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ABSTRACT

Iron sulfide (FeS) has attracted increasing interest as one of the most important reductants in
anoxic environments towards various contaminants. However, some important factors influ-
encing the removal of molybdenum (Mo) by FeS have not been studied clearly. The overall goal
of this study was to investigate the effects of the kinetic process, initial pH, dissolved oxygen,
co-existing ions, and temperature on Mo(VI) removal by FeS. Spectroscopic analyses demonstrate
that Mo(VI) have been successfully reduced to Mo(IV-V) and immobilized on FeS at pH 4. The
process of Mo(VI) immobilization on FeS was fitted well with the pseudo-first-order kinetic model.
The negative impact of dissolved oxygen was limited, and the removal rate of Mo(VI) in the air
environment is only reduced by 10% compared with the anaerobic environment. The removal rates
of Mo(VI) were promoted by the presence of Ca*, Mg*, Zn*, and K*, and were almost unaffected
by HCO;, SO}, and NO;, while greatly inhibited by the presence of PO}". The increase of tempera-
ture favored Mo(VI) immobilization, suggesting the process of Mo(VI) removal was an endother-
mic process. This study showed that FeS could be used as an environmentally friendly agent for

Mo(VI) removal in contaminated water.
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1. Introduction

Molybdenum (Mo) is not only an indispensable trace
element for humans, animals and plants but also being
widely used in industrial production. With the fast devel-
opment of industry, Mo pollution of surface waters has
become an urgent environmental problem and caused
serious molybdenum pollution in some areas, such as
San Joaquin Valley, USA; Brenda Mines, Canada; and
Wuyjintang Reservoir, China [1]. Mo(II-VI) are the main oxi-
dation states of Mo in water solution, while molybdate ion
(MoQ?) is much more toxic and mobile that would cause
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growth retardation, hypothyroidism, and liver and kidney
abnormalities [2,3]. The maximum contaminant level for
Mo(VI) in the drinking water reached 0.07 mg/L accord-
ing to the People’s Republic of China (PRC), so seeking a
suitable method for Mo(VI) removal from aqueous solu-
tions has become a growing concern for sustainable use of
molybdenum resources.

Currently, many methods, for example, adsorption [4],
chemical precipitation [5], and ion-exchange [6], have been
developed for Mo ions pollution control in aqueous solu-
tions. Among these methods, adsorption has gained wide
acceptance because of its high efficiency and low cost [7].
However, it is worth noting that the removal of molybdenum
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by adsorption possibly resulting in the release of Mo to
the environment [8,9]. Moreover, the removal of Mo(VI)
in water is mainly focused on the aerobic environments at
present, and there is insufficient research on its removal in
anaerobic environments such as groundwater, as well as
the bottom layers of rivers and lakes. Reduction of Mo(VI)
to form solid phases with low solubility is a more reliable
and thorough removal method [10]. Therefore, developing
a low-cost and environmentally-friendly reductant with
higher Mo(VI) removal capacity in anaerobic water is of
importance and urgency.

In recent years, chalcogenides, as a strong reducing
agent, have been focused on the removal of heavy metals
in wastewater, such as the removal of Cr(VI) by CdS [11],
Snln,S, nanoparticles [12], and other intercalation chalco-
genides [13-15]. Iron sulfide (FeS) minerals are important
natural reductants and widely present in hypoxic environ-
ments such as soil, river sediments, groundwater and off-
shore. Meanwhile, pyrite in the sediments mainly include
amorphous FeS, tetragonal pyrite Fe ,, .S FeS, and
FeS,. Among them, amorphous FeS has a stronger reducing
ability, and it has been widely applied for the treatment of
heavy metals, including As(III) [16], Hg(II) [17,18], Cd(II),
Co(II), Ni(II) [19] under anaerobic environment due to its
unique surface chemical properties and molecular struc-
ture [20]. Typically, the metals are removed through sorp-
tion, ion exchange, and/or precipitation of highly insoluble
metal sulfides [21]. FeS is an important reductant provid-
ing a source of Fe(II) and S(-II) species, which can act as
electron donors and is favorable to Cr(VI) removal [22].
Therefore, FeS may facilitate Mo(VI) removal in theory.
However, until now, there were few studies on the removal
of Mo(VI) by FeS. Moreover, the factors such as pH, dis-
solved oxygen (DO), co-existing ions, and temperature gov-
ern the Mo(VI) removal rate are still unclear, which have a
significant effect on the reaction.

