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a b s t r a c t
The significant increase in demand for molybdenum (Mo) resources has led to excessive molybdate 
(Mo(VI)) content in water, posing a challenge to the innovation of Mo(VI) removal technology in 
water bodies. Nanoscale iron sulfide (FeS) has an important effect on the environmental behav-
ior of Mo(VI) in aquatic solutions. To address the issue of easy agglomeration and poor stability 
of FeS, zirconia sol-modified nanoscale iron sulfide (Zr-FeS) was synthesized, and the adsorption 
behavior of Zr-FeS on Mo(VI) from diverse aquatic solutions was also investigated in this study. 
The results showed that the removal rate of Mo(VI) was increased from 28.60% to 78.32% within 
pH value of 7.0 when Zr/Fe molar ratio was elevated from 0 to 0.5. Moreover, the Mo(VI) adsorp-
tion efficiency by Zr-FeS was closely related to pH values, and acid conditions were beneficial for 
Mo(VI) adsorption. The pseudo-second-order model demonstrated a better fit to the data compared 
to other models. The maximum adsorption capacity of Zr-FeS towards Mo(VI) value calculated by 
Langmuir isotherm model was 118.48  mg/g at 298  K. The thermodynamic analysis revealed that 
the adsorption process of Mo(VI) was endothermic, entropically favorable, and spontaneous in 
nature. Competing anions (e.g., PO4

3–, HCO3
–, and SO4

2–) partially inhibited the adsorption process of 
Mo(VI) by Zr-FeS. While the process was less affected by dissolved oxygen and aging. The results 
of Fourier-transform infrared spectroscopy, X-ray diffraction, X-ray photoelectron spectroscopy, 
and density functional theory (DFT) calculations revealed that the main mechanisms for Mo(VI) 
removal were hydrogen bonding, electrostatic interaction and surface complexation. The high sta-
bility and fast adsorption rate indicated that Zr-FeS was a promising material to remove Mo(VI)  
from the aquatic solutions.

Keywords: �Mo(VI) removal; Iron sulfide; Zirconia sol; Adsorption; Density functional theory (DFT) 
calculation
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1. Introduction

Molybdenum (Mo), an important strategic resource and 
essential element for organisms, is being mined more and 
more, which leads to increasing pollution pressure on sur-
face water [1]. The concentration of Mo in surface waters 
generally is less than 5 µg/L [2]. Excessive accumulation of 
Mo in the human body can hinder its normal metabolism, 
leading to bone enlargement, connective tissue degener-
ation, and developmental retardation [3,4]. However, the 
massive development of Mo ore has led to serious excesses 
of Mo in some untreated mining tailwaters, and Mo pol-
lution has become a common problem around the world, 
that is, Yerevan of the Republic of Armenia and Luanchuan 
County in China (Table S1). Mo is found in many oxida-
tion states, with a range of ‒2 to +6 [8]. Specially, hexava-
lent molybdenum (MoO4

2‒) has been studied intensively 
due to its stability and extremely high toxicity.

At present, the treatment technology of Mo-containing 
wastewater at home and abroad mainly includes chemical 
precipitation [9], adsorption, ion exchange [10], and mem-
brane separation [11]. The adsorption method is univer-
sally adopted in the sewage treatment process due to its 
economy, efficiency, and ease of operation. So far, several 
adsorbents have been reported for Mo(VI) removal. Tu et 
al. have successfully prepared ZnFe2O4 and the Mo’s maxi-
mum adsorption capacity could be reached to 62.5 mg/g [12]. 
The adsorption of Mo in wastewater by NaOCl-oxidized 
multiwalled carbon nanotubes was only 22.73  mg/g [13]. 
Verbinnen et al. [14] have studied the simultaneously 
removal performance of Mo, selenium, and antimony oxyan-
ions from sewage by loading magnetite, and the adsorption 
capacity of Mo in acidic condition was only 18.02  mg/g. 
Although the above adsorbents have properties of simple 
preparation and strong stability, their adsorption rate are 
relatively low and the adsorption amount is relatively low. 
Therefore, the primary goal of this study is to find an ideal 
adsorbent with high stability and high adsorption capacity.

Previous studies have shown that reducing sulfur spe-
cies such as HS–, S2‒, and Sn

2‒ will effect the migration of 
Mo. On one hand, sulfur will replace oxygen in MoVIO4

2‒, 
thus changing the migration characteristics of MoO4

2‒ [15]; 
On the other hand, sulfur and ubiquitous iron are easy to 
form iron sulfide minerals, which is easier to capture Mo 
[16]. Iron monosulfide (FeS) is a non-toxic mineral which 
is widely existed in the natural environment [17]. Its strong 
reduction characteristics are crucial for immobilizing some 
heavy metals like Hg(II) and Se(IV)) in reducing environ-
ments [18,19]. Our previous researches have proven that 
FeS had a better removal effect on MoO4

2‒ in the anaerobic 
environment [16]. However, the synthetic FeS is usually 
deactivated by agglomeration and oxidation [Eq. (1)], and is 
prone to decomposition in acid solution [Eq. (2)].

