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a b s t r a c t

In this research, methylene blue (MB) was use as a pollutant to investigate the capability of dye degrada-
tion of photocatalytic (UV/TiO2) and photoelectrocatalytic (UV/TiO2/bias) reaction, and also the condition
for UV/TiO2/bias process was optimized. The photocatalytic process with bias potential was conducted in
aqueous supporting electrolyte and with a proton exchange membrane (Nafion 117). Comparing with the
general use of aqueous electrolyte (e.g. NaSO4, KCl, or NaCl) in photoelectrocatalytic process, this study
was focused on the application of proton exchange membrane as a solid electrolyte for the photoelectro-
catalytic decomposition of MB. The degradation of MB was experimentally studied by a varied reaction
condition (i.e. solution pH value, UV light intensity, initial dye concentration, gas introduction, sup-
hotoelectrocatalysis
yes
i mesh electrode

porting electrolyte concentration, and bias potential). Degradation of MB was enhanced in UV/TiO2/bias
process as compared to that carried out in UV/TiO2 process, especially as the Nafion membrane was
applied (UV/TiO2/Nafion process). The photodegradation rates could also be boosted by increasing the
concentration of supporting electrolyte, concentration of dissolving oxygen and UV light intensity. In
UV/TiO2/Nafion process, the rate constants of MB degradation increased as increasing bias potential to

it leve
0.5 a
a certain level, and then
and 7.0 were found to be

. Introduction

The performance of dye fixation represents an important frac-
ion of the commercialized synthetic pigments used. The major
nvironmental problem associated with the use of dyes is their loss
n the dyeing process. Up to date, frequently the dye fixation effi-
iency is low; consequently, substantial amounts of unfixed dyes
re released into the wastewater. The loss of dye during the dye-
ng process requires a proper treatment before discharged to the
nvironment. The color and toxicity caused by dyestuffs may pose
dverse impact on water quality, environment and human health
1]. At present, the most common technology for the removal of
yestuffs from aqueous solutions is chemical coagulation follow-

ng by sedimentation, which generates a massive amount of sludge
nd induces further environment pollution. Therefore, the removal
f dyestuffs from industrial wastewater has encouraged dynamic
esearch activities in the development of several specialized treat-

ent technologies [2,3].
Photocatalytic processes using TiO2 as a catalyst have attracted

xtensive attention for various environmental applications to
ecompose organic contaminants into simple inorganic species [4].

∗ Corresponding author. Tel.: +886 2 23785535; fax: +886 2 23785535.
E-mail address: ku508@mail.ntust.edu.tw (Y. Ku).

385-8947/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.cej.2010.09.039
led off. The suitable bias potentials for experiments conducted at pH 5.3
nd 0.6 V, respectively.

© 2010 Elsevier B.V. All rights reserved.

This includes removal of dye pollutants from textile wastewater
[5]. TiO2 in anatase form is a promising photocatalyst because of
its high chemical and photoelectrochemical durability, appropriate
band-gap (3.0 eV) to adsorb UV-A light at 365 nm, and comparative
inexpensiveness. The photocatalytic properties of TiO2 particles
have been investigated extensively in slurry and immobilized-film
reactors [6–9]. However, the shortcoming of photocatalytic process
is the rapid recombination of electron–hole pairs [5]. The oxida-
tion and reduction reactions may occur on the same photocatalyst
particle and a short-circuit electron transfer may occurred. This
accelerated the recombination and lowered the removal efficien-
cies and quantum yield. For the reasons, several novel methods
have been applied to increase the photocatalytic efficiencies. Rauf
et al. [10] constructed a Cr–Ti binary oxide by sol–gel method and
used it as photocatalyst to degrade methylene blue (MB) solution.
Chen et al. [11] assembled a TiO2 nanotube array by anodic oxi-
dation method and treated MB solution with photocatalysis and
photoelectrocatalysis. The synergetic effect of UV light and electric
field showed a better result on the degradation of MB. By the appli-
cation of external bias voltage [12–15] to photocatalytic process

(called electrochemically assisted photocatalytic process or pho-
toelectrocatalytic process), the photocatalyst acts as photoanode
and an external anodic bias is applied to drive the photogener-
ated electrons and holes in opposing directions so that the charge
recombination is retarded.

dx.doi.org/10.1016/j.cej.2010.09.039
http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:ku508@mail.ntust.edu.tw
dx.doi.org/10.1016/j.cej.2010.09.039
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In photoelectrocatalysis, the organic pollutants in the solu-
ion increase the cell resistance. In the presence of supporting
lectrolyte, this resistance is greatly reduced. The employment of
lectrolyte solution is important to the photocurrents as well as
egradation efficiencies. Furthermore, the selection of electrolyte

s also critical. The introduction of Nafion as a solid electrolyte was
lanned to simplify the addition of supporting electrolyte. Nafion
17 membrane is a well-known proton exchange membrane and

s applied in fuel cell extensively, especially in PEMFC area. In fuel
ell Nafion membrane could transfer proton (H+) from anodic com-
artment to cathodic one and formed water. Nafion 117 membrane
as used as a role of salt bridge in two-compartment reactor [16,17]

o conduct the humic acid degradation and investigation of active
hlorine, chlorate and bromate formation in photoelectrocatalysis.

