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Abstract

The decomposition of 2-chlorophenol by UV/TiO, process with the application of external bias voltage was examined in this study. Experiments
were conducted in a batch reactor using TiO,-coated titanium sheet as anode and platinum sheet as cathode. The anode photocatalysis of 2-
chlorophenol was totally inhibited for experiments conducted with the application of external anodic bias voltage lower than the flat band potential
of TiO,. The decomposition rate of 2-chlorophenol was then increased with increasing external anodic bias voltage applied up to 0.0 V (versus
SCE). The application of external bias voltage higher than 1.0 V did not markedly promote the photocatalysis of 2-chlorophenol possibly because
the photocurrent induced was constant. Experimental results indicated that the decomposition of 2-chlorophenol was more effective for experiments
conducted in acidic solutions due to the lower flat band potential of TiO, and the higher photocurrent induced. The presence of electron scavengers in
aqueous solution, such as oxygen molecules, may increase the decomposition rate of 2-chlorophenol. However, the effect of dissolved oxygen was
diminished for experiments conducted with applied external bias voltage. The photocatalytic decomposition rate of 2-chlorophenol was enhanced

linearly with the increasing UV light intensity when the external bias voltage was applied.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Halogenated aromatics resulted from the improper discharge
of industrial wastewater and the chlorination of naturally occur-
ring aromatic matters during water purification are environmen-
tally important pollutants because of their toxicity and possible
accumulation in the environment [1]. Glowing concerns on the
contamination of organic pollutants to drinking water supplies
and the aquatic environment has stimulated vigorous research
activity on the development of various treatment technolo-
gies. Photocatalytic processes using semiconductor catalysts
under appropriate illumination regarding water and wastew-
ater treatment have attracted extensive attention [2]. TiO, in
the anatase form is a promising photocatalyst because of its
high chemical and photoelectrochemical durability, appropriate
band-gap (~3.0eV) to adsorb UV-A light at 365 nm and com-
parative cheapness. The photocatalytic properties of titanium

* Corresponding author. Tel.: +886 2 27333141x7606; fax: +886 2 23785535.
E-mail address: ku508 @mail.ntust.edu.tw (Y. Ku).

0304-3894/$ — see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.jhazmat.2006.05.057

dioxide particles have been investigated extensively in slurry
and immobilized-film reactors [3,4].

The recombination of photogenerated electrons and holes is
often a seriously factor limiting the photocatalytic efficiency and
obstructs the practical application of the photocatalytic process
in the environmental areas [2]. Several endeavours have been
made to modify titanium dioxide and increase the photocatalytic
efficiency, such as ion doping [5], noble metal deposition [6,7],
coupled photocatalysts [8] and the application of external
bias voltage [9-14]. The application of external bias voltage
to photocatalytic process (called electrochemically assisted
photocatalytic process or photoelectrocatalytic process), the
photocatalyst acts as photoanode and an external anodic bias
is applied to drive the photogenerated electrons and holes in
opposing directions so that the charge recombination is retarded.

The photoelectrocatalytic degradation rate of 4-chlorocate-
chol in aqueous solution using TiO; electrode operated at a
constant current density was a function of 4-chlorocatechol
concentration and solution pH. The initial degradation rates of
4-chlorocatechol exhibit a linear correlation with the concen-
tration of 4-chlorocatechol. Both the highest photodegradation
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rate and the peak photocurrent were obtained for experiments
conducted at pH 8 [15]. TiO;, electrodes prepared by the
electrophoretic immobilization of TiO, power on titanium ally
were used to investigate the photoelectrocatalytic oxidation of
oxalate. Increases in the anodic photocurrent and the rate of
oxalate degradation were observed with the presence of Fe>* ion
in the cathode compartment served as the electron acceptor [9].
The greatest performance of photoelectrocatalytic oxidation of
rose Bengal in aqueous solution was achieved for experiments
conducted with the TiO»/Ti mesh electrode and the application
of an electrical bias of 0.6 V [11]. Study on the photocatalytic
degradation of aniline using TiO,/Ni porous catalysts indicated
that the external potential bias can noticeably improve the
degradation efficiency of aniline [10]. The photocatalytic
oxidation rate of nitrite ion in NaCl aqueous solutions using
TiO,/Ti as the working electrode was promoted by increasing
solution pH, UV light intensity and bias potential; however,
the oxidation rate was independent of nitrite ion concentration
[13].

