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ABSTRACT
Effective removal of chemically toxic selenium oxoanions at high-capacity and trace levels 

from contaminated water remains challenging in current scientific pursuits. Here, we report the 

functionalization of the MgAl layered double hydroxide with molybdenum-oxysulfide (MoO2S2) 

anion, referred to as LDH-MoO2S2, and its potential to sequester SeVIO4
2- and SeIVO3

2- from 

aqueous solution. LDH-MoO2S2 nanosheets were synthesized by ion-exchange method in solution. 

Synchrotron X-ray pair distribution function (PDF) and extended X-ray absorption fine structure 

(EXAFS) revealed an unexpected transformation of the MoO2S2
2- to [Mo2O2S6]2– like species 

during the intercalation process. LDH-MoO2S2 is remarkably efficient in removing SeO4
2- and 

SeO3
2- ions from ppm to trace level (f10 ppb), with distribution constant (Kd) ranging from 104 to 

105 mL/g. This material showed exceptionally high sorption capacities of 237 and 358 mg/g for 

SeO4
2- and SeO3

2-, respectively. Furthermore, LDH-MoO2S2 demonstrates a substantial affinity 

and efficiency to remove SeO3
2-/SeO4

2- even in the presence of competitive ions from 



contaminated water. Hence, the removal of selenium (VI/IV) oxoanions collectively occurs 

through reductive precipitation and ion exchange mechanisms. This work provides significant 

insights into the chemical structure of MoO2S2 anion into LDH and emphasizes its exceptional 

potential for high-capacity selenium removal and positioning it as a premier sorbent for selenium 

oxoanions. 
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Synopsis: MoO2S2
2- functionalized LDH nanosheets exhibit unpredictable structural 

transformation from MoO2S2
2- to Mo2O2S6

2– like species during the intercalation process, enabling 

a high-capacity removal of selenium oxoanions, followed by reductive precipitation and ion 

exchange mechanisms.



INTRODUCTION

Selenium at trace levels is important for the correct functioning of both humans and 

animals as it plays an integral part in various physiological processes, but in high amounts, it may 

impose serious health problems.1–3 Moreover, because of its chemical and radiological toxicity 

selenium can cause severe environmental problems globally.4,5 Therefore, governments of 

different countries have enacted stringent selenium control regulations.6 

Selenium enters into the environment both by natural and human-related pathways. Natural 

sources of selenium emissions arise from the erosion and weathering of substrates that contain 

high-levels of selenium, such as phosphatic rocks and coal deposits.7 On the other hand, human-

related contributions to selenium contamination are mainly linked to industrial activities, such as 

mining operations and the burning of fossil fuels.8 These activities enable the deposition of 

selenium into the atmosphere and its subsequent leaching into the aquatic environment.9 In aquatic 

systems, selenium mainly remains as soluble oxoanions, such as selenate (SeVIO4
2-) and selenite 

(SeIVO3
2-), and is important to remove for the safeguard of biological systems.

Several materials, including metal-organic frameworks10, titanate nanotubes11, carbon 

nanotubes12, magnesium oxide13, alumina oxide14, titanium oxide15, and numerous other metal 

oxides16 have demonstrated functionalities in removing selenium from water. Despite the 

discovery of such diverse materials, the removal of selenium oxoanions, specifically SeIVO3
2- and 

SeVIO4
2-, at trace-levels poses significant challenges due to numerous factors, including chemical 

stability, high solubility in water, competition for sorption sites, limitations in kinetics, 

complexation with other ions, and the technological limitations of existing remediation 

methods.7,17–20



Layered double hydroxides (LDHs) are two dimensional (2D) anionic clay, represented by 

the formula [M2+
1-xM3+

x(OH)2]x+(An-)x/n·mH2O, where M and A denote metals and anions, 

respectively.21–25 The intriguing structure of LDH incorporates versatile sorption mechanisms, 

including surface adsorption, interlayer anion exchange, and the reconstruction of LDH layers, 

enabling the removal of chemically diverse oxoanions from wastewater.7,22,26–28 However, without 

functionalization LDH suffers low specificity and adsorption capability for oxoanionsic species of 

selenium. Previously, we reported metal-sulfide intercalated LDH, as referred to LDH-MoS4, as 

effective sorbent for toxic oxoanions of Se(IV), and Se(VI).29 This finding underscores the 

importance of functionalizing LDH with chemically diverse thioanionic species and determine 

their effectiveness in the removing of selenium oxoanions from aqueous solutions. 

