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The rational design of strong affinity adsorbents for heavy metal ions removal remains a critical challenge
for water treatment. In this study, amorphous molybdenum sulfide composites (EDTA-MoSx (x =2, 3))
were fabricated via a facile hydrothermal method mediated by EDTA, which was applied to heavy metal
ions (Cu?*, Cd?*, Pb%*, Zn?* and Ni?") removal from aqueous solutions. A case study for Cu?* ions showed
that the adsorption capacity of EDTA-MoS (x = 2, 3) was superior to crystalline phase MoS; at pH 6.0 with
an initial concentration of 200 mg/L. Adsorption mechanisms of different sulfide groups and —COOH of

izg’;)rgz;s hase EDTA-MoSy (x =2, 3) were verified systematically via a series of experiments, characterizations, and
Moszp P density functional theory (DFT) calculations. Both bridging S, and —COOH covalently bonded with

MoSs Cu?*ions were ascribed to the critical factors for this enhanced removal efficiency on the surface of EDTA-
MoSy (x =2, 3). This work offers a new method to enhance the adsorption performance of molybdenum
sulfide-based materials by controlling crystallinity mediated with an organic complex small molecule.
© 2021 Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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High concentration heavy metal ions mostly come from mining,
smelting, surface treatment, electroplating, electrolysis, electrical
and circuit board/circuit manufacturing, and normally, it is quite
difficult to deal with them safely [1-3]. At present, various
methods, including coagulation-flocculation [4], ion exchange [5-
8], membrane separation [9,10], biological treatment [11], and
adsorption [12-17], have been adopted to remove heavy metal
ions. Among them, adsorption was thought of as the most studied
and widely used effective technologies [18-25].

With the development of adsorption technology for heavy
metal ions, a variety of adsorbents have been developed [26-30].
However, due to the performance indicators, such as adsorption
capacity, cost and stability, which cannot reach our desired
treatment efficiency. With the recognition and understanding of
the structure of adsorbents, molybdenum disulfide induced
researcher’s interest as an emerging adsorbent [7,31-36]. Molyb-
denum disulfide composites possessed special layered structure
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and active sulfur atom at the edge, in which heavy metal ions were
complexed edge S?>~ based Lewis acids and alkalis theory [37]. The
representative is Lu et al’s work, they designed molybdenum
disulfide with expanded interlayer spacing and defective active
sites to remove Hg?" and Ag" ions that the maximum theoretical
adsorption capacity was 2506 and 1348 mg/g for Hg?* and Ag*,
respectively, which matched to the actual calculated value,
confirmed the importance of exposing the sulfur atoms [31].
The surface free energy of amorphous materials is higher because
of the abundant hanging bonds. Theoretically, amorphous
molybdenum sulfide contains more kinds of active sulphide
groups and the random disorder of this structure leads to more
active sites. Amorphous molybdenum sulfide has been proposed to
be polymeric in which S atoms presented various bonding
environments, in which bridging S,2~, apical S>~ have been
implicated as active species [38,39]. Unfortunately, amorphous
molybdenum sulfide was not wieldy applied in the field of
adsorption research [40,41], while being electrocatalyst and
cocatalyst applied in the field of (photo)catalysis constantly
because of these mentioned properties [42-44]|. Summarizing
the reported works, we found that only Fu et al. synthesized 2D
amorphous MoS3 nanosheets with porous network structures for
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toxic metal ions (Cu?*, Cd?* and Hg?*) remediation from a synthetic
acid mine drainage solution effectively and prepared amorphous
molybdenum sulphide composite uptaked Hg?* from wastewater
selectively [40,41].

In this work, we synthesized amorphous molybdenum sulfide
composites mediated by EDTA (EDTA-MoS (x = 2, 3)) based a facile
hydrothermal method (Scheme 1) to adsorb Cu?* ions, which is a
common heavy metal in wastewater, and its adsorption perform-
ances were systematically investigated via a batch of experiments
including contact time, ionic strength and so on. To clarify this
mechanism of enhanced adsorption capacity, the adsorption
energies, total electron density images, and Mulliken charge
changes before and after adsorption was calculated here by using
density functional theory (DFT).