In this particular study, the primary research interests were
in the effects of several operational factors, including solution
pH, dissolved oxygen and UV intensity, on the photocatalytic
reaction of 2-cholorophenol in aqueous solutions by UV/TiO;
process with applied external bias voltage was studied. The reac-
tion rates and kinetic models were established based on the
experimental results to understand the decomposition behaviour
of 2-cholorophenol by photoelectrocatalytic process.

2. Experimental

The schematic diagram of experimental system employed in
this research is shown in Fig. 1. The photoreactor used in this
study consisted of a cylindrical reactor of 9.5 cm internal diame-
ter and 30 cm long made entirely of Pyrex glass with an effective
volume of 3 1. The cylindrical reactor contained a 5 cm diameter
quartz tube to house a GTE F15T8/BLB lamp with approxi-
mately 15 W maximum output at about 365 nm. The output of
the UV lamp was adjusted by a variable voltage transformer
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and was detected by a Spectroline model DRC-100x digital
radiometer combined with a DIX-365 radiation sensor. A mag-
netic stirrer was located at the bottom of the photoreactor.

Degussa P-25 TiO; power was employed in this study as
received without further treatment. The TiO; particles were
approximately spherical and non-porous with greater than
99.5% purity; the composition was reported to contain about
80% anatase and 20% of rutile. The anode was prepared by
impregnating pieces of pre-cleaned titanium sheets in aqueous
solution containing TiO; particles for about 10 min before it
was heated in an oven for 2 h. The temperature of the oven was
controlled to be 500 or 700 °C in order to obtain the desired
morphological forms of TiO, (500 °C for anatase/700 °C for
rutile determined by a Philips MP710 X-ray diffractomer). The
titanium sheet was used as support for TiO, particles because
of its good adhesion with TiO; and its resistance to corrosion.
The impregnation process could be repeated for several times to
increase the amount of TiO; coated on the sheets. The TiO,/Ti
anode was then fixed in the photoelectrochemical reactor. The
anode was a platinum sheet of 1 cm x 4 cm and the reference
electrode was a saturated calomel electrode (SCE). The applied
external bias voltage was supplied by an EG & G Model 273A
galvanostat/potentiostat.

Predetermined amount of experimental solution containing
known concentrations of 2-chlorophenol and NaClO4 (served
as electrolyte) was taken into the photoelectrocatalytic reac-
tor and then aerated continuously with various type of gases
(O3, air or Ny) during the course of the reaction. Solution pH
value was kept at desired levels, ranging from pH 3.0 to 9.0,
by the additions of sodium hydroxide (NaOH) and/or sulfuric
acid (H,SO4) solutions using an automatic potentiometric titra-
tor (Kyoto Electronic AT-200). The solution temperature was
maintained by a thermostat circulator and all experiments were
conducted isothermally at 25 °C. A dissolved oxygen detector
(Orion Model 810) was used to measure the dissolved oxygen
concentration in the solution. The operating time required for the
photoelectrochemical reactor system to establish the dissolved
gas equilibrium in the bubbling of various gases was usually
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Fig. 1. Schematic of reactor set-up.
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about 30 min. For experiments conducted under different condi-
tions, aliquots of 10 ml solution were sampled at predetermined
time intervals from the reactor for further analyses. The total
sample volume throughout an experiment was kept below 5% of
the initial volume of solution. Concentration of 2-chlorophenol
in the sample solution was measured with a Spectra System
HPLC equipped with an Inerstil ODS-3 5 um column and a
Spectra System UV1000 detector. The chloride ion and TOC
were determined by a Dionex DX-100 ionic chromatograph and
an OIC Model 700 analyzer, respectively.

