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bstract

In order to develop a catalyst with high activity and stability for microwave assisted ClO2 catalytic oxidation, we prepared CuOn–La2O3/�-
l2O3 by impregnation–deposition method, and determined its properties using BET, XRF, XPS and chemical analysis techniques. The test results

how that, better thermal ability of �-Al2O3 and high loading of Cu in the catalyst can be achieved by adding La2O3. The microwave assisted
lO2 catalytic oxidation process with CuOn–La2O3/�-Al2O3 used as catalyst was also investigated, and the results show that the catalyst has an
xcellent catalytic activity in treating synthetic wastewater containing 100 mg/L phenol, and 91.66% of phenol and 50.35% of total organic carbon

TOC) can be removed under the optimum process conditions. Compared with no catalyst process, CuOn–La2O3/�-Al2O3 can effectively degrade
ontaminants in short reaction time and with low oxidant dosage, extensive pH range. The comparison of phenol removal efficiency in the different
rocess indicates that microwave irradiation and catalyst work together to oxidize phenol effectively. It can therefore be concluded from results
nd discussion that CuOn–La2O3/�-Al2O3 is a suitable catalyst in microwave assisted ClO2 catalytic oxidation process.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Phenol and phenolic compounds are a group of organic
ollutants that often appear in wastewaters from many heavy
hemical, petrochemical, and oil refining industries. Because of
heir toxicity and poor biodegradability [1], phenolic wastew-
ters must be specially treated before disposing off. Various
reatment techniques have been applied to remove or eliminate
henolic compounds from wastewaters, including chemical oxi-
ation [2], catalytic ozonation process [3], solvent extraction
4], membrane techniques [5], adsorption [6], photodegrada-
ion [7], coagulation flocculation [8], biological process [9], and
o on. However, such technologies usually involve complicated
rocedures and are not economically viable.

Chlorine dioxide (ClO2) catalytic oxidation process is a

ell-established technique to decompose toxic and/or non-
iodegradable organic compounds in wastewater [10], which
s able to oxidize organic pollutants into carbon dioxide or into

∗ Corresponding author. Tel.: +86 451 86283801; fax: +86 451 86283801.
E-mail address: pwang73@hit.edu.cn (P. Wang).
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roducts that can be eliminated by biological treatment. How-
ver, the traditional ClO2 catalytic oxidation process has not
een largely implemented for wastewater treatment because of
he severe experimental conditions such as the limited range of
H, longer reaction time resulting in higher economical costs.
icrowave assisted catalytic process offers a potential solution

o these problems. In recent years, some research progresses
n microwave chemistry have presented the feasibility to apply

icrowave in pollution control [11]. The use of microwave
rradiation in catalytic reactions, including decomposition of
olatile organic compounds (VOC) [12] and non-biodegradable
rganics in wastewater [13–15], has given some remarkable
esults.

Many investigators have been trying to improve the catalytic
ctivity and stability of heterogeneous oxidation catalysts to
nhance the efficiency of microwave assisted catalytic oxida-
ion process [14–16], and lanthanum oxide or La2O3-containing

aterials have been studied as catalysts, structural and electronic

romoters used for heterogeneous catalysis over past years. It
as been shown that lanthanum oxide can reinforce the thermal
bility of the support and improve the loading of transitional
etal oxides in the catalyst [17,18].

mailto:pwang73@hit.edu.cn
dx.doi.org/10.1016/j.jhazmat.2007.10.069
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In this paper, CuO/�-Al2O3 and CuOn–La2O3/�-Al2O3 cata-
ysts are prepared by impregnation-deposition and characterized
y BET nitrogen adsorption method, X-ray fluorescence (XRF),
-ray diffraction (XRD), and X-ray photoelectron spectroscopy

XPS) techniques, and their catalytic activities were investigated
y microwave assisted ClO2 catalytic oxidation process to treat
henol, so that the catalytic activity is correlated with cata-
yst characteristics and the effect of La2O3 on the properties
f CuO/�-Al2O3 can be further understood.

