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ABSTRACT: In this work, a novel catalyst, Fe-species-loaded mesoporous manganese dioxide (Fe/M-MnO,) urchinlike
superstructures, has been fabricated successfully in a two-step technique. First, mesoporous manganese dioxide (M-MnO,)
urchinlike superstructures have been synthesized by a facile method on a soft interface between CH,Cl, and H,O without
templates. Then the M-MnO,-immobilized iron oxide catalyst was obtained through wetness impregnation and calcination.
Microstructural analysis indicated that the M-MnO, was composed of urchinlike hollow submicrospheres assembled by nanorod
building blocks with rich mesoporosity. The Fe/M-MnO, retained the hollow submicrospheres, which were covered by
hybridized composites with broken and shortened MnO, nanorods. Energy-dispersive X-ray microanalysis was used to determine
the availability of Fe loading processes and the homogeneity of Fe in Fe/M-MnO,. Catalytic performances of the M-MnO, and
Fe/M-MnO, were evaluated in catalytic wet hydrogen peroxide oxidation of methylene blue (MB), a typical organic pollutant in
dyeing wastewater. The catalytic degradation displayed highly efficient discoloration of MB when using the Fe/M-MnO, catalyst,
e.g., ca. 94.8% of MB was decomposed when the reaction was conducted for 120 min. The remarkable stability of this Fe/M-
MnO, catalyst in the reaction medium was confirmed by an iron leaching test and reuse experiments. Mechanism analysis
revealed that the hydroxyl free radical was responsible for the removal of MB and catalyzed by M-MnO, and Fe/M-MnO,. MB
was transformed into small organic compounds and then further degraded into CO, and H,O. The new insights obtained in this

study will be beneficial for the practical applications of heterogeneous catalysts in wastewater treatments.
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1. INTRODUCTION

The dye industry is one of the most polluting in terms of
volume and complexity of the organic pollutants. The
wastewater from dye industries contains many organic
pollutants, strong color, dissolved and suspended solids, etc.
Degradation of refractory organic pollutants has attracted much
attention in recent years because they can cause great harm to
the natural environment and human health. Industrial dyes
belong to one of the largest groups of pollutants."”” These dyes
usually have complex aromatic molecular structures which
make them more recalcitrant to degrade. If not treated, these
pollutants will induce certain health hazards such as
carcinogenic risks and environmental contaminations.” The
widespread occurrence of wastewater from dye industries,
which amounts to more than seven million tons of
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approximately 10000 types annually produced worldwide,
causes severe environmental problems.* Therefore, wastewater
treatment of pollutants generated from dye processing
industries poses a major challenge to the achievement of
desired effluent discharge standards and to the proper recycle
and reuse of these products in manufacturing processes.
Dyeing wastewater is generally refractory to conventional
treatment techniques such as ph!sical adsorption,” chemical
oxidation, and biological methods.”” Moreover, many problems
resulting from the traditional methods, such as secondary
pollution and retarded biodegradation of the accompanying
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pollutants, are not avoided.” To develop a more efficient
process for treating dyeing wastewater, advanced oxidation
processes (AOPs), defined as those technologies that utilize the
hydroxyl free radical (-OH) for oxidation in the presence of
catalysts, have received increasing attention in the past decades.
These processes, such as photocatalytic oxidation, Fenton’s
chemistry, and ozonation, have been applied successfully for the
removal or degradation of recalcitrant pollutants, or used as
pretreatment to convert pollutants into shorter-chain com-
pounds that can then be treated by conventional or biological
methods.® The classic example of AOPs is the Fenton reaction
(Fe** + H,0, — Fe** + OH™ + -OH), which is capable of
degrading organic pollutants into harmless chemicals such as
CO, and H,0.” However, the application of the classical
Fenton reagent, i.e., Fe’*/Fe**—H,0,, is limited by the narrow
working pH range (2—4) associated with this process and by
separation and recovery of the iron species specific to industrial
wastewater treatments.'”'" Thus, some efforts have been made
to develop heterogeneous Fenton systems which can be used
over a wider pH range for the degradation of organic
pollutants.'* So far, many heterogeneous Fenton-like catalysts
have been reported, such as iron oxides,"*'* iron oxides
immobilized on mesoporous silica,">'¢ and iron-pillared
clays,"”'® combined with carbon materials'®*® or iron-
containing ZSM-5. Unfortunately, there are some problems
in the case of heterogeneous catalysis. For example, the
degradation reaction is relatively slow and inefficient at the
range of neutral pH values because H,0, decomposition is slow
and only a small fraction of the H,0, is converted into free
radicals for degradation of recalcitrant contaminants.'> There-
fore, the search for proper active catalyst supports to prepare
inexpensive, highly efficient, and stable heterogeneous catalysts
for catalytic wet peroxide oxidation (CWPO) is of paramount
importance.

Since the Fenton reaction involves an electron transfer
process, transition metal oxides with accessible multiple
oxidation states should have excellent catalytic performance.”
Among various transition metal oxides, manganese dioxide
(MnO,) with different polymorphs, such as a-MnO,, f-MnO,,
0-MnO,, y-MnO,, and &-MnO,, has been applied in the areas of
catalysts, ion exchange, and electrochemical supercapacitors.””
In particular, MnO, can be used as a hetero%eneous catalyst for
catalytic degradation of organic dyes.”” > Developing new
materials with excellent catalytic performance depends not only
on the multicomponents but also on the structural hierarchies
of materials. Multicomponents and structural hierarchies are
the key issues to realize multifunctional heterogeneous
catalysts. Various micro/nanostructures of MnO,, such as
nanoparticles, nanorods, nanobelts, nanowires, nanotubes,
nanofibers, nanosheets, mesoporous molecular sieves, branched
structures, urchins/orchids, and other hierarchical structures,
have been synthesized by different methods. However,
mesoporous MnO, (M-MnO,) has attracted significant interest
because of their unique catalytic, electrochemical, magnetic, and
adsorptive properties.”* >’ In recent years, the use of M-MnO,,
especially hierarchically structured M-MnO, self-assembled by
nanostructures,>*>%>! as catalysts, catalyst supports, adsorbents,
and nanoreactors, has aroused enormous attention because of
their widespread potential applications in catalysis. However,
the environmental applications of M-MnO, for wastewater
treatments are still in their infancy. If M-MnO, could be
selected for catalyst supports to immobilize iron oxides, Mn and
Fe species would be supplementary to each other in enhancing
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the catalytic capacity of catalysts in CWPO because Mn species
can catalyze rapid H,0, decomposition while Fe species urge it
to produce more free radicals for the degradation of recalcitrant
contaminants. Due to the similar atomic radius of Fe and Mn,
Fe-substituted Mn may have some advantages, such as high
degradation efficiency around neutral pH and easy recycle of
catalysts in practical wastewater purification.”> Therefore, the
application of M-MnO,-supported Fe catalysts in CWPO
deserves investigation.