In this work, we report the pioneering synthesis of a metal-oxysulfide intercalated LDH, 

referred to as LDH-MoO2S2. With synchrotron X-ray pair distribution function (PDF) and 

extended X-ray absorption fine structure (EXAFS), we unveiled the structural transformation of 

the molecular MoO2S2
2- to Mo2O2S6

2– like species during the intercalation of MoO2S2
2- into LDH-

NO3. We further show its effectiveness in removing selenium oxoanions of SeVIO4
2- and SeIVO3

2- 

from ppm level to the trace-level, f10 ppb with a Kd value of g104 mL/g. We also demonstrate that 

LDH-MoO2S2 displays noteworthy adsorption capacities of 237 mg/g for SeO4
2- and 358 mg/g for 

SeO3
2- and effectively removing them from highly contaminated water. These results showcase a 

superior potential of LDH-MoO2S2 for the highly efficient removal of selenium from contaminated 

water. 



EXPERIMENTAL SECTION
LDH Preparation: The MgAl-LDH-CO3 (LDH-CO3) was synthesized according to procedures 

described in previous work.24 The MgAl-LDH-NO3 (LDH-NO3) was obtained by ion exchange of 

the CO3
2- ion, described in details the supporting information file (SI). The intercalation of 

MoO2S2
2- anion into LDH-NO3 was conducted by anion exchange. In detail, for the synthesis of 

MgAl-LDH-MoO2S2, 0.3 g of MgAl-LDH-NO3 and 0.3 g of (NH4)2MoO2S2 were dispersed in 10 

mL formamide. The mixture was then stirred at ambient conditions for 24 h leading to the 

formation of orange solutions with suspended particles. After the filtration, orange solids were 

obtained, washed with ethanol, and dried under ambient conditions. The synthesis of 

(NH4)2MoO2S2 was conducted following the procedure outlined in a prior study.30 A detail on the 

synthesis is reported in the SI. 

Adsorption Experiments: The adsorption experiments of SeIVO3
2- and SeVIO4

2- oxoanions by the 

LDH-MoO2S2 were performed at room temperature (RT). Details on the sorption experiments, 

investigations of sorption isotherms, kinetics, and removal efficiencies for selenium(IV/VI) 

oxoanions are reported in the SI. 

Characterization: Samples were analyzed by X-ray powder diffraction (XRD), scanning electron 

microscopy (SEM), transmission electron microscopy (TEM), energy dispersive spectroscopy 

(EDS), infrared (FT-IR) spectroscopy, Raman spectroscopy, X-ray photoelectron spectroscopy 

(XPS), inductively charged coupled mass spectroscopy (ICP-MS), synchrotron X-ray pair 

distribution function (PDF), and extended X-ray absorption fine structure (EXAFS), please see 

detains in the SI. 



RESULTS AND DISCUSSION

Synthesis and characterizations of LDH-MoO2S2: The LDH-CO3 was synthesized by a 

hydrothermal synthesis; subsequently, the nitrate and molybdenum oxysulfide (MoO2S2) anions 

were intercalated into the positively charged lamellar of the LDH by a stepwise ion-exchange 

reaction: LDH-CO3 → LDH-NO3 → LDH-MoO2S2 to produce the MoO2S2 functionalized 

ultrathin LDH (Schematic 1). X-ray powder diffraction revealed the shift in the characteristic d003 

peak position of LDH-CO3, LDH-NO3, and LDH-MoO2S2 from 0.76 → 0.89 →1.05 nm (Figure 

