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A B S T R A C T

Fe-Cu bimetallic oxide, a Fenton-like catalyst, was synthesized by a facile co-precipitation method. The physi-
cochemical characteristics of as-synthesized Fe-Cu bimetallic composites with different Cu mass loadings were
characterized. The Fe-Cu-080 composite, having suitable amount of Cu, could effectively control the size of
bimetallic particles, with uniform distribution in nano range, exhibited a higher activity and stability in me-
thylene blue (MB) mineralization. Fe-Cu-080/H2O2 system could work in a wide range pH with high efficiency in
MB removal and low metal leaching concentration. Electron paramagnetic resonance (EPR) and fluorescence
(FL) results proved that the OH% radicals generated in Fe-Cu composite/H2O2 system were involved in the
degradation of methylene blue (MB). The Fe-Cu-080 catalyst could be easily separation from the aqueous so-
lution by simple external magnetic field. Fe-Cu-080 was not cytotoxic and could greatly reduce the copper
toxicity. The combination of Cu-Fe in bimetallic structure was proved to be an attractive alternative method to
improve the efficiency of heterogeneous Fenton-like system exemplified by the removal of organic pollutants
from wastewater.

1. Introduction

Water pollution has become one of the most severe environmental
problems in the world due to rapid industrial development. The po-
tential contamination from hazardous organic chemicals to ecosystem
and drinking water system have imposed adverse effects on the aquatic
life and human health. Accordingly, effective processes for the removal
of organic pollutant from water has attracted considerable attention.
Fenton process, a typical advanced oxidation process (AOP), has re-
ceived wide spread consideration for efficient removal of various or-
ganic contaminants from wastewaters [1,2]. Solid catalysts, containing
≡Fe2+ and ≡Fe3+, are able to catalyze the decomposition of H2O2

with the production of highly reactive OH% radical as to destroy organic
contaminants efficiently by heterogeneous Fenton reaction (Fenton-
like) [3]. Fenton-like process can significantly minimize the major
disadvantage of conventional homogeneous Fenton reaction such as
high iron dosage, which requires additional management cost for iron-
sludge [4,5].

Magnetite nanoparticles (Fe3O4 NPs) is a promising Fenton-like

catalyst for the treatment of contaminated wastewater owing to rapid
reaction and low-cost [6,7]. Moreover, Fe3O4 NPs can be easily sepa-
rated from the reaction system after use in magnetic field, which is
crucial to efficient solid-liquid separation. However, commercial Fe3O4

usually exhibits relatively slow reactivity at high pH [8] or do not re-
sponse to energy sources such as UV [9], ultrasound [10], or microwave
[11] efficiently. Therefore, alternatives for the development of efficient
and stable catalysts based on magnetite are urgently needed.

Copper, a transition metal that behaves like a Fenton reagent has
attracted great attention. Cu-based catalysts exhibited high reactivity
toward H2O2 over a wide pH range [12]. Bimetallic catalysts have
shown better catalytic performance than their monometallic counter-
parts in a wide range of heterogeneously catalyzed reaction [13]. In-
corporating copper into iron containing solid matrix to fabricate bi-
metallic catalyst can synergistically accelerate the interfacial electron
transfer and production of reactive radicals from H2O2 decomposition
in Fenton-like reaction. It is hypothesized that copper can enhance the
catalytic activity of Fe3O4, and that the Fe-Cu composite may be cap-
able of carrying out redox reactions in the presence of H2O2.
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Herein, the magnetic Fe-Cu bimetallic composite was prepared
using a simple precipitation method. A series of Fe-Cu bimetallic
composites with different Cu content were prepared. The material
properties were characterized to verify the successful synthesis of the
targeted bimetallic composite. Dyes from the textile industry is the
major source of water pollution, besides having possible harmful effects
to human health and ecological systems. In this study, methylene blue
(MB), a commonly used organic dye in textile industry, was used as a
model compound to evaluate the catalytic activity of the prepared
materials through oxidative degradation in a Fenton-like system.
Fluorescence (FL) and electronic paramagnetic resonance (EPR) were
employed to identify the major reactive species in the system.
Moreover, the reusability and the magnetic separation of the Fe-Cu
composite were investigated. Last, the reaction mechanism was also
proposed.