Herein, a novel catalyst, Fe-species-loaded mesoporous
manganese dioxide (Fe/M-MnO,) with urchinlike super-
structures, has been fabricated successfully by a two-step
technique. During the first step, the M-MnO, urchinlike
superstructures have been synthesized by a facile method on a
soft interface between CH,Cl, and H,O without templates. In
the second step, the M-MnO, immobilized iron oxides through
wetness impregnation and calcination to obtain the Fe/M-
MnO, catalyst. Methylene blue (MB), a typical industrial
pollutant in dyeing wastewater, was chosen as a model target
contaminant to examine the catalytic performances of the M-
MnO, and Fe/M-MnO,. The stability of this Fe/M-MnO,
catalyst in the reaction medium has been confirmed by the iron
leaching test and reuse experiments. Quenching experiments of
hydroxyl free radical (-OH) were carried out to investigate the
possible reaction mechanism of the catalytic wet hydrogen
peroxide oxidation of MB. These new insights obtained in this
study are beneficial for the practical applications of heteroge-
neous catalysts in wastewater treatments.

2. EXPERIMENTAL SECTION

Synthesis of M-MnO,. The method of preparing M-MnO, in this
study is based on an improvement of previous works.>”3! First, 30 mL
of 1 M MnSO, solution was added into 80 mL of dichloromethane in
a 200 mL beaker. After 5 min, the apparent H,O/CH,Cl, interface was
obtained. Then 80 mL of 025 M KMnO, solution, through the
CH,Cl, layer at 30 drops/min controlled by a faucet of the dropping
funnel, reached the CH,Cl,/H,O interface along the tube of the
funnel. During the reaction process, a brown material appeared at the
interface and the whole MnSO, solution layer slowly turned brown.
After 48 h, the brown products were collected by vacuum pumping
filtration, washed three times with high-purity water and once with
pure ethanol, and finally dried at 80 °C in air for 12 h. The sample
obtained was denoted as M-MnO,.

Fe-Loaded M-MnO, Catalysts. Fe-loaded M-MnO, catalysts
were prepared by incipient wetness impregnation using Fe(NO,);-
9H,0 as iron precursor.”® Fe(NO;);-9H,0, needed for obtaining 10
wt % of iron in the final catalyst, was dissolved in high-purity water to
get a desirable volume. The M-MnO, (0.9 g) was dispersed into the
above solution under ultrasonic vibration for 30 min. The mixture was
dried completely at 80 °C in air for 12 h, calcined in a muffle furnace
in air from room temperature to 300 °C with a ramp rate of 5 °C/min,
and kept at this temperature for 2 h. The obtained Fe-species-loaded
M-MnO, catalyst was named Fe/M-MnO,. In this work, the iron
loading amount in the catalyst was 10 wt %. To find the difference
between M-MnO, and Fe/M-MnO, in the catalytic degradation of
methylene blue, the M-MnO, calcined in air at 300 °C for 2 h was also
selected as the catalyst. In addition, the control experiment without
adding M-MnO, was also conducted to verify the presence of iron
oxide (Fe,O;) in the Fe loading process.

Catalytic Performances of Catalysts. The catalytic perform-
ances of the obtained catalysts were evaluated in the catalytic oxidation
of methylene blue (MB) as described in detail in the following. These
catalysts were dried at 110 °C for 10 h to eliminate moisture
beforehand. First, 100 mL of the MB dye solution (100 mg/L) and 20
mL of the H,0O, solution (30 wt %) were combined in a 250 mL glass
flask, and then the catalytic reaction was started by the addition of 50
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mg of the catalysts to the flask, which was considered the initial instant
of reaction (t = 0). The reactor was located in a shaking incubator
(constant temperature about 25 °C, 100 r/min, and atmospheric
pressure). For a given time interval, 2 mL of the mixture solution was
pipetted into a centrifuge tube with 0.5 mL of tert-butyl alcohol and
quickly diluted with distilled water to 20 mL. The diluted solution was
immediately centrifuged (rotating speed at 3500 r/min for S min) to
remove the catalyst particles. The supernatant was then put into a
quartz cell (path length 1.0 cm), and the absorbance was measured
with a double-beam ultraviolet—visible (UV—vis) spectrophotometer
(TU-1901, Beijing Puxi Universal Apparatus Co Ltd.,, China) at 664
nm (characteristic wavelength of methylene blue). The pH of the
reaction solution was also successively measured during the reaction.
Along the reaction, the solution pH remained almost unchangeable in
a small range of 6—7. When the reaction time reached 120 min, the
solution in the flask was centrifuged with a rotating speed of 3500 r/
min for 10 min. The supernatant was used for the chemical oxygen
demand (COD) experiment, total organic carbon (TOC) measure-
ment, and metal ion leaching tests. The COD experiment was
conducted according to the fast digestion spectrophotometric method
(HJ/T 399-2007, China). The TOC concentration in the reaction
solution was determined using an Analytikjena TOC/TN analyzer
(multi N/C 2100, Analytik Jena AG, Germany). The concentration of
Fe and Mn in the solution was determined by an inductive coupled
plasma atomic emission spectrometer (ICP-AES, 2A051657, Leman
Laboratories Inc, Arlington, VA). The catalyst stability was also
investigated through reuse experiments using the standard oxidation
conditions. In a typical test, 25 mg of the catalysts was placed in
contact with S0 mL of methylene blue solution (100 mg/L) and 10
mL of the H,0, solution (30 wt %) under stirring for 2 h. The
catalysts were then centrifuged (rotating speed at 3500 r/min for 10
min) and collected for the next oxidation cycle, maintaining the same
standard proportions. A MB degradation rate of 120 min as a function
of reuse time of the catalyst was selected as an index to investigate the
possibility of recycling the catalysts. Used chemicals, catalyst
characterizations, and catalytic performances of filtered solutions in
this study are described in detail in the Supporting Information.

