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The remediation of acid mine drainage (AMD), characterized by its high concentrations of
toxic metal ions and low pH, presents a significant environmental challenge. In this study,
exfoliated two-dimensional MoS: nanosheets were prepared using a liquid-phase
ultrasonication method and evaluated for their efficiency in removing Cd?**, Cu?**, and Pb*
from aqueous solutions. Detailed structural and morphological analyses confirmed that the
exfoliation process significantly enhanced surface area, pore volume, and exposure of
reactive sulfur sites. Through isotherm and kinetic modeling analyses, the adsorption
behavior was found to align with the Langmuir model and pseudo-second-order kinetic
equation, which implies that monolayer chemisorption serves as the primary adsorption
mechanism. Spectroscopic characterizations revealed the formation of stable metal—sulfur
complexes, highlighting the pivotal role of sulfur functional groups in binding metal ions.
The developed MoS: nanosheets demonstrated rapid adsorption kinetics and high removal
efficiencies under optimal conditions, confirming their potential as a highly effective and

sustainable material for heavy metal remediation in complex aqueous environments.
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1. Introduction

The relentless expansion of mining and industrial activities has inadvertently introduced
severe environmental challenges, among which acid mine drainage (AMD) stands as a particularly
critical issue [1]. AMD is characterized by its low pH [2] and high concentrations of dissolved heavy
metal ions [3]. These toxic elements, once released into natural water bodies, pose significant threats
to aquatic ecosystems and human health [4]. Owing to their non-biodegradable characteristic, heavy

metals tend to build up within living organisms, giving rise to bioaccumulation and facilitating
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biomagnification along food chains [5]. The alarming persistence and toxicity of these contaminants
necessitate the development of effective and sustainable remediation strategies capable of removing
heavy metal ions from AMD before their uncontrolled dispersion into the environment.

Traditional methods for treating AMD, including chemical precipitation, ion exchange,
membrane filtration, and biological treatments, have been widely investigated and applied [6].
However, these approaches often suffer from several limitations, including high operational costs,
sludge generation, complex operational requirements, and limited removal efficiency under low
metal ion concentrations [7]. Adsorption has emerged as one of the most promising alternatives [8].
Among different types of adsorbents, materials like activated carbon, zeolites, and clay minerals
have been widely applied [9]. Despite their widespread application, these materials exhibit relatively
low adsorption capacities for heavy metals, limited regeneration potential, and poor selectivity,
which significantly restrict their practical usage in large-scale AMD treatment.

In recent years, the advent of nanomaterials has introduced new possibilities for addressing
the challenges of heavy metal remediation [10]. Owing to their unique physicochemical properties,
including high surface area-to-volume ratio, tunable surface chemistry, and abundant active sites,
nanomaterials offer significantly improved adsorption capacities [11] and faster reaction kinetics
compared to their bulk counterparts. Among these advanced materials, 2D nanostructures have
attracted substantial interest due to their exceptional surface reactivity and distinctive layered
architectures [12]. These materials provide a wealth of accessible adsorption sites and exhibit unique
electronic, optical, and catalytic properties [13] that are highly desirable for environmental
applications.

Within the family of 2D nanomaterials, molybdenum disulfide (MoS:) has gained particular
attention as a highly promising adsorbent for the removal of heavy metal ions from contaminated
waters. This structure facilitates easy exfoliation into ultrathin nanosheets, dramatically increasing
the material's accessible surface area [14]. More importantly, the exposed sulfur atoms on the edges
and basal planes of MoS: nanosheets play a pivotal role in metal ion adsorption through strong
chemical interactions, such as coordination and complexation, particularly with soft heavy metal
ions like Cd?**, Pb**, and Cu?*. The high affinity of sulfur toward heavy metal ions makes MoS: an
ideal candidate for selective adsorption applications. While bulk MoS. has been explored for
environmental remediation, its application has been hindered by limited surface area, poor
accessibility of active sites, and sluggish adsorption kinetics. The tightly stacked layers in bulk MoS:
restrict the diffusion of metal ions to the active adsorption sites, leading to suboptimal performance.
In contrast, exfoliated two-dimensional MoS: nanosheets offer significant improvements in
adsorption efficiency due to their expanded interlayer spacing, higher defect densities, and greater
exposure of reactive sulfur sites.

