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Abstract Two types of independent titania nanotube
arrays with the separated tube wall structure have been
fabricated by a controlled anodization process and used for
photoelectrocatalysis (PEC) applications. The photocatal-
ysis degradation efficiency of the organic pollutant is
improved from 6.0 to 9.2% through increasing tube length
and inter-tube space. The PEC degradation efficiency is
20.4% at an applied potential of 2.885 V for titania long
nanotube array. An electro-Fenton-assisted PEC reaction
system has been developed using titania long nanotube
array and an iron sheet as two anodes in a parallel con-
nection and a multiporous carbon as one cathode. The
current distribution among three functional electrodes is
conducted to optimize titania PEC reaction and electro-
Fenton reaction. Accordingly, the degradation efficiency is
improved from 20.4% in PEC to 60.2% in electro-Fenton-
assisted PEC, and the mineralization efficiency is also
improved from 8.1 to 37.4%. The corresponding reaction
rate constant of 5.19 x 107> min~' is even higher than
that of 3.98 x 10~ min~' for the sum of individual oxi-
dation reactions of titania PEC, electro-Fenton, and anodic
electrolysis.
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1 Introduction

In the area of environmental purification and remediation,
many advanced oxidation technologies have been devel-
oped to degrade various organic pollutants [1-3]. Both
photochemical oxidation utilizing a photon energy to
achieve a target chemical reaction and electrochemical
oxidation using an electrical energy to drive a desired
chemical reaction have been developed to act as comple-
mentary technologies of a conventional biological process
for environmental decontamination. UV light or visible
light-induced photocatalysis oxidation processes have been
widely investigated for degrading organic pollutants in
aqueous solution. Various electrochemical oxidation pro-
cesses, such as anodic electrolysis, electro-Fenton and
photo-assisted electron-Fenton, have also been developed
using functional anodes and cathodes [4, 5]. The advanta-
ges of such electrochemical technologies include low cost
of electricity compared to chemical oxidation technology
and using only electrons as reagents. The high reactivity of
Fenton reaction makes it suitable and -effective for
degrading environmental pollutants. In the photochemical
oxidation, titania (TiO,) can act as a very effective pho-
tocatalyst for non-selective oxidation and mineralization of
various organic pollutants under UV light illumination.
TiO, photocatalysis and photoelectrocatalysis (PEC) pro-
cesses have been widely investigated for water treatment
applications [6-9]. Porous TiO, film electrodes with the
desired morphologies have been synthesized by anodizing
Ti metal in different electrolyte solutions [10-12]. It is
proved that highly ordered TiO, nanotube arrays exhibit
higher photocatalysis efficiency in organic pollutant deg-
radation than the TiO, nanoparticle films [13—-15]. Such
photocatalysis activity can be further improved by adjust-
ing TiO, morphology from the interconnected nanotube

@ Springer



1282

J Appl Electrochem (2010) 40:1281-1291

walls to the separated ones because the mass and charge
transfer can be promoted [16]. It is also reported that
inherent photocatalytic activity of TiO, nanotube array can
be improved by chemical doping and microstructure
modifications [14, 17, 18]. However, TiO, heterogenerous
photocatalysis still has a very low rate of electron transfer
from the TiO, conduction band to oxygen molecules and a
high rate of recombination between the photogenerated
electrons and holes. Thus, this process has a low quantum
efficiency below 5% [19]. Recently, both electro-assisted
and peroxide hydrogen (H,0,)-assisted TiO, photocataly-
sis oxidation processes have been developed as an effective
approach to enhance photocatalytic degradation efficiency
of organic pollutants [20, 21].

In this study, independent and free-standing TiO,
nanotube arrays with the separated tube wall structure will
be fabricated to act as a photocatalyst as well as a pho-
toanode. Microstructure modification of TiO, nanotubes is
expected to improve the photocatalysis reactivity. A photo-
electro-assisted oxidation reaction system that includes
both electrochemical oxidation and photochemical oxida-
tion in an integrated process has been developed using
multi-electrode configuration. In our previous study, Fen-
ton-assisted PEC of TiO, microporous film can be well
established using two functional electrodes of the TiO,
photoanode and carbon (C) cathode. H,O, is electrically
generated on the carbon electrode and ferrous ion (Fe®™) is
chemically dosed into the solution [22, 23]. In this study,
an electro-Fenton-assisted PEC will be established using
three functional electrodes, namely TiO, photoanode, Fe
anode, and carbon cathode. Both H,O, and Fe*" can be
electrically generated on individual electrode. Such photo-
electro-assisted oxidation system is expected to have the
enhanced PEC reactivity of TiO, nanotube array.

