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ABSTRACT
A new reactor, three dimension electrode-photocatalytic reactor, was
designed and used to investigate the photoelectrochemical degradation
of reactive brilliant red X-3B (RBRX) in simulated wastewater. The
reactor was characterized by a series of parameters, the current change,
decolorization ratio, COD removal and degradation ratio. It was found
that the three dimensional electrode-photocatalytic reactor could eﬀectively destroy the RBRX within a reaction time of 30 min. The results
also showed that the photoelectrochemical process is more eﬃcient than
the single application of electrochemical oxidation or photocatalytic
degradation. The degradation reactions of RBRX conformed to pseudo
ﬁrst order kinetics in the three processes, and an apparent synergic eﬀect
in the increase of the photocurrent and the disappearance of RBRX was
observed by combining the electrochemistry with photocatalytic process
in the three dimension electrode-photocatalytic reactor.
Key Words: Three dimensional electrode-photocatalytic reactor; Photoelectrochemical degradation; COD removal; Reactive brilliant red X-3B;
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INTRODUCTION
Photocatalytic oxidation of organic pollutants using TiO2 as a
photocatalyst has been investigated extensively in the slurry cell and
immobilized-ﬁlm reactor (1–2). However, the development of a practical
water treatment system relative to the photocatalytic oxidation has not
yet been successfully achieved (3). The high degree of recombination
of photogenerated-electron and -hole is a major limiting factor controlling
its photocatalytic eﬃciency and impeding the practical application of
this technique in the degradation of contaminants in water. Recently,
the following two methods have been frequently used to enhance the
photocatalytic eﬃciency of TiO2 for degrading undesirable organic. One
of them is that using external O2 captures the photogenerated electrons
(4); another is electrochemically-assisted photocatalysis (5–7). The main
purpose of the latter is to represent a proof-of-concept that anodic bias
on TiO2 electrode can drive away the photogenerated-electron and -hole
in diﬀerent directions, and reduce their recombination. Therefore, in
the most of electrochemically assisted photocatalytic experiments, the
applied anodic bias potential is almost controlled to be lower than the
oxidation potential of the investigated organic pollutant so that no direct
electrochemical oxidation interferes with the photocatalysis (8–9). To date,
the electro-assisted photocatalysis at higher voltage has almost not been
investigated.
However, it is worth to notice that recently the interest in the application of direct and/or indirect electrochemical oxidation to the treatment of
the eﬄuents from industrial or municipal plants has increased (10). In
particular, the electrochemical technologies based on three-dimensional
electrodes for wastewater treatment have attracted much more attention
(11–13) because the electrodes are characterized with large speciﬁc
surface areas and high performance in comparison to conventional
two-dimensional electrode (10). However, most of researches about the
three dimensional electrodes are mainly focused on organic electrosynthesis and removal of metal ions from wastewater streams (11). Recently,
we have started to investigate a novel hybrid technology of organic
wastewater treatment based on three dimensional electrode-slurry photocatalytic reactor. Hopefully it will be characterized by the combination
of photocatalysis with electro-assisted photocatalysis and electrochemical
oxidation of three-dimensional electrodes for organic pollutants. The
aim of the present paper is to test primarily the degradation of
organic pollutants and photoelectrochemical synergic eﬀect in a
wider range of cell voltage in a new reactor, three dimension electrodeslurry photocatalytic reactor, using Reactive Brilliant Red X-3B as a model
pollutant.
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EXPERIMENTAL
Material
The photocatalyst used was titanium dioxide (Degussa P25). The dye,
reactive brilliant red X-3B, was reagent grade, and the dye solutions were
prepared with deionized water to a concentration of 1.0 mmolL1 (COD:
265.9 ppm) without adjusting the pH of the solution. The granulated activated carbon (GAC) was used as the ﬁller of three dimensional electrode in
this experiment. It has a surface area of 870.0 m2g1, an average particle size
of 3.5  5.1 mm and ash content of 8.1%. Both the main electrodes were
made of stainless steel and used after certain disposition treatment.
Apparatus
Absorption spectra of reactive brilliant red X-3B were recorded with a
mode UV-PC2501 spectrophotometer (Hitachi, Japan). A 500 W high-pressure mercury lamp was used as illuminant. A CHI650A electrochemical
computerized system was used as a potentiostat and also was applied to
determine the current in the experimental.
Photoelectrochemical Reactor
The experimental set-up is presented in Figure 1. It was an open doublelayered reactor (28.0 cm  6.0 cm  10.0 cm) made of polytetraﬂuoroethylene
plate. The stainless steel anode and cathode (main electrode) were equipped
across the reactor. 200.0 g GAC used as particle electrodes were packed
between the two main electrodes situated 26.6 cm apart from each other
and the suspension of RBRX containing 1.0 g titanium dioxide was added
into the reactor. When the compressed air was surged into the reactor by a
micropore plate from the bottom of reactor cell, the reactors appear two
layers. The upper one was mainly the suspension of TiO2 with a height of
about1.0 cm, and the down one was mainly the GAC 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 of
the illuminant are a continuous spectra in the range of 200 – 800 nm with a
highest peak at 365 nm. The intensity of ultraviolet light on the surface of
reaction solution was achieved at the average of 6.64 mWcm2.