In order to determine the amorphous state of the synthesized
sample, X-Ray diffraction (XRD), Raman, transmission electron
microscopy (TEM), and scanning electron microscopy (SEM) were
employed here. In this work, amorphous molybdenum sulfide was
achieved via a sulfidation process. Normally, when we synthesized
MoS, crystal, there are three states in the process of molybdenum
sulfidation: Oxidic state, intermediate MoSs-like, and crystalline
MoS, [45]. While in our reported sulfidation process, Na,EDTA was
selected to retard the transformation of molybdenum from
intermediate MoSs to the final MoS,, which are quite critical to
formation of amorphous molybdenum sulfide [45]. As shown in
Fig. 1a, compare to crystalline MoS,, the intensity of (002) plane in
EDTA-MoSx (x =2, 3) gradually weakened until disappeared with
Na,EDTA amount increased to 1.5 mmol, indicating that crystal-
linity can be regulated by the amount of Na,EDTA. This change can
be further confirmed via Raman spectra depicted in Fig. 1b.
Crystalline MoS, possessed two distinct peaks at 375 and 404 cm ™!
correspond to the in-plane E';; and out-of-plane A;q vibration
(S—S) modes of 2H-MoS,, respectively [46], the relevant signal
peaks, however, disappeared in EDTA-MoSx (x =2, 3).

TEM is a very effective method to analyze the morphology and
crystal state, so we employed TEM to explore crystalline
information of synthesized amorphous molybdenum sulfide.
Images of EDTA-MoSx (x=2, 3) scanned by TEM and high
resolution transmission electron microscopy (HRTEM) in Figs. 1c
and d confirmed the nanoparticles of EDTA-MoSy (x = 2, 3) with the
disordered structure which have rough nature surface and no
relatively complete diffraction rings. This phenomenon is
completely different from crystalline MoS, with nano-flower-like
structures formed by stacking irregular nanosheets with a
thickness of ca. 2 nm (Figs. S1a and b in Supporting information)
and have clear spacing adjacent lattice fringes (d = 0.634 nm)
matched to (002) plane [47] in Fig. S1c (Supporting information).
And from selected area electron diffraction (SAED) patterns inset of
Fig. S1c (Supporting information), we found that (100), (002), (105)
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Scheme 1. The synthesis route of EDTA-MoSx (X =2, 3) composites.
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diffraction rings belonged to crystalline MoS, were indexed.
However, the relative abundance of the crystalline domains is
greatly decreased in EDTA-MoSy (x =2, 3) (Fig. 1d). SEM image in
Fig. S1d (Supporting information) indicated EDTA-MoSy (x =2, 3)
with no clear outline of the three-dimensional structure compare
to crystalline MoS,. Systematically analyze XRD, Raman, and
HRTEM results, the amorphous structure of EDTA-MoSy (x=2, 3)
was confirmed here. The energy dispersive X-ray spectroscopy
(EDS) mapping from SEM in Fig. 1e indicates the elemental
distribution of EDTA-MoSx (x=2, 3) with Mo, S, C, N, and O,
confirming that EDTA was distributed homogeneously on EDTA-
MoSy (x =2, 3). EDTA existed in EDTA-MoSy (x =2, 3) also verified
by results of FTIR in Fig. 2a, where the peaks at 1639cm !,
1403 cm™ !, and 3129 cm~! were associated with the stretching
vibration peak of C=0, bending vibration peak of —COOH, and
stretching vibration peak of the O—H bond in —COOH, respec-
tively [48,49].

To determine the pore structure of nanoparticle and the specific
surface areas of MoS, and EDTA-MoSy (x =2, 3), a N, adsorption-
desorption test were conducted and found that the shape of the
isotherm is categorized as type IV with H3 type of hysteresis loop
in Fig. S2 (Supporting information), indicating that the adsorbent
possesses mesoporous [50]. Moreover, the specific surface areas
and average pore size of MoS, and EDTA-MoSy (x=2, 3) were
determined to be 66.85 m?/g and 17.39nm, 0.22 m?/g and
30.67 nm, respectively. Lower specific surface area of EDTA-MoSy
(x=2, 3) was due to its bulk structure (Fig. 1e) and another reason
may be that slit holes formed by stacking the sheet-like MoS, were
blocked by Na,EDTA addition [38,50].

