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Studies on the removal of AsĲIII) by Fe-based materials have been carried out for decades, but the time-

consuming process and low removal capacity are obstacles for large-scale practical applications. Here, a

rapid and efficient technique was proposed for the removal of AsĲIII) using Cu-doped Fe@Fe2O3 core–shell

nanoparticles (CFF) synthesized by a facile two-step reduction method and aging process, which realized a

thorough removal of AsĲIII) from smelting wastewater at neutral pH within 30 min. The copper doped in

CFF not only provided two extra oxygen reduction pathways to enhance the molecular oxygen activation,

but also improved the electron transfer ability and removal efficiency of AsĲIII). The existence of copper

contributed to the rapid oxidization and adsorption of AsĲIII), and the removal rate increased nearly 10-

times in the aerobic system. Meanwhile, the proposed Cu-doped Fe@Fe2O3 core–shell nanoparticles and

shifted oxygen reduction pathway could be easily scaled up for other transition metals, such as Ni. Molecu-

lar dynamics (MD) simulations based on the large-scale atomic/molecular massively parallel simulator

(LAMMPS) were also employed to investigate the formation process of CFF. Furthermore, the removal effi-

ciency of arsenic in smelting wastewater remained to be 90% after 6 times of cycling. Therefore, the dis-

tinctive oxidation activities of CFF hold great promise for applications in arsenic removal.

1. Introduction

Recently, large amounts of industrial effluents containing
high concentrations of arsenic have been produced in the
non-ferrous metal smelting process, especially in the flue gas
acid washing recovery section and the smelting section.
These kinds of acidic wastewater may cause great harm to
the water environment without appropriate treatment.1 Cur-
rently, Fe-based materials have been demonstrated to effec-
tively remove arsenic and refractory organics,2–7 particularly
nanoscale zerovalent iron (nZVI), which could produce reac-
tive oxygen species (ROSs, i.e., H2O2, ˙O2

−, and ˙OH) by molec-
ular oxygen activation to oxidize and adsorb AsĲIII).8–12 For in-
stance, Ramos's group reported that nZVI can adsorb and
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Environmental significance

Arsenic is one of the most toxic environmental pollutants and has aroused widespread concern. Fe-Based materials, especially nZVI, exhibit not only envi-
ronmental friendliness but also excellent superior chemical stabilities and are widely applied in the water remediation field. We discovered that the pres-
ence of copper or nickel in Fe@Fe2O3 can significantly improve the removal efficiency of AsĲIII) by shifting the oxygen reduction pathway which will be con-
ducive to oxidize highly toxic and refractory As(III) to lowly toxicity and easily removed As(V). Meanwhile, it also avoids secondary pollution by copper
doping due to the unique core–shell structure. The findings provide a new perspective for the preparation of other transition metal doped Fe@Fe2O3 mate-
rials for the remediation of environmental pollution.
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transform some highly toxic AsĲIII) into insoluble AsĲV) in the
presence of air and iron particles, and subsequently generate
AsĲV)–FeĲIII) and AsĲIII)–FeĲIII) precipitates.13 However, the re-
moval of AsĲIII) by Fe-based materials, especially nZVI, is
time-consuming (about 2.0–70.5 h) with low removal
capacity,3–5 because the yield of the ROSs relative to the con-
sumed iron (i.e., Δ(oxidants)/Δ(Fe0)) was poor in the pH range
of 2–11.14

Generally, the molecular oxygen activation process in-
duced by nZVI takes place as follows. Firstly, Fe0 reacts with
oxygen to produce H2O2 by a two-electron molecular oxygen
reduction, accompanied with an FeĲII) release (eqn (1)). Sub-
sequently, the released FeĲII) also reacts with oxygen to
produce H2O2 via a sequential single-electron reduction mo-
lecular oxygen activation pathway (eqn (2) and (3)). Then, the
in situ produced H2O2 reacts with FeĲII) to produce ˙OH (eqn
(4)). Ai et al. reported that iron oxide formed on the surface
of nZVI could favor the single-electron molecular oxygen acti-
vation.15 Because FeĲII) released from Fe0 would be adsorbed
on the iron oxide shell, and then promote the single-electron
molecular oxygen activation pathway to produce more
ROSs.16 Our group also found that the removal rate and oxi-
dation capacity of AsĲIII) become stronger by enhancing the
single-electron molecular oxygen activation pathway with
nZVI.16 This means that appropriate increases in extra path-
ways of molecular oxygen activation would improve the yield
of ROSs and thus enhance the removal efficiency of AsĲIII) by
nZVI.

O2 + Fe0 + 2H+ → Fe2+ + H2O2 (1)

O2 + Fe2+ → ˙O2
− + Fe3+ (2)

˙O2
− + Fe2+ + 2H+ → H2O2 + Fe3+ (3)

Fe2+ + H2O2 → Fe3+ + ˙OH + OH− (4)

Recent studies have found that Fe/Cu bimetallic particles
synthesized by the deposition of Cu0 on the surface of nZVI
can improve the removal rates of pollutants owing to the
high potential difference (0.78 V) between Fe and Cu.17,18 Pre-
vious studies suggested that Cu0 coated on the nZVI surface
could promote the corrosion of Fe0 and the generation of
[H] in the absence of oxygen.17,19 Fe/Cu bimetallic particles
can retard the oxidation of nZVI and accelerate the reduction
rate, and thus the reactivity of the bimetallic particles is
higher than that of nZVI. Although Cu0 possesses a weaker
reduction capacity than nZVI, the reduction potentials of
Cu+/Cu (0.552 V) and Cu2+/Cu (0.341 V) are more negative
than that of O2/H2O2 (0.695 V), implying that the reduction of
oxygen into H2O2 by Cu0 is still thermodynamically feasible.
Hence, Cu0 may also contribute to the activation of oxygen
for the generation of ROSs. For instance, Dükkanci showed
that Fe/Cu bimetallic particles could be capable of oxidizing
the degradation of Rhodamine B with H2O2.