4 0 5 2 4FeS O Fe S FeO3� � �. 	 (1)

FeS H Fe HS0 2� � �� � � 	 (2)

Zirconia is a kind of inert inorganic oxide. The sol pre-
pared by zirconia has excellent properties such as high tem-
perature resistance, corrosion resistance, abrasion resistance, 

and oxidation resistance. Besides, zirconia sol usually has 
strong ionic affinity due to its large number of hydroxyl 
groups which can coordinate with oxygen-containing groups 
[20]. Therefore, zirconia sol-based adsorbent may have good 
adsorption capacity for nitrate and other anions [21]. For 
example, ZrO2 can significantly enhance the adsorption 
capacity of adsorbents such as metal oxides and activated 
carbon on heavy metals, which can inhibit the agglomera-
tion of metal oxides, so it is a potential candidate for mod-
ification of FeS [22,23]. However, the optimization of the 
modification parameters of zirconia sol on FeS is not clear. 
Detailed investigations are still needed on the removal per-
formance, mechanism, and influencing factors of zirconia 
sol-modified nanoscale iron sulfide (Zr-FeS) on Mo(VI).

In the present work, a novel stable and efficient Zr-FeS 
was synthesized and the mechanism as well as key factors 
for Mo(VI) removal were explored. The detailed objec-
tives of this work were: (1) to determine the most suitable 
parameters for the synthesis of Zr-FeS; (2) to explore Mo(VI) 
adsorption properties and influencing factors by Zr-FeS; 
(3) to discern the removal mechanism of Mo(VI) by Zr-FeS 
via X-ray photoelectron spectroscopy (XPS) and density 
functional theory (DFT)  studies. This work enriches the 
application of FeS, providing a reference for the removal of 
Mo(VI) in aquatic solutions.

2. Materials and methods

2.1. Chemical agents

Sodium sulfide (Na2S·9H2O) was purchased from Aladdin 
Reagent Co., Ltd., (Shanghai, China). Na2MoO4·2H2O was 
used to prepare 1,000  mg/L stock solutions. Ferrous chlo-
ride tetrahydrate (FeCl2·4H2O) was provided by A Johnson 
Matthey Company (JM, USA). Zirconium oxychloride octa-
hydrate (ZrOCl2·8H2O), potassium nitrate (KNO3), ethanol 
(C2H5OH), sodium hydroxide (NaOH), sodium dihydro-
gen phosphate dihydrate (NaH2PO4‧2H2O), hydrochloric 
acid (HCl), sodium sulfate (Na2SO4), sodium hydrogen 
carbonate (NaHCO3), and sodium molybdate 2-hydrate 
(Na2MoO4·2H2O) were all purchased from Sinopharm 
Chemical Reagent Co., Ltd., China. Analytically graded 
reagents and deionized water were used in all experiments.

2.2. Preparation of Zr-FeS

The Zr-FeS was prepared by mixing FeCl2·4H2O, 
ZrOCl2·8H2O, and Na2S·9H2O in a 250 mL flask reactor full 
of N2 (99.99%) (Wu et al. [24]). Briefly, a certain amount of 
ZrOCl2·8H2O (0.154 mol/L) was dissolved in a 5:3 (v/v) mix-
ture of ethanol and water, and sealed it in a water bath at 
70°C for 2  h to prepare zirconia sol. Afterwards, zirconia 
sol was slowly added into 50  mL of FeCl2·4H2O solution 
(0.2  mol/L) in electric stirring (300  rpm). After 15  min of 
reaction, 50 mL of Na2S·9H2O with the same concentration 
was supplemented to the above solution, and continued 
stirring for half an hour to obtain Zr-FeS material. The pre-
pared black nanoparticles were rinsed with deionized water 
aerated with N2 for several times and then stored in the 
ethanol solution. Zr-FeS with different compositions were 
synthesized by adjusting the addition ratio of the zirconia 
sol, that is, molar ratios of Zr/Fe (0.1, 0.3, 0.5, 0.8, and 1.0). 
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Likewise, bare FeS was obtained without adding zirconia 
sol in the above preparation process.

2.3. Mo(VI) adsorption batch experiments

A series of Zr-FeS suspensions (Zr/Fe = 0.5) were prepared 
to react with 5‒50 mg/L of Mo(VI) vs. dosage (20‒200 mg/L) 
at 180  rpm unless specified otherwise. 0.1  mol/L of KNO3 
was employed to adjust the ionic strength of the solution. 
5  mL syringe was utilized to collect samples periodically. 
After filtering through a filter with a 0.45 µm aperture, the 
samples was immediately analyzed. Batch experiments were 
performed to investigate the influences of Zr/Fe molar ratio 
(0.1, 0.3, 0.5, 0.8, and 1.0), pH (5–9), the dosage of Zr-FeS, 
and the initial Mo(VI) concentration on Mo(VI) removal. 
Besides, the Zr/Fe, temperature, pH, Zr-FeS dosage, and 
Mo(VI) concentration were set at 0.5, 298  K, 7.0, 100, and 
10 mg/L as control conditions. 1 mol/L HCl/NaOH was uti-
lized for adjusting the initial pH of the solutions. The influ-
ences of competing anions (PO4

3–, HCO3
–, and SO4

2‒; used as 
their 0.1‒10 mg/L sodium salts, respectively) and dissolved 
oxygen (DO) on the removal of Mo were also studied. The 
nitrogen or oxygen environment in the solution was pre-
pared by continuously injecting nitrogen or pure oxygen 
into the Mo(VI) solutions for half an hour. In addition, the 
chemical stability of FeS and Zr-FeS was also analyzed 
after aging for 0, 7, and 30 d, respectively.

