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a b s t r a c t

A thin-film photoelectrocatalytic (PEC) reactor with slant-placed TiO2/Ti anode was developed and suc-
cessfully applied to degrade Rhodamine B (RhB) and textile effluent. Using a 5–150 mg L−1 RhB solution
as the model system, thin-film PEC removed total color and TOC by 99–28% and 78–15%, respectively,
in 1 h, which is much higher than 82–7% and 60% to zero by conventional PEC. The enhanced treatment
efficiency achieved by thin-film PEC process was attributed to the significantly reduced path length of
irradiation light source. The wastewater was kept circulating during the experiments to timely refresh
iO2/Ti electrode
hodamine B
extile effluent
V light
olar light

the aqueous film on the TiO2/Ti anode and promote the mass transfer of the target pollutants and the
degradation products in the bulk solution. The thin-film PEC reactor can degrade both simulated and real
dye wastewater efficiently under UV light irradiation. Results suggested that thin-film PEC was partic-
ularly superior for treating a high concentration solution. The thin-film PEC reactor was also applied to
treat RhB solution efficiently under solar light irradiation. The recycle experiments demonstrated excel-
lent stability and reliability of the slant-placed TiO2/Ti anode. This study proposed a simple and effective

ctor
method to design PEC rea

. Introduction

TiO2 is a cheap, non-toxic and stable semiconductor photocat-
lyst. TiO2-based photoelectrocatalytic (PEC) oxidation has been
roven to be an efficient method for degrading organic compounds
1–3]. Although this field has been an active area of scientific
esearch, and many efforts have been made to improve the photo-
atalytic (PC) capability of the TiO2 film electrode [4–6]; however,
here are only a few literatures reporting PEC degradation of real
astewater [2] and development of PEC reactors applicable for real
astewater treatment has not yet been successfully achieved.

Since electron–hole pairs are produced by light irradiation, light
ntensity is a major factor in PEC reaction and the reaction rate
s directly dependent on the irradiation intensity [7,8], the radia-
ion path must be taken into account for PEC reactors design. That
s to say, light absorption of target compounds and reactor’s wall
s an additional factor that has to be considered in the design of

hotoreactors. Unfortunately, the photoanode in conventional PEC
eactor is completely immersed in solution; thus the radiation light
as to pass through the wall of the reactor and sample solution
efore it reaches the photoanode surface [1,3,9], causing signifi-

∗ Corresponding author. Tel.: +86 21 54742817; fax: +86 21 54742817.
E-mail address: jpjia@sjtu.edu.cn (J. Jia).

385-8947/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
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applicable for industrial dye wastewater treatment.
© 2009 Elsevier B.V. All rights reserved.

cant loss of radiation power due to absorption, and consequent low
treatment efficiency. High power light source has been employed
by laboratorial researches [9,10]; however, the setup was complex
(generally with a jacket to circulate cooling water), and consider-
able amount of light power was lost in the form of heat dissipation.
Obviously, this method would not be applicable in industrial appli-
cations due to the high operating cost. Invalid light consumption
is a well-known problem that restricts the practical application of
TiO2 PEC oxidation in real organic especially of colored wastewater
treatment; however, only a few studies are available to address this
problem [7].

In order to improve the light utilization efficiency of TiO2 elec-
trode, we proposed an original idea termed as thin-film PEC reactor
with slant-placed TiO2/Ti anode in this work, in which organic
degradation happens on the surface of TiO2/Ti anode, which is
coated with an aqueous film. Based on Beer’s law [11],

A = εbc (1)

where A is the absorbance, ε is the absorption coefficient, b is the
path length, and c is the molarity of solution. The absorbance, or

radiation power loss due to solution absorption in this study, can
be significantly reduced with the decrease of path length.

We chose RhB solutions as the model system to evaluate the pro-
posed thin-film PEC, and to compare with the conventional PEC.
Industrial dye effluent was chosen as target compound to inves-

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:jpjia@sjtu.edu.cn
dx.doi.org/10.1016/j.cej.2009.01.002
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Fig. 1. (a) Schematic diagram of the side view of the thin-film PEC reactor. (b) The
Y. Xu et al. / Chemical Engine

igate the feasibility of the thin-film PEC reactor because highly
olored wastewaters are commonly discarded by the textile indus-
ry worldwide [12]. It is estimated that more than 15% of the world
ye production, or ca. 400 tones a day [13], is released into the
nvironment during synthesis, processing, and use. Most of the
yes disposed are of non-biodegradable nature and direct biological
reatment of the colored effluents is not effective [14].