2 Experimental
2.1 Material preparation

TiO, nanotube array was synthesized by a potentiostatic
anodization process. The electrochemical preparation
experiment was carried out in a cylindrical polyflon reactor
equipped with a dc power source (Agilent 6634B) and
a two-electrode configuration. A titanium sheet (Ti, purity
of 99.6%, thickness of 0.2 mm, Strem Chemicals, Inc.,
Newburyport, USA) is used as an anode and a platinum
sheet (Pt, purity of 99.95%, thickness of 0.05 mm, Sigma-—
Aldrich, St. Louis, USA) is used as a cathode. The Ti sheet
was pretreated by ultrasonic cleaning in acetone and alcohol
solution for 20 min. A chemical polishing process was then
carried out in a mixed acid solution with 3.3 M HF and
5.6 M HNO; for 15 s to form a fresh Ti metal with a planar
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surface. After that, an anodic oxidation of Ti metal was
conducted at 30 V for 2 h in ethylene glycol/water (volume
ratio, 40/60) mixture solution with 0.4 M H;PO, and
0.15 M HF electrolyte. Alternatively, another anodization
process was conducted at 60 V for 8 h in ethylene glycol
solution with 0.20 M H,0O, 0.4 M H3;PO,, and 0.15 M
NH,4F electrolyte. Finally, the annealing treatment was
conducted at 200, 450, and 600 °C for 2 h in air atmosphere
for the crystal structure investigation of anodic TiO,.

2.2 Experimental setup and procedure

The experimental setup for the electro-Fenton-assisted
TiO, PEC reaction system is illustrated in Fig. 1. A
cylindrical quartz glass cell with an effective vessel volume
of 80 mL was used as a photoelectrochemical reactor. TiO,
nanotube photoelectrode was vertically placed in a reaction
solution close to its inner wall of the quartz cell reactor. An
8-W medium-pressure mercury lamp with a main emission
wavelength of 365 nm and irradiation intensity of 0.68
mW cm™Z was used as a UV light source to irradiate TiO,
photoelectrode. The whole UV lamp having a parabolic
trough configuration was placed on the outer surface of the
quartz cell reactor. The distance between UV lamp and
TiO, photoelectrode was about 15 mm.

The TiO, nanotube array grown on the Ti sheet (TiO,/Ti)
with a size of 10 x 50 x 0.2 mm was used as one anode.
A piece of rectangle stainless steel sheet with a size of
10 x 50 x 1 mm was used as the iron (Fe) anode. It
previously conducted an electrochemical pretreatment in
nitric acid, sulfuric acid, and perchloric acid solution to
form a surface passive film [24]. A reticulated vitreous
carbon foam (C, size of 10 x 50 x 5 mm, bulk density of
1.54 ¢ cm_3, bulk resistivity of 0.05 ohm cm™!, ERG
Corp., Oakland, USA) was used as a multiporous carbon
electrode. A variable electrical resistor and Fe electrode
were connected in series. Meanwhile, TiO, and Fe elec-
trodes were connected in parallel. The current distribution
between them is adjusted by the variable electrical resistor.
Herein, the TiO, electrode was used as a photoanode to
conduct PEC oxidation reaction under UV light illumina-
tion. The Fe electrode was used as another anode to release
ferrous ion (Fe>"). The variable electrical resistor was used
to adjust current distribution between TiO, and Fe anodes.
Multiporous carbon was used as a cathode to generate
H,0, continuously. Electro-Fenton oxidation reaction was
established between electrogenerated H,O, and Fe’™. A
saturated calomel electrode (SCE) was also placed in a
separate chamber to control the electrode potential of the
TiO, photoanode. The potential and current of the working
electrode were controlled by a potentiostat—galvanostat.

Orange G (OG, C6H,9N,0S;Na,, reagent grade purity
of 86%, Sigma Chemical, St. Louis, USA) was used as the
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Fig. 1 Schematic diagram of

photo-electro-assisted reaction
system with TiO,—Fe—C multi-
electrode configuration

Reference electrode —»

Potentiostat

[« Cathode

TiO2 nanotube array

model pollutant without further purification. All degrada-
tion experiments were conducted in 0.1 mM OG aqueous
solution. Air was continuously supplied into this aqueous
solution with an air flow of 120 mL min~'. A sodium
sulfate solution (Na,SO,4, 0.01 M) was used as a supporting
electrolyte in the OG solution. The initial pH was found to
be 6.1 and was not controlled during the whole reaction.
The multiporous carbon electrode can adsorb OG on its
surface. Prior to reaction, all electrodes were immersed in
0.1 mM OG solution for 120 min to reach an adsorption/
desorption equilibrium.

