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Abstract In this study, a novel core-shell Fe3O4@MIL-101
(MIL stands for Materials of Institute Lavoisier) composite
was successfully synthesized by hydrothermal method and
was fully characterized by X-ray diffraction, transmission elec-
tron microscopy, Fourier-transform infrared spectra, and X-ray
photoelectron spectroscopy. The composite was introduced as
a catalyst to generate powerful radicals from persulfate for the
removal of Acid Orange 7 in an aqueous solution. Effects of
the central metal ions of MIL-101, amino group content of
MIL-101, and pH were evaluated in batch experiments. It
was found that both hydroxyl and sulfate radicals were gener-
ated; importantly, sulfate radicals were speculated to serve as
the dominant active species in the catalytic oxidation of Acid
Orange 7. In addition, a possible mechanism was proposed.
This study provides new physical insights for the rational de-
sign of advanced metal-organic frameworks (MOF)-based cat-
alysts for improved environmental remediation.
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Introduction

Nowadays, increasing water pollution has become a serious
issue confronted by human beings, which promotes increasing
demand for clean water environment. Advanced oxidation

processes (AOPs) such as heterogeneous Fenton processes
have been the focus of attention in recent years due to their
potential effectiveness in the degradation and mineralization
of organic contaminants in an aqueous solution (Lunar et al.
2000; Rodriguez et al. 2012; Yan et al. 2011). Recently, an
innovative treatment technology based on persulfate oxidation
has been studied as an alternative to conventional hydroxyl
radicals-based advanced oxidation processes both for waste-
water treatment (Deng et al. 2013; Fang et al. 2013; Gu et al.
2013; Khan et al. 2014; Romero et al. 2010) and in situ chem-
ical oxidation applications (Lemaire et al. 2013; Liao et al.
2014). The persulfate anion (S2O8

2−) is a strong oxidant
(E°=2.1 V), which through activation forms an even stronger
sulfate radicals (SO4

− •, E°=2.6 V) (Tsitonaki et al. 2010).
The main methods used for SO4

− • generation are heat, UV
or ultrasound activation, transition metal activation, alkaline
activation, and peroxide activation (Chen and Su 2012).
Among those, the addition of transition metal ions appears
to be an inexpensive and practical way of achieving persulfate
activation, but the potential health hazards caused by the dis-
solved metal ions (such as Fe2+, Ag+, or Co2+) in water render
such a homogeneous system with limited use (Leng et al.
2013).

Owing to the relatively wide availability and specific struc-
tural, magnetic, and catalytic properties of Fe3O4 particles,
they have been applied as a suitable heterogeneous catalyst
for activating persulfate (Leng et al. 2013). Structure and mor-
phology of Fe3O4 particles can be modified for enhancing
catalytic activity. On the other hand, the catalytic performance
of Fe3O4 particles can be enhanced by supporting it with ac-
tivated carbon, polymer membrane, silica, or zeolite.

As a new kind of porous material, metal-organic frame-
works (MOFs) are a class of crystalline materials having infi-
nite network structures built with multitopic organic ligands
and metal ions. They have attracted significant research
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interest in recent years, not only for their fundamental scientific
interest but also for many attractive applications in catalysis
(Corma et al. 2010), selective adsorption and separation (Li
et al. 2009), gas storage (Zhao et al. 2011), and drug delivery
(Horcajada et al. 2010; Horcajada et al. 2008; Taylor-Pashow
et al. 2009). The use of MOFs as heterogeneous catalysts or
supports for oxidations has been explored utilizing hydroper-
oxides or molecular oxygen as oxidants (Dhakshinamoorthy
et al. 2011). Moreover, MOFs have an outstanding adsorption
ability for some specific targets due to the Bmolecular sieving
effect^ and affinity interactions (Li et al. 2009).

Among the tens of thousands of known MOFs, the MIL
(Materials of Institute Lavoisier) family built from trivalent
metal centers and carboxylate bridging ligands pioneered by
Férey and co-workers has particularly attracted a great deal of
attention due to their enhanced stability, enormous porosity,
and very large pores (Férey et al. 2005). MIL-53(Fe) was used
to activate H2O2 for decomposing methylene blue dye with
the help of visible light (Du et al. 2011). However, pure MIL
catalysts possess only Fe(III) sites with weak Fenton activity
and contain low iron-containing active sites. Therefore, a nov-
el Fe(II)@MIL-100(Fe) heterogeneous catalyst was fabricated
to enhance the catalytic performance by synergic effect be-
tween Fe(II) and Fe(III) active sites (Lv et al. 2015).

