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1 INTRODUCTION

Ultrasound and sonochemical methods have been
attracting attention as an advanced degradation pro�
cess for eliminating hazardous chemical substances in
water and waste water [1–3]. The phenomenon of cav�
itation (i.e., the nucleation, growth, and collapse of
small gas bubbles in liquids) is the basis of a variety of
mechanical and chemical processes induced in liquids
by ultrasounds [4, 5]. Very high temperatures (5000 K)
and pressures (several hundred atmospheres) induced
by cavitation in collapsing gas bubbles in aqueous
solution lead to thermal dissociation of water mole�

cules into H atoms and hydroxyl radicals ( ) [6, 7].

Chemical reactions with  radicals from cavitation
bubbles are referred to as sonochemical reactions,
which are promising for green environmental process�
ing, such as dye degradation and toxic industrial waste
water treatment. The presence of chemical oxidants
like hydrogen peroxide and multivalent metal oxide
catalysts further facilitates the degradation process of a
shorter duration with greater efficiency [8]. Suslick
and Price [9] reported the detailed application of
ultrasound to nanostructure material synthesis and
heterogeneous catalysis.

Metal ion doping on titanium dioxide (TiO2) pro�
vides versatile applications for organic pollutant
decomposition in sono and photo catalytic processes
due to perturbation in energy level of semiconducting

1  The article is published in the original.
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TiO2 [10]. The sol�gel method that synthesizes ana�
tase–rutile phase transformation of various amounts
of Mn(II) doped TiO2 has been reported and the
effects of manganese(II) dopants on acceleration of
rutile phase formation were studied [11]. Manganese
oxides have been reported to be among the most effi�
cient transition�metal oxide catalyst for catalytic dis�
posal of various pollutants like phenol and VOCs [12,
13]; and porous manganese oxide (K�OMS�2) has
also been used in selective catalytic reduction of NOx
with NH3 [12], CO and NH3 adsorption [14, 15].
Porous manganese oxide such as K�OMS�2 (octahe�
dral molecular sieve) and K�OL�1 (octahedral layer)
was synthesized by the reported procedure [16, 17]
and the same is doped with commercial TiO2. Syn�
thetic K�OMS�2 has a tunnel for structuring porous
manganese oxide and its crystalline structure is the
same as that for mineral cryptomelane with pore size
of 4.6 Å [18], while K�OL�1 is a layered structured.
Porous manganese oxide (K�OL�1 and K�OMS�2)�
doped TiO2 catalysts for photo catalytic decomposi�
tion of toluene has already been reported by our group;
and reaction conditions and catalyst preparation
method were found to play the important roles in pho�
tocatalytic toluene decomposition [19].

Textile dyes and other dye industries produce enor�
mous amount of toxic waste water; and hence, it is
necessary to develop advanced oxidation processes
with modern technology like sono�photocatalytic
methods [20, 21]. Sono�sorption removal of methyl�
ene blue from aqueous solution with and without
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ultrasound using cellulosic material such as waste
newspaper was examined. Degradation of methylene
blue dye in the presence of ultrasound was observed
within a short time due to the cavitation process,
which facilitates the mass transfer and increases sur�
face area of the sorbent [21].

Methylene blue is considered the best model pol�
lutant for photocatalytic and sonocatalytic degrada�
tion tests in the presence of TiO2 catalyst. In the
present study, methylene blue dye degradation and
phenol removal efficiency by synthesized catalysts
were tested using a high�power ultrasound (600 W)�
assisted ultrasonic liquid processor. The main focus of
this study is to exploit the efficiency of high�power
direct ultrasonic liquid process, role of catalyst and
effect of reaction time in the presence of catalysts like
TiO2, K�OMS�2, K�OL�1/TiO2 and K�OMS�2/TiO2.

EXPERIMENTAL

Materials

Methylene blue dye was purchased from Sigma
Chemical Co., Germany. Phenol from Sigma Aldrich
was used without further purification. A stock solution
of dye was prepared by dissolving dye in double dis�
tilled water (DDW). Manganese acetate, manganese
sulphate (Acros Organics, NJ) and TiO2 were obtained
from Nacalai Tesque, Japan.

