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ABSTRACT: In this study, we investigated the anoxic Cr(VI) removal with
core−shell Fe@Fe2O3 nanowires. It was found the surface area normalized
Cr(VI) removal rate constants of Fe@Fe2O3 nanowires first increased with
increasing the iron oxide shell thickness and then decreased, suggesting that
Fe@Fe2O3 nanowires possessed an interesting core−shell structure dependent
Cr(VI) removal property. Meanwhile, the Cr(VI) removal efficiency was
positively correlated to the amount of surface bound Fe(II). This result
revealed that the core−shell structure dependent Cr(VI) removal property of
Fe@Fe2O3 nanowires was mainly attributed to the reduction of Cr(VI) by the
surface bound Fe(II) besides the reduction of Cr(VI) adsorbed on the iron
oxide shell via the electrons transferred from the iron core. The indispensable
role of surface bound Fe(II) was confirmed by Tafel polarization and high-
resolution X-ray photoelectron spectroscopic depth profiles analyses. X-ray
diffraction patterns and scanning electron microscope images of the fresh and
used Fe@Fe2O3 nanowires revealed the formation of Fe(III)/Cr(III)/Cr(VI) composite oxides during the anoxic Cr(VI)
removal process. This study sheds a deep insight into the anoxic Cr(VI) removal mechanism of core−shell Fe@Fe2O3 nanowires
and also provides an efficient Cr(VI) removal method.
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1. INTRODUCTION

Heavy metal pollutants in underground water have caused a
growing cancer incidence to kill more people than AIDS,
malaria, and tuberculosis in developing countries. Highly
mobile Cr(VI) is one of the most toxic heavy metal pollutants.
In many low- and middle-income countries, Cr(VI) pollution
widely exists in aquatic, terrestrial, and soil systems, caused by
tannery operations, chemical manufacturing, mining, and ore
processing.1−5 Chromium pollution ranked third among the
top 10 worst toxic pollution problems in the world according to
a report released in 2012. In the United States, the
environmental protection agency (EPA) recommends that the
level of chromium in water should be less than 0.1 mg·L−1. In
China, the maximum concentration of Cr(VI) in discharged
industrial wastewater is 0.5 mg·L−1 (GB8978-1996), and the
maximum permitted Cr(VI) concentration of 0.05 mg·L−1 in
drinking water is legally required according to the National
Drinking Water Standard (GB5749-2006).6 To meet with these
strict regulations, it is vital to develop efficient technology for
the Cr(VI) removal.
Cr(VI) is generally removed by adsorption and/or reduction

methods. Various adsorbents, including active carbon,7 seaweed
biosorbent,8 TiO2,

9 and MnFe2O4,
10 can be used for the

adsorptive removal of Cr(VI). Obviously, the adsorption
process only transfers Cr(VI) from aqueous environment
onto the surface of solid adsorbents without toxicity alleviation.

The adsorbed Cr(VI) species might be released to the aquatic
environment again because of Cr(VI)’s high mobility.
Compared with the adsorption method, the reductive Cr(VI)
immobilization method is more attractive because it can reduce
Cr(VI) into Cr(III) species of less toxicity and low solubility
(<10−5 mol·L−1) over a wide pH range during the
immobilization process.
Nanoscale zerovalent iron (nZVI) possesses the character-

istics of environmental benignity, reducibility, and large specific
surface area. It has been used for the removal of Cr(VI),
arsenics, and organic pollutants.11−16 Besides the adsorption of
Cr(VI), nZVI could also reduce Cr(VI) to Cr(III). For
example, Farrell and Kanel detected the existence of a poorly
ordered Cr(OH)3 precipitate or a mixed phase CrxFe1−x(OH)3
product in the Cr(VI)-treated nZVI, while these two chromium
species were highly insoluble under environment conditions
and thus avoided secondary pollution.17,18 Zhang’s group
estimated that the Cr(VI) removal capacity with nZVI at
neutral pH was around 120 mg·g−1 and proposed a reduction−
deposition mechanism for the Cr(VI) removal with nZVI. They
thought that Cr(VI) was reduced to Cr(III) and subsequently
incorporated it into the iron oxyhydroxide shell of the nZVI
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surface via the formation of alloy-like Cr−Fe hydroxides, which
was proven by high-resolution X-ray photoelectron spectros-
copy.19

