage us to continue
working on metal sulfide-cotton composites, which seem
promising as filters for rapidly removing heavy metals from
aqueous media. Unlike conventional powdered sorbents, these
composite materials are more suitable for practical wastewater
treatment applications. Future work will focus on developing
new composite materials and evaluating their performance in
real wastewater conditions, particularly regarding reusability
and scalability.
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Mössbauer parameters and XRF measurements tables,
kinetics, isotherm, pH sorption data, and tables with
comparisons of Pb2+ sorbents (PDF)

■ AUTHOR INFORMATION
Corresponding Author

Manolis J. Manos − Department of Chemistry, University of
Ioannina, Ioannina GR-45110, Greece; orcid.org/0000-
0001-7645-5560; Email: emanos@uoi.gr

Authors
Vasiliki I. Karagianni − Department of Chemistry, University
of Ioannina, Ioannina GR-45110, Greece

Efthymia Toti − Department of Chemistry, University of
Ioannina, Ioannina GR-45110, Greece

Christos Dimitriou − Department of Physics, University of
Ioannina, Ioannina GR-45110, Greece; orcid.org/0000-
0002-9054-0697

Yiannis Deligiannakis − Department of Physics, University of
Ioannina, Ioannina GR-45110, Greece; orcid.org/0000-
0002-9390-4222

Alexios P. Douvalis − Department of Physics, University of
Ioannina, Ioannina GR-45110, Greece

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.langmuir.5c01540

Author Contributions
The manuscript was written with contributions from all
authors. All authors have approved the final version of the
manuscript.
Funding
The open access publishing of this article is financially
supported by HEAL-Link.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
The authors thank the Powder X-ray Diffraction, NMR center
and Thermal Analysis of the Network of Research Supporting
Laboratories and the Μicroscopy Unit of the Chemistry

Department at the University of Ioannina for providing access
to the instrumentation.

■ REFERENCES
(1) Dubey, S.; Shri, M.; Gupta, A.; Rani, V.; Chakrabarty, D.
Toxicity and Detoxification of Heavy Metals during Plant Growth and
Metabolism. Environ. Chem. Lett. 2018, 16 (4), 1169−1192.
(2) Matlock, M. M.; Howerton, B. S.; Atwood, D. A. Chemical
Precipitation of Lead from Lead Battery Recycling Plant Wastewater.
Ind. Eng. Chem. Res. 2002, 41 (6), 1579−1582.
(3) Verma, R. Heavy Metal Water Pollution-A Case Study Heavy
Metal Water Pollution- A Case Study. Rec. Res. Sci. Technol. 2017, 5,
98−99.
(4) World Health Organization.Lead in Drinking-Water: Health Risks,
Monitoring and Corrective Actions; World Health Organization, 2022;
pp 1−26.
(5) Raj, K.; Das, A. P. Lead Pollution: Impact on Environment and
Human Health and Approach for a Sustainable Solution. J. Environ.
Chem. Ecotoxicol. 2023, 5, 79−85.
(6) Jonasson, M. E.; Afshari, R. Historical Documentation of Lead
Toxicity Prior to the 20th Century in English Literature. Hum. Exp.
Toxicol. 2018, 37 (8), 775−788.
(7) Aneni, M. O. Lead Poisoning in Ancient Rome. Nigeria Classics