Recently, core-shell structured nanomaterials with a thin
porous MOF shell have received much attention because of
their intriguing properties that render them promising candi-
dates for catalytic applications (Dhakshinamoorthy et al.
2011). The high surface area, diverse structural topologies,
adjustable pore size, and tunable chemical properties of
MOF shell, together with the functionality of nanoparticles
cores such as magnetic, optical, and catalytic properties, can
be effectively integrated. Until now, nanoparticles@MOFs
such as have been successfully achieved and show potential
applications in catalysis, drug delivery, gas storage, and gas
separation (Taylor-Pashow et al. 2009; Zeng et al. 2015;
Zhang et al. 2013a, b; Zhang et al. 2014). To the best of our
knowledge, there is no previous report on the fabrication of
core-shell Fe3O4@MIL composites as efficient catalysts to
accommodate sulfate radical-based AOPs. MIL has a high
surface area and when coated onto the surface of catalyst, it
is able to enhance pollutant removal and degradation through
synergistic adsorption-catalysis processes.

Herein, we report a facile route for synthesizing Fe3O4

nanoparticles on MIL-101(Fe) support to get Fe3O4@MIL-
101(Fe) composites. Fe3O4@MIL-101(Fe) was characterized
by X-ray diffraction (XRD), transmission electronmicroscope
(TEM), X-ray photoelectron spectroscopy (XPS), and
Fourier-transform infrared (FTIR) spectra. Acid Orange 7
(AO7), a kind of commonly used azo dyes, was selected to
evaluate the catalytic activities due to its presence in the
wastewater of several industries. Furthermore, some typical
scavengers were added to identify the active species in the

oxidation process, and the possible synergistic catalytic mech-
anism was proposed.

Experimental

Chemicals and reagents

Hydrated iron chloride (FeCl3 · 6H2O), sodium acetate
trihydrate (NaAc · 3H2O), ethylene glycol (EG), polyvinyl
pyrrolidone (PVP), N, N-dimethylformamide (DMF),
terephthalic acid (H2BDC), ethanol, tert-butyl alcohol
(TBA), and methanol (MeOH) were purchased from
Aladdin Reagent Co. Ltd., China. Sodium hydroxide
(NaOH), hydrochloric acid (HCl), 2-aminoterephthalic acid
(H2BDC-NH2), aluminum chloride hexahydrate (AlCl3 ·
6H2O), chromic nitrate (Cr(NO3)3 · 9H2O), Acid Orange 7,
and potassium persulfate (K2S2O8) was obtained from
Sinopharm Chemical Reagent Co. Ltd., China. All the chem-
ical reagents were of analytical grade and used without further
purification. Deionized water obtained from aMillipore Milli-
Q system was used throughout the study.

Catalyst preparation and characterization

Fe3O4 nanoparticles were obtained by polyol process in a
solvothermal system (Yan et al. 2007). In a typical procedure,
FeCl3 · 6H2O (1.0 mmol) and NaAc · 3H2O (5.0 mmol) were
added to ethylene glycol (8.0 ml) to form a colloidal mixture
under vigorous stirring at room temperature. Then, the mix-
ture was sealed in a Teflon-lined stainless steel autoclave.
Finally, the autoclave was heated and maintained at 160–
180 °C for 10 h and then allowed to cool down to room
temperature naturally. The back products were washed several
times with deionized water.

For the Fe3O4@MIL-101(Fe) composite preparation, the
freshly wet magnetic Fe3O4 particles (equal to 50 mg of dried
Fe3O4) were dispersed in 5 mL of PVP (25 mg) DMF solution
with ultrasonication for 10 min and then in 10 mL of
FeCl3 · 6H2O (58.37 mg) DMF solution with ultrasonication
for 10 min and then in 10 mL of H2BDC (17.81 mg) DMF
solution for another 10 min ultrasonication. The mixture was
transferred into a Teflon-lined stainless steel autoclave and
was heated at 110 °C for 20 h. Thereafter, the brown solid
was separated from the reaction medium with an external
magnet, washed with hot ethanol three times to remove impu-
rities, and dried overnight at 70 °C in a vacuum drier. For
comparison, pure MIL-101(Fe) powders were prepared by
using current method in the absence of Fe3O4 particles
(Zhang et al. 2014).

