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ABSTRACT: In heterogeneous catalysis for water treatment, feasible
recovery of nanocatalysts is crucial to make the process cost-effective
and environmentally benign. In this study, we applied two strategies,
for example, magnetic separation and hierarchical structure of solid
catalysts, to ensure manganese catalysts are readily separable,
meanwhile their catalytic performance was retained by the nanosized
structure of MnO2 nanosheets or nanorods. ZnFe2O4 was used as the
magnetic core and MnO2 corolla-like sphere consisting of nanosheets,
and sea-urchin shaped structure made of nanorods, were fabricated by
a hydrothermal method at 100 and 140 °C, respectively. Crystalline
structure, morphology and textural property of the materials were
investigated. The prepared catalysts were able to effectively activate peroxymonosulfate (PMS) to generate sulfate radicals for
catalytic oxidation of a typical organic pollutant of phenol. After the heterogeneous catalysis, the catalysts were easily recovered
by applying an external magnetic field. The effects of temperature and repeated use on the degradation efficiencies were
evaluated. The generation and evolution of sulfate radicals and phenol oxidation were studied using both competitive radical tests
and electron paramagnetic resonance (EPR).
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1. INTRODUCTION

Wastewater from processing industries contains many hazard-
ous organics, such as phenolic compounds and dyes, which are
highly toxic and recalcitrant to natural degradation and have
caused serious issues to the environment.1,2 Intensive research
interests have been focused on complete degradation of these
hazardous organics for water reuse. In the past few years,
advanced oxidation processes (AOPs), such as catalytic
ozonation, wet air oxidation, Fenton and Fenton-like reactions,
and photocatalysis have gained increasing attention due to the
high efficiency, complete decomposition of organics and almost
nonselective degradation.3 Among these AOPs, Fenton reaction
is most popular and has been widely used. Hydroxyl radicals,
generated from Fenton/Fenton-like reactions employing H2O2

as the oxidant, are the main reactive radicals responsible for
oxidation reactions.4,5 However, utilizing hydroxyl radicals
suffers from several drawbacks such as metal leaching, pH
adjustment, difficulties in transportation and storage of H2O2,
and cost-intensive sludge processing and disposal.6

Recently, sulfate radicals generated from peroxymonosulfate
(oxone, PMS) or persulfate (PS) have been applied as an
alternative to hydroxyl radicals. Previous investigations have
indicated that sulfate radicals are more reactive than hydroxyl
radicals due to a higher redox potential (E0 = 3.1 V vs E0 = 2.7
V) and is more selective for oxidation.7,8 Compared with H2O2,

the employment of PMS or PS as the initiators for producing
sulfate radicals is not only cost-effective because of no pH
adjustment, but also more environmentally benign.9 Many
studies have shown that transition metals, especially cobalt ions
or oxides, are the best catalysts for PMS activation.10,11

However, being as a toxic heavy metal, the presence of cobalt in
reaction solutions could cause serious health problems.12,13 For
a feasible application, it is urgent to develop novel and
recoverable catalysts to minimize the heavy metal leaching
while maintaining a high activity in heterogeneous PMS
activation.
More recently, manganese-based materials have been widely

developed for applications of catalysis, energy storage and
conversion because of their superior physical and chemical
properties.14−17 As a catalyst, they not only possess a great
potential because of the unique Mn2+/Mn4+ redox loop
involving a single electron transfer,18 but also are less toxic
than cobalt to the environment. Synthesis of hierarchically
structured three-dimensional (3D) manganese materials would
be of more interests because they possess both the properties of
bulk materials and nanostructure. Recently, 3D α-Mn2O3
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micromaterials in different shapes were prepared and their
catalytic activities with PMS for phenol decomposition were
tested. It was found that α-Mn2O3 cube presented the best
catalytic activity than octahedral and truncated octahedral α-
Mn2O3.