Core−shell Fe@Fe2O3 nanowires (CSFNs) are a special kind
of nZVI developed by our group through adjusting water aging
time after the reduction of ferric ions with sodium borohydride
without stirring.20−22 We found that the maximum Cr(VI)
removal capacity of CSFNs reached as high as 177 mg·g−1 at a
neutral pH of 6.5 in the presence of oxygen.23 Although we
attributed this amazing Cr(VI) removal capacity to both
adsorption and reduction abilities of Fe@Fe2O3 nanowires, the
individual contribution of the adsorption and the reduction and
the detailed Cr(VI) removal mechanism are still unclear.
Recently, we found the electrons from both the iron core and
the surface bound ferrous ions on the iron oxide shell
contributed to molecular oxygen activation with Fe@Fe2O3

nanowires, resulting in their interesting core−shell structure
dependent reactivity on the aerobic degradation of 4-
chlorophenol.21 Inevitably, the electrons transferred both
from iron core and from the surface bound ferrous ions will
affect the reductive Cr(VI) removal process over the core−shell
Fe@Fe2O3 nanowires, which has not been studied previously.
In this study, we investigated the influence of iron oxide shell

thickness and the amount of surface bound ferrous ions on the
anoxic Cr(VI) removal performance of core−shell Fe@Fe2O3

nanowires in order to clarify their Cr(VI) removal mechanism
in detail. Tafel polarization analysis, X-ray diffraction, and X-ray
photoelectron spectroscopy characterizations were used to
reveal the electron transfer process and the structure changes of
Fe@Fe2O3 nanowires during the anoxic Cr(VI) removal. 1,10-

Phenanthroline was used to probe the contribution of surface
bound ferrous ions to the anoxic Cr(VI) removal.

2. EXPERIMENT DETAILS
2.1. Chemicals and Materials. Ferric chloride hexahydrate

(FeCl3·6H2O), sodium borohydride (NaBH4), potassium dichromate
(K2Cr2O7), 1,10-phenanthroline (C12H8N2·H2O), and other reagents
were obtained from National Medicines Corporation Ltd., China. 1,5-
Diphenylcarbazide was purchased from Alfa-Aesar. All of the chemicals
were of analytical grade without further purification. Deionized water
was used throughout the experiments. High purity argon gas (Ar,
≥99.9%) was provided by Hubei Minghui gas company, China. The
oxygen free deionized water was obtained through bubbling Ar gas for
more than 1 h. Four kinds of CSFNs were synthesized by adjusting the
water aging time after the reduction of 0.01 mol·L−1 of FeCl3·6H2O
aqueous solution with 0.4 mol·L−1 of NaBH4 without stirring.

20 The
CSFN samples obtained with water aging of 0, 2, 4, and 6 h were
called CSFN-0, CSFN-2, CSFN-4, and CSFN-6, respectively. The
detailed synthesis procedure is provided in Supporting Information.

2.2. Anoxic Cr(VI) Removal Experiments. The prepared CSFNs
were used for the Cr(VI) removal in the oxygen free aqueous solution.
During a typical anoxic Cr(VI) removal process, a 250 mL three-neck
flask was vacuumed and filled with Ar gas. Then 0.015 g of CSFNs was
added into the three-neck flask with 100 mL of anoxic Cr(VI) solution
(8 mg·L−1). The flask was sealed with rubber screw caps and then
transferred into a shaker (HY-5 rotary shaker, China) with a speed of
200 rpm to initiate the removal process. The temperature was kept at
35 °C during the removal process, and the initial pH of the Cr(VI)
solution was 6.28 without adjusting. The samples were collected by a 5
mL syringe at regular intervals and filtered immediately through a 0.45
μm nylon syringe filter for the measurement of Cr(VI) concentration.
The influence of 1,10-phenanthroline on the Cr(VI) removal with
CSFNs was conducted by adding 0.3 g of 1,10-phenanthroline to the
Cr(VI) aqueous solution before introducing CSFNs. After the anoxic

Figure 1. (a) Anoxic Cr(VI) removal over CSFNs. (b) Plots of ln(C/C0) versus time. (c) Comparison of anoxic Cr(VI) removal rate constant k
(min−1) over CSFNs obtained with different water-aging times. (d) Comparison of BET surface areas normalized anoxic Cr(VI) removal rate
constant k′ (g·min−1·m−2) over CSFNs. The dotted lines represent the nonlinear fitting curve of the data. Parameters are the following: initial
concentration of Cr(VI), 8 mg·L−1; solution pH, 6.28; dose of CSFNs, 0.15 mg·L−1; volume, 100 mL; temperature, 35 °C; agitation speed, 200 rpm.
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removal process, the suspension was transferred to a centrifuge tube
from the three-neck flask bottle and then centrifuged (8000 rpm for 5
min using an Eppendorf 5840R centrifuge) to remove the CSFNs
particles from the supernatant. The used CSFNs particles were dried
under Ar gas flow for further characterizations.
2.3. Analysis Method. The concentration of Cr(VI) in aqueous

