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ARTICLE INFO ABSTRACT
Keywords: In this study, an magnetically separable iron sulfide (greigite, Fe3S,) was synthesized by solvothermal method
Greigite (FesS4) and employed for effective removal of Cr(VI). The Cr(VI) removal process followed a pseudo-first-order kinetic
Cr(VD/A C‘Ir(III) model that was highly dependent on the initial Fe3S,:Cr(VI) molar ratio. The total Cr(VI) removal was involved
Qd;mp_tm“ in surface adsorption/reduction and solution reduction/precipitation processes via electrostatic attraction,
eduction

electron transfer and co-precipitation mechanisms. The apparent Cr(VI) removal rate constants decreased from
0.061 to 0.017 min~* with solution pH increased from 3.5 to 10.0, which resulted from the higher reducibility
and surface electropositivity of Fe3S, at low pH. The 1,10-phenanthrolin inhibitory experiment revealed that the
Cr(VI) reduction process was mainly mediated by ferrous ions rather than sulfides. By means of analyses on the
iron and sulfur species, the efficient Cr(VI) removal with Fe;S, was ascribed to the surface Fe(III)/Fe(II) cycles
induced by the sulfide ions. As for the reusability of Fe3S,, the Cr(VI) removal efficiency after 3 cycles was
decreased to ca. 50% under the same conditions, which may be caused by the generation of Cr (oxide)hydroxyl
and sulfide. These findings provide new insights into the concerned chromate transfer mechanisms mediated by
magnetic iron sulfides, and have great prospects in construction of highly efficient systems for the Cr(VI) re-
moval.
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1. Introduction

Chromium (Cr) is widely used in industrial processes, such as textile
dying, tanneries, galvanic industry and wood preservation [1,2]. Due to
its dissolubility, persistence and bioaccumulation, Cr is frequently de-
tected in groundwater, surface water and soil [3]. There are several
oxidation states of Cr in the environment, and the most common and
stable forms are Cr(III) and Cr(VI) species, which exhibits extremely
contrasting properties [4]. For instance, Cr(VI) including HCrO,~ and
Cr,0,2~ are soluble, highly mobile in water and exert toxic effects on
biological systems. In contrast, Cr(III) is much less toxic in natural
aquatic environment duo to the formation of insoluble species, such as
Cr(OH)3 or CryFe; x(OH)3 [5,6]. Thus, Cr(VI) has been identified as a
top priority hazardous pollutant by the United States Environmental
Protection Agency (USEPA), and its mandatory discharge limit in China
is regulated to be 0.05 and 0.5 mg/L in surface water and wastewater,
respectively [7]. As a consequence, it is a great challenge to develop
methods to efficiently remove Cr(VI) from the water environment.

The most common approach to remediate Cr(VI) pollution is to
reduce Cr(VI) into relatively less bioavailable and toxic Cr(III) by che-
mical reduction methods [8]. For example, ferrous ions, sulfides, and
organic compounds were widely used for the reduction of Cr(VI) at-
tributing to their lower redox potential [9-12]. Seama et al. and
Schlautman et al. demonstrated that dissolved ferrous ions could reduce
Cr(VI) under neutral pH, and the Cr(VI) removal efficiencies were de-
pendent on the solution pH value, the kinds of ligands and buffers, and
the dissolved oxygen concentration [13,14]. Kim et al. found that the
sulfide could efficient reduce Cr(VI) into Cr(III), and the reductive ef-
ficiency was strongly dependent on the ionic strength and solution pH
[15]. Li et al. concluded that Fe(III) could promote the Cr(VI) reduction
induced by sodium borohydride [16]. Unfortunately, these homo-
geneous reductive processes could not decrease the total Cr species in
the solution, and need the following of precipitation with alkali, which
may increase the cost of the treatment and cause the secondary pollu-
tion. Therefore, it is imperative to find an efficient, cost-effective and
environmentally benign method to realize the Cr(VI) reduction and Cr
(I11) immobilization.

Iron materials, such as zero-valent iron (ZVI), iron (oxide)hydroxyl,
and iron sulfides, are commonly used to reduce and/or adsorb the Cr
(VD) [17-19]. For example, it was found that Cr(VI) reductive efficiency
induced by ZVI was much higher than that of ferrous ions and sulfite,
which may be caused by the multiple electron donators such as ZVI, the
structure and dissolved ferrous ions [20]. Moreover, due to its excellent
affinity of heavy metals, iron minerals can easily adsorb the generated
Cr(III) species to realize the total Cr immobilization on its surface
[21,22]. However, ZVI is easily oxidized at ambient conditions to form
a oxidative layer on ZVI surface, which may block its further oxidation
by Cr(VID) [23].