18 Because of the intrinsic arrangement of the atoms on
the exposed facets, the catalytic activity of shape-controlled
materials can be improved.19

For catalyst recycling, magnetic separation technology using
external magnetic fields provides a convenient and cost-effective
way.20,21 Over the past decades, magnetite (Fe3O4) nano-
particles have been widely used in drug delivery22−24 and
catalyst separation.25,26 The magnetic nanoparticles suffer from
the drawbacks, such as strong dipole−dipole attraction between
particles and susceptible to oxidation when exposing to the
atmosphere.27 ZnFe2O4 nanoparticles have been proposed as
an alternative because of their better dispersion and out-
standing stability in water and atmosphere.28,29 Apart from
being a magnetic material,30 ZnFe2O4 nanoparticles have
successfully demonstrated their extensive applications in
photocatalysis,31 adsorption,32 and solar cells.33,34 Compared
with other magnetic materials, ZnFe2O4 possesses advantages
of high stability under humid air, easy synthesis, and low
cost.35,36 ZnFe2O4 also shows better dispersion and less
dipole−dipole attraction than iron-based magnetic materials.29

To the best our knowledge, no studies have been reported on
synthesis of magnetic 3D-hierarchically structured ZnFe2O4/
MnO2 hybrid structures. In this study, we first demonstrated a
facile hydrothermal method to synthesize magnetically
separable MnO2 by hydrothermal treatment of KMnO4 with
HCl, in which ZnFe2O4 was used as the magnetic dots
integrated on the MnO2 substructure. 3D hierarchical
structures were able to be selectively obtained by simply
varying the hydrothermal reaction temperature. The prepared
catalysts showed outstanding catalytic activity in activation of
PMS for degradation of phenol solutions, and the activation
mechanism was also studies using competitive radical tests and
electron paramagnetic resonance (EPR) analysis.

2. EXPERIMENTAL SECTION
2.1. Materials. Potassium permanganate (99.8%), hydrochloric

acid (37%), iron(III) chloride hexahydrate (99.8%), zinc chloride
(99.5%), and 5,5-dimethyl-1-pyrroline (DMPO, >99.0%) were
purchased from Sigma-Aldrich. Oxone (2KHSO5·KHSO4·K2SO4,
PMS) was obtained from Aldrich. Phenol (99.0%) was purchased
from AJAX. Sodium acetate (99.5%), ethylene glycol (99.0%) and
commercial activated Mn (IV) dioxide (99.9%) were obtained from
Fluka. All chemicals were used as received without any further
purification.
2.2. Synthesis of ZnFe2O4/MnO2 Hybrid Structures. ZnFe2O4

nanoparticles were synthesized via a modified hydrothermal method,
which is shown in Supporting Information (SI). For synthesis of
ZnFe2O4/MnO2 hybrid structures, 0.25 g of ZnFe2O4 was dispersed in
80 mL of ultrapure water by sonication for 10 min. Then 0.45 g
KMnO4 and 1 mL of 37% HCl were added to the suspension under
vigorous stirring. After it was stirred for about 30 min, the
homogeneous solution was transferred into a Teflon-lined stainless
steel autoclave with the capacity of 120 mL. The autoclave was tightly
sealed and heated in an electric oven at 100 and 140 °C for 12 h,
respectively. After the autoclave was naturally cooled down to room
temperature, each of the black precipitate was harvested by vacuum
filtration and washed with deionized water 3 times before being dried
at 60 °C overnight. According to the hydrothermal temperature, the
obtained samples were labeled as mMn-100 and mMn-140,
respectively. According to the recovery, the weight loading of MnO2

was calculated to be 50.5% and 59.2% for mMn-100 and mMn-140,
respectively.

2.3. Characterization. Powder X-ray diffraction (XRD) patterns
of samples were determined on a Bruker D8 X-ray diffractometer
(Bruker-AXS, Karlsruhe, Germany) with filtered Cu Kα radiation (λ =
1.5418 Å), at accelerating voltage and current of 40 kV and 40 mA,
respectively. The structure and morphology of samples were observed
on a field emission scanning electron microscope (FESEM, ZEISS
NEON 40EsB). Transmission electron microscopy (TEM) was
operated on a JEOL 2011 TEM instrument. The surface area and
pore size distribution of samples were evaluated by N2 adsorption/
desorption at −196 °C using a Micromeritics Tristar 3000. The
Brunauer−Emmett−Teller (BET) specific surface area was obtained
by applying the BET equation. The pore size distribution was obtained
by the Barret−Joyner−Halenda (BJH) method.

