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Layered birnessite-type manganese oxides (Na-OL-1) were prepared via a redox reaction involving
MnO4

− and Mn2+ under markedly alkaline conditions. According to the XRD analysis, the resulting mate-
rial exhibited a well-crystallized octahedral layer (OL) structure with several different phases, including
�-MnOOH, �-MnOOH and �-Mn3O4. The catalyst was highly effective for the decolorization and degra-
dation of methylene blue (MB) in the presence of H2O2 at neutral pH. The tested MB was completely
decolorized in Na-OL-1 suspension by the fraction dosing of H2O2 (556.5 mM at the beginning and then
a-OL-1
ultivalent manganese oxides
ethylene blue
ecolorization

183.8 mM at 40 min). Based on the studies of electron spin resonance and the effect of radical scavengers,
the 1O2 and O2

•− were the main reactive oxygen species (ROS) in the reaction. It was found that both
oxygen and ROS were generated from the decomposition of H2O2 in Na-OL-1 suspension, wherein the
decomposition pathways were proposed. The generation of H2O2 in Na-OL-1 suspension at air atmo-
sphere indicated that the existence of multivalent manganese oxides greatly enhanced the interfacial
electron transfer, leading to the high activity of Na-OL-1.
. Introduction

Methylene blue (MB), one of the colored organic compounds, is
he most commonly used substance for dying cotton, wood and silk.
owever, it can result in permanent burns to the eyes of human
nd animals, nausea, vomiting, profuse sweating, mental confu-
ion and methemoglobinemia [1]. Therefore, the removal of MB
as attracted considerable attention in the environmental field.

Advanced oxidation technologies for wastewater treatment
ave attracted attention due to the generation of highly potent
hemical species (•OH, O2

•−, etc.). One of them is the classic Fen-
on process (dissolved Fe(II) and H2O2) [2], which is capable of
egrading organic pollutants into harmless chemicals such as CO2
nd H2O. However, the application of traditional Fenton reaction is
imited by the narrow working pH range (<4) [3,4], separation and
ecovery of the iron species specially in industrial wastewater treat-
ent [5]. To overcome these drawbacks, some efforts have been
ade to develop heterogeneous Fenton systems [6,7] and many

eterogeneous Fenton-like catalysts have been reported, such as
ron oxides [8–12], iron-immobilized zeolites [13], clays [14,15],

nd carbon materials [16,17]. In comparison with the traditional
on Fenton catalysts, the heterogeneous catalysts can be used over
wider pH range for the degradation of organic pollutants. How-

∗ Corresponding authors. Tel.: +86 10 62849628; fax: +86 10 62923541.
E-mail addresses: huchun@rcees.ac.cn (C. Hu), ylnie@rcees.ac.cn (Y. Nie).
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oi:10.1016/j.jhazmat.2011.03.120
© 2011 Published by Elsevier B.V.

ever, the better catalytic performance is dependent on the presence
of ultrasonic and/or UV light irradiation to accelerate the electron
transfer at the interface of catalyst and water.

Since the electron transfer process exists in the Fenton reac-
tion, the catalysts with accessible multiple oxidation states should
have an excellent Fenton performance. Due to the various oxidation
states of Mn element, manganese oxides (�-MnO2, �-MnO2 and
�-MnO2) have wide application in many fields [18,19]. Birnessite-
type manganese oxide is an octahedral layer (OL) material with
cations and water in the interlayer space of negatively charged
layers of edge-sharing MnO6 octahedral containing mixed valence
states of Mn (Mn4+, Mn3+, Mn2+ ions) and oxygen vacancies [20,21].
This material has been applied for the adsorption of heavy metal
cations [22], catalytic oxidation of alcohols/CO [23] and decom-
position of the organic sulfur compounds [24]. More recently,
OL-1 materials have been used in the electrocatalytic oxidation
of styrene under voltage, O2 and H2O2 [25]. Moreover, it has
been reported that the active radicals are generated in manganese
oxide-H2O2 systems [26–29], such as •OH in Mn3O4/SBA-15 sys-
tem [26], O2

•−, HO2
•, H in �-MnO2/H2O2 system [27], O2

•−/HO2
•

in pyrolusite-H2O2 system [28], and O2
•− in acid birnessite-H2O2

system [29]. Therefore, OL-1 material should be a forceful candidate
as Fenton catalyst for the effective removal of organics present in

water.