3. RESULTS AND DISCUSSION

Catalyst Compositions. Figure 1 shows the powder X-ray
diffraction (XRD) patterns of the as-synthesized samples: (a)
M-MnO,, (b) 10 wt % Fe/M-MnO,, (c) the control sample
(Fe,0O;) prepared under same condition without adding M-
MnO,. As seen from the wide-angle pattern of M-MnO,
(Figure 1a), there are obvious diffraction peaks at 26 = 37.0°,
42.2°, 55.9°, and 66.1°, which can be easily identified for the
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Figure 1. XRD patterns of the as-synthesized samples: (a) M-MnO,,
(b) 10 wt % Fe/M-MnO,, (c) the control sample (Fe,O;) prepared
under same condition without adding M-MnO,.
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(100), (101), (102), and (110) planes of the &-MnO,
crystalline structure (Akhtenskite, syn MnO,, JCPDS, no. 30-
0820). The crystal phase of the as-synthesized MnO, sample in
this studgv is different from that presented in previous
reports.””>" This is attributed to the difference in reagents
and soft interfaces. All diffraction peaks of the MnO, samples
are broad and weak owing to the poor crystallinity or the small
crystal domain in the products, which resulted from the low
preparation temperature.34 Figure 1c reflects the fact that
Fe(NO;); decomposed into a-Fe,O; (hematite, syn Fe,0,,
JCPDS, no. 33-0664) after calcination at 300 °C for 2 h.
Compared with M-MnO,, the XRD patterns of 10 wt % Fe/M-
MnO, (Figure 1b) have no obvious new peak in the absence of
the peak at 260 = 33° indexed to a-Fe,O;, which is different
from that of Zhang’s report.*® On the contrary, a similar type of
behavior has been reported by Dubal and co-workers**® for
Fe-doped MnO, thin films grown on stainless steel substrates.
They explain that the remaining peaks observed in the XRD
patterns are due to stainless steel substrates. Perhaps, it was
thought that the lack of peak assignment to iron species in 10
wt % Fe/M-MnO, should be ascribed to their low contents and
high dispersion. However, there are always no peaks assigned to
iron species in Fe/M-MnO, at different Fe concentrations
ranging from S to 30 wt % (Figure S1), which is contrary to the
above suggestion. Careful observations indicated that the
diffraction peaks of Fe/M-MnO, have slight right deviation.
For example, the XRD peaks of 10 wt % Fe/M-MnO, (Figure
1b) appeared at 20 = 37.1°, 42.5°, 56.1°, and 66.6°. This study
proposes a new explanation for the phenomenon observed in
the XRD patterns. Generally speaking, the occurrence of atomic
replacement in the lattice will cause a change in the lattice
parameter. With the same number of electronic shells, the
atomic radius of iron ion (Fe**) is smaller than that of
manganese ion (Mn*"). According to the Bragg equation, the
XRD peaks shift slightly to larger angle when the radius of the
replacement atom is smaller than that of the previous atom in
the lattice. The characteristic peaks of iron oxides did not
appear in the XRD patterns of Fe/M-MnO,. Since Fe is
implanted after the MnO, lattice is formed through insipient
wetness and sonication, the sonication provided the necessary
energy to break a Mn—O bond and aliovalently substitute Fe>".
This phenomenon has also been observed in previous
literature.”” ™ It can be inferred that Fe replaces Mn in the
MnO, lattice without a large change in lattice parameter. In
brief, Fe/M-MnO, can be regarded as the hybridized
composite.

The above observation can be further investigated by Fourier
transform infrared (FTIR) spectra of the M-MnO, and 10 wt %
Fe/M-MnO, (Figure S2, Supporting Information). As observed
in Figure S2, the broad peak at 3382 cm™ is due to the
presence of a silanol group or a OH group of an adsorbed water
molecule. Several small peaks in the range of 1400—1650 cm™
are found to correspond to bending vibrations of water
molecules and hydroxyl groups combined with metal
atoms.””*' The results are due to the fact that the M-MnO,
synthesized in aqueous solution may form a tunnel structure
during the reaction process; thus, some H,O molecules are
intercalated in the tunnel.®® The M-MnO, and Fe/M-MnO,
show major peaks at 500—600 cm™' which arise from the
stretching vibration of the Mn—O and Mn—O—Mn bonds in
[MnOy] octahedral.>>** The FTIR spectra of the M-MnO, and
Fe/M-MnO, are similar. The peaks associated with the
vibrations of Mn—O bonds are slightly shifted after Fe loading.
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This confirms that Fe may replace the position of Mn in the
MnO, lattice without significant lattice distortion.