2007, 23, 92−103.
(8) Tiwari, S.; Tripathi, I. P.; Tiwari, H. L. Effects of Lead on
Environment. Int. J. Emerg. Res. Manage. Technol. 2013, 2 (6), 2278−
9359.
(9) Yang, J.; Li, X.; Xiong, Z.; Wang, M.; Liu, Q. Environmental
Pollution Effect Analysis of Lead Compounds in China Based on Life
Cycle. Int. J. Environ. Res. Public Health 2020, 17 (7), 2184.
(10) Weaver, V.; Navas-Acien, A.; Tellez-Plaza, M.; Guallar, E.;
Muntner, P.; Silbergeld, E.; Jaar, B. Blood Cadmium and Lead and
Chronic Kidney Disease in US Sdults: A Joint Analysis. Am. J.
Epidemiol. 2009, 170 (9), 1156−1164.
(11) Vaziri, N. D. Mechanisms of Lead-Induced Hypertension and
Cardiovascular Disease. Am. J. Physiol.: Heart Circ. Physiol. 2008, 295
(2), 454−465.
(12) Safaee, M.; Malekzadeh, M.; Motamedi, N.; Sayadishahraki, M.;
Eizadi-Mood, N. Gastrointestinal Manifestations of Lead Poisoning: A
Brief Report. Iran. J. Med. Sci. 2023, 48, 600−605.
(13) Pournara, A. D.; Bika, C. G.; Chen, X.; Lazarides, T.; Kaziannis,
S.; Feng, P.; Manos, M. J. A Bifunctional Robust Metal Sulfide with
Highly Selective Capture of Pb2+ions and Luminescence Sensing
Ability for Heavy Metals in Aqueous Media. Inorg. Chem. Front. 2021,
8, 4052−4061.
(14) Fu, F.; Xie, L.; Tang, B.; Wang, Q.; Jiang, S. Application of a
Novel Strategy-Advanced Fenton-Chemical Precipitation to the
Treatment of Strong Stability Chelated Heavy Metal Containing
Wastewater. Chem. Eng. J. 2012, 189−190, 283−287.
(15) Ali, A.; Ahmed, A.; Gad, A. Chemical and Microstructural
Analyses for Heavy Metals Removal from Water Media by Ceramic
Membrane Filtration. Water Sci. Technol. 2017, 75 (2), 439−450.
(16) Choumane, R.; Peulon, S. Development of an Efficient
Electrochemical Process for Removing and Separating Soluble Pb(II)
in Aqueous Solutions in Presence of Other Heavy Metals: Studies of
Key Parameters. Chem. Eng. J. 2021, 423, No. 130161.
(17) Sodhi, K. K.; Mishra, L. C.; Singh, C. K.; Kumar, M.
Perspective on the Heavy Metal Pollution and Recent Remediation
Strategies. Curr. Res. Microb. Sci. 2022, 3, No. 100166.
(18) Manos, M. J.; Ding, N.; Kanatzidis, M. G. Layered Metal
Sulfides: Exceptionally Selective Agents for Radioactive Strontium
Removal. Proc. Natl. Acad. Sci. U. S. A. 2008, 105 (10), 3696−3699.
(19) Mertz, J. L.; Fard, Z. H.; Malliakas, C. D.; Manos, M. J.;
Kanatzidis, M. G. Selective Removal of Cs+, Sr2+, and Ni2+ by
K2xMgxSn3‑XS6 (x = 0.5−1) (KMS-2) Relevant to Nuclear Waste
Remediation. Chem. Mater. 2013, 25 (10), 2116−2127.
(20) Manos, M. J.; Petkov, V. G.; Kanatzidis, M. G. H2xMnxSn3‑XS6
(x = 0.11−0.25): A Novel Reusable Sorbent for Highly Specific