For a functional material, the chemical configuration is quite
important. Through the analysis of chemical configuration, its
adsorption performance can be clearly analyzed. Here, X-ray
photoelectron spectroscopy (XPS) survey spectra and high-
resolution XPS spectra of S 2p and Mo 3d were depicted in
Figs. 2b-d. The XPS survey spectra in Fig. 2b presents Mo 3d, S 2p, C
1s, N 1s and O 1s peaks in EDTA-MoSy (x =2, 3). High-resolution
XPS spectra of S 2py> and 2p3p; for the EDTA-MoSk (x=2, 3) in
Fig. 2c shows a broad envelope compare to crystalline MoS,, which
can be fit to two doublets. The doublet at lower binding energies,
163.0 eV (S 2py)2) and 162.0 eV (S 2p32), corresponded to edge s~
in MoS,, and the doublet at higher binding energies, 164.3 eV (S
2p152) and 163.2 eV (S 2ps),), assigned to bridging sulphide Sy~
and/or apical sulphide S~ in MoSs [51-53]. Besides, by integrating
the peak area, the ratio of MoSs to MoS, in the EDTA-MoSy (x = 2, 3)
is determined to be 0.28:0.72. For Mo 3d XPS spectra (Fig. 2d), the
binding energies for 232.3 eV (3d32) and 229.1 eV (3ds;;) were
assigned to Mo(IV) atom in the MoS,, while higher energies of
233.5eV (3ds2) and 230.3 eV (3ds),) were corresponded to Mo(VI)
in MoSs [52,53], indicating that MoS, and MoSs coexisted in the
EDTA-MoS, (x=2, 3) [39]. We also integrated the corresponding
peak areas of MoS3; and MoS,, and found that the ratio of MoSs3 to
MoS, was 0.29:0.71, which was basically consistent with the above
S 2p analysis. And, the atomic ratio of Mo to S is estimated to be
1:2.5 through the element integral area, further theoretically
indicating that both MoS; and MoS; exist in the EDTA-MoSy (X = 2,
3).

Fig. 3a shows Cu(Il) ions adsorption capacity under different
EDTA amounts, the maximum value was realized at the amount of
1.2 mmol. In general, the uptake of Cu(Il) in solution is influenced
by the species of Cu(Il) and the surface charge of the adsorbents,
which are determined by pH value. Fig. 3b shows this effect of
solution initial pH in the range of 2.0-6.0 on the adsorption
capacity of EDTA-MoSy (x = 2, 3). At initial pH 2-3, the competition
between H* and Cu(ll) and the protonation of —COOH on the
EDTA-MoSy (x =2, 3) [29], which hindered the surface adsorption
process. However, electrostatic attraction between Cu(Il) ions and
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Fig. 1. (a) XRD patterns of MoS, and EDTA-MoSy (x = 2, 3); (b) Raman spectra of MoS, and EDTA-MoSy (x =2, 3); (c¢) TEM and (d) HRTEM images of EDTA-MoSy (x =2, 3);

(e) elemental distribution of EDTA-MoSy (x =2, 3).
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Fig. 2. (a) FTIR spectra, (b) XPS survey spectra, (c) S 2p, and (d) Mo 3d XPS spectra of
MoS, and EDTA-MoSx (x =2, 3).