3. Result and discussion

There was no indication of 2-cholorophenol electrolysis
occurred for background experiments conducted with applied
bias voltage between 0.0 and 3.0V, which implied that the
amount of electrons flow through the external circuits was the
same for experiments conducted within the applied bias volt-
age range. The comparisons of 2-chlorophenol decomposition
for experiments conducted with anatase and rutile catalysts are
depicted in Fig. 2. The 2-chlorophenol decompositions were
always superior for experiments using anatase than those using
rutile, which was more evident with applied external bias poten-
tial for experiments using anatase. Other reporter also indicated
that anatase appears to be the more active and be probably due
to differences in the extent and nature of the surface hydroxyl
groups present in the low temperature anatase structure [16].

Comparing photocatalytic with photoelectrocatalytic reac-
tions, the charge recombination was inhibited under photoelec-
trocatalytic condition. More holes were available on the TiO»
particle for 2-chlorophenol decomposition under photoelectro-
catalytic condition than that under photocatalytic condition. For
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Fig. 2. Decomposition of 2-chlorophenol in aqueous solution by UV/TiO, pro-
cess with and without 1 V applied external bias voltage and various crystal forms
of TiO,.

120
2 UV/TIO, system
Light intensity = 4.2 W/m®
100 — Iy Electrolyte = 0.1 M NaClO,
o
- PR D.0<0.5mg/
i/ i Temp. = 25°C+ 1
80 — i
2 [2-CP],= 0 mg/l
60 —
T 40
;e)' i
=
S 207
0
-20 i
5
S
- i
40 —
LU S B N IS N N S R S B B

I
220 -15 -10 05 00 05 1.0 15 2.0 25
Applied potential, V vs. SCE

Fig. 3. Photocurrent as a function of applied external bias voltage by UV/TiOy
process after addition of 2-chlorophenol and photocurrent at various solutions
pH.

photoelectrocatalytic reactions, the reaction threshold is con-
trolled by the flat-band potential of the photocatalyst used. Fig. 3
shows the induced photocurrent for the UV/TiOy process in
aqueous solution as a function of applied external bias volt-
age with and without the addition of 2-chlorophenol. For both
cases, the applying external bias voltage at zero photocurrent
was about —1V (versus SCE), implied that the flat-band poten-
tial for the UV/TiO;, process was approximately —1 V. These
results suggest that an external bias potential greater than —1 V is
sufficient to provide enough driving force to withdraw electrons
to the counter-electrode. Also as shown in Fig. 3, the photocur-
rent induced was peaked for experiments conducted at applied
bias potential of about O V.

Results of the photoelectrocatalytic decomposition of 2-
cholorophenol in aqueous solution for experiments conducted
with various applied external bias voltages are shown in Fig. 4.
The decomposition of 2-cholorophenol was determined to be
only about 8% for experiments conducted with external bias
voltage of —1.5V, because the reverse bias voltage suppressed
the separation of electrons and holes at the TiO,/Ti anode. 2-
Chlorophenol decompositions were increased with increasing
applied external bias voltage for experiments conducted with an
external bias voltage greater than —1.5 V. However, the decom-
position rate of 2-chlorophenol was almost same for experiments
conducted with an external bias voltage greater than 1 V. These
results suggest that the application of —1.0 V potential is enough
to withdraw the flow of electrons to the counter electrode, which
also agrees with that flat-band potential of TiO, determined in
this experiment (approximately —1.0V as showed in Fig. 3).
Also as shown in Fig. 4, about 27% of 2-chlorophenol was
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Fig. 4. Decomposition of 2-chlorophenol in aqueous solution by UV/TiO2 pro-
cess with various applied external bias voltages.

decomposed after Sh of operating time for experiment con-
ducted with OV applied bias potential. Similar experimental
results of the photoelectrocatalytic degradation of formic acid
and nitrite using TiO; electrode indicated that the application of
bias potentials significantly promoted the reaction rates. How-
ever, a limiting bias potential existed [13,17]. Similar to the
decomposition of 2-cholorophenol shown in Fig. 4, the forma-
tion of chloride ions and the decomposition of total organic
carbon (TOC) illustrated in Fig. 5 were also increased with
increasing applied external bias voltage for experiments con-
ducted with an external bias voltage greater than —1.5V.
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Fig. 5. CI’ ion generation and TOC decomposition in aqueous solution by
UV/TiO; process with various applied external bias voltages at pH 3.
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Fig. 6. Determination of global pseudo first-order rate constant of 2-
chlorophenol with and without applied external bias voltage by UV/TiO; Process
at various solutions pH.