The objective of this study was to investigate the Fenton-like
catalytic performance of OL-1 materials for the decolorization
of MB under natural conditions. In the present study, layered

dx.doi.org/10.1016/j.jhazmat.2011.03.120
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
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irnessite-type manganese oxides (Na-OL-1) were prepared via a
edox reaction involving MnO4

− and Mn2+ under markedly alkaline
onditions. The resulting material was found to be highly effec-
ive for the decolorization of MB with H2O2 as oxidant at neutral
H. The Fenton-like reaction mechanism was also investigated by
etermining the reactive oxygen species in Na-OL-1/H2O2 system.

. Experimental

.1. Reagents

Methylene blue (MB), potassium permanganate (KMnO4) and
otassium bromide (KBr) were obtained from Beijing Yili Company.
odium hydroxide (NaOH), manganese(II) acetate tetrahydrate
Mn(Ac)2·4H2O), H2O2 (30%, w/w), sodium azide (NaN3) and p-
enzoquinone were purchased from Sinopharm Chemical Reagent
o. Ltd. The reagent, t-butanol was provided by Tianjin Fuchen
ompany. 5,5-Dimethyl-1-pyrroline-N-oxide (DMPO) was sup-
lied by Sigma. All chemicals were at least analytical grade.
eionized water was used throughout this study.

.2. Preparation of Na-OL-1

The catalyst was prepared via a preciously reported redox pro-
ess [30]. In a typical procedure, a solution of Mn(Ac)2·4H2O was
dded slowly to a NaOH solution under vigorous magnetic stir-
ing. A pink Mn(OH)2 gel was then formed. A KMnO4 solution
MnO4

−/Mn2+ = 0.335) was added slowly to the above gel under
ontinuous stirring. Subsequently, a brownish black suspension or
el was generated at [OH−] = 2.83 M. The mixtures were kept at
5 ◦C in ovens for aging 4 days. After being filtered, washed and
ir-dried at 60 ◦C, a brownish-black product denoted as Na-OL-1
as finally obtained.

.3. Characterization

The powder X-ray diffraction (XRD) pattern of the catalyst was
ecorded on a Scintag-XDS-2000 diffractometer with Cu K� radia-
ion (� = 1.540598 Å). The generator voltage and tube current used
ere 40 kV and 40 mA, respectively. The 2� ranged from 10◦ to

0◦. The crystalline size was estimated via the Scherer equation.
eactive oxygen species were detected by electron spin resonance
ESR) spectroscopy using DMPO as a spin trap agent. The reac-
ion mixture for ESR measurement contained 1.0 mL ultra-pure
ater, 0.5 mL H2O2 (30%, w/w) and 10 mg Na-OL-1. Immediately,

00 �L of the above suspension were mixed with 20 �L 0.2 M
MPO. The ESR spectra were obtained using a Bruker model ESP
00E electron paramagnetic resonance spectrometer (center field:
480.00 G; microwave frequency: 9.79 GHz; and power: 5.05 mW).

.4. Procedures and analysis

The catalytic reaction was carried out at ambient atmosphere.
n a typical experiment, 10 mg Na-OL-1 powders were dispersed
n 50 mL MB solution (30 mg L−1). The solution pH (ca. 7.60) was
early unchanged during the catalytic reaction. Prior to the addi-
ion of H2O2, the suspensions were magnetically stirred for about
0 min to establish the adsorption/desorption equilibrium between
he dye and catalyst. Then, a certain amount of H2O2 was added to
he above suspensions under continuous magnetic stirring. At given
ime intervals, 2 mL aliquots were collected and immediately cen-
rifuged to remove the catalyst for analysis. The supernatant was

nalyzed by recording variations at the wavelength of maximum
bsorption using a Hitachi UV-3010 UV-visible spectrophotome-
er. The SO4

2− and NO3
− ions were determined by 861 advanced

ompact ion chromatography (Metrohm, Switzerland).
Fig. 1. XRD pattern of the synthesized catalyst: (*) Na-Birnessite; (�) Feitknechtite;
(�) Groutite; (©) Hausmannite.