1a) that matches the previously reported XRD pattern of the CO3
2- to NO3

- ion exchange.24,31,32 

This change in the d003 peak position corresponds to the increase of the basal space due to the 

accommodation of the larger anions of NO3
- and MoO2S2

2- in the interlayer space of the LDH.  It 

is noteworthy that after the intercalation, the (003) reflection at 1.05 nm significantly weakens as 

compared to the (006) reflection at 0.53 nm. In agreement with Ma et al., we believe that the 

intercalation of the heavy (MoO2S2)22 anions and their strong scattering characteristic leads to this 

phenomenon.32 Infrared spectrum (IR) showing the strong band centering at about 1358 cm-1 for 

the CO3
2- intercalated LDH; however, after the nitrate intercalation peak position remains same 

but their shape becomes distinctive (Figure 1b).24,33,34 This further demonstrates the incorporation 

of nitrate anion, however, the presence of CO3
2- along with NO3

- can’t be ignored. This peak was 

almost abolished for the LDH-MoO2S2 (Figure 1b), which suggests the exchange of the NO3
- anion 

by the [MoO2S2]2- species. Hence the intercalation of was achieved using a large excess of 

[MoO2S2]2- as specified in the experimental section. 



Schematic 1: A schematic diagram of the synthesis of LDH-CO3, followed by ion exchange of 
CO3

2- with the NO3
- anions for the synthesis of LDH-NO3; subsequently by MoO2S2

2- anions to 
synthesize the MoO2S2

2- intercalated LDH-MoO2S2.



Figure 1. Comparison of XRD patterns (a), FT-IR spectra (b) of LDH-CO3, LDH-NO3, and LDH-
MoO2S2; TEM image of the LDH-MoO2S2 showing the hexagonal morphology (c); XPS spectra 
of LDH-MoO2S2 with the deconvolution of associated XPS peaks: Mo 3d (d), and S 2p (e); and 
Raman spectra of (NH4)2MoO2S2 and LDH-MoO2S2 (f).

XPS analysis of the LDH-MoO2S2 (Figure 1 d, e) revealed the chemical state of Mo and S. The 

binding energies (BEs) at 232.4 and 235.5 eV (Figure 1d) were assigned 3d5/2 and 3d3/2, 

respectively of Mo6+.35–41
 Besides the Mo6+ peaks, there exists a pair of peaks at 229.3 and 232.9 

eV, for Mo 3d orbital energies. Importantly, for the precursor (NH4)2MoO2S2 the intense peaks at 

233.69eV, 230.51 eV are attributed to Mo 3d orbital energy (Figure S5). Hence such a difference 

in the BEs between the precursor and LDH-MoO2S2 suggests a change in the electronic structure 

and/ coordination environment of Mo atoms after the intercalation or a change in coordination 

environment of Mo atoms after the intercalation, which is not clear to us. Besides, XPS of LDH-

MoO2S2 shows strong bands at 161.1 and 162.3 eV, which  correspond to the BEs of S 2p for S2-

.35,42 Raman spectrum shows strong peaks ranging from 300 - 440 cm-1, which are related to Mo-

S modes.35,36,43 Besides, Raman spectrum of the (NH4)2MoO2S2 (Figure 1f) revealed two 



distinguish peaks at 809 and 830 cm-1 that correspond to v(Mo-O),30,35,43,44 whereas after 

intercalation, LDH-MoO2S2 shows a strong bands centered at 958 cm-1 suggesting the presence of 

Mo=O bond.35,36,45 This peak was notably absent in the Raman spectrum of the precursor materials, 

reflecting a significant structural transformation during the ion exchange process. 

           To understand the structural insights of the interlayered anion of LDH-MoO2S2, we 

conducted a comprehensive analysis, including synchrotron X-ray pair distribution function (PDF) 

and extended X-ray absorption fine structure (EXAFS). These analyses suggest a transformation 

from the initial MoO2S2
2- species to a [Mo2OxSy]2– like structure. The Raman spectral feature at 

958 cm-1 is interpreted as a direct manifestation of the Mo=O vibrational mode within the 

[Mo2OxSy]2– like species, formed during the intercalation process.46–49 Moreover, to assess the 

chemical states and bonding correlations in details, we analyzed the LDH-MoO2S2 by X-ray pair 

distribution function (PDF) and compared with LDH-NO3 and (NH4)2MoO2S2 (Figure 2a). PDF 

of the (NH4)2MoO2S2 shows two strong correlations at ~1.78 and 2.19 Å. These peaks correspond 

to the Mo-O and Mo-S interactions as evidenced by the crystal structure of the 

(NH4)2MoO2S2.44,46,50 Besides, the PDF of the LDH-NO3 shows peaks at 1.83 Å (a shoulder) and 

