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Experiments were conducted to investigate the removal of remazol golden yellow dye in order to assess
the effectiveness and feasibility of microwave enhanced chlorine dioxide (ClO2) catalytic oxidation pro-
cess. The catalyst used in this process was CuOn–La2O3/�-Al2O3. The operating parameters such as the
ClO2 dosage, catalyst dosage, and pH were evaluated. The results showed that microwave enhanced cat-
alytic oxidation process could effectively degrade remazol golden yellow dye with low oxidant dosage in a
short reaction time and extensive pH range compared to the conventional wet catalytic oxidation. Under
icrowave
lO2

uOn–La2O3/�-Al2O3

emazol golden yellow

the optimal condition (ClO2 concentration 80 mg/L, microwave power 400 W, contacting time 1.5 min,
catalyst dosage 70 g/L, and pH 7), color removal efficiency approached 94.03%, corresponding to 67.92%
of total organic carbon removal efficiency. It was found that the fluorescence intensity in microwave
enhanced ClO2 catalytic oxidation system was about 500 a.u. which was verified that there was much
hydroxyl radical produced. Compared with different processes, microwave enhanced ClO2 catalytic oxi-
dation system could significantly enhance the degradation efficiency. It provides an effective technology

ent.
for dye wastewater treatm

. Introduction

The color and high COD of effluents from dyehouse cause serious
nvironmental contamination problems nowadays. In particular,
zo dyes represent about half of the dyes used in the textile indus-
ry and, as a consequence, a relevant problem of pollution related
o the release of these products in the environment is taking place
1,2]. Although there were several other technologies available for
he removal of color and COD from azo dye wastewater such as
iodegradation [3], sorption [4–6], electrochemical and oxidative
egradation [7–11], chlorine dioxide (ClO2) catalytic oxidation was
very attractive and useful technique for treatment of dyehouse

ffluents [12–14].
However, the traditional ClO2 catalytic oxidation process has not

een largely implemented for wastewater treatment because of the
evere experimental conditions such as the limited range of pH,
ong reaction time resulting in high economical costs. Microwave

nhanced catalytic process offers a potential solution to these
roblems. In recent years, some research progress in microwave
hemistry has presented the feasibility to apply microwave in pol-
ution control [15]. The use of microwave irradiation in catalytic

∗ Corresponding author. Tel.: +86 451 86283801; fax: +86 451 86283801.
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reactions, including decomposition of volatile organic compounds
(VOC) [16] and non-biodegradable organics in wastewater [17–19],
has given some remarkable results.

In this paper, CuOn–La2O3/�-Al2O3 has been used as the cata-
lyst in the microwave enhanced ClO2 catalytic oxidation process to
treat synthetic wastewater containing remazol golden yellow RNL
and the reaction conditions in this system have been optimized.
Comparative studies on the different ClO2 oxidation processes
have been carried out. Then, the experiment to detect •OH in the
microwave enhanced chlorine dioxide catalytic oxidation process
and microwave enhanced chlorine dioxide oxidation process has
been conducted.

2. Experimental

2.1. Materials

All the reagents used in our work were analytical-grade. The
stock ClO2 solution was prepared by mixing a vitriol solution and a
sodium chlorite solution. The stock ClO2 solution was stored in dark

at 277 K and was standardized before using. The azo dye, remazol
golden yellow RNL, was chosen as the target compound, and its
chemical structure is shown in Fig. 1.

The catalyst was prepared by impregnation–deposition method,
and the �-Al2O3 (ϕ = 2–3 mm) was used as the carrier. The

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:pwang73@hit.edu.cn
dx.doi.org/10.1016/j.jhazmat.2009.02.108
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of remazol golden yellow RNL.
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with varying ClO2 concentration from 0 mg/L to 110 mg/L. The other
experimental conditions were conducted as below: microwave
power, 50 W; contact time, 15 min; catalyst dosage, 50 g/L. The
results were presented in Fig. 3.
Fig. 1. Chemical structure

uOn–La2O3/�-Al2O3, was prepared in such a sequence that La was
rst loaded on the �-Al2O3 by dipping 10 g of �-Al2O3 in 100 mL
queous solution containing 0.03 mol/L of La3+ for 12 h under room
ondition, and the samples were dried at 353 K for 12 h and then
ried at 383 K for 2 h. The dried samples were calcined at 823 K

n an oven for 4 h, so that the intermediate La2O3/�-Al2O3 was
btained, and Cu was then loaded on La2O3/�-Al2O3 by impreg-
ation of La2O3/�-Al2O3 with 100 mL aqueous solution containing
.3 mol/L CuCl2 for 24 h under room condition. After that, the Cu2+

as deposited with the help of precipitator [20] for 24 h, and the
amples were dried at 353 K for 12 h and then dried at 383 K for 2 h.
he dried samples were calcined at 723 K in an oven for 4 h to get
he CuOn–La2O3/�-Al2O3 catalyst.

