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ABSTRACT

Manganese oxides nanomaterial (MnO,) with crystalline phases of MnOOH nanorod and Mn3O4
octahedron-like were synthesized by hydrothermal method based on the redox reaction between MnO4~
and CH,O0 at 120°C and 200°C for 10h, respectively. The 3-MnO, nanowires were prepared by calcin-
ing MnOOH nanorods at 300°C for 3 h in air. Particles were characterized by XRD, FE-SEM, TEM, SA-ED,
HR-TEM, Brunauer-Emmett-Teller (BET) and UV-vis diffuse reflectance spectroscopy. Their capability of
catalytic degradation of alizarin yellow R with air oxygen in aqueous under visible light irradiation and
electrochemical properties of as-prepared nanocrystal modified with carbon paste electrode were com-
paratively studied. The degradation products were determined by GC-MS. In addition, some influences
factors, such as pH and temperature on the photocatalytic degradation were also investigated. Among
the as-prepared MnOy nanostructures, 3-MnO, nanowire exhibit higher specific capacitance and better
catalytic activity than Mn3; 04 octahedron-like and MnO(OH) nanorod. The hydroxyl radical mechanism

of the photocatalytic degradation of alizarin yellow R was detected and discussed.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Textile industry effluents contain a variety of complex and hard
to degrade pollutants such as dyes that may cause significant water
pollution when they are released to our environment [1]. The
environmental-health concern of these potentially carcinogenic
pollutants in these contaminated waters has drawn the attention
of many workers [2]. Numerous studies have reported various
methods for treating textile dye wastewaters including various
chemical, physical and biological processes, for examples chemical
coagulation [3], anaerobic and aerobic [4], microbial degradation,
adsorption on activated carbon [5], biosorption, chemical oxida-
tion (using agents such as ozone, hydrogen peroxide, and chlorine)
[6], deep-well injection, incineration, solvent extraction and irra-
diation [7-10]. However, biological processes do not always give
satisfactory results, especially applied to the treatment of indus-
trial wastewaters, because many organic substances are resistant
to biological treatment[11]. The Advanced Oxidation Process (AOP)
is one of the emerging technologies that are capable of converting
organic pollutants into harmless products [12,13]. Catalytic oxi-
dation reactions could provide complete mineralization of organic
substances while being environmental friendly [14].
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Manganese oxides nanomaterials with notably increased sur-
face area and greatly reduced size have been widely used in
many applications [15,16]. In particular, due to their ion-changing,
molecular adsorption, electrochemical and magnetic properties
[17], Manganese oxides catalysts exhibit considerable activity in
oxidation-reduction reactions; they are among the most efficient
transition-metal oxides catalysts for gas-phase reactions, such as
carbon monoxide hydrogenations [18], high-temperature methane
combustion [19,20] and the selective catalytic reduction of nitric
oxide by hydrocarbons [21,22] and by ammonia [23-25], as well as
for epoxidation reactions. Recently, manganese dioxide nanocrys-
tals have been used for the degradation of methylene blue, [26-29]
rhodamine B, [29,30] Congo red and ethylene blue. [30]. However,
to the best of our knowledge, there are a few report for degradation
alizarin yellow R from waste water [13].

The properties of nanosmaterials depend not only on their
chemical composition but also on their shape and size, even their
synthetic and processing methods [31-34]. Many efforts have been
made to fabricate low-dimensional manganese oxides and hydrox-
ides nanostructures. Among various technologies available today
in advanced materials processing, the hypothermal method has
been facilely used to synthesize manganese oxides nanomateri-
als because of the low process temperature, simple operation, low
cost, homogeneous reaction conditions resulting in narrow size
distribution and shape controllability [35]. Based on the redox reac-
tions of MnO,4~ and/or Mn2*, manganese oxide nanostructures with
different morphologies (e.g. nanowire, nanotube, nanorods, etc.)
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were prepared by hydrothermal treatment [36-41]. In addition, the
cyclic voltammetric electrodeposition, soft chemical, microwave-
reflux and ultrasonic wave process have also been used [42-45].