20 Similarly, Xia21

and Danish22 also synthesized Fe/Cu bimetallic catalysts and

found higher catalytic activities and stabilities for the Fenton
oxidation of organic pollutants. However, the influences of
Cu0 on the oxygen reduction pathway and molecular oxygen
activation in the Fe/Cu bimetallic system are still unclear.
Owing to that the rapid superficial oxidation, passivation and
leakage of Cu restrict the generation of ROSs and suppress
the wide application of Fe/Cu bimetallic particles. In our pre-
vious studies, we found that the core–shell structure can syn-
ergistically improve the electron transfer capacity of nZVI,
and the formation of the shell guaranteed the sustained ac-
tivity of the system during the drying, storage, shipping and
application processes.16,23 Thereby, it is theoretically foresee-
able that the metal oxide layer coated Fe/Cu nanoparticles
would improve the molecular oxygen activation efficiency in
the application of nZVI, which has never been investigated so
far to the best of our knowledge.

In this study, we synthesized nanoscale Cu-doped
Fe@Fe2O3 core–shell nanoparticles (CFF) with a two-step re-
duction method and aging process to systematically explore
the effect of copper on molecular oxygen activation and oxy-
gen reduction pathways. A series of experiments are designed
to reveal the mechanism of the rapid generation of ROSs and
the subsequent aerobic oxidation and removal of AsĲIII) by
CFF. The properties of the AsĲIII) removal by CFF in smelting
wastewater from the metallurgical industry were investigated.
Furthermore, we successfully synthesized Ni-doped Fe@Fe2O3

core–shell nanoparticles (NFF) and also demonstrated the ap-
plicability of shifted oxygen reduction pathways.

2. Materials and methods
2.1. Chemicals and reagents

All the chemicals used in the study, including NaBH4 (96%),
FeSO4·7H2O, CuSO4·5H2O, sodium citrate, tetracycline, and
tert-butyl alcohol (TBA), are of analytical grade unless speci-
fied otherwise. The AsĲIII) stock solutions were prepared using
NaAsO2 (Mallinckrodt), and all chemical solutions were made
from deionized water.

2.2. Synthesis of CFF

CFF was prepared through a two-step reduction method and
aging process altered from our previous studies on Fe@Fe2O3

fabrication.16 In brief, 0.752 mol CuSO4·5H2O was dissolved
in 800 ml deionized water containing a 12.8 mmol sodium
citrate stabilizer and then purged with N2 for at least 40 min.
Then, 2.1 M NaBH4 was added dropwise into the Cu2+ solu-
tion until uniform black particles appeared. The synthetic
process was carried out by stirring using a revolving propeller
under N2 protection. 30 mL of 0.45 M FeSO4·7H2O and 16 mL
of 2.1 M NaBH4 aqueous solutions were successively added
dropwise into the solution without N2 protection. After that,
the nanoparticles were aged in water for 2 h and then washed
with deionized water three times. Finally, the nanoparticles
were dried in a vacuum freeze dryer under nitrogen. Besides,
CFF nanoparticles with different Fe/Cu mass ratios were also
prepared (Fe : Cu = 1 : 1, 1 : 2, 3 : 10, 1 : 5, 1 : 10, and 1 : 20 in
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mass). The Nanofer 25 nZVI particles were purchased from
the NANOIRON® company (Czech Republic, EU).

For comparison, Fe@Fe2O3 and Fe/Cu bimetallic catalysts
were prepared as described in Text S1 and S2 of the ESI.† Ni-
Doped Fe@Fe2O3 and Fe/Ni bimetallic catalysts were also syn-
thesized as described in Text S3 and S4 of the ESI.†

The methods for material characterization are provided in
the section Text S5 of the ESI.†

2.3. Smelting wastewater characteristics

Acidic smelting wastewater (initial pH 1–2) containing a high
concentration of arsenic was sampled from a metallurgical
plant situated in Hengnan County, Hunan Province in south-
ern China. The content of metal elements in the acid
smelting wastewater was determined using an inductive
coupled plasma emission spectrometer (ICP, Baird PS-6,
USA), given in Table S1.†

2.4. Bath experiments

During a typical aerobic removal process, 10 mg of CFF was
added into 100 ml of a 3.5 mg L−1 AsĲIII) aqueous solution
with a shaking speed of 190 rpm. The temperature was kept
at room temperature during the process, and the initial pH
was adjusted to 7.0 ± 0.2 using 1 M HCl and NaOH solutions.
Aliquots of the aqueous solution were withdrawn at intervals

and then filtered through 0.45 μm filter membranes for fur-
ther analysis. For comparison, anoxic removal of AsĲIII) was
performed by bubbling nitrogen gas in sealed bottles. After
the reaction, the mixture was centrifuged to separate the
CFF. The obtained CFF dried using a vacuum freeze dryer
was used for further characterization. Methods for chemical
analysis are provided in the ESI† sections Text S6 and S7. All
experimental data were calculated using the average of three
repeated experiments, and the standard deviations were rep-
resented by error bars in following plots.