solution was measured by using the 1,5-diphenylcarbazide method.
This method is not sensitive to Cr(III) species. Chromium reagent
1,5-diphenylcarbazide was mixed with 5 mL of filtrate for 5 min. The
absorbance of generated Cr(VI) diphenylcarbazide product was
determined by using a UV−vis spectrometer (UV-2550, Shimadzu,
Japan) at a wavelength of 541 nm. The Cr(VI) standard solutions were
made from potassium chromate with the method used for the
preparation of the sample solutions. The concentrations of total
chromium (Cr(VI) and Cr(III)) in the solutions were measured with a
flame atomic absorption spectrometer (Flame-AAS, 5100, PerkinElm-
er, USA).
The concentration of Fe(II) was determined with the 1,10-

phenanthroline method by using a UV−vis spectrophotometer (UV-
2550, Shimadzu, Japan) at a wavelength of 510 nm. The Fe(II)
standard solutions were prepared from anhydrous ferrous chloride
solution (FeCl2, 99.9%). All the samples were kept in the dark for 30
min prior to analysis. All of the experiments were run in triplicate. The
average values of Cr(VI) or Fe(II) concentrations were calculated
from these three identical sample analyses. The pH of the solution was
measured at the same regular intervals during the Cr(VI) removal.
2.4. Characterizations. X-ray diffraction (XRD) patterns were

collected with a Bruker D8 Advance X-ray diffractometer. XRD
analysis was conducted at 40 kV and 40 mA using Cu Ka radiation (λ
= 1.541 78 Å). Scanning electron microscopy (SEM) analysis was
performed on a LEO 1450VP scanning electron microscope.
Transmission electron microscopy (TEM) was carried out on a
JEOL JEM-2010 electron microscope operating at 200 kV. And the
obtained powders deposited on a copper grid were observed by a
transmission electron microscope. High-resolution X-ray photo-
electron spectroscopy (XPS) was recorded with a Kratos ASIS-HS
X-ray photoelectron spectroscope equipped with a standard and
monochromatic source operated at 150 W (15 kV, 10 mA). The
binding energies obtained in the XPS analysis were corrected for
specimen charging by referencing the C 1s line at 284.5 eV. The
distribution of Cr(VI) and Cr(III) on CSFNs after exposure to the
Cr(VI) aqueous solution for 100 min was analyzed by dual energy
analysis (E1 = 577 eV, E2 = 575.3 eV).
2.5. Electrochemical Experiments. Electrochemical experiments

were performed by a CHI-660B electrochemical system (Shanghai,
China) at room temperature. Tafel scans were performed to measure
the free corrosion potentials. The work electrode made of 5 mg
CSFNs was placed in 50 mL of 50 mmol·L−1 Na2SO4 electrolyte
solution in a 100 mL beaker containing a calomel reference electrode
and a Pt counter electrode. In order to keep an anoxic condition, high
purity argon was continuously purged into the solution at a 50 mL·
min−1 flow rate. To measure the initial corrosion rates of CSFNs, Tafel
scan was performed immediately as soon as the work electrode was
exposed to the solution. All the Tafel diagrams were obtained by

polarizing the work electrodes at ±200 mV with respect to their open
circuit potentials.24 To study the effect of Cr(VI) on the CSFNs
corrosion rates, the electrochemical experiments were conducted in
the 8 mg·L−1 Cr(VI) solution for comparison. All the potentials in the
Tafel diagrams were with respect to the standard hydrogen electrode
(SHE). The detailed electrochemical experimental procedure is
provided in Supporting Information.