Herein, a facile hydrothermal reaction route has been devel-
oped to synthesis MnOOH nanorods and Mn304 octahedrons. The
[3-MnO, nanowires were achieved by calcining MnOOH nanorods
at 300°C for 3h in air. Their electrochemical characteristics and
photocatalytic degradation for alizarin yellow R were evaluated by
air oxygen in aqueous solution. The effects of pH and temperature
on the rate of degradation of alizarin yellow R was studied. The
degradation products were determined by GC-MS. In addition, the
hydroxyl radical mechanism of the photocatalytic degradation of
alizarin yellow R was detected and discussed.

2. Experimental procedures
2.1. Materials and preparation

All the chemicals were of analytical grade and purchased from
Shanghai Chemical Reagent Co., China. In a typical synthesis of
MnO(OH) nanorods and Mn30,4 octahedrons-like, 0.5 mmol KMnOg4
and 0.2 ml of CH,0 were dissolved in 35 mL distilled water and
transferred into a Teflon-lined stainless steel autoclave of 40 mL
capacity. The synthesis was carried out under hydrothermal condi-
tions at the specified temperature (120°C for MnO(OH) nanorods
and 200 °C for Mn304 octahedrons-like) for 10 h. The autoclave was
cooled to room temperature naturally when the reaction time was
finished. The products were collected by centrifugation at 8000 rpm
for 10 min, and washed with distilled water and absolute ethanol
several times to remove the excessive reactants and byproducts,
followed by drying in a vacuum at 50°C for 12h. The different
morphologies products were obtained with different temperatures.
Phase-pure 3-MnO, nanowires can be obtained by subjecting the
as-synthesized MnOOH nanorods to heat treatment 300 °C in air in
a muffle furnace. An average temperature increase of 10°C every
minute was selected before the temperature reached and after
keeping the thermal oxidation at 300°C for 3 h, it was allowed to
cool to room temperature naturally.

2.2. Characterization

The XRD analysis was performed using PaNalytical x’ Pert
Pro, Netherlands, X-ray powder diffractometer equipped with Cu
K, radiation (A=1.5418 A). The FESEM images were taken using
a field emission scanning electron microscope (FEI Sirion 200,
Netherlands). The transmission electron microscopy (TEM) images
were taken using a (Tecnai G220, Netherlands). High-resolution
transmission electron microscopy (HRTEM) images were carried
out on a JEM-2010 FEF TEM at an acceleration voltage of 200 kV.
UV-vis diffuse reflectance spectra of the samples were recorded
with Shimadzu UV 2450 model using BaSO4 white plate as Ref.
[46].

2.3. Cyclic voltammograms

All electrochemical measurements were performed on a
CHI610B electrochemical workstation (Shanghai Chenhua Co. Ltd.,
China) in a three-electrode system. The working electrode was
modified carbon paste electrode (CPE). A Pt wire and a saturated
calomel electrode (SCE) were used as the counter and reference
electrodes, respectively.

The nanomaterial-modified CPE (3-MnO, NW/CPE) has been
prepared, as same as in previous report [47]. Briefly, as an exam-
ple, 0.2g 3-MnO, nanowire was mechanically mixed with 1.0g
graphite powder and 25 L paraffin oil in a carnelian mortar to give
ahomogenous modified graphite paste, and the resulting paste was

tightly pressed into the end cavity of electrode body (3 mm in diam-
eter). The electrode surface was polished on a smooth paper, and
the unmodified CPE was prepared by the same procedure with-
out addition of 3-MnO, nanowire. The reduction peak potential
shifts more positively, and the oxidation peak potential more shifts
negatively. The specific capacitance was calculated from the cyclic
voltammograms using Eq. (1) [48]:

fY_ Q
¢ <§> T AE-m M
where Cis denote the specific capacitance, Q is anodic and cathodic

charges on each scan, m mass of the electroactive material, and AE
the potential window of the cyclic voltammetry, respectively.

2.4. Catalytic degradation

The catalytic degradation of alizarin yellow R in aqueous solu-
tion was conducted in a three-neck glass reactor (250 ml) quipped
with a reflux condenser under air bubbling magnetic stirring and
visible light at 30-70°C. According to experimental plan, 50 mg of
alizarin yellow R was dissolved in 100 ml of distilled water; the
pH of the solution was adjusted by phosphoric acid and sodium
hydroxide in range 3-7. Briefly, 0.025 mmol of as-prepared nano-
materials add to the three-neck flask. At regular time, intervals
samples were taken from three-neck glass after removed the cat-
alytic powder. The decreases in absorbance of alizarin yellow R
solution were recorded by using UV-vis spectrophotometer (Shi-
madzu, Model No. 2450). The photocatalytic degradation was
carried out in mercury lamp, GYZ220-230V 250 W, Philips Electri-
conics, with a cutoff filter (A >400 nm). The degree of degradation
was calculated using the relation.