Figure 2 presents the (a) transmission electron microscopy
(TEM) micrograph of 10 wt % Fe/M-MnO, as well as

‘ﬁ »

TEM image

Atom
percentage

Weight
percentage
42.78
50.64
6.58

Gross 100

Energy KeV

Figure 2. (a) TEM micrograph of 10 wt % Fe/M-MnO, as well as
elemental mapping of the O (red zone), Mn (green zone), and Fe
(blue zone). (b) EDXS microanalysis spectrum with the inset showing
the results of elemental analysis.

elemental mapping of O (red zone), Mn (green zone), and Fe
(blue zone) and the (b) energy dispersive X-ray (EDX)
microanalysis spectrum with the inset showing the results of
elemental analysis. Elemental analysis clearly shows the
homogeneity of Fe in Fe/M-MnO,, which further proves that
the Fe/M-MnO, is a hybridized composite instead of a mixture
of iron and manganese oxides. O, Mn, and Fe were also found
in EDX spectrometry (EDXS) measurements as shown in
Figure 2b, which confirms the presence of Fe, Mn and O in Fe/
M—Mn02.35 The average percentage of O, Mn, and Fe are listed
in the inset of Figure 2b. The elemental composition analysis
determined that only 6.58 wt % Fe has been loaded in Fe/M-
MnO,, which agrees with Fe content (7.14 wt %) detected by
inductively coupled plasma-atomic emission spectrometry
(ICP-AES). A similar phenomenon has been reported by
Martinez et al.** Water molecules and hydroxyl groups
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combined with Mn atoms resulted in a higher content of O,
whose atomic concentration was about twice that of metal
atoms in 10 wt % Fe/M-MnO,. Thus, the lower than 10 wt %
content of Fe is related to the partial loss of Fe(NO,), in the
loading process.

Morphology and Microstructure. The morphologies and
microstructures of the obtained M-MnO, and 10 wt % Fe/M-
MnO, were examined by scanning electron microscopy (SEM,
Figure S3, Supporting Information) and TEM. As seen from
the higher-magnification SEM images of M-MnO, (Figure S3a,
right) and 10 wt % Fe/M-MnO, (Figure S3b, right), the
panoramic morphologies are composed of numerous submicro-
spheres with thorns on the surface. Figure 3 shows the TEM

100 nm

Ui 4
c———

Figure 3. TEM images of (a) M-MnO, and (b) 10 wt % Fe/M-MnO,
at different magnifications.

images of M-MnO, (Figure 3a) and 10 wt % Fe/M-MnO,
(Figure 3b) at different magnifications. The two samples
consist of hollow urchins with visible interior cavities. A few
spheres with surface damage are observed in Figure 3a, which
confirms that the as-synthesized MnO, submicrospheres have a
hollow structure. Microstructure analysis indicates that the M-
MnO, has uniform submicrospheres with size ranges from 200
to 500 nm. Contrary to literature reports,>>*”?' the as-
synthesized submicrospheres in this study have smaller
diameter, which can be ascribed to the different thicknesses
of the soft interface. The higher-magnification TEM image of
M-MnO, shown in Figure 3a (right) offers a clear view of the
surface microstructure, which exhibits urchinlike hierarchical
MnO, submicrospheres composed of numerous compact
nanorods growing in all directions. This further reveals that
the as-prepared submicrospheres were assembled from
numerous one-dimensional MnO, nanorod building blocks
with rich mesoporosity. Careful consideration of the higher-
magnification TEM image reveals that mesopores also exist in
the gaps between two submicrospheres. The TEM images
shown in Figure 3b clearly demonstrate the fact that the Fe/M-
MnO, retains the hollow submicrospheres, which are covered
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by hybridized composites with broken and shortened MnO,
nanorods.

Porous Properties. Figure 4 shows the nitrogen
adsorption—desorption isotherms (Figure 4a) and pore-size
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Figure 4. N, adsorption—desorption isotherms (a) and pore size
distribution (b) of M-MnO, and 10 wt % Fe/M-MnO,.

distributions (Figure 4b) of M-MnO, and 10 wt % Fe/M-
MnO,. The N, adsorption—desorption isotherms shown in
Figure 4a can be classified as type IV according to IUPAC
(International Union of Pure and Applied Chemistry)
classification.** A distinct type H3 hysteresis loop in the larger
range of 0.45—1.00 P/P, can be observed in the adsorption—
desorption isotherms of M-MnO,, providing more evidence for
mesoporous MnQ, structure. The type H3 hysteresis loop
demonstrates that this sample consists of particles or split-shape
materials, which implies that the M-MnO, should possess
hierarchical porosity. This deduction can be further supported
by the pore-size distributions of M-MnO, shown in Figure 4b.
The pore sizes of M-MnO, are distributed in the range 1.3—
100 nm, with the majority clustering in the range 1.3—15 nm.
The smaller diameter ones are in the range 1.5—2.5 nm, and the
larger diameter ones are in the range 5—10 nm. The
hierarchical porosity should be ascribed to the mesopores
between submicrospheres and the mesopores existing in the
one-dimensional MnO, nanorod building blocks. The pores in
this study are smaller and more uniform than those of the
hierarchical mesoporous materials reported by previous work-
ers.”>*>* In Fe-species-loaded M-MnO, urchinlike super-
structures, the incorporation of Fe into the walls of M-MnO,
results in a significant effect on the textural properties of this
composite. The Fe/M-MnO, exhibits a H4 type broad
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hysteresis loop, which is also typical of split-shape mesoporous
materials. As the relative pressure increases, two isotherms
exhibit a sharp step characteristic of capillary condensation of
nitrogen within uniform mesopores, where the P/P position of
the inflection point correlates with the diameter of mesopore.*®
The P/P, position of the inflection point corresponding to Fe/
M-MnO, is located at a higher relative pressure compared to
that of M-MnO, (Figure 4a), which reflects the larger
mesopores of Fe/M-MnO,. This conclusion is also supported
by the pore size distribution of M-MnO, and Fe/M-MnO,
(Figure 4b). The measured average pore diameters of M-MnO,
and Fe/M-MnO, are 5.87 and 6.85 nm, respectively (Table S1,
Supporting Information). It is worth noting that the peak pore
diameter of Fe/M-MnO, (3.58 nm) was larger than that of M-
MnO, (1.82 nm), which supports the viewpoint that the
nanorods have been damaged and the gap mesopores became
larger owing to the loading of Fe. After the loading of Fe, the
specific surface area declined from 219.3 to 129.1 m*g™' and
the pore volume decreased from 0.451 to 0.355 cm®g ™' (Table
S1, Supporting Information). The above evidence points to Fe,
which is implanted as an iron oxide on the surface, having a
drastic effect on pore size and volume even if Fe inclusion into
the crystal structure does not have such a drastic effect on the
porosity. This is due to the blocking of some micropores or
mesoporous channels by iron oxide. The reduction of textural
properties due to Fe loading has also been observed in metal-
immobilized SBA-15 and activated carbon materials.”%*