The overall goal of this work was to investigate the
feasibility of using FeS for Mo(VI) removal from aqueous
solution. Characterization techniques including transmis-
sion electron microscopy with an energy-dispersive X-ray
(TEM-EDS), and X-ray photoelectron spectrometer (XPS)
were conducted to characterize the material composition
and elucidate mechanisms governing the removal process.
Kinetics were performed to discuss the removal property on
FeS. The influence of experimental conditions such as FeS
dosage, Mo(VI) concentration, pH, DO, co-existing ions, and
temperature were investigated to explore the effectiveness
of Mo(VI) removal. This study could facilitate the develop-
ment of a remedial option that can be employed in anoxic
Mo-contamination environments.

2. Materials and methods
2.1. Synthesis and characterization of FeS

Chemicals used in this study were of analytical grade
(S1 in Supplementary information). FeS was synthesized
by mixing FeCl, and Na,S under N, (99.99%) protection in
a three-necked flask, according to the method described
in Li et al. [23] with minor adjustments. In brief, 250 mL of
0.2 M Na,S was slowly added into 250 mL of 0.2 M FeCl,

in a container on a magnetic stir plate. After aging for 3 d,
the black nanoparticles were collected and washed with
nanopure water three times. The freshly prepared FeS was
stored in ethanol at 277 K to prevent the materials from
oxidization. The particles were dried in a vacuum oven
for 1 d prior to their use and characterizations.

2.2. Batch experiments of Mo(VI) removal

Batch experiments were conducted to quantify the
transformation rate for Mo(VI) in the presence of FeS
under different influence factors. A series of FeS sus-
pensions were reacted with Mo(VI) (5-50 mg/L Mo) as a
function of suspension density (20-200 mg/L) at an opti-
mum pH. In addition, the Mo(VI) solutions were purged
with nitrogen gas for 30 min before the addition of FeS to
exclude oxygen. The ionic strength of the Mo(VI) solution
was adjusted by 0.1 mol/L NaCl to an invariable value. To
simulate oxygen-limited conditions, batch experiments
were conducted in 100 mL headspace vials with Teflon-
lined caps wrapped with aluminum foil. To investigate
the effect of DO, the nitrogen and pure oxygen conditions
were achieved by exposing nitrogen and pure oxygen to
Mo(VI) solutions for 30 min prior to the addition of FeS,
respectively. Uninterrupted shaking was carried out during
the experiments with a constant speed of 180 rpm, and the
blank samples performed the same procedure. At certain
time intervals of this reaction, 2.0 mL of solution sample
was periodically withdrawn from each reactor with a glass
syringe and then filtered through a 0.45 um membrane for
immediate analysis. All the tests were repeated three times,
and the average values were presented in tables and figures.

To evaluate the Mo(VI) removal efficiency, the data
were analyzed by simulating the pseudo-first-order
reaction model, pseudo-first and second-order adsorp-
tion models [24,25], which were provided in Supporting
Information (S2). To test the influence of the initial pH on
removal behavior, the initial pH of the Mo(VI) solutions
was adjusted by using 1 mol/L H,SO, or 1 mol/L NaOH
additions, and the total volume that had been changed
was <2%. The influences of co-existing ions (PO, HCO;,
SOI, NO;, Ca*, Mg*, Zn*, K*; used as their respective
0.1 mmol/L sodium salts or chlorate) and temperature
(283, 293, 303, and 313 K) on the removal efficiency of
Mo(VI) by FeS were also investigated, and these experi-
ments were conducted under similar experimental condi-
tions as described above. The experiment conditions used
to study the effects of co-existing ions and temperature
were kept constant: Mo(VI) concentration, FeS dosage and
pH were kept at 10 mg/L, 100 mg/L, and 4, respectively.