Langmuir pubs.acs.org/Langmuir Article

https://doi.org/10.1021/acs.langmuir.5c01540
Langmuir 2025, 41, 14449−14459

14458

https://pubs.acs.org/doi/10.1021/acs.langmuir.5c01540?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.5c01540/suppl_file/la5c01540_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Manolis+J.+Manos"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-7645-5560
https://orcid.org/0000-0001-7645-5560
mailto:emanos@uoi.gr
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vasiliki+I.+Karagianni"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Efthymia+Toti"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Christos+Dimitriou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-9054-0697
https://orcid.org/0000-0002-9054-0697
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yiannis+Deligiannakis"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-9390-4222
https://orcid.org/0000-0002-9390-4222
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alexios+P.+Douvalis"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.5c01540?ref=pdf
https://doi.org/10.1007/s10311-018-0741-8
https://doi.org/10.1007/s10311-018-0741-8
https://doi.org/10.1021/ie010800y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ie010800y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.enceco.2023.02.001
https://doi.org/10.1016/j.enceco.2023.02.001
https://doi.org/10.1177/0960327117737146
https://doi.org/10.1177/0960327117737146
https://doi.org/10.14260/jemds/1027
https://doi.org/10.14260/jemds/1027
https://doi.org/10.3390/ijerph17072184
https://doi.org/10.3390/ijerph17072184
https://doi.org/10.3390/ijerph17072184
https://doi.org/10.1093/aje/kwp248
https://doi.org/10.1093/aje/kwp248
https://doi.org/10.1152/ajpheart.00158.2008
https://doi.org/10.1152/ajpheart.00158.2008
https://doi.org/10.30476/IJMS.2023.95824.2749
https://doi.org/10.30476/IJMS.2023.95824.2749
https://doi.org/10.1039/D1QI00666E
https://doi.org/10.1039/D1QI00666E
https://doi.org/10.1039/D1QI00666E
https://doi.org/10.1016/j.cej.2012.02.073
https://doi.org/10.1016/j.cej.2012.02.073
https://doi.org/10.1016/j.cej.2012.02.073
https://doi.org/10.1016/j.cej.2012.02.073
https://doi.org/10.2166/wst.2016.537
https://doi.org/10.2166/wst.2016.537
https://doi.org/10.2166/wst.2016.537
https://doi.org/10.1016/j.cej.2021.130161
https://doi.org/10.1016/j.cej.2021.130161
https://doi.org/10.1016/j.cej.2021.130161
https://doi.org/10.1016/j.cej.2021.130161
https://doi.org/10.1016/j.crmicr.2022.100166
https://doi.org/10.1016/j.crmicr.2022.100166
https://doi.org/10.1073/pnas.0711528105
https://doi.org/10.1073/pnas.0711528105
https://doi.org/10.1073/pnas.0711528105
https://doi.org/10.1021/cm400699r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cm400699r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cm400699r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adfm.200801563
https://doi.org/10.1002/adfm.200801563
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.5c01540?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Mercury Capture under Extreme pH Conditions. Adv. Funct. Mater.
2009, 19 (7), 1087−1092.
(21) Wu, Z.; Stuhrmann, G.; Dehnen, S. Crystalline Chalcogenido-
metalate-Based Compounds from Uncommon Reaction Media. Chem.
Commun. 2022, 58 (83), 11609−11624.
(22) Ha, T. D. C.; Lee, H.; Kang, Y. K.; Ahn, K.; Jin, H. M.; Chung,
I.; Kang, B.; Oh, Y.; Kim, M. G. Multiscale Structural Control of
Thiostannate Chalcogels with Two-Dimensional Crystalline Con-
