
M
o

L
a

b

c

a

A
R
R
A
A

K
D
M
M
P
K
L

1

t
e
[
l
s
t
n
f

(
t
W
l
p
i
c
d

(

0
d

Journal of Hazardous Materials 179 (2010) 438–443

Contents lists available at ScienceDirect

Journal of Hazardous Materials

journa l homepage: www.e lsev ier .com/ locate / jhazmat

icrowave-assisted preparation, characterization and photocatalytic properties
f a dumbbell-shaped ZnO photocatalyst

i-Yun Yanga,b, Shu-Ying Donga, Jian-Hui Suna,∗, Jing-Lan Fenga, Qiu-Hua Wua, Sheng-Peng Sunc,∗∗

Henan Key Laboratory for Environmental Pollution Control, College of Chemistry and Environmental Sciences, Henan Normal University, Xinxiang, Henan 453007, PR China
College of Chemistry and Chemical Engineering, Xinxiang University, Henan 453007, PR China
State Key Laboratory of Pollution Control and Resources Reuse, College of Environmental Science and Engineering, Tongji University, Shanghai 200092, PR China

r t i c l e i n f o

rticle history:
eceived 4 December 2009
eceived in revised form 21 February 2010
ccepted 6 March 2010
vailable online 12 March 2010

eywords:

a b s t r a c t

A novel dumbbell-shaped ZnO photocatalyst was successfully synthesized by microwave heating in the
present study. The prepared ZnO photocatalysts were characterized by X-ray diffraction (XRD), scan-
ning electron microscopy (SEM) and UV–Vis absorption spectrum (UV–Vis). The results indicated that
the prepared ZnO photocatalyst shows a united dumbbell shape with 2 �m diameter and 5 �m length.
The photocatalytic activity of the prepared dumbbell-shaped ZnO photocatalyst was evaluated by the
degradation of Methylene Blue (MB) in aqueous solution. The effects of pH, catalyst dosage ([ZnO])
and initial concentration of MB ([MB]) on the photocatalytic degradation efficiency of MB were investi-
umbbell-shaped ZnO
icrowave heating
ethylene Blue

hotocatalytic
inetics

gated. An optimum condition was determined as pH 7–8, [ZnO] = 1.0 g-ZnO L−1 and [MB] = 15 mg-MB L−1.
Under the optimum condition, the decolorization and TOC removal efficiencies of MB at 75 min reaction
time were achieved 99.6% and 74.3%, respectively, which were higher than that by the commercial ZnO
powder. In addition, the photocatalytic degradation kinetics of MB was also investigated. The results

talyti
mode
angmuir–Hinshelwood model showed that the photoca
Langmuir–Hinshelwood

. Introduction

Dyes widely used in textiles, paper, rubber and plastics indus-
ries have led to severe environmental contamination due to the
mitting of the toxic and colored wastewater into water bodies
1–3]. They seriously affect the nature of water, inhibit sun-
ight penetration and reduce photosynthetic reaction. In addition,
ome dyes are either toxic or carcinogenic [4,5]. The traditional
echniques for the treatment of dye waste effluents are usually
on-destructive, inefficient and costly or just transfer pollutions

rom water to another phase [2,6–8].
Recent studies have shown that heterogeneous semiconductor

TiO2 and ZnO) photocatalysis can be an alternative to conven-
ional methods for the removal of dye pollutants from water [9–12].

hen these semiconductors are illuminated with an appropriate
ight source, the electron/hole pairs are produced with electrons

romoted to the conduction band and leaving the positive holes

n the valence band. The generated electron/hole pairs induce a
omplex series of reactions that might result in the complete degra-
ation of the dye pollutants adsorbed on the semiconductor surface
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c degradation kinetics of MB fitted the pseudo-first-order kinetics and the
l.
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[9–12]. It is well known that TiO2 is the most commonly used
photocatalyst for the degradation of a wide range of organic pollu-
tants. At the same time, ZnO as a potential photocatalyst has been
also widely investigated in recent years. The biggest advantage
of ZnO compared with TiO2 is that it absorbs over a larger frac-
tion of the UV spectrum and absorbs more light quanta than TiO2
[13,14]. Additional, ZnO is with a lower cost and it has shown higher
photocatalytic efficiencies for the degradation of several organic
pollutants in both acidic and basic medium than TiO2 [15,16].

