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a b s t r a c t

Zirconia nanotubes with a length of 25 �m, inner diameter of 80 nm, and wall thickness of 35 nm were
prepared by anodization method in mixture of formamide and glycerol (volume ratio = 1:1) containing
1 wt% NH4F and 1 wt% H2O. Experiments showed that zirconia nanotubes and ultrasonic wave had syner-
ccepted 25 January 2011
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gistic degradation effect for methyl orange and the efficiency of ultrasonic wave increased by more than 7
times. The decolorization percentage was influenced by pH value of the solution. Methyl orange was easy
to be degraded in acidic solution. The decolorization percentage of methyl orange reached 97.6% when
degraded for 8 h in 20 mg/L methyl orange solution with optimal pH value 2. The reason of synergistic
degradation effect for methyl orange might be that adsorption of methyl orange onto zirconia nanotubes

datio
ltrasonic wave
ethyl orange

resulted in the easy degra

. Introduction

Azo dyes are the largest group of colorants used in industry
or color printing, textile dyeing, etc. [1]. However, the production
nd use of azo dyes result in environmental pollution due to the
olor visibility and the toxicity of certain dyes [2]. Various meth-
ds such as adsorption, biodegradation, photocatalytic and Fenton
egradation can be used for the treatment of dyes [3–5]. The main
isadvantages of these methods include high cost, secondary pol-

ution or low efficiency, etc.
The method of ultrasonic irradiation is usually used to treat

yestuff wastewaters owing to its advantages such as cleanness
nd non-secondary pollution [6–8]. However, ultrasonic method
sually needs lots of energy and long reaction time [9]. Therefore,
ne of the important research contents is to improve the efficiency
f ultrasonic waves.

Zirconia is widely used as adsorbent or carrier in treatment of
nvironmental pollution due to its excellent properties [10,11]. The
orphology of zirconia has a great influence on its performance.
mong various morphologies, zirconia nanotubes have attracted
onsiderable attention due to large surface area and specific tubular

tructure. Recent years, zirconia nanotubes have been prepared by
nodization method which has such advantages including simple
echnique, low cost, high yield and easy for industrial production
12–14].

∗ Corresponding author. Tel.: +86 22 60204805; fax: +86 22 60204129.
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n of the methyl orange through ultrasonic wave.
© 2011 Elsevier B.V. All rights reserved.

In this paper, zirconia nanotubes were prepared by anodization
method and then degradation of methyl orange through joint action
of zirconia nanotubes and ultrasonic wave was studied in detail.
Results showed that zirconia nanotubes and ultrasonic wave had
synergistic degradation effect for methyl orange and the efficiency
of ultrasonic wave increased substantially.

2. Experimental details

2.1. Preparation of zirconia nanotubes

Zirconia nanotubes were prepared by anodizing a zirconium foil
in mixture of formamide and glycerol (volume ratio = 1:1) contain-
ing 1 wt% NH4F and 1 wt% H2O. Zirconium electrode was anode
and platinum electrode was cathode, the distance between the two
electrodes was 2 cm. Voltage increased from 0 V to 50 V in 10 min
slowly, and was kept constant at 50 V for 3 h. After the experiment,
the sample was ultrasonically dispersed for 30 min in concentrated
hydrochloric acid solution and rinsed with water, then calcined at
600 ◦C for 2 h.

2.2. The degradation experiment of methyl orange

10 mg zirconia nanotubes were added into 25 mL methyl orange
solution which was at a certain pH value and concentration. Ultra-

sonic degradation experiments were carried out under different
conditions (Fig. 1). The concentration of methyl orange solution
was measured through T6 UV–vis spectrophotometer (Pgeneral,
China). The decolorization percentage was calculated according to
the concentration change before and after degradation.

dx.doi.org/10.1016/j.jhazmat.2011.01.100
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:zhaojl02@mails.tsinghua.edu.cn
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Fig. 1. Schematic diagram of experimental setup.