2.4. PMS Activation and Catalytic Oxidation. To evaluate the
activity of catalysts in oxidation of phenol, batch experiments were
carried out in a 500 mL reactor containing 20 ppm phenol solution.
The reactor was attached to a stand and dipped into a water bath with
a temperature controller. Unless specifically stated, the reaction
temperature was 25 °C. In a typical test, 0.1 g of catalyst was first
added to the phenol solution, and the mixture was kept stirring at a
constant speed of 400 rpm. After adsorption−desorption equilibrium
on the catalyst was achieved, 1 g of oxone was added to start the
reaction. At predetermined time intervals, 1 mL of liquid was
withdrawn from the reaction solution using a syringe and filtered into
a high performance liquid chromatography (HPLC) vial, and 0.5 mL
of methanol was added to quench to reaction. The concentrations of
withdrawn phenol samples were analyzed using a Varian HPLC with a
UV detector set at a wavelength of 270 nm. The C-18 HPLC column
was used to separate the organics and the mobile phase was made of
30% CH3CN and 70% water with a flow rate of 1 mL/min. For the
recycle tests of the catalyst, the solid material was obtained by filtration
and washed with ultrapure water for several times after each run. Then
the washed catalyst was dried in an oven at 60 °C for 12 h. Electron
paramagnetic resonance (EPR) experiments were performed on a
Bruker EMX-E spectrometer (Germany) with DMPO as a spin-
trapping agent for radical measurement.

3. RESULTS AND DISCUSSION

3.1. Characterization of the Hierarchical Materials.
The crystalline structures of samples were investigated by XRD.
The XRD pattern of the as-prepared ZnFe2O4 is shown in
Figure 1A. As seen, the diffraction peaks found at 2θ of 30.2,
35.5, 42.9, 53.3, 56.8, and 62.3° confirm the formation of cubic
ZnFe2O4 with a spinel structure (JCPDS No. 77-0011).28 And
these peaks can be indexed to (220), (311), (400), (422),
(511), and (440) planes of spinel ZnFe2O4, respectively. The
average crystallite size of ZnFe2O4 was estimated to be 19.4 nm
by the Debye−Scherrer formula. Figure 1B presents the XRD
patterns of ZnFe2O4/MnO2 hybrid structures synthesized at
100 and 140 °C, respectively. Characteristic diffraction peaks of
ZnFe2O4 were observed on both ZnFe2O4/MnO2 samples,
indicating the presence of ZnFe2O4 in these samples. For
ZnFe2O4/MnO2 synthesized at 100 °C, peaks at 12.3°, 25.5°,
36.7°, and 66.2° were also observed, corresponding to a pure
layered birnessite-type MnO2 (JCPDS No. 80−1098, mono-
clinic, C2/m, a = 5.15 Å, b = 2.84 Å, c = 7.17 Å), denoted as δ-
MnO2.

15 And the diffraction peaks identified correspond to the
crystal planes of (0 0 1), (0 0 2), (1 1 1), and (3 1 1),
respectively. When hydrothermal temperature was elevated to
140 °C, according to the corresponding diffraction peaks, the
manganese oxide was found to be pure α-MnO2 (JCPDS No.
44-0141, tetragonal, I4/m, a=b = 9.78 Å, c = 2.86 Å).17 In this
temperature-elevation process, the crystalline structure of
MnO2 experienced a transformation from δ-type to α-type,
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revealing temperature-dependent property of MnO2 structure.
Since no other characteristic peaks from impurities were
observed, the obtained samples were confirmed to be of high
purity.
The reactions involved during the hydrothermal processes

can be briefly described as follows:37

δ+ ⎯ →⎯⎯⎯⎯⎯ + +

+

°
2KMnO 8HCl 2MnO ( type) 3Cl 2KCl

4H O
4

100 C
2 2

2 (1)

α+ ⎯ →⎯⎯⎯⎯⎯ + +

+

°
2KMnO 8HCl 2MnO ( type) 3Cl 2KCl

4H O
4

140 C
2 2

2 (2)