The formation of CuO, Cu2O and La2O3 loaded on the surface
f �-Al2O3 is characterized by X-ray diffraction (XRD) and X-ray
hotoelectron spectroscopy (XPS). The component amounts of Cu
nd La in CuOn–La2O3/�-Al2O3 catalyst determined by using XRF
re 8.12% and 1.14% respectively.

.2. Experimental method

At the beginning of each test run, 100 mL of synthetic wastew-
ter containing 200 mg/L remazol golden yellow dye was placed
n a sealed reactor. Certain amount of the catalysts and stock ClO2
olution were added. The reactor was shaken sufficiently to mix the
tock ClO2 solution and the wastewater, and subsequently loaded in
reconstructive commercial microwave oven which was operating
t 2450 MHz with the continuous power (50–750 W). The time was
ecorded by the stopwatch. After been irradiated in the microwave
ven for sometime, the sealed reactor was taken out and the reagent
f sodium thiosulfate (Na2SO3) was added to dechlorinate ClO2
esiduals.

The temperature of the wastewater was measured using a
hermocouple inserted into the wastewater. The pH value was
etermined by a pH-3C pH meter. The concentrations of ClO2,
lO2

−, ClO3
− and Cl− in the ‘stabilized chlorine dioxide’ solution

ere measured by the method of continuous iodimetry and pre-
ipitation titration, respectively. The absorbance and total organic
arbon (TOC) of the suspensions were analyzed to investigate the
fficiency of the system. The visible light absorbance at 430 nm was
easured using a 721-type UV–vis spectrophotometer. TOC mea-

urement was carried out with a TOC-VCPN Shimadzu TOC analyzer.
For evaluating the catalytic activity of catalysts, both color

emoval and TOC removal were calculated as shown below:

(%)=C0Vwastewater−Ct(Vwastewater+VClO2
+VNa2S2O3 )

C0Vwastewater
× 100% (1)

here C0 and Ct are the initial and final absorbances of rema-
ol golden yellow dye, or the initial and final TOC, respectively;
wastewater, VClO2

and VNa2S2O3 are the volumes of wastewater, ClO2,
nd Na2S2O3 solutions, respectively.

It was known that hydroxyl radicals (•OH) reacted with tereph-

halic acid and generated 2-hydroxyterephthalic acid which could
mit fluorescence, as shown in Fig. 2. So the terephthalic acid was
mployed as the hydroxyl radical capturer to detect the formation
f •OH in the microwave enhanced catalytic oxidation system. The
rocess was conducted under the following conditions: 20 g/L of
Fig. 2. Reaction between hydroxyl radical and terephthalic acid.

the catalysts and 40 mg/L of ClO2 solution were added into 100 mL
of 0.3 mmol/L terephthalic acid aqueous solution in the reactor,
then irradiated the reactor in the microwave oven with the con-
tinuous power of 50 W. The time was recorded by a stopwatch.
The water samples were taken from the reactor to determine the
fluorescence spectrum. The fluorescence spectrum of generated
2-hydroxyterephthalic acid was measured on a Jasco FP-6500 flu-
orescence spectrophotometer. The slit widths were set at 5.0 nm.
Sequential scans of the emission spectra were carried out between
400 nm and 600 nm at different excitation wavelengths ranging
from 240 nm to 400 nm. The spectra were recorded at every 5 nm
intervals.

3. Results and discussion

3.1. Effect of the ClO2 concentration on color removal

The cost of ClO2 was the primary factor contributing to the
chemical costs of microwave enhanced ClO2 catalytic oxidation
treatment, so it was important to minimize the required amount
of ClO2. Therefore, investigation of the initial ClO2 concentration
on the degradation of remazol golden yellow dye was conducted
Fig. 3. Effect of ClO2 concentration on removal efficiency ([Dye] = 200 mg/L;
microwave power = 50 W; time = 15 min; catalyst dosage = 50 g/L).