It has been demonstrated that the structural and morphological
characters such as the size, shape, crystalline form, photocatalytic
activity and some relevant properties of ZnO can be significantly
affected by different synthesis methods [17–19]. Up to now, various
methods have been developed to prepare ZnO photocatalyst with
special performance, which mainly include hydrolysis in polyol
medium [20], template method [21], chemical-precipitation [22],
thermal oxidation process [18], hydrothermal synthesis [23] and
microwave heating [24]. Among these methods, microwave heat-
ing is a simple fast and safe synthesis method which entirely differs
from other synthesis techniques [25].

Dumbbell shaped ZnO has received some attention due to its

excellent gas sensing and optical properties [26,27]. It has been
synthesized by hydrothermal, wet chemical and solution methods,
however, these methods were complex or relative time-consuming
[28–30]. Therefore, the aim of the present study was to inves-
tigate the synthesis of a dumbbell-shaped ZnO photocatalyst via

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:sunsp_hj@yahoo.com.cn
mailto:sunsp@yahoo.cn
dx.doi.org/10.1016/j.jhazmat.2010.03.023
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SEM images of the prepared ZnO photocatalyst are shown in
Fig. 2(a)–(c). It can be seen that the prepared ZnO photocatalyst
show a united dumbbell shape (Fig. 2(a)). The mean diameter
and length were determined at about 2 and 5 �m, respectively. In
addition, from the magnification images of the dumbbell-shaped
L.-Y. Yang et al. / Journal of Haza

icrowave heating and without the addition of any surfactant. The
orphology, microstructure and optical properties of the prepared

nO photocatalyst were characterized by X-ray diffraction (XRD),
canning electron microscopy (SEM) and UV–Vis absorption spec-
rum (UV–Vis). The photocatalytic activity of the prepared ZnO
hotocatalyst was evaluated by the degradation of Methylene Blue
MB) under UV light irradiation. The characterizations and pho-
ocatalytic activity of dumbbell-shaped ZnO were compared with
he commercial ZnO. The effect of various operating parameters
uch as pH, catalyst dosage and the initial dye concentration on the
egradation of MB were investigated. In addition, the degradation
inetics of MB was also studied.

. Materials and methods

.1. Materials

Zinc acetate dihydrate (Zn(CH3COO)2·2H2O) and commercial
nO powder were purchased from Tianjin Chemical Reagent Fac-
ory (Tianjin, China). Ammonia solution (NH4OH), Methylene Blue,
ydrochloric acid (HCl) and Sodium hydroxide (NaOH) were pur-
hased from Shanghai Chemical Reagent Company (Shanghai,
hina). All chemicals used in this study were analytical grade and
sed directly without further purification. Deionized water with
onductivity between 0.7 and 1.0 �S cm−1 was used throughout
his study.

.2. Dumbbell-shaped ZnO photocatalyst preparation

5 g Zn(CH3COO)2·2H2O was dissolved in 30 mL deionized water,
mL NH4OH was dropwise added to the above solution under mag-
etic stirring. After 10 min of stirring, the reaction mixture was
oured into a PTFE sealed can and heated in a microwave oven
Midea KD21B-C, 2.45 GHz, Shunde Medea Microwave Oven Pro-
uction Co. Ltd., Foshan, China) at a power of 400 W for 5 min,
ollowed by 240 W for 10 min. After that the PTFE sealed can was
ooled down to room temperature, the colloid material was filtered
nd washed with deionized water in order to remove undesirable
nions such as CH3COO−, dried at 80 ◦C for 5 h and then calcined at
00 ◦C with air atmosphere in an oven for 1 h. After cooling down
o room temperature, the dumbbell-shaped ZnO photocatalyst was
btained.