As for the stability test of CFF in practical applications, 80
mg of CFF was added into 100 ml of smelting wastewater,
and magnetically separated from the effluent after the reac-
tion for direct reuse in the next batch of wastewater. Before
use, the smelting wastewater needs to be diluted with the pH
adjusted using the 1 M NaOH solution to be consistent with
the simulated wastewater experiment.

3. Results and discussion
3.1. Basic properties of the materials

The prepared CFF composites characterized by scanning
electron microscopy (SEM) and transmission electron micros-
copy (TEM) are composed of abundant nanoparticles with
dozens of nanometers in diameter (Fig. 1a and S1†). The
TEM image of the CFF analysis further confirmed the

Fig. 1 SEM image (a), and TEM image (b) of CFF; (c) EDS elemental mappings for Cu, Fe, O, and the combined result.
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existence of the core–shell structure by contrast of chromatic
aberration, and EDS mapping clearly displayed the Fe/Cu
nanoparticle core surrounded by a layer of the copper and
iron oxide shell (Fig. 1b and c). It can be clearly observed that
the O elements are distributed on the surface of the Fe/Cu
nanoparticle. In the XRD analysis results (Fig. S2†), an obvi-
ous diffraction peak at a 2θ value of 44.6°, which is consis-
tent with the standard pattern of Fe0 (JCPDS, file No. 65-
4899), is observed both in CFF and nZVI. The Fe0 peak inten-
sity of CFF is weaker than that of nZVI due to the gradual
oxidization of Fe0 with the increase of aging time, consistent
with our previous studies.16 The different peaks at 2θ values
of 43.5°, 38.7°, 36.5° and 35.7° related to the standard pat-
terns of Cu, CuO, Cu2O and Fe2O3 were also found in CFF, re-
spectively. According to these results, we can assume that the
material was structured with the Fe/Cu nanoparticle
surrounded by a layer of the metal oxide shell.

To further distinguish the specificity between the CFF and
the common Fe/Cu bimetallic material, we prepared CFF and
Fe/Cu bimetallic catalysts with different Cu contents (Cu : Fe
= 1 : 1, 1 : 2, 3 : 10, 1 : 5, 1 : 10, and 1 : 20 in mass), and their re-
active activity was evaluated by the aerobic removal of AsĲIII)
at room temperature. As shown in Fig. 2a and b, the removal
capacity of CFF is superior to that of the Fe/Cu bimetallic cat-
alysts. In particular, for CFF with a Cu content of 20% (1 : 5),
about 42.0% of AsĲIII) was removed over the Fe/Cu bimetallic
catalysts in 30 min, and the CFF showed a higher efficiency
of 97.8%. All the kinetic processes were fitted with the

pseudo-second order kinetic model (Fig. S3†). The removal
rate constant (kAs) of CFF is nearly 10 times as much as that
of the Fe/Cu bimetallic catalysts when the amount of copper
is 20% (Table S2†). These results further demonstrated that
CFF possessed the unique core–shell structure that is distin-
guished from common Fe/Cu bimetallic materials. Further-
more, the removal capacity and rate of AsĲIII) by CFF and the
Fe/Cu bimetallic catalysts were initially increased with in-
creasing copper content, but declined when exceeding the op-
timum content (20%). These results suggest that adding a
suitable amount of Cu into nZVI could improve the aerobic
removal capacity and rate of AsĲIII). As for the specific rea-
sons, we will have a detailed explanation at the back.

Generally, nZVI can spontaneously react with molecular
oxygen to generate ferrous and ferric in the aqueous phase,
along with iron oxides and hydroxides produced under aero-
bic conditions.8,16,24–26 AsĲIII) may be trapped by the matrix of
the growing corrosion products and then be removed from
the aqueous solution by precipitation and co-precipita-
tion.27,28 Additionally, Cu is often used as a catalyst to facili-
tate the corrosion of Fe0 owing to the high potential differ-
ence between iron and copper, which contribute to the
production of H2O2 that would trigger a Fenton-like
reaction.29–31 Thus, a certain amount of Cu can improve the
removal capacity and rate of AsĲIII) with nZVI, which is similar
to our experimental phenomenon. More importantly, it is
interesting to note that the removal rate of AsĲIII) by CFF is
not only higher than that of the Fe/Cu bimetallic catalysts,

Fig. 2 The temporal concentration change of AsĲIII) as a function of reaction time during the aerobic removal of AsĲIII) over CFF (a) and Fe/Cu
bimetallic catalysts (b) with different Fe/Cu mass ratios; efficiency of anoxic AsĲIII) removal (c) and aerobic removal (d) over nZVI, Fe/Cu bimetallic,
and CFF catalysts with and without 1,10-phenanthroline. The initial CFF was 100 mg L−1, AsĲIII) was 3.5 mg L−1, and the pH values were 7.0 ± 0.2.
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but also superior to most other Fe-based materials (Table 1),
which provides the possibility for rapid removal of arsenic
from wastewater by Fe-based materials in practical
applications.