2. Materials and methods

2.1. Reagents

Iron (III) chloride hexahydrate (FeCl3.6H2O, ≥ 98 %), Iron (II)
chloride tetrahydrate (FeCl2.4H2O, ≥ 99 %), Copper (II) chloride de-
hydrate (CuCl2.2H2O, 99 %), and hydrogen peroxide (H2O2, 35 %) were
purchased from Showa Chemical Industry Co. (Japan). Sodium hydro-
xide (NaOH, ≥99 %) and hydrochloric acid (HCl, 37 %) were pur-
chased from J.T. Baker (USA). Terephthalic acid (C8H6O4, ≥ 98 %) was
purchased from Sigma-Aldrich (USA). Methylene blue (MB)
(C16H18CIN3S, 99 %) was purchased from Kojima Chemicals Co.
(Japan). All the chemicals were used as received without further pur-
ification.

2.2. Synthesis of Fe-Cu bimetallic catalysts

The Fe-Cu bimetallic composites were prepared by co-precipitation.
In a typical procedure, 10mL of 1M FeCl3.6H2O was mixed with 10mL
of 0.5 M FeCl2.4H2O in a beaker. Then x mL (x= 0.16, 0.64, 2.56, 6.4)
of 0.125M CuCl2.2H2O was added to the above solution under stirring
for 30min at 60 °C. 20mL of 10M NaOH solution was then injected
dropwise into the above solution. The mixed solution was immediately
transferred to a 100mL Teflon-lined stainless steel autoclave, which
was heated and maintained at 200 °C for 12 h. After cooling down to
room temperature, the solid precipitates were collected by filtration,
washed thoroughly with deionized water until neutral supernatant pH,
and finally dried in a vacuum oven at 70 °C overnight. The bimetallic
catalysts were labelled as Fe-Cu-x (x= 0.02, 0.08, 0.32 and 0.8 mili-
molar), where x was the molar value of Cu. Monometallic catalysts also
were prepared using the same procedure for purpose of comparison.

2.3. Experimental procedure

A series of experiments were carried out to study the catalytic ac-
tivity of the composites exemplified by the degradation of MB in aqu-
eous solution. In any typical experiment, 50mg of catalyst was added to
100mL of mixed solution of 5mg L−1 MB and 5% H2O2 at pH-7. The pH
was adjusted with HCl 0.1M and NaOH 0.1M. At the given reaction
time interval, the catalysts were separated using an external magnetic
field, then 1mL of supernatant was collected for analysis of MB con-
centration. The residual concentration of MB was determined using a
UV–vis spectrometer (Hitachi U3900) at an absorption wavelength of
660 nm. Besides, mineralization of MB was evaluated in terms of total
organic carbon (TOC) analyzed through a Lotix TOC Combustion
Analyzer (Teledyne Tekmar, USA) equipped with a new Non-Dispersive
Infrared (NDIR) detection. In addition, stability test was also conducted
by performing MB degradation under the same experimental conditions
for consecutive cycles. After each cycle, the material was separated by
external magnet, thoroughly washed with ethanol and DI water, dried

in vacuum oven, and then reused for the next cycle. Inductively couple
plasma mass spectrometry (ICP-MS) (Agilent 7500a, Santa Clara, CA
USA) was used to determine the amount of leached metal in the solu-
tion.

The measurement of OH% radicals were performed for the Fenton
reaction by means of terephthalic acid (TPA) fluorescence probe.
Experimental procedures were similar to the measurement of Fenton
reaction except that the MB aqueous solution was replaced by an
aqueous solution containing 4mM of TPA and 0.01M NaOH.
Fluoresence spectra of highly fluorescent product was measured by a
Hitachi F-7000 fluorescence spectrometer at an emission wavelength of
426 nm with an excitation wavelength of 312 nm.