2.4. Regeneration

To evaluate the regenerative ability of Zr-FeS, the 
adsorption and desorption process of Mo(VI) were stud-
ied for consecutive five cycles. In each cycle, 5.0 g/L Zr-FeS 
were added to 30 mg/L of Mo(VI) solution and the mixture 
was shaken in a shaker with the speed of 180  rpm for 8 h. 
After that, the Mo(VI)-adsorbed Zr-FeS were separated by 
centrifugation and added to the 60 mL of 0.1 mol/L NaOH 
solution and shaken for 1 h. Then the Zr-FeS were collected 
after desorption, and the amount of Mo(VI) desorption 
in the aqueous solution was detected. After each regen-
eration experiment, Zr-FeS were collected, washed, and 
dried overnight for the next cycle.

2.5. Analysis

The suspension after reaction equilibrium was sub-
jected to centrifugation for 10 min with 10,000 rpm, and the 
used adsorbent was dried and stored under nitrogen, and 
then employed for further analysis of surface morphology 
and structural changes. The details of analytical methods 
are provided in Test S1 of Supplementary Information.

2.6. Theoretical interatomic adsorption analysis by DFT

The Vienna ab-initio simulation package (VASP) 
was adopted to conduct all DFT calculations [25,26]. The 
Perdew–Burke–Ernzerhof (PBE) exchange-correlation func-
tion of the generalized gradient approximation (GGA) 
was utilized [27], along with the projected enhanced wave 
(PAW) pseudopotential [28,29], to describe ion nuclei and 
valence interactions between electrons. After convergence 

tests for energy cutoff and k-points, 450  eV was set as the 
cutoff value. The Monkhorst–Pack scheme was used to 
sample the Brillouin zone [30], and a 3 × 3 × 1 k-point grid 
was employed for geometry optimization. The energy and 
force converge to 1.0 × 10‒4 eV and ‒0.002 eV/Å. Eq. (3) was 
used to calculate the adsorption energy:

E E E Eads absorption system surface absorbate� � � 	 (3)

where Eadsorbate, Esurface, and Eadsorption system are the respective 
total energies of the free adsorbate, Zr-FeS, and Zr-FeS 
with adsorbate.

In thermodynamics, negative values of adsorption 
energy indicate that the process is exothermic, while posi-
tive ones suggest endothermy. The larger negative adsorp-
tion energy denotes a more stable adsorption structure. 
The binding energy between the Mo atom and Zr-FeS(001) 
can be examined by calculating the charge density  
difference (Δρ) as:

�� � � �� � �� ��Mo A Mo A 	 (4)

where ρMo+A, ρA, and ρMo are the charge densities of 
Mo-adsorbed Zr-FeS(001) structure, pristine Zr-FeS(001) 
and isolated Mo atoms, respectively, with Mo atoms and 
A are in the same positions in the Mo+A system.

3. Results and discussion

3.1. Removal performance of Mo(VI) by modified FeS

The removal efficiency of Mo(VI) was increased from 
28.60% to 78.32% at pH value of 7.0, when Zr/Fe was 
expanded from 0 to 0.5 (Fig. 1a). However, as Zr/Fe contin-
uously rises, the enhancement of Mo(VI) removal efficiency 
was not significant. Thus, the best Zr-FeS modification 
condition was selected as 0.5. Besides, the removal rate of 
Mo(VI) by Zr-FeS was significantly higher than that of FeS 
under different pH conditions (Fig. 1b). Moreover, Mo(VI) 
removal rate was gradually dropped with the increasing ini-
tial pH of the solution for Zr-FeS, and the removal rate was 
higher than 90% at pH = 4.0. These phenomenon might be 
related to the Mo morphology in solution and the surface 
charge of the adsorbents. According to the speciation and 
solubility curve of MoO4

2‒ calculated by VISUAL MINTEQ 
software (Fig. 1c), MoO4

2‒ was changed to other forms 
(MoO3(H2O)3 and HMoO4

‒) in the pH range of 2.0‒4.0, which 
was more conducive to removing Mo(VI) by electrostatic 
interaction. Besides, the pHpzc of Zr-FeS (6.25) was higher 
than that of FeS (5.42) (Fig. 1d), which might be induced 
by the hydroxyl group’s protonation on the Zr surface 
[31]. However, Zr-FeS also had a certain removal effect on 
Mo(VI) when the pHpzc was higher than 6.25, so electrostatic 
adsorption was only one of its removal mechanisms.

3.2. Characteristics

As shown in Fig. 2a, some clustered mineral structure 
was appeared on the surface of unmodified FeS, which 
might be owing to the partial oxidation of FeS to Fe(OH)3 
[16]. The synthetic Zr-FeS with flocculent dispersion was 
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(a) (b) 

(c) (d) 

Fig. 1. (a) Mo(VI) removal performance comparison of FeS and Zr-FeS (Zr/Fe  =  0.1, 0.3, 0.5, 0.8, 1.0, pH  =  5, 7, 9), (b) effect of 
initial pH on Mo(VI) removal by FeS and Zr-FeS (Zr/Fe  =  0.5), (c) distribution of molybdate species as a function of pH at 
Mo(VI) concentration of 10 mg/L and (d) point of zero charge of FeS and Zr-FeS (Zr/Fe = 0.5).