Photocatalytic materials have been widely studied in recent
ears. With the development of material sciences, more and more
ighly efficient and economic photocatalysts will be available

or large-scale industrial applications. Free solar light is a good
V–visible radiation source to activate the modified or no-modified
iO2 photocatalyst to treat wastewater. The significance of this
esearch is to establish PEC procedures promising to be industri-
lized in the future for real wastewater treatment under solar light
rradiation.

. Experimental

.1. Materials and reagents

Titanium sheets (99.6% purity, length 10 cm, width 4.2 cm,
hickness 1.5 mm, surface area 42 cm2) were purchased from
hanghai Hongtai Metal Production Co., Ltd (Shanghai, China) and
mployed as the substrates for TiO2 film coating. Tetrabutyl titanate
Sinopharm Chemical Reagent Co., Ltd, China) was used as a pre-
ursor for preparing TiO2 colloidal suspensions. Textile effluent was
ollected from a textile factory (Shanghai, China). It referred to the
riginal disposal from the textile furnishing and finishing process.
he effluent sample was stored at 4 ◦C and used without any further
reatment. Its physicochemical properties are: pH = 11.3, conduc-
ivity = 208 �S cm−1 and TOC = 277 mg L−1. RhB (Shanghai Jiaying
hemical Co., Ltd, Shanghai, China) was of commercial grade and
sed as received. Na2SO4 (Shanghai Chemical Reagent Co., Ltd,
hanghai, China) was employed as the supporting electrolyte. All
ther chemicals were of reagent grade or better quality and used as
eceived. All solutions were prepared in doubly distilled water.

.2. Preparation of TiO2/Ti electrode

The TiO2/Ti anode used both in thin-film PEC reactor and con-
entional PEC reactor was prepared by sol–gel and dip-coating
ethod. A detailed description of the preparation procedure can be

ound in our previous work [15]. The field emission scanning elec-
ron microscopy (FESEM) image and X-ray diffraction (XRD) pattern
f the TiO2/Ti anode demonstrate that the TiO2 particulate was in
ize of about 46 nm and mainly was anatase [15].

.3. TiO2/Ti thin-film PEC reactor

The thin-film PEC reactor consisted of a Pyrex cell (length
5 mm, width 45 mm, maximum height 147 mm and minimum
eight 35 mm) using the TiO2/Ti sheet as anode and Cu sheet
15 mm long, 10 mm wide and 1.5 mm thick) as cathode (Fig. 1a
nd b). The anode was placed at 60◦ slant angle. The minimum
istance between the anode and cathode was about 1.0 cm. When
he reactor was filled with sample solution, the TiO2/Ti anode was
rranged that 21 mm in length was immersed in the solution and
he other part was exposed to the open air. This wastewater was
irculated by a pump (BT00-100M, Longer Precision Pump Co., Ltd,
aoding, China) from the bulk solution to a reservoir. In order to

valuate the treatment effect of the proposed thin-film PEC and
ompare with the conventional PEC, a quartz cell (length 45 mm,
idth 10 mm, height 125 mm) was used in the experiment to carry

ut the conventional PEC oxidation, in which TiO2/Ti anode was
holly immersed into the dye solution, distance between the anode
front view of the reaction cell. (c) Schematic diagram of the side view of the conven-
tional PEC reactor. The figure is not to scale. 1: TiO2/Ti anode; 2: cathode; 3: pump;
4: reaction cell; 5: reservoir; 6: UV lamp; 7: aluminum foil; 8: DC power supply; 9:
water outlet; 10: water inlet.

and cathode was about 7 mm (Fig. 1c). In conventional PEC pro-
cess, wastewater was circulated the same flux as the thin-film PEC
process.