Fig. 6 and Table 1 illustrate the global pseudo first-order
rate constants for 2-chlorophenol decomposition by UV/TiO»
process with and without applied external bias voltage for exper-
iments conducted in aqueous solutions of various pH levels
under N, atmosphere. The global pseudo first-order rate constant
is defined as the lump-sum rate constant with respect to the con-
centration of 2-chlorophenol regardless of other factors affecting
reaction kinetics, such as light intensity, TiO, dosage, etc. The
experimental results of the pH effect revealed that the residual
2-chlorophenol concentrations varied substantially throughout
the solution pH range studied. Higher decomposition rates were
obtained for experiments conducted in aqueous solutions of pH
3, the decomposition of 2-chlorophenol decreased for higher pH
conditions. Fig. 3 reveals that higher photocurrents were induced
for experiments conducted in acidic solutions of various pH lev-
els under various applied bias potentials. The flat-band potentials
of TiO, electrode shifted to more negative for experiments con-
ducted in neutral and alkaline solutions. On the contrary, Barakat
et al. [18] observed the photocatalytic decomposition rates of

Table 1
Pseudo first-order decomposition rate constant of 2-chlorophenol with and with-
out applied external bias voltage by UV/TiO; Process at various solutions pH

Solution pH value

3 7 9
Without applied external 0.00112 6.78 x 1074 5.57 x 107
bias voltage
With applied external bias 0.00229 8.68 x 1074 6.92 x 10~

voltage 1V vs. SCE

The initial concentration of 2-chlorophenol was 10 mg/l and the light intensity

was 4.2 W/m?. The unit of the pseudo first-order decomposition rate constant

was min~!.
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Fig. 7. Decomposition of 2-chlorophenol in aqueous solution by UV/TiO, pro-
cess with 1V applied external bias voltage and various gas atmospheres.

2-chlorophenol increased with increase of the pH when the pH
decreased during the photocatalytic decomposition runs and was
adjusted by using 0.1 M NaOH. Tseng and Huang [19] observed
the photocatalytic decomposition rates of 2-chlorophenol were
independent of initial pH with no attempt was made to main-
tain pH constant during the course of experiment by any
buffer.

For experiments conducted without applied external bias
voltage, the decomposition rate of 2-chlorophenol at pH 3 was
found to be increased with the presence of dissolved oxy-
gen, as illustrated in Fig. 7 and Table 2. The decomposition
of 2-chlorophenol was faster for experiments conducted with
oxygen bubbling than nitrogen bubbling. The decomposition
of 2-chlorophenol was close to 40% in high dissolved oxy-
gen 37.2mg/l (oxygen bubbling through the solution) with no
applied external bias voltage. It is clear that oxygen molecules
dissolved in aqueous solution scavenged the conduction band
electrons on TiO; particles and promoted the decomposition
reaction. Nevertheless, the photoelectrocatalytic decomposition

Table 2
Pseudo first-order decomposition rate constant of 2-chlorophenol by UV/TiO,
process with and without applied external bias voltage and various gas purging

Dissolved oxygen (mg/1)

N, purging Air purging O, purging
<05 8.3 37.2
Without applied external 0.00022 0.00112 0.00177
bias voltage
With applied external bias  0.00229 0.00206 0.00241

voltage 1V vs. SCE

The initial concentration of 2-chlorophenol was 10 mg/I and the light intensity

was 4.2 W/m?. The unit of the pseudo first-order decomposition rate constant

was min~!.
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Fig. 8. Photocurrent as a function of applied external bias voltage by UV/TiO,
Process at various gas atmospheres (inset: photocurrent under various light inten-
sities at D.O. <0.5 mg/l).