Fig. 2. Scanning electron microscopy images of (a) FeS, (b) Zr-FeS before the reaction with Mo(VI) and (c) Zr-FeS after the reaction with Mo(VI).
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full of pores, and the uniformly dispersed flocs might be 
caused by amorphous hydrated zirconia covered on FeS 
(Fig. 2b). However, the Zr-FeS surface was transformed 
into a granular state after reaction with Mo(VI), suggesting 
that Mo(VI) had been adsorbed on the surface of Zr-FeS 
and changed its surface morphology (Fig. 2c). Energy-
dispersive X-ray spectroscopy (EDS) images (Fig. S1) 
suggested that Zr-FeS was mainly composed of O, Cl, S, 
Fe and Zr. After adsorption process, Mo element was 
appeared on the surface of Zr-FeS. Moreover, the element 
type in the mapping images (Fig. S2) was also consistent 
with that shown in the EDS images. The specific surface 
area of the FeS and Zr-FeS was analyzed by a Brunauer–
Emmett–Teller (BET)-N2 surface area analyzer. The results 
showed that the Zr-doped FeS had a larger BET sur-
face area (59.92 m2/g) than the FeS (48.67 m2/g). Both FeS 
nanoparticles and Zr-FeS both exhibited type IV isotherms 
with an H3 hysteresis loop, indicating the presence of well- 
developed mesopores in both materials (Fig. S3) [21,32]. 
The modification of the FeS by ZrO2 might cause differ-
ent surface morphologies and might yield particles with 
different surface functional groups, thereby affecting the  
surface area of the particles [33].

3.3. Adsorption kinetics

As shown in Fig. 3a and b, the initial dosage of Zr-FeS 
and the initial concentration of MoO4

2‒ dominantly influ-
enced the Mo(VI) removal (pH  =  7.0.). Moreover, the rate 
of removal showed a trend of rapid improvement with 
the increase of the amount of Zr-FeS and the decreasing 
initial Mo(VI) concentration. The adsorption active sites 
was increased as the increase of Zr-FeS dosage increased. 
Conversely, Mo(VI) with lower concentration was more 
favorable to be adsorbed by the active sites of Zr-FeS. These 
findings were consistent with our previous study using 
FeS to remove Mo(VI) [16]. Since the correlation coefficient 
R2  >  0.98 and the calculated adsorption amount qe,cal,2 was 
closer to the experimental qe,exp (Table 1 and Fig. 3c‒f), the 
adsorption kinetic process of Mo(VI) by Zr-FeS conformed 
to the pseudo-second-order kinetic model. Thus, the lim-
iting step of the adsorption rate might be determined by 
electron sharing or exchange in chemical adsorption [34].

3.4. Adsorption isotherms

Four adsorption models (Freundlich isotherm, Temkin 
isotherm, Langmuir isotherm, and Dubinin–Radushkevich 
isotherm) were used to simulate the isothermal adsorption 
data in this study. As shown in Fig. 4, the Mo(VI) adsorp-
tion quickly tended to saturation at three temperatures as 
the initial Mo(VI) concentration rose. Besides, the Langmuir 
model with higher correlation coefficient R2 was superior 
for fitting the whole adsorption process, and the maximal 
adsorption capacity (Qm) was close to the experimental data 
(Qe,exp) (Table 2). Therefore, the Mo(VI) adsorption mainly 
occurred on the Zr-FeS surface through a single-layer molec-
ular layer adsorption. Compared with some adsorbents 
(Table 3), Zr-FeS had a higher adsorption capacity for Mo(VI) 
(118.48 mg/g, 298 K); moreover, the values of dimensionless 
separation factor (RL) used to represent a fundamental feature 

of the Langmuir isotherm were in 0‒1 at various tempera-
tures. These results implied that Zr-FeS has potential appli-
cation in the treatment of wastewater containing Mo(VI) .

3.5. Thermodynamics analysis

Temperature is an important factor in the adsorption 
process. The Mo(VI) removal process by Zr-FeS under three 
temperatures (298, 308, and 318 K) were tested in this study. 
Table 2 illustrates that the Qm values improved from 118.48 
to 205.01  mg/g with elevated temperature, suggesting that 
increasing the temperature was beneficial to Mo(VI) removal. 
As shown in Table 4, Mo(VI) adsorption process by Zr-FeS 
was endothermic, and the randomness was increased at 
the interface between solid and solution, since the values 
of enthalpy change (ΔH°) and entropy change (ΔS°) were 
positive. Besides, the negative Gibbs free energy change 
(ΔG°) showed that the Mo(VI) adsorption process was 
spontaneous, and ΔG° values decreased gradually with the 
increase of temperature, suggesting that high temperature 
helped the remove of Mo(VI).

3.6. Influencing factors

3.6.1. Influences of competing anions and dissolved oxygen

Anions coexisting with MoO4
2‒ may preempt the 

adsorbed material’s active site, causing the adsorption effect 
of the material on Mo(VI) to be weakened. The effects of 
PO4

3–, HCO3
–, and SO4

2‒ on the adsorption performance of 
Mo(VI) by Zr-FeS were investigated, and the results showed 
that three oxoacid anions had certain inhibition on Mo(VI) 
removal, which might be caused by the competition between 
three oxoacid anions and molybdate for Zr-FeS surface’s 
active adsorption sites (Fig. 5a‒c). Therefore, the inhibition 
was strengthened with the increase in the concentration of 
oxoacid anions. Additionally, PO4

3– had greater inhibition 
on removing Mo(VI), which could be caused by the gen-
eration of an inner spherical complex between PO4

3– and 
iron (oxygen) hydroxides [38].