Despite the promising properties of MoS. nanosheets, several knowledge gaps remain [15].
Existing studies have primarily focused on the synthesis of MoS: nanosheets and their general
adsorption performance, often under idealized laboratory conditions [16]. Comparative evaluations
of bulk versus nanosheet MoS. under identical experimental conditions remain scarce, leaving
unanswered questions about the true extent of performance enhancement achieved through
exfoliation. Moreover, the underlying mechanisms governing the adsorption of heavy metal ions
onto MoS: nanosheets require further elucidation [17]. Detailed understanding of the roles played
by physical adsorption, electrostatic interactions, and chemical complexation is essential to optimize
material design and tailor adsorption conditions for maximum efficiency.
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To bridge these gaps, it is crucial to undertake a systematic investigation that combines
comprehensive material characterization with rigorous adsorption performance assessments.
Coupling these analyses with adsorption isotherm and kinetic modeling can unravel the complex
interplay of adsorption mechanisms, offering a more complete picture of the heavy metal removal
process. This study aims to address these research gaps by synthesizing and characterizing two-
dimensional MoS: nanosheets using a scalable liquid-phase exfoliation technique and comparing
their adsorption performance with bulk MoS: for the removal of heavy metal ions from acid mine
drainage. Emphasis is placed on understanding how structural modifications—specifically,
increased surface area, expanded interlayer spacing, and exposure of reactive sulfur sites—affect the
adsorption behavior and efficiency of MoS.. Additionally, the adsorption mechanisms are
investigated through the analysis of isotherm models, kinetic studies, and post-adsorption material
characterization, providing valuable insights into the design of more effective adsorbents for AMD
remediation.

2. Materials and methods

2.1. Materials

All reagents used in this study were of analytical grade and employed without further
purification. Bulk molybdenum disulfide (MoSz) powder was procured from Aladdin Reagent Co.,
Ltd. (Shanghai, China). Ammonium tetrathiomolybdate (NH4)2Mo0Ss, 99%) and hydrazine hydrate
(N2H4H20, 80%) were purchased from Sinopharm Chemical Reagent Co., Ltd. All metal salts for
adsorption studies, including (Cd(NOs)2-4H20), (CuSO4:-5H20), and (Pb(NOs).), were obtained
from Tianjin Damao Chemical Reagent Factory (Tianjin, China).

2.2. Synthesis of MoS: nanosheets

MoS: nanosheets were synthesized using a liquid-phase exfoliation technique facilitated by
ultrasonication and a quenching-assisted dispersion process. Initially, 5 g of bulk MoS: powder was
dispersed in 250 mL of a 1:1 volume ratio mixture of isopropanol and water. The suspension was
stirred vigorously for 1 hour to ensure uniform dispersion [18]. Following this, the mixture was
subjected to ultrasonication using a high-power probe sonicator (JY92-IIDN, Ningbo Scientz
Biotechnology Co., Ltd., China) operated at 500 W and a frequency of 20 kHz. The sonication was
conducted under an ice-water bath to prevent overheating, and the process lasted for 8 hours with
intermittent pulses of 5 seconds on and 2 seconds off to maintain dispersion efficiency.