2.06 Å (strong), which can be assigned as Al-O and Mg-O bonding correlation, respectively.51 In 

contrast, PDF of the LDH-MoO2S2 shows the absence of the peak at 2.19 Å that corresponds to 

Mo-S bonding correlation for the tetrahedral MoO2S2 anion. However, it shows the presence of a 

very strong peak at about 2.34 Å, which is consistent to Mo-S bonding correlation. Here, the 

increase of the Mo-S bond distance from 2.19 to 2.34 Å can be linked to an increase of the 

coordination number of Mo, which is due to the increase in the size of molybdenum ion. This could 

be attributed to the reduction of Mo6+ to a lower oxidation state followed a concurrent partial 

oxidation of some S2-, which is not clear to us. However, a structural rearrangement driven change 



in interatomic distance can’t be completely ruled out.” Moreover, a peak centered at about 1.80 Å 

could be the superimposed peak for Mo=O and Al-O, while the peak at about 2.84 may be 

attributed to the Mo-Mo correlation as observed in the Mo2O2S6
2– anions.47

Figure 2: Synchrotron X-ray pair distribution function of (NH4)2MoO2S2, LDH-NO3, and LDH-
MoO2S2 (a); EXAFS of Mo-K-edge data for LDH-MoO2S2 (b), and its Fourier transforms (c).

The coordination environment of Mo was investigated using extended X-ray absorption 

fine structure (EXAFS) studies. Figure 2b and 2c represent the EXAFS data in k and R-space. 

Harnessing the structural entities obtained by PDF, XPS, and Raman, Mo K-edge EXAFS data 

was fitted by using multiple scattering paths, including Mo-Mo, Mo-S and Mo-O. Details on the 

results of the fitting are given Table S1. As expected from the PDF and XPS results, the fitting of 

the Mo K-edge was not converged straightforward to MoO2S2 anions alone, instated an additional 

compound, (Me4N)2Mo2O2S6, was required to fit the data.52 The fitting of the data yielded a  d(Mo–

Mo) ~ 2.92 Å, which is close to the dimeric cluster of molybdenum, Mo2 (d(Mo–Mo) = 2.83 Å) of the 

[Mo2O2S6]2–.47 Overall, the analysis of the Mo K-edge data revealed the presence of Mo-O, Mo-

S, and Mo-Mo coordination environment. Hence, Mo-Mo bonding correlation can be attributed to 

the dimerization of the MoO2S2 ion. This kind of structural rearrangement is known for MoS4
2- 

that undergoes dimeric rearrangement to Mo2S7
2-.39 This finding suggests that the intercalation 



chemistry of MoO2S2
2- into LDH is remarkably complex, contrasting with the straightforward 

intercalation of the molecular precursors of metal-sulfides proposed previously for MoS4
2-, 

Mo3S13
2-, SnS4

2- and Sn2S6
2- intercalated LDHs.24,29,33,53–56

Removal of SeIVO32- and SeVIO42- from water: The efficiency of LDH-MoO2S2 in 

removing SeO4
2- and SeO3

2- ions from aqueous solutions was investigated at neutral, acidic, and 

alkaline pHs (Figure S6). Our results suggest that LDH-MoO2S2 is more effective in removing 

SeVIO4
2- at neutral pH than it is under acidic or alkaline conditions. At a neutral pH, LDH-MoO2S2 

was able to remove about 99 % of SeVIO4
2- (Table S2) from a 103 ppb spiked deionized water 

(DIW) solution leaving the final concentration of about 9 ppb with the Kd values of 8.2×104 mL/g. 

