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a b s t r a c t

Ordered mesoporous manganese oxide (m-MnOx) which consists of catalytic active MnO2 and Mn2O3

phases has been successfully synthesized by a simple template casting method. The as-prepared m-
MnOx sample exhibited excellent catalytic activity on the degradation of tetraethylated rhodamine (RhB)
dye. The degradation efficiency was found greatly influenced by the catalyst concentration, the reaction
temperature and the pH value of the reaction system. The decrease of chemical oxygen demand (COD)
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value was also observed along with the decolorization indicating the mineralization of the dye.
© 2010 Elsevier B.V. All rights reserved.
ineralization

. Introduction

Synthetic dyes are extensively used today in not only the tradi-
ional textile and dyeing industries but also in new areas such as
ood, pharmaceutical, cosmetics, imaging biological samples, liquid
rystals, lasers, solar cells, as well as optical data discs and computer
ndustries [1]. These dyes being discharged into water bodies cre-
te severe environmental pollution problems by releasing toxic and
otential carcinogenic substances for aquatic life as well as humans.
herefore, an effective treatment is environmentally important for
he dye-containing effluents before they are discharged. Although
he conventional physical processes such as precipitation, adsorp-
ion, air stripping, flocculation, reverse osmosis and ultrafiltration
an be used for color removal from dye effluents [2–5], these tech-
iques are non-destructive and giving rise to new type of pollution
hich needs further treatment [6–8]. Other conventional treat-
ents based on biological process are destructive for dyes but

sually ineffective because high molecular weight compounds are
ot easily degraded by bacteria [9].
Recent studies for dye removal from water have led to the devel-
pment of catalytic oxidation process [10–12]. These processes
nvolve chemical, photochemical or electrochemical techniques to
ring about efficient chemical degradation of organic pollutants.

∗ Corresponding author. Tel.: +86 21 5241 5295; fax: +86 21 5241 3122.
E-mail address: wzwang@mail.sic.ac.cn (W. Wang).

381-1169/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcata.2010.01.006
Among the various catalysts used, manganese oxides have received
great attention since they contain various types of labile oxygen,
which are necessary to complete a catalytic cycle. Besides the cat-
alytic oxidation of organic dyes [13–15], manganese oxides have
other widely applications as catalyst, e.g., the decomposition of
ozone [16,17] and H2O2 [18,19], the oxidation of carbon monoxide
[20,21], the low-temperature selective catalytic reduction of NO
with ammonia [22–24] and the catalytic oxidation of other organic
compounds [25–27], etc. As is well known, the catalytic perfor-
mance is significantly influenced by the surface area that directly
determines the number of active sites [28,29]. Mesoporous man-
ganese oxides with high surface area are very attractive. Especially,
ordered mesoporous structures may exhibit much enhanced cat-
alytic activity with continuous pore channels which facilitate the
transfer of reactant molecules.

The dye under consideration is RhB. It is widely used in
textiles, leathers and food stuffs with high water solubility.
The objective of this study was to investigate the catalytic
oxidation of RhB by mesoporous manganese oxides. The as-
prepared mesoporous sample exhibits much higher catalytic
activity than nonporous sample under the same conditions.
The extent of dye decomposition was monitored using UV–vis

spectroscopic techniques. The effects of the key operating vari-
ables, such as catalyst concentration, pH of the reaction solution,
and reaction temperature on the rate of RhB decomposition
were studied. The decrease of chemical oxygen demand (COD)
value was also observed in the present study which further

http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:wzwang@mail.sic.ac.cn
dx.doi.org/10.1016/j.molcata.2010.01.006
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and the electric current were held at 40 kV and 100 mA. The scan-
ning electron microscope (SEM) characterizations were performed
on a JEOL JSM-6700F field emission scanning electron microscope.
The transmission electron microscope (TEM) analyses were per-
ig. 1. Small-angle XRD patterns of (a) mesoporous cubic KIT-6 silica and (b) the a
-MnOx sample (silica-free), and (d) EDS result of the as-prepared m-MnOx sample

roved the mineralization of the RhB dye by the m-MnOx sam-
le.