The crystalline structures of Fe3O4, MIL-101(Fe), and
Fe3O4@MIL-101(Fe) were identified by a D/max-IIICX-ray
diffractometer (Shimadzu, Japan). Fourier-transform infrared
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spectra were taken with a Spectrum One FTIR spectropho-
tometer (Perkin-Elmer, USA) at room temperature. The X-
ray photoelectron spectroscopy was carried out on a Kratos
ASIS-HS X-ray photoelectron spectroscope fitted with a stan-
dard and monochromatic source (Al Kα) operated at 150 W
(15 kV, 10 mA). Transmission electron microscopy (Tecnai
G2 F20, FEI) was used to determine the shape and size distri-
bution of the Fe3O4@MIL-101(Fe) composites.

Experimental procedure

All experiments were conducted in 50-mL beaker flasks under
continuous magnetic stirring at pH of 3.58 unless specified
elsewhere at room temperature.

The reaction was initiated immediately by adding 5 mL of
50 mmol L−1 persulfate and 0.01 g Fe3O4@MIL-101(Fe) to
5 mL of 50 mg L−1 AO7 solution. The pH values of the
sample solutions were adjusted as required by using a pH
meter, with small volumes of 0.01 mol L−1 HCl and NaOH.
At given intervals, 5 mL of the suspension was extracted from
each flask and subsequently centrifuged at 8000 rpm for 1 min
with a TGL-16C centrifugal (Shanghai, China) to eliminate
the sample powders. The concentrations of the residual AO7
were determined by monitoring decrease in absorbance at the
maximum wavelength (484 nm) by UV-vis spectroscopy.
Each degradation test was run in triplicate, and the averaged
experimental values were then used.

For the recycle runs of AO7 degradation, the used catalyst
was collected by centrifugation, washed with deionized water
and ethanol, and dried in vacuum oven at 50 °C for 12 h.
Owing to the small particle size, catalyst loss was unavoidable
in the process of washing and drying. Thus, several parallel
reactions were conducted in the three runs to ensure that the
dose of recycled catalyst was sufficient for the next run.
Catalyst dose and other reaction conditions remained the same
for the subsequent runs.

Results and discussion

Synthesis and structure characterization of core-shell
Fe3O4@MIL-101(Fe) composites

Powder X-ray diffraction patterns of Fe3O4, MIL-101(Fe),
and Fe3O4@MIL-101(Fe) core-shell composite are shown in
Fig. 1a. The peaks at 2θ of 30.5°, 35.7°, 43.3°, 57.8°, and
63.0°, corresponding to (220), (311), (400), (511), and (440)
reflections of the cubic spinel structure, matched well with the
characteristic peaks of Fe3O4 (JCPDS No. 19-0629). The
powder XRD pattern of MIL-101(Fe) was also in accordance
with the literature (Skobelev et al. 2013). Five characteristic
peaks for Fe3O4 and two characteristic peaks for MIL-101(Fe)
were preserved in the graph of the Fe3O4@MIL-101(Fe)

composite, revealing that this hybrid material was composed
of Fe3O4 and MIL-101(Fe).

The surface property of Fe3O4, MIL-101(Fe), and
Fe3O4@MIL-101(Fe) was monitored by FTIR spectra
(Fig. 1b). In the spectrum of Fe3O4, the broad peaks centered
at 3400 and 1600 cm−1 were attributed to the stretching vibra-
tions of adsorbed water and hydroxyl groups. The prominent
peaks at 580 and 403 cm−1 were ascribed to the intrinsic Fe–O
stretching modes of the tetrahedral and octahedral sites, re-
spectively. For MIL-101, the peak at 741 cm−1 was attributed
to the out-of-plane bending vibration of C–H in the benzene
ring of H2BDC (Zhang et al. 2013a, b). The bands at 1681 and
1506 cm−1 were assigned to the asymmetric stretching of car-
boxyl groups, whereas the band at 1385 cm−1 was assigned to
the symmetric stretching of carboxyl groups in H2BDC. The
spectrum of Fe3O4@MIL-101(Fe) showed adsorption at
580 cm−1, confirming the existence of Fe3O4.

