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Abstract. In this work, photoelectrocatalytic degradation of wastewater containing methylene
blue (MB) was investigated using a novel photoelectrochemical reactor – a three dimensional
electrodes-photocatalytic oxidation reactor in which nano TiO2 was used as photocatalyst. The
experimental results are assessed in the terms of decolorization and Chemical Oxygen Demanded
(COD) removal efficiencies. The experimental results showed that the three dimensional electrode-
photocatalytic reactor could effectively destroy MB within a reaction time of 30 min. It was found
that the three dimensional electrode technologies under high potential bias have an apparent
enhancement effect on the photocatalytic degradation of MB in water with nanometer TiO2. At a
cell voltage of 60.0 V and a concentration of 5 g·l-1 TiO2, the decolorization and the COD removal
efficiencies in the photoelectrochemical process were increased by 21.8% and 14.1%,
respectively, compared to those in the single photocatalytic process.

1. INTRODUCTION

Heterogeneous photocatalytic processes using na-
nometer semiconductor as a photocatalyst, is a
good advanced oxidation technology for organic
pollutants [1]. The photocatalytic properties of nano
TiO

2
 for wastewater treatment have been investigated

extensively in slurry cells and on immobilized films
[2-3]. The appeal of this technology is the prospect
of complete mineralization of the pollutants into a
harmless compound [4]. Unfortunately, in spite of
having numerous approved patents related to this
technology, the technical development of a practi-
cal water treatment system, even pilot scale level,
has not yet been successfully achieved [5]. The high
degree of recombination of photogenerated electrons
and holes is a major limiting factor controlling the
photocatalytic efficiency and impeding the practi-
cal application of this technique in the degradation
of contaminants in wastewater [2]. Thus, several
researchers have recently attempted to increase the
photocatalytic efficiency of titanium dioxide using
electrochemical methods by applying an external

anodic bias to drive the photo-generated electrons
[6-9].

However, in most of electrochemically assisted
photocatalytic experiments, the applied anodic bias
potential is always lower than the oxidation poten-
tial of the organic pollutant so that no direct electro-
chemical oxidation complicates the analysis of pho-
tocatalytic efficiency [10]. It is clear that these in-
vestigations only effectively represent a proof-of-con-
cept of enhanced effects of external bias on photo-
catalytic degradation of organic pollutants by reduc-
ing the electron-hole recombination [6-9]. Neverthe-
less, it is worth pointing out that electrochemistry
is also a method of removing organic pollutants [11-
13]. In other words, potential bias plays an impor-
tant role in enhancing degradation of organic pollut-
ants not only by both reducing the electron-holes
recombination but also by direct electrochemical
oxidation at an anodic bias which is higher than the
oxidation potential of the organic pollutant. However,
there are few reports that discuss this hybrid
photoelectrochemical technology at high potential
bias [14]. In this work, we investigated mainly the
combination of the photocatalysis of nano TiO2 with
three-dimensional electrodes under high anodic bias.
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Much attention was paid to probe the enhancement
effects of this hybrid technology comparing with
photocatalysis and the effect of operating conditions
on the photoelectrocatalytic efficiency using meth-
ylene blue (MB) as a test pollutant.

2. EXPERIMENTAL

Material. Photocatalyst was nanometer titanium
dioxide (Degussa P25), mainly anatase (Ca. 70%)
in the shape of non-porous polyhetral particles of
Ca. 30 nm mean size with a surface area of 50 m2g-1.
The dye used, methylene blue, was analytic grade
reagent, and the dye solutions were prepared with
deionized water at a concentration of 1.0 mmol·l-1

(Chemical Oxygen Demanded (COD) 508.9 ppm and
colorization 47204), except as indicated. Electro-
catalyst (EC) was prepared by adding 5.0% MnO2

in granulated activated carbon (GAC) and used as
the filler of the three-dimensional electrode in this
experiment. The EC has an average particle size of
4.0.6.2 mm and ash content of 8.1%. Both the main
electrodes were made of stainless steel and used
after dipped into diluted sulfuric acid for 3 min and
then washed with deionized water twice.