Apparatus

This study uses an ultrasonic liquid processor
(Sonicator 3000) from Misonix (USA) with total out�
put power of 600 W and frequency of 20 kHz. A stan�
dard thick titanium horn is immersed into the reactant
solution for irradiation at different pulse�on and
pulse�off rates. The output power levels (1–10) were
specified in the sonicator. The power level should be
set according to volume of the solution. In the present
experiment, power levels of 4 and 8 are used for 50 ml
of reactant solution (50 mg/l concentration for all
experiment) in the presence of as synthesized catalyst.
Power level 4 would produce intense power of 36 W
(displayed on the sonicator digital screen) and power
level 8 produces intense power of 66 W at the pro�
grammed pulse rate. In this study, reaction time is set
to be 30 min, pulse�on time is 15 s, and pulse�off time
is 10 s for all experiments.

In order to identify the crystalline phases of the as
synthesized samples, Rigaku Geigerflex X�ray diffrac�
tometer was used. The CuK

α
 radiation was generated

at 40 kV and 30 mA. Samples were scanned from 15–
75(2θ) at a rate of 5 s per step for all porous manganese
oxide�doped titania samples. Brunauer�Emmett�
Teller (BET) surface area of all samples was obtained
at 77 K using the Quantachrome (Model 1987) instru�
ment. All the samples were degassed at 573 K for 12 h.
The instrument used for nitrogen adsorption analysis
is NOVA 2000 from Quantachrome Corporation. The
morphology and elemental analysis of the catalyst
(average of five data points at different locations of the
solid) were measured by energy dispersive X�ray spec�
troscopy (EDX) and standard deviation of the corre�
sponding element is measured. Scanning electron
microscopy (SEM) images were captured using
JEOL�JSM 5310 model instrument connected to
EDX. Transmission electron microscopy (TEM) was
examined using Philips CM12/STEM, Scientific and
Analytical Equipment. The particle size distributions
were determined by a Coulter LS230 laser granulome�
ter with a particle measurement range of 0.4–
2000 µm. All samples were prepared in suspension
form and thoroughly mixed suspension was poured
into the pouring chamber of the laser granulometer.

Catalysts Preparation

Potassium birnessite (K�OL�1) was synthesized via
Mn(OH)2 suspension formation and oxidized by
potassium permanganate, the detailed procedure has
been reported elsewhere [16]. K�OMS�2 type porous
manganese oxide was synthesized by redox reaction
between manganese(II) sulfate and potassium per�

manganate. The  ratio was fixed at 0.76
for preparing cryptomelane type K�OMS�2 material
in acidic medium and the detailed procedure has been
reported elsewhere [17, 22]. The synthesized K�OMS�
2 was calcined in air at 723 K for 4 h to test the catalyst
activity. The 5 wt % K�OL�1/TiO2 and 5 wt % K�
OMS�2/TiO2 catalysts were prepared by doping of
2.0 g of titanium dioxide with o.1 g of bulk K�OL�1
and K�OMS�2 by wet impregnation method. After
stirring, the porous manganese oxide (K�OL�1 and K�
OMS�2) doped TiO2 was then calcined at 723 K for
4 h. The synthesized porous manganese oxide�doped
TiO2 and calcined commercial TiO2 catalysts are uti�
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lized to test the catalytic activity for dye degradation
and phenol decomposition.

Catalytic Activity Test and Analysis

Methylene blue dye degradation (50 ml of 50 mg/l)
was added to a 100�ml plastic beaker with 0.1 g of cat�
alyst and ultrasonicated directly at 600 W ultrasonica�
tor. In case of phenol decomposition reaction test,
50 ml of aqueous phenol solution (50 mg/l) were
added to a 100�ml plastic beaker with 0.1 g of catalyst
and the solution pH was adjusted to 3.5 using 0.1 M
NaOH or 0.1 M HCl, followed by direct ultrasonica�
tion (Sonicator 3000, Misonix, USA, output power of
600 W) in the presence of catalysts for 30 min. For the
mixed ultrasonication experiment, the reactant solu�
tion was first ultrasonicated by an ultrasonic cleaner
(BRANSON 3210, output power of 120 W) for 100
min, followed by direct ultrasonication for 30 minutes.
The pH value for all phenol removal experiments were
adjusted to 3.5 and monitored by a pH�stat (TIM865
titration manager).