X. Bi et al. / Journal of Hazardous Materials 168 (2009) 895–900 897

F
(

e
c
d
i
t
d
t
i
d
t
c
8
T
o
p

3
r

t
T
c

d
c
1
g
c

r
t
r
b
h
r
o
c
t

3

e
d

concentration, 80 mg/L; microwave power, 400 W; contact time,
1.5 min; catalyst dosage, 70 g/L.

The results presented in Fig. 6 showed that the color removal in
the microwave enhanced ClO2 oxidation was lower than 50% and
ig. 4. Effect of microwave power and irradiation time on removal efficiency
[Dye] = 200 mg/L; [ClO2] = 80 mg/L; catalyst dosage = 50 g/L; pH 5.6).

As shown in Fig. 3, the dosage of ClO2 had an important influ-
nce on the degradation of remazol golden yellow dye. However, the
olor removal increased non-linearly with the increasing chlorine
ioxide dosage. In the presence of ClO2, firstly, the color removal

ncreased with the ClO2 concentration rapidly. This proved that
he effect of increasing ClO2 concentration was first positive to the
egradation of remazol golden yellow dye. However, with the con-
inuous increase in the initial ClO2 concentration, the color removal
ncreased slightly. In addition, the color removal in the catalytic oxi-
ation system was much higher than that in the oxidation system. In
he microwave enhanced catalytic oxidation process, when the con-
entration of the ClO2 solution was 80 mg/L, the color removal was
9.5% while the color removal was only 44.47% without catalyst.
his indicated that the catalysts of CuOn–La2O3/�-Al2O3 had obvi-
us catalytic ability in microwave enhanced ClO2 catalytic oxidation
rocess.

.2. Effect of microwave power and irradiation time on color
emoval

The degradation of remazol golden yellow RNL at different reac-
ion times under different microwave powers was shown in Fig. 4.
he other experimental parameters were conducted as below: ClO2
oncentration, 80 mg/L; catalyst dosage, 50 g/L; pH, 5.6.

In our study, it could be observed from Fig. 4 that microwave irra-
iation could obviously shorten the reaction time. Reaction time
ould be shortened from 90 min in the catalytic wet oxidation to
.5 min and the azo dye could be effectively eliminated, and would
reatly reduce the economical costs of the catalytic oxidation pro-
ess.

As expected, the color removal of the remazol golden yellow RNL
egularly enhanced with the microwave power increasing. Under
he same power, the color removal increased obviously with the
unning time at the initial stage, and then the increase slowed down
y prolonging the run time. This could be attributed to the relative
igh concentrations of remazol golden yellow RNL and oxidants
esulted in rapid reaction rate in the reactor at the beginning. Based
n the result, the reaction time for the microwave enhanced ClO2
atalytic oxidation of remazol golden yellow RNL was determined
o be 1.5 min under 400 W microwave irradiation.
.3. Effect of the dosage of catalyst on color removal

The catalyst played an important role in the microwave
nhanced ClO2 catalytic oxidation process. The effect of catalyst
osage on dye removal was investigated by the addition of differ-
Fig. 5. Effect of the catalyst dosage on removal efficiency ([Dye] = 200 mg/L;
[ClO2] = 80 mg/L; microwave power = 400 W; time = 1.5 min).

ent amounts of catalyst into 100 mL of synthetic wastewater, and
the results were shown in Fig. 5. The other experimental conditions
were conducted as below: ClO2 concentration, 80 mg/L; microwave
power, 400 W; contact time, 1.5 min.

As the catalyst dosage increased, an increase in the color removal
was observed. When the addition of catalyst reached 70 g/L, the
removal efficiency could come up to over 90%. Nevertheless, the
final removal did not change, showing that the excess amount of
the catalyst could not improve the efficiency in the microwave
enhanced ClO2 catalyst oxidation.