2.4. Surface characterization

The surface morphology of the synthesized materials was char-
acterized by field emission scanning electron microscope (SEM, Hitachi
SU8010) with an acceleration electron voltage of 15 kV. All samples
were Pt-coated using Ion Sputter ε-1030 (Hitachi, Tokyo) to increase
the conductivity. High-resolution transmission electron microscopy
(HRTEM) was performed using JEM-2010 F (JEOL, Japan). X-ray dif-
fraction (XRD) patterns were recorded via a Bruker D8 Advance X-ray
diffractometer (Bruker, USA) with Ni-filtered Cu Kα radiation (λ
=1.5406 Å) operated at a generator voltage of 40 kV and an emission
current of 40mA.

The thermal stability of all samples was carried out using the
thermogravimetric analyzer (TGA) (Mettler Toledo TGA/DSC 3+
STAR) in the temperature range of 30–1000 °C and heating rate of
10 °Cmin−1 under N2 atmosphere (40mL min−1). Raman spectra were
collected using a Bruker Senterra micro-Raman spectrometer equipped
with a laser power of 5W operated at a wavelength of 532 nm. Fourier
transform infrared (FTIR) spectra were performed using a Thermo
Nicolet iS10 spectrometer at a resolution of 2 cm−1 with KBr method.
Electron paramagnetic resonance (EPR) spectra were recorded on EPR
spectrometer (Bruker, EMX-10) working at X-band frequency of
9.49–9.88 GHz with a power of 8.02mW. Zeta potential was measured
by Zetasizer Nano ZS (Malvern) at 25 °C. The magnetic properties of the
prepared catalysts were conducted by a SQUID-Quantum Design
MPMS2 vibration sample magnetometer (VSM) at room temperature.

2.5. Cell toxicity tests

NRK-52E cells (normal rat kidney proximal tubule epithelial cell)
were maintained with DMEM containing 10 % fetal bovine serum and
1% penicillin/streptomycin at 37 °C in a humidified atmosphere con-
taining 5% CO2. Cell viability was evaluated using the MTT (3-(4,5-
dimethyl thiazolyl-2)-2,5-diphenyltetrazolium bromide) tetrazolium
reduction assay as described by Debizot and Lang [14]. NRK-52E cells
were incubated in 3-cm plates (1×106 cells) for 24 h. Then cells were
treated by Fe-Cu 0.8 NPs, Fe3O4 NPs, and CuO NPs with different
concentrations (25, 50, 100, 250 and 500 μg/mL) for 24 h. Cells were
further incubated with MTT (0.1mgmL−1) for 3 h at 37 °C. And the
optical density (OD) was measured at 570 nm. The cell viability is ex-
pressed as a percentage of the viability of the control culture.

3. Results and discussion

3.1. Characterization of Fe-Cu composite

The morphology and structure of the prepared Fe-Cu-x bimetallic
particles with different Cu mass loading were observed by SEM and
TEM (Fig. 1). The bimetallic Fe-Cu particles were generally spherical
with some degree of aggregation. These features can be attributed to
the static magnetism and surface force between copper and iron oxide.
Particularly, when the theoretical Cu mass loading was increased, the
particle size gradually decreased from 65 ± 5 nm (Fe-Cu-002) to
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53 ± 4 nm (Fe-Cu-008), 34 ± 2 nm (Fe-Cu-032), and 12 ± 6 nm (Fe-
Cu-080). The decrease in particle size after the addition of a second
metal in this studies was in the same trend as that previously reported
[15]. The results suggested that the loading level of Cu controlled the
size distribution of bimetallic particles, especially uniform in the nano
range. The presence of nano-sized metallic particles increased the active
sites and improved the catalytic effectiveness.