PEC experiments under artificial UV light were carried out as
below:

An 11 W mercury lamp (Philips, 254 nm) was placed about 3 cm
away from and parallel to the TiO2/Ti anode. In order to maximize
the use of the light energy, the mercury lamp was backed by a piece
of aluminum foil placed behind the lamp and opposite to the reac-
tor, so that light could be reflected and used to irradiate the TiO2/Ti
electrode. The radiation power was 15 mW cm−2 measured by a
power meter (Spectra Physics, model 407A, USA) at the position
where the electrode was placed. However, we have to point out that,
when the electrode was immersed in the solution, the effective light
intensity reaching the electrode surface declined, depending upon
the composition and concentration of the sample solution. The cell
and lamp were placed in a box, and the electrodes were connected
to a DC power supply.

PEC experiments under solar light were carried out on sunny
days of November 19th and 21st 2007 between 10:00 a.m. and 3:00
p.m. The reaction cell was adjusted timely so that the TiO2/Ti anode
faced the sun. Solar light intensity was measured for every 30 min
and the average light intensity over the duration of each experiment
was calculated. The average intensity of solar light measured by the
power meter above was 6.3 and 6.7 mW cm−2 on November 19th
and 21st, respectively.

2.4. Degradation experiments

Four sets of blank experiments were performed to verify the
feasibility of the thin-film PEC process. The sample was 55 mL
20 mg L−1 RhB solution containing 1.0 g L−1 Na2SO4 electrolyte. The
wastewater circulating speed was 7.7 L h−1 if not specifically men-
tioned. The first set of experiments was to circulate the solution

without providing irradiation and bias potential to evaluate the
physical adsorption removal of RhB by TiO2/Ti electrode. The sec-
ond set of experiments was to evaluate the photo-degradation of
RhB, in which the solution was circulating and irradiated with UV
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PEC degradation of organics. Bias potentials ranged between +0.4
and +1.2 V were monitored over 1 h of thin-film PEC treatment.
Results are shown in Fig. 3. The results demonstrate that the decol-
orization efficiency increases as a function of applied potential up
to +0.8 V for RhB and +1.0 V for real effluent. Further increases in
04 Y. Xu et al. / Chemical Engine

ight but Ti instead of TiO2/Ti electrode was used. The third set of
xperiments was to circulate the solution with UV illumination but
ithout bias potential to evaluate the photocatalytic (PC) degrada-

ion effect of TiO2/Ti electrode. The fourth set of experiments used
he TiO2/Ti electrode as anode (bias + 0.8 V) in darkness to perform
ormal electrolysis (EC) degradation.

The PEC experiments were carried out at two modes, i.e. thin-
lm and conventional mode to treat 55 mL RhB solution at different
oncentration levels (containing 1.0 g L−1 Na2SO4), and thin-film
EC was applied to treat real textile effluent. The bias potential
pplied to the TiO2/Ti electrode was optimized and +0.8 V was
mployed for RhB solution and +1.0 V for textile effluent if not spe-
ially mentioned. Initial pH value of the RhB solution was adjusted
o 2.50 with 1 mol L−1 NaOH or H2SO4 before PEC treatment if not
pecially mentioned (optimum efficiency was obtained at this pH
alue). Samples were taken from the cell at desired intervals and fil-
ered through a Millipore filter (pore size 0.45 �m) before chemical
nalyses.

.5. Chemical analysis

Concentrations of dye in the solutions were determined by
easuring absorbance using a Unico UV–vis spectrophotometer

UV-2102 PCS, UNICO, Shanghai). The absorbance was measured in
cm quartz cell at 563 nm for RhB solution and 514 nm for textile
ffluents because they have maximum absorbance at these wave-
engths, respectively. Sample from initial RhB concentration higher
han 20 mg L−1 solution was diluted suitable times to measure
bsorbance and calculate decolorization efficiency. TOC concen-
ration represents the mineralization extent of organic substances.
t was measured using a TOC/TN analyzer (Jena 3000, Germany).
H value was measured with a PHS-3C pH meter (Shanghai Leici
pparatus Manufactory, Shanghai, China), and solution conductiv-

ty was obtained with a DDS-307 conductivity analyzer (Shanghai
eici Apparatus Manufactory, Shanghai, China).