3.2. Mechanisms for enhanced removal capacity of AsĲIII)

To find out the internal mechanism about why AsĲIII) can be
rapidly removed by CFF, we carried out a series of verification
tests in which the Cu content in both CFF and Fe/Cu bimetal-
lic catalysts was 20% unless otherwise specified.

To confirm the indispensable role of FeĲII) on the removal
of AsĲIII), we compared the removal efficiency of AsĲIII) using
different materials in oxygen free water firstly with the 1,10-
phenanthroline method. In the absence of oxygen conditions,
the apparent removal efficiencies of AsĲIII) were 57%, 40%,
and 30% for CFF, Fe/Cu, and nZVI, respectively. The AsĲIII) re-
moval abilities were considerably decreased when 1,10-
phenanthroline was added to complex the soluble FeĲII)
(Fig. 2c), suggesting that the removal performance of AsĲIII)
was strongly dependent on the existence of FeĲII) in anoxic en-
vironments rather than the adsorption capacity of the mate-
rial itself. The surface area could also affect the removal effi-
ciency of adsorbents, so the BET surface areas of the CFF and
the common Fe/Cu bimetallic material with the Cu content
of 20% (1 : 5) were measured, and their removal rate con-
stants were compared (Table S2†). The results showed that
there is little change in the specific surface area of the two
samples, suggesting that the different reactivities of CFF and
the Fe/Cu bimetallic material are not attributed to the surface
area, but to the unique core–shell structure. Our preliminary
experiments suggested that the AsĲIII) removal is mainly at-
tributed to the corrosion products formed by FeĲII), since they
will react with AsĲIII) to generate an inner-sphere complex,
and the generation of iron hydroxide can also adsorb AsĲIII)
through co-precipitation.16 As observed in Fig. S4,† the results
revealed that CFF possessed a higher initial FeĲII) concentra-
tion and a faster FeĲII) release rate than its counterparts in
the presence of 1,10-phenanthroline under anoxic conditions,
because the presence of a metal oxide shell, such as Fe2O3,
could absorb more FeĲII) on its surface, and the existence of
Cu0 might facilitate the corrosion of metallic iron. Further-

more, Fe2O3 is also a highly efficient adsorbent for arsenic re-
moval by the electrostatic attraction force and the covalent
bonding force.32 The apparent pseudo-second anoxic AsĲIII)
removal rate constants of the CFF, Fe/Cu, and nZVI catalysts
with 1,10-phenanthroline were 0.0037, 0.0045, and 0.0039
min−1, respectively, much lower than those without 1,10-
phenanthroline (Fig. S4b and S5a†). The inhibitory efficiency
(η) of 1,10-phenanthroline during the anoxic AsĲIII) removal
was thus calculated using eqn (5).

(5)

where kt and k0 are the apparent AsĲIII) removal rate constants
in the presence and absence of 1,10-phenanthroline, respec-
tively. The inhibitory efficiencies of CFF, Cu/Fe, and nZVI
were found to be 80.2%, 70.3%, and 57.2%, respectively (Fig.
S5a†). This confirmed that the existence of copper, especially
the copper serving as the core surrounded by a layer of metal
oxide, is beneficial to promote the corrosion of metallic iron
and to enhance the removal efficiency of AsĲIII). Maybe it's be-
cause the activity of Cu0 was preserved to the greatest extent.

The same phenomenon also occurs in aerobic aqueous so-
lution. However, compared to the removal efficiency of 57.0%
under anoxic conditions, 97.8% of AsĲIII) was removed within
30 min in the presence of oxygen (Fig. 2d). The contribution
of FeĲII) achieved an 89% removal of AsĲIII), in contrast, only
36% was obtained under anoxic conditions (Table S3†).
Meanwhile, the removal rate of AsĲIII) by CFF is 0.117 min−1

in the presence of oxygen, nearly 5 times as much as that un-
der anoxic conditions, implying that molecular oxygen could
also improve the removal capacity of AsĲIII) over CFF (Fig.
S5b†). A similar phenomenon was also found in nZVI and Fe/
Cu bimetallic catalysts (Table S3†). The effect of the electron
transfer property on the aerobic AsĲIII) removal performance
of CFF, Fe@Fe2O3, Fe/Cu, and nZVI was subsequently
checked by measuring the free corrosion potentials of these
materials using Tafel polarization diagrams. The free corro-
sion potentials of CFF and its counterparts are in the range
of −0.35 to −0.70 V, and their negative potentials follow a
trend of CFF > Fe/Cu > Fe@Fe2O3 > nZVI (Fig. 3a). It is

Table 1 Comparison of AsĲIII) removal by various Fe-based materials reported in the literature compared with CFF

Materials pH
AsĲIII) conic
(mg L−1)

Removal time
(min)

Removal rate
(%)

Adsorbent conic
(mg L−1) Ref.