This study investigated the capability of dye degradation by
hotoelectrocatalytic (UV/TiO2/bias) reaction and a novel method
hat used a proton exchange membrane (Nafion 117) to replace
he aqueous supporting electrolyte in solution. The impact of a
aried reaction condition were examined including solution pH,
V light intensity, gas introduction, bias potential and supporting
lectrolyte, by this approach the study evaluated the application of
afion 117 on dye degradation and optimized the reaction condi-

ion for the further application on industry.

. Experimental

.1. Ti mesh electrode

Ti mesh (>99.5%, 1.5 mm × 3.0 mm opening, President) was
mmersed in 0.5 N H2SO4 (>95%, Acros) to clean the oxide on the
urface. Then it was rinsed with ethanol (95% C2H5OH, Osaka)
nd acetone for several times in order to remove the impurities
nd grease. TiO2 particles were coated on a piece of Ti mesh of
0 mm × 50 mm by impregnating the mesh in an aqueous suspen-
ion containing TiO2 and dioctylsulfosuccinate (99.9% C20H37OSNa,
igma). Water to TiO2 ratio in the aqueous suspension is 4:1 in
eight. The impregnation and drying process could be repeated

or several times to increase the amount of TiO2 coated on the
i mesh. Following the coating process, the electrode was put in
furnace (at 350 ◦C) for 1 h. Several coated meshes were made

nd weighed. Among them, three meshes with TiO2 loading of
0 ± 2 mg were chosen to accomplish the UV/TiO2, UV/TiO2/bias,
nd UV/TiO2/Nafion processes (described in the Section 2.3). Then
he coated electrode was connected with a wire by means of sil-
er adhesive. The counter electrode was made of stainless steel
esh (50 mesh, 0.297 mm opening). It was cut into the same size

s anodic electrode, and rinsed with ethanol and acetone before
eing connected to a wire.

Nafion, an anionic perfluorinated polymer with sulfonate
roups, is chemical, electronic, and photochemical inert. It is stable
n dye aqueous solution whether the solution is acidic or alka-
ine. Nafion membrane was put into 3% H2O2 (35%, Acros) boiling
olution (100 ◦C) for 40 min, and then into 9 M HCl (>35%, Osaka)
oiling solution (80 ◦C) for 20–30 min. After rinsing with deionized
ater and cleaning by ultrasonication for 10 min, the membrane
as boiled in deionized water for 30 min. Before the Nafion mem-

rane was employed in the experiments, it was immersed into
0 mg L−1 MB aqueous solution. In UV/TiO2/Nafion process, Nafion
17 membrane was placed between two electrodes to form a sand-
ich structure as shown in Fig. 1(a).
.2. Photoreactor

The experiment was conducted using a batch photoreactor, UV
amp, and a pair of anode–cathode with applying Nafion film as
Fig. 1. (a) Schematic structure of electrodes employed in UV/TiO2/bias process with
Nafion, and scheme of reactor for (b) UV/TiO2 process, (c) UV/TiO2/bias process, and
(d) UV/TiO2/bias process with Nafion.

the supporting electrolyte as shown in Fig. 1. The cylinder photore-
actor was made of Pyrex with an outer diameter of 63 mm, inner
diameter 52 mm, height 225 mm, and sampling ports. The efficient
volume of photoreactor was 220 mL after subtracting the volume
occupied by the quartz jacket, and volume of MB solution intro-
duced was 200 mL. The UV source is a 10 W blacklight lamp (UV-A,
peak wavelength 365 nm). The UV light intensities were measured
on blacklight lamp surface at a height of the middle of Ti mesh elec-
trode by an International Light’s IL1400 digital radiometer. The UV
lamp protected by the quartz jacket from the bulk solution was put
into the photoreactor in the duration of the reaction.