3.4. Effect of pH on color removal

The initial pH is an important parameter influencing the perfor-
mance of ClO2 catalytic oxidation process [12]. To examine its effect,
the initial pH of the samples was adjusted to 2–11 with the addi-
tion of HCl or NaOH. The color removal of dye solutions in various
initial pH under the same reaction conditions was shown in Fig. 6.
The other experimental parameters were conducted as below: ClO2
Fig. 6. Effect of the initial pH value on removal efficiency ([Dye] = 200 mg/L;
[ClO2] = 80 mg/L; microwave power = 400 W; time = 1.5 min; catalyst dosage =
70 g/L).
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To investigate the oxidation degree of remazol golden yellow
RNL, the TOC of treated wastewater was tested. The result showed
that the color removal was 94.03% while the TOC removal was only
67.92%. It suggested that the remazol golden yellow RNL in this
ig. 7. Effect of wastewater temperature on removal efficiency ([Dye] = 200 mg/L;
ClO2] = 80 mg/L; catalyst dosage = 70 g/L).

hanged slightly with the initial pH. But in microwave enhanced
lO2 catalytic oxidation process, the color removal varied obviously
rom initial pH 2 to pH 3. It could be concluded that the optimum
nitial pH value in catalytic system ranges from 3 to 11. The color
emoval of catalytic system in this pH range was much higher than
hat in the oxidation system, which indicated that the catalyst asso-
iated with microwave could improve the color removal of system
nd adapt to extensive pH range, suggesting this process had advan-
ages for the engineering application.

.5. Effect of the wastewater temperature on color removal

The effect of wastewater temperature on dye removal was inves-
igated under different microwave powers. The other experimental
arameters were conducted as below: ClO2 concentration, 80 mg/L;
atalyst dosage, 70 g/L.

Fig. 7 demonstrates the effect of the wastewater temperature on
he color removal. As expected, the temperature of wastewater was
ne of the effect factors. The color removal changed with the varia-
ion of temperatures and microwave powers. At the beginning, the
emoval efficiency increased obviously by increasing the tempera-
ures. However, the final removal even decreased by increasing the
ystem temperatures. As a result, changes in the color removal were
ot linearly related with temperatures in the microwave enhanced
lO2 catalytic oxidation process. Under the same temperature, the
ifferent microwave powers got the different color removal effi-
iencies, which showed that the microwave in the process acted as
n induced factor.

.6. Effect of initial dye concentration on color removal

The effect of initial concentration of synthetic dye wastewater on
ts degradation was illustrated in Fig. 8 with varying remazol golden
ellow RNL concentration from 100 mg/L to 400 mg/L. The other
xperimental conditions were conducted as below: ClO2 concen-
ration, 80 mg/L; microwave power, 400 W; contact time, 1.5 min;
atalyst dosage, 70 g/L.

The results showed that the color removal of remazol golden

ellow RNL decreased with increasing the initial remazol golden
ellow RNL concentration. This could be attributed to the relative
eduction of ClO2/dye molar ratio as remazol golden yellow RNL
oncentration increased. Thus, the effect of remazol golden yellow
NL initial concentration on its degradation was similar to that of
lO2 dosage, which was stated above.
Fig. 8. Effect of initial concentration of synthetic dye wastewater on removal
efficiency ([ClO2] = 80 mg/L; microwave power = 400 W; time = 1.5 min; catalyst
dosage = 70 g/L).

3.7. Comparative study on the different treatment processes

In order to check the microwave enhanced effect, the color
removal in different treatment processes was compared. The tem-
perature of thermostatic system was 350 K. The other operation
conditions of thermostatic system were the same as the microwave
enhanced system, such as ClO2 concentration 80 mg/L; contact time
1.5 min; catalyst dosage 70 g/L. Experimental results were shown in
Fig. 9.

The reaction between the ClO2 and remazol golden yellow RNL
was an endothermic reaction, but as shown in Fig. 9, the color
removal in the microwave ClO2 oxidation was higher than tradi-
tional ClO2 oxidation even at the same temperature. It was indicated
that the microwave could improve the efficiency of traditional
process not only because of its calefaction but also because of
its induced function. The catalyst can also enhance the efficiency
because of its function of sorption and catalysis. However, when the
microwave and catalyst were used together, the removal increased
obviously and the increase in the removal was more than that of
summation of the respective increase, which confirmed the hypoth-
esis mentioned above that there would be microwave induced
functions.
Fig. 9. Color removal efficiency in different treatment processes ([Dye] = 200 mg/L;
[ClO2] = 80 mg/L; catalyst dosage = 70 g/L; time = 1.5 min; Tw = 350 K).
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Fig. 11. Influence of irradiation time on fluorescence spectrum in microwave
enhanced ClO2 catalytic oxidation process ([ClO2] = 40 mg/L; [terephthalic
acid] = 0.3 mmol/L; microwave power = 50 W; catalyst dosage = 20 g/L).
X. Bi et al. / Journal of Hazard

rocess was not entirely oxidized into carbon dioxide. So, much
ffort should be given to the detection of the new products which
emazol golden yellow RNL is oxidized into and improve the TOC
emoval in further study.