As can be seen from TEM image shown in Fig. 1c, the
finally formed Fe3O4@MIL-101(Fe) composites were com-
posed of a Fe3O4 core and a MIL-101(Fe) shell, clearly dem-
onstrating the formation of a core-shell structure. It shows that
the average diameter of the Fe3O4@MIL-101(Fe) nanoparti-
cles was approximately 100 nm and the MIL-101(Fe) shell
was about 12.5 nm.

The existence of Fe3O4 was further confirmed by X-ray
photoelectron spectroscopy. As shown in Fig. 1d, elemental
C, O, and Fe existed in the Fe3O4@MIL-101(Fe) composites.
The peaks located at about 711.3 and 722.7 eVrepresented the
binding energies of Fe 2p3/2 and Fe 2p1/2, respectively, and
the Fe 2p3/2 peak can be split into two peaks at 710.3 and
713.0 eV, which indicate the presence of Fe(II) and Fe(III),
consistent with the literature data for Fe3O4 (Xu and Wang
2012). And the XPS spectrum varied little before and after
reaction, which indicates that Fe3O4@MIL-101(Fe) is stable.

Catalytic performance of Fe3O4@MIL-101(Fe)

To evaluate the degradation efficiency of AO7 under different
systems, the following experiments were conducted: Fe3O4

alone, persulfate alone, MIL-101(Fe) alone, Fe3O4@MIL-
101(Fe) alone, Fe3O4/persulfate process,MIL-101(Fe)/persul-
fate process, and Fe3O4@MIL-101(Fe)/persulfate process.
The results are shown in Fig. 2. It can be obviously seen that
no appreciable AO7 removal was observed when adding into
the AO7 solution with Fe3O4 alone, indicating the effect of
adsorption on AO7 removal was not obvious under the con-
dition investigated. Little removal also occurred when persul-
fate alone was applied. Persulfate is stable at ambient temper-
ature, and its oxidation power was limited (E°=2.01 V) (Wu
et al. 2012; Zhao et al. 2010), which could hardly degrade
AO7. When treated over Fe3O4@MIL-101(Fe) or MIL-
101(Fe) alone, 33.4 and 56.8 % of 25 mg L−1 AO7 was de-
colorized, respectively. The removal of AO7 by MIL-101(Fe)
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was higher than by Fe3O4@MIL-101(Fe) obviously, it is be-
cause that MIL-101(Fe) has larger specific surface area and
pore size; as a result, MIL-101(Fe) has better adsorption of
AO7 compared with Fe3O4@MIL-101(Fe) in the same qual-
ity. In the presence of persulfate, AO7 removal achieved to,
respectively, 53.6, 65.5, and 98.1 % for Fe3O4, MIL-101(Fe),

and Fe3O4@MIL-101(Fe) after 60 min, which was due to the
synergistic effect between Fe3O4 and MIL-101(Fe). The re-
sults indicate that Fe3O4@MIL-101(Fe) composites exhibit
enhanced catalytic activities for the removal of AO7 as com-
pared with pure materials under the same condition. On the
one hand, Fe3O4@MIL-101(Fe) can absorb much more AO7
on composite surface due to the presence of MIL-101(Fe). On
the other hand, the Fe(II) species formed on the catalyst sur-
face can effectively activate persulfate to generate radicals via
Eq. 1 [Liang et al. 2004]. In addition, hydroxyl radicals can
also be formed via the following reactions (Eqs. 2 and 3) and
may participate in contaminant oxidation.