. Experimental

.1. Materials

All of reagents used for these experiments were analytical
rade and were used as supplied. Deionized water was used in all
xperiments. The stock ClO2 solution was prepared by mixing a
itriol solution and a sodium chlorite solution. The stock ClO2
olution was stored in dark at 4 ◦C and was standardized daily.

.2. Preparation of catalysts

The catalysts were prepared by impregnation-deposition
ethod, and �-Al2O3 (ϕ = 2–3 mm) as carrier. The CuO/�-
l2O3 was prepared by impregnation of 10 g �-Al2O3 with
00 mL aqueous solution containing 0.3 mol/L CuCl2 for 24 h
nder room condition, deposited of Cu2+ with the help of pre-
ipitator [19] for 24 h, dried the samples at 80 ◦C for 12 h and
hen dried at 110 ◦C for 2 h. The dried samples were calcined
t 450 ◦C in an oven for 4 h to obtain CuO/�-Al2O3 catalyst.
he CuOn–La2O3/�-Al2O3, was prepared in such a sequence

hat La was first loaded on �-Al2O3, carrier by dipping of 10 g
-Al2O3, in 100 mL aqueous solution containing 0.03 mol/L for
2 h under room condition, and the samples were dried at 80 ◦C
or 12 h and then dried at 110 ◦C for 2 h. The dried samples
ere calcined at 550 ◦C in an oven for 4 h, so that the interme-
iate La2O3/�-Al2O3 was obtained, and Cu was then loaded on
a2O3/�-Al2O3 by impregnation, too, and following the same
alcination procedure for the preparation of CuO/�-Al2O3 cat-
lyst.

.3. Characterization of catalysts

The surface area, total pore volume and average pore size
f samples were analyzed using the BET nitrogen adsorption
ethod in an automated volumetric adsorption analyzer (model
uantachrome Autosorb-1).
The elementary compositions of samples were determined

sing an AXIOS pw4400 XRF analyzer operating at 4 kW with
h K� used as X-ray source.
XRD was employed to identify mineral phases and esti-
ate crystallinity. Measurements were made on a D-MAX-RB r

a

X (%) = C0 × Vwastewa
aterials 154 (2008) 543–549

iffractometer with Cu K� radiation (λ = 1.54050 Å) at 30 mA
nd 35 kV in the Bragg Brentano θ–θ geometry. Samples used
or XRD analysis were air-dried, crushed, and mounted on a
lass sample holder. The XRD patterns were obtained using a
raphite monochromator, divergence and scattering slits of 1◦,
etector slit of 0.15 mm, and a step scanning rate of 0.02◦ 2θ/s.

X-ray photoelectron spectroscopy (XPS) was used to con-
rm the chemical speciation of CuO, La2O3 on the surface
f �-Al2O3. XPS measurements were performed with a physi-
al electronic 5700 spectrometer equipped with a hemispherical
lectron analyzer and Mg K� X-ray source (1486.60 eV, 12.5 kV,
50 W). The pressure in the analysis chamber ranged typically
rom 10−8 to 10−9 mbar during spectra acquisition. Survey scan
pectra (kinetic energy range: 0–1500 eV, Constant Retarding
atio mode, retarding ratio = 3) and detailed spectra (kinetic
nergy range: 50 eV, Constant Analyser Energy mode, pass
nergy = 50 eV) were recorded for each sample. All XPS spec-
ra were acquired at a 90◦ takeoff angle. Binding energies
BE) were calculated using the C 1s peak at 284.9 eV. The
esolving power of the BE values was ±0.2 eV. Curve fit-
ing was carried out using a Physical Electronics PC-ACCESS
SCA-V6.0E program with a Gaussian–Lorentzian sum func-

ion.