Compared with bare FeS, Mo(VI) adsorption process 
by Zr-FeS was far less impacted by DO under different 
DO environments (Fig. 5d). DO significantly inhibits the 
Mo(VI) adsorption by FeS, which may be caused by the 
electrons of the ferrous ion are more easily taken up by DO 
[39]. However, the oxygen-containing layer formed on the 
FeS surface modified by zirconium sol can not only effec-
tively prevent the erosion of DO, but also has little impact 
on the transmission of electrons (Zeeshan et al. [40]), thus 
alleviating the DO influence on removing Mo(VI) by Zr-FeS.

3.6.2. Impact of aging

The aging of nanomaterials usually leads to surface 
passivation and aggregation of their, which hurts their 
reducibility. Compared with bare FeS, the aging effect on 
removing Mo(VI) by Zr-FeS was much lower (Fig. 6a), and 
the efficiency decreased by 10.39% and 19.40%, respectively 
after 30 d of aging. FeS was easier to oxidize during the aging 
process and formed a surface passivation layer. X-ray dif-
fraction (XRD) was further tested to find out the structural 
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changes in Zr-FeS before and after aging (Fig. 6b). The peaks 
at 17.0° and 30.0° indicated the presence of FeS (JCPDS, 
15-0037) and ZrO2 [40] on the Zr-FeS, respectively. The char-
acteristic peaks of aged Zr-FeS at 2θ angles of 35.1° and 53.1° 
indicated the existence of lepidocrocite (γ-FeOOH), which 
may be related to the FeS/iron oxide layer electron trans-
fer [39]. The above analysis illustrated that Zr-FeS showed 
a good anti-aging performance, which was convenient 
for the practical application of Mo(VI) removal.

3.7. Removal mechanism

3.7.1. Spectroscopy analysis

The Fourier-transform infrared spectroscopy (FTIR), 
XRD, and XPS analyses were conducted to further analyze 
Mo(VI) adsorption mechanism. As displayed in Fig. 6c, new 
diffraction peaks of Fe2(MoO4)3 (2θ  =  15.3°) (JCPDS No. 
31-0642) and FeMo2O6(OH)3 (2θ  =  23.1°, 26.8°, and 27.6°) 
(JCPDS No. 50-1619) were appeared in Zr-FeS after Mo(VI) 

  

  

  

(e) (f) 

(c) (d) 

(a) (b) 

Fig. 3. Mo(VI) removal performance in systems with (a) different dose of Zr-FeS equal to 20, 50, 100 and 200  mg/L at an initial 
MoO4

2‒ concentration of 10 mg/L, and (b) with Mo(VI) concentration of 5, 10, 30, and 50 mg/L at a dose of Zr-FeS equal to 100 mg/L; 
(c) and (d) are the pseudo-first-order kinetic fitting for systems (a) and (b), respectively (pH = 7.0, T = 298 K); (e) and (f) are the 
pseudo-second-order kinetic fitting for systems (a) and (b), respectively (pH = 7.0, T = 298 K).
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adsorption, which suggested that Mo was loaded on Zr-FeS 
surface by forming a complex with ferric ions [24]. The 
diffraction peak of ZrO2 (2θ  =  30.0°) can still be seen after 
Mo(VI) adsorption, which may be due to the role of ZrO2 
mainly as an electronic channel. As shown in Fig. 6d, the 
bands at 3,400 and 1,625  cm–1 belonged to the stretching 
vibration of O–H [41]. However, some adsorption peaks 
changed in the FTIR spectra of Mo-Zr-FeS after adsorbing 
Mo(VI). The 1,022  cm–1 adsorption peak might be allotted 

to the bending vibrations of O‒H [42]. The changes of these 
diffraction peaks between 1,000‒1,300  cm–1 may be caused 
by the complex formed by O‒H and molybdate, which sug-
gested that O‒H participated in the Mo(VI) removal.

Fig. 7a illustrates that the characteristic peak of Mo 
appeared at about 233  eV after reacting with Mo, which 
implied that Mo had been adsorbed on the Zr-FeS surface. 
FeS was the principal form of iron in Zr-FeS, because the 
Fe 2p3/2 peak at 710.5  eV is referred to FeS (Fig. 7b) [43]. 

Table 1
Kinetic parameters of pseudo-first-order and pseudo-second-order for Mo(VI) adsorbed by Zr-FeS (pH = 7.0, T = 298 K)

Parameter Initial dosage of Zr-FeS (mg/L) Initial concentration of Mo(VI) (mg/L)

20 50 100 200 5 10 30 50

qe,exp (mg/g) 95.201 75.532 71.357 49.848 34.626 41.415 80.386 80.689

Pseudo-first-order
k1 × 10–2 (min–1) 0.054 0.121 0.089 0.064 0.037 0.032 0.036 0.053
qe,cal,1 (mg/g) 60.225 24.743 18.946 8.148 20.077 32.149 67.444 59.375
R2 0.924 0.796 0.912 0.924 0.954 0.855 0.792 0.943

Pseudo-second-order
k2 × 10–2 (g/(mg·min)) 0.006 0.013 0.212 0.057 0.025 0.020 0.007 0.005
qe,cal,2 (mg/g) 97.371 78.493 74.294 46.642 35.524 54.348 85.763 76.746
R2 0.989 0.998 0.998 0.999 0.996 0.998 0.998 0.989

  

 

(a) (b) 

(c) (d) 