2.3. Analytical methods

Separate experiments were conducted to study the
changes in the surface morphology and structure of FeS
before and after reaction with Mo(VI). After the reaction
reached equilibrium, the FeS suspensions were centrifuged
at 10,000 rpm for 10 min and the FeS solids were dried under
N,, and used for surface analysis. The details of analytical
methods are shown in S3 in Supplementary Information.
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3. Results and discussion
3.1. Mo(VI) removal kinetics

As shown in Fig. 1, the initial concentrations of FeS and
Mo(VI) significantly influenced the removal of Mo(VI), and
a significant increase of Mo(VI) removal efficiency from
21.85% to 76.41% with a decrease of Mo(VI) initial con-
centration from 50 to 5 mg/L within 240 min of reaction.
Since the available adsorption sites on FeS were fixed, more
adsorption sites were required for the complete removal
with the increase of Mo(VI) concentration. Besides, the
removal efficiency of Mo(VI) increased rapidly from
13.95% to 84.20% within 240 min of reaction as FeS dos-
age increased from 20 to 200 mg/L (Fig. 1c). This phenom-
enon can be explained by the increased surface area and
reaction sites on FeS particles, the removal of Mo(VI) was
thus accelerated [26].

With reference to existing studies, it is known that the
removal of Mo(VI) by Fe-based materials is a multi-step
process, including electrostatic adsorption and subse-
quent Mo(VI) reduction [27,28]. Therefore, pseudo-first
and second-order models were used to fit the reaction. As
shown in Figs. 1b and d, the experimental data agree well
with the pseudo-first-order reaction kinetic model. Linear
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regression analysis was used to determine the kinetic
parameters, and the results are shown in Table 1. According
to the simulated correlation coefficient, the pseudo-first-
order and second-order adsorption models do not seem
to be suitable for describing the removal of Mo(VI), while
the pseudo-first-order kinetic models perform better with
high correlation coefficients (R*> > 0.90). Besides, with the
increase of FeS, the reaction rate constant (k) gradually
increases, and the value of k at 200 mg/L of FeS dos-
age was 26 times than of 20 mg/L FeS (Fig. 1d). While the
values of k, gradually decreased as MoOZ initial con-
centration increased (Fig. 1b). The results indicated that
reduction was probably the rate-limiting step for Mo(VI)
removal because the reduction of contaminants follows the
pseudo-first-order kinetic model [23].

3.2. Surface analysis of FeS

To further elucidate the surface reaction mechanisms
of FeS with Mo(VI), surface analysis of FeS was performed.
The morphology and structure of FeS before and after
Mo(VI) treatment were characterized by TEM (Fig. 2).
Obviously, there were abundant irregular shapes of micro-
pores among FeS layer before Mo(VI) treatment (B-FeS),
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Fig. 1. (a,b) Effect of initial Mo(VI) concentration, and (c,d) FeS dosage on Mo(VI) removal rate (T = 298 K; (a,b) 100 mg/L FeS;

(c,d) 10 mg/L Mo(VI); pH = 4).
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Table 1
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Comparison of the pseudo-first and second-order kinetics constants for Mo(VI) removal by FeS particles (T =298 K, initial pH = 4)

Parameter Initial concentration of Mo(VI) (mg/L) Initial concentration of FeS (mg/L)
5 10 20 3 50 20 50 100 150 200
Pseudo-first-order k.., x 10 (min™) 126 102 054 032 026 007 032 091 121 182
reaction kinetics R 0979 0966 0962 0983 0936 0911 0985 0978 0964 0.952
, k, x 102 (min") 106 118 133 098 079 029 069 102 079 133
Pseudo-first-order
R g, (ng/g) 10373 9686 6841 39.10 3448 1338 40.16 90.98 108.94 14243
adsorption kinetics ¢
R 0940 0933 0.885 0931 0846 0946 0932 0932 0937 0.89
Peeud dord k, x 102 (g/mg/min) 001 075 481 438 496 419 351 437 280 067
Zeu o-.secc1>(r'1 Orery (mglg) 961539 13263 20.79 22.83 20.15 2390 2847 2288 3569 150.38
adsorption kinetics R 0.0006 0.629 0871 0799 0.639 0745 0.838 0537 0.633 0.783

| e— 11111

(b)