3. RESULTS AND DISCUSSION

3.1. Anoxic Cr(VI) Removal with CSFNs. The anoxic
Cr(VI) removal with the as-prepared CSFNs was investigated
at a neutral pH of 6.28 and a room temperature of 35 °C. The
anoxic Cr(VI) removal curves versus time were found to obey a
pseudo-first-order reaction kinetic equation with high correla-
tion coefficients (Figure 1a,b). The apparent Cr(VI) removal
rate constants (k) were calculated to be 0.026, 0.036, 0.059, and
0.0056 min−1 for CSFN-0, CSFN-2, CSFN-4, and CSFN-6,
respectively. Obviously, the Cr(VI) removal efficiency of
CSFNs first increased with prolonging water aging time from
0 to 4 h and then decreased when the water aging time of
CSFNs was more than 4 h (Figure 1c). This suggested that the
anoxic Cr(VI) removal ability of the CSFNs was dependent on
their aging time during the preparation and CSFNs possessed
core−shell structure dependent Cr(VI) removal property. The
aging time prolonging might affect the structure of CSFNs as
follows.21 First, longer aging time would result in the formation
of thicker iron oxide shell, which could change the surface area
and hinder the electron transfer from the iron core to the
surface of iron oxide shell. Second, more Fe(II) would be
bound on the amorphous iron oxide of the shell with
prolonging of the water aging time. These surface bound
Fe(II) might serve as the electron donor and accelerate the
electron transfer. Because the surface area and the electron
transfer ability would influence both the adsorption and the
reduction processes, the anoxic Cr(VI) removal performance of
the CSFNs might be affected by the surface area and the
electron transfer ability, which would be controlled by both the
thickness of iron oxide shell and the amount of surface bound
Fe(II). Comparing the oxic and anoxic Cr(VI) removal over
the Fe@Fe2O3 nanowires at neutral pH (pH = 6.1), we found
that Cr(VI) with a concentration of 8 mg·L−1 was removed
completely within 60 min under anoxic condition; in contrast,
only 81.2% of Cr(VI) was achieved under oxic condition,
suggesting that molecular oxygen could inhibit the reduction/
adsorption removal of Cr(VI), as oxygen molecules could
consume electrons from the Fe@Fe2O3 nanowires under oxic
condition.
To check the influence of surface area on the Cr(VI) removal

ability of the CSFNs, we first measured the specific surface

Figure 2. (a) Tafel scans in the presence of Cr(VI) (8 mg·L−1) under anoxic conditions. (b) Free corrosion potentials of CSFNs in the presence
Cr(VI) (8 mg·L−1) along with the oxide shell thickness of the CSFNs. (c) Variation of free corrosion potentials of the CSFNs along with their
normalized Cr(VI) removal rate constants.
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areas of different CSFNs (Table S1 in the Supporting
Information) and compared their apparent rate constants
before and after being normalized to the specific surface area
(Figure 1c,d).25 The BET surface area normalized anoxic
Cr(VI) removal rate constant k′ (g·min−1·m−2) was calculated
(eq 1).

′ =k k S/ BET (1)

where k and SBET are the Cr(VI) removal rate constants
(min−1) and BET surface area (m−2·g−1), respectively. The
same trend of normalized rate constants (k)́ as that of the initial
ones (k) ruled out the contribution of CSFNs’ different surface
area to their core−shell structure dependent anoxic Cr(VI)
removal performance.
We subsequently checked the influence of electron transfer

property on the anoxic Cr(VI) removal performance of the
CSFNs by measuring the free corrosion potentials of CSFNs in
the presence of 8 mg·L−1 of Cr(VI) with Tafel polarization
diagrams (Figure 2a) because the free corrosion potential of a
metal (oxide) material could reflect its electrons diffusion rate.
The free corrosion potentials of the CSFNs were in the range
of −0.58 to −0.69 V, and their negative potentials followed a
trend of CSFN-4 > CSFN-2 > CSFN-0 ∼ CSFN-6 (Figure 2a).
It is known that an electrode of a more negative free corrosion
potential value possesses a higher electron transfer rate.26,27

Therefore, the electron transfer rates of the CSFNs in the
anoxic Cr(VI) aqueous solution also followed the above trend,
consistent with that of the normalized apparent Cr(VI) removal
rate constants (k′) of the CSFNs (Figure 2b). This consistency
revealed that the core−shell structure dependent Cr(VI)
removal property of CSFNs arose from the electron transfer
ability of CSFNs for the Cr(VI) reduction.
As the incrassated iron oxide shell of the CSFNs can hinder

the electron transfer from the iron core to the iron oxide
surface, the electron transfer rate of CSFN-4 would be lower
than those of CSFN-2 and CSFN-0 with thinner iron oxide
shell, assuming the thickness of the iron oxide shell is the
crucial parameter to influence the electron transfer. However,
this assumption was overthrown by the highest electron
transfer rate of CSFN-4 in the anoxic Cr(VI) aqueous solution,
indicating that the electron transfer of CSFNs in the anoxic
Cr(VI) aqueous solution was not controlled by the thickness of
the iron oxide shell but by the amount of surface bound Fe(II)
(Figure 2c).
3.2. Indispensable Role of Surface Bound Fe(II) on the

Cr(VI) Removal with CSFNs. To confirm the indispensable
role of surface bound Fe(II) on the electron transfer of the