After sonication, the resulting suspension was immediately subjected to a rapid freezing
process by immersing it in liquid nitrogen for 30 minutes, followed by thawing at room temperature.
This quenching process was repeated three times to promote further exfoliation and prevent
restacking of nanosheets. Subsequently, the suspension was centrifuged at 3000 rpm for 30 minutes
using a high-speed centrifuge to remove unexfoliated bulk materials. The supernatant containing the
exfoliated MoS: nanosheets was collected and further purified by repeated washing with deionized
water through centrifugation at 8000 rpm for 20 minutes to remove residual solvents. The final
product was stored as a colloidal dispersion at 4°C for characterization and adsorption experiments.
For comparison, bulk MoS: powder was used directly in adsorption experiments without any
additional treatment, representing the unmodified control material.
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2.3. Adsorption experiments

All adsorption experiments were conducted under batch conditions in a temperature-
controlled shaker (HZQ-F160, Shanghai Yiheng Scientific Instrument Co., Ltd., China) operated at
25 + 1°C. For each test, 100 mL of metal ion solution with known concentrations was placed in 250
mL conical flasks, and the desired amount of adsorbent (either bulk MoS: or MoS: nanosheets) was
added. The pH of the solution was adjusted prior to the experiments and maintained throughout.

Adsorption isotherm investigations were conducted by adjusting the initial concentrations
of metal ions (Cd**, Cu?*, and Pb*") within the range of 5 to 200 mg/L, with the adsorbent dosage
maintained at a constant value of 0.5 g/L. The influence of pH on adsorption was examined over a
pH range of 2 to 8. The effect of competing ions, including Na*, K*, Ca**, and Mg?* at concentrations
of 0.01 M, was also investigated to simulate the conditions of real AMD.

3. Results and discussion

3.1. Material characterization

The crystallographic structures of the synthesized materials were investigated using XRD
(Figure 1a). The diffraction patterns, as shown in Figure la, confirm the presence of the
characteristic hexagonal 2H-MoS: phase for both bulk and exfoliated samples [19]. For bulk MoS.,
sharp and intense diffraction peaks were observed at 20 values of 14.4°, 32.7°, 39.5°, and 58.3°,
corresponding to the (002), (100), (103), and (110) planes, respectively, in good agreement with
JCPDS card no. 37-1492 [20]. After exfoliation, the XRD pattern of the MoS: nanosheets exhibited
significant broadening and a noticeable decrease in peak intensity, particularly for the (002) plane.
This broadening indicates a reduction in crystallite size along the c-axis and a decrease in the number
of stacked layers [21]. Furthermore, a slight shift of the (002) peak to a lower 26 angle was recorded,
suggesting an increase in the interlayer spacing from 0.62 nm to approximately 0.72 nm. These
observations confirm successful exfoliation and the formation of few-layer MoS: nanosheets.

The morphology of the materials was further examined using SEM and TEM analyses
(Figures 1b—1e). The SEM image of bulk MoS. (Figure 1b) reveals a typical aggregated structure
with thick, multilayered flakes tightly stacked together, forming large particle clusters with sizes
ranging from 2 to 5 um. Such structures inherently limit the accessibility of active sites, thereby
reducing their efficiency in adsorption applications. In contrast, the SEM image of exfoliated MoS:
nanosheets (Figure 1c) displays ultrathin, wrinkled sheets with highly dispersed morphology. TEM
analysis further supports these observations. As shown in Figure 1d, the bulk MoS. exhibits dense,
thick lamellar structures, whereas the exfoliated MoS: nanosheets (Figure 1e) exhibit transparent
sheets with lateral dimensions of approximately 300-500 nm. High-resolution TEM revealed that
the exfoliated nanosheets predominantly consist of 1-2 layers, with an interlayer spacing of
approximately 0.72 nm, corroborating the XRD findings [22]. These morphological changes
significantly enhance the material's surface area and expose a higher density of active adsorption
sites, critical for effective heavy metal ion binding.
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Fig. 1. (a) XRD patterns of bulk MoS: and exfoliated MoS: nanosheets. (b) SEM image of bulk MoS:
showing aggregated multilayer structures. (c) SEM image of exfoliated MoS: nanosheets exhibiting thin,
wrinkled layers. (d) TEM image of bulk MoS: confirming thick lamellar stacking. (e) TEM image of MoS:

nanosheets showing transparent, few-layer structures with increased lateral dispersion.