Fig. 4. Isotherms data and modeling of Mo(VI) adsorption on Zr-FeS at (a) 298 K, (b) 308 K, and (c) 318 K, (d) plot of lnKad vs. 1/T; 
reaction conditions: Zr-FeS = 100 mg/L, pH = 7.0, shaking time = 24 h.
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However, the peak value of Fe 2p3/2 shifted from 710.5 to 
711.0 eV after the Mo(VI) adsorption, indicating that some 
divalent iron lost electrons and changed into trivalent iron 
(Fe(III)-S) [44]. The two peaks with 161.3 and 162.5  eV in 
the S 2p3/2 were referred to S2– and S2

2–, respectively (Fig. 7c) 
[45]. Besides, the peaks at 163.3 and 164.6 eV represented 
polysulfide (Sn

2‒), and the peaks at 166.9 and 168.3  eV 
referred to SO3

2– and SO4
2‒ [46]. In Zr(3d) spectrum, there 

were two peaks with 182.8 and 185.3 eV (Fig. 7d), indicat-
ing that Zr existed in the form of a positive tetravalent [47]; 
the valence state of Zr did not change significantly after 
Mo(VI) adsorption. The three peaks with 529.7, 531.1, and 

532.8  eV in the O(1s) spectrum referred to metal-O, O–S/
O=C, and O–H, respectively (Fig. 7e) [47]. After adsorb-
ing Mo(VI), the disappearance of the O–H peak indicated 
that it participated in the adsorption. The Mo(3d) peaks 
at 235.7 and 232.5  eV were ascribed to the presence of 
Mo(VI) (Fig. 7f) [48]. Therefore, there existed no redox 
reaction during the whole Mo(VI) removal process.

3.7.2. Calculations of DFT

Previous publications have found that the surface of 
FeS(001) was found to be more stable [49], so the FeS(001) 
surface was cut and the FeS model was constructed. Then 
a 3  ×  3  ×  1 supercell was built and the vacuum slab was 
adjusted to 20 Å to avoid interaction (Fig. 8a). To investigate 
the the removal mechanism of Mo by Zr-doped FeS(001), 
the Fe atom in FeS(001) was replaced by Zr to obtain a 
Zr-doped FeS(001) structure, and this structure was repre-
sented by Zr/FeS (001) (Fig. 8b). According to the structure 
optimization results, the binding energy of Zr to defective 
FeS(001) is ‒2.95  eV (Table S2) when FeS(001) was doped  
with Zr atoms.

Table 2
Isotherm adsorption model parameters for the removal of Mo(VI) by Zr-FeS, reaction conditions: initial Mo(VI) concentra-
tion = 10 mg/L, Zr-FeS = 100 mg/L and pH = 7.0

Isotherm models Formula Parameters 298 K 308 K 318 K

Qe,exp (mg/g) 138.28 152.34 211.27

Langmuir
C
q

C
Q Q b

e

e

e

m m

� �
1

Qm (mg/g) 118.48 150.13 205.01
kL (L/mg) 7.88 4.91 6.16
RL × 102 0.08‒5.96 0.14‒9.25 0.11‒7.51
R2 0.95 0.96 0.99

Freundlich ln ln lnq
n

C Ke e F� �
1

kF (mg1–n·Ln/g) 77.57 93.35 121.83
n 9.43 8.38 7.91
R2 0.89 0.88 0.83

Temkin q RT
bT

A RT
bT

Ce e� �ln ln
A × 104 (L/mg) 1.12 3.93 1.64
bT (kJ/mol) 0.11 0.082 0.056
R2 0.95 0.95 0.98

Dubinin‒Radushkevich ln lnQ Qe m L� �� �2

Q0 (mg/g) 117.12 147.11 202.82
βL (mol2/(kJ2)) 0.13 0.17 0.17
E (kJ/mol) 1.97 1.74 1.71
R2 0.90 0.90 0.92

Table 3
Comparison of Zr-FeS and other adsorbents for Mo(VI) adsorption capacity

Adsorbents Adsorption capacity (mg/g) References

Nanomagnetic CuFe2O4 30.58 [12]
Modified pomelo peel 48.54 [35]
Maghemite nanoparticles 33.4 [36]
NaOCl-oxidized multi-walled carbon nanotubes 22.73 [13]
Modified drinking water treatment residues 43.67 [34]
Modified mesoporous zirconium silicates 22.8 [37]
Zirconium modified FeS 118.48‒205.01 Present study

Table 4
Thermodynamic parameters for Mo(VI) adsorption onto Zr-FeS

Temperature 
(K)

ΔG° 
(kJ/mol)

ΔH° 
(kJ/mol)

ΔS° 
(J/(mol·K))

R2

298 ‒9.469
99.552 365.993 0.999308 ‒13.254

318 ‒16.784
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(a) (b) 

(c) (d) 

Fig. 5. Effect of (a) PO4
3–, (b) HCO3

–, and (c) SO4
2– on Mo(VI) removal at different concentrations and (d) dissolved oxygen 

conditions on Mo(VI) removal by FeS and Zr-FeS.