D% = (1_Af)1oo (2)
Ao

2.5. Determination of *OH radicals

The formation of hydroxyl radicals at the photoillumi-
nated photocatalyst-water interface can be detected by a
photoluminescence-terephthalic acid (PL-TP) method [49,50].
Terephthalic acid readily reacted with hydroxyl radicals to pro-
duce highly fluorescent product, 2-hydroxyterephthalic acid. The
intensity of the PL signal at 427 nm of 2-hydroxyterephthalic acid
was in proportion to hydroxyl radicals. PL spectra of the gener-
ated 2-hydroxyterephthalic acid were investigated on a Shimadzu
RF-5301PC Fluorescence Spectrophotometer.

2.6. GC-MS

After reaction, the nanocrystal powder was removed through
filter paper and centrifuge, and the byproduct solution was dis-
tilled to dryness, then the degradation products were dissolved in
ethanol absolute to analysis by gas chromatography-mass spec-
tra (GC-MS) with an Agilent 7890A/5975C GC-MS, equipped with
a HP-5-MS capillary column 30 m x 250 pum x 0.25 pm film thick-
ness using a stationary phase of 5% phenyl-methyl polysiloxane.
The injector temperature was maintained at 250 °C. For liquid injec-
tions (1 L) the apparatus was run in split mode (1:5) at the flow

rate of 3mlmin—!.

3. Results and discussion
3.1. Structure and morphology

Fig. 1(a) XRD pattern of the as-prepared [3-MnO, nanowire
synthesized through the thermal oxidation of MnO(OH) nanorods



K.A.M. Ahmed et al. / Chemical Engineering Journal 172 (2011) 531-539 533

© _ 8

®) MnO(OH)

(210)012)

(113)

Intensity(a.u)

g

(2)

Beta-MnO,

2Theta(deg)

Fig. 1. XRD patterns of (a) 3-MnO; nanowires by calcination of MnO(OH) nanorods
in a muffle furnace at 300°C for 3h, (b) MnO(OH) nanorods and (c) Mn304
ocatahedron-like prepared by hydrothermal process at 120°C and 200°C.

without poisonous reactants or byproducts at 300 °C for 3 h. All of
the peaks can be easily indexed to that of a pure tetragonal phase
of B-MnO, with lattice constants a=4.399 A and c=2.974 A accord-
ing to JCPDS card no. 24-735. Fig. 1(b) is a typical XRD spectrum
of as-synthesized MnO(OH) nanorods by reducing KMnO4 with
CH,0 at 120°C for 10 h. All of the diffraction peaks can be indexed
to monoclinic phase structured MnO(OH) with a lattice constant
a=5.304A, b=5.277 A and c=5.304 A, which is in good agreement
with the standard data from JCPDS card no. 88-649. The XRD pattern
of Mn304 octahedrons-like prepared at 200°C for 10 h, as shown

in Fig. 1(c). All of the diffraction peaks can be perfectly indexed
to the tetragonal phase Mn30,4 structure. The Mn304 lattice con-
stants (a=5.76 A and c=9.47 A) obtained by refinement of the XRD
data are consistent with the JCPDS card no. 024-0734. No impurity
phases can be detected.

The morphology of the as-synthesized sample observed with a
field emission scanning electron microscope (FE-SEM) reveals that
3-MnO, consists of nanowire (Fig. 2(a) and (b)) with diameters
ranging from 30 to 40 nm and lengths up to several of microm-
eters. The morphology of nanowire was also investigated by TEM
images, asillustrated in Fig. 2(c) whichis in agreement with the SEM
observation. The selected-area electron diffraction (SA-ED) pattern
(insert in Fig. 2(c)) taken from a single nanowire can be indexed
based on a tetragonal cell with lattice parameter of a=4.399 A
and c=2.974 A consistent with the above XRD results. The SA-ED
pattern is also confirms that the nanowire is a single crystal of
tetragonal 3-MnO,. Fig. 2(d) shows a typical HR-TEM image of a
single nanowire. The clear lattice fringes illustrate that the inter-
planar spacing is about 0.242 nm, which corresponds to the {101}
plane of tetragonal 3-MnO, nanowires.