. Results and discussion

.1. Calculation of aqueous film thickness

The thickness of the aqueous film on TiO2/Ti anode can be
oughly determined using following equations [16]:

= SV = WıV (2)

= 0.5gt sin ˛ (3)

= 0.5gt2 sin ˛ (4)

here S is the section area that the wastewater flows through, V is
he volume of wastewater flowing through the section area S per
ime, i.e. it is the wastewater average velocity on the anode surface
n conditions of neglecting resistance and effect of wastewater flux,
is the aqueous film average thickness, Q is the wastewater flux and

t can be measured, W is the width of the anode, L is the length of the
node, g is the acceleration of gravity, t is the time for wastewater
owing through the anode surface, ˛ is the slant angle of anode,
nd 0.5 is coefficient of average between maximum and minimum
elocity.

.2. Selection of circulating flux
The effect of circulating flux on decolorization efficiency for
hin-film PEC oxidation is shown in Fig. 2. The results demonstrate
hat degradation efficiency is stable as circulating flux is low, and
ecreases with the increase of circulating flux as it is >7.7 L h−1.
his can be explained mainly because circulating flux can affect the
Fig. 2. Effect of circulating flux on decolorization efficiency (CRhB = 50 mg L−1, bias
potential 0.8 V, pH 2.50, 1.0 g L−1 Na2SO4, UV lamp).

aqueous film thickness. At a flux of 6.6, 7.7, 12.6, 13.5 and 14.1 L h−1,
the average film thickness calculated using Eqs. (2) and (3) was
about 67, 78, 128, 137 and 143 �m, respectively.

Aqueous film thickness can affect degradation in two aspects: on
the one hand, it can affect reaction chance of TiO2 photocatalyst and
RhB molecule in the aqueous film, and the chance increases with the
increase of film thickness; on the other hand, it can affect the light
intensity on the anode surface, and the light intensity decreases
with the increase of the film thickness due to solution absorption
based on Beer’s law. Moreover, circulating flux can affect the res-
idence time of wastewater on the anode surface and thus affect
the degradation degree of RhB molecule. Considering these aspects,
there is an optimal circulating flux and 7.7 L h−1 is selected in this
work.

3.3. Selection of bias potential

The bias potential is an important parameter in the process of
Fig. 3. Effect of bias potential on decolorization efficiency for RhB (CRhB = 50 mg L−1,
circulating flux 7.7 L h−1, pH 5.56, 1.0 g L−1 Na2SO4, UV lamp) and real effluent (cir-
culating flux 7.7 L h−1, UV lamp).
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ig. 4. Decolorization of 20 mg L−1 RhB solution using different processes (potential
.8 V, pH 2.50, circulating flux 7.7 L h−1, 1.0 g L−1 Na2SO4, UV lamp).

otential lead to a slight reduction in degradation. This can be
xplained by more water oxidized by photogenerated holes [17].
ias potentials +0.8 and +1.0 V were selected as optimal bias poten-
ial, respectively, for RhB solution and real effluent.

.4. Treatment of the RhB solution by different processes

In a TiO2/Ti PEC process, RhB may be degraded or removed under
arious pathways including TiO2 adsorption, photo-degradation,
hotocatalysis (PC), electrolysis (EC), and photoelectrocatalysis
PEC). The degradation of RhB evaluated by color removal under
he aforementioned conditions is shown in Fig. 4. Almost no RhB
as removed by photo-degraded directly and electrolysis (EC) using

0.8 V bias. Around 5% of RhB was removed by TiO2 adsorption and
4% by PC in 60 min. However, the thin-film PEC exhibited superior
erformance, achieving 88% color removal within the same time
rame.

The overall PEC reaction is affected by light intensity and mass
ransfer [18,19]. The excellent performance of the thin-film PEC
ith slant-placed TiO2/Ti anode was attributed to the following rea-

ons: (1) the utilization efficiency of UV radiation was significantly
mproved for the upper part of the TiO2/Ti electrode because of the
egligible light loss associated with the thin aqueous film; (2) the
egradation products were removed and new RhB molecules were
dsorbed in a timely manner on the electrode surface through circu-
ating solution by the pump. This was a dynamic system always with
maximum pollutant load on the thin-film PEC part at a given time,

inetically favoring the degradation; (3) the lower part of the anode
orked as a conventional PEC reactor to further degrade the dyes in

he solution, even though the efficiency was lower due to the loss of
adiation power when light passed through the bulk solution; and

able 1
hin-film PEC and conventional PEC degradation of RhB (1 h treatment, bias potential 0.8

0 (mg L−1) T254 nm (%) at C0 Thin-film PEC

% color removal

5 37.8 99
10 30.3 94
20 16.9 88
30 6.90 73
50 0.23 64
80 0.00 54
00 0.00 44

150 0.00 28
Fig. 5. Absolute quantity of RhB degraded for 1 h by thin-film PEC and conventional
PEC procedure at different RhB concentration levels (bias potential 0.8 V, pH 2.50,
circulating flux 7.7 L h−1, 1.0 g L−1 Na2SO4, UV lamp).