Fe IIð Þ þ S2O8
2−→SO4

− •þ SO4
2− þ Fe IIIð Þ ð1Þ

All pH: SO4
− • þ H2O→ Hþþ SO4

2−þ•OH ð2Þ
Alkaline pH: SO4

− • þ OH−→ SO4
2−þ•OH ð3Þ

To quantitatively evaluate the synergistic effect, the syner-
gistic factor f is proposed and calculated using the following
formula:

f ¼ k Fe3O4@MIL−101 Feð Þ
k Fe3O4 þ kMIL−101 Feð Þ

ð4Þ

Fig. 1 aXRD patterns and b FTIR spectra of Fe3O4, MIL-101(Fe), and Fe3O4@MIL-101(Fe). c TEMmicrograph of Fe3O4@MIL-101(Fe) and dXPS
wide-scan survey of Fe3O4@MIL-101(Fe) before and after reaction

Fig. 2 Removal of AO7 under different processes (AO7, 25 mg L−1;
persulfate, 25 mmol L−1; catalyst, 1.0 g L−1; pH, 3.58)
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where kFe3O4@MIL-101(Fe), kFe3O4, and kMIL-101(Fe) are the fitted
reaction rate constants of Fe3O4@MIL-101(Fe), Fe3O4, and
MIL-101(Fe), respectively. The synergistic factor is 2.12, which
is bigger than 1.0, suggesting there exists positive interactions
between pure materials for enhancing catalytic activities.

Analogous MOFs composed of different metal ions with
similar MOF structures, such as MIL-101(Al), MIL-101(Cr),
and MIL-101(Fe), were also compared to understand any ef-
fects of the central metal ions on the removal of AO7. Figure 3
shows the removal results of AO7 over Fe3O4@MIL-101(M)
(M=Fe, Cr, Al). It can be seen that the central ions of MIL-101
could influence the removal of AO7 and Fe3O4@MIL-101(Fe)
catalyst exhibited highest Fenton oxidation catalytic ability.
Besides the surface iron active sites in Fe3O4, iron ions on the
surface of MIL-101(Fe) can effectively catalyze the decompo-
sition of persulfate to produce sulfate radicals. While for
Fe3O4@MIL-101(Cr) and Fe3O4@MIL-101(Al), low catalytic
activity was observed and the decolorization efficiencies of
AO7 were about 80.3 and 88.7 % after 60 min, respectively.
The catalytic degradation performances of Fe3O4@MIL-100
species for AO7 are on the order of Fe3O4@MIL-
101(Fe) > Fe3O4@MIL-101(Cr) > Fe3O4@MIL-101(Al).
Therefore, the central metal ions of MOFs play a significant
role in the catalytic removal of AO7.

In order to investigate the influence of functional groups in
the linkers of MOFs on the degradation of AO7, a series of
Fe3O4@MIL-101(Fe)–NH2 composites with different incor-
porated amino group content was directly prepared by using a
mixed linker strategy that combined H2BDC with H2BDC–
NH2 during the synthesis. It can be seen from Fig. 4 that the
amino group in the linker of MOFs strongly influenced the
degradation of AO7, and the degradation efficiency decreased
with increasing the amount of amino group. The results are
ascribed to the repulsive interaction between the amino group
and AO7 molecules. The AO7 molecules exhibit the aqueous

dissociation constants as pKa=11.4, as a result, AO7 is pos-
itively charged in most of the experimental pH range (about
3.58). On the other hand, we measured the zeta potential of the
Fe3O4@MIL-101(Fe)–NH2 composites and found that the
surface of the catalyst charge remained positive below a pH
of 8.1 and became negative at higher pH values (>8.1). Thus,
the adsorption capacity of the catalysts decreased gradually
with increasing the amount of amino group, which was prob-
ably due to the electrostatic repulsion of positively charged
catalysts and positive AO7 molecules.

The pH value of the reaction solution is usually a crucial
parameter affecting the oxidative degradation of organic pol-
lutants. Therefore, the effect of pH was investigated by vary-
ing the pH from 1.86 to 11.62. All of the experiments were
conducted at 25 °C, 25.0 mmol L−1 K2S2O8, 1.0 g L−1

Fe3O4@MIL-101(Fe), and 25 mg L−1 AO7. As can be shown
in Fig. 5, the highest rate of AO7 removal was generated at

Fig. 3 Effect of central metal atom of Fe3O4@MIL-101(M) (M=Fe, Cr,
Al) on the removal of AO7 (AO7, 25 mg L−1; persulfate, 25 mmol L−1;
catalyst, 1.0 g L−1; pH, 3.58)