.3. Measurement and characterization

The morphologies of zirconia samples were observed through
hilips XL 30 TMP scanning electron microscope and Philips Tacnai
20 transmission electron microscope. Zirconia nanotube samples
efore and after adsorption of methyl orange and the zirconia nan-
tube samples after decolorization of methyl orange solution were
haracterized through Fourier transform infrared spectroscopy
FTIR, WQF-410, China). Ultrasonic wave was obtained through
G28-300 ultrasonic generator with a frequency of 28 kHz and
ower density of 0.5 w/cm2 (Zhangjiagang ultrasonic electrical
o., China).

. Results and discussion
.1. Morphologies of zirconia nanotubes

Fig. 2 shows the morphologies of zirconia nanotubes prepared
y anodization method. The average inner diameter of these nan-

Fig. 2. Morphologies of zirconia nano
Fig. 3. Decolorization of methyl orange through synergistic effect of zirconia
nanotubes and ultrasonic wave (C0: 20 mg/L, pH: 4.5); (a) crystallized zirconia nan-
otubes, (b) uncrystallized zirconia nanotubes, (c) without zirconia nanotubes.

otubes was determined to be ≈80 nm, wall thickness of ≈35 nm,
and length of ≈25 �m.

The as-anodized samples are amorphous. When calcined at
600 ◦C, the samples have two mixed crystal forms of tetragonal and
monoclinic phase, while monoclinic phase is the dominant phase.

3.2. Synergistic effect of zirconia nanotubes and ultrasonic wave

The decolorization experiments of zirconia nanotubes and ultra-
sonic wave were conducted in 20 mg/L methyl orange solution
when the pH value was 4.5. Fig. 3 shows the results. The decol-
orization percentage increased obviously due to the joint actions
of zirconia nanotubes and ultrasonic wave. The performance of
crystallized zirconia nanotubes is superior to that of the uncrys-
tallized zirconia nanotubes (Fig. 3a and b). Without zirconia
nanotubes, decolorization percentage of methyl orange is rather
limited (Fig. 3c). Results show that zirconia nanotubes and ultra-
sonic wave have synergistic degradation effect for methyl orange
and efficiency of ultrasonic wave increased by more than 7 times
due to the use of zirconia nanotubes.

In order to study the adsorption of methyl orange, zirconia nan-
otubes were dipped into methyl orange solution for a certain time,
then separated, rinsed with water and dried at 60–70 ◦C. Infrared
analysis of zirconia nanotube samples before and after adsorption
of methyl orange and the zirconia nanotube samples after decol-

orization of methyl orange solution were conducted and shown in
Fig. 4.

In the infrared spectrum of zirconia nanotubes (Fig. 4a), a broad
absorption band at 1110 cm−1 illustrates the existence of hydroxyl
groups at the surface of zirconia nanotubes. In the infrared spec-

tubes prepared by anodization.
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ig. 4. Infrared spectra analysis of zirconia nanotubes (a), zirconia nanotubes
dsorbed with methyl orange (b), zirconia nanotubes after decolorization of methyl
range solution (c), methyl orange (d).

rum of zirconia nanotubes adsorbed with methyl orange (Fig. 4b),
elative strength of the absorption peaks changed greatly compared
ith that of methyl orange (Fig. 4d). Two wide strong absorption
eaks at 1578 cm−1 and 1414 cm−1, together with the absorption
eaks below 1414 cm−1 become much weaker in Fig. 4b. The peak
ositions in Fig. 4b have moved compared with Fig. 4d, which

ndicates that zirconia nanotubes have strong adsorption effect to
ethyl orange and result in the change of electric cloud distribution
ithin the molecules. In the infrared spectrum of zirconia nan-

tubes after decolorization of methyl orange solution (Fig. 4c), there
s hardly adsorption peaks at 1578 cm−1 and 1414 cm−1, which
ndicates that the decolorization of methyl orange solution was
ot due to physical adsorption, but due to degradation of methyl
range.