Bare nZVI 7.0 1.0 720 100 1000 4
Activated carbon supported nZVI 6.5 2.0 4230 100 1000 51
Fe@Fe2O3 nanobunches 7.0 ± 0.2 2.3 360 92 50 52
Redox polymer-based FeĲIII) oxide nanocomposite 7.0 1.0 1302 100 500 5
Fe/Al bimetallic particles 7.0 10.0 120 100 3000 3
Fe/Cu binary oxide 7 ± 0.1 10.0 360 100 200 53
Fe/Al hydroxide coated onto macroporous supports 7.0 1.0 450 95 700–800 54
Hollow Fe–Ce alkoxides 6.0 10.0 240 92.7 200 2
CFF 7.0 ± 0.2 3.5 30 97.8 100 This work

Conic: concentration.
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common knowledge that the electrode with a more negative
free corrosion potential value would tend to lose electrons
easier and faster.33,34 Therefore, the electron transfer rates of
CFF and its counterparts in the aerobic AsĲIII) aqueous solu-
tion also followed the above trend, consistent with that of the
normalized apparent FeĲII) released concentrations of these
materials (Fig. 3b and S6†). This means that CFF has a
higher capacity to activate molecular oxygen than its counter-
parts, since a less reactive species FeĲIV) can't oxidize AsĲIII) to
AsĲV) as an active Fenton intermediate at neutral pH values.35

In our previous study, it was found that oxidation and ad-
sorption are both present during the AsĲIII) removal process
by Fe@Fe2O3 under aerobic conditions. That is because
Fe@Fe2O3 can activate molecular oxygen by both a two-
electron transfer route from the Fe0 core to oxygen to
generate H2O2, followed by the production of ˙OH with FeĲII),
and a single-electron transfer route from the surface bound
FeĲII) to oxygen to generate ˙O2

−.9 The produced ˙OH and ˙O2
−

with strong oxidative abilities could oxidize AsĲIII) to easily
removed AsĲV), which undoubtedly accelerates the removal of
AsĲIII). Meanwhile, Ai's group found that nanoscale zero-
valent copper could reduce O2 to H2O2 (eqn (6) and (7)),
which would react with CuĲI) and CuĲII) to produce ˙OH and
˙O2

−, respectively (eqn (8) and (9)).36 On the basis of the above
discussion and results, we suspect that the existence of Cu0

could enhance the ability of CFF to react with molecular oxy-
gen to produce reactive oxygen species, thus leading to the
amazing capability of CFF for AsĲIII) removal.

2Cu + O2 + 2H2O → 2Cu+ + H2O2 + 2OH− (6)

Cu + O2 + 2H2O → Cu2+ + H2O2 + 2OH− (7)

Cu+ + H+ + H2O2 → Cu2+ + ˙OH + H2O (8)

Cu2+ + H2O2 → Cu+ + ˙O2
− + 2H+ (9)

To confirm this opinion, the production of H2O2 with
different materials was measured. And the results suggested
that CFF exhibited higher H2O2 production than Fe/Cu,
Fe@Fe2O2, and nZVI. The maximum yields of H2O2 of CFF
and its counterparts followed the order of CFF > Fe/Cu >

Fe@Fe2O2 > nZVI (Fig. 3c). Obviously, this order was par-
tially in agreement with that of their free corrosion poten-
tials in the aerobic aqueous solution. The concentration of
dissolved oxygen in the aqueous solution during the AsĲIII)
removal process by CFF was also measured (Fig. S7†). There
is no vast turnaround in concentration. This is because the
surging solution will bring a lot of air into the water, pro-
ducing a large number of different sizes of bubbles. Under
the hydrostatic pressure of the water body, the bubbles will
release a lot of air into the water to become dissolved oxy-
gen due to the internal and external pressure difference.37,38

Thus, the sufficient dissolved oxygen almost guaranteed the
production of H2O2. It was also found that more AsĲIII) were
oxidized in the aerobic system using CFF compared to
those using its counterparts after 20 min of reaction
(Fig. 3c). As the amount of accumulated H2O2 was heavily
dependent on both its formation (eqn (1), (3), (6) and (7))
and decomposition (eqn (4), (8) and (9)) under aerobic con-
ditions, the decomposition rates of H2O2 ((H2O2)initial =

Fig. 3 (a) Tafel scans under aerobic conditions. (b) Free corrosion potentials of CFF, Fe/Cu bimetallic, nZVI, and Fe@Fe2O3 catalysts along with the
maximum FeĲII) released concentration. (c) The maximum H2O2 and AsĲV) generated concentrations. (d) The temporal concentration of H2O2 as a
function of time in the nZVI/air, Fe@Fe2O3/air, and CFF/air systems, the initial concentration of H2O2 was 1.68 mM.
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1.68 mM) over CFF, nZVI, and Fe@Fe2O3 under an aerobic
atmosphere were also studied (Fig. 3d), and it was found
that the decomposition rate of H2O2 in the aerobic CFF sys-
tem was higher than the others, suggesting that the pres-
ence of copper could accelerate the decomposition of H2O2