.4. Analysis of catalytic activity

At the beginning of each test run, 100 mL of synthetic
astewater containing 100 mg/L phenol was placed in a sealed

eactor, 50 g/L catalysts and amounts of the stock ClO2 solu-
ion were added. The reactor was loaded in the microwave oven
perating at 2450 MHz with 50 W and the run time was 5 min.
pon the arrival of the reaction time, the sealed reactor was taken
ut and refrigerated rapidly with cooling water, then added the
eagent of sodium thiosulfate (Na2S2O3) to dechlorinate ClO2
esiduals.

The temperatures of the wastewater were measured using
thermocouple inserted into the wastewater. The pH values
ere determined by a pH–3C pH meter. The concentrations
f ClO2, ClO2

−, ClO3
− and Cl− in the ‘stabilized chlorine

ioxide’ solution were measured by the method of continuous
odimetry and precipitation titration, respectively [20]. The sus-
ensions were analyzed for their phenol concentrations using
721-type ultraviolet-visible spectrophotometer by means of

-AAP spectrophotometric method. For all tests, blank experi-
ents were carried out with the same experimental procedures

o check the extent of phenol sorption by the glass flasks, which
ust be deducted. In order to check the reproducibility of the

esults, random tests were done for different experimental con-
itions. TOC measurement was carried out with a TOC-VCPN
himadzu TOC analyzer.

For evaluating the catalytic activity of catalysts, both phenol
emoval efficiency and TOC removal efficiency were calculated

s shown below:

ter − Ct × (Vwastewater + VClO2 + VNa2S2O3)

C0
× 100 (1)
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Table 1
Results of BET tests

BET surface
area (m2/g)

Total pore
volume (mL/g)

Average pore
size (nm)

�-Al2O3 459.43 0.8131 7.078
C
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uO/�-Al2O3 155.42 0.4270 10.988
uOn–La2O3/�-Al2O3 163.72 0.4255 10.396

here C0 and Ct are the initial and final concentration of phe-
ol, or the initial and final TOC, respectively; Vwastewater, VClO2

nd VNa2S2O3 are the volume of wastewater and adding ClO2,
a2S2O3, respectively.

. Results and discussion

.1. Catalysts characterization and analysis

.1.1. BET tests of catalysts
The BET surface area, total pore volume and average pore

ize of the investigated catalysts are listed in Table 1. CuO/�-
l2O3 catalyst and CuOn–La2O3/�-Al2O3 catalyst reduced the

urface area from 459.43 to 155.42 m2/g and 163.72 m2/g,
espectively. Because of the introduction of Cu and La, the total
ore volume and average pore size of the catalysts is largely
educed compared with the carrier. But, the BET surface area of
uOn–La2O3/�-Al2O3 is much higher than CuO/�-Al2O3, the
ffect of La2O3 doping on the pore structure of CuO/�-Al2O3
atalyst is obvious.

The results of BET comparison between CuO/�-Al2O3
atalyst and CuOn–La2O3/�-Al2O3 catalyst under different cal-
inations temperature were shown in the Fig. 1. It indicated the
ET of CuOn–La2O3/�-Al2O3 catalyst was higher than the BET
f CuO/�-Al2O3 when calcinations temperature were 450 ◦C
nd 600 ◦C, respectively. But the predominance was not obvi-
us, when calcinations temperature was 750 ◦C. It proved the

urface modification of the carrier �-Al2O3 by La2O3 could
einforce the thermal ability of the support within a certain
xtent.

Fig. 1. BET of catalyst under different calcinations temperature.
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ig. 2. XRD patterns of catalysts: (a) CuOn–La2O3/�-Al2O3; (b) CuO/�-Al2O3.

.1.2. XRD patterns of catalyst
Fig. 2 shows the XRD patterns of CuO/�-Al2O3 cata-

yst and CuOn–La2O3/�-Al2O3 catalyst. �-Al2O3 phase can
asily be seen in its pattern. The peaks characterizing CuO
rystal can be seen in the pattern of CuO/�-Al2O3 cata-
yst and CuOn–La2O3/�-Al2O3 catalyst, but in the pattern of
uOn–La2O3/�-Al2O3 catalyst, the peaks characterizing Cu2O
rystal also appear, which verifies the addition of La2O3 pro-
otes copper existing with two oxidation states. The peaks

haracterizing La2O3 crystals cannot be seen in the XRD pat-
ern of CuOn–La2O3/�-Al2O3 catalyst, because the content of
a doped in CuOn–La2O3/�-Al2O3 catalyst is too low.