Due to simultaneous containing of Fe(II) and S(-II) species, iron
sulfides are widely used as an efficient reductant for Cr(VI) remediation
[24-28]. Patterson et al. found that the Cr(VI) in the soil and water
environment was efficiently reduced by FeS to generate [Crg ,sFeg 5]
(OH); via a reduction-coprecipitation route [29]. More interestingly,
the higher Cr(VI) reduction efficiency is induced by the structural fer-
rous ions and sulfide rather than the dissolved ferrous ions. Though the
generated Cr(III) can be subsequently adsorbed on the FeS surface, its
efficiency is dependent on the solution pH and the surface charge.
Recently, organic ligands such as citrate, tartrate and oxalate are in-
volved in promoting the Cr(VI) reduction efficiency by iron sulfide. For
example, Kantar et al. found that the ligand could not only promote the
FeS, oxidative layer dissolution to provide more active site for Cr(VI)
adsorption/reduction, but also favor to the formation of Fe-Cr-ligand
complexes to inhibit the mobility of Cr(VI) [30]. However, these iron
sulfides are hardly separated from the reaction solution due to its
limited magnetism [31]. Also, the Cr(VI) reduction/adsorption con-
tribution with iron sulfides remains unclear in these reports.
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Greigite is the thiospinel of iron that has a similar spinel crystal
structure (Fe2*Fe3*S,) to magnetite [32]. It is usually an authigenic
ferromagnetic mineral that forms as a metastable precursor of pyrite in
anoxic sedimentary environments during early diagenetic sedimentary
sulfate reduction [33,34]. Due to its ferromagnetic and reductive
properties, Fe3S, has been widely used as material for ion batteries
designing, carbon dioxide reduction and pollutants remediation
[35-38]. Our previous study demonstrated that the structural sulfide of
Fe3S, enhanced the organoarsenic adsorption and reduction, and its
reductive and adsorptive capabilities were extremely dependent on the
solution pH [39]. However, there is a paucity of data concerning with
the Fe3S4-induced Cr(VI) removal, which may be significant for the
heavy metal transformation by natural iron sulfide in sediment or
groundwater.

In this study, we demonstrated that the magnetic Fe3S4 could effi-
ciently remove the Cr(VI). A series of experiments were designed and
carried out to evaluate the effects of Cr(VI) concentration, solution pH
on Cr(VI) removal efficiency. A series of approaches, such as 1,5-di-
phenylcarbazide coloration method, flame atomic absorption spectro-
meter and X-ray photoelectron spectroscopy, were used to analyze the
Cr species and its adsorption/reduction contribution in the solution and
on the Fe3S, surface, respectively. The iron species cycle and its effects
on the Cr(VI) reduction were rigorously investigated using the 1,10-
phenanthrolin inhibitory experiments. This study aims to supplement
the fundamentals for the adsorptive and reductive impact induced by
magnetic Fe3S, on Cr(VI) removal under real-world water environment.

2. Material and methods
2.1. Chemicals

Analytical grade Iron(IlI) nitrate nonahydrate (Fe(NO3)39H-0),
thiourea, ethylene glycol (EG), ethanol, potassium dichromate
(K5Cry07), nitrate acid (HNOs3), 1,5-diphenylcarbazide, acetone, sul-
furic acid (H,SO4), 1,10-phenanthrolin (Phen), sublimed sulfur, and
sodium sulfide nonahydrate (Na,S-9H,O) were purchased from
Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China). Suwannee
River fulvic acid (SRFA-terrestrial origin) and Pony Lake fulvic acid
(PLFA-microbial origin) were obtained from the International Humic
Substance Society (Denver, CO, USA). All chemicals were used as re-
ceived without further purification. Deionized water (> 18 MQ-cm)
was prepared by a Millipore Milli-Q system (Bedford, MA, USA) and
used for all experiments.

2.2. Sample preparation

Fe3S, was synthesized using a modified solvothermal method ac-
cording to previous report [40]. Briefly, 1.21 g Fe(NO3)39H,0 and
0.46 g thiourea were dissolved in 60 mL of EG, and stirred at room
temperature for 20 min to form a yellowish-brown solution. The re-
sulting mixture was then transferred into a 100 mL Teflon-lined stain-
less steel autoclave and heated at 180 °C for 12 h. Following completion
of the heating step, the autoclave was cooled to room temperature.
Finally, the dark solid product was obtained by centrifugation and se-
quentially rinsing with distilled water and ethanol before drying in a
vacuum oven at 60 °C for 6 h. The crystal structure and morphology of
the as-prepared Fe3S; were confirmed by powder X-ray diffraction
(XRD) and scanning electron microscopy (SEM) (Figs. S1 and S2).