2.3. Photocatalysis and photoelectrocatalysis

The capability of MB degradation was tested by three pro-
cesses, including UV/TiO2 (Fig. 1(b)), UV/TiO2/bias (Fig. 1(c)) and
UV/TiO2/Nafion processes (Fig. 1(d), Nafion used as a solid elec-
trolyte in the UV/TiO2/bias process). All the MB degradation
processes were evaluated on the effect of solution pH, light inten-
sity, and gas introduction from the diffuser (O2, air, and N2). The
effect of bias voltage and supporting electrolyte as either Nafion or
NaCl (0–100 mol m−3) were investigated for the degradation using
UV/TiO2/bias and UV/TiO2/Nafion processes. The effect of initial MB
concentration was also studied. For experiments conducted under
different conditions, reaction solution was sampled at predeter-
mined time intervals from the reactor for the determination of MB
by a Shimatsu UV-160A spectrophotometer. The absorbance wave-
length used in the spectrophotometer analysis to determine MB
concentration was 664 nm. A linear calibration line was obtained
from 0.23 to 6.00 mg/L of MB. Therefore, all the samples were
diluted 5 times before UV/vis absorption analysis.
3. Results and discussion

The effects of operational parameters such as: solution pH, light
intensity, and gas introduction from the diffuser (O2, air, and N2)
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ig. 2. Effect of initial concentration of dye on the initial reaction rate constants
f UV/TiO2 process and UV/TiO2/bias process with the assistance of supporting
lectrolyte.

ere examined using the reaction set in UV/TiO2, UV/TiO2/bias
nd UV/TiO2/Nafion processes following the procedures described
bove.

It should be noted that experiments of each process were
onducted in different electrodes. For example, the influences of
olution pH on UV/TiO2, UV/TiO2/bias and UV/TiO2/Nafion pro-
esses were conducted with three different plates of TiO2 coated
n the three Ti meshes. Even about the same weight (60 ± 2 mg)
f TiO2 was coated on the three Ti mesh. There may be various
orphologies among different electrodes because the TiO2 parti-

les coated on the Ti mesh were identical but not have equal extent
f coverage on Ti mesh. Consequently, it should not put emphasis
n the comparison between processes and only the tendencies of
ach process were discussed.

.1. Effect of initial methylene blue concentration

The rate constant for the photocatalytic degradation was
alculated from experimental data using the well-known
angmuir–Hinshelwood equation (L–H equation). Generally,
he reaction rates increase with an increase in substrate concen-
ration of a chemical reaction. Langmuir–Hinshelwood model
L–H model) was applied to describe the photocatalytic reaction
ehavior. The equation is as follows:

A = −dCA

dt
= kKCA

1 + KCA
(1)

In photocatalytic reaction, the initial concentrations of MB were
esigned to be 10, 20, and 30 mg L−1 and pH value and light inten-
ity was 7.0 and 1.68 mW cm−2, respectively. As shown in Fig. 2,
he initial reaction rate conducted with initial concentration of
0 mg L−1 was more than twice of that conducted with 10 mg L−1.

owever, the initial rate did not increase much as we expected
hen the initial concentration was 30 mg L−1, and it seemed to

evel off in further high initial concentrations no matter in UV/TiO2
r UV/TiO2/bias process. The initial concentration of 30 mg L−1 was
ignificant corresponding to the TiO2 loading of 6 mg cm−2. Espe-
ng Journal 165 (2010) 273–280 275

cially in weak alkaline solution, the MB adsorption on TiO2/Ti mesh
electrode was obviously high. It was observed that too high surface
coverage would result in a decrease in degradation rates.

Lakshmi et al. [18] reported that the initial reaction rates
increased linearly during initial MB concentrations of 6.6–20.0 �M
in a photocatalytic suspension reactor. Then, the initial rates lev-
eled off as the MB concentrations were over 20.0 �M. Sivalingam
et al. [19] studied the photocatalytic degradation of MB aque-
ous solution with various initial concentrations (50–200 mg L−1)
in suspension reactor. The TiO2 dosage was designed to be 1.0 g L−1

in this set of experiments. It can be seen that the concentration
had a significant effect on the degradation rates and the rate of
decrease in the MB concentration is faster when the initial con-
centration was low. The degradation rates were lower for higher
initial concentrations as the order decreases and, therefore, the
Langmuir–Hinshelwood rate equation was proposed to model the
experimental data. The initial reaction rates increased with an
increase in initial MB concentrations and leveled off at higher con-
centrations. Adsorption and surface reaction were assumed to be
the rate controlling steps and these parameters were determined
using Langmuir–Hinshelwood rate equation. In brief, the reaction
order over concentration ranged from zero to unity in photocat-
alytic process as well as photoelectrocatalytic process.