of 2-chlorophenol at pH 3 was not noticeably affected by the
presence of dissolved oxygen for experiments conducted with
applied external bias voltage of 1V because both the external
bias voltage and dissolved oxygen molecules might act as accep-
tors for electrons for a photoelectrocatalytic reaction. About 50%
of 2-chlorophenol was decomposed for experiments conducted
even with the presence of low dissolved oxygen 0.5 mg/1 (nitro-
gen bubbling through the solution) with applied external bias
voltage of 1 V. Similar results on the photoelectrocatalytic degra-
dation of formic acid using a porous TiO; thin-film electrode
were observed [17]. However, another experimental result indi-
cated that the presence of dissolving oxygen imposed an adverse
effect on the decomposition of oxalate on electrodes prepared by
the electrophoretic immobilization of Degussa P25 TiO, power
on titanium alloy [9]. Fig. 8 reveals the photocurrent induced
under various applied bias potentials for experiments conducted
in aqueous solutions of pH 3 with different dissolved oxy-
gen levels. The photocurrent was significantly decreased with
increasing dissolved oxygen levels indicating the competition
for electrons by both dissolving oxygen molecules and applied
external bias potential. Considering that the flat-band shifted
positively, the reaction threshold in the presence of dissolved
oxygen was higher than dissolved nitrogen or air. Dissolved
oxygen acted as electrons acceptor to generate super oxide ions
and hydrogen oxide free radicals to promote the photoelectro-
catalytic reaction. Furthermore, hydrogen oxide free radicals
generated around anode with an external bias were tough on
backward reaction to oxygen.

The decomposition of 2-chlorophenol and the induced pho-
tocurrent for experiments conducted at pH 3 was found to be
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Fig. 9. Decomposition of 2-chlorophenol in aqueous solution by UV/TiO, pro-
cess with and without 1V applied external bias voltage and under various light
intensities.

increased with applied light intensity, as illustrated in Fig. 9 and
the inset of Fig. 8, respectively. These results are in agreement
with the observations reported by several researchers. The
experimental results of the photocatalytic decomposition of
gaseous toluene with TiO, coated-alumina reticulate indicated
that the oxidation rate dependence on UV intensity followed
a power law with an exponent of 0.55=+0.03 [20]. Study on
the photocatalytic decomposition of 2- and 3-chlorophenol in
titanium dioxide aqueous suspensions noticed that reaction rate
increased linearly with UV intensity for experiments conducted
with light intensity less than 200 W/m?, whereas the reaction rate
increased linearly with square root of UV intensity for experi-
ments conducted with light intensity greater than 200 W/m? [21].

4. Conclusion

For the application of photoelectrocatalytic reactions, the
flat-band potential of catalyst used must be considered. With
applied external bias voltage greater than the flat-band potential
of TiO», the decomposition of 2-chlorophenol in aqueous solu-
tion by UV/TiO; process was demonstrated to be effectively
promoted in this study. The optimum decomposition rate con-
stant of 2-chlorophenol by UV/TiO; process is 0.00241 min~!
with 1V versus SCE applied external bias voltage and O
gas purging at pH 3 with 4.2 W/m? light intensity. Experi-
mental results also revealed that the decomposition rate of 2-
chlorophenol was elevated with greater induced photocurrents.
Dissolved oxygen molecules in aqueous solution played as elec-
tron capturer to improve the separation of electron-hole pairs and
2-chlorophenol decomposition. However, the decomposition of
2-chlorophenol was not obviously improved with the presence
of dissolved oxygen molecules for experiments conducted with

applied external bias potential because of the competition for
electrons between the dissolving oxygen molecules and applied
external bias potential.

Acknowledgment

This research was supported in part by Grant NSC-91-2211-
E011-022 from the National Science Council, Taiwan, Republic
of China.

References

[1] J.A. Bellar, J.J. Lichtenberg, R.C. Kroner, The occurrence of organohalides
in chlorinated drinking waters, J. Am. Water Works Assoc. 66 (1974)
703-706.

[2] M.R. Hoffmann, S.T. Martin, W. Choi, D.W. Bahnemann, Environmental
application of semiconductor photocatalysis, Chem. Rev. 95 (1995) 69—
96.

[3] D.F. Ollis, Contaminant degradation in water, Environ. Sci. Technol. 19
(1985) 480-484.

[4] 1. Sopyan, M. Watanabe, S. Murasawa, An efficient TiO, thin-film photo-
catalyst: photocatalytic properties in gas-phase acetaldehyde degradation,
J. Photochem. Photobiol. A Chem. 98 (1996) 79-86.