. Experimental

.1. Sample preparation

Mesoporous silica with cubic Ia3d symmetry (KIT-6) was pre-
ared according to the reference using tri-block copolymer Pluronic
123 (EO20PO70EO20) as template in an acidic aqueous solution
30]. Typically, 4 g of P123 was dissolved in 146.6 g of distilled H2O
nd 6.6 mL of concentrated HCl (35%). The mixture was stirred for
everal hours at 35 ◦C till a homogeneous solution was formed.
hen 4 g of n-butanol was added under stirring. 9 mL of tetraethyl
rthosilicate (TEOS) was finally added and stirred for 24 h at the
ame temperature. The mixture was heated at 100 ◦C for 24 h under
tatic conditions for the hydrothermal treatment followed by filtra-
ion, washing, drying at 60 ◦C in air, and calcination at 550 ◦C for 5 h.

Ordered mesoporous MnOx was prepared by a hard template
eplicating technique. Typically, 0.5 g of mesoporous KIT-6 was dis-
ersed in 20 mL of n-hexane. After stirring at room temperature
or 5 h, 0.4 mL of 50% Mn(NO3)2 solution and 0.1 mL of deionized
ater were added under stirring. After the mixture was evapo-

ated gradually, the samples were calcined at 400 ◦C for 3 h to
ive a decomposed product of manganese oxides inside the silica
emplate. The silica template was removed by 2 M NaOH solution

nder stirring. After washing with enough distilled water and dry-

ng at room temperature, the mesoporous MnOx sample named as
-MnOx was obtained. For comparison, the manganese oxide with-

ut using template was also obtained by decomposing Mn(NO3)2
irectly and was named as nm-MnOx.
ared m-MnOx sample (silica-free), (c) wide-angle XRD pattern of the as-prepared

2.2. Characterization

The purity and the crystallinity of the as-prepared samples were
characterized by powder X-ray diffraction (XRD) on a Japan Rigaku
Rotaflex diffractometer using Cu K� radiation while the voltage
Fig. 2. Nitrogen sorption isotherms of nm-MnOx (a) and m-MnOx (b). Inset: the
corresponding pore size distribution of the m-MnOx sample.
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Fig. 3. SEM images (a and b) and TEM imag
ormed by a JEOL JEM-2100F field emission electron microscope.
nergy-dispersive X-ray spectrum (EDS) was collected from an
ttached Oxford Link ISIS energy-dispersive spectrometer. The N2
orption measurement was performed using Micromeritics Tristar

ig. 4. Effect of catalyst concentration on decolorization efficiency of RhB (RhB
oncentration: 10−4 M, temperature 30 ◦C, pH 2.3).
nd d) of the as-prepared m-MnOx sample.

3000 at −196 ◦C. The specific surface area and the pore size distri-
bution were calculated using the Brunauer–Emmett–Teller (BET)
and Barrett–Joyner–Halenda (BJH) methods, respectively.

2.3. Catalytic test

The catalytic degradation of RhB was carried out using a bath-
type reactor under atmospheric condition. In a typical reaction
run, a 100 mL of 10−4 mol/L RhB solution, previously adjusted to
a fixed pH value with diluted HNO3, was added to a 250-mL glass
flask containing a certain amount of MnOx catalyst. The suspen-
sions were then heated to the reaction temperature (30–100 ◦C)
under vigorous magnetic stirring. At every interval of few min-
utes, a 4 mL of suspension was sampled and centrifuged to remove
the catalyst particles. Then, the adsorption UV–vis spectrum of the
centrifugated solution was recorded using a Hitachi U-3010 UV-vis
spectrophotometer. COD was estimated using the K2Cr2O7 oxida-
tion method.

3. Results and discussion
3.1. Characterization of the mesoporous manganese oxide sample

The low-angle XRD pattern of KIT-6 template in Fig. 1a shows
a highly ordered cubic (Ia3d) mesostructure with a0 = 22.2 nm. The
XRD pattern of the manganese oxide in Fig. 1b shows the simi-
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3.2.2. Effect of pH on the catalytic property
It is important to study the role of pH on decolorization of dye

since dye effluents are discharged at different pH. To study the effect
S. Sun et al. / Journal of Molecular

ar diffraction peaks as the silica template with the peak position
lightly shifted to higher angle. An almost unchanged lattice spac-
ng of a = 21.2 nm suggests that the manganese oxide product has
nherited the ordered structure of the template. The wide-angle
RD pattern of the manganese oxide in Fig. 1c shows that all of

he diffraction peaks of the m-MnOx sample can be indexed to
etragonal MnO2 (JCPDS no. 24-0735) and cubic Mn2O3 (JCPDS no.
8-0390). According to the quantitative determination of mineral
omposition by XRD [31], the percentage of tetragonal MnO2 was
alculated based on the normalized ratios of relative intensities
or (1 0 1) peak of tetragonal MnO2 to that for (2 2 2) peak of cubic

n2O3, i.e.:

MnO2 = IMnO2

IMnO2 + IMn2O3 (KMnO2 /KMn2O3 )
(1)

MnO2 , IMnO2(1 0 1) and IMn2O3(2 2 2) denote the mass percentage of
nO2 phase, the relative intensity of (1 0 1) peak for MnO2 phase

nd the relative intensity of (2 2 2) peak for cubic Mn2O3 phase,
espectively. The values of KMnO2 and KMn2O3 are 2.7 and 5.05,
espectively according to JCPDS 24-0735 and JCPDS 78-0390. Then
he calculated mass fraction of MnO2 phase in the as-prepared
ample is 69%. Both of the MnO2 and Mn2O3 phases have been
eported with excellent catalytic activity [17,20]. The as-prepared
-MnOx sample containing the two phases may also exhibit excel-

ent catalytic activity on dye degradation. The EDS analysis in Fig. 1d
onfirmed the complete removal of silica in the m-MnOx sample by
he silica-etching process.

The N2 sorption curves of the sample in Fig. 2 show that the
s-prepared m-MnOx sample has a weak jump at P/P0 = 0.3–0.5
orresponding to the capillary condensation of the mesopores
roduced by the removal of silica wall and another jump at
/P0 = 0.8–0.9 which is typical for mesoporous solids. This indi-
ates that the as-prepared m-MnOx sample retains the mesoporous
tructure of the template. The bimodal pore distribution in the
ange of 2–4 nm and 8–20 nm for the m-MnOx sample can be seen
n the inset of Fig. 2. The pores of 2–4 nm are produced by the
emoval of silica wall, and those of 8–20 nm may be due to the tex-
ural porosity among the particles. For comparison, the N2 sorption
urve of manganese oxide prepared without using silica template
as also measured, and the curve is at a much lower position. The
ET specific surface areas are 8.44 and 73.3 m2 g−1 for nm-MnOx

nd m-MnOx samples, respectively, which indicates that the parti-
les may grow much larger without confinement by the framework
f the mesoporous silica template.

The representative SEM images of the prepared m-MnOx sam-
le were shown in Fig. 3a and b. It can be seen that such a
aterial exhibits a flake-like morphology with the dimension of

bout 80–200 nm. Typical TEM images of the m-MnOx sample
ere shown in Fig. 3c and d, which revealed clearly the aligned
anorods and mesoporous structure of the as-prepared m-MnOx

ample. It can be estimated from the TEM image that the diam-
ter of the nanorods for the m-MnOx sample is about 8 nm. The
ore diameter from the TEM images is about 2 nm which is in
ood agreement with the value obtained from the N2 sorption
inset of Fig. 2).

.2. Catalytic property for dye oxidation

To study the catalytic property of the as-prepared m-MnOx sam-

le, the experiments of RhB degradation were carried out. Various
xperimental parameters which influenced the decolorization effi-
iency were investigated under 30–100 ◦C, such as the catalyst
oncentration, the pH value of the reaction system and the reaction
ime.
Fig. 5. The decolorization efficiencies of RhB (10−4 M) as a function of reaction time
under different pH values (catalyst concentration, 0.4 g/L; temperature, 30 ◦C).