All of the above experiments were repeated three times and
each data represented the average of the triplicates with a standard
deviation less than 5%. In addition, the difference of the MB decol-
orization efficiency in Na-OL-1/H2O2 suspension with and without
t-butanol was also measured by performing ANOVA. The signifi-
cance level of the statistical hypothesis test was ˛ = 0.05.

Samples for FT-IR analysis were prepared by the following pro-
cedure. The suspensions before and after reaction were filtered to
remove Na-OL-1 particles. The filtrates were evaporated by freeze-
drying method. For FT-IR measurement, the dry residues were
supported on KBr pellets at a fixed weight ratio (0.7%), respec-
tively. The infrared spectra were recorded on Bruker Tensor 27 FTIR
Spectrophotometer.

H2O2 (30%, w/w) concentration was determined by the titration
of KMnO4.

3. Results and discussion

3.1. Characterization of Na-OL-1

The XRD pattern of as-prepared Na-OL-1 was shown in Fig. 1.
The characteristic peaks at 002, 212, 144 and 161 marked with
asterisks (*) were assigned to a well-crystallized Na-Birnessite
(JCPDS 23-1046) [31]. Moreover, the peak at 002, representing the
Mn–Mn distance from adjacent layers, was especially significant.
The peaks at 2� of 19.5◦ (�), 33.4◦ (�), and 49.5◦ (©) should be
attributed to Feitknechtite �-MnOOH phase (JCPDS 18-0804) [32],
Groutite �-MnOOH phase (JCPDS 24-0713) [33], and Hausman-
nite �-Mn3O4 phase (JCPDS 24-0734) [34], respectively. The results
indicated that Mn element with multiple oxidation states (Mn4+,
Mn3+ and Mn2+) existed in Na-OL-1. Furthermore, the average size
of the catalyst was 17.7 nm based on the calculation with Scherer
equation. All the results above indicated that Na-OL-1 with mixed
valences and nanostructure was successfully prepared.

3.2. Catalytic performance of Na-OL-1

The Fenton catalytic activity of Na-OL-1 was evaluated by the
oxidation of MB with H2O2 in aqueous solution. The time pro-
files of MB decolorization under various reaction conditions were
displayed in Fig. 2. Neither as-prepared Na-OL-1 nor H2O2 alone

showed significant activity for MB decolorization for 60 min. In
contrast, remarkable MB decolorization occurred in Na-OL-1/H2O2
suspension and about 90% of MB was decolorized within 20 min at
neutral pH. Moreover, the major absorption peak of MB at 664 nm
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Fig. 2. Decolorization of MB (30 mg L−1) under different conditions: (a) Na-OL-1
(0.2 g L−1); (b) H2O2 (556.5 mM); (c) Na-OL-1 + H2O2. Error bars represent the stan-
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aromatic breakdown products and inorganic species.
In addition, the production of SO4

2− and NO3
− during the MB

decolorization process in Na-OL-1/H2O2 suspension at 60 min was
ard error of the mean for three replicates.

ecreased rapidly with the reaction time (Fig. S1). The results indi-
ated that the characteristic structure of MB was destroyed [19]
nd the higher reactive activity came from the interaction between
a-OL-1 and H2O2. As shown in Fig. 3, with the H2O2 concen-

ration increasing from 0 to 919.8 mM, the decolorization rate of
B increased and reached to a stable value even when the H2O2

oncentration was more than 556.5 mM. The results indicated that
here was a critical H2O2 dosage and the decolorization rate would
ot increase when a concentration higher than the critical concen-
ration was used because of the scavenging effect of H2O2 [35]. The
2O2 concentration was thereby an important factor for MB decol-
rization in Na-OL-1 suspension. However, in all the experiments,
he complete decolorization of MB was not observed. Oppositely,
he decolorization of MB from 88.6% to 98% occurred when an
dditional 183.8 mM H2O2 was added at 40 min after 556.5 mM
2O2 being completely decomposed (curve e). Furthermore, Fig. 4