2.3. Characterization

Powder X-ray diffraction (XRD) patterns were acquired using a
Bruker D8 Advance X-ray diffractometer with Cu Ko radiation
(A = 0.15418 nm). Scanning electron microscopy (SEM) was performed
on a LEO 1450VP scanning electron microscope (Zeiss, Oberkochen,
Germany). The zeta potentials of FesS, suspensions at different pH
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Fig. 1. (a) Effects of initial Fe3S4:Cr(VI) molar ratio on removal efficiency of Cr(VI) by Fe3S,; (b) Changes in Criota;, Cr(VI) and Cr(III) concentrations at fortification
level of 10 mg/L (0.192 mmol/L) of Cr(VI). The concentration of Fe3S, was 0.5 g/L (1.689 mmol/L), and the initial solution pH was 5.7.

values were determined by a Malvern ZEN3690 Zetasizer (Malvern,
UK). The magnetic properties of the as-prepared Fe;S powder were
determined using a vibrating sample magnetometer (VSM-7300,
Quantum Design, San Diego, CA, USA) at 298 K. High-resolution X-ray
photoelectron spectroscopy (XPS) was recorded with a Kratos ASIS-HS
X-ray photoelectron spectroscope equipped with a standard and
monochromatic source (AIKR) operated at 150 W (15kV, 10 mA). The
binding energies obtained in the XPS analysis were corrected for spe-
cimen charging by referencing the C 1s line to 284.5eV.

2.4. Experimental procedures

The stock solution of Cr (VI) (1000 mg/L) was prepared by dissol-
ving an appropriate dosage of K;Cr,O in 100 mL deionized water and
subsequently stored in the dark to avoid photochemical reaction. The
working solution of Cr(VI) was prepared by an appropriate dilution of
the Cr(VI) stock solution with deionized water. Cr(VI) removal ex-
periments were carried out in 50 mL conical flasks under ambient
conditions. During a typical Cr(VI) removal process, 0.01 g of Fe3S,
powders was added into the conical flask with 20 mL Cr(VI) solution.
The flask was then covered with aluminum foil and shaken in a rotary
shaker (THZ-92A, Boxun, China) at 30 °C. To explore solution pH ef-
fects, the initial pH of Cr(VI) solution was adjusted by 0.1 mol/L HCl or
NaOH, and the final pH values were measured with a Sartorius basic pH
meter PB-10. Anoxic Cr(VI) removal experiments were conducted in a
100 mL flask, which was vacuumed and filled with argon gas. The Cr
(VD) solution was purged with argon gas for about 30 min to remove the
dissolved oxygen. An 20 mg/L of SRFA or PLFA were used to clarify the
effects of natural organic matters on the Cr(VI) removal by Fe3S,.
Samples were withdrawn at a regular time interval from the flask with a
syringe and passed through a 0.22 um polytetrafluoroethylene mem-
brane filter. To assess the stability of FesS,, the solid after reaction was
separated from the solution with an additional magnet, then washed
with deionized water and ethanol thoroughly, and finally vacuum-dried
for the reuse. For the reactivation, the reacted Fe;S; was immerged in
1 mol/L HNO3 solution for 5min and then washed three times with
deionized water to removal the surface precipitation. All removal ex-
periments were performed at least in triplicate.

2.5. Analytical methods

The concentration of Cr(VI) in aqueous solution was measured by
using 1,5-diphenylcarbazide method [41], which was not sensitive to Cr
(III) species. Chromium reagent, 1,5-diphenylcarbazide, was mixed
with 0.5 mL of filtrate for 5min. The absorbance of generated Cr(VI)-
diphenylcarbazide product was determined by using a UV-Vis spec-
trometer (UV-752 N, INESA, China) at a wavelength of 540 nm. Total
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chromium (Cr(VI) and Cr(III), Cr1) concentration in aqueous solution
was measured with a flame atomic absorption spectrometer (Flame-
AAS, PinAAcle 900T, PerkinElmer, USA). Cr(IIl) concentrations were
calculated according to the difference between the Cry, and Cr(VI)
concentrations. Dissolved Fe(II) was quantified by the 1,10-phenan-
throlin method [42], and total dissolved iron was obtained after adding
hydroxylamine hydrochloride to the filtered solution, Fe(III) con-
centration was calculated by the total dissolved iron and Fe(II) con-
centrations. Samples were analyzed with a UV-Vis Spectrophotometer
at a specific wavelength of 510 nm. Elemental sulfur in the solution was
detected by a Chromaster Infinity HPLC system (Hitachi, Japan), and
that adsorbed onto the Fe3S, surface was extracted with ethanol prior to
detection [43].