on CFF. According to the higher production and faster de-
composition of H2O2 in the aerobic CFF system, it could be
concluded that Cu0 could greatly promote the formation of
H2O2 by CFF via molecular oxygen activation. In order to
further verify the contribution of copper, a number of con-
trol experiments were subsequently conducted in an aerobic
nZVI system after the addition of different concentrations of
CuĲII). As shown in Fig. 4a, the aerobic AsĲIII) removal capac-
ity increased with the increasing concentration of CuĲII), and
then decreased after reaching the optimum concentration.
This phenomenon is consistent with the previous conclu-
sions. The existence of copper can promote the corrosion of
metallic iron and produce more iron oxide and hydroxides
that are beneficial to the adsorption and co-precipitation
of arsenic. To eliminate the effect of metallic iron on the
activation of molecular oxygen, we also employed 1,10-
phenanthroline to complex both the in situ formed FeĲII) re-
leased from CFF into aqueous solution and the surface
bound FeĲII) on the CFF.39 As illustrated in Fig. 4b, the arse-
nic removal efficiencies of CFF were almost completely
suppressed after adding 1,10-phenanthroline, while the pro-
cess of oxidization of AsĲIII) to AsĲV) remained. It means that
Cu0 produced the ROSs by the sequential single-electron
transfer route (eqn (6) and (8)) and the two-electron transfer
route (eqn (7) and (9)). Meanwhile, CuĲI) and CuĲII) could be
released from Cu0 (eqn (7) and (8)), as confirmed by the Cu
2p XPS spectra of the freshly prepared CFF and the used
CFF (Fig. 5a); the content of Cu0 decreased from 44.4% to
31.6%. In contrast, the amount of CuĲI) and CuĲII) increased
from 26.0% and 29.6% to 33.9% and 34.5%, respectively
(Table S4†). It is known that ˙OH can be generated through
the catalytic decomposition of H2O2 by CuĲI) via the Fenton-
like reaction (eqn (8)).40,41 The appearance of ˙O2

− perhaps
catalyzed the decomposition of H2O2 by CuĲII) (eqn (9))42,43

because Cu0 of less reducibility could not reduce O2 to ˙O2
−

.

Subsequently, the active species trapping experiments
were investigated to check the effect of radicals in the aerobic
CFF system by using TBA as the ˙OH scavenger and
p-benzoquinone as the ˙O2

− scavenger (Fig. S8†).44,45 Our pre-
vious experiments suggested that negligible AsĲIII) could be
oxidized to AsĲV) by H2O2, thus the comparison of the inhibi-
tory effects on the aerobic CFF system for the pollutant re-
moval could reflect whether radials were generated.16 Obvi-
ously, the pollutant removal efficiencies of the aerobic CFF
systems were both decreased by 10% after the addition of
TBA or p-benzoquinone. Meanwhile, the results suggested
that the CFF/air system would rapidly oxidize AsĲIII) to AsĲV)
without adding TBA or p-benzoquinone to the aqueous solu-
tion, while the oxidation of AsĲIII) no longer happened when
TBA or p-benzoquinone was added (Fig. S9a†). As shown in
Fig. S9b,† the AsĲIII) removal rate significantly dropped by
nearly half with the addition of TBA or p-benzoquinone,
suggesting that both ˙O2

− and ˙OH play important roles
during AsĲIII) oxidation. Surprisingly, with the addition of ei-
ther TBA or p-benzoquinone, the AsĲIII) removal rate of CFF is
higher than that of the Fe/Cu bimetallic catalyst (Table S5†).
This phenomenon is probably traceable in the metal oxide
layer, because the Cu0 and Fe0 were protected from oxidation
or passivation in the storage and transportation process, thus
maintaining higher activity compared to the common Fe/Cu
bimetallic catalyst. Hence, the presence of Cu0 could promote
the CFF to activate molecular oxygen for the production of
H2O2, ˙OH, and ˙O2

− to further oxidize AsĲIII). Meanwhile, the
generated CuĲII) would further react with Fe0 to promote the
corrosion of metallic iron, and then regenerate Cu0, and thus
forming a benign cycle of arsenic removal. The study also fur-
ther explained the reason why the CFF has higher FeĲII) re-
leasing capacity and stronger activated molecular oxygen abil-
ity than nZVI, Fe@Fe2O3 and Fe/Cu bimetallic catalysts. The
obviously macroscopic difference of the AsĲIII) in aqueous
solution removed by CFF with or without TBA and

Fig. 4 (a) Effect of initial concentration of copper ion on the aerobic removal of AsĲIII) by nZVI. (b) Changes of the concentrations of AsĲIII), AsĲV)
and total arsenic by the CFF/air system in the presence of 1,10-phenanthroline.
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p-benzoquinone (Fig. S9c and d†) further proved that radicals
play a vital role in the removal process of AsĲIII). They can not
only oxidize AsĲIII) to AsĲV), but also improve the generation of
iron oxide/hydroxide.

The changes in the composition of the CFF surface be-
fore and after reaction were further analyzed using XPS
techniques. The XPS spectra demonstrated that the pre-
pared CFF contains the elements O, Cu and Fe (Fig. 5b). Af-
ter CFF reacted with AsĲIII), a new weak characteristic peak
of arsenic was observed at 45.5 eV in the full survey of
AsĲIII), indicating that the arsenic was adsorbed on the sur-
face of the treated CFF. Furthermore, the results demon-
strated that arsenic was uniformly dispersed on the surface
of CFF after reaction by EDS mapping analysis (Fig. S10†).
Besides, Cu appeared on the surface of the metal oxide af-
ter reaction, confirming that copper ions were released from
Cu0 and then reacted with Fe0. Finally, the surface of CFF
was covered by the formed copper oxide. Various valence
states of iron, Fe0, FeII, and FeIII, coexisted in CFF (Fig. 5c).
In the aging process, the iron oxide shell would be gener-
ated through the reaction of Fe0 with dissolved oxygen and
water, and then release FeĲII) to the aqueous solution. The
oxide shell would adsorb the leached FeĲII), resulting in the
higher initial content of FeĲII) of CFF than those of its coun-
terparts. Apparently, the peak of Fe0 disappeared and the
peak of Cu0 decreased after reaction, implying that they
were both involved in the removal process of AsĲIII). There-