The BET method was employed to analyze the specific surface areas and pore structures of
the samples. The adsorption—desorption isotherms of both samples exhibit Type IV curves with H3
hysteresis loops, characteristic of mesoporous materials [23]. As outlined in Table 1, the BET surface

area of bulk MoS: was found to be 5.6 m?*/g, accompanied by an average pore diameter of 12.4 nm
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and an overall pore volume of 0.015 cm?/g. After exfoliation, the surface area of MoS: nanosheets
increased dramatically to 26.6 m%*/g, accompanied by a reduction in the average pore diameter to 8.7
nm and an increase in pore volume to 0.042 cm?/g [24]. This significant enhancement in surface area

and porosity provides more accessible active sites for adsorption, which is expected to contribute
substantially to the improved heavy metal ion adsorption capacity observed in subsequent

experiments.

Table 1. BET surface area, average pore diameter, and pore volume of bulk MoS: and MoS: nanosheets.

Sample BET Surface Area (m?/g) | Average Pore Diameter (nm) | Pore Volume (cm?/g)
Bulk MoS: 5.6 12.4 0.015
MoS: Nanosheets | 26.6 8.7 0.042

The wide-scan XPS spectra (Figure 2a) confirmed the presence of Mo and S elements, with
no detectable impurities [25]. Detailed high-resolution spectra of Mo 3d (Figure 2b) for MoS: show
characteristic doublet peaks at binding energies of 229.4 eV (Mo 3ds/2) and 232.6 eV (Mo 3ds/2),
corresponding to Mo*" in the 2H-MoS: phase [26]. Similarly, the S 2p spectra (Figure 2c) display
doublet peaks at 161.8 eV (S 2ps/2) and 163.0 eV (S 2p1/2), typical for sulfide ions (S?7) in MoS:z [27].
Additionally, the appearance of a weak peak at 168.5 eV indicates minor surface oxidation, likely
due to the exfoliation process.

(a) = (b)
o

-

=
sy =] p— —_
=3 3. S
= — 3 L.
Z . Z z
2 = z
2 S 3 2
E E E

/) \
== —
1 1 I I 1 J 1 I 1 I I 1 ]

1200 1000 800 600 400 200 0 224 226 228 230 232 234 236 238

Binding energy (eV) Binding energy (eV)

(c)

1 1 1
B0 1le2 164 166

Binding energy (eV)

Fig. 2. (a) XPS wide-scan spectra of exfoliated MoS:. (b) High-resolution Mo 3d spectra showing chemical

state. (c) High-resolution S 2p spectrum indicating increased surface sulfur exposure post-exfoliation.
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3.2. Adsorption performance evaluation

The adsorption equilibrium data for Cd**, Cu**, and Pb** ions onto both bulk MoS: and MoS:
nanosheets (MoSz NS) were analyzed. The resulting isotherms are presented in Figures 3a—4c, and
the calculated model parameters are summarized in Tables 2 and 3.

For all three metal ions, the Langmuir model provided a superior fit, as indicated by higher
correlation coefficients (R? values ranging from 0.982 to 0.995 for MoS: NS) compared to the
Freundlich model (R? values below 0.93). This suggests that the adsorption process is dominated by
monolayer coverage of the adsorbate on a homogeneous surface with finite adsorption sites,
particularly for MoS2 NS. The maximum adsorption capacities (qm) reveal a significant improvement
in adsorption performance for MoS: NS compared to bulk MoS.. For Pb** ions, MoS: NS exhibited
the highest adsorption capacity of 200 mg/g, while the bulk counterpart showed a considerably lower
value of 78 mg/g. Similarly, the maximum capacities for Cd** and Cu?** were determined to be 185
mg/g and 170 mg/g for MoS: NS, respectively, compared to 65 mg/g and 58 mg/g for bulk MoS..