Fig. 2a shows the diffraction peaks of 2θ at 30.49°, 35.95°, 43.22°,
57.22°, and 63° corresponded to [111], [311], [222], [400], [511], and
[440] planes of Fe3O4 (JCPDS#19−629), clearly indicated the

presence of the cubic phase of Fe3O4 NPs in all Fe-Cu composites. No
notable XRD peaks of Cu were observed in Fe-Cu-002, 008, and 032 due
to low Cu concentration [16]. XRD peaks of 2θ at 33.47°, 36.17° and
59.13° corresponded to [110], [002], and [202] planes of CuO
(JCPDS#48-1548) were observed in the Fe-Cu-080 nanocomposite. The
average crystallite size (dhkl) of Fe-Cu composite was calculated by
using Scherrer’s equation with respect to the predominant peak along
the (311) direction. The crystal size was 64.17, 53.21, 34.16 and
11.74 nm for Fe-Cu-002, Fe-Cu-008, Fe-Cu-032 and Fe-Cu-080, re-
spectively, which was in good agreement with that of TEM observation.

Fig. 1. SEM and TEM images of (a, e) Fe-Cu-0.02, (b, f) Fe-Cu-008, (c, g) Fe-Cu-032 and (d, h) Fe-Cu-080.
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The thermal stability of composites was examined using TGA ana-
lysis under nitrogen atmosphere condition. As shown in Fig. 2b, all Fe-
Cu-x composites exhibited good thermal stability with negligible mass
loss at temperature up to 1000 °C. Weight loss were observed for two
phases in Fe-Cu composites. The first phase was adsorbed water be-
tween 30 and 300 °C. The second phase, loss occurred at greater than
300 °C, attributed to phase transformation of Fe3O4/CuO. The weight
loss of Fe-Cu-002, Fe-Cu-008, Fe-Cu-032, and Fe-Cu-080 were about 16,
14, 13, and 12 %, respectively, which indicated that increase in Cu
content substantially enhanced the thermal stability of composite due
to strong interactions between Fe and Cu oxides.

FTIR was used to characterize the chemical functionality of the Fe-
Cu composites. Fig. 2c shows the transmittance spectra of the catalyst
composites. The appearance of broad band at approximately
3600−330 cm−1was due to the stretching vibration of OeH group of
adsorbed water [17]. The band at 1632 cm−1 was assigned to the
bending vibration of water molecules [18]. The band at 554 cm−1 was
the characteristic stretching vibration of FeeO within Fe3O4 [19].
Three peaks at 1257 cm−1, 1126 cm−1, and 1010 cm−1, corresponding
to the stretching vibration of hydroxyl groups of metal oxide were
observed in Fe-Cu-080 [20]. In addition, a small peak at 624 cm−1 was
associated with the CueO stretching mode. Results of FTIR analysis
clearly demonstrated the formation of Fe and Cu oxides in the com-
posites.

Spin-trapping EPR technique was used to examine the role of Cu in
the production of active radicals in the heterogeneous Fenton reaction
(Fig. 2d). EPR signals of OH% and OOH% radicals were clearly detected
in all five systems. A very weak signal was observed for H2O2 without
catalyst. Note that many catalysts could activate H2O2 to generate re-
active radical species to same extent. However, Fe-Cu composited ex-
hibited much stronger signal intensity, which increased with increase in
Cu content, suggesting high H2O2 activation activity. Fe-Cu-080 dis-
played the highest signal intensity and H2O2 activation capacity among
all catalysts studied.

The bimetallic structure of Fe-Cu-080 was further characterized by
TEM and HRTEM. The Fe and Cu oxide nanoparticles were round
shaped and particle size of 12 ± 6 nm (Fig. 3a). The HRTEM image
exhibited lattice fringe spacing of 0.36 nm and 0.25 nm corresponding

to the (021) and (311) crystal planes of CuO and Fe3O4, respectively
(Fig. 3b). The result agreed with that obtained from XRD analysis. Both
Fe3O4 and CuO had similar particle size and were in tight contact with
each other, which may be a favorable situation for charge transfer be-
tween Fe3O4 and CuO and the activation of H2O2. EDS was used to
analyze the surface elemental composition of the area in the purple
frame of the SEM image (Fig. 3c). EDS results showed that Fe, Cu, and O
were major components, being uniformly dispersed on the surface of
the composite. The weight ratio of Fe to Cu was close to 16.4:1, which
was consistent with the designed amount. Results clearly indicated the
full utilization of both metal ions during synthesis.