fore, the XPS analyses also revealed the reason why CFF can
rapidly and effectively remove AsĲIII). XPS was also applied
to determine arsenic oxidation states on iron (hydr)oxide,
and the peak positions were identified by comparison to
As3d binding energies reported in the literature.13 The
peaks of AsĲV) and AsĲIII) were clearly observed on
reacted CFF under aerobic conditions (Fig. 5d). Compared
to our previous work, although more aqueous AsĲIII) were
oxidized to AsĲV), there was still a small fraction of AsĲIII)
that was not completely oxidized. Due to the rapid oxida-
tion of FeĲII) and the generation of Fe (oxyhydr)oxides at
neutral pH, some of the AsĲIII) could be removed before oxi-
dation. The same phenomenon can be observed in a previ-
ous report.46 Meanwhile, nearly 64.5% AsĲIII) was oxidized to
AsĲV) on the surface of iron (hydr)oxide, higher than our
previous data (35%)16 under aerobic conditions, further
supporting that the Cu doping enhanced the ability of CFF
to activate molecular oxygen and produce more ROSs, which
will be conductive to oxidize highly toxic and refractory
As(V).

Based on the above discussion, a possible mechanism was
proposed to account for the rapid removal of AsĲIII) with CFF
under aerobic conditions. In the absence of Cu0, Fe@Fe2O3

can activate molecular oxygen only by a two-electron transfer
route from Fe0 to oxygen to produce H2O2 (eqn (1)) and by a
single-electron transfer reaction from the surface bound FeĲII)
to oxygen to generate ˙O2

− (eqn (2)). Interestingly, two extra

Fig. 5 (a) XPS response of detailed survey for the region of Fe 2p for CFF before and after reaction with AsĲIII) under aerobic conditions. (b) Cu 2p
spectra before reaction and after reaction with AsĲIII). (c) Full survey spectra for CFF before and after reaction with AsĲIII) under aerobic conditions.
(d) As 3d XPS spectra of CFF after reaction with AsĲIII).
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electron transfer paths of molecular oxygen activation were
added to CFF when copper was doped, accompanied with the
enhanced electron transfer ability that leads to rapid purifica-
tion of arsenic containing wastewater. That's because Cu0

could reduce molecular oxygen via single-electron and two-
electron reduction pathways to produce H2O2.

47 Meanwhile,
MD simulations based on LAMMPS were employed to investi-
gate the formation process of CFF. The result revealed an
interesting phenomenon that copper has a tendency to move
toward the core (Fig. S11†). It means that the activity of Cu0

can be preserved to the greatest extent. As CuĲI) and CuĲII)
leach into the aqueous solution during the process, the
generated H2O2 would then react with both dissolved CuĲII),
CuĲI) and FeĲII) to produce ˙O2

− and ˙OH for the oxidative re-
moval of AsĲIII). The in situ released copper ions could be re-
duced by Fe0 and then deposited on the surface of CFF. With
increasing the content of copper, more copper reduced by
Fe0 were deposited on the surface of CFF, which undoubtedly
decreased the electron transport rate and suppressed the cor-
rosion of CFF, resulting in the decrease of the AsĲIII) removal
capacity. In order to avoid secondary pollution by copper
doping, the concentration of leaked copper ions during the
removal of AsĲIII) was also measured. On the one hand, cop-
per ions can be reduced by Fe0 to re-cover the surface of CFF,
but on the other, they can also be oxidized by oxygen and
ROSs to generate a precipitate. Furthermore, the produced
iron oxide and hydroxide can also remove copper ions by ad-

sorption and co-precipitation. Therefore, the results revealed
that no secondary pollution occurred (Table S6†). We also
successfully prepared NFF with nickel doped Fe@Fe2O3 by
adopting the same method to further test the applicability of
our fabrication technique and verify our conclusion. Interest-
ingly, we observed the same phenomenon that the existence
of nickel could promote the removal capacity of AsĲIII) com-
pared to common Fe/Ni bimetallic catalysts (Fig. S12†).

3.3. Effects of pH and temperature

The influence of pH on AsĲIII) removal by CFF is elucidated in
Fig. 6a. The removal of AsĲIII) was highly pH dependent, and
the amount of AsĲIII) uptake increased with increasing pH
from 3.0 to 7.0, and then declined when pH > 7.0. It is well
known that AsĲIII) could be captured by protonated hydroxyl
groups of iron oxides by inner-sphere complex formation.48,49

The amount of protonated hydroxyl groups and ROSs de-
creased at higher pH values, thereby leading to the decrease
of AsĲIII) removal. Additionally, we found that all the pH
values will eventually stabilize around 7 except the solution
with an initial pH of 11, and CFF exhibited a commendable
removal efficiency of AsĲIII) at a broad pH (3.0–9.0),
suggesting that CFF possessed a potential possibility for the
treatment of AsĲIII) in most surface water and groundwater
under natural conditions (Fig. 6b). This is because the exis-
tence of a metal oxide shell, Fe0 and Cu0, could consume H+