3. Results and discussions
3.1. Effects of initial Fes3S,:Cr(VI) molar ratio on Cr(VI) removal kinetics

The as-synthesized Fe;S, was used for the removal of Cr(VI) with
initial Fe3S4:Cr(VI) molar ratio of 1:0.011 to 1:0.228 at pH 5.7. As
shown in Fig. la, all of the Cr(VI) concentrations decreased with
prolonging reaction time from O to 80 min. The Cr(VI) removal effi-
ciency almost reached as high as 100% when the initial Fe3S,:Cr(VI)
molar ratio ranged from 1:0.011 to 1:0.171, while it decreased to 72%
with the Fe3S4:Cr(VI) molar ratio up to 1:0.228. All of the Cr(VI) re-
moval processes at different initial Fe3S4:Cr(VI) molar ratio were found
to follow a pseudo-first-order kinetic equation with high correlation
coefficients (Table S1). The apparent Cr(VI) removal constants de-
creased from 0.463 + 0.044 to 0.015 + 0.002min "' with increasing
the initial Fe3S4:Cr(VI) molar ratio from 1:0.011 to 1:0.228. These ob-
servations strongly suggest that the magnetic FesS, has a good con-
centration-dependent removal efficiency for Cr(VI).

3.2. Effects of natural organic matters and oxygen on Cr(VI) removal
kinetics

As natural organic matters and Fe3S, may co-exist in natural aquatic
environments and subsequently interact with both Cr(VI) and Fe3Sy,
two kinds of NOMs (PLFA and SRFA) were evaluated for their effects on
the removal efficiency of Cr(VI) by Fes3S,. Fig. S3 shows that Cr(VI)
removal efficiencies reached up to 97% in the presence of PLFA or
SRFA, indicating no significant effects of these NOMs on Cr(VI) re-
moval. Furthermore, the effects of oxygen on the Cr(VI) removal by
FesS, was also investigated. Fig. S4 reveals that the Cr(VI) removal
efficiency under argon was in general agreement with that under air
conditions, ruling out the potential promotive effects of O, on the FesSy
oxidation and subsequent Cr(VI) removal.



W. Liu et al.

Chemical Engineering Journal 359 (2019) 564-571

(a) Fe(II1)-O (b)
Cr(ITT)-OH Cr(I11)-0 Fe(III)-S
Fe,S /after

—_ Cr(1I1)-S e Fe(11)-S

= Cr(VD)-0 =

s &

z Fe,S /after z

e & | Fe S /before

= =

_— L]

Fess A/before
S o N e et e —
T 2t T > T 2 J L . L) ¥ T v L bl v ».
582 580 578 576 574 717 714 sl 708 705
Binding energy (eV) Binding energy (eV)
i . () 0" (@)
Qz‘ s):.lk S:urnm

-~ -~

= =
& | Fe,sS /after S
z z Fe,S /after
= =

- T

D D
N N

= =
— L
Fe,S /before Fe,S /before
A T d T o T . v . T * T . T d J g T ’ d v T d
174 171 168 165 162 159 535 534 533 532 531 530 529 528
Binding energy (eV) Binding energy (eV)

Fig. 2. High resolution XPS spectra of Fe;S, before and after Cr(VI) removal. (a) Cr 2p; (b) Fe 2p; (c) S 2p and (d) O 1s, respectively. The concentrations of Fe3S4 and

Cr(VI) were 0.5 g/L and 10 mg/L, respectively. The initial solution pH was 5.7.

3.3. Cr(VI) removal route with FesS,

Cr(VI) removal mediated with heterogeneous materials involved
direct solution reduction/precipitation and surface adsorption/reduc-
tion process. Thus, the dissolved Cr(VI) and Cry,, concentrations
during the removal process were first quantified. The Crioe con-
centration in the solution decreased from 10.0 to 0.7 mg/L within
80 min (Fig. 1b), demonstrating that most of dissolved Cr species
transferred to the Fe;S, surface. Additionally, the Cryo, concentration
was higher than that of Cr(VI), and the difference was ascribed to the
generation of dissolved Cr(IIl). It can be found that Cr(III) concentration
increased to 2.7 mg/L within 20 min, confirming the reduction of Cr(VI)
with Fe3S;. However, the Cr(Il) was then gradually decreased to
0.4mg/L in the final 60 min, suggesting the subsequent Cr(III) ad-
sorption/precipitation on the FesS,.