(4) the positive bias effectively prevented the recombination of the
photon-induced electrons and holes, which extended the lifetime
of the driven force for the degradation of organic pollutants [20].

3.5. Thin-film PEC vs conventional PEC

The thin-film PEC and conventional PEC were quantitatively
evaluated and compared in the following experiments. Individual
RhB solutions, with concentrations ranging from 5 to 150 mg L−1,
were treated by these two processes. Results of color and TOC
removal are listed in Table 1. In the investigated concentration
range, thin-film PEC demonstrated the removal of total color and
TOC by 99–28% and 78–15%, respectively, in 1 h, which is much
higher than 82–7% and 60% to zero by conventional PEC. It clearly
shows that, using TiO2/Ti photoelectrode with the same surface
area and identical UV radiation source, thin-film PEC is superior
to conventional PEC in overall performance.

A high concentration would limit the conventional PEC effi-
ciency, which is a bottleneck problem preventing the technique
from being industrialized. In contrast, one of the significant advan-
tages of thin-film PEC is that its oxidation capacity increases with
the increase of the solution concentration. Fig. 5 shows the abso-
lute quantity of RhB removed by thin-film PEC and conventional PEC
the increase of RhB concentration from 5 to 100 mg L−1, the amount
of RhB removed by thin-film PEC increased steadily and decreased
a little at 150 mg L−1. In contrast, the amount of RhB removed by
the conventional PEC decreased after a maximum degradation was

V, pH 2.50, circulating flux 7.7 L h−1, 1.0 g L−1Na2SO4, UV lamp).

Conventional PEC

% TOC removal % color removal % TOC removal

78 82 60
75 74 44
65 59 32
53 45 26
44 35 18
38 20 10
29 10 3
15 7 Zero



306 Y. Xu et al. / Chemical Engineering Journal 150 (2009) 302–307

F
f
fi
2

o
t
w
o
t
t
c

3
P

a

ig. 6. (a) UV–vis spectra changes, (b) color and TOC removal by thin-film PEC as a
unction of time under artificial UV light irradiation and (c) color removal by thin-
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btained at 50 mg L−1. We were not surprised because the transmit-
ance of the 50 mg L−1 solution was only 0.2%, and no transmittance
as observed for the solution with RhB concentration of 80 mg L−1

r higher (Table 1). In other words, the radiation power had been
otally absorbed by the sample solution. Without light irradiation,
he conventional PEC process actually became an electrolysis pro-
edure.
.6. Decolorization and mineralization of RhB treated by thin-film
EC

Fig. 6a shows absorbance spectra of a 20 mg L−1 RhB solution
t different time intervals of the thin-film PEC treatment under
Fig. 7. (a) UV–vis spectra changes and (b) decolorization based on 514 nm and TOC
depletion of textile effluent treated by thin-film PEC as a function of treatment time
(bias potential 1.0 V, circulating flux 7.7 L h−1, UV lamp).

artificial UV light irradiation. Absorbance rapidly reduced, indicat-
ing an effective treatment of the thin-film PEC for degradation of
RhB. Decolorization and TOC removal significantly increased with
time (Fig. 6b). By 1.5 h, 97% RhB disappeared while ∼24% of TOC
was still present in solution. Like other organic compounds, RhB
requires a longer illumination time for total mineralization than its
disappearance [2].

Fig. 6c shows the decolorization of RhB solution under solar light
irradiation, decolorization efficiency reaches 69% and 83% after 5 h
thin-film PEC treatment on different day. The result demonstrates
that RhB wastewater can be decolorized efficiently utilizing free
light source (solar light) as the irradiation source. Here, we have to
point out that the experiments under solar light were carried out
in winter in this work. When the experiments were carried out in
summer, the decolorization efficiency must be improved since the
light intensity in summer is higher than that in winter.