Hence, such a low residual concentration of the selenium is well below the US EPA's (50 ppb) and 

world health organization (WHO)’s tolerance limit (40 ppb).29,57,58 Also, it is important to note that 

materials that possess Kd values g104 mL/g are commonly regarded as outstanding sorbents.29,59,60 

Hence, such a high Kd suggests that the sorbent LDH-MoO2S2 has a high affinity to sorbate, 

SeVIO4
2- ions and thus could be useful for the decontamination of wastewater. The removal 

effectiveness of LDH-MoO2S2 for 104 ppb SeO4
2- spiked deionized water solution shows 68.61% 

removal, whereas in acidic and alkaline conditions it shows only ~15% removal (Table S2).

On the other hand, LDH-MoO2S2 shows remarkably similar effectiveness in the removal 

of SeIVO3
2- from acidic and pH neutral solutions. At neutral pH, LDH-MoO2S2 removed about 

99.8% of SeO3
2- from 103 ppb spiked DIW solutions and 97.7% from 104 ppb spiked DIW 

solutions (Table S3). At pH ~ 2, LDH-MoO2S2 can remove over 97.3% of SeO3
2- from 103 ppb 

and 97.1% of SeO3
2- from 104 ppb spiked solutions. LDH-MoO2S2 exhibited a Kd of ~ 4.5×105 

mL/mg at neutral pH. It is noteworthy that LDH-MoO2S2 effectively captures SeO3
2- ions, 

decreasing the concentration from 103 ppb to less than 10 ppb in neutral environments and less 



than 30 ppb in acidic conditions. This finding suggests that LDH-MoO2S2 can efficiently remove 

selenium ion across a range of pHs, as demonstrated by its concertation reduction in neutral pH, 

which exceeds the US EPA limit for selenium by approximately five times, and the reduction in 

acidic conditions, which is about two times lower.57,58 These results suggest that LDH-MoO2S2 

could be a useful material for the removal of SeO3
2- from water at acidic and neutral conditions. 

Control experiments involving LDH-NO3 and (NH4)2MoO2S2 indicated that these materials 

exhibit lower efficacy in the sorption of selenate and selenite (Table S4). This finding underscores 

the importance of functionalizing LDH with MoO2S2 anions.

The kinetic studies of LDH-MoO2S2 for the removal of SeO4
2- and SeO3

2- were conducted 

using initial concentrations of 103 and 104 ppb of SeO4
2- and SeO3

2- in DIW over a period of ½ to 

24 h of interactions at neutral conditions (Figure 3, Table S5-S8). In the initial 1-3 hours of 

interactions, LDH-MoO2S2 demonstrated a rapid and effective removal, achieving approximately 

99 % removal for SeO4
2- and SeO3

2- (Table S5-S8) with Kd exceeding 105 mL/g for 103 ppb of 

Se(VI/IV) spike solutions. In contrast, for the 104 ppb spiked solutions the removal efficiency for 

SeO4
2- and SeO3

2- reaches over 95 and 99 %, respectively in 3 h. In general, two different rate 

equations, pseudo-first order and pseudo-second-order, are used to determine the sorption rates 

and properties.33 A linear relationship is observed from the t/qt versus t plots for both 

concentrations with a correlation factors of R2 ~ 1 for SeO4
2- and SeO3

2-, respectively (Figure S7). 

The pseudo second-order rate constants were determined to be 2.835 g/mg·min21 for 1.0×103 ppb 

of SeO4
2- solutions and 15.189 g/mg·min21 for 1.0×103 ppb of SeO3

2- solutions, respectively (Table 

S9). 



Figure 3: Time-dependent sorption experiment showing removal (%) of SeO4
2- (a, b) and SeO3

2- 

(c, d) by LDH-MoO2S2 spiked with 1×103 and 1×104 ppb of SeO4
2- and SeO3

2-; and adsorption 
capacity of SeO4

2- (e) and SeO3
2-(f).