Catalytic Properties of M-MnO, and Fe/M-MnO,. The
obtained M-MnO, and Fe/M-MnO, urchinlike hierarchical
superstructures would be expected to show superior surface-
related properties such as catalytic performance, because of
their vast specific surface area. To examine catalytic properties
of M-MnO, and Fe/M-MnO, as a means of generating free
radicals for degradation of organic matter, methylene blue
(MB) as a typical industrial pollutant in wastewater was chosen
for discoloration. The oxidative degradation of the MB solution
(100 mg/L) under near-neutral pH was conducted by using
H,0, as oxidant (1.12 g¢/mL) and M-MnO, and Fe/M-MnO,
as catalysts (0.50 g/L).

Discoloration Efficiency of MB Solution. In general, the
discoloration efficiency of the MB molecules (denoted as r) was
calculated as follows:

Co—C A —A
r = =
Co Ay
(when dilution multiple was the same)

where C, (g-L™") is the initial concentration of the mixture of
MB and H,0, solutions, C (g-L™") is the concentration of the
mixture solution at different intervals during the reaction, A, is
the absorbance of the mixture solution at 664 nm at t = 0 min,
and A is the absorbance at the same wavelength at a given
reaction time. Considering the volume change of the solution
when H,O, solution was added, the solution mixture of S0 mL
of MB and 10 mL of H,O was selected as the initial solution at
t = 0 min in this study. As shown in Figure 5, line a indicates
that the Fe/M-MnO, adsorbs a little MB from the solution, in
agreement with previous results reported in the literature.”*
The characteristic feature is to provide a large amount of active
sites derived from Fe/M-MnO,, which catalyzes H,O,
decomposition to generate free radicals. Line b demonstrates
that only ca. 7.2% of MB is decomposed without any catalyst
even after reacting for 120 min. No obvious discoloration is
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Figure 5. Discoloration rates of the MB using H,0, as oxidant and
different catalysts: (a) 10 wt % Fe/M-MnO, + MB without H,0,, (b)
MB + H,0, without catalyst, (c) M-MnO, + MB + H,0,, (d) the
calcined M-MnO, + MB + H,0,, and (e) 10 wt % Fe/M-MnO, + MB
+ H,O0,. Error bar = 0.3%.

observed in Figure Sa,b when there is no H,0, or catalysts.
Therefore, it can be declared here that the degradation of MB
molecules is caused by H,0,-induced oxidation catalyzed by
catalysts. It can be seen that ca. 61.3% of MB can be
decomposed in 120 min using M-MnO, as catalyst as shown in
Figure Sc. About 90.2% of MB is decomposed within 10 min in
the presence of Fe/M-MnO, as catalyst as shown in Figure Se,
which demonstrates that the catalytic reaction occurred rapidly.
This result is ascribed to the rapid H,O, decomposition
catalyzed by Fe/M-MnO,. When the decomposition reaction
was conducted for 120 min, ca. 94.8% of MB was decomposed.
Obviously, the catalytic activity of Fe/M-MnO, is much higher
and faster than that of M-MnO,. As a comparison, the M-
MnO, is subjected to calcination. Although the calcined M-
MnO, (with the same weight, e.g., 50 mg) also exhibits higher
catalytic performances (Figure Sd) than as-synthesized M-
MnO, with an increase of 10% in the degradation of MB, it is
also weaker than the Fe/M-MnO, in catalyzing H,O, to
generate free radicals for the degradation of MB. The elevated
efficiency of the calcined M-MnO, is ascribed to better
crystallinity and a cleaner catalyst surface.”” Interestingly, the Fe
loading significantly improves the catalytic performances of M-
MnO, The excellent catalytic performance of the Fe/M-MnO,
appears to confirm the hypothesis that the iron oxides enhance
H,0, decomposition catalyzed by M-MnO, to generate more
free radicals.

However, catalytic performance described only by the
conversion degree of MB is unconvincing and inappropriate
because both the catalytic capacity of the catalyst and H,O,
consumption are responsible for the removal of MB. Since
H,0, is always totally consumed in the catalytic reaction, the
catalytic performance of catalyst should be estimated by the
following equation:

(Co=C)Vy  Myxr
W VW
where g (gL ™"g™") is the consumption of MB caused by 1 g of
catalyst and 1 L of 30 wt % H,0, solution, C, (g-L™") has the
same meaning as above but C (g-L™") is the concentration of
the mixture solution at 120 min. V;, (L) is the initial volume of

the mixture, i, 120 mL, V (L) is the volume of a 30 wt %
H,0, solution added to the MB solution, i.e, 20 mL, W (g) is
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the weight of the catalyst, i, 0.050 g, and M, (g) means the
initial mass of MB. The g of M-MnO, in this study is ca. 12.26
g'L7"g™", which is more effective than ca. 3.20 g-L™"-g™" of f5-
MnO, hollow octahedral,”* ca. 2.46 and 8.13 gL g of p-
MnO, nanorods,”*’ and ca. 6.67 gL"g™" of MnO, nanofiber.'
This better catalytic performance of M-MnQO, is due to the
urchinlike hierarchical MnO, submicrospherical superstructure.
The g value of 10 wt % Fe/M-MnO, is ca. 18.96 gL ™'.g”},
which is higher than 12 g-L™"-g™" of iron oxide dispersed over
activated carbon (ACK/Fe),"” ca. 3 gL 7"-g™" of titanomagne-
tite (Fe;,Ti,0,),* and ca. 2.16 gL 7"-g™" of graphene oxide
with organo-building blocks of Fe-aminoclay.'® In contrast to
iron oxide dispersed into other supports,'”*"** the highlight of
Fe/M-MnO, is that the H,0, decomposition and MB
degradation are both very rapid, which is ascribed to the
catalytic performances of the M-MnO, support toward H,O,
decomposition.