stituents. Nat. Commun. 2022, 13 (1), 7876.
(23) Tang, J. H.; Jin, J. C.; Li, W. A.; Zeng, X.; Ma, W.; Li, J. L.; Lv,
T. T.; Peng, Y. C.; Feng, M. L.; Huang, X. Y. Highly Selective
Cesium(I) Capture under Acidic Conditions by a Layered Sulfide.
Nat. Commun. 2022, 13 (1), 658.
(24) Yang, H.; Luo, M.; Luo, L.; Wang, H.; Hu, D.; Lin, J.; Wang,
X.; Wang, Y.; Wang, S.; Bu, X.; Feng, P.; Wu, T. Highly Selective and
Rapid Uptake of Radionuclide Cesium Based on Robust Zeolitic
Chalcogenide via Stepwise Ion-Exchange Strategy. Chem. Mater.
2016, 28 (23), 8774−8780.
(25) Tang, J.; Feng, M.; Huang, X. Metal Chalcogenides as Ion-
Exchange Materials for the Efficient Removal of Key Radionuclides: A
Review. Fundam. Res. 2024, 22.
(26) Wu, Z.; Xue, Y.; Zhang, Y.; Li, J.; Chen, T. SnS2 Nanosheet-
Based Microstructures with High Adsorption Capabilities and Visible
Light Photocatalytic Activities. RSC Adv. 2015, 5 (31), 24640−24648.
(27) Zhang, G.; Du, X.; Wang, Y.; Wang, H.; Wang, W.; Fu, Z.
Controllable Synthesis of SnS2 Nanostructures with High Adsorption
and Photocatalytic Activities. Mater. Sci. Semicond. Process 2017, 64,
77−84.
(28) Zhang, Y. C.; Li, J.; Zhang, M.; Dionysiou, D. D. Size-Tunable
Hydrothermal Synthesis of SnS2 Nanocrystals with High Performance
in Visible Light-Driven Photocatalytic Reduction of Aqueous Cr(VI).
Environ. Sci. Technol. 2011, 45 (21), 9324−9331.
(29) Mondal, C.; Ganguly, M.; Pal, J.; Roy, A.; Jana, J.; Pal, T.
Morphology controlled synthesis of SnS2 nanomaterial for promoting
photocatalytic reduction of aqueous Cr(VI) under visible light.
Langmuir 2014, 30 (23), 6092−6100.
(30) Damkale, S. R.; Arbuj, S. S.; Umarji, G. G.; Panmand, R. P.;
Khore, S. K.; Sonawane, R. S.; Rane, S. B.; Kale, B. B. Two-
Dimensional Hexagonal SnS2 Nanostructures for Photocatalytic
Hydrogen Generation and Dye Degradation. Sustain. Energy Fuels
2019, 3 (12), 3406−3414.
(31) Woldu, A. R.; Talebi, P.; Yohannes, A. G.; Xu, J.; Wu, X. D.;
Siahrostami, S.; Hu, L.; Huang, X. C. Insights into Electrochemical
CO2 Reduction on SnS2: Main Product Switch from Hydrogen to
Formate by Pulsed Potential Electrolysis. Angew. Chem., Int. Ed. 2023,
62 (29), No. e202301621.
(32) Guo, X.; Zhang, F.; Zhang, Y.; Hu, J. Review on the
Advancement of SnS2 in Photocatalysis. J. Mater. Chem. A 2023, 11,
7331−7343.
(33) Mondal, S.; Das, S.; Gautam, U. K. Defect-Rich, Negatively-
Charged SnS2 Nanosheets for Efficient Photocatalytic Cr(VI)
Reduction and Organic Dye Adsorption in Water. J. Colloid Interface
Sci. 2021, 603, 110−119.
(34) Liu, Z.; Deng, H.; Mukherjee, P. P. Evaluating Pristine and
Modified SnS2 as a Lithium-Ion Battery Anode: A First-Principles
Study. ACS Appl. Mater. Interfaces 2015, 7 (7), 4000−4009.
(35) Toh, M. L.; Tan, K. J.; Wei, F. X.; Zhang, K. K.; Jiang, H.; Kloc,
C. Intercalation of Organic Molecules into SnS2 Single Crystals. J.
Solid State Chem. 2013, 198, 224−230.
(36) Li, J. R.; Wang, X.; Yuan, B.; Fu, M. L.; Cui, H. J. Robust
Removal of Heavy Metals from Water by Intercalation Chalcogenide
[CH3NH3]2xMnxSn3‑XS6·0.5H2O. Appl. Surf. Sci. 2014, 320, 112−119.
(37) Pournara, A. D.; Moisiadis, E.; Gouma, V.; Manos, M. J.;
Giokas, D. L. Cotton Fabric Decorated by a Zr4+MOF for Selective
As(V) and Se(IV) Removal from Aqueous Media. J. Environ. Chem.
Eng. 2022, 10, No. 107705.
(38) Karagianni, V. I.; Georgiadis, A.; Lykos, C.; Vlessidis, A. G.;
Konstantinou, I.; Manos, M. J.; Giokas, D. L. From Simple Packaging
Materials to Smart Sensors: Sunlight Exposure Sensing in Bubble