3.7. Application of thin-film PEC to treat textile effluent

TiO2/Ti thin-film PEC was applied to treat textile effluent.
The absorption spectra of effluent were obtained in the range of
250–650 nm (Fig. 7a). Fig. 7b shows the color removal and TOC
depletion at 15 min intervals during the entire experiment. The

solution absorbance at 514 nm rapidly decreased. For a treatment
time of 180 min, color and TOC removal efficiency reached 85% and
51%, respectively. The results demonstrate that the thin-film PEC
reactor can degrade practical dye wastewater efficiently.



Y. Xu et al. / Chemical Engineering

Fig. 8. Repeated decolorization of 20 mg L−1 RhB solution by thin-film PEC process
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ith the identical TiO2/Ti electrode determined by decrease of absorbance of each
olution at 0, 30, 60 min as shown from top to bottom (bias potential 0.8 V, pH 2.50,
irculating flux 7.7 L h−1, 1.0 g L−1 Na2SO4, UV lamp).

.8. Stability of TiO2/Ti electrode

Stability of the TiO2/Ti electrode is an important factor to take
nto consideration in real industrial application. Thirty runs of thin-
lm PEC process were repeated on a TiO2/Ti electrode to treat
0 mg L−1 RhB solution. Each run was operated for 1 h and 3 sam-
les were collected at a time interval of 30 min. The average color
emoval for thirty runs was 86.8 ± 5.3% for RhB solution. Similar
bsorbance at the same time interval during the repeated pro-
ess demonstrated excellent stability and reliability of the TiO2/Ti
node (Fig. 8), which might result from quick degradation of organic
ompounds in the thin aqueous film and timely refreshment of
he electrode surface. The result was similar to our previous work
15].

. Conclusions

A TiO2/Ti thin-film PEC reactor was successfully developed
o enhance PEC degradation of Rhodamine B (RhB) and textile
ffluent. The high treatment efficiency achieved by the proposed
hin-film PEC process was attributed to the enhanced light utiliza-
ion resulting from the significantly reduced path length (down
o average approximately 78 �m level). Results demonstrated that
hin-film PEC reactor is superior to conventional PEC reactor in
reating high concentration dye wastewater. It can degrade RhB

olution efficiently under either artificial UV light irradiation or
olar light irradiation. It also can degrade practical dye wastew-
ter efficiently. Its application prospects are very promising and
he industrialization of this technique is a goal worth pursu-
ng.

[

[

Journal 150 (2009) 302–307 307

Acknowledgment

Financial support from the Natural Science Foundation of China
(Project No. 20477026) is gratefully acknowledged.

References

[1] X.Z. Li, H.L. Liu, P.T. Yue, Y.P. Sun, Photoelectrocatalytic oxidation of Rose Bengal
in aqueous solution using a Ti/TiO2 mesh electrode, Environ. Sci. Technol. 34
(2000) 4401–4406.

[2] Z. Zainal, C.Y. Lee, M.Z. Hussein, A. Kassim, N.A. Yusof, Electrochemical-assisted
photodegradation of mixed dye and textile effluents using TiO2 thin films, J.
Hazard. Mater. 146 (2007) 73–80.

[3] J. Yang, C.C. Chen, H.W. Ji, W.H. Ma, J.C. Zhao, Mechanism of TiO2-assisted pho-
tocatalytic degradation of dyes under visible irradiation: photoelectrocatalytic
study by TiO2-film electrodes, J. Phys. Chem. B 109 (2005) 21900–21907.

[4] J.J. Sene, W.A. Zeltner, M.A. Anderson, Fundamental photoelectrocatalytic and
electrophoretic mobility studies of TiO2 and V-doped TiO2 thin-film electrode
materials, J. Phys. Chem. B 107 (2003) 1597–1603.

[5] C. He, Y. Xiong, D. Shu, X.H. Zhu, X.Z. Li, Preparation and photoelectrocatalytic
activity of Pt (TiO2)–TiO2 hybrid films, Thin Solid Films 503 (2006) 1–7.

[6] H. Sayılkan, Improved photocatalytic activity of Sn4+-doped and undoped TiO2

thin film coated stainless steel under UV- and VIS-irradiation, Appl. Catal. A 319
(2007) 230–236.