Structure and morphology of the magnetic catalysts are
displayed by SEM images. Figure S1 (Supporting Information)
illustrates SEM image of ZnFe2O4 nanoparticles. It was found
that these nanoparticles agglomerated and presented a sphere-
like morphology with the average size of 10−20 nm, which is
well in agreement with XRD result. The agglomeration of these
nanoparticles can be ascribed to the magnetic dipole interaction
between them and the high surface energy because of their
nanoscaled size.38 Figure 2A and B show SEM images of mMn-
100, the sample prepared at 100 °C. It can be observed that this
sample shows a uniform corolla-like structure consisting of
microsphere/nanosheet hierarchical nanostructures with an
average diameter around 2 μm. The crystal growth processes of
this hierarchical structure include several stages. In the initial

stage, a large number of nuclei were formed by the reactions of
KMnO4 and HCl solution.15 Due to the high surface energy,
these nuclei were captured by the well dispersed ZnFe2O4
nanoparticles and then grew on their surfaces to encapsulate
the ZnFe2O4 and form sphere-like structure. At last, the
heterogeneous growth of 2D nanosheets on these nuclei
happened following a general Ostwald ripening process.39,40

When the hydrothermal temperature was increased to 140
°C, tetragonal α-MnO2 was produced. As a result, the
morphology of mMn-140 transformed to hierarchical sea-
urchin shaped microstructure with a diameter of 3−4 μm, made
of straight tetragonal nanorods with a uniform diameter of 30−
40 nm (Figure 2C and D). The transformation of MnO2
crystalline structure from layered δ-phase to tetragonal α-phase
can be assigned to anisotropic growth of crystal favored at
elevated temperature to provide higher aspect ratios.41

Figure 3 shows TEM images for mMn-100 and mMn-140.
On mMn-100, a two-dimensional sheet-like structure consisting
of wrinkles was observed, suggesting a sub-block of 2D layer
from the 3D corona-like spheres. Magnetic ZnFe2O4 nano-
particles were attached on the layers. For mMn-14, ZnFe2O4
nanoparticles were found to be distributed on the surface of the
1D nanorods of the 3D urchin-like structure. The ZnFe2O4
nanoparticles in both samples were dispersed well on the
MnO2. Moreover, the ZnFe2O4 nanoparticles had an average
size around 10−20 nm, which was in agreement with the
average particle size calculated using the Schererr’s formula
based on XRD patterns.
N2 sorption isotherms and pore size distributions of

ZnFe2O4/MnO2 samples were evaluated through N2 adsorp-
tion/desorption measurements (Figure 4). According to the
IUPAC classification, both of the samples presented a type IV
isotherm with a type H3 hysteresis loop, indicating a typical
mesoporous structure.42 As seen, the samples displayed a broad
hysteresis loop at a relative pressure range (P/P0) of 0.4 to 0.95.
However, the hysteresis loop on mMn-100 was broader than
that of mMn-140, suggesting a more porous structure and thus
larger surface area and pore volume, which were confirmed by
the results shown in Table 1. The BET specific surface area of
mMn-100 is about 50% greater than that of mMn-140 (166.5 vs
113.1 m2/g), which might be owing to the vast spaces between
2D layered hierarchical structures grown on the surfaces. While
the pore size distributions for both samples are quite similar: a
single modal pore diameter distribution centered at around 2.5
nm was observed for each sample.

3.2. Catalytic Oxidation of Phenol. Figure 5 shows the
adsorption and phenol degradation profiles on various samples.
To compare the catalytic activity of the samples, control
experiments were carried out to evaluate phenol removal
caused by catalyst adsorption and PMS self-activation at
ambient environment. As seen, less than 10% phenol was
degraded when PMS was alone involved in the reaction without
a catalyst, indicating that PMS could not be effectively activated
under ambient thermal condition. For adsorption tests, both
ZnFe2O4/MnO2 samples exerted insignificant phenol removal,
suggesting that phenol removal by adsorption was negligible
during the heterogeneous catalytic reaction. The fluctuation of
phenol removal profiles in adsorption tests might be ascribed to
that samples were achieving adsorption/desorption equilibrium.
For catalytic reactions, ZnFe2O4 was tested with PMS first

and it showed a noncompetitive catalytic activity. Around 20%
phenol was degraded within 180 min. A commercial MnO2
sample provided a similar efficiency, less than 20% of phenol