.1.3. XPS and XRF of catalysts
The component contents of the two investigated catalysts

nalyzed by XRF are shown in Table 2. The content of Cu in
uO/�-Al2O3 catalyst clearly increases from 0.56% to 8.12%
y introduction of La, although the content of La is only 1.14%
n CuOn–La2O3/�-Al2O3 catalyst. This shows that La2O3 can
romote the structure of supports and intensify the interaction
etween active component and support, so that the loading of
u in the catalyst is improved.

Fig. 3 shows the survey XPS patterns of CuOn–La2O3/�-
l2O3 catalyst and CuO/�-Al2O3 catalyst, Cu, O, Al exists
n the surface of both catalysts and La is tested on the sur-
ace of CuOn–La2O3/�-Al2O3 catalyst, it is in accord with the
atalyst preparation process. The Cu 2p characteristic peaks of
uOn–La2O3/�-Al2O3 catalyst is much stronger and the peaks
f Cu KLL is also appeared in the survey XPS patterns of

uOn–La2O3/�-Al2O3 catalyst, these all prove La2O3 can inten-

ify the interaction between active component and support and
mprove the loading of Cu in the catalyst.

able 2
esults of XRF analysis

atalyst Al (%) O (%) Cu (%) La (%)

uO/�-Al2O3 25.23 74.21 0.56 0
uOn–La2O3/�-Al2O3 30.84 59.90 8.12 1.14
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ig. 3. Survey XPS patterns of catalyst: (a) CuOn–La2O3/�-Al2O3; (b) CuO/�-
l2O3.

The characteristic peaks of La is not obvious in the sur-
ey XPS pattern of CuOn–La2O3/�-Al2O3 catalyst possibly
ecause the loaded content of La is much lower than Cu,
nd CuOn–La2O3/�-Al2O3 catalyst is prepared by successive
mpregnation-sedimentation so that most of La is covered by
uOn. It is well known that XPS can be used to analyze the

urface and a limited (5–10 nm) depth of catalysts only, and so
he characteristic peaks of La on the surface of CuOn–La2O3/�-
l2O3 catalyst is not obvious.
It can be seen from Fig. 4 that the Cu 2p3/2 peak of

uO/�-Al2O3 catalyst appears at 933.5 eV, while that of
uOn–La2O3/�-Al2O3 catalyst appears at 933.2 eV, which is
scribable to CuO. There is no great change in Cu 2p3/2 peak
efore and after La2O3 doping, and this indicates that La2O3
as only a slight effect on the chemical state of CuO.
According to the results of XRD, there is Cu+ in the
uOn–La2O3/�-Al2O3 catalyst, but the characteristic peaks
f Cu+ cannot be observed in the survey XPS pattern of
uOn–La2O3/�-Al2O3 catalyst. The reason probably is the load-

ig. 4. Cu 2p XPS patterns of catalyst: (a) CuOn–La2O3/�-Al2O3; (b) CuO/�-
l2O3.

3

n

ig. 5. Cu 2p curves fitting of CuOn–La2O3/�-Al2O3 catalyst (curve fitting was
arried out using a Physical Electronics PC-ACCESS ESCA-V6.0E program
ith a Gaussian–Lorentzian sum function.).

ng of Cu+ is too low, the characteristic peaks are covered by the
haracteristic peaks of Cu2+. To evaluate how much Cu+ was
oaded on the CuOn–La2O3/�-Al2O3 catalyst, the Cu 2p spectra
as fitted roughly as shown in Fig. 5. The Cu 2p peaks can be
tted into three peaks: one peak can attribute to the Cu2+, one
eak is due to the Cu2+ that cause the shake-up peak, the last one
s assigned to Cu+. The cover area ratio of Cu+ to total area of
u 2p is the content of Cu+ and it perhaps is 19.11% of Cu 2p.