To determine the uptake capacity of LDH-MoO2S2 towards SeO4
2- and SeO3

2-, we 

investigated the sorption of SeO4
2- and SeO3

2- for a broad range of concentrations (Table S10 and 

S11). This study reveals that the sorption capacity increases with the increase of SeO4
2- and SeO3

2- 

concentrations until it reaches an equilibrium. Figure 3e and 3f display the equilibrium sorption 

isotherms. For SeO4
2-, LDH-MoO2S2 achieved a maximum sorption capacity of 237 mg/g.  On the 



other hand, the maximum sorption capacity of SeO3
2- reaches 358 mg/g. The data points of Figures 

3e and 3f were fitted to the Langmuir model, which revealed the calculated qm values of 250.55 

(±3.78) and 409.42 (±32.26) mg/g for SeO4
2- and SeO3

2-, respectively. These values of the 

calculated capacities are close to that of the experimental values. With such high capacities, LDH-

MoO2S2 stands out as a highly efficient sorbent for both SeO4
2- and SeO3

2-, demonstrating a 

capacity comparable to the top candidates for selenate /selenite sorption, as shown in the Table 

1.10,22,26,29,61–65 

Table 1Sorption capacities of various sorbents for selenate and selenite

Ions Sorbents qm (mg/g) Ref.

Se(VI) MgAl-MoO2S2-LDH 237 This work

FeMgAl-MoS4-LDH 167 22

MgAl-MoS4-LDH 85 29

NU-1000 62 10

Fe2+ doped MgAl-LDH 110 61

Y2(OH)5Cl1.5H2O 124 62

CTFS-Cl 149 63

JU-111 165 64

GO/Al30 NC 156 66

iMOF-3C 73 67

Ca-Al-LDHs 139 68

Se(IV) MgAl-MoO2S2-LDH 358 This work

FeMgAl-MoS4-LDH 484 22

MgAl-MoS4-LDH 297 29

UPC-183-Eu 308 65

JU-111 190 64



Y2(OH)5Cl1.5H2O 207 62

Mg/Al(Zn/Al)-LDH 119 26

nZVI/rGO 174 69

To determine the effectiveness of SeO4
2- and SeO3

2- removal in the presence of various 

competitive ions in purified and naturally contaminated water, we investigated selenium oxoanions 

removal efficiency from tap water and Mississippi River water (collected from Vidalia, Louisiana) 

by spiking with 1000 ppb of SeO4
2- and SeO3

2- (Figure S8, Table S12). This study showed that 

despite the presence of numerous ions, such as Ca2+, Mg2+, Na+, K+, HCO3
2, SO4

22, and Cl2, and 

other organic or inorganic constituents, LDH-MoO2S2 exhibits over g 99 % removal efficiency for 

SeO3
2-, while for SeO4

2- it plunges to 33.7 and 27.5% for tap water and Mississippi river water, 

respectively. Hence, the difference in the removal efficiencies of SeO4
2- and SeO3

2- can be due to 

the competition from different anions found in tap and river water, which impact the selectivity of 

LDH-MoO2S2. Besides, LDH-MoO2S2 in general shows greater removal performance for SeO3
2- 

than SeO4
2-. This may be because the reduction of SeIVO3

2- to Se0/Se2- is easier than SeVIO4
2- for a 

Se0/Se2-chemical state, which is the dominant mechanism for the removal of these oxoanions, as 

explained later. This finding illustrates that LDH-MoO2S2 is highly capable in removing SeO3
2- 

and moderately effective for SeO4
2- separation from contaminated water.

Investigations of the SeO32- and SeO42- removal mechanisms: To understand the 

selenate and selenite sorption mechanisms, post interacted solid LDH-MoO2S2 was analyzed by 

SEM, EDS, XRD, and XPS. SEM image shows that the post interacted sample maintained its 

hexagonal morphology suggesting the retention of the layered type phases of LDH following the 

adsorption process (Figure S9). XRD revealed that the d003 spacing of the LDH expands to about 



1.10 nm after interactions with both SeO4
2- and SeO3

2- (Figure 4a). This feature indicates an 

enlargement of the unit cell of the LDH along the crystallographic c-axis, which can be attributed 

due to the increased size of the interlayered anions. It is possible that selenium ion has replaced 

some sulfur in the Mo2OxSy
2- species. The bifurcates of the d006 peak in the XRD of post-interacted 

LDH may point to the presence of a weak unresolved peak in the broad tail of the d003 peak, which 

may be because of the phase segregation of the LDH structures, however, the formation of a 

secondary phase non-LDH phase can’t be completely ruled out. Akin to EDS, XPS shows the 

presence of selenium in the post interacted samples (Figure S6 and Figure 4b). XPS of the SeVIO4
2- 

interacted sample reveals strong bands at about 58.80 and 59.65 eV. These values correspond to 