Figure 1. XRD patterns of ZnFe2O4 (A) and mMn-100 and mMn-140
(B). pink box, ZnFe2O4 peaks.
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was degraded after 180 min. However, mMn-100 demonstrated

a much better catalytic activity, and 100% removal of phenol

was achieved within 120 min while the catalytic activity of

mMn-140 was slightly lower providing 100% phenol degrada-

tion within 150 min. It was found that the activities followed

the order of their BET specific surface area, indicating that

higher surface area would provide more active sites for catalytic

reaction.
For reaction kinetic studies, a first-order mode (eq 3) was

employed to evaluate the catalytic reaction kinetics

= −
⎛
⎝⎜

⎞
⎠⎟

C
C

ktln
0 (3)

where C is the concentration of phenol at time t, C0 is initial
phenol concentration, and k is the first-order reaction rate
constant. Figure S2 (Supporting Information) shows that
phenol degradation curve was well fitted with the first-order
kinetics with high values of regressions coefficients. The
reaction rate constants for the two catalysts are provided in
Table 1.
The as-synthesized ZnFe2O4/MnO2 catalysts can be easily

recycled from reaction solution by simply applying an external

Figure 2. SEM images of ZnFe2O4/MnO2 samples. (A) and (B) mMn-100, (C) and (D) mMn-140.

Figure 3. TEM images of (A) mMn-100 and (B) mMn-140.
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magnetic field. As shown in Figure S3 (Supporting
Information), both of the ZnFe2O4/MnO2 catalysts can be
well dispersed in deionized water and form a stable suspension
before magnetic separation (Supporting Information Figure
S3A). When a magnet was approached to the glass vial, both of
the samples rapidly accumulated to the magnet side, and nearly
transparent solution was obtained within 3 min (Supporting
Information Figure S3B). Removing the external magnetic field
and sonicating the solution, the solid samples can be dispersed
again in solution. Since attraction and dispersion processes can
be readily altered by simply approaching or removing an
external magnetic field, the as-synthesized ZnFe2O4/MnO2
catalysts demonstrated excellent water dispersion and magnetic
attraction for effective separation.16

Reaction temperature is a key operating factor in AOPs.
Phenol degradation was examined within a temperature range
of 25 to 45 °C for both ZnFe2O4/MnO2 catalysts by
heterogeneous activation of PMS, and the results are shown
in Figure 6. A general trend observed for both catalysts is that

temperature will remarkably influence the reaction rate, higher
temperature resulting in higher reaction rate. As seen, for mMn-
100, when temperature was enhanced from 25 to 45 °C, the
time for 100% phenol degradation decreased dramatically from
120 to 45 min. Meanwhile similar phenol degradation profiles
were also observed for mMn-140. On the basis of this trend, it
might be deduced that PMS activation process is endothermic:
higher temperature would shift the equilibrium to produce

Figure 4. Nitrogen sorption isotherms and pore size distributions of
(A) mMn-100 and (B) mMn-140.

Table 1. Textural Properties of Supported MnO2 and Their
Activities in Phenol Degradation

catalyst
surface area
(SBET, m

2/g)
pore volume
(cm3/g)

first-order rate
constant (min−1) R2

mMn-
100

166.5 0.161 0.032 0.998

mMn-
140

113.1 0.154 0.022 0.997

Figure 5. Phenol removal in various conditions. Reaction conditions:
[phenol]0 = 20 mg/L, catalyst loading = 0.2 g/L, oxone loading = 2.0
g/L, temperature = 25 °C.

Figure 6. Effect of reaction temperature on phenol degradation and
estimation of activation energy for (A) mMn-100 and (B) mMn-140.
Reaction conditions: [phenol]0 = 20 mg/L, catalyst loading = 0.2 g/L,
oxone loading = 2.0 g/L.
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more reactive species and thus improve the phenol degradation
efficiency.
All of these reaction profiles were then fitted with the first

order kinetics, and the kinetic rate constants are presented in
Table 2. The rate constants (K) at varying temperatures for

mMn-100 were higher than those of mMn-140, which was in
accordance with the degradation profiles in Figure 6. By
plotting the ln K against 1/T (insets of Figure 6A and B) based
on the Arrhenius equation, activation energies (Ea) of the
catalytic reaction for mMn-100 and mMn-140 can be calculated
as 41.7 and 49.4 kJ/mol, respectively. And the lower activation
energy of mMn-100 validated its higher catalytic activity than
mMn-140. The lower activation energy of mMn-100 might be
due to the different crystal structure and preferential facet.
When comparing with standard XRD patterns, it was found
that mMn-100 had δ-phase with a main exposure of (001),
while mMn-140 had α-phase with (110) as main facet. The
different crystal phase and facet will contribute to the lower
activation energy and higher catalytic performance of mMn-
100.
To our best knowledge, no investigation has been reported