the negatively charged surface of EDTA-MoS, (x=2, 3) was
enhanced potentially due to the deprotonation effect at high
initial pH (3-6) based on zeta potential detection (Fig. S3 in
Supporting information), so the removal performance was
improved. As we all know, it is quite critical to clarify the
competition between coexisting ions (K*, Ca®*, Mg?*, CI-, NO5~,
S042~, and HCO5™) and Cu(ll) ions, because they are likely to
occupy the active sites on the surface of EDTA-MoSy (X = 2, 3). From
Fig. S4 (Supporting information), we can verify that all coexisting
ions are uncompetitive to the adsorption of Cu(Il) ions. For HCO3™
ions, with concentration ranging from 0.01 mmol/L to 0.1 mmol/L,
the enhanced adsorption capacity may be due to the formation of
Cu(OH), resulted from HCO5~ hydrolysis.
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The effect of contact time on the removal of Cu(Il) ions showed
in Fig. 3c. The initial Cu(Il) concentration is 200 mg/L, the contact
time range was 0-1440 min in this experiment. It is clear that the
adsorption capacity increased rapidly and reached 83.58 mg/g at
the initial 60 min, which is 72% of the equilibrium adsorption
capacity. This is attributed to a higher concentration driving force
and the excess available active sites in infancy adsorption. To
further analyze the removal process of Cu(ll) in detail, we applied
the pseudo-first-order and pseudo-second-order models (described
in the Text S3 in Supporting information) to analyze the adsorption
data. We found that the pseudo-second-kinetic model is more
consistent with the adsorption process of EDTA-MoSx (x=2, 3)
with a higher correlation coefficient (R?> = 0.99) as shown in
Table S1 (Supporting information), indicating that EDTA-MoSx
(x=2, 3) adsorbs Cu(II) as a chemisorption process [29].

The adsorption isotherms with the concentration range 50-
500 mg/L under 298K are depicted in Fig. 3d. The equilibrium
adsorption capacity of EDTA-MoSy (x =2, 3) is higher than MoS,
(119.58 vs. 46.70 mg/g), which was also superior to that of the
adsorbents previously reported [30,54,55]. And, when the dosage
is 5 g/L at the initial concentration of 200 mg/L, the concentration
of Cu(Il) ions can be reduced to the drinking water limit value
(1.0mg/L) set by WHO (Fig. S5 in Supporting information),
suggesting that EDTA-MoSy (x = 2, 3) possess the greater advantage
in practical applications. The related isotherms parameters can be
obtained by fitting the experimental data with Langmuir and
Freundlich model (Text S4 in Supporting information) and were
summarized in Table S2 (Supporting information). Compared with
the Freundlich model (R? = 0.898), the Langmuir model (R?> =0.931)
is more consistent with the EDTA-MoSx (x=2, 3) adsorption
equilibrium process. This indicating that the adsorption sites on
the surface of the EDTA-MoSy (X =2, 3) are uniformly distributed
and the adsorption of Cu(ll) on EDTA-MoSx (x=2, 3) occurs
monolayer adsorption process [8]. In addition to Cu(Il) ions, the
EDTA-MoS (x =2, 3) still showed enhanced removal of multiple
heavy metal ions with selective sorting of Cu(Il) > Pb(II) > Cd(II) >
Ni(Il) > Zn(II) compared with MoS, (Fig. 4a), which is attributed to
the stronger affinity with EDTA-MoSy (x =2, 3).

The temperature-dependent adsorption curve was depicted in
Fig. S6 (Supporting information) and thermodynamic parameters
of Cu(IlI) removal on EDTA-MoS, (x =2, 3) based on the Van't Hoff
equation (Text S5 in Supporting information) were summarized in
Table S3 (Supporting information), AG < 0 indicating that the
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adsorption process is spontaneous. With the increase of tempera-
ture, the absolute value of AG gradually increases, implying that
the increase of temperature is beneficial to the Cu(Il) ions
adsorption by EDTA-MoSy (x =2, 3) [56], which is consistent with
the result of adsorption isotherms (Table S2). Besides, both AH and
AS values are greater than zero, indicating that adsorption of Cu(Il)
on EDTA-MoSy (x =2, 3) is an enthalpy increase and endothermic
process.