Wraps Incorporating a Layered Metal Selenide Photocatalyst. Adv.
Opt. Mater. 2024, 12 (20), No. 2400373.
(39) Manos, M. J.; Kanatzidis, M. G. Sequestration of Heavy Metals
from Water with Layered Metal Sulfides. Chem.�Eur. J. 2009, 15
(19), 4779−4784.
(40) Manos, M. J.; Kanatzidis, M. G. Layered Metal Sulfides Capture
Uranium from Seawater. J. Am. Chem. Soc. 2012, 134 (39), 16441−
16446.
(41) Morales, J.; Santos, J.; Ramos Barrado, J. R.; Espinós, J. P.;
González-Elipe, A. R. Synthesis and Characterization of Diamine
Intercalation Compounds of SnS2 Single Crystals. J. Solid State Chem.
2000, 150 (2), 391−398.
(42) Lv, Q.; Li, C.; Jiang, D.; Li, Q. Synthesis and Characterization
the Intercalation Compound of SnS2-Ethylenediamine by Hydro-
thermal Reaction. Key Eng. Mater. 2012, 512−515, 215−218.
(43) Coelho, A. A. TOPAS and TOPAS-Academic: An Optimization
Program Integrating Computer Algebra and Crystallographic Objects
Written in C++: An. J. Appl. Crystallogr. 2018, 51 (1), 210−218.
(44) Ganose, A. M.; Scanlon, D. O.; Walsh, A.; Hoye, R. L. Z. The
Defect Challenge of Wide-Bandgap Semiconductors for Photovoltaics
and Beyond. Nat. Commun. 2022, 13, 4715.
(45) Alkathy, M. S.; Zabotto, F. L.; Raju, K. C. J.; Eiras, J. A. Effect
of Defects on the Band Gap and Photoluminescence Emission of Bi-
and Li-Co-Substituted Barium Strontium Titanate Ceramics. Mater.
Chem. Phys. 2022, 275, No. 125235.
(46) Sabouang, J. F.; Ateba, J. F. B.; Shouop, C. J. G.; Maya, J.;
Kamkumo, C. T.; Mohamadou, L. L.; Simo, A. Accuracy and
Precision of Energy Dispersive X-Ray Fluorescence (EDXRF)
Analysis of Trace and Major Elements in Rock Standard Reference
Materials Using Fine Powder. J. Geosci. Environ. Prot. 2023, 11 (06),
83−95.
(47) Ichiba, S.; Katada, M.; Negita, H. Mossbauer effect of 119Sn in
the thermal decomposition products of tin(IV) sulfide. Chem. Lett.
1974, 3, 979−982.
(48) Lippens, P. E.; El Khalifi, M.; Womes, M. Electronic Structures
of SnS and SnS2. Phys. Status Solidi B 2017, 254 (2), No. 1600194.
(49) Herbers, R. H.; Kalish, R. Search for radiation damage in heavy
ion implanted thin layer single crystal SnS2. Phys. Chem. Solids 1984,
45, 89−95.
(50) Evangelou, D. A.; Pournara, A. D.; Karagianni, V. I.; Dimitriou,
C.; Andreou, E. K.; Deligiannakis, Y.; Armatas, G. S.; Manos, M. J.
Just Soaping Them: The Simplest Method for Converting Metal
Organic Frameworks into Superhydrophobic Materials. ACS Appl.
Mater. Interfaces 2024, 16 (10), 12672−12685.
(51) Rathore, E.; Pal, P.; Biswas, K. Layered Metal Chalcophosphate
(K-MPS-1) for Efficient, Selective, and Ppb Level Sequestration of Pb
from Water. J. Phys. Chem. C 2017, 121 (14), 7959−7966.
(52) Hamilton, T.; Huai, Y.; Plackowski, C.; Peng, Y. The
Interactions of Radioactive Lead with Sulphide Minerals. Appl. Surf.
Sci. 2021, 538, No. 148141.
(53) Nie, J.; Chandra Roy, S.; Dhami, S.; Islam, T.; Amin, R.; Zhu,
X.; Taylor-Pashow, K.; Han, F. X.; Islam, S. M. K-Co-Mo-Sx
Chalcogel: High-Capacity Removal of Pb2+ and Ag+ and the
Underlying Mechanisms. J. Mater. Chem. A 2024, 12, 30063−30072.
(54) Li, F.; Wang, X.; Yuan, T.; Sun, R. A Lignosulfonate-Modified
Graphene Hydrogel with Ultrahigh Adsorption Capacity for Pb(II)
Removal. J. Mater. Chem. A 2016, 4 (30), 11888−11896.