To confirm the surface adsorption and reduction of Cr(VI)/Cr(IIL),
the Cr species on the FesS, surface before and after the treatment were
analyzed by XPS. Learning from Fig. 2a, the strong peak centered at
577.0 eV was assigned to the Cr(2p3,,) after the Cr(VI) treatment pro-
cess, suggesting the generation of insoluble Cr species on the Fes3S,
surface. The high binding energy tail could be fitted with four peaks at
579.2, 577.9, 576.8 and 576.0 eV. The peak at 579.2 eV was attributed
to the Cr(VD)-O of the Cr,0,2~, and other three peaks were assigned to
the Cr(III)-OH, Cr(II)-O, and Cr(III)-S of Cr(OH);, Cr,03, and Cr,Ss,
respectively [44]. These results revealed that both of the Cr(VI) ad-
sorption and reduction mechanisms were involved on the FesS, surface.
However, the relative fraction (14.8%) of Cr(VI) was much lower than
that (85.2%) of Cr(IIl) (Table S2), suggesting the significant Cr(VI) re-
duction after the adsorption process with Fe3S4. Moreover, the high-
resolution spectra of Fe 2p, S 2p and O 1s before and after Cr(VI) re-
moval were also analyzed. The peak at 710.0eV could be fitted at
711.1, 709.2, 707.3 eV (Fig. 2b), which were attributed to the surface

Fe(II)-O, Fe(III)-S, Fe(I)-S, respectively [45]. The relative fraction of
Fe(II) decreased from 30.2 to 8.6% (Table S2), which might result from
the high reductive ability of Fe(I) for Cr(VI) removal. A new peak at
164.0 eV assigning to the Sg was generated after Cr(VI) treatment, re-
vealing the oxidation of S(-II) [46]. After that, the relative fractions of O
1s, corresponded to the oxide (529.9 eV) and hydroxide (531.4eV),
increased from 52.5% and 39.0% to 54.6% and 52.4% (Table S2), in-
dicating the generation of Cr oxides or hydroxides [44]. Based on the
above analyses, we concluded that Cr(VI) could be adsorbed on the
FesS, and reduced to Cr(IlI), corresponding to the Fe(Il) and S(-I)
oxidation.

3.4. Effects of solution pH on the Cr(VI) removal mechanism

Due to the pH-dependent reductive and adsorptive ability of FesS,,
we subsequently investigated the aqueous Cr(VI) and Cry,, removal at
pH of 3.5-10.0. It can be seen from Fig. S5 that both of Cr(VI) and Cryya
removal processes were extremely dependent on the initial solution pH,
and all of the Cr, removal efficiencies were lower than that of Cr(VI),
confirming the generation of Cr(IIl) as described in Fig. 1b. Further-
more, the Cry and Cr(VI) removal processes were fitted well with
pseudo-first-order kinetic equation with high correlation coefficients
(Table 1). The apparent Cr(VI) removal rate constants (kcvp) de-
creased from 0.061 to 0.017 min~ ! with increases in solution pH from
3.5 to 10.0. However, the Cry,, removal rate constants (Kcrom) in-
creased from 0.020 to 0.035 min~ ! with increases in solution pH from
3.5 to 4.2, and then decreased to 0.009 min~' when the solution pH
reached up to 10.0. The lower pH was not only favorable to the Cr(VI)
reduction due to its higher reduction ability [39], but also promote the
direct electrostatic attraction when it was lower than the zeta potential
(7.0) of FesS, (Fig. S6). However, the higher pH could dramatically
enhance the formation of Fe-Cr hydroxides (Ksp,
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Table 1

Pseudo-first-order rate constants of Cr(VI) (kcrvn) and Criotal (Kcrtotal) By FesSya
at pH of 3.5-10.0. The concentrations of Fe3S4 and Cr(VI) were 0.5g/L and
10 mg/L, respectively.

pH Cr(VD) Criotal
Kops (min~") R? Kops (min~") R?

3.5 0.061 + 0.004 0.991 0.020 += 0.002 0.977
4.2 0.057 + 0.001 0.998 0.035 + 0.001 0.997
5.7 0.043 + 0.004 0.984 0.032 + 0.001 0.999
7.0 0.024 += 0.002 0.988 0.020 + 0.001 0.995
8.5 0.023 + 0.002 0.984 0.017 + 0.001 0.994
10.0 0.017 + 0.002 0.971 0.009 + 0.001 0.963

4 x 10738 ~ 6.3 x 1073* M* [47]. All of these contributions lead to
the different tendencies of the Cr(VI) and Cr, removal at pH of
3.5-10.0.