Fig. 2. Transmission electron microscopy images of FeS before (a) and after Mo(VI) treated FeS (b) (T = 298 K; 10 mg/L Mo(VI);

100 mg/L FeS; pH = 4).

which was consistent with poorly crystalline mackinaw-
ite (Fig. 2a) [29]. While the denser structure was formed
on the surface of FeS after reacted with Mo(VI) (Mo-FeS)
(Fig. 2b), indicating that the imbedding of molybdenum
changed FeS surface morphology to some extent. EDS
analysis was conducted to show the element type and con-
tent composition of FeS before and reacted with Mo(VI) at
pH 4 (Table S1). The atomic fraction of Fe and S in B-FeS
was around 1:1. However, the atomic fraction of Fe and
S in Mo-FeS was declined, while Mo atomic fraction in
Mo-FeS was increased, which indicated that part of Mo
was immobilization successfully on FeS. The mapping
images show the distribution of the element on the sam-
ple, and more dots indicate more of the element. As shown
in Fig. S1, mapping images of Mo-FeS matched the results
of EDS, which also indicated that Mo was evenly distrib-
uted inside the FeS. Furthermore, the FeS size (117.13 nm)
was decreased significantly under acidic conditions (pH
4) compared with the original FeS (579.43 nm), which
is more conducive to the reaction with Mo(VI) at pH 4.
X-ray diffraction analysis indicated that the fresh syn-
thetic FeS solid might be poorly crystalline mackinawite

(Fig. 3), being consistent with the finding of Li et al. [23].
However, the oxidized FeS had the typical diffraction
peaks for lepidocrocite, which suggested the occurrence
of mineral interactions between FeS and Fe oxide coatings.
Previous studies also verified that the formation of more
crystalline lepidocrocite was suspected to be induced by the
electron transfer between FeS and Fe oxide coatings [30].
XPS analysis was performed to obtain Mo species of par-
ticle surface. The typical peak of Mo3d on the surface of
FeS was observed after Mo(VI) treatment (Fig. 4a), which
indicated the incorporation of Mo into the particles. The Mo
3d spectrum was dominated by a doublet with a Mo 3d,,
binding energy of 229.82 eV and 230.80-232.85 eV, which
was attributed to the Mo ion in MoS, [31], and MoV [32],
respectively (Fig. 4b). A similar phenomenon was reported
by Chen et al. who employed XPS to investigate the inter-
action of sulfate-reducing bacteria with Mo, and they find
the Mo3d spectrum from the culture droplets showed that
a dominant amount of Mo existed as Mo® [33]. Obviously,
removed Mo(VI) is mainly removed by reduction of FeS at
pH 4, which was consistent with the result of the kinetics
model.
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Fig. 3. X-ray diffraction pattern of the synthetic FeS and oxidized
FeS.

3.3. Effect of pH

The pH of the solution is an important control vari-
able for Mo(VI) adsorption and reduction. Fig. 5 shows
the Mo(VI) absorption performance of FeS particles at dif-
ferent initial pH values, ranging from 4 to 9. In general,
the removal rate of Mo(VI) increases with decreasing pH,
which is similar to the removal rate previously described in
different Fe systems [3,10,27]. The pH effect was revealed
by monitoring the pH changes before and after the reac-
tion (Fig. S2). Regardless of the initial pH value, except for
pH 9, in most cases, the pH value of the solution increases
during the reaction, and the final pH value is between 6.15
and 7.14. For example, when the initial pH was 4, the pH
increased to 6.15 after 240 min of reaction. The phenom-
enon of increasing pH indicates that hydrated hydrogen
ion (H') is indispensable for the adsorption of Mo(VI)
[34]. Mackinawite (FeS) was dissolved in the acidic envi-
ronment under anoxic conditions, while the dissolution of
FeS was mainly promoted by protons through Eq. (1) [35].
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Fig. 5. Effect of the initial pH on Mo(VI) removal by FeS par-
ticles (T =298 K; 10 mg/L Mo(VI); 100 mg/L FeS).