Degradation Degree of MB Solution. The temporal
evolutions of MB solution under catalysis from 10 wt % Fe/M-
MnO, were monitored with ultraviolet—visible (UV—vis)
spectrometry (Figure S4, Supporting Information). After 10
wt % Fe/M-MnO, was added, the intensities of the
characteristic peaks of MB at 614 and 664 nm decreased
rapidly within 10 min. With further elapse of reaction time, the
decrease in MB peaks continued but much more slowly.
Moreover, the bands at 614 and 664 nm became very broad
and weak. At the same time, the color of the mixture turned
shallow gray and finally became colorless. The original
absorption maximum at 664 nm shifted to 640 nm after
reaction for 10 min. The obvious blue shift of the absorption
band indicated the catalytic degradation of MB.’

Even though an obvious discoloration of the MB solution
was observed within 2 h reaction (Figure S), these data cannot
give satisfactory results for MB degradation. The mineralization
processes can transform soluble organic intermediates to CO,
and H,O. In fact, the total mineralization of an organic
compound such as MB containing C, S, and N functions leads
generallgr to the formation of CO, SO,>~, NH," and/or
NO;™.* Besides the discoloration, the mineralization of MB
solution should be given close attention from the viewpoint of
the industrial wastewater treatments.>® To gain insights into the
degradation degree of MB, chemical oxygen demand (COD)
and total organic carbon (TOC) analyses should be conducted
to evaluate the decontamination of all residual carbon-
containing metabolites. The related data are shown in Table
1. The COD and TOC removals show ascent when Fe loading
content increases, indicating that the Fe loading contributes to
MB mineralization. The COD and TOC removal rate of MB
solution under catalysis from 10 wt % Fe/M-MnO, are both
about 19%, which indicates that the MB is transformed into
soluble organic intermediates instead of undergoing complete

Table 1. Degradation Degrees of the MB Solution Catalyzed
by M-MnO, and Fe/M-MnO,

COD COD removal TOC TOC removal
(mg/L) (%) (mg/L) (%)
MB solution 190 + 2 - 46 + 2 -
M-MnO, 172 £ 2 9.5 £ 0.5 40 + 2 13.0 £ 0.5
10% Fe/M- 154 + 2 19.0 + 0.5 37+2 19.6 + 0.5
MnO,
20% Fe/M- 142 + 2 253 + 0.5 35+2 239 + 0.5
MnO,
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mineralization.>® Although no specific new UV—vis peak was
observed in the spectra of MB solution under catalysis from 10
wt % Fe/M-MnO, (Figure S4, Supporting Information), the
TOC in the solution still remained as high as 81%. This
contradiction indicates that the MB is degraded to small
organic compounds that are not detected by UV-—vis
spectrometry. Similar phenomenon has also been reported in
the literature." This result reflects that Fe/M-MnO, effectively
decolorizes MB but does not completely decompose the dye
into CO, and H,O0.

Stability Test of M-MnO, and Fe/M-MnO,. The stability
of catalysts is crucial to their application during catalytic
processes. Herein, the discoloration of the MB solution in 120
min as a function of the number of reuse times using different
catalysts was investigated, and the results are shown in Figure 6.

120 W V-0,

[ [ 10% Fe/M-MnO,
10|

I 20% Fe/M-MnO,
Neo  me NN
100 } 23 33 3 2 2

80

70

MB discoloration (%)

60

50

Used times

Figure 6. MB discoloration in 120 min as a function of reuse times of
the catalysts. Error bar = 0.3%.

The catalytic capacity of M-MnO, shows a slight decrease with
the increase of the number of use times, which results in the
loss of catalyst and damage to the hierarchical M-MnO,
superstructures. Compared with M-MnO,, the catalytic capacity
of Fe/M-MnO, ascends initially to a certain number of use
times and then descends gradually. The discoloration rate of
the MB catalyzed by 10 wt % Fe/M-MnO, arrived at the
maximum at the fourth time. However, the maximum
corresponding to 20 wt % Fe/M-MnO, was obtained at the
third time. Why does this strange phenomenon appear? This is
due to the different losses of Mn and Fe species in the reaction
medium as shown in Table 2. Mn species in Fe/M-MnO, is a
crucial factor for the velocity of H,O, decomposition while Fe
species in Fe/M-MnO, urge H,0, to produce more free
radicals. Mn and Fe species are supplementary to each other in
the catalytic wet peroxide oxidation of MB solution. Because
the leaching content of Mn in mixed solution is much larger
than that of Fe as shown in Table 2, the ratio of Fe to Mn

Table 2. Stability of the Metal Species in the Catalysts

[Mn]egected [Fe]deected [Fe]jox
catalysts (ppm) [Mn],ps (%) (ppm) (%)
M-MnO, 113 + 0.5 36 +£03 - -
10% Fe/M- 314 + 0.5 11.1 + 0.3 0.11 + 0.5 0.6 + 0.3
MnO,
20% Fe/M- 334 + 0.5 132 + 0.3 0.29 + 0.5 0.8 + 0.3
MnO,

atoms on the surface of the urchinlike MnO, submicrospheres
is increasing gradually. Consequently, the catalytic capacity of
Fe/M-MnO, for generating free radicals is strengthened but the
rate of H,0, decomposition declines. This conclusion can also
be supported by the experimental phenomenon that the time of
bubble production is prolonged with the increase in the
number of use times. Although the reaction time was 120 min,
tiny bubbles were produced at the fifth time of the MB
degradation experiment catalyzed by Fe/M-MnO,. This shows
that the reaction is continuing. Therefore, the change of MB
discoloration percentage in 120 min as a function of the
number of reuse times using Fe/M-MnO, as catalyst derives
mainly from the change of Fe/Mn ratio on the surface of Fe/
M-MnO, submicrospheres.