As Cr(VI) reduction and precipitation processes were accompanied
by the consumption of hydrogen and hydroxyl ions, we therefore
monitored the pH variations during the Cr(VI) removal processes at pH
3.5-10.0. When the initial pH was 3.5 and 4.2, the solution pH slightly
increased to 4.3 and 5.0, respectively. In contrast, when the initial pH
was 5.7, 7.0, 8.5 and 10.0, the solution pH slightly decreased to 5.4,
6.1, 6.4 and 7.1, respectively (Fig. S7). Because the distribution of Cr
species was extremely dependent on the solution pH, Visual MINTEQ
software was subsequently used to simulate the Cr species distribution
curves at pH 3.0-10.0. As shown in Fig. S8, the major Cr(VI) states in
aqueous solution were HCrO,~ at acidic condition, while CrO,>~ at
alkaline condition (Fig. S8), demonstrating occurrence of reduction and
adsorption processes between HCrO, / CrO,2~ and FesS,. In com-
parison, Cr(III) tended to exist as Cr(Ill)-hydroxylation complexes, (Cr
(OH),*, Cr(OH);3 and Cr(OH), ™), at pH higher than 5.0, suggesting the
potential precipitation of Cr(IIl) at cirumneutral or alkaline conditions.
After that, the total dissolved Fe generated via the dissolution at initial
pH of 3.5-10.0 was also monitored to clarify the pH effects on Fe3S4
dissolution. It was obvious in Fig. S9 that higher concentration of total
dissolved Fe was observed at low pH, revealing the favorable dissolu-
tion of Fe;S, under acidic condition. These generated Fe could subse-
quently promote Cr(VI) reduction and Cr(III) precipitation.

To further understand the contribution of adsorption, reduction and
precipitation during the Cr(VI) removal process, the XPS was then used
to analyze the surface Cr composition of the reacted FesS, at pH of
3.5-10.0. The relative fractions of Cr(VI)-O assigned to Cr,0,2" in-
creased from 10.8 to 26.2% over the initial pH range of 3.5-10.0 (Fig.
S10 and Table 2), suggesting that the higher pH led to the higher sur-
face Cr(VI) adsorption contribution. However, the highest Cr(III)-S, Cr
(II1)-O, and Cr(III)-OH relative fractions were acquired at pH 5.7, 3.5
and 10.0, respectively. These results confirmed that the solution pH
could affect not only the Cr(VI) removal efficiency, but also the dis-
tribution of Cr species on the Fe3S, surface. Then, we calculated the Cr
(VD) and Cr(Ill) relative fractions to clarify the corresponding Cr(VI)
adsorption and reduction/precipitation efficiencies on Fe3S, surface
during Cr(VI) removal process. As generalized in Table S3, the Cr(IIl)
relative fraction decreased from 89.2 to 73.8%, corresponding to the
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increased Cr(VI) relative fraction from 10.8 to 26.2%, respectively. The
higher fraction of Cr(III) relative to Cr(VI) at pH of 3.5-10.0 confirmed
the dominant contribution of Cr(VI) reduction and subsequent Cr(III)
precipitation during the Cr(VI) removal process.

3.5. Cr(VI) reduction mechanism

As Cr(VI) may be reduced by ferrous ions or sulfide-species released
via the redox of Fe3S,, it is necessary to clarify the effects and con-
tributions of reactive reductant on Cr(VI) removal process. 1,10-
Phenanthroline was first employed to complex both the surface and
dissolved Fe(II) to inhibit their effects on Cr(VI) reduction [48]. Be-
cause the maximum absorption spectrum (510 nm) of Fe(phen)32+ had
partial overlapping of Cr(VI) detection via 1,5-diphenylcarbazide
method (540 nm), Cry,, was used to evaluate the effects of 1,10-phe-
nanthroline on the Cr(VI) removal. The Cry,, removal efficiency was
sharply suppressed by 1,10-phenanthroline (Fig. 3a), and Cryoa pseudo-
first-order removal rate constants decreased from 0.032 to 0.011 min !
(the inset of Fig. 3a). The inhibitory efficiency () of 1,10-phenan-
throline in the Cry, removal with Fe3S; was computed by the fol-
lowing equation (1) [49].

n% = [M] X 100%

ko (€]
where ky and k, are the apparent Cry,, removal rate constants in the
absence and the presence of 1,10-phenanthroline, respectively. The
inhibitory efficiency reached as high as 65.6%, which was ascribed to
the inhibition of Fe(II)-mediated Cr(VI) reduction and subsequently Cr
(III) adsorption/precipitation process. This high percentage confirmed
the dominated contribution of Fe(Il) rather than S(II) on the Cr(VI)
reduction by FesS,.

To prove the specific reaction between Fe(II) and Cr(VI), the iron
species released by the redox of FesS, with/without Cr(VI) were sys-
tematically investigated. Fig. 3b shows that the Fe(II) concentrations
were sharply increased to 11.0 mg/L within 20 min and then gradually
increased to 12.3 mg/L at 80 min without Cr(VI). However, it was only
0.8 mg/L at 20 min and subsequently decreased to 0.7 mg/L within
80 min in the presence of Cr(VI). The lower ferrous ions obtained in the
presence of Cr(VI) confirmed the direct reaction between Fe(II) and Cr
(VI). Moreover, the ferric ions in the two systems were extremely lower
than ferrous ions, which might result from the formation of iron-hy-
droxylation complexes (Ksp, Fe(OH)3, 4 x 10~ 3% M*) and subsequently
adsorption on the FesS, surface at pH 5.7. The final Fe(IlI) concentra-
tion (0.5 mg/L) in the presence of Cr(VI) was higher than that (0.2 mg/
L) in the absence of Cr(VI), suggesting more generation of Fe(IIl) via the
redox reaction between Fe(II) and Cr(VI). These generated Fe(III) could
hardly react with Cr(VI) and inhibit the Cr(VI) removal efficiency by
prolonging the reaction time. Over the initial concentration range of
1.0 ~ 20.0 mg/L, the stable apparent removal constants of Cr(VI) sug-
gested occurrence of the continual reaction between ferrous ions and Cr
(VI) (Table S1). Therefore, it is necessary to further investigate the
transformation mechanisms on iron species during the Cr(VI) removal
process.