The distribution of atomic species on the Fe-Cu-080 surface was
determined by EPMA. Fig. 4 shows the back scatter images of Fe-Cu-
080 together with the elemental mapping for Fe, Cu, and O. Results
indicated that the Fe and Cu oxide NPs were remarkably uniform
spherical particles highly dispersed over the whole surface of Fe-Cu-080
composite. Results of elemental mapping of composites also showed
that Fe and Cu NPs were adjacent to near each other as Janus-type
structure, which would increase accessible sites and improve the cata-
lytic reactivity of Fe-Cu bimetallic particle [21]. Furthermore, Cu re-
duction of Fe3+ regenerated Fe2+, which enhanced hydroxyl radicals
formation according to the Fenton reaction [8].

3.2. Catalytic performance of bimetallic Fe-Cu composite

The catalytic activity of bimetallic Fe-Cu composites was studied by
MB oxidation in heterogenous Fenton process at pH-7. As shown in
Fig. 5a, there was no significant removal of MB in 60min in the pre-
sence of H2O2 i.e.; a control experiment. MB removal slightly increased
to 31 %, 45 %, respectively, upon the addition of CuO, Fe3O4. Besides,
adsorption experiments were carried without H2O2, as to evaluate the
extent of MB on catalysts. Results showed that less than 7% of MB were
removed by adsorption (Fig. S1). Enhanced MB removal occurred over
bimetallic Fe-Cu composites when Cu content was increased. Fe-Cu-080
exhibited the highest MB degradation at 99 % in 60min, which agreed
with the highest radical production confirmed by EPR results. Mean-
while, MB removal was 65, 81, and 91 % for Fe-Cu-002, Fe-Cu-008, and
Fe-Cu-032, respectively.

Fig. 2. (a) XRD patterns, (b) TGA curves, (c) FTIR spectra, and (d) EPR spectra of as prepared Fe-Cu-x NPs.
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The rate of MB degradation followed the pseudo-first-order kinetic
model. The observed rate constant kobs (min−1) was determined from
the slope of the linear ln(Ct/C0) vs. treatment time (t) plot, where C0

and Ct are the MB concentration at the initial (t = 0) and at time t,
respectively (Eq. (1)).

= −ln
C

C
k tt
obs

0 (1)

As shown in Fig. 5b, the pseudo-first-order rate constant, kobs, fol-
lowed the same trend of the percent MB removal. The kobs values of
monometallic catalyst was 6.2× 10−3 and 1.0×10−2min−1, respec-
tively, for CuO and Fe3O4 catalyst (Fig. 5b). Obviously, kobs value

Fig. 3. (a) TEM, (b) HRTEM, (c) SEM, and (d) EDS analysis of as prepared Fe-Cu-x NPs.

Fig. 4. Backscatter SEM image of Fe-Cu-080 and the related EPMA elemental mapping of Fe, Cu, and O atoms.
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increased remarkably from 1.81×10−2 to 6.56×10−2min−1 with
increase in Cu mass loading from 0.02mmol (Fe-Cu-002) to 0.8 mmol
(Fe-Cu-080), respectively. The difference in MB removal efficiency be-
tween monometallic and bimetallic catalysts strongly suggested a sy-
nergistic effect between Fe and Cu via redox reaction, which ensured
constant supply of metal ions, namely, Fe2+, for H2O2 decomposition,
hydroxyl radicals production, and MB oxidation [8]. Results also in-
dicated that the catalytic activity of bimetallic Fe-Cu composite in
Fenton-like reaction was highly dependent on the Fe-Cu ratio. For ex-
ample, Fe-Cu-080 had smaller particle size and high efficiency in ra-
dical production, which gave the best catalytic activity among all Fe-Cu
composites studied. Furthermore, Table 1 showed the kobs value for MB
degradation by different Fenton-like catalysts. Results indicated that Fe-
Cu-080 exhibited kobs greater than or comparable to most reported data
[22–30]; Fe-Cu-080 catalyst, indeed, was a promising Fenton-like cat-
alyst.