Although dye solution can be decolorized completely by pho-
tocatalytic or photoelectrocatalytic process, it must be mentioned
that complete decoloration does not mean complete mineralization
in photocatalytic or photoelectrocatalytic process. Spectroscopic
analysis only measures color removal but complete mineralization
must be evidenced by the total organic carbon concentrations. The
major goal of photocatalytic process is elimination of parent com-
pound, or more specifically, detoxification of an inhibitory and/or
persistent pollutant [20], but in some reactions the intermediate
oxidation products remaining in the solution may be as toxic as or
even more toxic than the initial compound [21].

As shown in Fig. 2, the initial rates in UV/TiO2/bias were faster
than that in UV/TiO2 process. In the electrochemical perspective,
the oxidation and reduction reaction occurred on the same TiO2
particle at the same time and then formed a short circuit in pho-
tocatalytic reaction. Due to recombination, the electrons and holes
were very easy to disappear. The application of bias potential was
the most special feature in UV/TiO2/bias process. An electric field
would be established between anode and cathode with the bias
potential applied. By applying an electrochemical bias potential
to a TiO2 membrane, separation of photogenerated electrons and
holes was accelerated and the recombination of electrons and holes
was suppressed. At the same time, photoexcited electrons could
be withdrawn to a counter electrode through an external circuit.
The oxidation and reduction reaction might occur in different elec-
trodes, and the overall reaction rates and quantum efficiencies
might be enhanced.

The coulombic efficiency of the process is still not significant.
We suggest that a small ratio of surface area of the TiO2/Ti mesh
to MB solution volume (1:20) brings about a low contribution of
coulombic effect. Other reason is a too large space between the
anode and cathode, a diameter of 52 mm of quartz protected jacket
for UV lamp, and a shield effect of electric field by the quartz pro-
tected jacket. Introduction of oxygen also promotes the reaction
efficiency of UV/TiO2 process without external bias.

3.2. Effect of solution pH
Solution pH values played an important role in many chemi-
cal reactions. In the case of TiO2 photocatalyst, the surface binding
states were changed with pH [22]. TiO2 existed in the form of –TiOH
in aqueous solution. However, the states would change to either
TiOH2

+ or TiO− based on the adsorption, dissociation behavior, and



276 W.-Y. Wang et al. / Chemical Engineeri

2 3 4 5 6 7 8 9
0.0

0.2

0.4

0.6

0.8

1.0

1.2

:  UV/TiO
2

:  UV/TiO
2
/bias

            Bias potential = 0.6 V, 0.1 M NaCl
:  UV/TiO

2
/Nafion

            Bias potential = 0.6 V

Initial concentration = 30.0 + 1.0 mg L-1

Light intensity = 1.68 mW cm-2

Oxygen flow rate = 75 mL min-1

R
at

e 
co

ns
ta

nt
, k

 (
1

×
0-3

 m
in

-1
)

pH

F
p
N

s
t
s
t
i
i
a
c
p
t
p
a
s

p
s
a
c
t
s
T
p
[
t
w
w
m
s

w
T
b
t
a
i

−2
ig. 3. Effect of pH on the pseudo-first-order reaction rate constants of UV/TiO2

rocess and UV/TiO2/bias process with the assistance of supporting electrolyte or
afion membrane.

olution compositions. It also changed surface charges of TiO2 par-
icles and resulted in a significant electrostatic interaction between
pecies in the aqueous solution. Some researchers inferred that
he probability of production of hydroxyl free radicals was raised
n alkaline aqueous solution which is rich in hydroxyl ions. The
ndirect oxidation might dominate the photocatalytic reaction in
lkaline solution. Nevertheless, the surface reaction was compli-
ated in several interactions in the same time. The pH settings in
hotocatalytic reaction were controlled within a range from 3.0
o 8.5. According to the results of background experiments, it was
ossible for MB to react with OH− at solution pH over 9. In order to
void it, the present experiments only conducted at weak alkaline
olution.

The photocatalytic reaction was controlled strongly by solution
H because of the electrostatic force. The results of pH effect are
hown in Fig. 3. The removal rate constants were increased with
n increase in solution pH as pH values were less than 7.0. The rate
onstant reduced to a lower level at pH 8.5 but was still higher than
hat obtained at pH 3.0 and 5.3. The reaction rates had strong dis-
ociation with the adsorption of MB molecules on TiO2 membrane.
he adsorption behaviors were influenced extensively by solution
H. Dyestuff MB had an acid dissociation constant (pKa) below 0
23] so it would be positively charged in aqueous solution at all the
imes. The zero point of charge of TiO2 suspension and membrane
ere measured to be 6.8 and 6.5, respectively [24]. The TiO2 surface
as positively charged and would repel with positively charged MB
olecules as long as pH was lower than 6.5. In contrast, the two

pecies would attract each other in neutral and alkaline solution.
When the solution pH was adjusted to be 3.0, the adsorption was

eaker than that of experiments conducted in higher pH values.

his was proved in the adsorption experiments and was indicated
y Houas et al. [25] and Hasnat et al. [26]. Hasnat et al. studied
he adsorption of MB at pH range 4.0–10.0 and found that the MB
dsorption increased with an increase in solution pH. Electrostatic
nteractions between the negatively charged TiO2 particles and MB
ng Journal 165 (2010) 273–280

cations led to strong absorption and enhanced the degradation
rate.