3.2.1. Effect of catalyst concentration
The cost of catalyst was the primary factor contributing to the

chemical costs of catalytic oxidation treatment. It was important
to minimize the required amount of catalyst. Then investigations
of the m-MnOx concentration on the degradation of RhB dye were
conducted. As shown in Fig. 4, the concentration of m-MnOx had an
important influence on the degradation of RhB dye. The RhB degra-
dation efficiency was increased greatly by increasing the m-MnOx

concentration from 0.1 to 0.4 g/L. When the catalyst concentra-
tion was higher than 0.4 g/L, the rate of decolorization remains
almost constant with the catalyst concentration further increased.
This can be explained on the basis that optimum catalyst loading
is dependent on initial solute concentration. If the catalyst con-
centration was increased, the total active surface was increased
correspondingly and the enhanced catalytic performance was
obtained. However, the increased concentration of catalyst would
have no effect on promoting the decolorization efficiency after a
maximum catalyst dosage was imposed. This may be ascribed to
the increased aggregation of catalyst with a high concentration.
Therefore the catalyst concentration of 0.4 g/L was fixed for RhB
degradation for further studies.
Fig. 6. Zeta potentials of RhB/m-MnOx suspension under different pH.
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ig. 7. (a) The decolorization efficiencies of RhB (10−4 M) as a function of reaction ti
imulation curve of RhB (10−4 M) catalytic degradation with m-MnOx under differe

f pH on the decolorization efficiency, experiments were carried
ut at various pH values. Fig. 5 shows the degradation of RhB as a
unction of reaction time under different pH values. It was found
hat the decolorization of the RhB dye on m-MnOx sample was
ighly pH dependent and increased with decreasing pH. The max-

mum decolorization efficiency of RhB was 91% at pH 1.8. When
he pH value was 6.4, the decolorization of the dye was negligi-
le. The observed pH dependence may be ascribed to the pH effect
n the catalyst. It has been reported that the oxidation of organic
ompounds on manganese oxide involving the diffusion of organic
ompound to the particle surface to form a complex first, followed
y exchange of electrons with reactive surface of manganese (III/IV)
xides [32]. In the catalytic oxidation process, H+ can enhance the
urface acidity of m-MnOx and make the basic RhB molecules more
rone to interact with m-MnOx. On the other hand, H+ was required
or the detachment of the reaction product Mn(II) from the particle
urface so as to expose the underlying reactive Mn(III/IV) sites [33].
hese effects lead to the observed increase in decolorization effi-
iencies with decreasing pH. Both of the MnO2 and Mn2O3 species
n the m-MnOx sample contributed to the oxidation process. It has
een reported the flux of Mn(III) and Mn(IV) from the surface into
verlying solution is negligible considering that the extremely low
olubility of oxides formed from these oxidation states [34].

The zeta potentials of m-MnOx suspensions under different

H values shown in Fig. 6 further proved the above explanation
n the pH dependent catalytic performance. The measured zero
oint of charge (PZC) for the m-MnOx sample is at pH 1.6. It has
een reported that catalyst exhibits its highest activity near the
ero point of charge [35,36]. From this view point, it is easy to

ig. 8. (a) UV–visible spectral changes of RhB aqueous solution as a function of reaction t
ime (catalyst concentration 0.4 g/L, pH 1.8, temperature 30 ◦C).
der different temperature (catalyst concentration 0.4 g/L, pH 2.3). (b) Kinetic linear
perature (catalyst concentration 0.4 g/L, pH 2.3).

understand why the as-prepared sample exhibited much higher
oxidation ability at pH 1.8 which is the most proximal pH value to
the pHzpc of the m-MnOx sample in the present experiments.

3.2.3. Effect of temperature on the catalytic property
The effect of temperature on the degradation efficiency was

studied by varying the temperature in the range of 30–100 ◦C.
Fig. 7a demonstrates the effect of the solution temperature on
the degradation of RhB. As expected, the temperature of reaction
solution was one of the important effect factors. The degradation
efficiencies changed with the variation of temperatures. As shown
in Fig. 7a, at 100 ◦C, the degradation efficiency of RhB dye on the
m-MnOx sample is much higher than that at 30–80 ◦C. Fig. 7a also
indicates the influence of temperature on the decolorization of the
dye is relatively insignificant at the initial reaction stage and in
a lower temperature range. This may be ascribed to the change of
interaction of dye with the particle surface from the fast physisorp-
tion to surface chemical reaction at a higher temperature [14].
Fig. 7b shows the kinetics of degradation of RhB on the as-prepared
m-MnOx sample under different reaction temperatures on the basis
of the data plotted in Fig. 7a within the first 60 min. The results show
that the catalytic degradation of RhB dye in m-MnOx suspension can
be described by the first order kinetic model, ln(C0/C) = kt, where C0
is the initial concentration and C is the concentration at time t. The

plots with time t as abscissa and ln(C0/C) as vertical ordinate are
close to linear curves (Fig. 7b). The rate constants k at 30 ◦C, 60 ◦C,
80 ◦C and 100 ◦C were calculated to be 0.0011 min−1, 0.0037 min−1,
0.0044 min−1 and 0.0259 min−1, respectively, indicating a prefer-
able catalytic performance at higher temperature.