In order to study the formation process of the manganese oxides
nanostructures, the temperatures-dependent experiments were
carried out and the intermediate products were inspected by FE-
SEM. The images of the sample synthesized at 120 °C were shown
in Fig. 3(a) and (b). We can see that of as-prepared MnO(OH)
nanorods with a diameter of 50-60nm and length of 2-3 pum.
For the sample obtained at 160°C (Fig. 3(c)), the shape of the
product is irregularly short rod-like. The sample synthesized at
180°C (Fig. 3(d)) shows that the products are the mixture of
nanorods and octahedron. When the temperature increased to

|

Fig. 2. (a) Low magnification of FE-SEM images, (b) high magnification FE-SEM magnification images, (c) TEM images (insert, a SA-ED), and (d) HR-TEM images of as-prepared
B-MnO; nanowires by calcination of MnO(OH) nanorods in a muffle furnace at 300 °C for 3 h.
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Fig. 3. FE-SEM images of as-synthesized products by the hydrothermal process for 10 h under different temperatures: (a, b) 120°C; (c) 160°C; (d) 180°C; (e) 200°C; and (f)

TEM images of as-synthesized products at 200°C (insert, a SA-ED).

200°C, the as-synthesized products are octahedron-like (some
have 16 faces) with edge size of 300-400 nm (Fig. 3(e) and (f)).
The selected area electron diffraction (SAED) (insert of Fig. 3(f))
indicates that the Mn304 octahedron-like is a single crystal struc-
ture.

On the basis of the above results, we hypothesize that the con-
version process from precursor nanorods to octahedron can be
rationally expressed as an Ostwald ripening process. It is similar
to that of BiPO4 and a-Fe; 03 nanostructures [51,52]. They believed
that the rod-octahedron transformation process must be explained
by Ostwald ripening mechanism. At low temperature, the potas-
sium permanganate is reduced by formaldehyde solution with a
slow reaction rate and MnO(OH) nanorods are obtained. In higher
temperature, the reduction, nucleation and growth are all accel-
erated, octahedron-like microcrystals are formed, and meanwhile,
MnO(OH) will be dehydrated and parts of them are reduced to pro-
duce of Mn304 octahedron-like. In the muffle furnace at 300°C,
MnO(OH) nanorod are dehydrated and oxidized by air oxygen to
MnO, nanowire. Comparing the two types of 1D nanocrystals, it
can be found that the sizes diameter of the nanowire is smaller
than that of the nanorod according to thermal process. The chemi-

cal reactions we employed for the synthesis of the nanocrystal can
be illustrated as follows (Egs. (3)-(5)):

KMnOy4 +2CH,0 — MnO(OH) + CHOOH + CHOOK (3)
6MnO(OH) + CH,0 — 2Mn30, +3H,0 + CHOOH (4)
4AMnO(OH) + O, — 4MnO, +2H,0 (5)

3.2. Cyclic voltammograms of nano-manganese oxides

The electrochemical characteristics of (3-MnO, nanowire,
Mn30,4 octahedron and MnO(OH) nanorods modified CPE elec-
trodes (3-MnO,, NW/CPE, Mn304H/CPE and MnO(OH) NR/CPE)
were estimated by using cyclic voltammograms with probe of
K3[Fe(CN)g]in 1 M KCl at scan rate 0.2 mV/s. Fig. 4(a)-(c) shows the
cyclic voltammograms of CPE and 3-MnO, NW/CPE, Mn304H/CPE
or MnO(OH) NR/CPE, respectively. From the comparison, it is evi-
dent that the electrochemical responses of K3[Fe(CN)g] are greatly
improved at 3-MnO, NW/CPE than Mn304H/CPE and MnO(OH)
NR/CPE. On one hand, the reduction peak potential shifts more
positively, and the oxidation peak potential more shifts negatively
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Table 1
Major degradation products of alizarin yellow R dye identified by GC-MS for different irradiation times.
Products 1h 2h >3h
RT. Peak area % RT. Peak area % RT. Peak area %
Ethanol 4.052 34.31 3.92 32.95 4.01 35.2
(1-Hydroxyethylidene) malonicacid diethyl ester 4123 0.48
2-Methyl-1-propanol 4.457 0.80
1-Propanol 4.689 7.72
2-Pentanol 4.952 1.72
3-Methyl-1-butanol 5.108 1.65
N-Methyl-N-methoxybenzamide 5.341 9.54
Benzoylacetonitrile 5.425 6.91 5.384 10.14
1-(Allyloxy)-2-propanol 6.372 4.93
m-Methoxybenzamide 5.768 8.22
3-Nitro-1-phenyl-propan-1-one 6.782 3.96
4-0xo-pentatonic acid ethyl ester 6.830 1.65
Acetamide 7.023 4.35
1,2-Dideoxypentitol 7.169 3.68
2-Hydroxbenzoic acid ethyl ester 7.181 1.20
2-Butanol 7.566 3.59
2-Ethaoxy-1-propanol 8.014 4.47
3-Ethoxypropane-1,2-diol 8.595 4.04
N-Benzyl-N-ethyl-4-(propan-2-yl) benzamide 9.497 4.84