2.3 Characterization and analysis method

A field emission scanning electron microscope (FESEM,
JEOL JSM-6335F) was used to investigate the surface
morphology and microstructure of as-prepared TiO,. An
X-ray diffractometer (XRD, Philips PW3020) fitted with a
graphite monochromator was used to determine the crys-
tallinity of TiO,. All electrochemical measurements were
conducted in 0.01 M Na,SO, solution. Using an electro-
chemical workstation (IM6e, Zahner Elektrik) and a three-
electrode configuration that consists of TiO, sheet as a
working electrode, Pt sheet as a counter electrode and an
SCE as a reference electrode. The OG concentration was
determined by high performance liquid chromatography
(HPLC, Agilent-1100) with a chromatography column
(Agilent Extend-C18), a mobile phase of acetonitrile and
water (volume ratio, 70/30) at a flowrate of 0.8 mL min~ !,
and a UV detection wavelength at 478 nm. The retention
time of OG peak was found to be 3.12 min in HPLC
analysis. The dissolved organic carbon (DOC) concentra-
tion was measured by a total organic carbon analyzer

Anode —»

Variable|resistor
-_-.—-—'—_—-—__--

M= Air flow

Multiporous carbon foam

(Shimadzu TOC-VCSN). The total dissolved iron ion
concentration was measured by an atomic absorption
spectrometer (AAnalyst 300, Perkin-Elmer, Waltham,
USA) fitted with a graphite furnace (HGA-850).

3 Results and discussion
3.1 Microstructure characterization

FESEM images of anodic TiO, films are shown in Fig. 2.
One type of TiO, directly grown on Ti substrate has a
highly ordered and regularly aligned nanotube array
structure. These nanotubes are mostly separated to form an
independent arrangement structure. The interval space of
nanotube walls is about tens of nanometer. Individual
nanotube has open pore mouth with a mean size of 100 nm
and wall thickness of 15 nm (see Fig. 2b). Cross section
view shows that the total tube length is around 1.1 pm (see
Fig. 2a). Comparatively, another type of TiO, also exhibits
a highly ordered nanotube array structure. These nanotubes
are completely separated from each other and have a much
larger inter-pore distance, whose size is close to hundreds
of nanometer (see Fig. 2c). Although a similar size of pore
mouth and wall thickness has been obtained, the total tube
length has increased up to 6.1 um (see Fig. 2d). However,
the uniform arrangement of the long nanotubes is inferior
to that of the short nanotubes. Both types of TiO, nanotube
arrays prepared by an anodic oxidation process are origi-
nated from Ti sheet. Such TiO, films have a high
mechanical strength to tightly bond with Ti substrate. Such
TiO, nanotube arrays could be more durable than other
TiO, films prepared usually by a sol-gel process.
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Fig. 2 FESEM images of TiO, nanotube array prepared by an anodization process and a heating treatment: (a) cross-section view and (b) top
view of short nanotubes; (c) top view and (d) cross-section view of long nanotubes

Furthermore, independent TiO, nanotubes with a com-
pletely separated structure would be beneficial to interfa-
cial adsorption of organic compounds on tube wall surface
and therefore could promote a heterogeneous reaction. In
this study, the TiO, long nanotube array with an enlarged
inter-pore distance will be intensively investigated for
photocatalysis and PEC applications.

XRD characterization has been carried out to investigate
the crystallinity of TiO, long nanotube array that is
annealed at different temperature. XRD patterns of all
TiO,/Ti samples have the characteristic diffraction peaks
of Ti metal crystal due to the Ti electrode substrate (see
Fig. 3). In particular, TiO, nanotube array without any
heating treatment has an amorphous structure because the
as-prepared TiO,/Ti only displays the characteristic peaks
of Ti metal crystal (curves a and b). Comparatively, the
TiO, nanotube array with a heating treatment at 200 °C for
2 h has a primary anatase crystal structure due to the
appearance of characteristic diffraction peaks at 25.4° of
crystal plane (101) and 48.1° of crystal plane (200) (curve
c). Even after a heating treatment at 450 °C for 2 h, this
TiO, still keeps a sole anatase structure, but the diffraction
peak intensity of crystal plane (101) has increased obvi-
ously (curve d). This means that the annealing treatment at
a proper temperature can complete the crystallization
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process. However, after a heating treatment at 600 °C for
2 h, this TiO, sample reveals another new diffraction peak
at 27.5° that is corresponding to the crystal plane (110) of
rutile TiO, (curve e). Therefore, this kind of TiO, is
composed of predominant anatase and minor rutile. It also
indicates that the overheating treatment above 600 °C can
cause TiO, nanotube array to accomplish a phase transfer
from anatase to rutile structure. In general, the anatase
TiO, exhibits a higher photocatalytic reactivity than the
rutile one. In this study, all TiO, nanotube electrodes
accordingly undergo a heating treatment at 450 °C for 2 h.