Fig. 4 Effect of amino group content in MIL-101(Fe) on the removal of
AO7 (AO7, 25 mg L−1; persulfate, 25 mmol L−1; catalyst, 1.0 g L−1; pH,
3.58)

pH 1.86
pH 2.83
pH 3.58
pH 6.28
pH 8.32
pH 11.62
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Fig. 5 Effect of the initial pH on the removal of AO7 (AO7, 25 mg L−1;
persulfate, 25 mmol L−1; catalyst, 1.0 g L−1; pH, 3.58)
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pH 3.58. When the initial pH increased from 1.86 to 3.58, the
removal rate quickly increased, and it decreased when the pH
was raised from 3.58 to 11.62. A reason for this phenomenon
might be that the acid condition may favor the dissolution of
Fe, and a higher amount of Fe2+ was produced under the
acidic condition, in which SO4

− • is generated more rapidly
to degrade AO7 compared with any other conditions.
However, at pH<3.58, the regeneration of Fe2+ (Eq. 5) could
be limited which causes a reduced generation of SO4

− • and
hence lower mineralization of AO7 (Lin and Gurol 1998).
When the initial pH increased from 3.58 to 11.62, the removal
rate of AO7 decreased remarkably, which might be due to the
rapid decay of SO4

− • resulting from the reactions with water
or hydroxyl ions (Eqs. 2 and 3) (Wu 2008).

Fe3þ þ H2O→ FeOH2þ þ Hþ ð5Þ

Possible mechanism

To better understand the role of Fe species in the activation of
persulfate, XPS spectra of fresh and used catalysts were re-
corded and the results are shown in Fig. 6. All Fe 2p spectra
showed two main peaks at binding energies of 711.3 and
722.7 eV, which are assigned to Fe 2p3/2 and Fe 2p1/2, re-
spectively. The high-resolution spectra of the peaks at 710.3
and 713.0 eV are indicative of the presence of Fe(II) and
Fe(III). After the reaction, the binding energies slightly shifted
and the area of Fe(II) at 710.3 eV decreased from 64.2 to
54.8 %, indicating the oxidation of Fe(II) into Fe(III) species.
This is probably attributed to the reaction between Fe(II) and
persulfate.

As shown in Fig. 7, the typical electrochemical impedance
spectra were presented as Nyquist plots, and it is observed that
Fe3O4@MIL-101(Fe) had lower resistance than that of pure
Fe3O4 and MIL-101(Fe), which indicated a decrease in the
solid state interface layer resistance and the charge transfer

resistance on the surface (Zhu et al. 2007). This means there
existed certain synergistic interaction between MIL-101(Fe)
and Fe3O4. Therefore, the strong interaction played an impor-
tant role in enhancing the catalytic activity of the composites,
which was attributed to the electron transfer between iron
active sites of Fe3O4 and iron active sites of MIL-101(Fe),
resulting in the effective redox cycling of iron between
Fe(II) and Fe(III).

It is well reported that a series of reactive oxygen species,
such as SO4

− •, •OH, and O2
− •, were generated in a Fe-

activated persulfate system. To verify the radical type present
in the Fe3O4@MIL-101(Fe)-activated persulfate process, a
few quenching tests were carried out by using methanol
(MeOH), tert-butyl alcohol (TBA), and 1, 4-benzoquinone
(BQ) (Su et al. 2013). Methanol ensures the quenching of both
SO4

− • (3.2×106 M−1s−1) and •OH (9.7×108 M−1s−1) owing
to the high reactivity toward the two radicals, whereas TBA
mainly reacts with •OH (6.0×108 M−1s−1) and is not effective
for SO4

− • (8.0×105 M−1s−1). As shown in Fig. 8, when no
quenching agent was added, about 98.1 % AO7 was degraded
in 60 min. However, the addition of 1.0 mol L−1 methanol
nearly entirely inhibited the removal of AO7, which meant
that the radicals generated in the system were mostly
quenched. Meanwhile, the removal efficiency of AO7 was
decreased from 98.1 to 67.2 % in 60 min with the addition
of 1.0 mol L−1 TBA, meaning that •OH has little contribution
on the AO7 decomposition. To investigate the role of O2