Fig. 5c shows the temporal change of UV–vis spectra in the range of
200−800 nm of aqueous MB solution in the presence H2O2 and Fe-Cu-
080 catalyst. Two main absorbance peaks were observed. The peak at
292 nm was ascribed to the π → π* transition related to unsaturated
conjugate aromatic rings [31]. The absorption peak at 664 nm was at-
tributed to the chromophores functional groups of MB and its dimers,

namely eC]S and eC]N, which might undergo hemolytic cleavage
[32]. Note that both absorption peaks at 292 and 664 nm rapidly de-
creased with reaction time and almost disappeared at the end of 60min.
The rapid attenuation of peak at 664 nm, indicated the breakup of the
characteristic color of the conjugate structure in MB molecule. The
disappearance of absorbance at 292 nm was attributed to the de-
gradation of aromatic fragments of MB and its intermediates.

In order to establish the relationship between the concentration and
the hydroxyl radical availability during the reaction time, the con-
centration OH% radicals were determined by the terephthalic acid
fluorescence (FL) probe method [33]. The photoluminescence spectrum
of 2-hydroxyterephthalic acid production from the reaction between
OH% and terephthalic acid (Eq. 2) was recorded at 426 nm, using
312 nm as the excitation wavelength (Fig. S2). The OH% radical gen-
eration in correlation with fluorescence intensity as a function of H2O2

activation time by different catalysts is plotted in Fig. 5d. It was ob-
served that more OH% was generated in the presence of Fe-Cu-080
composite, which coincided with the trend of MB degradation. Since Fe-
Cu-080 exhibited the best catalytic activity in comparison with other
catalysts including monometallic catalyst, it was used for further stu-
dies.

The influence of initial pH on MB degradation performance of Fe-

Fig. 5. Effect of different catalysts on activation of H2O2 for (a) MB degradation, and (b) kobs. (c) Time-dependent UV–vis absorption spectra of MB, and (d) Time-
dependence of the fluorescence intensity at 426 nm.

Table 1

Comparison of degradation of MB by Fenton-like methods by different catalyst.

Catalyst MB(mg L−1) Catalyst dosage (g L−1) Time (min) Efficiency (%) kobs (min−1) Reference

Fe-Cu-080 5 0.5 60 > 99 6.56× 10−2 This study
Ferrocene 10 0.372 120 > 99 6.17× 10−3 [22]
Fe3O4/rGO 10 0.3 120 98.6 2.6× 10−3 [23]
Reduced CuFe2O4 50 0.1 25 > 70 5.5× 10−2 [24]
Fe3O4/SiO2/C 50 1 140 82 3.6× 10−2 [25]
Fe3O4/CeO2 100 1 120 > 99 2×10−2 [26]
Fe3O4/galic acid/GO 64 1 200 > 99 1.2× 10−2 [27]
N,C/CuO-Fe2O3 75 0.1 180 97.4 1.08× 10−2 [28]
FeNi/C-300 30 1 60 > 80 1.05× 10−2 [29]
Ba0.4Sr0.6Al0.4-xSmxFe11.60O1 10 0.25 140 > 99 6.51× 10−2 [30]
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Cu-080/H2O2 system was carried out at different pH value from 3 to 11
(Fig. S3a). It was observed that the degradation efficiencies were more
than 90 % and satisfactory in a wide pH range. The degradation effi-
ciency of MB at alkaline condition was slightly lower than that of acidic
and neutral conditions due to the instability of H2O2 in an alkaline
solution. Therefore, Fe-Cu-080/H2O2 system could work in a wide
range pH, which obviously overcame the drawback of conventional
Fenton oxidation process that required acidic pH. Moreover, leaching
study for the as-prepared Fe-Cu-080 catalyst at different pHs after
60min of reaction was also carried out to investigate its stability. As
shown in Fig. S3b, the Fe-Cu-080 showed the good stability in Fenton-
like process at different pHs., especially for that the total metal leaching
observed at pH-3 only accounted for 0.23 % of the total metal content
at applied catalyst dosage of 0.5 g L−1.