Another important point in the oxidation process that
involves a heterogeneous catalyst is the stability of the active
species during the reaction.*” The dissolubility of Mn and Fe
species in solution is also selected as an index to assess the
catalytic stability of the catalyst. Table 2 shows the
concentration of Mn and Fe species in the reaction medium
in the presence of different catalysts. The concentration of Mn
ions in mixed solution in catalysis from M-MnO, is 11.3 mg/L
while the concentration of Mn ions in mixed solution under
catalysis from Fe/M-MnO, is nearly three times as much as
that of M-MnQO,. The increase of Mn loss is ascribed to the
situation that the Fe replaces Mn in MnO, lattice and new
dissoluble Mn species form on the surface of Fe/M-MnO,
submicrospheres. This deduction is further supported by the
contrast of 10 wt % and 20 wt % Fe/M-MnQO,. The Mn and Fe
loss from 20 wt % Fe/M-MnQ, are both little more than those
of 10 wt % Fe/M-MnO,. The Fe loss from Fe/M-MnO, in the
reaction medium seems to be too small for consideration. The
above metal iron leaching tests indicate the remarkable stability
of the prepared Fe/M-MnO, composites in the reaction
medium.

Reaction Mechanism. The low concentrations of dissolved
Fe and Mn shown in Table 2 indicate that the whole
decomposition process is a heterogeneous Fenton reaction. To
further verify this conclusion, the solutions in reusability
experiments are filtered to remove the solid catalysts and used
as the catalyst for the CWPO of MB solution. The
corresponding discoloration efficiencies for MB solution are
shown in Table 3. The filtered solutions of M-MnO, + H,0, +

Table 3. Catalytic Performances of the Filtered Solutions in
the M-MnO, + H,0, + MB System and Fe/M-MnO, + H,0,
+ MB System

catalysts C1 Cc2 C3 C3-2
MB 12 + 0.3% 3.1 +0.3% 5.3 + 0.3% 9.0 + 0.3%
degradation

MB system, 10 wt % Fe/M-MnO, + H,0, + MB system, and
20 wt % Fe/M-MnO, + H,0, + MB system at the first time, 20
wt % Fe/M-MnO, + H,0, + MB system at the second time,
are designated as Cl, C2, C3, C3-2, respectively (see
Supporting Information). The MB discoloration efficiency
grows with increasing Fe concentration in the filtered solution,
but the maximum discoloration is merely 9%, indicating that
the catalytic performance of the filtered solution is very poor. In
contrast to the corresponding catalysts described in Figure 6, it
is easy to conclude that the M-MnO, + H,0, + MB system and
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Fe/M-MnO, + H,0, + MB system are both heterogeneous
catalytic systems instead of homogeneous catalytic systems.
Further development of the Fe/M-MnO, composites
requires a clear understanding of the oxidative degradation
mechanism of MB with H,O, as oxidant. Zhang et al
confirmed that the destructive oxidation of MB occurs on or
near the catalyst surface whereby the in situ-produced free
radical species (e.g, ‘OH, HOO-, or O,-7) rather than O, serve
as oxidizing agents.” Herein, the quenching experiment for -OH
is conducted to confirm the presence of -OH in the reaction
medium. Three milliliters of 98 wt % tert-butyl alcohol, a strong
radical scavenger (the reaction rate with hydroxyl radicals is
3.8-7.6 X 10° M~! s!7),>*** is added into the solution mixture
of MB (50 mL, 100 mg/L) and the catalysts (25 mg of M-
MnO, or Fe/M-MnO,) before adding H,0, solution (10 mL,
30%) and then reacted for 60 min under controlled pH = 6—7
and temperature T = 25 °C. Figure 7 indicates that the MB

I Addition of high-purity water
Il Addition of tert-butyl alcohol
100 949
=
-’
= 80
=
=
£
5 60
p—
=
Q9
L 40
=
[aa]
= 20
0

M-MnO,+H;0,+MB Fe/M-MnO,+H,0,+MB

Figure 7. Effect of tert-butyl alcohol additions on MB degradation.
Error bar = 0.3%.

discoloration is markedly inhibited by tert-butyl alcohol,
indicating that the hydroxyl free radicals are mainly responsible
for the removal of MB. The addition of tert-butyl alcohol
markedly reduced the removal efficiency of MB in M-MnO, +
H,0, + MB system with a decrease of 43.9% while the
decrement of MB removal in Fe/M-MnO, + H,0, + MB
system was 31.7%, suggesting the Fe/M-MnO, accelerated the
H,0, transformation into -OH free radicals.

An improved adsorption—oxidation—desorption mechanism
is proposed. First, the MB molecules and H,0, are adsorbed on
the surface of the urchinlike MnO, hollow submicrospheres.
Second, H,0, is decomposed by the highly active catalyst. The
H,0, decomposition in the M-MnO, + H,0, + MB system is

summarized in eqs 1 and 2 according to previous literature:>°
MnO,

H,0, — H,0 + O, (1)
MnO,

H,0, — 2-0OH (2)

The main reaction, eq 1, is very rapid, and most O, escapes
from the reaction medium instead of participating in the
reaction: R—H + O, — R- + HO,- (R—H is organic matter).
However, the secondary reaction, eq 2, is very slow so only a
small production rate of free radicals is obtained. According to
previous reports on catalytlc decomposition of hydrogen
peroxide on iron oxides,'>*°

H,0, + = Fe’* — HO,- + H" + = Fe’*

H,0, + = Fe’™ — -OH + = Fe’* + OH~

Fe substitution in Fe/M-MnO, can clearly increase the rate
constant of reaction 2 and urge H,0, to produce more free
radicals for MB degradation, leading to the enhancement of
catalytic activity of M-MnO,.