Our previous studies confirmed that FeS, induced the oxygen

XPS results based on curve fitting for Cr 2p3,, peaks of Fe;S, before and after the Cr(VI) removal at pH of 3.5-10.0. The concentrations of Fe3S, and Cr(VI) were

0.5 g/L and 10 mg/L, respectively.

B. E. (eV) Species Relative fraction (%)

pH =35 pH = 4.2 pH =5.7 pH=7.0 pH =85 pH = 10.0
576.0 Cr(IID-S 7.7 14.2 14.9 15.5 12.1 10.5
576.8 Cr(IlD-0 52.6 40.7 35.9 29.2 26.2 21.2
577.9 Cr(II)-OH 28.9 32.9 34.4 38.7 41.4 42.1
579.2 Cr(VD-0 10.8 12.2 14.8 16.6 20.3 26.2
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Fig. 3. (a) Cryoa1 removal efficiency with FesS, in the absence and presence of 1,10-phenanthrolin; the inset shows the Cry. pseudo-first-order removal rate
constants; (b) and (c) time profile of dissolved Fe(II) and Fe(IIl) released from Fe3S, in the absence and presence of Cr(VI). The concentrations of FesS,4, Cr(VI) and
1,10-phenanthrolin were 0.5 g/L, 10 mg/L and 5 g/L, respectively. The initial solution pH was 5.7.
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Fig. 4. Time profiles of Fe(III) and Fe(II) in the (a) Fe(IlI)/Fe3S4/H>0 system; (b) Fe(III)/S(-1I) system. The additional Fe(III) and S(-II) concentrations were 12 mg/L
and 216 mg/L, respectively. The concentration of Fe;S, was 0.5 g/L, and the initial solution pH was 5.7.

activation to generate supper oxygen anions via a single electron
transformation mechanism by the surface ferrous ions to promote the
surface Fe(IIl)/Fe(Il) [42]. Thus, we subsequently verified the potential
Fe(II)/Fe(II) cycles during the Cr(VI) removal process with Fe3S,. Upon
addition of Fe(IIl) (12.0 mg/L), Fig. 4a shows the changing trend be-
tween Fe(III) and Fe(Il) concentrations in the Fe3S;/H,O system. Ob-
viously, the Fe(IIl) concentration sharply decreased from 12.0 to 0.4
and 0.3 mg/L within 20 and 80 min, respectively. Correspondingly, the
Fe(II) increased from O to 24.1 and 26.8 mg/L within 20 and 80 min,
suggesting the rapid Fe(II) reduction and Fe(Il) generation induced by
Fes3S4. Because the Fe(Il) could be released by the redox/dissolution of
Fe3S,4 and the reduction of the additional Fe(Ill) in the Fe(III)/FesS4/
H,0 system, the actual Fe(II) concentration generated via the dissolu-
tion/redox of Fe3S4 was calculated according to the difference between
the total Fe(II) generation and the Fe(Il) corresponding to the Fe(III)
reduction in the Fe(IlI)/Fe3S4/H>0 system. Learning from Fig. 3b, the
final Fe(Il) concentration (Fe(I)", 15.2 mg/L) generated via the dis-
solution/redox of Fe3S, was slightly higher than that (12.3 mg/L) in the
Fe3S4/Ho0 system (Fig. 3b), which might result from the enhanced
dissolution/redox of Fe3S, in the presence of additional Fe(III). Due to
the presence of both Fe and S in FesS,, we thus inferred that the elec-
tron-donator for the Fe(IIl) reduction might result from the sulfides. In
the presence of sulfide ions (Fe(IlI)/S(-II) system), the Fe(IIl) sharply
decreased to 2.0mg/L within 20 min and gradually decreased to
0.01 mg/L from 20 to 80 min (Fig. 4b). Correspondingly, the Fe(Il)
gradually increased to 10.5mg/L within 20 min and remained nearly
constant at 12.0 mg/L in the final 60 min. These observations indicated
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that the generated Fe(IlI) during the Cr(VI) removal process could be
reduced by sulfides of Fe3S,.