(Fig. 4(d)), indicating that 3-MnO, NW/CPE exhibits better cat-
alytic activity to the reduction of K3[Fe(CN)g] than others. On the
other hand, the reduction and oxidation peak currents remark-
ably increase, which is consistent with marked increase of surface
area of 3-MnO, nanowire modified CPE electrodes, although we
do not exclude that the increase may be related with the valence
state of manganese [53]. The surface area of 3-MnO, nanowire
and Mn304 polyhedral without modified CPE was examined by
N,-adsorption isotherms on ASAP 2020 (Micromeritics, USA), BET
surface area of the B-MnO, nanowires is 32.13m?/g, which is
more than 7.8 and 8.3 times of that of Mn30,4 octahedron-like
(4.09 m2/g) and MnO(OH) nanorod (3.86 m?/g), respectively. Fur-
thermore, the specific capacitance of the electrodes was obtained
according to Ref. [48]. The capacitance of MnO; nanowire modified

» (NW)
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CPE is about 625 Fg~! that is much higher than that of Mn30,4 octa-
hedrons (291 Fg~1!), MnO(OH) nanorod modified CPE (266Fg~1)
and unmodified CPE (43.7Fg~1). And it is also much higher than
that of Mn304 hexagonal nanoplates we reported before [47]. These
results indicate that 3-MnO,-NW possess notable surface enhance-
ment effect.

3.3. The catalytic degradation of alizarin yellow R

The UV-visible absorption spectra of alizarin yellow R solution
before and after degradation catalyzed by 3-MnO, nanowire is pre-
sented in Fig. 5(a). As can be seen from the spectra, before the
treatment, the UV-visible spectrum of alizarin yellow R consists
of two main characteristic absorption bands. One is visible region
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Fig. 4. Cyclic voltammograms 3-MnO, nanowire, Mn;04 octahedron-like and MnO(OH) nanorod modified CPE electrodes. (a) Comparison of 3-MnO, nanowire (NW) with
CPE electrode, (b) comparison of Mn304 octahedron-like (H) with CPE electrode, (c) comparison of MnO(OH) nanorod (NR) with CPE electrode, (d) comparison of NW with
H and NR.
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Fig. 5. (a) UV-vis spectra of degradation products of alizarin yellow R with O, and
under light irradiation catalyzed by 3-MnO; nanowires in different times in aqueous
solutions; (b) comparison of the degradation percentage changes of alizarin yellow
R with times catalyzed by (I) 3-MnO, nanowire, (II) Mn304 octahedron-like, (III)
MnO(OH) nanorod; (¢) comparison of the degradation rate of alizarin yellow R with
irradiation times catalyzed by 3-MnO, nanowires (I), Mn3;04 octahedron-like (II)
and MnO(OH) nanorods (III).

(374nm) and another peak in UV region (274 nm). When alizarin
yellow R solution was treated by O, and 3-MnO; nanowire under
the light irradiation at pH 5 and 323.15K, the absorption inten-
sity was decreased with time, suggesting alizarin yellow R was
gradually degraded.