The nascent free radical species have high oxidizing ability
and can cause destructive oxidation of refractory organic

(0}

v

(Hg
(H3

HO

oH
// N\ \/\
\N \ & \ \N+
| \
CH, I CH;
I OH
3( ~ CH
°N S N
| CH,
CH; 111 OH
. CO, + H,0
+ NO; + SO/*
x _-CH;
S
CH,

Figure 8. A possible degradation path for MB in the Fe/M-MnO, + H,0, + MB system.
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pollutants.>*”*® The reactions of free radicals in MB

degradation can be summarized in the following sequential
equations:

R-H + -OH — R -+ H,0
R -+ O, - ROO:
ROO-(R'C(0)0) — R’ -+ CO,

As a result, R—H would be destructed by free radicals to
produce smaller organic compounds. To provide further insight
into the degradation intermediates of MB, the MB solution and
filtered solutions (C1 and C2, see the Supporting Information)
were investigated by FTIR spectroscopy (Figure SS, Supporting
Information). As shown in the spectrum of the initial MB
solution, the peak at 1385 cm™" represents the C—N stretching
vibration of —N—(CHj,),. Four small peaks located at 1450,
1500, 1580, and 1605 cm™* correspond to bending vibrations of
the benzene ring. The results originate from the characteristic
molecular structure of MB. The broad peak at 3448 cm™ is due
to the presence of the -OH group of an adsorbed water
molecule. The spectrum of C1 verifies that the intensities of the
characteristic peaks of MB decline and new small peaks arise
around 1700—1720 cm™!, indicating the presence of remnant
MB and the appearance of a C=0 vibration in some carboxylic
acid, aldehydes, or ketones. The M-MnO, + H,0, + MB
system has realized the preliminary conversion of MB. The
spectrum of C2 has no characteristic absorption peaks of a
benzene ring, —CHj (three characteristic peaks at 1450, 2692,
and 2872 cm™'), and C—N, but there are new peaks located at
585, 856, 1006, and 1068 cm™!. The peaks around 856 imply
the presence of a NO;™ or C—O vibration of a carboxylic acid,
while the peaks in the range of 1000—1200 cm™" result from
the C—O stretching vibration of alcohol or ether. The above
results suggest that the benzene ring of MB in the Fe/M-MnO,
+ H,0, + MB system is destroyed and intermediates with
smaller molecular weights such as carboxylic acids and alcohols
are formed instead of complete mineralization.

A similar conclusion is obtained from the FTIR spectra,” ESI-
MS trap mass spectroscopy,®”*' HPLC,*® or HPLC-MS* in
the CWPO of refractory organic pollutants. Oliveira et al.
proposed the degradation path of MB by calculation of the
Gibbs free energy of the intermediates.*”*® Their study
indicates that MB is transformed into small organic compounds
at first and then further degrades into CO, and H,0. So a
possible degradation path for the CWPO of MB is deduced
according to FTIR analysis and previous reports.’>>” Due to
strong oxidizing capacity and the electrophilic addition property
of -OH, the -OH initially attacks the benzene ring, having a
higher electron density, in the reaction with aromatic
compounds.®”*® Rearrangement of covalent bonds can occur
in the aromatic ring system. Usually, a 1,2- or 1,5-hydrogen
atom transfer occurs to form the benzoquinone structure as
shown in Figure 8 (IV). This benzoquinone structure is very
unstable; the C—C chemical bond near the carbonyl is
destructed by -OH to produce —COOH or ROO- as shown
in Figure 8 (V). Thus, the main intermediates from MB
degradation are carboxylic acids such as butenedioic acid. These
intermediates would be oxidized persistently by free radicals.
When the dosage of H,0, is too small to completely mineralize
aromatic compounds, MB would havd priority for removal, and
the degradation reaction would go to the end in the acid
production phase. Although these new insights obtained in this
study are beneficial for constructing the degradation mecha-
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nism for MB, further investigation on the reaction mechanism
of the catalytic wet hydrogen peroxide oxidation process is
necessary.

4. CONCLUSIONS

In summary, a novel catalyst, Fe-species-loaded mesoporous
manganese dioxide (Fe/M-MnO,) urchinlike superstructures,
has been successfully prepared for the degradation of organic
contaminants in wastewater via a heterogeneous Fenton
mechanism. The hierarchical M-MnO, urchinlike super-
structures have been first synthesized by means of a facile
and environmental friendly method on a soft interface between
CH,Cl, and H,0O without templates. The hierarchical urchin-
like superstructure consists of e-MnO, hollow submicrospheres
with size ranges from 200 to 500 nm. The average pore
diameter, mesoporous volume, and specific surface area are
respectively 5.87 nm, 0.451 cm*g ™", and 219.3 m*-g~". The M-
MnO,-supported Fe catalysts (Fe/M-MnO,) have been
fabricated through incipient wetness impregnation and
calcination. EDX microanalysis indicates the availability of Fe
loading processes and the homogeneity of Fe in Fe/M-MnO,.
The specific surface area, pore volume, and average pore
diameter of Fe/M-MnO, are 129.1 mz-g_l, 0.355 crn3-g_1, and
6.85 nm, respectively. Compared with M-MnO,, the catalytic
performance of Fe/M-MnO, is much better, with an increase of
23% in the degradation of MB, and exhibits excellent
performance in the catalytic wet hydrogen peroxide oxidation
of MB. When the reaction was conducted for 120 min, ca.
94.8% of MB was decomposed. The consumption of MB
caused by 1 g of catalyst and 1 L of 30 wt % H,O, solution
could reach up to 18.9 g. In contrast to iron oxide dispersed
into other supports, the highlight of Fe/M-MnO, is that the
H,0, decomposition and MB degradation are both very rapid.
The remarkable stability of this Fe/M-MnO, catalyst in the
reaction medium has been confirmed by the iron leaching test
and reuse experiments. Mechanism analysis revealed that the
hydroxyl free radical (-OH) is mainly responsible for the
removal of MB in the heterogeneous catalytic system catalyzed
by M-MnO, and Fe/M-MnO,. MB is transformed into small
organic compounds and then is further degraded into CO, and
H,O0. The new insights obtained in this study are beneficial for
the practical applications of heterogeneous catalysts in
wastewater treatments.
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