− •,
BQ is used as O2

− • (9.6×108 M−1s−1) quencher in this study.
The addition of 1.0 mol L−1 BQ resulted in decreasing AO7
removal to 73.8 % after 60 min, which indicate that O2

− •

radicals were involved in the oxidation process. All of these
results confirmed the involvement of SO4

− •, •OH, and O2
− •

radicals in the Fe3O4@MIL-101(Fe)/persulfate oxidation pro-
cess, and SO4

− • is the predominant reactive oxygen species
responsible for the AO7 removal, which agrees with recent

Fig. 6 XPS spectra for Fe 2p regions of Fe3O4@MIL-101(Fe) before and
after reaction
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Fig. 7 Electrochemical impedance spectroscopy of Fe3O4, MIL-
101(Fe), and Fe3O4@MIL-101(Fe)
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findings in the literature (Ding et al. 2013; Khan et al. 2013;
Yao et al. 2015; Zhang et al. 2013a, b).

Based on the results above, main processes during the cat-
alytic activation of persulfate by Fe3O4@MIL-101(Fe) are
proposed as follows (Fig. 9).

Magnetite is one of the most stable mixed-valence oxides
(Fe(II)–Fe(III)) at ambient temperature. Fe(II) species on the
catalyst surface can effectively react with persulfate to pro-
duce sulfate radicals, and then, more Fe(II) species are regen-
erated by the reactions between the formed Fe(III) species and
persulfate. On the one hand, the metal ions or metal clusters of
MOFs not only play a role in maintaining the structure but
also have the potential of catalytic activity. Fe(II) was gener-
ated by the reduction and transformation of Fe(III) on the

surface ofMIL-101(Fe) structure and then activated persulfate
to release sulfate radicals (Lv et al. 2015). On the other hand,
the synergistic interaction between MIL-101(Fe) and Fe3O4

favored the in situ recycling of Fe(II) and Fe(III) sites in cat-
alyst. Meanwhile, hydroxyl radicals were generated by the
reaction between sulfate radicals and H2O or OH−.
Moreover, MIL-101(Fe) has large specific surface area and
high porosity, which favors the adsorption of contaminants,
resulting in more efficient degradation of pollutants (Zeng et
al. 2015).

Cycling tests

In order to check the recycling efficiency of the catalyst, the
cycling tests were conducted. The catalyst could be easily and
rapidly separated from the reaction mixture. The initial con-
centration of AO7 solution was fixed at 25 mg L−1, persulfate
concentration was 25 mmol L−1, Fe3O4@MIL-101(Fe) was
1.0 g L−1, and the initial pH was 3.58. As shown in Fig. 10,
the removal efficiencies of AO7 during three reaction cycles
ranged from 98.1 to 95.0 %. Moreover, inductively coupled
plasma-atomic emission spectrometric (ICP-AES) analysis in-
dicated that the Fe3+ leaching was less than 15 μg L−1 under
the tested reaction conditions. So, the above findings indicate
that the Fe3O4@MIL-101(Fe) composites have high stability
and good reusability.

Conclusions

Aqueous solutions of AO7 have been degraded effectively in
the Fe3O4@MIL-101(Fe)/persulfate process, in which Fe3O4-
activated persulfate process is enhanced by the metal organic
framework. The effect of initial pH, amino group content in
the linker of MIL-101, central metal ions of MIL-101, and the

Fig. 9 Proposed mechanism of AO7 in the Fe3O4@MIL-101(Fe)/
persulfate system
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radical scavengers on the AO7 removal was investigated. The
results indicated that AO7 can be totally degraded in a 60-min
reaction when initial AO7 concentration was 25 mg L−1, per-
sulfate concentration was 25mmol L−1, Fe3O4@MIL-101(Fe)
was 1.0 g L−1, and initial pH was 3.58. It is clear that the AO7
removal efficiency over Fe3O4@MIL-101(Fe) was much
higher than that of Fe3O4 and MIL-101(Fe). Recycle experi-
ments showed the Fe3O4@MIL-101(Fe) composites were sta-
ble and can be reused. Thus, the Fe3O4@MIL-101(Fe)/persul-
fate process can be an effective technology for treating waste-
water containing resistant organic compounds.
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