.3. Dumbbell-shaped ZnO photocatalyst characterization

The crystal structure of the prepared ZnO microcrystal pho-
ocatalyst was analyzed by XRD. The patterns were recorded in
he 2� range of 10–70◦ with a scan rate of 0.02◦/0.4 s by using a
ruker-D8-AXS diffractometer system equipped with a Cu K� radi-
tion (� = 0.15406 Å) (Bruker Co., Germany). The morphology and
imensions of ZnO microcrystal photocatalyst were observed by
EM (JSM-6301, Japan). The UV–Vis spectra of ZnO microcrystal
hotocatalyst were measured by using a UV–Vis spectrophotome-
er (Lambda 17, Perkin-Elmer), prior to UV–Vis analysis the ZnO
ample was ultrasonically dispersed in deionized water at room
emperature.

.4. Photocatalytic experiments

The photocatalytic activity of the prepared ZnO microcrys-
al photocatalyst was evaluated by the degradation of MB dye

astewater. All experiments were carried out in a photo-reaction

pparatus as reported in our previous studies [31]. A 300 W high-
ressure mercury lamp with the strongest emission at 365 nm was
sed as light source (Yaming Company, Shanghai). Prior to each test,
he lamp was turned on and warm up for about 10 min in order to
Materials 179 (2010) 438–443 439

get a constant output. Batch tests were performed as the follow-
ing procedure, 1 g ZnO photocatalyst was added into 1000 mL dyes
solutions, the mixture was stirred in dark for 40 min to allow the
physical adsorption of dyes molecules on catalyst particles reach-
ing the equilibrium. Subsequently, the mixture was poured into the
photoreactor and began the photocatalytic degradation tests. The
reaction solution was mixed by an air diffuser, which was placed
at the bottom of the reactor to uniformly disperse air into the solu-
tion with a flow rate of 0.2 m3 h−1. The temperature of the reactions
was controlled at room temperature by circulating water. The pH of
dyes wastewater was adjusted to the required pH by adding 0.1 M
HCl or NaOH. The pH value of solutions was measured by a pHS-3C
digital pH meter. The photocatalytic activity of the prepared ZnO
photocatalyst was compared with the commercial ZnO under the
same conditions.

Samples were collected at regular intervals and were immedi-
ately centrifuged to remove particles for analysis. The concentra-
tion of MB was determined by measuring the absorption intensity
at its maximum absorbance wavelength of �MB = 661 nm, by using a
UV–Vis spectrophotometer (Lambda 17, Perkin-Elmer) with a 1 cm
path length spectrometric quartz cell, and then calculated from cali-
bration curve. The TOC of the samples were analyzed by using a TOC
analyzer (Apollo 9000, Terkmar-Dohrmann, USA). The degradation
of the dyes wastewater was defined as follows:

� = C0 − Ct

C0
× 100% (1)

where � is the decolorization efficiency or TOC removal efficiency
of the dye wastewater, C0 is the initial dye concentration or TOC
concentration, Ct is the dye concentration or TOC concentration at
certain reaction time t (min).

3. Results and discussion

3.1. Characterizations

The XRD spectra of the prepared ZnO photocatalyst and com-
mercial ZnO are shown in Fig. 1. A series of characteristic peaks
are observed, 2.8143 (1 0 0), 2.6033 (0 0 2), 2.4759 (1 0 1), 1.9111
(1 0 2), 1.6247 (1 1 0), 1.4771(1 0 3), 1.4072 (2 0 0), 1.3782 (1 1 2)
and 1.3583 (2 0 1) which were in accordance with the hexago-
nal wurtzite structure of ZnO (International Center for Diffraction
Data, JCPDS 36-1541). No any other impure diffraction peaks were
detected, indicating that the prepared ZnO photocatalyst were
pure.
Fig. 1. The XRD patterns of the prepared ZnO photocatalyst (a) and commercial ZnO
(b).
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Fig. 2. SEM images of the dumbbell-shaped Zn

nO (Fig. 2(b) and (c)), it can be observed that the surface of the
repared ZnO photocatalyst was covered by a lot of small parti-
les (the particles size was about 100 nm). These small particles
ight increase the surface area of the prepared ZnO photocata-