CSFNs in the anoxic Cr(VI) aqueous solution, we first
compared the concentration changes of Fe(II) released from
CSFNs in oxygen free water in the absence or presence of
Cr(VI) with the 1,10-phenanthroline method. In the absence of
Cr(VI), Fe(II) ions were continuously released from CSFNs to
the anoxic aqueous solution, leading to a gradual increase of
Fe(II) concentration with increasing reaction time (Figure 3a).
The amounts of Fe(II) released from CSFNs after 100 min of
reaction were in the range of 0.14−0.70 mg·L−1 (Table S2 in
the Supporting Information). The pseudo-zero-order Fe(II)
generation rate constants of CSFNs followed the order of
CSFN-4 > CSFN-2 > CSFN-0 > CSFN-6 (Figure 3a).
Obviously, this order was partially in agreement with that of
the anoxic Cr(VI) removal rates of different CSFNs. Moreover,
a positive correlation with a high coefficient (R2 = 0.977) was
observed between the normalized anoxic Cr(VI) removal
constants and the Fe(II) generation rate constants (Figure 3c),
suggesting that the Cr(VI) removal performance of CSFNs was
strongly related to their Fe(II) releasing property in the
Cr(VI)-free anoxic aqueous solution. Surprisingly, we did not
detect any soluble Fe(II) or insoluble Fe(III) species released
from CSFNs during the anoxic Cr(VI) removal process. This
phenomenon could be explained by the quick redox reaction
between Cr(VI) and Fe(II) on the surface of iron oxide shell
and the subsequent formation of Cr−Fe compounds fixed on
the surface.28,29 However, the anoxic Cr(VI) removal rates of
different CSFNs were not correlated with their initial amounts
of surface bound Fe(II) that arose from the water aging process
during the synthesis. We therefore hypothesized that both the
initially surface bound Fe(II) on the CSFNs and the
subsequent in situ released Fe(II) from the iron cores of
CSFNs contributed to the Cr(VI) reduction on the iron oxide
surface during the anoxic Cr(VI) removal process.
To confirm this opinion, we employed 1,10-phenanthroline

to complex both the surface bound Fe(II) on the CSFNs and
the in situ Fe(II) released from iron cores of the CSFNs into
the anoxic Cr(VI) aqueous solution.30 The addition of 1,10-
phenanthroline dramatically suppressed the Cr(VI) removal
efficiencies of four CSFNs (Figure S1 in the Supporting
Information). As illustrated in Figure 4, in the presence of 1,10-
phenanthroline the apparent first-order anoxic Cr(VI) removal
rate constants of the CSFN-0, CSFN-2, CSFN-4, and CSFN-6
were 0.0032, 0.0064, 0.0065, and 0.0028 min−1, respectively,
much lower than those in the absence of 1,10-phenanthroline.
We thus calculated the inhibitory efficiency (η) of 1,10-
phenanthroline during the anoxic Cr(VI) removal with CSFNs
through eq 2.

Figure 3. (a) Concentration of ferrous iron as a function of time in anoxic Cr(VI)-free conditions. (b) Correlation of the normalized Cr(VI) removal
constant k′ with the anoxic Fe(II) generation rate constants.
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η = − ×k k k[( )/ ] 100t0 0 (2)

where k0 and kt are the apparent Cr(VI) removal rate constants
in the absence and the presence of 1,10-phenanthroline,
respectively. The inhibitory efficiencies of CSFN-0, CSFN-2,
CSFN-4, and CSFN-6 were found to be 87.8%, 82.2%, 89.0%,
and 51.3%, respectively (Figure 4). This confirmed that both
the initially surface bound Fe(II) and the in situ released Fe(II)
mainly contributed to the anoxic Cr(VI) removal of CSFNs.
Correspondingly, only 12.2%, 17.8%, 11.0%, and 48.7% of
Cr(VI) were respectively removed via the adsorption and/or
the reduction with the electrons transferred from iron cores of
CSFNs (Table S3 in the Supporting Information).
Assuming the amounts of Fe(II) in situ released from CSFNs

in the anoxic Cr(VI) aqueous solution are the same as those
(0.14−0.70 mg·L−1) of Cr(VI)-free anoxic aqueous solution
(Table S2 in the Supporting Information), we could estimate
the individual contribution of the in situ released Fe(II) to the
anoxic Cr(VI) removal because of the rapid stoichiometric
reaction of Fe(II) and Cr(VI) in a broad pH < 10 condition (eq
3).28 Theoretically, the Fe(II) in situ released from CSFN-0,
CSFN-2, CSFN-4, and CSFN-6 could remove 7.5, 11.3, 13.1,
and 3.1% of Cr(VI) (Table S3 in the Supporting Information).
Therefore, the contributions of surface bound Fe(II) to the
anoxic Cr(VI) removal were 80.3%, 70.9%, 75.9%, and 48.2%
for CSFN-0, CSFN-2, CSFN-4, and CSFN-6, respectively.