Corresponding to the Fe(Il) reduction, the probable oxidation
products of sulfide was monitored during the Cr(VI) removal with
Fe3S,. Similar as our previous study [39], limited dissolved sulfate or
sulfite ions were detected during the redox of Cr(VI) with Fe3S4. Then,
the elemental sulfur concentration was monitored in the solution and
on the Fe3S, surface. It can be seen from Fig. S11 that the dissolved
elemental sulfur was extremely low, and that the surface elemental
sulfur gradually increased to 1.3 mg/L within 20 min, possibly due to its
strong hydrophobicity and limited solubility. Subsequently, the effects
of sulfur-byproducts, such as elemental sulfur and sulfide ions, on the
Cr(VI) reduction were investigated. As shown in Fig. S12, Cr(VI) was
negligibly reduced by the elemental sulfur in the solution, ruling out the
direct Cr(VI) reduction and/or adsorption by elemental sulfur. It was
worth mentioning that only 25% of Cr(VI) could be reduced in the
presence of dissolved sulfide ions, confirming the limited contribution
of sulfide on the Cr(VI) reduction. Therefore, it could be concluded that
the sulfide originating from the Fe;S, surface promoted the surface Fe
(II1)/Fe(1I) cycles rather than the direct Cr(VI) reduction, which was
consistent with the observations of 1,10-phenanthroline inhibitory ex-
periments (Fig. 3a).

According to the above findings, we proposed a possible Cr(VI)
adsorption and reduction mechanism by magnetic Fe3S, (Scheme 1).
Under weak acid condition, Cr(VI) is adsorbed on the surface of FesS,
via the electrostatic attraction and reduced by the surface ferrous to
generated Cr(III). Meanwhile, FesS, is oxidized to release dissolved
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Adsorption

Cr(VI)

Reduction

uonINPRY

Fe(Il)—— Fe(Il)

Precipitation

Cr(III) Cr(III)

Scheme 1. Proposed Cr(VI) removal mechanism with magnetic Fe3S,.

ferrous ions and sulfides, and the dissolved ferrous ions promote the
aqueous Cr(VI) reduction. The dissolved Cr(III) could be subsequently
transformed as Cr (oxide)hydroxyl and sulfide to realize the stability of
Cr species. Otherwise, the generated Fe(III) can be reduced to Fe(II) by
the sulfide, corresponding to the generation of elemental sulfur. These
transformation of Fe(III)/Fe(II) occurs on the FesS, surface, which in-
creases the Cr(VI) removal efficiency. Under weak alkaline condition,
the electrostatic attraction between Cr(VI) and Fe3S, was blocked by
the negatively charged Fe3S, surface. Furthermore, the reductive ability
of Fe3S, was also decreased at higher pH. Both of these effects lead to
the lower Cr(VI) removal by Fe3S, at higher pH.

3.6. Reusability of FesS, for Cr(VI) removal

The stability of reactant is a key issue for their practical application.
Therefore, the used magnetic Fe3S, was separated from the suspension
and reused for the Cr(VI) removal under the same conditions. The FesS,
appeared excellent magnetism after three cycles (Fig. S13); however, its
total Cr(VI) removal efficiency decreased from 97% to 41% and 37% at
2nd and 3rd cycles (Fig. S14), respectively. The gradual decrease in Cr
(VD) removal efficiency with Fe;S, might attribute to the surface in-
activation, which was reflected in that the iron(chromium)-hydroxyla-
tion peaks were observed in the XPS (Fig. 2). To reactivate Fe3S,, the Cr
(VD)-reacted Fe3S, was treated by dilute HNOj3 solution to dissolve the
surface iron(chromium)-hydroxylation, and reused for the 4th cycle. As
shown in Fig. S14, the Cr(VI) removal increased up to 65.8% after the
reactivation of FesS,;. The difference in the removal efficiencies be-
tween 1st and 4th cycles could be attributed to difficult and incomplete
activation of the FesS, surface by a simple picking process.

4. Conclusions

In summary, the present study employed magnetic Fe3S, as a novel
and effective material for Cr(VI) removal. The total Cr(VI) removal
process was involved in the surface adsorption, surface reduction and
solution reduction at pH 3.5-10.0, resulting in the immobilization of
Cr,03, Cr(OH)3, and Cr,S; on the Fe3S, surface, and the highest surface
reaction efficiency was obtained at pH 7.0. Moreover, the high Cr(VI)
removal efficiency by the Fe3S, was highly dependent on the structural
sulfides, which supplied electrons to Fe(III) rather than Cr(VI) and thus
promote the Fe(III)/Fe(II) cycles. The easy separation by additional
magnet makes the low-cost iron sulfides to be a potential material for
heavy metal removal in contaminated waters.
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