When the experiment was conducted at pH 8.5, both the effi-
ciency and rate constant were found to be lower than that obtained
at pH 7.0. The reaction at neutral condition had great removal effi-
ciency as well as reaction rate constant. The phenomenon might be
attributed to critically high adsorption on TiO2 surface at pH 8.5.
The amount of TiO2 particles coated on Ti mesh electrode (10 cm2)
was only 60 mg, which meant that the available active site was lim-
ited, and catalytic reaction would be a rate-limiting step of overall
reaction rate as the quantity of MB adsorption was too high. It may
shelter from the illumination of incident UV light. Lakshmi et al. [18]
investigated that the photocatalytic degradation of MB solution by
suspension system. The conditions were designed to be initial con-
centration of 0.01 mM of MB solution and TiO2 dosage of 20 mg
in 75 mL reactor. The reaction is found to conform to a Langmuir
adsorption isotherm and the rate vs. pH profile exhibits a linear
increase with pH in acidic solutions with a maximum at around pH
6.9.

As shown in Fig. 3, no matter in UV/TiO2, or UV/TiO2/bias pro-
cess the pseudo-first-order reaction rate constants were highest at
pH 7.0, and then at pH 5.3 or 8.5, and the worst at pH 3.0. With
Nafion applied in UV/TiO2/bias process, a higher rate constant was
obtained from experiment conducted at pH 3.0 compared with
that obtained at pH 5.3. This could be explained to the concen-
trated hydrogen ions at pH 3.0 induced better proton exchange
ability. As the aqueous electrolyte (NaCl) was replaced by solid
electrolyte (Nafion 117 membrane), the performances were not
improved much.

3.3. Effect of light intensity

From the background experiments of adsorption equilibrium,
it was found that the catalytic reaction did not occur without UV
light illumination. The light intensity has influence not only on the
progress of the photocatalytic reaction but also on the extent of
electron–hole pairs generated. Additionally, the UV light decay in
air or solution was described by Beer–Lamber law (Beer’s law).

A = εbc (2)

where A is the absorbance at certain wavelength; ε the molar
absorptivity, cm−1 M−1; b the path length of the sample, cm; and c
is the concentration of the compound in solution, M.

The data of molar absorptivity of MB were calculated from the
calibration lines, which were measured by UV/vis spectrophotome-
ter. The molar absorptivity of MB was 6.0 × 104 cm−1 M−1. Because
the molar absorptivity of MB was high, the high adsorption on
TiO2/Ti mesh electrode might induce the shelter effect of emitting
UV light.

The investigated UV light intensities were set from 0.83 to
1.68 mW cm −2. The solution was adjusted to pH 7.0 and oxy-
gen was introduced. The initial concentration was controlled to
be 30 mg L−1. Fig. 4 reveals that the pseudo-first-order reaction
rate constants increased linearly with an increase in light inten-
sities. With the UV light intensity increased, the separation rate of
electron–hole pairs were accelerated and resulted in increasing of
the production of hydroxyl free radicals as well as the degradation
rate constants and removal efficiencies. Zhang et al. [27] studied
the degradation of MB by UV/TiO2 process in a suspension reactor.
The results revealed that the linear dependence of the apparent rate
constants on light irradiance with light intensity ranged from 0.98

to 7.20 mW cm .

In UV/TiO2/bias process, the application of bias potential and
concentration of supporting electrolyte were fixed to be 0.6 V and
0.10 M NaCl, respectively. The pseudo-first-order reaction rate con-
stants are shown as a function of light intensity in Fig. 3. The
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ig. 4. Effect of light intensity on the pseudo-first-order reaction rate constants of
V/TiO2 process and UV/TiO2/bias process with the assistance of supporting elec-

rolyte or Nafion membrane.

endency was linear as the light intensity ranged from 1.04 to
.68 mW cm−2.

As shown in Fig. 4, in the application of Nafion membrane in
V/TiO2/bias process (i.e. UV/TiO2/Nafion process) the rate con-

tants were increased with an increase in light intensity, but
omewhere different from that observed in experiments con-
ucted with aqueous electrolyte employed. The rate constants
ere improved little by increasing the light intensity when the

ight intensities were relatively low. The rate constant of experi-
ent conducted with light intensity of 1.68 mW cm−2 was 150%

igher than that of experiment conducted with light intensity of
.83 mW cm−2.