The enhancement in adsorption performance can be attributed to the larger specific surface
area [28], increased porosity, and greater availability of reactive sulfur sites on the exfoliated
nanosheets, as confirmed in the material characterization section [29]. These structural features
facilitate efficient metal ion coordination, particularly through strong chemical interactions between
heavy metals and sulfur atoms [30]. The Langmuir constant (K;), which reflects the affinity of the
adsorbent for the adsorbate, was also markedly higher for MoS2 NS across all ions, indicating
stronger binding interactions. The dimensionless separation factor (RL) calculated for the Langmuir
model remained between 0 and 1 for all cases, confirming the favorability of the adsorption process
[31].
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Fig. 3. Langmuir isotherm plot for (a) Cd*', (b) Cu®** and (c) Pb*" adsorption on bulk MoS: and MoS: NS.
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Table 2. Langmuir isotherm parameters for heavy metal ion adsorption.

Adsorbent Metal Ion | qm (mg/g) | Ki (L/mg) | R?

Bulk MoS: Ca* 65 0.012 0.928
MoS: Nanosheets | Cd** 185 0.034 0.991
Bulk MoS: Cu? 58 0.010 0.915
MoS: Nanosheets | Cu?* 170 0.028 0.988
Bulk MoS: Pb** 78 0.015 0.936
MoS: Nanosheets | Pb*" 200 0.045 0.995

Table 3. Freundlich isotherm parameters for heavy metal ion adsorption.

Adsorbent Metal Ion | Kf (mg/g) | n R?

Bulk MoS: Cd* 143 1.62 | 0.885
MoS: Nanosheets | Cd** 49.6 2.45 | 0.923
Bulk MoS: Cu? 12.7 1.54 | 0.872
MoS: Nanosheets | Cu** 45.3 2.36 | 0918
Bulk MoS: Pb* 16.5 1.68 | 0.893
MoS: Nanosheets | Pb** 54.1 2.60 | 0.929

The adsorption kinetics of Cd?, Cu?", and Pb*" ions were investigated to assess the rate-
controlling mechanisms [32]. The fitting results and kinetic parameters are presented in Figures 4a—
Sc and Table 4. For all metal ions, MoS2 NS achieved rapid adsorption, with more than 90% of total
uptake completed within the first 30 minutes [33]. Equilibrium was reached after approximately 60
minutes, highlighting the fast kinetics of MoS. NS, which is advantageous for practical water
treatment applications. In contrast, bulk MoS: required significantly longer times to approach
equilibrium, often exceeding 180 minutes. Model fitting results revealed that the pseudo-second-
order kinetic model provided a much better correlation with the experimental data for both MoS.
NS and bulk MoS: [34]. The calculated rate constants (kz) for MoS: NS were significantly higher
than those for bulk MoS., further confirming the superior adsorption kinetics of the nanosheets [35].
This behavior is attributed to the higher density of accessible active sites and improved diffusion
pathways within the nanosheet structure, facilitating faster interaction between the adsorbent and
metal ions [36].
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Fig. 4. Adsorption kinetics of (a) Cd*', (b) Cu?* and (c) Pb*" on bulk MoS: and MoS: NS fitted with the

pseudo-second-order model.

Table 4. Pseudo-second-order kinetic parameters.

Adsorbent Metal Ion | k: (g/mg-min) | qe (mg/g) | R*

Bulk MoS: Ca* 0.0021 62.8 0.911
MoS: Nanosheets | Cd** 0.0095 182.3 0.987
Bulk MoS: Cu? 0.0018 55.9 0.899
MoS: Nanosheets | Cu?* 0.0082 168.1 0.984
Bulk MoS: Pb** 0.0024 75.5 0.915
MoS: Nanosheets | Pb** 0.0111 198.7 0.992

3.3. Mechanistic insights

897

The FTIR spectra of MoS: nanosheets prior to adsorption exhibited characteristic peaks at