To investigate the reusability of EDTA-MoSy (x =2, 3), several
cycles of adsorption-desorption experiments were performed with
different desorption agents (HCl and citric acid) in Fig. S7a
(Supporting information). The 0.5 mol/L HCI was evaluated as the
optimal desorption agent for EDTA-MoSy (x =2, 3)-Cu(Il) (Fig. 4b
and Fig. S7b in Supporting information). The low eluent
concentration could not provide enough hydrogen ions to destroy
the strong Cu—S bond, while the destroyed structure of EDTA-
MoSy occurred at the high concentration. After five cycles, the
adsorption performance does not decrease significantly, indicating
that the EDTA-MoSy (x=2, 3) has high stability and good cycle
regeneration performance.

Adsorption mechanism analysis is very important to guide the
design of adsorbents and in-depth understand of microscopic
interfacial interactions. Electrostatic interaction and surface
complexation are known as two common adsorption mechanisms.
Considering that the surface of the EDTA-MoSy (x =2, 3) in the pH
range of this study is negatively charged (Fig. S3), as for positively
charged Cu(ll) ions, the electrostatic attraction may control the
adsorption process. So, the adsorption of Cu(Il) ions by EDTA-MoSy
(x=2, 3) under different NaCl concentrations was carried out in
Fig. S8 (Supporting information). The experimental results showed
that the adsorption was not affected by the ionic strength,
therefore, the role of electrostatic attraction on the adsorption
process was excluded and surface complexation is likely to control
the adsorption process. Besides, the amorphous structure of EDTA-
MoSy (x=2, 3) showed excellent stability (Fig. 1d and Fig. S9a in
Supporting information) and the SEM morphology of the EDTA-
MoSy (x=2, 3) did not change significantly after adsorption of
Cu(II) ions (Fig. S9b in Supporting information).
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Fig. 2a shows the FTIR spectra of EDTA-MoS, (X =2, 3) before
and after adsorption of Cu(Il) ions. It was worth noting that the
absorbed Cu(Il) on the surface of EDTA-MoSy (x =2, 3) induced a
new strong peak at 3129 cm~! came from the stretching vibration
peak of the O—H bond in —COOH disappeared, indicating —COOH
was involved in the adsorption reaction and it was consumed by
complexation with Cu(Il) ions [49,57]. Fig. 2b presents a survey and
high resolution XPS spectra of EDTA-MoSx before and after the
process of Cu(II) ions adsorption. An obvious peak was detected at
934.7 eV after Cu(Il) adsorption, and two distinguishable binding
energies around at 932.7 and 952.5eV (Fig. S10 in Supporting
information) are attributed to Cu 2p3,; and Cu 2p4, in the of CuS
[41], respectively. From Figs. 5a and b, we can see that binding
energy of O 1s in C—OH and C=0 and bond shifted from 532.8 eV
to 533.1 eV and 531.4 eV-531.5 eV, respectively [58]. This reveal
that during the adsorption process, oxygen in C—OH and/or C=0
shares electrons with Cu(Il) to form Cu-0 bond, decreased electron
density of oxygen atoms and thus the binding energy increased.
When integrating the peak area, we can see that the area decreased
from 27.5% to 25.5% and 46.3% to 37.1%, resulting from C—OH and
C=0 decreased, respectively. In other words, the role of the
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carboxyl group in this reported adsorption process was verified via
FTIR and XPS analysis.

To testify the function of sulfide ligands for Cu(Il) ions
adsorption in EDTA-MoSy (x =2, 3), the shifts of MoSs and MoS,
core energy are showed in Fig. 5c. The binding energy of bridging
sulfide S, and/or apical sulfide S*>~ belonged to MoS; shifts from
164.3 eV to 164.5 eV (S 2p4,2) and 163.2 eV-163.4 eV (S 2p32). The
S 2pyj2 and S 2ps); belong to the edge S*~ of MoS; both changed
from 163.0eV to 163.1eV, 162.0eV-162.1 eV, respectively. The
increased binding energy of sulfur after Cu(ll) indicated sulfur
atoms shares electrons with Cu(Il) to form Cu-S bond, inducing
decreasing the electron density of sulfur atoms. In addition, the
observation movement of Mo 3ds), and 3ds,, binding energies in
MoS; from 233.5eV to 233.9eV and 230.0eV to 230.6eV,
respectively (Fig. 5d). This is because sulfur atoms in MoS; shared
electrons with Cu(Il) and induced the electron density of adjacent
molybdenum atoms decreased, thus increased its binding energy.
In contrast, this binding energy shift was not observed in MoS,,
suggesting that MoSs has a better affinity for Cu(II) ions, which will
be confirmed by DFT calculations below.