In order to compare the catalytic activities of as-prepared prod-
ucts under the same condition, the degradation percentage (D%) of
alizarin yellow R catalyzed by 3-MnO; (I), Mn3 04 (II) and MnO(OH)
(1) with times are showed in Fig. 5(b). The degradation percentage
of alizarin yellow R by 3-MnO; nanowire (curve (I)) is about 98%
after 80 min, by Mn30,4 octahedron-like and MnO(OH) nonorods
(curves (II) and (IIl)) are about 62% and 54% at the same time,
respectively. In general, the catalytic activity of materials is con-
nected with their surface areas [54]. In present study, the result
that 3-MnO, nanowire exhibits the highest catalytic activities is

Abandunce

Time

Fig. 6. The GC spectra of degradation products of alizarin yellow R catalyzed by B-
MnO; nanowire at 323.15K and pH 5 for different irradiation time: (a) 1h, (b) 2h
and (c) more than 3 h.

consistent with that 3-MnO; nanowire has the largest area, the
specific capacitance and the reduction peak potential shifts more
positively, the oxidation peak potential more shifts negatively in
these three samples.

Because the oxygen is excess and the irradiation is constant, the
reaction only depends on the concentration of alizarin yellow R, the
reaction can be considered pseudo first order. As shown in Fig. 5(c),
the plots of log(Ao/A¢) vs. t (minutes) are straight lines. The rate
constant may be calculated as [55]:

2.303

~ tlog(A./Ar) (6)

From these plots, the K value by (3-MnO, nanowires is about
3.68 x 10~2min~!, Mn304 octahedron-like 9.59 x 103 min~! and
MnO(OH) nanorods 8.23 x 10~3 min~1.

3.4. Degradation products

The evaluation of the degradation effectiveness of alizarin yel-
low R catalyzed by B-MnO, nanowire was carried out through
GC-MS after reaction for 1, 2 and more than 3h as shown in
Fig. 6(a)-(c). The main degradation compounds identified by MS
(see Supplementation material I) are summarized in Table 1.
When the irradiation time was 1 h (Fig. 6(a)), thirteen compounds
were identified. When the irradiation time was prolonged to 2h
(Fig. 6(b)), main degradation products were deducted to eight
compounds. Among all main degradation compounds, benzoylace-
tonitrile exists in the degradation products after reaction for 1 and
2h, but not in more than 3h (Fig. 6(c)). Its peak area increased
from 6.91 to 10.14 with increase of the irradiation time from 1 to
2 h. These results indicate that 3-MnO2 nanowire has very good
catalytic effectiveness for the degradation of alizarin yellow R.

3.5. Influences of temperature and pH on catalytic degradation

Influence of temperature on catalytic degradation at pH 5 is
showed in Fig. 7(a;). The degradation efficiency was increased
with the temperature increase. The rate constant (k) was increased
from 303.15 to 343.15K. The activation energy (E;) of the reac-
tion was also calculated by plotting Ink against T-! (Fig. 7(ay)),
according to the Arrhenius. The E, value of degradation by 3-MnO,
nanowire is about 22.28 kJmol~!, this value is smaller than the
one by Mn304 octahedron-like (49.88 kJ mol~!) and by MnO(OH)
nanorod (59.86 k] mol~1).

The effect of initial pH on the degradation efficiency for alizarin
yellow R was also examined in the pH range 3-7 at 323.15K
as illustrated in Fig. 7(b;). The degradation efficiency remarkably
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Fig. 7. (a1) The effect of temperature on catalytic degradation of alizarin yellow R by B-MnO, nanowire, (a;) comparison of the rate constant k at different temperature for (I)
3-MnO, nanowire, (II) Mn304 octahedron-like, (III) MnO(OH) nanorod; (b; ) the effect of initial pH on the degradation efficiency for alizarin yellow R by 3-MnO, nanowire;
(bz) comparison of the rate constant k at different pH for (I) 3-MnO, nanowire, (II) Mn304 octahedron-like, (III) MnO(OH) nanorod.

increased with the pH decrease. Curves (1), (II) and (III) in Fig. 7(b,)
represent the rate constant of degradation of alizarin yellow R by 3-
MnO,, Mn304 and MnO(OH), respectively. The k values of alizarin
yellow R degradation catalyzed by MnO, nanowires are changed
from 0.062 to 0.020 min~—!. Accordingly, the values by Mn3 0, octa-
hedron or by MnO(OH) nanorods are 0.035 to 0.005 min~! or 0.031
to 0.004 min~! in pH range from 3 to 7.