yst and enhance its light absorption, which might be beneficial for
ts photocatalytic activity enhancement. In addition, although var-
ous microstructures and small diameter of particles was observed
or the commercial ZnO (Fig. 2(d)), it seems like the commercial
nO particles are easily agglomerate between each other, which
ight result in decreasing the light utilization rate and lower its

hotocatalytic activity.
It is well known that the optical absorption behavior of photo-

atalyst could significantly affect its photocatalytic activity. Fig. 3

hows the UV–Vis absorption spectra of the prepared dumbbell-
haped ZnO photocatalyst and commercial ZnO. An absorption
eak centered at 358 nm was found from the spectra of the pre-
ared dumbbell-shaped ZnO photocatalyst. It can be seen that the

ig. 3. UV–Vis absorption spectra of the dumbbell-shaped ZnO photocatalyst and
ommercial ZnO at room temperature.
tocatalyst (a, b and c) and commercial ZnO (d).

absorbance of the prepared dumbbell-shaped ZnO photocatalyst
was quickly increased as decreasing the wavelength from 500 to
358 nm. However, the absorbance of commercial ZnO was slightly
increased as decreasing the wavelength within the same region. In
addition, it was also observed that the absorbance of the prepared
dumbbell-shaped ZnO photocatalyst was higher than commer-
cial ZnO at the whole UV region from 200 to 358 nm. The results
indicated that the prepared dumbbell-shaped ZnO photocatalyst
showed good optical absorption behavior, especially for UV light
absorption.

3.2. Photocatalytic activity of the dumbbell-shaped ZnO
photocatalyst

3.2.1. Effect of pH
The effect of pH on the photocatalytic activity of the dumbbell-

shaped ZnO photocatalyst was tested and the results are shown
in Fig. 4. It can be seen that pH can significantly affect the photo-
catalytic activity of the dumbbell-shaped ZnO photocatalysts, an
optimal pH was found to be 6.9–7.8. As shown in Fig. 4, the decol-
orization efficiency of MB was significantly increased from 25.8% to
99.6% with increasing pH from 5.6 to 6.9. However, the decoloriza-
tion efficiency was gradually decreased with further increasing
pH above 7.8. The pH effect on the photocatalytic activity of the
dumbbell-shaped ZnO photocatalyst can be explained on the basis
of the point of zero charge of ZnO. Changes of pH shift the redox-
potentials of valence and conduction bands, which might affect the
interfacial charge-transfer [32,33]. At a low pH, the surface of ZnO
photocatalyst is positively charged, but at a high pH it becomes
negatively charged. Since MB is a cationic dye, high pH favors the
adsorption of MB molecule on the catalyst surface which results in
a high decolorization efficiency of MB under neutral and basic con-
ditions. However, the stability of ZnO might not be guaranteed at

high pH due to the possibility of alkaline dissolution of ZnO [34,35].

3.2.2. Effect of the catalyst dosage
The effect of catalyst dosage on the photocatalytic degradation

of MB was tested and the results are shown in Fig. 5. It can be
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ig. 4. Effect of pH on the photocatalytic activity of the dumbbell-shaped ZnO
hotocatalyst. Experimental conditions: [dye] = 15 mg L−1, [ZnO] = 1.0 g L−1, gas flow
ate = 0.2 m3 h−1, temperature = 22 ◦C and reaction time = 75 min.

een that the decolorization efficiency of MB increased from 76% to
9.6% with increasing the dosage of ZnO photocatalyst from 0.5 to
.0 g L−1. This is due to with the increase of the catalyst dosage, the
hotogenerated electron hole pairs and •OH were correspondingly

ncreased, which lead to more dye molecules destruction. However,
t does not mean that the more catalyst dosage, the higher degrada-
ion efficiency of MB. We can clearly observe that when increasing
he dosage of ZnO photocatalyst from 1.0 to 2.5 g L−1, the decol-
rization efficiency of MB was decreased by 22.6% but not increased.
t can be explained by the fact that when the catalyst dosage was
igger than a certain value, too much catalyst could cripple the
olution’s transparence and cause a scattering effect, correspond-
ngly reduce the light utilization rate and lower the photocatalytic
ctivity of ZnO. Therefore, the results show that an optical dosage

−1
f ZnO photocatalyst for the degradation of MB is 1.0 g L .