3.3. Recyclability of bimetallic Fe-Cu composite and degradation of MB in

natural water samples

The stability and reusability of catalyst is vitally important to en-
gineering applications. Fig. 6a displays the results of MB degradation by
H2O2 in the presence of Fe-Cu-080 catalyst in six consecutive runs
under same experimental condition as mentioned above. It was clearly
observed that the MB removal percentage remained nearly constant at
around 95 % for all six runs. The observed rate constant remained
unchanged during the first 3 cycles at 6.5× 10−2min−1, and slightly
decreased to 6.4×10−2min−1 at the forth, 5.7× 10−2min−1 at the
5th cycle, and 4.9×10−2min−1 at the 6th cycle (Fig. 6b). Meanwhile,
the slight decrease in mineralization from 77 % for the 1st cycle to 60.3
% for the 6th cycle, also indicated relatively stable catalytic potential in
repeated cycles. Obviously, the leaching of metal species was accom-
panied with loss of active sites [17]. Furthermore, adsorption of in-
termediates and residual MB onto the active sites of Fe-Cu-080, hin-
dered the interaction between Fe-Cu-080 NPs and H2O2 molecules [34].
Fig. 6c shows the magnetic hysteresis loop of Fe-Cu-080 measured at
room temperature. The saturation magnetization was 41.2 emu g−1 for
Fe-Cu-080, which enabled significant magnetic response to magnetic
field for the separation of spent catalysts (inset of Fig. 6c). All results

confirmed the stability, reusability, and facile magnetic separation of
developed Fe-Cu composite.

From an applicative standpoint, the composition of actual waste-
water is extremely complex. Therefore, the degradation of MB requires
to be measured in a real matrix to assess the differences between si-
mulated wastewater and actual polluted wastewater. In this work, the
removal efficiency of MB by Fe-Cu-080/H2O2 system was studied in
ultrapure water, tap water (Center for the study of sediment, Kaohsiung
City, Taiwan), river water (Chengcing lake, Kaohsiung City, Taiwan),
and municipal wastewater (sewage treatment plant, National
Kaohsiung University of Science and Technology, Kaohsiung City,
Taiwan). The collected water samples were spiked with 5mg L−1 MB,
adjusting the pH at 7. According to Fig. S4, more than 95 % of MB was
removed by Fe-Cu-080/H2O2 system for ultrapure water, tap water and
lake water. While the composition of wastewater had a slight negative
influence on the removal of MB, leading to a relatively lower removal of
MB (∼ 93 %). The obtained results greatly indicated that the compo-
sition of real wastewater did not impede the activity of Fe-Cu-080/H2O2

system, thereby proving the effectiveness of Fe-Cu bimetallic catalyst in
Fenton-like process for real wastewater treatment.

3.4. Toxicity evaluation of Fe-Cu composite

A series of cell viability studies were performed using NRK-52E cells
treated by Fe-Cu-080 NPs, Fe3O4 NPs, and CuO NPs with different
particle concentrations (0, 25, 50, 100, 250, and 500 μgmL−1). The
result (Fig. S5) shows that the survival rate of NRK-52E cells treated by
CuO NPs at the higher concentration (500 μgmL−1) was only 8 %,
which indicated that CuO NPs seriously damaged the cells; and was
consistent with our previous study [35]. In contrast, NRK-52E cells,
treated by Fe3O4 NPs of high dose (500 μgmL−1) did not cause cell
death and the cell survival rate was 100 %. Moreover, the viability of
NRK-52E cells treated by Fe-Cu-080 NPs was still above 94 %. Results
clearly showed that the Fe-Cu-080 was not cytotoxic and could greatly
reduce the copper toxicity.