Fig. 6 shows La 3d XPS pattern of CuOn–La2O3/�-Al2O3,
nd La 3d5/2 peak can be observed at the binding energy of
35.8 eV, which is ascribable to La2O3.

It can be seen from Fig. 7 that O 1s XPS peaks of
uOn–La2O3/�-Al2O3 catalyst and CuO/�-Al2O3 catalyst are
oth 530.87 ev, this indicates adding La2O3 cannot affect the
xistence of oxygen.
.2. Demonstration of catalytic activity

Fig. 8 demonstrates the effect of ClO2 concentration on phe-
ol removal efficiency in microwave assisted ClO2 oxidation

Fig. 6. La 3d XPS pattern of CuOn–La2O3/�-Al2O3 catalyst.
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ig. 7. O 1s XPS patterns of catalyst: (a) CuOn–La2O3/�-Al2O3; (b) CuO/�-
l2O3.

rocess with and no CuOn–La2O3/�-Al2O3 as catalyst. The
esults clearly show that, with catalyst, the removal percent-
ge of phenol is much higher than that without catalyst. In the
icrowave assisted catalytic oxidation process, when the con-

entration of the ClO2 solution was 100 mg/L, the removal rate
f phenol was 91.66%. If the process without catalyst reached the
ame efficiency, the expense of the ClO2 solution would be more
han twice. It indicates as catalyst in microwave assisted ClO2
xidation process, CuOn–La2O3/�-Al2O3 can highly improve
he removal efficiency of phenol and reduce the dosage of ClO2
sed in wastewater treatment.

In the microwave assisted ClO2 catalytic oxidation process,
astewater will be heated by microwave irradiation, so the

emperature of treated water will have a rise. In our test, the

emperature of treated water would reach 47 ◦C under the opera-
ion conditions, so the volatility of phenol in this process should
e investigated. It can be seen in Fig. 8, when the concentra-

ig. 8. Effect of ClO2 concentration on phenol removal efficiency (conditions:
henol concentration 99.7 mg/L, solution volume 100 mL, microwave power
0 W, reaction time 6 min, 50 g/L dosage of catalyst and pH 5.6.).
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ol concentration 99.7 mg/L, solution volume 100 mL, microwave power 50 W,
eaction time 6 min, 80 mg/L ClO2, 50 g/L catalyst and pH adjusted by HCl and
aOH.).

ion of the ClO2 solution was 0 mg/L in the microwave assisted
lO2 oxidation process without catalyst, the phenol removal
fficiency is only 0.78% even though the temperature of treated
astewater is 47 ◦C, it indicates the volatilization of phenol

n our test maybe can be ignored. The corresponding point of
mg/L ClO2 in the microwave assisted ClO2 catalytic oxida-

ion with CuOn–La2O3/�-Al2O3 also verified that as a carrier
f catalyst, �-Al2O3 could absorb phenol, but the ability was
ery weak, the absorption of phenol was 2.57%. Therefore, the
henol removal efficiency we got from tests is very referen-
ial.

Fig. 9 summarizes the pH value dependence of phenol
emoval efficiencies in the microwave assisted catalytic oxi-
ation process with or no CuOn–La2O3/�-Al2O3 as catalyst,
espectively. The results show that the efficiency of the phenol
emoval depends strongly on the pH. With the catalyst, the opti-
um system pH value ranged from 3 to 9, it was much wider

han without catalyst, which indicated that the catalyst could
bviously improve not only the removal percentage of phenol
ut also the ability of ClO2 to adapt the change of system pH
alue.