.2.3. Effect of initial concentration of MB
The effect of initial concentration of MB on the photocatalytic

egradation efficiency was tested by varying the initial concentra-

ig. 5. Effect of catalyst dosage on the photocatalytic degradation of MB by the
umbbell-shaped ZnO photocatalyst. Experimental conditions: [dye] = 15 mg L−1,
H 6.9, gas flow rate = 0.2 m3 h−1 and temperature = 22 ◦C.
Fig. 6. Effect of initial dye concentration on the photocatalytic degradation of
MB by the dumbbell-shaped ZnO photocatalyst. Experimental conditions: pH 6.9,
[ZnO] = 1.0 g L−1, gas flow rate = 0.2 m3 h−1 and temperature = 22 ◦C.

tion of MB from 10 to 30 mg L−1, the results are shown in Fig. 6.
It was found that the decolorization efficiency of MB was strongly
depended on the initial dye concentration. The decolorization effi-
ciency of MB was decreased from 100% to 72% with the increase
of the initial dye concentration from 10 to 30 mg L−1. An explana-
tion was that as the initial concentration of MB was increased, the
dosage of generated •OH was not correspondingly increased due
to the same dosage of ZnO photocatalyst, which resulted in a rela-
tive small •OH concentration. In addition, high concentration of dye
might also decrease the light utilization rate by ZnO photocatalyst,
thus the photodegradation efficiency of MB was decreased with the
increase of the initial dye concentration [36].

3.2.4. Comparison of the photocatalytic activity of the
dumbbell-shaped ZnO and commercial ZnO

Fig. 7 shows the comparison of the decolorization and TOC
removal efficiencies of MB in aqueous solution by dumbbell-shaped

ZnO photocatalyst and commercial ZnO. It can be seen that the
decolorization efficiency and TOC removal efficiency of MB by the
dumbbell-shaped ZnO photocatalyst after 75 min reaction time was
achieved 99.6% and 74.3%, respectively, which was 6.9% and 19.8%

Fig. 7. Decolorization and TOC removal efficiencies of MB by the dumbbell-shaped
ZnO photocatalyst and commercial ZnO. Experimental conditions: [dye] = 15 mg L−1,
pH 6.9, [ZnO] = 1.0 g L−1, gas flow rate = 0.2 m3 h−1, temperature = 22 ◦C and reaction
time = 75 min.



442 L.-Y. Yang et al. / Journal of Hazardous Materials 179 (2010) 438–443

F
t
g

h
[
c
Z
a
r
c
n
9
m
M
t
m
b
6
t
p
m
t
U
a

3

d
w
k
E

−

l

w
i
r
t
s
(

d

ig. 8. The plots of lnC0/C versus reaction time (t, min) with different initial concen-
rations of MB. Experimental conditions: [dye] = 15 mg L−1, pH 6.9, [ZnO] = 1.0 g L−1,
as flow rate = 0.2 m3 h−1 and temperature = 22 ◦C.

igher than that by the commercial ZnO. In addition, Jang et al.
37] reported that the maximum photocatalytic decolorization effi-
iencies of 10–20 mg L−1 MB by 1.0 g L−1 ZnO nanoparticles and
nO nano-crystalline particles after 120 min reaction time were
chieved 99–97% and 93–77%, respectively. Kim and Park [38]
eported that the maximum photocatalytic decolorization efficien-
ies of 6 mg L−1 MB by 1.5 g L−1 rod- and spherical-shaped ZnO
anoparticles after 100 min reaction time were achieved 75% and
8.5%, respectively. Chakrabarti and Dutta [33] reported that the
aximum photocatalytic decolorization efficiencies of 25 mg L−1

B by 1.0 g L−1 GR grade commercial ZnO after 120 min reaction
ime achieved 93%. Height et al. [39] reported that the maxi-

um photocatalytic decolorization efficiencies of 10 mg L−1 MB
y 0.3 g L−1 flame-made Ag-ZnO (Ag loading was 3 at.%) after
0 min reaction time achieved 54%. The results above indicate that
he prepared dumbbell-shaped ZnO photocatalyst shows a good
hotocatalytic activity, which might be attributed to its unique
icrostructure to absorb a large fraction of UV light. On the con-

rary, the agglomerate of commercial ZnO particles decreased the
V light utilization rate, which reduced its photocatalytic activity
nd resulted in a low decolorization efficiency of MB.