Langmuir pubs.acs.org/Langmuir Article

https://doi.org/10.1021/acs.langmuir.5c01540
Langmuir 2025, 41, 14449−14459

14459

https://doi.org/10.1002/adfm.200801563
https://doi.org/10.1039/D2CC04061A
https://doi.org/10.1039/D2CC04061A
https://doi.org/10.1038/s41467-022-35386-z
https://doi.org/10.1038/s41467-022-35386-z
https://doi.org/10.1038/s41467-022-35386-z
https://doi.org/10.1038/s41467-022-28217-8
https://doi.org/10.1038/s41467-022-28217-8
https://doi.org/10.1021/acs.chemmater.6b04273?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.6b04273?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.6b04273?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.fmre.2023.10.022
https://doi.org/10.1016/j.fmre.2023.10.022
https://doi.org/10.1016/j.fmre.2023.10.022
https://doi.org/10.1039/C5RA00395D
https://doi.org/10.1039/C5RA00395D
https://doi.org/10.1039/C5RA00395D
https://doi.org/10.1016/j.mssp.2017.03.010
https://doi.org/10.1016/j.mssp.2017.03.010
https://doi.org/10.1021/es202012b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es202012b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es202012b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la500509c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la500509c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C9SE00235A
https://doi.org/10.1039/C9SE00235A
https://doi.org/10.1039/C9SE00235A
https://doi.org/10.1002/anie.202301621
https://doi.org/10.1002/anie.202301621
https://doi.org/10.1002/anie.202301621
https://doi.org/10.1039/D2TA09741A
https://doi.org/10.1039/D2TA09741A
https://doi.org/10.1016/j.jcis.2021.06.092
https://doi.org/10.1016/j.jcis.2021.06.092
https://doi.org/10.1016/j.jcis.2021.06.092
https://doi.org/10.1021/am5068707?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/am5068707?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/am5068707?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jssc.2012.10.002
https://doi.org/10.1016/j.apsusc.2014.09.057
https://doi.org/10.1016/j.apsusc.2014.09.057
https://doi.org/10.1016/j.apsusc.2014.09.057
https://doi.org/10.1016/j.jece.2022.107705
https://doi.org/10.1016/j.jece.2022.107705
https://doi.org/10.1002/adom.202400373
https://doi.org/10.1002/adom.202400373
https://doi.org/10.1002/adom.202400373
https://doi.org/10.1002/chem.200900353
https://doi.org/10.1002/chem.200900353
https://doi.org/10.1021/ja308028n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja308028n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1006/jssc.1999.8612
https://doi.org/10.1006/jssc.1999.8612
https://doi.org/10.4028/www.scientific.net/KEM.512-515.215
https://doi.org/10.4028/www.scientific.net/KEM.512-515.215
https://doi.org/10.4028/www.scientific.net/KEM.512-515.215
https://doi.org/10.1107/S1600576718000183
https://doi.org/10.1107/S1600576718000183
https://doi.org/10.1107/S1600576718000183
https://doi.org/10.1038/s41467-022-32131-4
https://doi.org/10.1038/s41467-022-32131-4
https://doi.org/10.1038/s41467-022-32131-4
https://doi.org/10.1016/j.matchemphys.2021.125235
https://doi.org/10.1016/j.matchemphys.2021.125235
https://doi.org/10.1016/j.matchemphys.2021.125235
https://doi.org/10.4236/gep.2023.116006
https://doi.org/10.4236/gep.2023.116006
https://doi.org/10.4236/gep.2023.116006
https://doi.org/10.4236/gep.2023.116006
https://doi.org/10.1246/cl.1974.979
https://doi.org/10.1246/cl.1974.979
https://doi.org/10.1002/pssb.201600194
https://doi.org/10.1002/pssb.201600194
https://doi.org/10.1016/0022-3697(84)90105-7
https://doi.org/10.1016/0022-3697(84)90105-7
https://doi.org/10.1021/acsami.3c19536?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.3c19536?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.7b00908?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.7b00908?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.7b00908?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.apsusc.2020.148141
https://doi.org/10.1016/j.apsusc.2020.148141
https://doi.org/10.1039/D4TA05158K
https://doi.org/10.1039/D4TA05158K
https://doi.org/10.1039/D4TA05158K
https://doi.org/10.1039/C6TA03779H
https://doi.org/10.1039/C6TA03779H
https://doi.org/10.1039/C6TA03779H
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.5c01540?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