Photoelectrochemical reactor. The experimen-
tal set-up is presented in Fig.1. It is an open double-
layered reactor (28.0 cm×6.0 cm×10.0 cm) made of
PVC plate. The stainless steel anode and cathode
(main electrode) were situated 26.0 cm apart from
each other. 150.0 g of EC were used as particle
electrodes and packed between the two main elec-
trodes and suspension of 1.0 g titanium dioxide
containing MB was added into the reactor. When
compressed air was bubbled into the reactor by a
micropore plate from the bottom of reactor, the re-
actor material separated into two layers. The upper
layer is mainly the suspension of TiO2 with a depth
of about 1.0 cm, and the lower layer is mainly the
EC particle electrode with a packed height of about
1.0 cm. A 500 W high-pressure mercury lamp was
located 12.0 cm above the reactor as an illuminant.
The emitting radiation is a continuous spectra in
the range of 200 ~ 800 nm with a peak intensity at
365 nm. The intensity of ultraviolet light on the sur-
face of the reaction solution was at the average of
6.64 mW·cm-2.

Procedure. A methylene blue aqueous solution of
80.0 ml 1.0 mmol·l-1 was added into the reactor and
immersed for 5.0 min. After the post-immersion re-
sidual solution was removed, a 200.0 ml solution of
MB containing 1.0 g titanium dioxide was fed into
the photoelectrochemical reactor each run. The re-
actor was timed starting when the d. c. power, illu-
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mination and compressed air supply were switched
on. Except as indicated, general treating conditions
were 30.0 V voltage, 0.6 m3.h-1 airflow, 5.0 g.l-1 tita-
nium dioxide and 30 min treatment time. The ex-
perimental temperature was kept at 30±2 °C and
overheating of the reaction solution was prevented
with the use of a cooling fan over the reactor. The
post-treatment colloid solutions were separated by
centrifuge and filtered through a Millipore membrane
for color and COD analysis. Color and decoloriza-
tion ratios were measured with spectrophotometer
methods and calculated according to the literature
[15]. COD was measured with potassium dichro-
mate method [16].

3. RESULTS AND DISCUSSION

Bard et al. [17-19] first recognized that
photoelectrochemical cells and semiconductor pow-
ders might behave similarly, thus opening a practi-
cal way for photocatalysis. They considered a pow-
der as a miniaturized photoelectrochemical cell in
which the “wire” connecting the irradiated semicon-
ductor anode to the counter electrode is infinitely
small. Based on these ideas, Bard and his col-
leagues investigated the characteristics of semicon-
ductor powders as the slurry electrodes. Their re-
sults suggested that when an oxidation process
scavenged the holes, the photogenerated electrons
would build up on the particle surface. The
photogenerated electrons are able to be collected
at an inert electrode (usually Pt) immersed in the
semiconductor powder suspension [17-18, 20-21].
Thus semiconductor powder suspension can behave
as electrodes, so-called slurry electrodes, in the
same manner as single crystal and polycrystalline
semiconductor materials.
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Effect of potential bias on photocatalytic reac-
tion. Fujishima and Honda [22] first used a single-
crystal rutile TiO2 photoanode for photoelectrocata-
lytic decomposition of water under the influence of
an anodic bias. To increase the photocatalytic effi-
ciency of such semiconductors for degrading unde-
sirable organics in aqueous solution, the anodic bias
is also used for nanocrystal semiconductor photo-
catalysis [6-9]. However, in these electrochemically
assisted photocatalytic experiments, the applied
anodic bias potential is always lower than the oxi-
dation potential of the organic pollutant so that no
direct electrochemical oxidation complicates the
photocatalysis [10]. In this paper, we investigated
the effect of anode potential bias on the
photoelectrochemical degradation of MB at a range
of cell voltages from 0.0 to 60.0 V. The decoloriza-
tion efficiency and COD removal efficiency were
shown in Fig. 2. It is easily seen that both the de-
colorization and the COD removal efficiencies were
greatly affected by the applied cell voltage. COD
removal efficiency is 71.8% and decolorization effi-
ciency is 72.8% without any cell voltage. This is
attributed to photocatalytic degradation of the nano
semiconductor and the adsorption of both photo-
and electro- catalysts. By increasing of the cell volt-
age, COD removal and the decolorization efficien-
cies were substantially improved. The best COD
removal of 85.7% with the best decoloization effi-
ciency of 94.6% was obtained at 60.0 V cell volt-
age. This enhanced effect in the photoelectrochemi-