Besides, molybdate is also subject to pH-dependent dis-
solution, the predominating ionic species of Mo(VI) was
Mo,O;#, Mo,O;¢, and HMo,O;? at pH < 7 (Fig. S3), therefore
the possible reduction mechanism could be explained by
Eq. (2). Moreover, this is consistent with the XPS analysis
of FeS particles after the reaction with Mo(VI) when pH = 4.
Under alkaline conditions, the free and surface-bound fer-
rous ions are more easily oxidized, forming thick hydroxide
layers on the surface [36]. In addition, FeS particles would
be negatively charged in an alkaline solution, hindering
the Mo(VI) adsorption due to electrostatic repulsion. The
alkaline conditions would be conductive to the adsorp-
tive removal of Mo species due to the co-precipitation
of Fe(IlI)/Mo hydroxide via Eq. (3) [10].

FeS(s) + 2H" = Fe* + H,S(aq) (1)
Fe* + Mo, O3$/Mo,O//HMo O} + HS~ + H" —
Fe* + MoS, + MOVOXSy +H,0 (2)
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Fig. 4. (a) X-ray photoelectron spectrometer of the surfaces of Mo(VI) treated FeS, (b) narrow scan of Mo3d of Mo(VI)
treated FeS (T =298 K; 10 mg/L Mo(VI); 100 mg/L FeS; pH = 4).
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=Fe-OH + MoO? = =Fe-O,Mo0O; + OH" 3)

3.4. Effect of dissolved oxygen

DO is typically present in surface water and shallow
groundwater. To investigate the impact of DO on Mo(VI)
removal by FeS, experiments were conducted and the
results are shown in Fig. 6. The presence of oxygen sig-
nificantly depressed Mo(VI) removal, and Mo(VI) removal
rate from high to low was nitrogen > air > pure oxygen.
Oxygen would compete directly with Mo(VI) to consume
surface Fe(Il) species at acid solution as explained in
Eq. (4), which was confirmed in Fig. 6. The ratio of Fe*
in total dissolve Fe ions increased in nitrogen condition
because of Mo(VI) reduction, while it was contrary in air
and pure oxygen condition for the co-precipitation or
adsorption of Mo(VI) removal [3]. The reactivity of FeS
decreased after reacting with dissolved oxygen. However,
this negative impact was limited because 70% Mo(VI)
was still removed after 4 h of reaction by the FeS particles
in air condition, which may be due to the adsorption of
Mo(VI) by divalent and trivalent iron [3].

4Fe? + O, + 4H' = 4Fe* + 2H,0 4)

3.5. Effect of co-existing ions

The co-existing ions typically exist in groundwater and
industrial wastewater may potentially compete with the
reaction. In this study, the effect of eight common ions in
natural water bodies on Mo(VI) removal efficiency was
investigated (Fig. 7). All the co-existing cations promoted
the Mo(VI) removal by FeS, being consistent with the find-
ing of Lv et al. [37], and the removal efficiencies were all
above 75% after a 4 h reaction. This was due to the fact the
FeS was positively charged during the reaction process at
pH 4, and offered electrostatic repulsion to the positively
charged cations, thus inhibiting their competition with
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Fig. 6. Comparison of Mo(VI) removal by FeS particles under
different dissolve oxygen conditions (10 mg/L Mo(VI); 200 mg/L
FeS; pH = 4.0; reaction solution referred to the FeS solution after
reaction with Mo(VI); blank solution referred to FeS solution
without Mo(VI); T =298 K).
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Mo(VI) for the active site on FeS. Furthermore, the standard
reduction potential of Ca*, Mg*, Zn*, and K* (E,=-2.76 V,
-2.37 V, -0.76 V and -2.92 V, respectively) is lower than
that of Fe* (E, = -0.45 V), thus the four free cations may
form some covalent compound with Mo(VI). However,
the specific chemical reaction process still needs further
study. Except for POY, the presence of anions improves
the removal rate of Mo(VI). SO and NO; are considered
to be low-affinity ligands, forming an outer spherical com-
plex with iron (oxygen) hydroxide, so their competitive
effects can be ignored [38]. The negative effect of HCO; on
Mo(VI) removal by FeS was not observed in this research,
indicating that the reactivity of FeS was less susceptible to
HCQO; [39]. However, the presence of 0.1 mM PO?" reduced
the Mo(VI) removal efficiency by about 30%. PO} had a
similar structure and size as HMo, O}, thus the competition
between PO} and Mo(VI) for active sites on the FeS affected
the Mo(VI) removal [36]. In addition, PO}~ forms an inner-
sphere complex with iron (oxygen) hydroxide, reducing the
removal ability of Mo(VI) [9]. Therefore, the presence of
PO obviously hinders the removal of Mo(VI).