howed the decomposition of H2O2 in Na-OL-1/H2O2 suspension
uring the MB decolorization process. Clearly, H2O2 was quickly
nd completely decomposed within 20 min, leading to the MB
ecolorization stopping in the latter reaction time.
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ig. 3. Effect of initial concentration of H2O2 on decolorization of MB (30 mg L−1)
n Na-OL-1 (0.2 g L−1) suspensions: (a) 0 mM; (b) 183.8 mM; (c) 556.5 mM; (d)
19.8 mM; (e) 556.5 mM in the beginning and then 183.8 mM at 40 min. Error bars
epresent the standard error of the mean for three replicates.
Fig. 4. Changes of the H2O2 (a) and MB (30 mg L ) (b) concentration in Na-OL-1
(0.2 g L−1) suspensions with H2O2 (556.5 mM). Error bars represent the standard
error of the mean for three replicates.

3.3. Degradation characteristics of MB

Fig. 5 showed the FT-IR spectra changes of MB in Na-OL-1/H2O2
suspension with reaction time increasing. In curve a, the peaks
at 1601 and 1396 cm−1 were assigned to C N and C–N bond in
the heterocycle of MB, respectively [36], while the peaks at 1356
and 1337 cm−1 were attributed to the C–N bond connected with
benzene ring and N–CH3 bond [37,38]. As shown in curve b, these
characteristic peaks disappeared after reaction for 60 min. Mean-
while, the new peaks at 1633 and 1382 cm−1 attributed to the
stretching vibrations of N O bond, N–O bond and N–H bond [39,40]
appeared. And the peaks at 1178 and 1142 cm−1 corresponded to
C S and C–S vibrations shifted to 1150 and 1118 cm−1, respec-
tively. The results indicated that the structure of MB had been
destroyed. Moreover, the above peak intensities continued decreas-
ing and even disappeared after reaction for 120 min when the other
part of 183.8 mM H2O2 was added at 40 min after 556.5 mM H2O2
being completely decomposed. The results implied the disappear-
ance of the parental MB structure and the generation of its primary
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Fig. 5. Changes of FT-IR spectra during the degradation of MB (30 mg L−1) in Na-
OL-1 (0.2 g L−1) suspensions with H2O2: (a) 0 min; (b) after 60 min reaction with
556.5 mM H2O2 added; (c) after 120 min reaction with first 556.5 mM and at 40 min
183.8 mM H2O2 added.
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Fig. 8. Decolorization of MB (30 mg L−1) in the presence of Na-OL-1 suspensions
ig. 7. DMPO spin trapping ESR spectra recorded in the dark at ambient temperature
n Na-OL-1 suspensions (A) with and (B) without H2O2. ROS signals in the spectrum
A): (*) •OH, (�) 1O2, (�) O2

•− .

lso detected by ion chromatography. As shown in Fig. 6, the SO4
2−

oncentration increased with the increase of H2O2 dosage. About
7% of the total sulfur content was converted into SO4

2− ions
hen 183.8 mM H2O2 was added at 40 min after 556.5 mM H2O2

eing completely decomposed. Under the same conditions, about
mg L−1 NO3

− was generated from about 7% of the total nitro-
en content. The results indicated that MB could be completely
ecolorized and partly degraded in Na-OL-1/H2O2 suspension.

.4. Reaction mechanism

To ascertain the possible reaction mechanism, DMPO spin-trap
SR was performed to detect the reactive oxygen species (ROS)
nvolved in the Na-OL-1/H2O2 system. As shown in Fig. 7, three
haracteristic peaks of DMPO-1O2 adduct, six characteristic peaks
f DMPO-O2

•− adduct, and four characteristic peaks of DMPO-•OH
dduct were observed in Na-OL-1 suspension with H2O2, while no

ignificant signals attributed to ROS were observed in Na-OL-1 sus-
ension. The evidence indicated that 1O2, O2