3d5/2 and 3d3/2 orbital energy of Se4+.29,42,70,71  In addition,  XPS also shows a broad band centering 

at about 54.5 eV. The deconvolution of this peak revealed two peaks. The peaks at about 54.10 and 

54.95 eV can be attributed to 3d5/2 and 3d3/2 orbital energy of the selenide (Se2-).70–72 This finding 

suggests that during the interaction of SeO4
2- with LDH-MoO2S2, SeVIO4

2- is reduced to several 

oxidation states, Se4+ and Se2-.70,72 In contrast, SeO3
2- interacted LDH-MoO2S2 revealed a broad 

photoelectron spectrum in the range of 53 to 57 eV. The deconvolution of this spectrum revealed 

four bands having maxima at ~ 54.14, 54.95, 55.00 and 55.82 eV (Figure 4c). These values of the 

binding energies are related Se0 and Se2- oxidation states, respectively.70–72 This finding proves 

that SeO4
2- and SeO3

2- were reduced throughout the sorption process. However, the presence of 

the Se(IV) ions in the SeVIO4
2- interacted LDH-MoO2S2 is indicative of the presence of SeIVO3

2- 

like species.



Figure 4:  XRD patterns of pre- and post- SeO4
2- and SeO3

2- adsorbed LDH-MoO2S2 (a), XPS 
spectra showing Se 3d peaks after adsorption of SeO4

2- (b) and SeO3
2- (c).

Overall, analysis of the post-interacted LDH-MoO2S2 suggests that an intricate process, 

including reduction and ion-exchange, is involved in the removal of selenate and selenite from 

water, as shown in the schematic (Figure 5). An interaction between the SeVIO4
2- and LDH-

MoO2S2 leads to the formation of Se4+ and Se2-, while for SeIVO3
2- it results in Se0 and Se2- (Figure 

S7, Table S13). Besides, the presence of the Se2- anions in the post interacted samples could be 

attributed to the substitution of sulfide from the interlayered anions of Mo2OxSy to Mo2OxSy-nSen. 

The substitution of the S2- by Se2- could be linked to the increase in the interlayered distance from 

1.05 to 1.10 nm from the pristine to post-interacted LDH (Figures 4a). Also, the formation of the 

Se4+ ions after the interaction of the SeVIO4
2- may result in the formation of the HSeIVO3

-/SeIVO3
2-

, settling in the interlayer of LDH, followed by a partial substitution of the molybdenum 

oxysulfides. Hence, the reduction of selenium of SeVIO4
2- → SeIVO3

2- → Se0/Se2- can be attributed 

to the concurrent oxidation of some sulfides to sulfates. which remain inside the LDH structure as 

indicated by XPS of post adsorbent materials (Figure S10, Table S13). During the process, some 

Mo leaches into solution which may remain as MoO4
2- or MoOxS4-x

2- ions.32



               

Figure 5: Schematic shows a plausible sorption mechanism of SeO4
2– and SeO3

2– ions by LDH-

MoO2S2.

Finally, this work showcases the functionalization of MgAl layered double hydroxide with 

MoO2S2
2-, reveals the transformation of the interlayered anions, and evaluates its effectiveness in 

removing selenium oxoanions from water. Importantly, the structural rearrangement of the 

MoO2S2
2- anions during the intercalation process into the MgAl-LDH emphasizes the importance 

of  investigating the chemical fate of the metal-sulfide species after the intercalation into LDH 

layers ─ a phenomenon overlooked in previous studies on MoS4
2-, Mo3S13

2-, SnS4
2- and Sn2S6

2-  

intercalated LDHs.24,29,33,53–56 Apart from this, the potential of the MoO2S2
2- functionalized LDH 

for exceedingly high-capacity and trace-level selenium removal underscores the significance  of 

LDHs’ functionalization with versatile metal-oxysulfide, and -sulfide anions of diverse chemical 

compositions, and uncovering their effectiveness for the removal of selenium oxoanions from 

contaminated water systems.
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