During the synergistic degradation process of methyl orange,
irconia nanotubes adsorb methyl orange molecules in the solution.

ltrasound can generate strong impact and cavitation effect on the

urface of zirconia nanotubes, and then generate HO• free radical.
he HO• can oxidize the adsorbed methyl orange and result in the
egradation of methyl orange [15–17].

Fig. 6. The influence of decolorizatio
Fig. 5. The influence of pH value on decolorization percentage (C0: 20 mg/L, t: 7 h).

3.3. Influential factors of decolorization percentage

The pH value of methyl orange solution has great influence on
the decolorization percentage. Fig. 5 shows the influence of pH
value on decolorization percentage when reaction time is 7 h and
the concentration of methyl orange solution is 20 mg/L. Methyl
orange is more easily degraded in acid solution and the decoloriza-
tion percentage decreases with increase of pH value. In alkaline
solution, the decolorization percentage increases slightly with the
increase of pH value. When the pH value is 7, the decolorization
percentage is the lowest.

There are two main reasons for the strong influence of pH value.
On the one hand, surface hydroxyl group of zirconia is acidic to a
certain degree and in acidic solution, the surface hydroxyl group
exists in the form of –OH, while in alkaline solution, the surface
hydroxyl group exists in the form of –O−. The structure change
would affect the adsorption of methyl orange onto zirconia nan-
otubes.

On the other hand, the molecular structure of methyl orange
changes in solution with different pH values. The proportion of azo
structure increases with the increase of the solution pH value, and
the proportion of quinoid structure increases with the decrease
of the solution pH value. According to the experimental results,
quinoid structure may be more likely to be degraded.
n time (C0: 20 mg/L, pH: 2.0).
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chemical reaction zone using several OH monitoring techniques, Ultrason.
Fig. 7. The influence of solution concentration (pH: 4.5).

Reaction time influenced the decolorization percentage a lot.
ig. 6A shows the decolorization percentage changing curve vs.
ime when the pH value is 2. The decolorization percentage
ncreases with the extension of time, reaches 94.6% after 6 hours,
nd increases to 97.6% after 8 h. Fig. 6B gives the UV–vis absorption
pectra of original methyl orange solution and methyl orange solu-
ion after degradation for 3, 5 and 8 h. Methyl orange has a strong
haracteristic peak at 510 nm and two weak absorption peaks at
80 nm and 320 nm. These absorption peaks become weak and dis-
ppear along with the extension of reaction time while the intensity
f absorption peak between 220 nm and 240 nm increases. The
V–vis results indicate that methyl orange was degraded during

he process, which is in agreement with the IR analysis.
In addition, decolorization percentage is directly affected by the

olution concentration. Under same conditions, the decolorization
ercentage decreases with the increase of the solution concentra-
ion (Fig. 7).

. Conclusion

Zirconia nanotubes with a length of 25 �m, inner diameter of
0 nm, and wall thickness of 35 nm were prepared by anodiza-
ion in mixture of formamide and glycerol (volume ratio = 1:1)
ontaining 1 wt% NH4F and 1 wt% H2O. Experiments show that
irconia nanotubes and ultrasonic wave had synergistic degrada-
ion action for methyl orange and the efficiency of ultrasonic wave
ncreased by more than 7 times. The decolorization percentage of
rystallized zirconia nanotubes is higher than that of uncrystal-

ized zirconia nanotubes. The synergistic decolorization percentage

as affected by pH value of the solution. In acidic solution the
ethyl orange was easy to be degraded. When pH value was 2

nd the solution concentration was 20 mg/L, the decolorization per-
entage of methyl orange reached 94.6% after degradation for 6 h

[

aterials 188 (2011) 231–234

and reached 97.6% after 8 h. Under the same conditions, the decol-
orization percentage decreases with the increase of the solution
concentration.

The synergistic degradation effect of zirconia nanotubes and
ultrasonic wave can be ascribed to that the absorption of methyl
orange onto zirconia nanotubes would lead to easy degradation of
methyl orange through ultrasonic wave.
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