Fig. 6. Recyclability experiments on activation of H2O2 by Fe-Cu-080 for (a) MB degradation, and (b) TOC removal. (c) Magnetic hysteresis loops of Fe-Cu-080
catalyst (Inset shows their suspension after magnetic separation by an external magnet).
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3.5. Reaction mechanism in the Fe-Cu bimetallic system

Based on the results obtained above, a preliminary reaction me-
chanism on the catalytic degradation of MB by H2O2 over Fe-Cu bi-
metallic composite was proposed (Fig. 7). The heterogeneous Fenton
reaction catalyzed by Fe-Cu-080 proceeds via surface reaction involving
both Fe3O4 and CuO active sites. Specifically, Fe2+ and Cu+ can cat-
alyze H2O2 decomposition to produce OH% radicals, and then the re-
generation of Fe2+ and Cu+ by the reduction reaction with H2O2 (Eqs.
(3)–(6)) [36,37]. In addition, the reduction of Fe3+ by Cu+ was
spontaneous according to the standard reduction potentials of the Fe
and Cu (Eqs. (7) and (8)), which benefited the continuous redox cycles
of Fe3+/Fe2+ and Cu+/Cu2+ pair in Fe-Cu-080/H2O2 system (Eq. 9).
Consequently, more H2O2 would react with the active sites via Fenton
process and result in production of higher OH% radicals as shown in the
following equations.

≡Fe2+ + H2O2 → ≡Fe3+ + OH% + OH− (3)

≡Fe3+ + H2O2 → ≡Fe2+ +HO2
% + H+ (4)

≡Cu+ + H2O2 → ≡Cu2+ + OH% + OH− (5)

≡Cu2+ + H2O2 → ≡Cu+ + HO2
% + H+ (6)

≡Fe3+ + e− → ≡Fe2+E0=0.77 V (7)

≡Cu2+ + e− → ≡Cu+E0=0.17 V (8)

≡Fe3+ + Cu+ → ≡Fe2+ + ≡Cu2+ ΔE0=0.6 V (9)

3.6. Degradation pathway of MB

HPLC/MS/MS was used to identify the intermediates during the
reaction and to establish the pathway of MB degradation in the Fe-Cu-
080/H2O2 system. Fig. S6a showed a high intense single peak of at m/

z=284 ascribed to the parent MB molecule. After 60min, no MB was
observed and the occurrence of new peaks attributed to the production
of intermediates shown in Fig. S6b. Based on the intermediate products
identified, a possible degradation pathway of MB by the Fe-Cu-080/
H2O2 system is proposed primarily, as given in Fig. 8. Initially, the OH%

preferentially hydroxylated the methyl group connected with nitrogen
atoms on the side ring and the CeS+eC at the center, leading to the
formation of fragments corresponding to m/z=325. Then the sulfone
was formed in MB molecules corresponding to the observed fragment at

m/z=264. Finally, the disruption of the two side aromatic rings took
place and the resultant smaller intermediates subsequently undergo
successive degradation reactions to yield carbon dioxide and water,
resulting in a decrease in TOC concentration. Thus, HPLC-MS/MS re-
sults strongly confirm catalytic degradation and mineralization of MB
dye by %OH produced by the catalyst.

4. Conclusion

A magnetic Fe-Cu bimetallic composite was synthesized via a facile
precipitation method. The as-synthesized Fe-Cu bimetallic composites
with different Cu mass loadings were characterized by a series of sur-
face analysis techniques. The Fe-Cu-080 composite with appropriate
amount of Cu could effectively controled the size of bimetallic particles
to enable uniform distribution in the nano-sized range, and facilitated
the catalytic activity in heterogeneous Fenton reaction with 99 % re-
moval of MB within 60min. EPR and FL results proved that the OH%

radical generated in Fe-Cu composite/H2O2 system was involved in the
degradation of MB. Fe-Cu-080 was stable and reusable at least for six
consecutive cycles. The magnetic nature of Fe-Cu-080 composite en-
abled its easy separation from aqueous solution in simple external
magnetic field. Exhibited low cellular toxicity and magnetic properties,
which renders the catalyst promising for the treatment of organic
wastewater. Furthermore, our findings may expand further develop-
ment of other Fe-Cu bimetallic catalysts for degradation of organic
pollutants by Fenton-like process.
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