Fig. 2. Effect of cell voltage on decolorization and COD removal efficiencies�(concentration of TiO2: 5 g·l-1;
initial concentration of MB: 1 mmol l-1 and reaction time: 30 min).

cal process may be attributed to two factors. First,
the external electric field can capture
photogenerated electrons, reducing the recombina-
tion of these electrons and holes; second, the high
anodic bias can result in the electrochemical oxi-
dation of MB. In practice, a 30.0 V cell voltage can
be used because the cell voltage is not only in a
range of safe voltage (36.0 V), but also gives in-
crease in the treatment efficiency.

Effect of treatment time on photoelectrochemi-
cal degradation efficiency. The efficiencies of the
decolorization and COD removal at different treat-
ment time are presented in Fig. 3. It is seen that
the decolorization efficiency and reduction of COD
removal both increased with increasing reaction
time. The highest decolorization efficiency of about
94.6% was obtained in the photoelectrochemical
process and the highest removal of COD reached
80.4% within 30 min.

From the high decolorization and COD removal
efficiencies, we can infer that most of MB was com-
pletely mineralized. Additionally, the decolorization
efficiencies are always higher than that of COD re-
moval in all the processes. This finding is not sur-
prising, given that many intermediates are involved
in oxidative decontamination of MB.

Effect of concentration of nano TiO2. For various
photoreactors, the optimal concentration of nano
titanium dioxide has to be determined since it
strongly depends on the geometry of the
photoreactor and the incident flux, and the mean
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optical pathway [23]. Therefore, the influence of the
concentration of TiO2 material on the reaction rate
of photoelectrochemical degradation was studied in
a range of 0.0 ~ 6.0 g·l-1. The data is shown in Fig.
4. It can be seen that the decolorization and COD
removal efficiencies have the similar change trends.
They increased rapidly first and then vary slightly
with increase in TiO

2
 concentration. The results can

be interpreted that, at the low TiO2 concentration,
more active sites were presented with TiO2 increase,
leading to an increase in reaction rate. However, at
high TiO2 concentration, the catalytic rates improve
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gently because of scattering of ultraviolet light [23].
Therefore, it is essential to select a suitable dos-
age of TiO

2
 in the reactor. From Fig. 4, the desired

amount of TiO2 is 5 g·l-1 for this photoreactor.

Effect of initial concentration of MB. The elec-
trochemically assisted photocatalytic degradation
was studied by changing the initial concentration of
MB solution from 0.25 to 2.00 mM. The profiles of
COD and decolorization efficiencies versus the ini-
tial concentrations are shown in Fig. 5. It is seen
that the initial concentration of MB solution has a
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significant effect on the decolorization and COD re-
moval efficiency. The removal of COD decreases with
increase of initial concentration while the decolori-
zation efficiency just begins to decrease at con-
centration  >1.00×10-3 mol.l-1. This decrease is be-
cause the transparency of the MB solution reduces
dramatically at high concentration, hence the trans-
mission intensity of ultraviolet light reduces and the
photosensitization of the photocatalyst is signifi-
cantly cut down.