3.6. Effect of reaction temperature

The removal of Mo(VI) by FeS was also dependent on
the reaction temperature. As shown in Fig. 8a, the removal
rate of Mo(VI) promoted from 35.48% to 62.63% with the
increase of temperature (from 283 K to 313 K), indicat-
ing the Mo(VI) removal process to be endothermic. This
may be due to the fact that temperature rise may acceler-
ate Mo(VI) reduction by overcoming high activation barri-
ers. A similar trend had been reported for the removal of
Mo(VI) [7,34]. However, Mo(VI) removal rate remained
almost unchanged when the reaction temperature increased
from 303 K to 313 K, which mainly due to FeS was more
easily oxidized at a higher temperature, thereby reducing
the active sites that react with Mo(VI). Besides, the cor-
relation coefficients (R?) confirm the fit of experimental
data by the pseudo-first-order reaction model (Fig. 8b).

100

Fig. 7. Effect of co-existing ions on Mo(VI) removal by FeS
(T =298 K; 10 mg/L Mo(VI); 100 mg/L FeS; pH = 4; 0.1 mM ion
concentration; blank referred to FeS reaction solution without
the above co-existing ions).
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Fig. 8. (a) Effect of temperature on Mo(VI) removal by FeS; (b) pseudo-first-order reaction model fit for Mo(VI) immobilization

onto FeS at various temperature, inset: Arrhenius plot of In(k

Moreover, the apparent rate constant (k,) gradually
declines along with the falling of temperature. The appar-
ent activation energy (E) is usually used to distinguish
between physical adsorption and chemical reaction, and
the value of physical adsorption is usually less than 4.2 kJ/
mol [40]. The value of E, calculated by the Arrhenius equa-
tion (Eq. 5) was 39.86 kJ/mol, which indicates that Mo(VI)
removal by FeS is through a chemical reaction. This is also
consistent with the above research results that Mo(VI)
removal is mainly achieved by chemical reduction.

-E
Ink, =—=+InA 5
obs RT ( )
where k,_(min™) and E, (kJ/mol) are defined as apparent rate
constant and apparent activation energy; R (8.314 J/(mol K))
is molar gas constant; T (K) represents temperature and A
(min™) is pre-exponential factor.

4. Conclusions

The prepared FeS was rapid and competent for Mo(VI)
removal from solutions. The systematic investigation was
carried on for the Mo(VI) removal under various condi-
tions. The removal kinetic process of Mo(VI) abided by the
pseudo-first-order kinetic model within 4 h. XPS analysis
demonstrated that the Mo(VI) was immobilized through
reduction at pH 4, as evidenced by no Mo(VI) existence. The
increasing solution pH from 4 to 9 significantly decreased
Mo(VI) removal by FeS. The presence of DO had lim-
ited effect on Mo(VI) removal, and 70% Mo(VI) was still
removed by FeS particles in air condition. The competitive
influence of co-existing ions was negligible except PO},
which reduced Mo(VI) removal efficiency by about 30%.
The Mo(VI) removal process was endothermic, and the acti-
vation energy value indicates that Mo(VI) was chemically
immobilized on FeS. The findings in this study indicate that
FeS nanoparticles hold the promise to be employed as an
effective reductant for immobilization of Mo(VI) in anaer-
obic environment.