Obviously, the surface bound Fe(II) of the CSFNs mainly
accounted for the anoxic Cr(VI) removal except for CSFN-6
with the thickest iron oxide shell. As stated previously, the
anoxic Cr(VI) removal rates of different CSFNs were not
correlated with their initial amounts of surface bound Fe(II).
We therefore conclude that the electron transfer from the iron
core of CSFNs to the surface of iron oxide shell can promote
the cycle of Fe(III)/Fe(II) bound on the surface of CSFNs,
which well explains the irrelevance between the anoxic Cr(VI)
removal rates of different CSFNs and their initial amounts of
surface bound Fe(II). Obviously, the overthick iron oxide shell
of CSFN-6 blocked the cycle of Fe(III)/Fe(II) bound on the
surface, resulting in its lowest anoxic Cr(VI) removal efficiency,
although CSFN-6 possessed the highest initial amounts of
surface bound Fe(II).

+ + → + +

=θ

− + + + +

E

CrO 3Fe 8H Cr 3Fe 4H O;

1.642 V
4

2 2 3 3
2

(3)

It is commonly accepted that the Cr(VI) removal efficiency
increases with decreasing pH. The acid pH condition favors the
reduction of Cr(VI) to Cr(III) and their subsequent adsorption
on the surface of nZVI,31 while the basic environment disfavors
the adsorption of Cr(VI) because the precipitation of mixed
Cr(III)/Fe(III) oxyhydroxides layer may hinder the Cr(VI)
reduction process via blocking of the diffusion of dichromate
ions in the presence of abundant OH− ions at a basic pH (pH =
9).32,33 We thus measured the temporal pH values of Cr(VI)
solution as a function of time during the anoxic Cr(VI) removal
over CSFNs. It was found that the pH gradually increased from
initial 6.24−6.30 to final 6.89−7.22 because of the H+

consumption accompanying with the Cr(VI) reductive removal.
Obviously, these tiny pH fluctuation during the anoxic Cr(VI)
removal with four CSFNs would not alter the surface charges of
the CSFNs and the chromium species in the solution (Table S4
in the Supporting Information), further ruling out the
contribution of pH variation to the core−shell structure
dependent Cr(VI) removal over the CSFNs.

3.3. Characterization of the Freshly Synthesized and
Used CSFNs. The XRD patterns of the freshly synthesized and
used CSFNs were first compared (Figure S2 in the Supporting
Information). An obvious diffraction peak at 2θ value of 44.9°
arisen from Fe0 was observed in the four CSFNs samples
(Figure S2a in the Supporting Information). This diffraction
peak of Fe0 still existed after the anoxic Cr(VI) removal with

Figure 4. Comparison of the anoxic Cr(VI) removal rate constants (k)
without 1,10-phenanthroline and with 1,10-phenanthroline, with
nonlinear fitting curve of inhibition rate of anoxic Cr(VI) removal
over CSFNs with 1,10-phenanthroline (blue line).

Figure 5. (a) High-resolution XPS of chromium 2p of the extracted particles reacted with 8 mg/L Cr(VI) for 100 min. (b) Ratio of Cr(VI)/Cr(III)
as a function of etch time in the range of 0−600 s in the high-resolution XPS profiles.
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four CSFNs, accompanying the appearance of new diffraction
peaks at 35.45°, 43.28°, 53.4°, 56.84°, and 62.69°, which are
ascribed to Fe3O4 (magnetite, JCPDS, file no. 3-863) (Figure
S2b in the Supporting Information). This confirmed the surface
redox reactions between Cr(VI) and CSFNs during the anoxic
Cr(VI) removal with CSFNs. The core−shell structures of the
newly prepared CSFNs were confirmed by TEM analysis
(Figure S8 in the Supporting Information).
XPS was then used to probe the surface compositions of the