470 cm™ and 620 cm™, corresponding to the Mo—S stretching vibrations in the 2H phase (Figure 5a)
[19]. After adsorption of Pb?**, Cd**, and Cu?', noticeable shifts and intensity reductions were
observed in these peaks [37]. Additionally, a new weak band appeared around 700-720 cm™, which
is attributed to the formation of metal-sulfur (M—S) bonds.
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XPS analysis provided further confirmation of the chemical interactions between metal ions
and MoS: nanosheets [38]. The high-resolution Mo 3d spectra (Figure 5b) showed slight shifts to
lower binding energies after adsorption, suggesting increased electron density around Mo atoms due
to the formation of M-S bonds. More significantly, the S 2p spectra (Figure 5c) displayed an
additional peak at approximately 162.5 eV after metal ion adsorption, corresponding to the
formation of M—S complexes. These observations confirm that sulfur atoms on the MoS: surface
play a dominant role in the chemisorption process by forming stable complexes with heavy metal
ions.
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Fig. 5. (a) FTIR spectra of MoS: nanosheets before and after adsorption of Pb*', Cd*', and Cu?, indicating
the formation of M—S bonds. (b) High-resolution XPS Mo 3d spectra before and after metal ion adsorption
showing shifts in binding energies. (c) High-resolution XPS S 2p spectra revealing the emergence of M—S

complexation peaks post-adsorption.

The pH of the solution plays a crucial role in modulating the surface charge of MoS:
nanosheets and the speciation of metal ions, thus directly influencing the adsorption efficiency. To
investigate this effect, adsorption experiments were conducted over a pH range of 2 to 8, and the
results are illustrated in Figure 6. At highly acidic conditions (pH < 3), the adsorption capacities for
all metal ions were significantly suppressed [39]. This reduction is attributed to the competitive
adsorption of protons (H") on the sulfur active sites, which blocks the binding of metal ions.
Additionally, under low pH conditions, the surface of MoS: nanosheets remains positively charged,
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as confirmed by Zeta potential measurements (Figure 6a inset).

As the pH increased from 3 to 6, a substantial enhancement in adsorption capacity was
observed [40]. The optimal adsorption performance for all metal ions was achieved in the pH range
of 5-6 [41]. At this pH, the Zeta potential of MoS. nanosheets shifts from positive to slightly
negative values, promoting electrostatic attraction between the negatively charged adsorbent surface
and cationic metal species. Simultaneously, deprotonation of surface functional groups enhances the
availability of sulfur active sites for complexation [42]. Beyond pH 6, a slight decline in adsorption
was noted, particularly for Pb?* [43]. This phenomenon is attributed to the potential precipitation of
metal hydroxides, such as Pb(OH). and Cd(OH)., which reduces the availability of free metal ions
in solution for adsorption [44]. Therefore, the optimal pH range of 5—-6 ensures maximum adsorption
through a synergistic effect of electrostatic attraction and chemical complexation while minimizing
the precipitation of metal ions.
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Fig. 6. Effect of solution pH on the adsorption capacities of Pb*', Cd*, and Cu®* by MoS: nanosheets. The

inset shows the corresponding Zeta potential variations with pH.

To further confirm the successful adsorption of heavy metal ions onto the MoS: nanosheets,
SEM coupled with EDS elemental mapping was conducted. Figure 9 presents the morphological
features and elemental distribution of Cu, Pb, and Cd on the surface of MoS: nanosheets after the
adsorption process. The SEM image (Figure 7a) clearly shows a well-defined, rough, and layered
surface structure of the MoS: nanosheets. The nanosheets exhibit a wrinkled and loosely stacked
morphology, providing numerous adsorption sites for metal ions.