After 30 min of direct ultrasonic irradiation, suit�
able amount of reacted solution was removed by filtra�
tion using a 0.45�µm MILLEX HA millipore mem�
brane filter for analysis. Dye degradation rate of the
reactant solution was scanned by UV�Vis spectrome�
ter (GBC Cintra 6) in the wavelength range between
700–200 nm after the catalytic ultrasonic irradiation.
After the catalytic ultrosonication process, phenol
concentration in the reactant solution was determined
by an UV�Vis spectrometer at fixed wavelength of
272 nm in 0.005 M sodium nitrate solution by stan�
dard calibration method.

RESULTS AND DISCUSSION

X�Ray Diffraction Study

X�ray diffraction patterns of K�OL�1� and K�
OMS�2�doped TiO2 materials are shown in Fig. 1.
Porous manganese oxide�doped TiO2 samples showed
the major phase of anatase with trace amount of the
rutile phase. The major peak at 25.3° 2θ and d�spacing
of 3.52 Å (100) of anatase (intense peak) are observed
for all samples. According to our previous reports,
porous manganese oxide is found to be well dispersed
on the support surface like Mn2+ species, while some
of the manganese with higher valence was stabilized
with the TiO2 lattice like Mn4+ species [23]. Specific
d�space value for K�OL�1 or K�OMS�2 phase was not
observed in the XRD patterns, due to lower loading or
dispersion of manganese in bulk support of TiO2. XRD
patterns of bulk K�OL�1 and K�OMS�2 have been
reported elsewhere [16, 22].

Particle Size Measurements of As�Synthesized Catalysts

The particle size measurement of porous manga�
nese oxide�doped TiO2, bulk K�OMS�2 and TiO2

samples are shown in Table 1. As can be seen, com�
pared with that of bulk TiO2, the particle size increased
after doping the porous manganese oxide into TiO2
lattice. Table 1 also shows the surface area of the cor�
responding samples and the details are given below.

Textural Characterization of As�Synthesized Catalysts

Transmission electron micrographs of 5 wt % K�
OMS�2/TiO2 are shown in Figs. 2a, 2b and K�OMS�2
type porous manganese oxide forms the disordered
aggregated particle formation with TiO2. Titania parti�
cles of spherical and thin platy morphology can be

75655545352515
2θ, deg
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Fig. 1. X�ray diffraction patterns of (a) TiO2, and manga�
nese oxide�doped titania (b) 5 wt % K�OL�1/TiO2 and (c)
5 wt % K�OMS�2 /TiO2.

   
Table 1.  Particle size measurements and BET surface area
of synthesized catalysts

Catalyst Particle size, 
µm

BET surface area, 
m2/g

K�OL�1 0.51 31

K�OMS�2 0.52 48

TiO2 0.46 36

5 wt % K�OL�l/TiO2 0.47 37

5 wt % K�OMS�2/TiO2 0.46 41
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clearly observed at high resolution (Fig. 2b). The pic�
ture of porous manganese oxide�doped TiO2 of lower
magnification clearly indicates the aggregated particle
morphology of K�OMS�2�doped TiO2 (Fig. 2a). The
corresponding elemental composition for 5 wt % K�
OMS�2�doped TiO2 is 0.4 at % for Mn and 81 at % for
Ti. The SEM micrographs of 5 wt % K�OMS�2 doped
TiO2 (Fig. 3) indicates the formation of aggregated
particle morphology with spherical shape particle
morphology. BET surface area of as synthesized cata�
lysts are shown in Table 1. The surface areas of 5 wt %
K�OL�1�doped TiO2, 5 wt % K�OMS�2 doped TiO2,
and K�OMS�2 are 37, 41, and 48 m2/g, respectively.
The BET surface area of porous manganese oxide�
doped titania is greater than that of pure TiO2 due to
dispersion of porous manganese oxide on TiO2. Poros�
ity of the dispersed species on the external surface of

fine TiO2 causes increase in surface area. Our previous
report suggested that difference in preparation method
has accounted for the greater surface area of porous
manganese oxide�doped titania in aqueous medium,
compared with that doped in alcohol medium [19].