•− and •OH radicals
ere generated in Na-OL-1 suspension with H2O2. However, Fur-
an et al. [29] found that •OH was not formed in a birnessite-H2O2
(0.2 g L−1) and H2O2 (556.5 mM) with (a) no scavenger added, (b) 10 mM t-butanol,
(c) 100 mM p-benzoquinone, (d) 100 mM NaN3. Error bars represent the standard
error of the mean for three replicates.

system, and suggested that the •OH adduct observed in the sys-
tem was actually the decomposition product of superoxide adducts.
Therefore, to further verify the existence and roles of these ROS in
Na-OL-1/H2O2 suspension, the effects of various radical scavengers
on the rate of MB decolorization were investigated. Sodium azide,
p-benzoquinone and t-butanol were selected as 1O2, O2

•− and •OH
radical scavengers, respectively [41,42]. As shown in Fig. 8, the
decolorization of MB was almost completely depressed in the pres-
ence of sodium azide and only 10% of MB was decolorized within
60 min, while the addition of p-benzoquinone also significantly
inhibited the decolorization of MB. Although there was no signifi-
cant difference in MB decolorization in Na-OL-1/H2O2 suspension
with and without t-butanol, t-butanol had a little influence on the
decolorization of MB. These results confirmed that 1O2 and O2

•−

were the main ROS in the decolorization of MB in Na-OL-1/H2O2
suspension, while •OH played a little role.

As shown in Fig. 4, H2O2 in Na-OL-1 suspension was quickly
decomposed within less than 30 min and a large number of bub-
bles were also observed. As shown in Fig. S2, the bubbles were
verified to be oxygen gas by the burning of the paper slip with
sparks. Moreover, the produced oxygen gas was measured quanti-
tatively in Fig. S3. These results suggested that H2O2 decomposition
in Na-OL-1/H2O2 suspension took place by two possible reaction
pathways: (1) the surface oxygen vacancies mechanism and (2) the
radicalar mechanism. The same mechanism has been reported in
the previous work [43]. In addition, in Na-OL-1 suspension under
oxygen atmosphere, H2O2 was also generated and its concentra-
tion increased significantly with the addition amount of Na-OL-1
(Fig. 9), indicating that two-electron transfer occurred from Na-
OL-1 (Mn3+/Mn4+ → Mn2+/Mn3+) to oxygen. Since dissolved oxygen
was responsible for the generation of singlet oxygen [44], singlet
oxygen was then most likely generated from the reaction between
Na-OL-1 and the nascent oxygen, other than H2O2. In light of the
experimental data and a review of the literature [43], both H2O2
decomposition pathways were proposed in the Na-OL-1 suspen-
sion.

Mn3+/Mn4+ + H2O2 → Mn2+/Mn3+ + O2
•− + 2H+ (1)

O2
•− + H2O → •OH + H2O2 (2)

Mn2+/Mn3+ + O2
2e−→Mn3+/Mn4+ + H2O2 (3)
Mn3+/Mn4+ + O2 → Mn2+/Mn3+ + 1O2 (4)

Therefore, the multiple oxidation states of manganese oxides in
Na-OL-1 could greatly accelerate the interfacial electron transfer
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45] and promote the reaction efficiency of Na-OL-1 with H2O2 and
2 (reaction 1-4), resulting in the high activity for MB decoloriza-

ion in Na-OL-1/H2O2 system.

. Conclusion

The Na-OL-1 was a well-crystallized octahedral layer (OL) struc-
ure with several different phases, including �-MnOOH, �-MnOOH
nd �-Mn3O4. The catalyst exhibited high activity for the decol-
rization and degradation of methylene blue in the presence of
2O2 at neutral pH. The tested MB was completely decolorized in
a-OL-1 suspension by the fraction dosing of H2O2. 1O2 and O2

•−

ere the main reactive oxygen species in the reaction by the stud-
es of electron spin resonance and the effect of radical scavengers. It

as found that H2O2 was quickly decomposed into oxygen and ROS
n Na-OL-1. Both pathways of H2O2 decomposition were proposed
ased on different experimental results, indicating that multivalent
anganese oxides in Na-OL-1 enhanced the interfacial electron

ransfer, leading to its high reactivity.
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