The improvement of increasing light intensity was insignificant
n UV/TiO2/Nafion process as the light intensities were relatively
ow. In the configuration of UV/TiO2 and UV/TiO2/bias processes,
he TiO2/Ti mesh electrode was pressed close to the quartz jacket.
he MB decay in solution should be neglected. Nevertheless, the
iO2/Ti mesh electrode would have a distance of 4 mm with the
uartz jacket because of the space between quartz jacket and elec-
rode clamps. When the sandwich form electrode was immersed
nto MB solution, this space would be filled with MB solution, too.

shelter effect of emitting UV light should happen in the course of
V/TiO2/Nafion process and caused the different results between

he experiments with and without Nafion membrane. Comparing
ith UV/TiO2/bias and UV/TiO2/Nafion process, the UV/TiO2 pro-

ess performs a comparable MB degradation ratio with different
eaction parameters. As mentioned in Section 2.1, three different
eshes were chosen to accomplish the UV/TiO2, UV/TiO2/bias, and
V/TiO2/Nafion processes, respectively. There may be some varia-

ions beside catalyst weight (e.g. surface morphologies or profiles)
mong the three meshes.
.4. Effect of oxygen introduction

In photocatalytic oxidation process, the photogenerated elec-
rons are driven away and avoided from recombination with holes.
Fig. 5. Effect of oxygen content of gas introduced on the pseudo-first-order reaction
rate constants of UV/TiO2 process and UV/TiO2/bias process with the assistance of
supporting electrolyte or Nafion membrane.

The most extensive and convenient solution is to purge oxygen,
which will trap the electrons to form peroxide radicals. If the solu-
tion was purged with nitrogen or argon, the accumulated electrons
on TiO2 surface would accelerate the electron–hole recombination
and reduce the removal efficiency. Therefore, dissolved oxygen in
aqueous solution has significant influence in photocatalytic pro-
cess. In the view of hydroxyl free radical formation, the hydroxyl
free radicals generated from holes or hydrogen peroxide. Since the
hydrogen peroxide was formed from oxygen, the high level of dis-
solved oxygen in aqueous solution would promote the generation
of hydroxyl radicals further.

The experiments were conducted with oxygen (100% O2), air
(21% O2), and nitrogen (0% O2) introduction. As shown in Fig. 5, the
rate constant of UV/TiO2 process conducted with air introduction
was 75% higher than that with nitrogen introduction. However, the
enhancement of oxygen introduction was not evident compared
with that of air introduction, but onefold higher than that of nitro-
gen introduction. The removal efficiency of experiment conducted
with nitrogen introduction was only somewhat higher than that
of photolysis reaction. More electron scavenger (O2) in aqueous
solution would reduce the recombination rate. Thus, increasing the
dissolved oxygen concentration would also increase the reaction
rate constants in UV/TiO2 and UV/TiO2/bias processes.

The removal efficiencies increased with an increase in dissolved
oxygen concentration in reaction solution. Briefly, the removal effi-
ciencies would be promoted by oxygen introduction, then air and
nitrogen introduction. As shown in Fig. 5, the tendencies were fitted
well in each process. The rate constants increased with an increase
in oxygen contents of gas introduced into the reaction solution. An
interesting phenomenon in photocatalytic degradation of MB was
reported by Mills and Wang [28]. MB was indeed bleached, and
formed a significant amount of MB(H )+, since with the subsequent
2
introduction of oxygen into the system the MB was regenerated.
The recovery of the MB, with the introduction of oxygen, was ca.
63–68%. It appeared that such radicals were the cause for the exten-
sive (32–37%) irreversible photobleaching. The rate of reaction of



278 W.-Y. Wang et al. / Chemical Engineering Journal 165 (2010) 273–280

0.100.080.060.040.020.00
0.0

0.2

0.4

0.6

0.8

1.0

1.2

Initial concentration = 30.0 + 1.0 mg/l
Initial pH = 7.0 + 0.1
Light intensity = 1.68 mW/cm2

Oxygen flow rate = 75 ml/min
Bias potential = 0.6 V

R
at

e 
co

ns
ta

nt
, k

 (
× 

1 0
-3
m

in
-1
)

F
c

M
p
c
b
a
t

3

t
p
t
e
l
s
t
s
e
f
s
v
a
p
t
t

7
0
s
c
r
t
e
w
w

 UV/TiO
2

 UV/TiO
2
/bias

 UV/TiO
2
/Nafion

with 0.1M NaClwithout NaCl
0.0

0.4

0.8

1.2

1.6

2.0
Initial concentration = 30.0 + 1.0 mg L-1

Initial pH = 7.0 + 0.1 

Light intensity = 1.68 mW cm-2

Oxygen flow rate = 75 mL min-1

Bias potential = 0.6 V

R
at

e 
co

ns
ta

nt
, k

 (
× 

10
-3

 m
in

-1
)

Electrolyte

NaCl concnentration (M)

ig. 6. Effect of sodium chloride addition on the pseudo-first-order reaction rate
onstants for the decomposition of methylene blue by UV/TiO2/bias processes.