used CSFNs. The survey XPS spectra showed that chromium,
iron, and oxygen elements coexisted on the surface of the used
CSFNs besides adventitious carbon with the peak at 284.8 eV
(Figure S3 in the Supporting Information). The lowest Cr 2p
peak intensity of CSFN-6 revealed that the least amount of
chromium was fixed on the surface of CSFN-6, consistent with
its lowest Cr(VI) removal efficiency. The high resolution XPS
spectra of Cr 2p3/2 could be fitted into two peaks at 577.0 and
575.3 eV (Figure 5a), which are the characteristics of Cr(VI)
and Cr(III) species, respectively. This result confirmed that
both Cr(VI) and Cr(III) species coexisted on the surface of the
used CSFNs owing to the concurrence of adsorption and
reduction processes during the anoxic Cr(VI) removal. The in
situ generated Cr(III) could be more easily incorporated into
the iron oxide shell to generate Fe(III)/Cr(III)/Cr(VI)
composite oxides on the surface of CSFNs,34 which was
confirmed by the nonreleasing of Cr(III) in the anoxic Cr(VI)
solution (Figure S4 in the Supporting Information).
The high-resolution XPS depth profiles analysis was

subsequently employed to monitor the Cr(III)/Cr(VI) molar
ratio changes in the iron oxide shells of different used CSFNs
(Figure S5 in the Supporting Information). The Cr(III)/
Cr(VI) molar ratios increased upon the etching time from 0 to
600 s, indicating more Cr(III) species existed in the inner parts
of iron oxide shells (Figure 5b). This phenomenon could be
well explained by the rapid in situ formation of the inner
Fe(III)/Cr(III) oxyhydroxide layer in the iron oxide shells of
CSFNs via the reduction of Cr(VI) upon the exposure of
CSFNs to the anoxic Cr(VI) solution, followed by the Cr(VI)
adsorption to generate the Fe(III)/Cr(III)/Cr(VI) layer. The
in situ formed Fe(III)/Cr(III) layer would hinder the electron
transfer from the iron core to the iron oxide shell surface of
CSFNs for the reduction of Cr(VI), which was evidenced by
the more negative free corrosion potentials of the CSFNs in the
absence of Cr(VI) than those in the presence of Cr(VI) (Figure
S6a in the Supporting Information).17 As expected, the
differences between the corrosion free potentials of the

CSFNs in the presence and absence Cr(VI) decreased with
increasing water aging time of CSFNs during the synthesis
(Figure S6b in the Supporting Information). This was because
the thinner iron oxide shell of CSFNs would favor the electron
transfer from iron core to the iron oxide shell surface to initiate
the Cr(VI) reduction, which led to a rapid formation of
Cr(III)/Fe(III) oxyhydroxides layer and thus a sharp loss of
electron transfer ability.30 This phenomenon was consistent
with Keithc’s observation.35 Moreover, the much lower
Cr(III)/Cr(VI) ratio of the used CSFN-6 suggested that
CSFN-6 of the thickest iron oxide shell preferred to adsorb
Cr(VI) on the surface rather than reduce Cr(VI) to Cr(III),
which is also another reason for its lowest Cr(VI) removal
efficiency (Table S5 in the Supporting Information).
The coexistence of Fe(II) and Fe(III) in the freshly prepared

and used CSFNs was confirmed by the high-resolution XPS
spectra of Fe 2p (Figure S7 in the Supporting Information).
The molar ratios of metallic iron to total iron (Fe0/Fetotal),
ferrous iron to total iron (FeII/Fetotal), and ferric iron to total
iron (FeIII/Fetotal) were then calculated by fitting the peak areas
of Fe 2p core level spectra respectively (Tables S6 and S7 in the
Supporting Information). In comparison with the fresh
prepared CSFNs, the used CSFNs possessed relatively higher
FeII/Fetotal ratio. This was because the presence of Cr(VI) could
promote the electron transfer from the iron core of CSFNs to
the iron oxide shell surface for the reduction of Fe(III) into
Fe(II). Metallic iron signal could not be fitted from the high-
resolution Fe 2p XPS spectra of used CSFNs because of the
complete consumption of iron core and/or the shield effect of
both the incrassated iron oxide shell and the in situ formed
Fe(III)/Cr(III)/Cr(VI) composite layer, which was validated
by the SEM analysis. As revealed by Figure 6, the diameters of
CSFNs increased significantly and many irregular nanoparticles
appeared on the surface after the anoxic Cr(VI) removal
process. TEM images of the fresh prepared and used Fe@
Fe2O3 nanowires confirmed that the core−shell nanowires
structured morphologies of the prepared samples, and many
irregular nanoparticles appeared on the surface of the Fe@
Fe2O3 nanowires after the anoxic Cr(VI) removal process
(Figures S8 and S9 in the Supporting Information).
Furthermore, we found that the Cr(VI) removal efficiency

decreased during the recycled Cr(VI) removal processed
(Figure S10). This was because Cr(VI) was mainly reductively
removed by electrons donated from Fe0 and Fe(II) as soon as
adsorbed, followed by an in situ formation of Cr(III)/Fe(III)
oxyhydroxide subsurface layer and simultaneous adsorption of