The appropriate pH range of traditional ClO2 catalytic oxi-
ation process reported in other literature was lower than 7
21], but in the microwave assisted catalytic oxidation pro-
ess, the optimum pH range was lower than 9. Under pH 9,
he removal efficiency in the literature decreased to 70% while
hat of microwave assisted catalytic oxidation process was more
han 85%. It indicated that catalyst associated with microwave
ould improve the system adaptability of pH of wastewater,
uggesting this process had advantages for the engineering appli-
ation.
Treat synthetic wastewater containing 100 mg/L phenol in
he different process to study the effect of microwave irradiation
nd catalyst, the results shown in Fig. 10 indicate that microwave
rradiation or catalyst could not oxidize phenol effectively with-
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Fig. 10. Comparison of phenol removal efficiency by different treatment pro-
cesses. (1) Microwave irradiation; (2) microwave irradiation + catalyst; (3) water
bath + ClO2; (4) microwave irradiation + ClO2; (5) water bath + ClO2 + catalyst;
(6) microwave irradiation + ClO2 + �-Al2O3; (7) microwave irradia-
tion + ClO2 + catalyst (conditions: phenol concentration 99.7 mg/L, solution
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olume 100 mL, microwave power 50 W, reaction time 6 min, 80 mg/L ClO2,
0 g/L catalyst, pH 5.6, temperature of treated wastewater under microwave
rradiation 47 ◦C and temperature of water bath 47 ◦C).

ut ClO2. Under the same operation conditions, the phenol
emoval efficiency in microwave assisted system is much higher
han traditional water bath, it can be concluded that microwave
rradiation can enhance the oxidation process obviously. The
ffect of catalyst in process is so clear that the phenol removal
fficiency is increase more than 10% compared with no catalyst.
herefore, in the microwave assisted ClO2 catalytic oxidation
rocess, microwave irradiation and catalyst work together to
mprove the phenol removal efficiency.

To investigate the oxidation degree of phenol, test the TOC of
reated wastewater that the removal efficiency of phenol got by
-AAP spectrophotometric method is 91.66%. The results show
hat the removal efficiency of TOC is only 50.35%. It suggests
hat phenol in this treatment process is not entirely oxidized into
arbon dioxide. So, much effort should be given to detect new
roducts which phenol is oxidized into and improve the TOC
emoval efficiency in the next study.

. Conclusions

CuOn–La2O3/�-Al2O3 exhibits an excellent catalytic activ-
ty in the microwave assisted ClO2 catalytic oxidation process
o that 91.66% removal efficiency of 100 mg/L of phenol
astewater can be achieved through treatment for 5 min by
eeping the power of microwave always be 50 W, adding
0 g/L and 80 mg/L of CuOn–La2O3/�-Al2O3 and ClO2, respec-
ively.

The characterization results of CuOn–La2O3/�-Al2O3 cat-
lyst show that the metal oxides are dispersed equally on the
urface of catalyst, and the loading amount of Cu and La in the

atalyst is 8.12%, 1.14%, respectively, and La exists in the form
f La2O3, Cu exists on the surface of catalyst in the form of
uO and Cu2O, the ratio of Cu+ in Cu 2p is 19.11%.Compared
uOn–La2O3/�-Al2O3 catalyst with CuO/�-Al2O3 catalyst, we

[

aterials 154 (2008) 543–549

ould conclude that the surface modification of the carrier �-
l2O3 by La2O3 could reinforce the thermal ability of the

upport within a certain extent and improve the loading of Cu in
he catalyst. Better dispersion and smaller size of CuOn crystal
an also be achieved by adding La2O3.

With the existence of CuOn–La2O3/�-Al2O3, microwave-
ssisted ClO2 catalytic oxidation process can degrade
ontaminants in short reaction time and with low oxidant
osage, extensive pH range. The comparison of phenol removal
fficiency in the different process indicates that microwave irra-
iation and catalyst work together to oxidize phenol effectively.
t can therefore be concluded that CuOn–La2O3/�-Al2O3 is a
uitable catalyst in microwave assisted ClO2 catalytic oxidation
rocess.
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