) to 1/T (10 mg/L Mo(VI); 100 mg/L FeS; pH = 4).
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Supplementary information
S1. Chemicals

Sodium sulfide (Na,S-9H,0), sodium molybdate
(Na,MoO,2H,0), sodium nitrate (NaNQO,), sodium hydrox-
ide (NaOH), and sodium chloride (NaCl) were purchased
from ALADDIN Reagent Co., Ltd., (Shanghai, China).
Sodium bicarbonate (NaHCO,), sodium sulfate (Na,SO,),
sodium phosphate (Na,PO,-12H,0), potassium chloride
(KQl), zinc chloride (ZnCl), calcium chloride (CaCl,-2H,0),
magnesium chloride (MgCl,-6H,0) were obtained from
Kermel (Tianjin, China). Molybdenum was added to sus-
pensions using 10 mM stock solutions of Na,MoO,-2H,O.
Ferrous chloride (FeCl,) was purchased from Alfa Aesar-A
Johnson Matthey Company (MA, USA). The deionized water
(18.2 MQ cm) was autoclaved at 394 K for 20 min, and then
purged with high purity N, (99.999%) for at least 30 min to
remove the oxygen before used. Reagents were stored under
nitrogen and used as purchased.

S2. Introduction of two kinetic models
52.1. Pseudo-first-order reaction model

The pseudo-first-order reaction model can be expressed
as Eq. (S1):

1n[CJ =—k,.t
CO

where k_ is the rate constant of pseudo-first-order kinet-
ics (min™), C (mg/L) and C, (mg/L) are the concentration of
Mo(VI) in aqueous solution at t min and 0 min, respectively;
t is the contact time (min).

(SD)

52.2. Pseudo-first and second-order adsorption models

The pseudo-first-order adsorption model can be
expressed as Eq. (S2):
tog (9. ~4,) =log(7,) ~ 5 (82)
oo °/ 2303

where k, is the equilibrium rate constant of pseudo-first-
order kinetics (min™). The parameters g, (mg/g) and g, (mg/g)
are the concentration of Mo(VI) adsorbed onto adsorbents at
time ¢ (min) or equilibrium time.

The linear form of the pseudo-second-order adsorption
model can be expressed as Eq. (S3):

LI S (S3)
q. k4> 4,

where k, is the rate constant of the pseudo-second-order
adsorption kinetics (g/mg/min).

S3. Analytical methods

Concentrations of Mo and total Fe ions were mea-
sured by flame atomic absorption spectrometer (ZA-3000).
The concentration of Fe(Il) was measured by a 1,10-phenan-
throline method using a UV-vis spectrometer (Shimadzu
UV-2550, Japan) at 510 nm. The morphological change and
the surface elemental analysis of FeS before and after reac-
tion with Mo(VI) at pH 4.0 was measured using a transmis-
sion electron microscopy with an energy-dispersive X-ray
system at 15 kV (FEI Talos F200S). Powder X-ray diffrac-
tion patterns at two angles from 10° to 70° were recorded
at an interval of 0.33° on an Ultima IV diffractometer using
Cu radiation (40 kV, 40 mA). The particle sizes were mea-
sured by the Zetasizer Nano-ZS90 87 (Malvern instruments
Ltd.,, Worcs, UK). The chemical composition and oxida-
tion state of Mo species on the FeS surface were examined
by an ESCALAB-250 X-ray photoelectron spectrometer
(Thermo Electron Corp., MA, USA).

Table S1
Energy-dispersive X-ray spectroscopy analysis of FeS before and
after Mo(VI) treatment at pH 4.0

Material Atomic fraction (%)

o S Fe Mo
B-FeS 32.27 37.14 30.56 -
Mo-FeS 51.24 23.96 22.04 2.74

B-FeS: FeS before Mo(VI) treatment; Mo-FeS: Mo(VI)-reacted FeS
products; —: No data.
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(b)

Fig. S1. Mapping images of FeS before (a) and after Mo(VI) treatment (b) at pH 4.0. Conditions: T = 298 K;
10 mg/L Mo(VI); 100 mg/L FeS.
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Fig. S2. Variation of solution pH during Mo(VI) reduction with different initial pH values.
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Fig. S3. Distribution of molybdate species as a function of pH at Mo(VI) concentration of 5 mg/L (a) and 50 mg/L (b).
Conditions: T =298 K; ion strength = 0.1 M NaCl.
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