B recovery was strongly dependent upon the level of oxygen
resent. The rate appeared to be dependent directly on the per-
entage of O2 present in the purging gas stream at levels <60%, but
ecame increasingly insensitive to any increase in percentage of O2
bove a level of 60. Gas-to-liquid mass transfer would be expected
o become the rate determining step.

.5. Effect of supporting electrolyte

The category and concentration of aqueous supporting elec-
rolyte were most frequently studied factors in UV/TiO2/bias
rocess. The existence of aqueous electrolyte might alter the reac-
ion mechanism and either enhances or reduces the reaction
fficiencies. Supporting electrolyte in aqueous solution could also
ower the ohmic resistance. The selection of supporting electrolyte
hould be paid more attention at the stage of reaction designa-
ion. Generally, the supporting electrolyte would be inorganic salts,
uch as carbonates, chlorides, nitrates, sulfates and so on. Some
lectrolytes could react with the model pollutants directly without
urther treatment via photocatalytic process. For example, the MB
olution would react with perchlorate (ClO4

−) ion and formed a
iolet precipitate if perchlorate salt or perchloric acid was chosen
s an aqueous electrolyte. Although many studies reported that the
erchlorate salt was one of the most electrochemically stable elec-
rolytes in photoelectrocatalytic process, it did not suit for every
reated contaminant.

Fig. 6 shows the rate constants in the UV/TiO2/bias process were
.44 × 10−4, 3.85 × 10−4, 6.07 × 10−4 and 10.4 × 10−4 min−1 in 0,
.01, 0.05 and 0.10 M NaCl solution, respectively. The rate con-
tant drops clearly with 0.01 M NaCl addition compared with that
onducted with no addition of supporting electrolyte. Then, the

ate constants would increase with an increase in supporting elec-
rolyte concentration. The removal efficiency obtained from the
xperiment conducted with electrolyte concentration of 0.10 M
as higher than that obtained from the experiment conducted
ithout supporting electrolyte addition. The reason may be that the
Fig. 7. Effect of supporting electrolyte addition on the removal percentages for the
decomposition of methylene blue by various processes.

chloride ions would capture the photogenerated holes [24]. How-
ever, the rates of degradation and the amount degraded increased
as the concentrations of NaCl increased from 0.01 to 0.10 M. This
may be attributed to higher reduction in ohmic resistance in aque-
ous MB solution. Zainal et al. [29] achieved similar results and
reported further that a higher concentration, 0.25 M NaCl, resulted
in only a slight increase in the degradation. Addition of supporting
electrolytes such as Na2CO3 and Na2SO4 results in a slight decrease
in photodegradation of the R3R dye in comparison with that car-
ried out in an electrolyte free system in NaOH [30]. The addition of
NaClO4 slightly decreased the photoelectrocatalytic removal effi-
ciency of oxalic acid [31].

Fig. 7 shows the influence of aqueous supporting electrolyte
addition on each process. In both UV/TiO2 and UV/TiO2/Nafion
processes, the addition of supporting electrolyte did not promote
the removal efficiency and had negative effects. In UV/TiO2 pro-
cess, the chloride ions would capture the photogenerated holes. In
UV/TiO2/Nafion process, the high amount of sodium ions would be
incorporated into Nafion membrane. Okada et al. [32] and Unnikr-
ishnan et al. [33] reported that the Nafion film was converted into
Na+ form by equilibrating the membrane in the acid form with
excess of 0.10 M NaCl solution for 5 h followed by repeated wash-
ing with deionized water. From the results, the membrane prefers
Na+ to H+ and in the corresponding membrane H+ moves about
five times faster than Na+ ions. The water transference coefficient
in Nafion was much larger for Na+ form than that of H+ form, in
spite of the smaller equilibrium water content for Na+ form than
for H+ form.