4. CONCLUSIONS

The experimental results show that photoeletcro-
chemical technology is a more effective process
than a photocatalytic process for degrading MB in
water. The optimal experimental efficiencies were
obtained at a cell voltage of 30.0 V, a concentration
of TiO2 semiconductor of 5.0 g·l-1, an initial concen-
tration of MB of 1 mM and a reaction time of 30.0
min.

ACKNOWLEDGMENTS

Financial support by NSF of China (29977030), NSF
of Guangdong Province, China (990274), R. & D.
project of EPA of Guangdong province, China (1999-
14) and The Key Lab of Environmental Science and
Technology of High Education of Hennan Province,
China.

�����	��(��	���������������	�����������12�����	�����)���������*+,��	
�-���	��	��	����	��

-����.	/����%������	�����������0+
�
/���.'���������	�������
	/����
�&'

REFERENCES

[1] M. A. Fox // Chemtech. (1992) 680.
[2] M. R. Hoffmann, S. T. Martin and W. Choi //

Chem. Rev. 95 (1995) 69.
[3] I. Sopyan, M. Watanabe and S. Murasawa //

J. Photochem. Photobiol: A: chem. 98A
(1996) 79.

[4] A. Mills, R. H. Davies and D. Worsley //
Chem. Soc. Rev. 22 (1993) 417.

[5] A. K. Rayand and A. A. Beenackes // Catal.
Today. 40 (1998) 73.

[6] J. M. Kesselman, N. S. Lewis and M. R.
Hoffmann // Environ. Sci. Technol. 31 (1997)
2298.

[7] K. Vinodgopal, S. Hotchandani and P. V.
Kamat // J. Phys. Chem. 97 (1993) 9040.

[8] K. Vinodgopal and P. V. Kamat // Environ. Sci.
Technol. 29 (1995) 841.

[9] K. Vinodgopal and P. V. Kamat // Chemtech.
26 (1996) 18.

[10] J. A. Byrne and B. R. Eggins//
J. Electroanal. Chem. 457 (1998) 61.

[11] Y. Xiong and H. T. Karlsson // J. Environ. Sci.
Health, Part A 36 (2001) 321.

[12] C. L. K. Tennakoon, R. C. Bhardwaj and
J. O. Bockris // J. Appl. Electrochem. 26
(1996) 18.

[13] J. S. Do and W. Yeh // J. Appl. Electrochem.
28 (1998) 703.

[14] S. Hyun and K. Lee // Memburein 6 (1996)
101.

0 5 10 15 20

60

70

80

90

100

60

70

80

90

100

D
eco

lo
rizatio

n
 efficien

cy [%
]

 

C
O

D
 r

em
o

va
l e

ff
ic

ie
n

cy
 [

%
]

Initial concentration of MB [x10
4
 mol l

-1
]



��� ��
������������
�
����
������
������
��
� ����!�����
��
����������������
�

[15] T. C. An, J. Z. Gao, H. Chen and X. H. Zhu //
Chem. J. Internet 3 (2001) 14.

[16] Y. Xiong, S. Peter, H.Y. Xia and X. H. Zhu //
Water Res. 37(2001) 4228.

[17] A. J. Bard // J. Photochem. 10 (1979) 59.
[18] B. Kraeutler and A. J. Bard // J. Am. Chem.

Soc. 100 (1978) 2239.
[19] A. J. Bard // Nature 207 (1980) 139.

[20] W. W. Dunn, Y. Aikawa and A. J. Bard //
J. Electrochem. Soc. 128 (1981) 222.

[21] M. W. Peterson, J. A. Turner and A. J. Nozik
// J. Phys. Chem. 95 (1991) 221.

[22] A. Fujishima and K. Honda // Nature 238
(1972) 37.

[23] A. Assabane, Y. Ichou, H. Tachiri, C. Guillard
and J. M.Herrmann // Appl. Catal. B: Environ.
24 (2000) 71.