Recommended Procedure
1.0 g titanium dioxide and 200.0 mL solution of 1.0 mmolL1 reactive
brilliant red X-3B was added into the reactor after the residual water for the
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Figure 1. Schematic diagram of three dimensional electrode-photocatalytic reactor. 1Cathode; 2-Outlet of recycled water; 3-GAC layer; 4-Micropore plate; 5-Inlet of pressured
air; 6-Inlet of recycled water; 7-Titanium dioxide layer; 8-Anode; 9-UV illuminant.

clean was removed. With a 0.6 Lmin1 sparged air, certain amount of direct
current and illumination, the photoelectrochemical procedure was carried
out for 30.0 min in the reactor. The experimental temperature was kept at
302 C and overheating of the reaction solution was prevented with the use
of a cooling fan over the reactor. The colloid solutions were sampled at each
5 min interval, separated with centrifuge and ﬁltered through a Millipore
(0.45 um) membrane for color, degradation kinetics and COD analysis.
Color and decolorization ratios were measured and calculated according to
literature methods using spectrophotometer method (14–15). The analytic
wavelength selected for optical absorption measurements of reactive brilliant
red X-3B was 532 nm. COD was measured with potassium dichromate after
the ﬁltered sample was digested with a WMX COD microwave digestion
system.

RESULTS AND DISCUSSION
Current-Voltage Characteristics
The magnitude of the photocurrent of the cell is one of major parameters characterizing photoreactor. Thus, the photocurrent was extensively
investigated in the electrochemically assisted photocatalytic process.
Kraeutler and Bard (16) ﬁrst recognized that semiconductor particulate in
the slurry cell might have similar performance with ﬁlm electrode in the
photoelectrochemical cell. They and other researchers have studied in
detail the photocurrent -voltage curves for slurry electrode, and found that
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the photocurrent is very small and lower than 0.2 mA (17), although the slurry
electrode has the great advantage of good mass-transfer. Thus, a great attention has been focused, in recent years, on the investigation of semiconductor
thin ﬁlm reactor (18–19). The photocurrent of the thin ﬁlm reactor is much
higher than that of the slurry reactor and no less than 25 mA (18–20).
In our experiment, a high photocurrent, about 12.6 mA, was observed
in the three dimensional electrode-slurry photocatalytic reactor, and the
photocurrent is about 60 folds more than that of the reported slurry reactor
(17), although it is lower than that of the mentioned-above thin ﬁlm reactor.
This can be considered as an enhancement eﬀect of three dimensional electrode to slurry photocatalytic reactor. The enhancement eﬀect can be attributed to that the three-dimensional electrode with expanded speciﬁc area has a
great collecting area of photo-generated electron. It is expected that the
reactor have high treatment eﬃciency for pollutants because the magnitude
of the photocurrent of the cell is an indicator of the rate of oxidation at the
anode (20).
The change of the current with cell voltage in the three dimensional
electrode-photocatalytic reactor was also measured, and the current-voltage
proﬁle was shown in Figure 2. Seen from Figure 2, both current of photoelectrochemical and electrochemical process increased signiﬁcantly with
increase of the applied voltage. Furthermore, the current diﬀerence of the
photoelectrochemical and the electrochemical process also increased as
the increase of the voltage as shown in the inset of Figure 2. For example,
the current diﬀerence is 19.81 mA and 68.5 mA respectively at 0.3 V and 1.0 V.

Figure 2. Dependence of current at 10 second on voltage. A-Current in the electrochemical
process; B-Current in the photoelctrochemical process.
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Figure 3. Comparison of current at 10 second in the various processes. 1-Photocurrent;
2-Current in the electrochemical process at 0.5 V; 3-Sum of electrocurrent at 0.5 V and photocurrent; 4-Current in the photoelectrochemical process at 0.5 V.