Only in UV/TiO2/bias process, the addition of supporting elec-
trolyte had a positive effect. Furthermore, it can be noticed that
the addition of 0.10 M NaCl would result in an increase in removal
efficiency. It may be attributed to the strong improvement in con-

ductivity of the solution by 0.10 M NaCl addition could balance
the negative effect of hole competition. In addition, the chloride
ions may react with photogenerated holes and form chloride radi-
cals, chlorate, and chlorine. It can be observed that the variation of
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ig. 8. Effect of bias potential on the pseudo-first-order reaction rate constants of
V/TiO2/bias process at pH 3.5, 7.0 and 8.5.

hloride ions concentration was within 6% by means of the mea-
urement of ion chromatography. This implied that the extent of
eaction between chloride ion and hole was insignificant.

.6. Effect of bias potential

In the electrochemical perspective, the oxidation and reduction
eaction occurred on the same TiO2 particle at the same time and
hen formed a short circuit in photocatalytic reaction. The electrons
nd holes were very easy to disappear due to recombination. The
pplication of bias potential was the most special feature in UV/TiO2
rocess. An electric field would be established between anode and
athode with the bias potential applied. By applying an electro-
hemical bias potential to a TiO2 film, separation of photogenerated
lectrons and holes was accelerated and the recombination of elec-
rons and holes was suppressed. At the same time, photoexcited
lectrons could be withdrawn to a counter electrode through an
xternal circuit. The oxidation and reduction reaction might occur
n different electrodes, and the overall reaction rates and quan-
um efficiencies might be enhanced. If the bias potential applied
as not high enough, the promotion would be limited and even no

mprovement at all. In contrary, high bias potential would induce
lectrolysis of water. The anode, TiO2 thin film, would be destroyed
ecause of the formation of oxygen when the water electrolysis
ccurred.

The photoelectrocatalytic degradation of MB was conducted
ith light intensity of 1.68 mW cm−2 and oxygen introduction.
ias potentials applied were set to be 0.2, 0.4, 0.5, 0.6, and 0.8 V.
.10 M NaCl solution and Nafion membrane were taken as a sup-
orting electrolyte in UV/TiO2/bias and UV/TiO2/Nafion processes,
espectively. As shown in Fig. 8, the pseudo-first-order reaction rate
onstants increased as the bias potentials increased from 0.2 to

.6 V at pH 3.5 and 7.0. Then, the rate constant increased a little
s the bias potential applied was 0.8 V. It is reasonable to say that
he efficiency would level off in higher bias potential as long as the
ater electrolysis takes place. However, this incremental tendency
id not arise when the experiments were carried out at pH 8.5 and
Bias potential (V)

Fig. 9. Effect of bias potential on the pseudo-first-order reaction rate constants of
UV/TiO2/bias and UV/TiO2/Nafion processes at pH 7.0.

the rate constants were almost equal in all bias potentials applied.
Fig. 9 shows the effect of bias potential on the pseudo-first-order

reaction rate constants of UV/TiO2/bias and UV/TiO2/Nafion pro-
cesses at pH 7.0. In UV/TiO2/Nafion process with Nafion applied,
the rate constants increased with an increase in bias potentials
applied besides that obtained from experiment conducted with bias
potential of 0.8 V. The best performance was found to be with the
experiment conducted with a bias potential of 0.6 V. Nafion 117
membrane, which was taken as solid electrolyte, was employed
to photoelectrocatalytic reaction in order to replace the additional
usage of aqueous supporting electrolyte. In addition, the MB solu-
tion was free from aqueous supporting electrolyte (to improve the
conductivity of the photoelectrocatalytic system, but the photo-
catalytic properties was inhibited by the scavenging of hydroxyl
radicals by ions). The close contact between two electrodes and
Nafion membrane was a great benefit to reduce the ohmic resis-
tance. The protons diffused rapidly through the sulfonate-form
microscopic channels in Nafion directly without diffusion in aque-
ous solution. Another advantage of employment of solid electrolyte,
Nafion, was that the electrochemical reactions between anion of
electrolyte and photocatalyst could be avoided.

4. Conclusion

Photocatalytic and photoelectrocatalytic reactions of MB
demonstrated a pseudo-first-order reaction. The photocatalytic
reaction was controlled strongly by solution pH because of the
electrostatic force. The best removal efficiencies occurred at pH
7.0. High light intensity could provide more protons and corre-
spondingly more electron–hole pairs and promote reaction rate.
The reaction rate constants increased with an increase in dis-
solved oxygen concentration and UV light intensity because more

electron scavengers (oxygen) in aqueous solution slow down the
electron–hole recombination process.

Degradation of MB was promoted in UV/TiO2/bias process.
Applying bias potential to drive away electrons and minimizing the
electron–hole recombination, thus the reaction rate constants can
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Comparing with traditionally aqueous electrolyte, Using Nafion
s a solid electrolyte shows a comparable efficiency in pho-
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