[5] C.Y. Wang, C.Y. Liu, X. Zheng, J. Chen, T. Shen, The surface chem-
istry of hybrid nanometer-sized particles. I. Photochemical deposition
of gold on ultrafine TiO, particles, Colloids Surf. A 131 (1998) 271-
280.

[6] L.C. Chen, T.C. Chou, Photodecolorization of methyl orange using sil-
ver ion modified TiO, as photocatalyst, Ind. Eng. Chem. Res. 33 (1994)
1436-1443.

[7] J. Chen, D.F. Ollis, W.H. Rulkens, H. Bruning, Kinetic processes of pho-
tocatalytic minerlization of alcohols on metallized titanium dioxide, Water
Res. 33 (1999) 1173-1180.

[8] S.C. Lo, C.E Lin, C.H. Wu, P.H. Hsieh, Capability of coupled CdSe/TiO,
for photocatalytic degradation of 4-chlorophenol, J. Hazard. Mater. 114
(2004) 183-190.

[9] J.A. Byrne, B.R. Eggins, Photoelectrochemistry of oxalate on particulate
TiO; electrodes, J. Electroanal. Chem. 457 (1998) 61-72.

[10] W. Leng, H. Liu, S. Cheng, J. Zhang, C. Cao, Kinetics of photocatalytic
degradation of aniline in water over TiO, supported on porous nickel, J.
Photochem. Photobiol. A 131 (2000) 125-132.

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

[12] C.C. Sun, T.C. Chou, Kinetics and mechanism of photoelectrochemical
oxidation of nitrite ion by using the rutile form of a TiO,/Ti photoelec-
trode with high electric field enhancement, Ind. Eng. Chem. Res. 37 (1998)
4207-4214.

[13] C.C. Sun, T.C. Chou, Electrochemically promoted photocatalytic oxidation
of nitrite ion by using rutile form of TiO,/Ti electrode, J. Mol. Catal. A
151 (2000) 133-145.

[14] K.W. Kim, E.H. Lee, Y.J. Kim, M.H. Lee, D.W. Shin, A study on char-
acteristics of an electrolytic—photocatalytic reactor using an anode coated
with TiO3, J. Photochem. Photobiol. A 161 (2003) 11-20.

[15] J.M. Kesselman, N.S. Lewis, M.R. Hoffmann, Photoelectrochemical degra-
dation of 4-chlorocatechol at TiO; electrodes: comparison between sorp-
tion and photoreactivity, Environ. Sci. Technol. 31 (1997) 2298-2302.

[16] W. Aarno, Photocatalytic properties of TiO,, Chem. Mater. 5 (1993)
280-283.

[17] D.H. Kim, M.A. Anderson, Photoelectrocatalytic degradation of formic
acid using a porous TiO; thin-film electrode, Environ. Sci. Technol. 28
(1994) 479-483.

[18] M.A. Barakat, H. Schaeffer, G. Hayes, S. Ismat-Shah, Photocatalytic degra-
dation of 2-chlorophenol by Co-doped TiO; nanoparticles, Appl. Catal. B
Environ. 57 (2005) 23-30.



356 Y. Ku et al. / Journal of Hazardous Materials B138 (2006) 350-356

[19] .M. Tseng, C.P. Huang, Removal of chlorophenols from water formaldehyde, toluene, and 1,3-butadiene, Environ. Sci. Technol. 29 (1995)
by photocatalytic oxidation, Water Sci. Technol. 23 (1991) 377- 1223-1231.
387. [21] J.C. D’Oliveira, G. Al-Sayyed, P. Pichat, Photodegradation of 2- and 3-
[20] T.N. Obee, R.T. Brown, TiO, Photocatalysis for indoor air application: chlorophenol in TiO, aqueous suspensions, Environ. Sci. Technol. 24

effects of humidity and trace contaminant level on the oxidation rates of (1990) 990-996.



	Photocatalytic decomposition of 2-chlorophenol in aqueous solution by UV/TiO2 process with applied external bias voltage
	Introduction
	Experimental
	Result and discussion
	Conclusion
	Acknowledgment
	References