on supported MnO2 or magnetic MnO2 hybrid structure for
activation of PMS for phenol degradation. However, a few
studies have been carried out using Mn-based catalysts for
heterogeneous activation of PMS for organic removal. Table 3

presents the activation energies obtained from these inves-
tigations on PMS activation using the as-mentioned catalysts. It
was found that magnetic MnO2 catalysts in this study had
higher activation energies in phenol oxidation.
The stability and recyclability of ZnFe2O4/MnO2 catalysts

were also evaluated by successive three-run reusability tests
(Figure 7). The catalysts were treated by simple water washing
without any further regeneration. A general trend for both
catalysts is that catalytic activities decreased in recycled tests. As
seen in the third run, for both catalysts, 20% of phenol still
remained in solution at the end of each reaction, indicating the
deactivation of the catalysts. The decrease in catalytic activity

might be attributed to the attachment of reaction intermediates
on the catalyst surface, which thus deactivated the corre-
spondent active sites. Because of the strong Van de Waals force,
these intermediates cannot be fully removed by simple water
washing. Recently, we have reported that deactivation induced
by attachment of intermediates can be eliminated by calcination
at high temperature either in air or N2 atmosphere.

25,45

3.3. Activation Processes of PMS and Mechanism of
Phenol Degradation. Previous studies have reported that
PMS can generate hydroxyl radicals (•OH) and sulfate radicals
(SO4

•−) by either homogeneous or heterogeneous activation
for phenol degradation.46,47 Peroxymonosulfate radicals
(SO5

•−) might be also formed, but would not contribute to
phenol degradation due to the low redox potential.48 To detect
the reactive species generated during the PMS activation
process, electron paramagnetic resonance (EPR) tests with
DMPO as the spin trapping agent were conducted.
Control experiments were conducted to investigate PMS self-

activation without the presence of catalysts. As seen in Figure
S4 (Supporting Information), when 2 g/L PMS solution was
tested without addition of phenol, characteristic signals of 5,5-
dimethylpyrroline-(2)-oxyl-(1) (DMPOX), the nitroxide radi-
cal of DMPO, were observed.49 The occurrence of DMPOX
signals can be ascribed to the immense amount of hydroxyl
radicals produced by strong hydrolysis process of HSO5

−,
which directly oxidized DMPO to DMPOX without the
presence of phenol.50 The relevant hydrolysis reactions of
HSO5

− are shown in eqs 4 and 5.

Table 2. Kinetic results of ZnFe2O4/MnO2 Catalysts in
Activation of PMS for Phenol Degradation at Different
Temperatures

catalyst T (°C) k (min−1) R2 of k Ea (kJ/mol) R2 of Ea

mMn-100 25 0.032 0.991 41.7 0.991
35 0.059 0.989
45 0.092 0.999

mMn-140 25 0.022 0.994 49.4 0.992
35 0.045 0.994
45 0.077 0.989

Table 3. Comparison of Activation Energy of Mn-Based
Catalysts

catalyst organics Ea (kJ/mol) ref

Mn3O4-rGO orange II 49.5 9
MnFe2O4 orange II 31.7 43
MnFe2O4-rGO orange II 25.7 43
Co3O4/MnO2 phenol 20.3 44
α-MnO2 nanowire phenol 21.9 14
ZnFe2O4/MnO2-100 phenol 41.7 this study
ZnFe2O4/MnO2-140 phenol 49.4 this study

Figure 7. Phenol degradation on mMn-100 and mMn-140 at different
runs after repeated uses. (A) Phenol degradation on mMn-100 at
different runs after repeated uses. (B) Phenol degradation on mMn-
140 at different runs after repeated uses. Reaction conditions:
[phenol]0 = 20 mg/L, catalyst loading = 0.2 g/L, oxone loading =
2.0 g/L, and T = 25 °C.
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+ ↔ +− −HSO H O H O HSO5 2 2 2 4 (4)