This result indicated that the higher the applied voltage, the stronger the
ability of capturing photogenerated electron of the anode.
Additionally, it was found that the current of photoelectrochemical
process was not only greater than the current of photocatalytic or electrochemical process alone, respectively, but also greater than the sum of both
current of photocatalytic and electrochemical process alone. For example, for
a 0.5 V of applied voltage, the current of photoelectrochemical process is
188.5 mA, while the sum of both current of photocatalytic and electrochemical process alone is only 127.6 mA, as shown in Figure 3, which is 60.9 mA
lower than the former. This is a clear evidence of a synergic eﬀect between
photochemical and electrochemical process in the reactor.

Treatment Eﬃciency of Various Processes
The UV spectra of RBRX at various treatment conditions were
presented in Figure 4. It can be observed from the ﬁgure that the absorption
peaks for single photocatalytsis, single electrochemical oxidation or photoelectrochemical degradation all decreased obviously, and the curve D is much
lower than others. At 532 nm, the absorption of curve D is only 4.2% of curve
B and 5.6% of curve C, respectively. These changes of UV spectra indicate
that the degradation of RBRX with the photoelectrochemical process have
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Figure 4. UV-spectra comparison of RBRX with 5-fold dilution in various conditions. AInitial sample; B-Electrochemical treatment for 0.5 V and 30 min; C-Photocatalysis for 30 min;
D-Photoelectrochemical treatment for 0.5 V and 30 min.

more eﬃcient than the photocatalytic and electrochemical process alone.
Moreover, the COD removal eﬃciencies for various processes can further
conﬁrm the view. When no voltage and no illumination was applied, only
a 27.1% of COD removal was observed with 30.0 min, which is attributed
to the adsorption of TiO2 and GAC. When a 30.0 V of cell voltage or illumination was applied alone, the COD removal increased to 53.6% and 58.6%,
respectively. These COD removal eﬃciencies were apparently lower than
that of photoelectrochemical process (77.3%). This enhancement eﬀect of
COD removal of photoelectrochemical process may be also an evidence of
photoelectrochemical synergic eﬀect which exists in the three dimensional
electrode-photocatalytic reactor.

Eﬀect of the Applied Cell Voltage
The eﬀect of applied voltage on the decolorization ratios was conducted
and the proﬁle was shown in Figure 5. In the proﬁle, it is obvious that both
decolorization ratios in the electrochemical and photoelectrochemical processes increased sharply in all range of cell voltage from 0 V to 30 V, however,
the decolorization of the latter is always higher than that of the former.
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Figure 5. Eﬀect of cell voltage on decolorization ratio. A-Decolorization ratio in the photoelectrochemical process; B-Decolorization ratio in the electrochemical process.

Furthermore, the diﬀerence of their decolorization ratio is also dependent on
the applied voltage. As shown in the inset of Figure 5, when the voltage is
lower than 0.5 V, the diﬀerence increased with the increase of voltage. When
the voltage is higher than 0.5 V, the diﬀerence decreased with the increase of
voltage, leading apparently to a maximum at 0.5 V.
The role of potential bias in the photocatalytic degradation of organic
pollutants is not only limited to reducing the electron-hole recombination,
but also can still have a direct or/and indirect electrochemical oxidation
to the organic pollutant. Thus, we could see from the curve B of Figure 5
that the decolorzation ratio of electrochemical eﬀect increased dramatically
than that of photoelectrochemistry at the high cell voltage. It means that the
electrochemical oxidation of the dyes is the predominated reaction in the
photoelectrochemical process at these voltages. A similar conclusion could
also be reached by considering the reduction of COD. As shown in Figure 6,
both curves increased dramatically with the increase of cell voltage and
changed gradually beyond 5.0V. It is worth to notice that at the lower voltage, the diﬀerences of two curves are greater. It means that there is a more
signiﬁcant synergic eﬀect existing in the photoelectrochemical process at
lower voltage than at the higher voltage. The synergic eﬀect at the lower
voltage may origin from the reduction of photo-generated electrons and
hole, not from other reactions because no any electrochemical reaction
occurs at the lower voltage.
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Figure 6. Eﬀect of cell voltage on COD removal. A-COD removal in the photoelectrochemical process; B-COD removal in the electrochemical process.

Although the diﬀerences in current of single electrochemical process and
photoelectrochemical process decreased with the cell voltage, as shown in the
inset of Figure 2, the diﬀerence in COD removal of both the process
decreased with increase of cell voltage. The discrepancy of these diﬀerence
changes is mainly due to the enhanced current in photoelectrochemical process is not contributed completely to the COD removal.