Considering apical sulfide S*>~ cannot participate in adsorption
due to chemically inert, thus bridging sulfide S,2~ of MoSs and the
edge S~ of MoS, plays a positive role in the process of adsorbing
Cu(Il) in the system [40,41]. To illustrate the role of —COOH in the
EDTA-MoS (x = 2,3), bridging sulfide S,2~ of MoS5 and the edge S~
of MoS, in this adsorption process, we performed DFT calculations
to clarify this theoretically. As we all know that the more negative
the adsorption energy (E.qs) is, the more stable the corresponding
structure is [25]. The calculated E,q4s of EDTA, MoS3, and MoS, with
Cu(Il) were estimated in Fig. 6a, E,qs of EDTA (—3.61 eV) and MoS3
(—3.45 eV) were lower than MoS; (—2.73 eV), indicating the EDTA
and MoSs possess higher adsorption affinity than that of MoS,_The
comparative experiments of adsorption capacity using EDTA-MoSx
(x=2,3) and MoS; are presented in Fig. 4a, suggesting amorphous
molybdenum sulfide mediated EDTA with multiple active sites has
more advantages in water treatment of heavy metal ions than
crystalline MoS,.

We further provided total electron density patterns (TED) via
DFT calculations to investigate the interaction between Cu(Il) ions
and EDTA-MoSy (x =2, 3). The deformations of TED patterns were
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observed after the adsorption process (Figs. 6b-d), suggesting
strong interaction between Cu(Il) ions and EDTA, MoSs, and MoS,,
respectively. Moreover, electron clouds of Cu(Il) ions obviously
overlaped with EDTA, MoS3, and MoS,, respectively, indicating the
sharing or transfer of electrons induced by surface complexation.
Mulliken charge analysis is an effective tool to study electrons
transfer for interaction system. Mulliken charge calculations of key
active sites before and after Cu(Il) adsorption are presented in
Figs. 6b-d, included —COOH in EDTA, bridging S,2~ in MoSs, and
edge S?~ in MoS,. After adsorption, charges of Cu(Il) ions bonded
moieties increased by 0.072 (—COOH), 0.065 (MoSs), and 0.038
(MoS,), respectively. The results indicated that the electrons
belonged to oxygen in —COOH group, sulfur in MoS3 and MoS,
were transferred to the Cu(Il) ions and then participated in the
formation of covalent bonds (Cu-O and Cu-S) during the
adsorption process, which is consistent with the above XPS
analysis for the shift of binding energy. The electrons transfer
amount (Qr) of both EDTA and MoSs is larger than that of MoS,,
resulted in both stronger interactions with Cu(Il) ions than that of
MoS,, which was in good agreement with the analysis of
adsorption energy.

In summary, a novel amorphous EDTA-MoSy (x=2, 3)
composites was successfully synthesized via a facile one-step
hydrothermal method, and was used to adsorb heavy metal ions
from aqueous solution. The adsorption performance of EDTA-MoSy
(x=2, 3) was significantly improved compared with that of pure
MoS, due to multiple active sites. Characterization techniques and
DFT calculations, including adsorption energies, total electron
density images, and Mulliken charge analysis, reveal that adsorp-
tion mechanism is mainly attributed to two aspects: (1) Bridging
S,2~ of amorphous EDTA-MoS, (x = 2, 3) combined with Cu(Il) ions;
(2) Cu(II) ions combined with —COOH of the EDTA-MoSy (x =2, 3)
surface. This work is of great significance for the development of
new amorphous phase adsorbents for heavy metal ions removal.
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