Fig. 6 (a) Effect of pH on AsĲIII) removal by CFF. (b) Time profiles of the pH values of the AsĲIII) solution during its removal in the CFF/air system. (c)
Zeta potentials of CFF, nZVI and Fe@Fe2O3 in aqueous solutions at various pH values. (d) Langmuir and Freundlich isotherm models for AsĲIII)
adsorption at different temperatures onto CFF. C[AsĲIII) initial] = 3.7–6.7 mg L−1, pH 7.0 ± 0.2.
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in acidic systems, and the iron ions adsorbed on the surface
of CFF could consume OH− in alkaline systems. This leads to
wider pH adaptability for CFF. The surface charges of the
CFF, nZVI and Fe@Fe2O3 at different pH values are eluci-
dated in Fig. 6c. The results indicate that the CFF has a lower
pHZPC. It means that CFF has higher removal efficiency for
AsĲIII) than its counterparts under neutral conditions. The
solid surface is negatively charged at pH values above the
zero point charge (pHZPC) and positively charged at pH values
below pHZPC, which will enhance electrostatic repulsion and
attraction, respectively, with anionic arsenic species and in-
crease adsorption capacity.

As suggested in Fig. 6d, the removal capacity increased as
the temperature was raised from 298 K to 308 K, which was
possibly ascribed to the enhanced mobility of ions along with
the increase of the reaction temperature.50 Meanwhile, the
AsĲIII) removal process fits better with the Freundlich model
with a correlation coefficient R2 value of 99%, indicating that
AsĲIII) removal is not simply a monolayer coverage but also in-
volves an oxidation reaction (Text S8†). The pseudo-second
order adsorption kinetics model aligns well with these experi-
mental data obtained in both low and high initial AsĲIII) con-

centrations under the aerobic conditions, suggesting that
chemisorption governs the removal process (Fig. S13†). The
adsorption capacity of CFF increased from 37.3 to
67.3 mg g−1 when the initial AsĲIII) concentration increased
from 3.7 to 6.7 mg L−1, implying adsorptive saturation at high
aqueous AsĲIII) concentrations. With the increasing initial
concentration of AsĲIII), this would produce higher impetus
for AsĲIII) to move from the liquid phase to CFF, resulting in
more collisions between AsĲIII) and active sites on CFF. How-
ever, when the initial concentration of AsĲIII) increased, the
removal rate was reduced by nearly half (Table S7†). Obvi-
ously, the result indicated that the pH, temperature and
initial AsĲIII) concentration profoundly affect the removal effi-
ciency and rate.

3.4. Removal of arsenic in smelting wastewater

The removal of arsenic from the acid effluent was also tested
at neutral pH under the aerobic conditions. Although the re-
moval rate of CFF was reduced, the removal efficiency could
reach 100%. And the content of arsenic in the aqueous solu-
tion during the removal process was determined by ICP-AES

Fig. 7 (a) Removal of total arsenic from smelting wastewater using CFF, Fe/Cu and Fe@Fe2O3 under aerobic conditions. (b) Aerobic removal of
total arsenic using CFF with different concentrations. Aerobic removal of total arsenic using (c) CFF and (d) nZVI from smelting wastewater after
different cycles.
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(Table S6†). The results demonstrated that the arsenic con-
tent in the treated wastewater has reached the discharge
standard (WHO 10 μg L−1). However, the removal efficiencies
of the Fe/Cu bimetallic and Fe@Fe2O3 catalysts only
remained at 40% and 30%, respectively (Fig. 7a). Meanwhile,
it shows that the rapid and complete removal of AsĲIII) from
the real wastewater samples needed a higher dosing amount
of CFF compared with the simulated wastewater (Fig. 7b),
possibly owing to the presence of dissolved sulfate and phos-
phate in the actual wastewater samples (e.g., SO4

2− and PO3
2−)

(Table S1†).16 To further verify the stability of CFF in practical
applications, we also carried out stability experiments. The
total arsenic removal efficiency by CFF still remained at 90%
after 6 consecutive treatments while the removal capacity of
nZVI was gradually quenched (Fig. 7c and d). These results
indicate that CFF could be an alternative to nZVI for rapidly
and efficiently removing arsenic in wastewater.

4. Conclusions

This work fabricated a novel composite material, CFF,
through a simple two-step reduction method based on ubiq-
uitous iron and iron oxide. As an adsorbent, CFF provides
not only high adsorption capacity and rapid removal rate, but
also strong oxidation ability for AsĲIII), thanks to its unique
core–shell structure doped with Cu. We demonstrated that
doping with Cu could increase the oxygen reduction pathway
consisting of a sequential single-electron pathway and a two-
electron pathway, which could significantly promote the cor-
rosion of CFF and improve molecular oxygen activation and
ROSs production. Meanwhile, environmental researchers pre-
viously ascribed the low production of ROSs with nZVI to iron
precipitation, high surface reactivity of nZVI toward H2O2,
and low rates of the Fenton reaction, but usually ignored the
significance of the oxygen reduction pathway on molecular
oxygen activation and ROS generation, which is unfavorable
to the wide application of nZVI. This work suggests that
using CFF as adsorbents is a promising strategy to increase
the yield of ROSs by adding the oxygen reduction pathway of
nZVI. The successful removal of arsenic in smelting wastewa-
ter by CFF provides a potential method to reduce the effect of
arsenic pollution in the surrounding environment.
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