.3. Kinetics analysis

In the present study, it was found that the photocatalytic
egradation of MB by the dumbbell-shaped ZnO photocatalyst
as obeyed the pseudo-first-order kinetics. The pseudo-first-order

inetics for MB’s degradation was calculated as follows (Eq. (2) and
q. (3)):

dC

dt
= kC (2)

n
(

C0

C

)
= kt (3)

here k is the pseudo-first-order rate constant (min−1), C0 is the
nitial concentration of MB (mg L−1), C is the concentration of MB at
eaction time t (min). The linear plots of ln(C0/C) versus irradiation

ime t (min) are shown in Fig. 8. It can be seen that the relation-
hip between ln(C0/C) and irradiation time t was in a good linear
R > 0.99).

In principle, the photocatalytic degradation of MB by the
umbbell-shaped ZnO photocatalyst is an interface process, which
Fig. 9. The relationship between the 1/kap and the initial concentration of MB.
Experimental conditions: [dye] = 15 mg L−1, pH 6.9, [ZnO] = 1.0 g L−1, gas flow
rate = 0.2 m3 h−1, temperature = 22 ◦C and reaction time = 75 min.

might follow the Langmuir–Hinshelwood model (Eq. (4) and Eq.
(5)):

r0 = −dC

dt
= K1K2C

1 + K2C0
= kapC (4)

1
kap

= 1
K1K2

+ C0

K1
(5)

where C0 is the initial concentration of MB (mg L−1), K1 is
the surface reaction rate constant (mg L−1 min−1), K2 is the
Langmuir–Hinshelwood adsorption equilibrium constant (L mg−1)
and kap (min−1) is the pseudo-first-order rate constant. A plot
of 1/kap versus C0 for the photocatalytic degradation of MB is
shown in Fig. 9. A linear relation between the 1/kap and dye con-
centration was observed (R = 0.98961), which indicated that the
photocatalytic degradation of MB by dumbbell-shaped ZnO photo-
catalyst followed the Langmuir–Hinshelwood model. The surface
reaction rate constant and the adsorption equilibrium constant
were calculated as K1 = 0.5375 mg L−1 min−1 and K2 = 8.054 L mg−1,
respectively. The results were consistent with the other reports
[33–35].

4. Conclusions

In this study, a dumbbell-shaped ZnO photocatalyst was
successfully synthesized via microwave-heating method. The pre-
pared dumbbell-shaped ZnO photocatalyst were characterized
by XRD, SEM and UV–Vis absorption spectra. The photocatalytic
activity of the prepared dumbbell-shaped ZnO photocatalyst was
evaluated by the degradation of MB in aqueous solution. The results
indicated that pH can significantly affect the photocatalytic activ-
ity of the dumbbell-shaped ZnO photocatalysts, an optimal pH
was found to be 6.9–7.8. In addition, an optical catalyst dosage
and dye concentration was found to be 1.0 g-ZnO L−1 and 15 mg-
MB L−1. Under the optical conditions, the decolorization efficiency
and TOC removal efficiency at 75 min reaction time were achieved
99.6% and 74.3%, respectively, which was higher than that by the

commercial ZnO powder. Moreover, it was found that the degra-
dation kinetics of MB fitted the pseudo-first-order kinetics and
the Langmuir–Hinshelwood model. The surface reaction rate con-
stant and the adsorption equilibrium constant was calculated as
K1 = 0.5375 mg L−1 min−1 and K2 = 8.054 L mg−1, respectively.
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