The corresponding EDS elemental mapping images (Figures 7b—d) distinctly reveal the
spatial distribution of the adsorbed metal ions. The mapping of Cu (Figure 8b) illustrates a
homogeneous distribution of Cu across the entire surface of the nanosheets, indicating uniform
adsorption. Similarly, the Pb mapping (Figure 7c) shows a strong and localized presence of Pb ions,
further confirming the preferential adsorption of Pb*" due to its higher affinity toward sulfur
functional groups. The Cd mapping (Figure 7d) also demonstrates a widespread distribution of Cd**
ions, supporting the high adsorption capacity observed in the batch experiments. The clear and
distinct elemental distributions in the EDS maps confirm that the adsorption process involves strong
chemical interactions between the metal ions and the sulfur active sites of MoS: nanosheets.
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Fig. 7. (a) SEM morphological image of MoS: nanosheets after adsorption of heavy metal ions. (b—d) EDS
elemental mapping images of Cu, Pb, and Cd, respectively.

3.4. Proposed adsorption mechanism

According to the experimental observations and analytical outcomes, a thorough adsorption
mechanism is put forward for the elimination of heavy metal ions by MoS. nanosheets (depicted in
Figure 8). The mechanism involves three primary pathways:

1. Physical Hole-Filling Effect: The exfoliation of bulk MoS: into ultrathin nanosheets
significantly enhances its specific surface area and pore volume, as evidenced by BET analysis. The
mesoporous structure facilitates the physical entrapment of metal ions within the nanoscale pores,
contributing to initial adsorption through van der Waals interactions. Although this effect plays a
secondary role compared to chemisorption, it accelerates the mass transfer and diffusion of metal
ions towards active adsorption sites.

2. Electrostatic Attraction: Under near-neutral pH conditions, the MoS: nanosheet
surfaces acquire a negative charge, as confirmed by Zeta potential measurements. This charge
development enhances electrostatic interactions between the negatively charged adsorbent and
positively charged metal ions in solution. While this mechanism promotes the rapid initial uptake of
metal ions, it is less dominant at lower pH values due to surface protonation.

3. Chemical Complexation (M—S Bond Formation): The most significant contribution
to adsorption arises from the formation of stable metal-sulfur (M—S) complexes. FTIR and XPS
analyses confirm the strong coordination between metal ions and the exposed sulfur atoms on the
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nanosheet surfaces. This chemisorption process involves electron sharing between the soft Lewis
base (S*7) and the soft acid metal cations (Pb*", Cd**, and Cu?"), leading to the formation of highly
stable complexes. This explains the superior adsorption capacities and fast kinetics observed for
MoS: nanosheets.
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(M-S Bond)
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Structure Mo,

Y

Synergistic Adsorption Mechanism

Fig. 8. Proposed schematic of the adsorption mechanisms for heavy metal ions on MoS: nanosheets,

illustrating physical hole-filling, electrostatic attraction, and chemical complexation pathways.

4. Conclusion

In this study, two-dimensional MoS: nanosheets were successfully synthesized via a liquid-
phase exfoliation technique and demonstrated remarkable efficiency in removing heavy metal ions
from AMD. Compared to bulk MoS:, the exfoliated nanosheets exhibited significantly enhanced
adsorption capacities, achieving maximum values of 200 mg/g for Pb**, 185 mg/g for Cd**, and 170
mg/g for Cu?". This superior performance is attributed to their increased specific surface area,
expanded interlayer spacing, and higher availability of reactive sulfur sites, as confirmed through
comprehensive material characterizations including XRD, SEM/TEM, BET, and XPS analyses.
Adsorption isotherm studies revealed that the process followed the Langmuir model, indicating
monolayer adsorption dominated by chemisorption mechanisms. Mechanistic investigations using
FTIR and XPS demonstrated that the primary adsorption pathway involved the formation of strong
metal-sulfur (M—S) bonds, supported by additional contributions from electrostatic interactions and
physical hole-filling effects. The adsorption process was highly pH-dependent, with optimal
removal observed at near-neutral pH conditions due to the favorable surface charge of the MoS:
nanosheets. Overall, this research offers a thorough comprehension of the structural benefits and
adsorption mechanisms of MoS: nanosheets. It provides valuable perspectives for the creation of
advanced, high - efficiency, and eco - friendly adsorbents, which can be used for the treatment of
wastewater contaminated by heavy metals.
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