Ultrasonication�Assisted Catalytic Activity Test

Figures 4 and 5 show the methylene blue dye deg�
radation efficiency of as synthesized titanium dioxide
and porous manganese oxide�doped TiO2 composite
catalyst in the presence of ultrasonic irradiation. Fig�
ure 4 shows the efficiency of methylene blue dye deg�
radation on TiO2 catalyst of different weights in the
presence of high�power�assisted ultrasonication.
Three absorbance peaks with a small shoulder peak
was observed for methylene blue dye degradation. In

120 nm(а) (b)240 nm

Fig. 2. Transmission electron micrographs of 5 wt % K�OMS�2/TiO2. (a) ×16000 magnification and (b) ×24000 magnification.

60 µm(а) 30 µm (b)

Fig. 3. Scanning electron micrographs of 5 wt % K�OMS�2/TiO2. (a) ×16000 magnification and (b) ×24000 magnification.
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general, methylene blue in aqueous solution show
three major absorbance peaks at 246, 295, and 665 nm.
Both 0.2 and 0.1 g of TiO2 (Fig. 4, curves a, b) show
higher degradation efficiency at power level of 8
(power level 8 produces 66 W at a fixed 10 s pulse�on
time). Figure 4, curve c shows the methylene blue dye
degradation at power level of 4 (power level 4 corre�
sponds to 36 W at pulse�on time of 10 s and pulse�off
time of 15 s). Figure 4, curve d shows the original dye
degradation rate of ultrasound irradiation without cat�
alyst. The effects of amount of catalysts used and ultra�
sonic power level or intensity for methylene blue dye
degradation have been studied in the presence of ultra�
sonication. Wang et al. [24] have recently studied the
sonocatalytic activity of synthesized nanocrystals of
TiO2 powders for methylene blue dye degradation
using a lower output power ultrasonic cleaner sonica�
tor for 1 to 3 h. They found that longer reaction time

of ultrasonic irradiation (3 h) results in more efficient
dye degradation.

In the present experiment, high�power�assisted
direct ultrasonication is applied for methylene blue
degradation. Results obtained show higher, cheaper
and more efficient dye degradation achieved under
short reaction duration of 30 min in the presence of
calcined TiO2 at power level of 8. Figure 5 shows the
dye degradation efficiency for K�OL�1 and K�OMS�
2�doped TiO2 as well as TiO2 alone. The dye degrada�
tion efficiency follows the order: TiO2 > 5 wt % K�
OMS�2/TiO2 > 5 wt % K�OL�1/TiO2 (Fig. 5, curves a–
c). Figure 5, curve d shows the original dye degrada�
tion rate under ultrasound irradiation without catalyst.
TiO2 alone performed better compared with porous
manganese oxide�doped titania catalysts in ultra�
sonic�assisted dye degradation at power level of 8 and
30 min reaction time due to the fine particle size and
ordered surface morphology of TiO2. Doping of
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Fig. 4. Dye degradation efficiency of TiO2: a—0.2 g of TiO2 at power level of 8, b—0.1 g of TiO2 at power level of 8, c—0.1 g of
TiO2 at power level of 4, and d—50 mg/L of methylene blue ultrasonicated without catalysts at power level of 8.
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Fig. 5. Dye degradation efficiency of TiO2 and porous manganese oxide�doped TiO2 catalysts: a—0.1 g of TiO2, b—5 wt % K�
OMS�2/TiO2, c—5 wt % K�OL�1/TiO2, and d—50 mg/L of methylene blue ultrasonicated without catalyst at power level of 8.
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porous manganese oxide increases the particle size,
and increase in particle size of K�OL�1/TiO2 and K�
OMS�2/TiO2 catalyst hinders the formation of radi�
cals in intermediate catalytic dye degradation during
ultrasonication, which results in a lower dye degrada�
tion rate, compared with that of bulk TiO2.