[7] R.A. Damodar, T. Swaminathan, Performance evaluation of a continuous flow
immobilized rotating tube photocatalytic reactor (IRTPR) immobilized with
TiO2 catalyst for azo dye degradation, Chem. Eng. J. 144 (2008) 59–66.

[8] Y. Li, S. Sun, M. Ma, Y. Ouyang, W. Yan, Kinetic study and model of the photo-
catalytic degradation of rhodamine B (RhB) by a TiO2-coated activated carbon
catalyst: effects of initial RhB content, light intensity and TiO2 content in the
catalyst, Chem. Eng. J. 142 (2008) 147–155.

[9] T.C. An, Y. Xiong, G.Y. Li, C.H. Zha, X.H. Zhu, Synergetic effect in degradation of
formic acid using a new photoelectrochemical reactor, J. Photochem. Photobio.
A: Chem. 152 (2002) 155–165.

10] H. Selcuk, J.J. Sene, M.V.B. Zanoni, H.Z. Sarikaya, M.A. Anderson, Behavior of
bromide in the photoelectrocatalytic process and bromine generation using
nanoporous titanium dioxide thin-film electrodes, Chemosphere 54 (2004)
969–974.

[11] D.A. Skoog, F.J. Holler, T.A. Nieman, Principle of Instrumental Analysis, 5th ed.,
Thomson Learning, USA, 1998.

12] P. Grau, Textile industry wastewater treatment, Water Sci. Technol. 24 (1991)
97–103.

13] J.C. Garcia, J.L. Oliveira, A.E.C. Silva, C.C. Oliveira, J. Nozaki, N.E. De Souza, Com-
parative study of the degradation of real textile effluents by photocatalytic
reactions involving UV/TiO2/H2O2 and UV/Fe2+/H2O2 systems, J. Hazard. Mater.
147 (2007) 105–110.

14] A. Uygur, E. Kök, J. Soc, Decolorisation treatments of azo dye waste waters
including dichlorotriazinyl reactive groups by using advanced oxidation
method, Dyers Colour 115 (1999) 350–354.

15] Y.L. Xu, Y. He, X.D. Cao, D.J. Zhong, J.P. Jia, TiO2/Ti rotating disk photoelectro-
catalytic (PEC) reactor: a combination of highly effective thin film PEC and
conventional PEC process on a single electrode, Environ. Sci. Technol. 42 (2008)
2612–2617.

16] P.W. Chen, C.L. Yang, B.F. Ma, J.J. Wang, K.Z. Liu, Daxue Wulixue Handbook, 1st
ed., Shandong Technology Publishing House, China, 1985.

[17] M.L. Hitchman, F. Tian, Studies of TiO2 thin films prepared by chemical
vapour deposition for photocatalytic and photoelectrocatalytic degradation of
4-chlorophenol, J. Electroanal. Chem. 538–539 (2002) 165–172.

18] H. Liu, X.Z. Li, Y.J. Leng, W.Z. Li, An alternative approach to ascertain the rate-
determining steps of TiO2 photoelectrocatalytic reaction by electrochemical
impedance spectroscopy, J. Phys. Chem. B 107 (2003) 8988–8996.
19] H. Park, J. Lee, W. Choi, Study of special cases where the enhanced photocatalytic
activities of Pt/TiO2 vanish under low light intensity, Catal. Today 111 (2006)
259–265.

20] K. Vinodgopal, P.V. Kamat, Enhanced rates of photocatalytic degradation of
an azo dye using SnO2/TiO2 coupled semiconductor thin films, Environ. Sci.
Technol. 29 (1995) 841–845.


	Degradation of dye wastewater in a thin-film photoelectrocatalytic (PEC) reactor with slant-placed TiO2/Ti anode
	Introduction
	Experimental
	Materials and reagents
	Preparation of TiO2/Ti electrode
	TiO2/Ti thin-film PEC reactor
	Degradation experiments
	Chemical analysis

	Results and discussion
	Calculation of aqueous film thickness
	Selection of circulating flux
	Selection of bias potential
	Treatment of the RhB solution by different processes
	Thin-film PEC vs conventional PEC
	Decolorization and mineralization of RhB treated by thin-film PEC
	Application of thin-film PEC to treat textile effluent
	Stability of TiO2/Ti electrode

	Conclusions
	Acknowledgment
	References