→ +• •H O OH OH2 2 (5)

When 20 ppm of phenol was added in solution without any
catalyst, it could be observed that characteristic peaks of
DMPO-HO• adducts having the intensity ratio of 1:2:2:1 (with
hyperfine splitting constants of aN = aH = 14.9 G) were
presented, indicating that hydroxyl radicals were produced with
the presence of phenol.51 The absence of DMPOX peaks
revealed that hydroxyl radicals prefer to react with phenol
rather than DMPO.52

Figure 8A and B display EPR spectra of reactive radicals
generated during the catalytic oxidation on ZnFe2O4/MnO2
with PMS (2 g/L) for phenol (20 mg/L) degradation. As seen,
EPR spectra for both catalysts show the identical trend. Within
the overall activation and oxidation processes, both •OH and
SO4

−• were produced through the identification of signals of
DMPO-HO• and DMPO−SO4

−• adducts, respectively. At the
beginning of the reaction (1 min), only hydroxyl radicals were
produced by identification of DMPO-HO• adducts, which was
similar to that of PMS reacting with phenol solution without
the presence of catalysts. This similarity indicates that at the
very initial stage of the reaction, the peroxymonosulfate anions
(HSO5

−) were not fully bonded with the active sites on the
catalyst surface to be activated to generate sulfate radicals.
When reaction time was prolonged to 5 min, besides the

presence of signals of DMPO-HO• adducts, signals of DMPO−
SO4

•− adducts (with hyperfine splitting constants of aN = 13.2
G, aH = 9.6 G, aH = 1.48 G, and aH = 0.78 G)51 were also
detected, suggesting that HSO5

− had been activated to produce
sulfate radicals at this reaction stage. In addition, the
appearance of SO4

•− led to the decrease of DMPO-HO• signal
intensity, which indicates that, in the presence of catalysts,
hydroxyl radicals could induce the generation of sulfate radicals.
When reaction time was further extended to 10 min, the signal
intensity of DMPO−SO4

•− adducts increased, indicating more
sulfate radicals had been produced compared with the reaction
at 5 min. However, at 30 min, little or no intensities of
DMPO−SO4

•− adducts could be detected, suggesting the
depletion of sulfate radicals by the rapid reaction, and only
signals of DMPO-HO• adducts remained, which was again
similar to the initial condition. On the basis of this appearance/
disappearance cycle of sulfate radicals and the phenol
degradation profiles shown in Figure 5, it can be deduced
that sulfate radicals are more active than hydroxyl radicals in
phenol degradation process and are responsible for phenol
degradation.
Figure 8C shows the evolution of the peak intensities of

DMPO−SO4
•− adducts dependence on time over both

ZnFe2O4/MnO2 catalysts. As shown clearly, the peak intensities
for DMPO−SO4

•− adducts displayed a cycle-like trend.
Moreover, the DMPO−SO4

•− peak intensities for mMn-100
were generally higher than those of mMn-140, suggesting that
amount of sulfate radicals produced by mMn-100 were greater
than those of mMn-140 and thus mMn-100 showed a higher
catalytic activity. This observation was not only in accordance
with the phenol degradation (shown in Figure 5), but also
further confirmed the importance of sulfate radicals in phenol
degradation.
To further investigate the major reactive radical species

responsible for phenol degradation, competitive radical tests
using ethanol (EtOH) and tert-butyl alcohol (TBA) as

quenching agents were also carried out. Researches have
shown that both EtOH and TBA could sufficiently quench
•OH and the reaction rates are nearly diffusion controlled at 1.2
× 109 − 2.8 × 109 and 3.8 × 108 − 7.6 × 108 M−1 s−1,
respectively.53 While SO4

•− is selective to be quenched more

Figure 8. EPR spectra in various conditions. (A) Reactive radical
dependence on activation time over mMn-100, (B) reactive radical
dependence on activation time over mMn-140, (C) comparison of
sulfate radicals on mMn-100 and mMn-140. Centerfield: 3517 G.
Sweep width: 100 G. Microwave frequency: 9.87 GHz. Modulation
frequency: 100 GHz. Power: 18.11 mW. Reaction conditions:
[phenol]0 = 20 mg/L, catalyst loading = 0.2 g/L, oxone loading =
2.0 g/L, pH = 7.0, DMPO = 0.08 M. pink circle, DMPO-HO•; blue
box, DMPO−SO4