Figure 6. SEM images of (a) as-prepared CSFN-4 and (b) CSFN-4 reacted with Cr(VI) in anoxic conditions.
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Cr(VI) on this subsurface around the Fe@Fe2O3 nanowires to
generate the Cr(III)/Fe(III)/Cr(VI) oxyhydroxide surface. The
incrassated Cr(III)/Fe(III)/Cr(VI) oxyhydroxide shell could
inhibit the electron transfer from iron core to outside layer,
leading to the decrease of Cr(VI) removal.
3.4. Possible Anoxic Cr(VI) Removal Mechanism with

CSFNs. On the basis of the above results and discussion, we
proposed a possible mechanism to explain the core−shell
structure dependent anoxic Cr(VI) removal performance of
CSFNs (Scheme 1). As reported in our previous study, iron

oxide was generated on the surface of iron nanowires when the
freshly prepared iron nanowires were exposed to water,
resulting in the formation of core−shell structure. With
prolonging of the water aging time, the iron core decreased,
accompanied by the thickening of iron oxide shell and the
generation of more surface bound ferrous ions because of the
spontaneous electron transfer from iron core to the surface of
iron oxide shell through the conduction band, which was driven
by the lower work function (4.5 eV) of Fe0 than that (5.6 eV)
of Fe2O3.

21 As soon as CSFNs were exposed to Cr(VI) in the
anoxic aqueous solution at neutral pH, Cr(VI) in the form of
Cr2O7

2− would be adsorbed on the positively charged surface of
Fe@Fe2O3 nanowires via electrostatic interaction. Because the
conduction band position (0.260 V vs NHE) of iron oxide is
more negative than the reduction potential (1.232 V vs NHE)
of Cr2O7

2−/Cr3+,36 the electrons on the conduction band of
iron oxide transferred from the iron core could reduce Cr(VI)
absorbed on the CSFNs surface into Cr(III) (eq 4) and also
reduce Fe(III) of iron oxide shell to generate surface bound
Fe(II) (eq 5), as revealed by the XPS analysis. These in situ
generated surface bound Fe(II) along with the initially surface
bound Fe(II) would initiate the Cr(VI) reduction on the
surface of CSFNs (eq 3). Although the incrassated iron oxide
shell with prolonging of water aging time would slow the

electron transfer from iron core to iron oxide shell and the
subsequent electron transportation among the iron oxide shell
to inhibit the Cr(VI) reduction, the more initially surface
bound ferrous ions would accelerate the electron transfer from
iron core to iron oxide shell and thus promote the Cr(VI)
reduction, which could counteract the negative effect of
incrassated iron oxide shell, resulting in the core−shell structure
dependent anoxic Cr(VI) removal property of Fe@Fe2O3
nanowires. Subsequently, the produced Cr(III) species
preferred to form polymeric Cr(III) hydroxides because of its
much less inflexibility. Finally, Cr(VI) in the form of Cr2O7

2−

could be bound into these polymeric Cr(III) hydroxides
through Cr(III)−O−Cr(VI) linkages to produce the Fe(III)/
Cr(III)/Cr(VI) composite oxide layer on the surface of Fe@
Fe2O3 nanowires (eq 6),37 which was verified by XPS, XRD,
and SEM characterizations.

+ + → +

+ =θ

−

− E

CrO Fe 4H O Cr(OH) Fe(OH)
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2 0
2 3 3
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−

−
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3(suf) 2 7
2

(sol)

3 2 7
2
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4. CONCLUSIONS
In summary, we investigated the anoxic Cr(VI) removal with
core−shell Fe@Fe2O3 nanowires and found that Fe@Fe2O3
nanowires possessed an interesting core−shell structure
dependent Cr(VI) removal property, which was mainly
attributed to the reduction of Cr(VI) by the surface bound
Fe(II) besides the reduction of Cr(VI) adsorbed on the iron
oxide shell via the electrons transferred from the iron core. The
indispensable role of surface bound Fe(II) was confirmed by
Tafel polarization and high-resolution X-ray photoelectron
spectroscopic depth profiles analyses. X-ray diffraction patterns
and scanning electron microscope images of the fresh and used
Fe@Fe2O3 nanowires revealed the formation of Fe(III)/
Cr(III)/Cr(VI) composite oxides during the anoxic Cr(VI)
removal process. This study sheds a deep insight into the
anoxic Cr(VI) removal mechanism of core−shell Fe@Fe2O3
nanowires and also provides a potential Cr(VI) removal
method.
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