Lachheb et al. [25] reported the details of reaction

products of different dyes degradation reactions. 
is the initial product of methylene blue due to OH rad�
ical attack at sulfonyl group. Ammonium and nitrate
nitrogen other degradation products. Lachheb et al.
tested the different dye degradation on commercial
P25 TiO2. The concentration of above mentioned
products are observed below the expected values even
at longer time duration (1400 min). Sulphate concen�
tration observed below 85 µmol/l and total Nitrogen

( ) concentration below 390 µmol/l until
1400 min. The concentration of degradation product
is below the expected hazardous level and hazardous
degradation product follow the order

 [25].
Table 2 shows the phenol removal efficiency

achieved by direct ultrasonication and mixed ultrason�
ication in the presence of catalysts. Phenol removal
efficiency of direct ultrasonication in the presence of
catalyst follows the order: K�OMS�2 > TiO2 > K�
OMS�2/TiO2 > K�OL�1/TiO2 (Table 2). Bulk K�
OMS�2 is a more suitable catalyst for phenol sorption
and removal experiment compared with bulk K�OL�1
due to its surface acid�base property. Bulk K�OL�1
shows negligible activity of phenol removal by ultra�
sonication. K�OMS�2 and titania catalysts show more
efficient phenol removal efficiency achieved by direct
ultrasonication process compared with porous manga�
nese oxide�doped titania catalyst because fewer radi�
cals were formed within the short reaction duration.
As for the mixed ultrasonication process, both K�
OMS�1� and K�OMS�2�doped titania show better

2
4
−SO

3 4
− +

+NO NH

2
4 3 4
+ − −

< <NH NO SO

and more promising phenol removal efficiency with
good reproducibility compared with TiO2 and K�OL�
1/TiO2. Reproducibility of phenol removal efficiency
for TiO2 and K�OL�1/TiO2 catalyst are not promising
in the ultrasonication process due to the surface acid�
base property of bulk TiO2 and the nature of the cata�
lyst surface. Hence, K�OL�1/TiO2 and TiO2 alone
show reduced activity due to poor activation of cata�
lyst surface within the short reaction duration and low
ultrasonic power level. K�OMS�2 and K�OMS�
2/TiO2 catalyst are effective in activating the forma�
tion of surface species because the presence of active
oxygen species in manganese oxide lattice and perfect
phenol sorption facilitate the formation of radicals for
the phenol decomposition process. The presence of
K�OMS�2 and K�OMS�2/TiO2 catalyst, optimal
ultrasonic power level of 8 and pH of 3.5 are perfect
reaction conditions for removal of phenol compounds
by ultrasonication.

CONCLUSIONS

The promising K�OMS�2 and K�OMS�2�doped
TiO2 sonocatalysts are prepared by aqueous impregna�
tion method. The aggregated particle morphology was
observed for 5 wt % K�OMS�2�doped TiO2 and the
particle formed had spherical and platy morphology.
The 5 wt % K�OMS�2�doped titania shows greater
surface area than bulk TiO2. Methylene blue dye deg�
radation rate improved by optimal amount of pure
TiO2 catalyst compared to manganese oxide doped
TiO2 composite powder at ultrasonication process. K�
OMS�2 and K�OMS�2/TiO2 are showing good and
promising results for efficient phenol decomposition
under optimized ultrasonic reaction conditions
(power level 8 and pH 3.5 of the reactant solution).
Experimental results of the present study predict that
the photo�ultrasonication process in the presence of
K�OMS�2/TiO2 catalyst offer an economic and effi�
cient approach to phenol decomposition or removal
process in industrial waste water treatment.
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