•−.
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rapidly by EtOH with α-hydrogen than TBA without α-
hydrogen (1.6 × 107−7.7 × 107 M−1 s−1 vs 4.0 × 105−9.1 × 105

M−1 s−1).48,53 Therefore, by addition of EtOH or TBA into
reaction solution, the responsible radical species for phenol
degradation could be well differentiated.
Figure 9 shows the changes of phenol degradation in form of

reaction rate constant k. Both ZnFe2O4/MnO2 catalysts shared

a similar trend; when 0.2 M EtOH was added in the original
reaction solution, remarkable decrease in reaction rate was
observed, suggesting that part of the hydroxyl and sulfate
radicals were quenched. However, by addition of 0.2 M TBA,
negligible decrease occurred to the reaction rate, indicating that,
with the quenching of hydroxyl radicals, sulfate radicals could
still provide the similar reaction rate. Therefore, the more
remarkable decrease of reaction rate caused by EtOH than TBA
suggested that the major reactive species dominating phenol
degradation were sulfate radicals.
Based on the results of both competitive radical tests and

EPR investigations, the mechanism of PMS activation on
ZnFe2O4/MnO2 for phenol degradation can be proposed as
follows:

→ +− − •HSO SO OH5 4
2

(6)

+ →• •
OH Mn(IV) Mn(IV) OH (7)

+

→ +

• −

• −





Mn(IV) OH HSO

Mn(IV) OHOSO OH
5

3 (8)

→ + +• • •−
Mn(IV) OHOSO Mn(III) OH SO3 4 (9)

+ → + +− •− +Mn(III) HSO Mn(IV) SO H5 5 (10)

+ → + +•− − − •2SO 2OH 2SO 2 OH O5 4
2

2 (11)

+ +

→

→ + +

• •−

−

OH SO C H OH

several steps

CO H O SO

4 6 5

2 2 4
2

(12)

In the first stage, hydrolysis of HSO5
− happened to produce

hydroxyl radicals (eq 6). Then some of the hydroxyl radicals
attached on the active sites of MnO2 based catalysts (eq 7). The

Mn(IV) sites with hydroxyl radicals would induce HSO5
− to

produce Mn (IV)•OHOSO3 and then subsequently to
generate sulfate radicals which are dominant for phenol
degradation. Meanwhile, some of the attached hydroxyl radicals
would also detach (eqs 8 and 9). The produced sulfate radicals
and the detached hydroxyl radicals would react with phenol at
different reaction rates (eq 12). After the depletion of sulfate
radicals, hydroxyl radicals would become the only reactive
species for phenol degradation though at an inferior reaction
rate. In the meantime, the recovery reaction for the catalyst
resulted in the production of the original catalyst, as well as
further generation of hydroxyl radicals (eqs 10 and 11). On the
basis of the comprehensive investigations, it was suggested that
the order of sulfate radicals generation reflects the order of the
reaction rates in phenol degradation on the ZnFe2O4/MnO2
catalysts.

4. CONCLUSIONS
3-D magnetic ZnFe2O4/MnO2 hybrid catalysts with two
hierarchical nanostructures were synthesized by a hydrothermal
method at varying temperatures. Their catalytic activities were
investigated in terms of PMS activation for phenol degradation.
It was found that ZnFe2O4/MnO2 with microsphere/nanosheet
hierarchical structure possessed the higher BET surface area
and thus the better catalytic activity than urchin-like catalysts. A
first-order kinetic model was used to evaluate the kinetic
parameters, and the activation energies for microsphere/
nanosheet hierarchical structure and urchin-like structure
were calculated to be 41.7 and 49.4 kJ/mol, respectively.
Catalyst stability tests suggested that deactivation of the
catalysts occurred because of the blockage of active sites by
the reaction intermediates. The mechanism of catalytic reaction
for activation of PMS was illustrated by competitive radical tests
and EPR spectra. Sulfate radicals were the major reactive
species taking effect in this catalytic reaction and the generation
of sulfate radicals could be induced by hydroxyl radicals
produced at the initial stage.
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