  

  

(a) (b) 

(c) (d) 

Fig. 6. (a) Effect of aging on the removal efficiency of Mo(VI) by FeS and Zr-FeS; (b) X-ray diffraction analysis of Zr-FeS, and 
aged Zr-FeS (30 d); (a) X-ray diffraction and (b) Fourier-transform infrared spectra of the bare Zr-FeS and Mo(VI)-loaded Zr-FeS.
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Then, the adsorption of Mo on the pristine FeS(001) 
and Zr/FeS (001) surfaces were further studied. Mo’s most 
stable adsorption sites are hole sites of the four S, which 
have the lowest Eads (‒7.09  eV) (Fig. 8c). Mo bonded to Fe 
and S, and the bond lengths of Mo-Fe (2.595 Å) and Mo-S 
(2.530 Å), respectively. Following the adsorption on the sur-
face of Zr/FeS (001), when Mo was the most stable adsorp-
tion sites are the hole sites of the four S and the Eads are 
the lowest (‒7.61 eV) (Table S3). The Mo atom was bonded 
with Fe, S, and Zr at the same time, with bond lengths of 
Mo-Fe (2.540  Å), Mo-S (2.415  Å), and Mo-Zr (2.710  Å), 

respectively, the most stable adsorption structure as shown 
in the Fig. 8d. By comparison, after Zr was doped, the bond 
length of Mo-Fe and Mo-S increased significantly, Mo-Fe 
bond length rose by 0.055  Å, Mo-S bond length grew by 
0.115 Å. The Zr-doped makes it helps Mo to connect to the 
Zr/FeS(001) surface. Mo atoms create Mo-Zr bond (2.710 Å) 
with the Zr atom making Mo more securely adsorbed on 
the Zr/FeS(001) surface. According to some evidence, Zr/
FeS(001) provides a more stable adsorption site for Mo 
than FeS(001), and this is owing to the difference in favor of  
bond lengths.

  

  

  

(a) (b) 

(c) (d) 

(e) (f) 

Fig. 7. (a) X-ray photoelectron spectroscopy full spectrum, (b) Fe2p, (c) S2p, (d) Zr3d, (e) O1s (M: metals), and (f) Mo3d spectra 
of the Zr-FeS before and after reaction with Mo(VI) (Mo(VI) concentration = 10 mg/L, Zr-FeS = 100 mg/L, Zr/Fe = 0.5, pH = 7.0).
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To further clarify the interaction mechanism between 
adsorbate and substrate, the differential charge densities of 
Mo@FeS(001) and Mo@Zr-FeS(001) were also determined 
(Fig. 9). Yellow and blue regions suggest accumulation and 
depletion of charge. As for Mo@FeS(001), although having a 
sizable area of electron enrichment near the Mo atom, there 
were also more electron deficient areas outside the Fe sur-
face (Fig. 9a and b), which subsequently results in weak 
interaction with the Mo atom. As observed in Fig. 9c and 
d, doped Zr may greatly boost charge transfer on the sur-
face of Mo@Zr-FeS(001), it further caused an imbalanced 
charge distribution at the interphase and strong charge 
interaction between Mo and Zr-FeS(001). Electron charge 
density difference also confirmed that a larger electron 
enrichment area is found between Mo and Zr atoms in Mo@
Zr-FeS(001), favoring the development of a stronger Mo-Zr 
bond in Mo@Zr-FeS(001) when compared to Mo-FeS(001). 
According to our DFT calculation results, the mechanism 
of the reconstructed Mo@Zr-FeS(001) suggested that the 
doped Zr atom on FeS(001) enhanced charge transfer to 
the development of a stronger Mo-Zr bond and promoted 
the strong Mo adsorption on the Zr-FeS(001) surface.

The Zr-FeS inhibits the aggregation of FeS particles 
through electrostatic repulsion or spatial effects, thereby 
increasing the specific surface area and reactivity of fer-
rous sulfide. The adsorption kinetics of Mo(VI) were con-
sistent with the pseudo-second-order adsorption kinetic 
model, indicating that chemisorption was participated in 
the adsorption process . According to the XPS analysis, the 
mechanism for removing Mo(VI) by the Zr-FeS was adsorp-
tion because only the characteristic peak of Mo(VI) was 
found. Combined with the analysis results of the FTIR, XRD, 
XPS, and DFT calculation, the main mechanisms for Mo(VI) 
removal were hydrogen bonding, electrostatic interaction, 
as well as surface complexation. The adsorption mechanism 
of Mo(VI) on Zr-FeS is shown in Fig. 10.

3.8. Regeneration

The reusability is a crucial factor for judging the stabil-
ity of an adsorbent. A good adsorbent should have prperties 
of high adsorption capacity and high desorption efficiency, 
thereby reducing their economic costs. Therefore, 0.1  M 
NaOH solution was used for elution, which was more 

 

Fig. 8. Schematic illustration of (a) the top view of the geometry-optimized structures of FeS(001) surface, (b) the most stable 
structure of Zr-doped FeS(001), (c) the best adsorption site of Mo on the pristine FeS(001) surface, and (d) Zr-FeS(001) surface.
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favorable to Mo(VI) desorption according to the similar 
consistency principle and electrostatic repulsion [50]. Five 
consecutive cycles of adsorption/desorption were carried 
out for Mo(VI) on Zr-FeS. As shown in Fig. 11, the removal 
rate of Zr-FeS was still higher than 86.02% after five times 

of regeneration, and the desorption rate also stabilized 
around 79.55%. The reason for the slight decrease in the 
adsorption amount might be the incomplete desorption of 
Mo(VI) on Zr-FeS, which was caused by both physisorp-
tion and chemisorption [51].

 

Fig. 9. (a) and (b) Differential charge density map of Mo-FeS(001) system; (c) and (d) differential charge density map of 
Mo@Zr-FeS(001) system.