.8. Evaluation of •OH in microwave enhanced ClO2 catalytic
xidation system

The mechanism of the ClO2 catalytic oxidation was not very
lear. It was generally reported that the oxygenous group over the
atalyst can initiate the ClO2 to be changed into radicals, such as
OH. Microwave irradiation could be cooperative with catalyst to
nitiate the more formation of free radicals in the presence of ClO2.

To verify the above mentioned theory, the fluorescence technol-
gy was applied to detect the hydroxyl radicals (•OH) produced in
icrowave enhanced ClO2 catalytic oxidation system with the cat-

lyst dosage of 20 g/L. (If the optimal catalyst dosage of 70 g/L was
elected, the fluorescence intensity exceeded the detection range.)
irst, sequential scans were conducted to verify the product in the
icrowave enhanced ClO2 catalytic oxidation system. The result
as shown in Fig. 10.

Fig. 10 shows that the fluorescence peak of product of reaction
etween ClO2 and terephthalic acid in microwave enhanced ClO2
atalytic oxidation system was located in the vicinity of excita-
ion/emission wavelength pair 315 nm/425 nm (±2 nm). It was the
ame with the fluorescence characteristic of 2-hydroxyterephthalic
cid reported in the article [21]. Therefore, perhaps, the fluores-
ent product formed during microwave enhanced ClO2 catalytic
xidation was due to the reaction between •OH with terephthalic
cid. It was indicated that the •OH was produced in the microwave
nhanced ClO2 catalytic oxidation system.

Influence of irradiation time on fluorescence spectrum in
icrowave enhanced ClO2 catalytic oxidation process was shown

n Fig. 11. It could be observed that the fluorescence intensity of
icrowave enhanced ClO2 catalytic oxidation system was increas-

ng with the time and the increase was fast at the beginning. It
robably could be attributed to the fact that the relative high con-
entrations of terephthalic acid and ClO2 would result in rapid

eaction rate in the reactor at the initial stage. As the oxidation reac-
ions proceeded, on the other hand, it gave rise to the appearance
f 2-hydroxyterephthalic acid which would inhibit the reaction.

The fluorescence intensity of different systems was shown in
ig. 12. It was found obviously that the fluorescence intensity of

ig. 10. Contour plot of three-dimensional fluorescence spectra of degradation prod-
ct ([ClO2] = 40 mg/L; [terephthalic acid] = 0.3 mmol/L; microwave power = 50 W;
ime = 15 min; catalyst dosage = 20 g/L).
Fig. 12. Fluorescence spectrum of degradation product in different pro-
cesses ([ClO2] = 40 mg/L; [terephthalic acid] = 0.3 mmol/L; microwave power = 50 W;
time = 10 min; catalyst dosage = 20 g/L).

catalytic oxidation system was about two times that of the oxida-
tion system. It was indicated that the quantity of •OH generated
in the microwave enhanced system increased by the addition of
catalyst. Perhaps, in the above microwave enhanced ClO2 catalytic
oxidation process, •OH could be generated by a free radical chain
auto-oxidation process.

4. Conclusions

The microwave enhanced chlorine dioxide catalytic oxidation
process was a novel technique for the treatment of wastewater.
When the remazol golden yellow RNL initial concentration was
200 mg/L, the color removal efficiency could reach 94.03%, corre-
sponding to 67.92% of TOC. The optimum experimental conditions
were as follows: volume of synthetic wastewater was 100 mL, ClO2
concentration was 80 mg/L, contact time was 1.5 min, microwave
power was 400 W and the solution pH was 7. The fluorescence
technology verified that there was •OH produced in microwave

enhanced ClO2 catalytic oxidation system and the formation quan-
tity of •OH increased with irradiation time. The formation rate of
•OH in catalytic oxidation process was about two times of that in
oxidation process.
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The improvement of traditional ClO2 oxidation process has been
urned into realization by combining microwave technology and

odified Al2O3 as catalyst. On the basis of achieving the same treat-
ent efficiency, the improved process has more advantages such

s lower oxidant consuming, wider pH range and shorter reaction
ime. As a developing process, the microwave enhanced ClO2 cat-
lytic oxidation process would provide a novel treatment method
or the refractory wastewater and would have a broad prospect.
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