Synergic Degradation Kinetics
The changes of UV spectra of RBRX in the photoelectrochemical
process at various reaction intervals were investigated and presented in
Figure 7. It could be observed that RBRX decreased dramatically and the
shape of spectra was also changed greatly as reaction time increased. The
signiﬁcant decrease and changes in the ultraviolet as well as visible region can
reﬂect that most of RBRX was completely mineralized with prolong of the
reaction.
The photocatalytic degradation, electrochemical oxidation and the
photoelectrochemical degradation of RBRX all accord with apparent pseudo
ﬁrst-order kinetics, and the kinetic regression equations and parameters of all
reactions are listed in Table 1, respectively. The apparent rate constant for
photocatalytic and photoelectrochemical process respectively equal to 0.0351
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Figure 7. Absorption spectra of RBRX with 10-fold dilution at various treating time.
A-0 min; B-5min; C-10 min; D-20 min; E-30 min.

Table 1.
Processes
Illumination
and voltage
Only illumination
Only voltage

Kinetic Regression Equations and Parameters in Various Processes
Kinetic
Regression Equations

Regression
Coeﬃcient

Kinetic Constant
(min1)

Half Life
(min)

A = 0.0746–0.1067t

0.990

0.1067

6.5

A = 0.3646–0.0351t
A = 0.2662–0.0562t

0.999
0.982

0.0351
0.0562

19.7
12.3

and 0.1067 min1. The rate constant of the latter is 2.94 folds of the former.
The increase indicates that an apparent synergic eﬀect in the disappearance of
RBRX was obtained in the three dimensional electrode-slurry photocatalytic
reactor (21).

Reaction Mechanism
The reaction mechanisms for the single application of photocatalytic
oxidation have been convincingly studied and reported in the literature (1).
Many researchers (22–23) have also studied the reaction mechanisms of electrochemical process with GAC electrodes. All believed that oxygen could be
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changed into the stronger oxidizing agent, H2O2, on the electrode by a
two-electron reduction of oxygen. The electrogenerated H2O2 can be further
changed into the OH radical, in situ, by photolysis reaction in the presence
of UV light in the three dimensional electrode-photocatalytic reactor (24).
Thus, one of the degradation mechanisms of organic pollutants in the reactor
is convinced to be the OHoxidation besides anodic oxidation. It is also
believed that the reaction of the photoeletro-generated OHradical, in situ,
is an important origin of the mentioned-above synergic eﬀect of the COD
removal besides the recombining reduction of photogenerated- electron and hole by anodic bias.
In addition, it is well known that a large amount of water must be
electrolyzed in the reactor with the generation of oxygen and hydrogen at
electrodes, besides the direct and indirect electrochemical oxidation of the
organic compounds (10, 23) when a 30 V DC was acted across the three
dimensional electrodes. The side reaction on the reactor may have occurred,
as below: H2O!1/2 O2 þ H2.
It is worth to notice that the oxygen can be used as a photo-generated
electron scavenger, enhancing the photocatalytic eﬃciency (25), which is
another origin of the above-mentioned synergic eﬀect of the COD removal
in the reactor. Moreover, OH can be generated at the anode surface at
the same time of oxygen evolution (10, 26–27). These agents generated,
in situ, can also cause the oxidation of RBRX and its intermediates. Thus,
in the paper, the major photoeletrochemical reactions initiating redox
processes in the photoelectrochemical reactor can be summarized as follows
(7, 22–23, 26–27):
Anode þ dye ! Products

ð1Þ

2H2 O  2e ! 2OH  þ2Hþ
CathodeðeÞ þ O2 ! O

ð2Þ

þ

ð3Þ

O þ e þ 2H ! H2 O2

ð4Þ

TiO2 þ h ! TiO2 ðh . . . Þ

ð5Þ

TiO2 ðhÞ þ dye ! TiO2 þ Products

ð6Þ



TiO2 ðhÞ þ OH ! TiO2 þOH

ð7Þ

H2 O2 þ h ! 2OH

ð8Þ

OH þ dye ! Products

ð9Þ

Where e and h are the electron and hole, respectively, which are formed
within the semiconductor particles after bandgap excitation. From the
above-mentioned mechanisms, the degradation of dye can be carried
out by many oxidation routines, such as anodic oxidation, the oxidation of
electrogenerated H2O2 and OH, the oxidation of photogenerated hole and
OH, and the photoelectrochemical synergic eﬀect etc. This may be a good
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interpretation of eﬀective destroying of RBRX using the three dimensional
electrode-slurry photocatalytic reactor.

CONCLUSIONS
An apparent synergic eﬀect of RBRX degradation was conﬁrmed by a
series of parameters, the current change, decolorization ratio, COD removal
and degradation ratio in a new designed reactor, three dimension electrodephotocatalytic reactor. Moreover, it was found that the reactor could more
eﬃciently destroy the RBRX than the single application of electrochemical
oxidation or photocatalytic degradation within a reaction time of 30 min. It is
expected that the photoelectrochemical process based on the reactor is a
promising technology for removing organic pollutants from wastewater.
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