ime. (b) Variation of COD of RhB (10−4 M) aqueous solutions with catalytic reaction
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ig. 9. The decolorization efficiencies of RhB (10−4 M) as a function of reaction tim
ithout catalyst (blank).

.2.4. UV–visible spectral changes of RhB and the related COD
eduction

COD value is related to the total concentration of organics in
he solution and the decrease of COD reflects the extent of degra-
ation or mineralization of an organic species. The changes in
V–visible spectrum and COD were studied for RhB degradation

initial concentration 10−4 mol/L, catalysts concentration 0.4 g/L,
H 1.8, temperature 30 ◦C) as a function of reaction time.

Fig. 8a displays the temporal evolution of the spectral changes
uring the degradation of RhB. A rapid decrease of RhB absorption
t wavelength of 553 nm was observed, along with an absorption
and shifts to shorter wavelengths. This hypsochromic shifts are
aused by N-demethylation of RhB [37]. The sharp decrease and
hift of the major absorption band within 20 min was along with
he obvious decrease of the COD value. As shown in Fig. 8b, the
nitial COD value of the RhB solution (10−4 mol/L) was 103 mg/L.
hen the catalytic reaction was started, the COD value decreased
rom 103 to 57 mg/L rapidly within the initial 20 min. After the
nitial 20 min, the decrease of COD became slower which was sim-
lar with the changes of the UV–visible spectrum. Although there

as little change in the UV–visible spectrum after 50 min (Fig. 8a),

Fig. 10. XRD pattern of the nm-MnOx sample.
different catalysts (catalyst concentration 0.4 g/L, pH 1.8, temperature 30 ◦C) and

the COD value was further decreased to 26 mg/L when the cat-
alytic reaction time was up to 180 min. This indicated that some
colorless intermediates may form in the catalytic process. The
reduction in COD confirms the mineralization of RhB along with
decolorization.

3.2.5. Comparative study
For comparison, the degradation efficiencies of RhB mediated

by nm-MnOx sample as well as without catalyst (blank experi-
ment) were also conducted. As shown in Fig. 9, the degradation
of RhB is not observed without any catalyst. However, with the
nm-MnOx sample as a catalyst, about 13% of the RhB is decol-
orized after 180 min. If the m-MnOx sample was used under the
same conditions, about 91% of the RhB was decolorized at the same
time (as mentioned above), indicating the obvious advantage of
mesoporous material in the RhB decolorization. The chemical com-
position of the nm-MnOx sample was detected by XRD, as shown
in Fig. 10. Similar to the m-MnOx sample, the nm-MnOx sample
was also composed of tetragonal MnO2 (JCPDS no. 24-0735) and
cubic Mn2O3 (JCPDS no. 78-0390). A difference is the Mn2O3 phase
in the nm-MnOx sample was much less than that in the m-MnOx

sample. Both of the surface area and the chemical composition may
contribute to the different catalytic performance.

4. Conclusion

Ordered mesoporous manganese oxide which consists of cat-
alytic active MnO2 and Mn2O3 phases has been successfully
synthesized by a simple template casting method. Compared with
the nm-MnOx sample, the as-prepared m-MnOx sample exhibited
much enhanced catalytic activity in RhB oxidation. The catalytic
performance of the m-MnOx sample was found greatly influenced
by the catalyst concentration, the reaction temperature and the pH
value of the reaction system. The optimum catalyst concentration
was 0.4 g/L for the degradation of 10−4 mol/L RhB solution. With
the increasing of the reaction temperature or the decreasing of
pH values, the catalytic performance was much enhanced. Besides

the color removal, the decrease in COD of the RhB solution was
also observed indicating the mineralization of the RhB dye in the
catalytic oxidation process. It can be concluded that the m-MnOx

assisted catalytic degradation of textile dyes may be an economic,
environmentally benign and efficient treatment.
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