3.6. Degradation mechanism

Fig. 8(a) illustrates the diffused reflectance spectra of the
as-prepared MnOy, samples. From figure, it is obvious that the
absorption edges of the 3-MnO; nanowire, Mn3 04 octahedron-like
and MnOOH nanorods are around 580, 650 and 678 nm, respec-
tively. The band gap (Eg) of the samples can be evaluated from the
following equation [56]:

ahv = A(hv — Eg)"/? (7)

where o, hv, and Eg are absorption coefficient, photon energy,
and band gap energy, respectively. Constant A and n depend
on the characteristics of the transition in a semiconductor. As
shown in Fig. 8(b), the band gap energies of 3-MnO, nanowires,
Mn304 octahedron-like and MnOOH nanorods are about 2.14,
1.81 and 1.72 eV, respectively. The results are consistent with cat-
alytic activities of as-prepared MnOy samples. Kumaresan et al.
[57] reported that the large band gap was important in prevent-
ing the electron-hole recombination and ultimately enhances the
photocatalytic activity, and the increase in the band gap led to effi-
cient charge separation, decreased the rate of recombination of
the electron-hole pair, and enhanced the rapid electron transfer
at the solid-liquid interface. Similar to our results, the photocat-
alytic activity of 3-MnO, nanowires with the highest band gap was
higher than that of Mn304 octahedron-like and MnOOH nanorods.

[3-MnO; nanowires exhibited enhanced photocatalytic activity due
to increase in the band gap energy.

In order to examine the role of air oxygen and light irradiation in
the catalytic degradation of alizarin yellow R by 3-MnO, nanowire
(Fig. 9(a)), we compared the degradation efficiency in the same
condition with and without light irradiation and air babbles. The
percentage of degradation in absent air babbles (curve A) or with-
out visible light (curve B) or presence of both (curve C) is 26, 57
and 98, respectively. The results show that the light irradiation can
accelerate the degradation of alizarin yellow R, and the presence
of O, is necessary although the oxygen flow rate has no significant
effect on the degradation.

Furthermore, the formed *OH species under visible light illu-
mination was determined using terephthalic acid as chemical
indicators. Fig. 9(b) shows that the intensity of PL peak at about
427 nm gradually increases with increase of irradiated times,
demonstrating that *OH is formed in this system. It is implied
that the degradation of alizarin yellow R catalyzed by 3-MnO,
nanowires is the photo-degradation.

Based on above results and referred to previous reports [58,59],
a possible mechanism for the degradation of alizarin yellow R cat-
alyzed by 3-MnO, nanowire is supposed:

MnO; +hv— MnO, (e~ +ht) (8)
e +0,— 0" (9)
0,7 +H0 — Oy +OH™ +°0OH (10)
*OH + alizarinyellowR — degradation products (11)

In present study, B-MnO, nanowire may effectively catalyze O,
and water molecules into *OH radicals under the light irradiation,
being confirmed by the radical probing techniques (Fig. 9(b)). The
strong O,-activating ability of 3-MnO, nanowire showed promis-
ing applications in the oxidative degradation of dye, like alizarin
yellow R.
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Fig. 8. (a) The diffuse reflectance spectrum of the as-prepared MnOy nanomaterials; (b) (whv)'/? as a function of the photon energy.
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Fig. 9. (a) The degradation efficiency of alizarin yellow R catalyzed by B-MnO, nanowire in the same other conditions (A) without air oxygen babbles; (B) without light
irradiation and (C) with air oxygen babbles and light irradiation. (b) Photoluminescence of the terephthalic acid in solution with irradiation times.

4. Conclusions

In conclusion, we synthesized (-MnO, nanowire, Mn304
octahedron-like and MnO(OH) nanorod, and compared their elec-
trochemical characteristics and catalytic degradation efficiency
of alizarin yellow R with air oxygen in aqueous solution under
the light irradiation. The results indicate that 3-MnO, nanowire
has higher specific capacitance, energy band gap and better cat-
alytic activity of oxidative degradation than Mn304 octahedron
and MnO(OH) nanorod. The degradation efficiency is markedly
affected by pH and temperature. The photocatalytic degraded prod-
ucts were estimated by GC-MS. The hydroxyl radical reaction of
the photocatalytic degradation of alizarin yellow R was detected
by the TA-PL method and the possible photocatalytic degrada-
tion mechanism was discussed. All results suggested that the
strong O;-activating ability of 3-MnO, nanowire showed promis-
ing applications in the oxidative degradation of alizarin yellow
R.
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