Fig. 10. Proposed mechanism for the adsorption of Mo(VI) onto Zr-FeS.
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3.9. Implications

Iron sulfide has been universally used for removing 
organic pollutants and heavy metals in sewage due to its 
strong reduction performance. But FeS is easy to be deac-
tivated due to agglomeration and oxidation in the process 
of synthesis, storage, and use, which will affect its practical 
application performance. In this study, zirconia was used 
to modify FeS nanoparticles to solve the above problems. 
The results indicated that Mo(VI) adsorption process could 
reach balance within 40  min, and the optimal adsorption 
capacity could be reached to 118.48  mg/g at 298  K, which 
was significantly higher than the current results. The com-
petitive anions had certain inhibition on the Mo(VI) adsorp-
tion. The Zr-FeS had better resistance to oxidation and 
aging. Spectroscopy analysis and DFT calculations further 
confirmed that physisorption and chemisorption were the 
dominant forces for Mo(VI) removal. Compared to nano-
FeS, Zr-FeS has greater application potential in treating 
Mo-containing (VI) wastewater.

4. Conclusions

Mo(VI) could be quickly and efficiently removed by 
Zr-FeS with Zr/Fe = 0.5 from the aquatic solutions. The Mo(VI) 
adsorption process conformed to the pseudo-second-order 
kinetic model and the Langmuir model. The removal rate 
of Mo(VI) was higher than 90% at pH of 4.0, and the larg-
est adsorption capacity reached 118.48  mg/g at 298  K. The 
adsorption process was a spontaneous, feasible, and endo-
thermic process. Competing anions (such as PO4

3–, HCO3
–, and 

SO4
2‒) had certain inhibition on the Mo(VI) adsorption. Zr-FeS 

had excellent anti-aging and oxidation properties. The spec-
troscopy analysis and DFT calculation results showed that 
physical adsorption and chemisorption were the main mech-
anisms for the removal of Mo(VI). All in all, Zr-FeS could 
be a suitable and beneficial material for adsorbing Mo(VI) 
removal from the aquatic solutions.
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Supplementary information

S1. Analytical methods

The surface characteristics of the FeS and Zr-FeS before 
and after the adsorption of Mo(VI) were measured using 
Nova NanoSEM 430 (FEI, USA). Fourier-transform infra-
red (FTIR) spectra were recorded on a Nicolet 6700 FTIR 
spectrophotometer. Powder X-ray diffraction patterns at 2θ 
angles from 10° to 80° were recorded at an interval of 0.33° 
on an Ultima IV diffractometer using Cu radiation (40  kV, 
40  mA). Through the N2 adsorption/desorption test, the 
V-Sorb 2800P surface area and pore distribution analyzer 

was used to analyze the specific surface area of Brunauer–
Emmett–Teller. The chemical states of the surface elements 
of the Zr-FeS before and after reaction with Mo(VI) were 
recorded by X-ray photoelectron spectroscopy using mono-
chromatic Al K X-ray radiation (ESCALAB 250Xi, Thermo, 
USA). The pH at the point of zero charges (pHpzc) of the 
materials was determined using the solid addition method 
as described elsewhere (Fotsing et al. [S1]). The concentra-
tions of Mo and total Fe were determined by flame atomic 
absorption spectrometer (PinAAcle 900T, PerkinElmer,  
USA).

Table S1
Soil pollution condition of Mo(VI) in different parts of the world

Region Soil properties Mo content (mg/kg) Literature 
sourceMean Maximum

Luanchuan County, Henan Mining soil 28.19 343 [4]

Lake Baikal
Residential areas 223 420

[5]
Relaxation area 293 430

Yerevan Urban soil 2.6 421 [6]
Hulun Buir Natural pasture soil 1.53 3.77 [7]

Table S2
Optimization results of Zr atom doping at FeS sites (001). The atoms of zirconium, iron, and sulfur are represented by the 
light blue, yellow, and purple balls, respectively

Sites Model 1 Model 2

Before optimization

After optimization

Zr-S shortest (Å) 2.47 2.45
Eads (Zr/FeS) (eV) ‒2.95 ‒2.89
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Table S3
Optimization results of Mo on different adsorption sites of Zr/FeS (001). The purple, yellow, light green, and green balls 
represent iron, sulfur, zirconium, and molybdenum atoms, respectively

Sites Absorb 1 Absorb 2 Absorb 3

Top view

   

Side view

  

DMo-Zr (Å) 2.71 4.50 6.79
Eads Mo@Zr/FeS(001) (eV) ‒7.61 ‒7.44 ‒7.19

   

   

Fig. S1. Scanning electron microscopy mapping images of Zr-FeS, the order of the elements is: O, S, Cl, Fe, Zr, and EDS images 
of Zr-FeS.
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Fig. S2. Scanning electron microscopy mapping images of Zr-FeS-Mo, the order of the elements is: O, Na, Cl, Fe, Mo, S, Zr, 
and EDS images of Zr-FeS-Mo.

0.0 0.2 0.4 0.6 0.8 1.0

0

20

40

60

80

100

120

140

 debrosd
A ytitnau

Q
(c

m
3 /g

 S
TP

)

Relative pressure P/P0

 FeS adsorption

 FeS desorption

0.0 0.2 0.4 0.6 0.8 1.0

0

10

20

30

40

50

60

)PTS g/³
mc( debrosd

A ytitnau
Q

Relative pressure P/P0

 Zr-FeS adsorption

 Zr-FeS desorption

Fig. S3. Nitrogen adsorption–desorption isotherms of (a) FeS and (b) Zr-FeS.
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