3.2 Electrochemical behavior

To better understand the electrochemical behavior of the
TiO, long nanotube array, the linear sweep voltammetry
curves are measured in 0.01 M Na,SO, solution when the
electrode potential is swept from —1.0 to 3.5 V versus SCE
(see Fig. 4). Considering the polarization current curves of
TiO, nanotube electrode under a dark condition, a sharp
increase in the polarization current can be observed at a
negative potential. This is due to the electrochemical
reduction reaction of H,O. The very small current profile
observed at low anodic potentials above 0 V versus SCE is
the typical characteristic of a passive TiO, film. However,
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Fig. 3 XRD patterns of a bare Ti substrate; and TiO,/Ti electrodes
(b) without heating treatment, with annealing at ¢ 200 °C, d 450 °C,
e 600 °C for 2 h
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Fig. 4 Linear sweep voltammetry curves of TiO, long nanotube
array in 0.01 M Na,SO, solution under a a dark condition and b UV
light illumination. The inset shows the enlarged voltammogram
curves at the critical potential of TiO,

this polarization current can quickly rise from 2.8 to
26 pA cm™ 2 when the applied potential is increased from
2.5 t0 3.0 V. A drastic increase in polarization current at a
higher potential above 2.6 V is due to the electrochemical
oxidation reaction of H,O. Meanwhile, a dissolution cor-
rosion reaction of TiO, semiconductor must have occurred
at a higher anodic potential. This voltammogram behavior
can be well explained to the typical character of n-type
semiconductor for anatase TiO, nanotube array. The
polarization current is obviously higher under UV light
illumination than that under a dark condition when the
same anodic potential is applied on the TiO, photoelec-
trode. An applied anodic potential can promote the sepa-
ration of photogenerated electron-hole pairs through an
electron transfer from TiO, conduction band to the Ti

substrate and then the counter electrode, resulting in an
increase in polarization current. A critical breakdown
potential is determined at the turning point of electrode
current change. Its corresponding value is about 2.885 V
under UV light illumination and 2.564 V under a dark
condition for this TiO, long nanotube array (see inset of
Fig. 4). This breakdown potential is still more positive than
the theoretical value of valance band oxidation potential of
TiO, that is only 2.458 V versus SCE (Eyg =+ 2.7V
versus NHE at pH 7) [19]. So, the critical polarization
potential is not only determined by its inherent semicon-
ductor property, but also dependent on crystal structure,
crystallization degree, film thickness, and electrode electric
field. In view of the polarization experiment, the applied
anode potential of this TiO, nanotube photoelectrode
should be below this anodic potential of 2.885 V (corre-
sponding current density, 38 HA cm™2) in a PEC reaction.

3.3 Photocatalysis and PEC

Both photocatalysis and electro-assisted photocatalysis
(i.e., PEC) reactions are carried out for OG degradation on
the base of two types of TiO, nanotube arrays. The deg-
radation curves are shown in Fig. 5 and experimental
results are listed in Table 1. The initial DOC concentration
is 12.6 mg L' in 0.1 mM OG aqueous solution. The DOC
removal ratio represents the mineralization efficiency of
organic pollutants.

It has proven that the independent nanotubes have a
higher photocatalytic activity than the interconnected
nanotubes for organic pollutant degradation [16]. Herein,
two types of independent TiO, nanotube arrays are used for
photocatalysis degradation of a model pollutant of OG (see
Fig. 5A). In the absence of any TiO, photocatalyst, the
degradation ratio of OG is only less than 1.0% by a UV
photolysis process for 180 min (curve a). In the TiO,
photocatalysis, the degradation ratio is determined to be
6.0% for a short nanotube array with a small inter-pore
distance and a length of 1.1 pm. It increases up to 9.6% for
a long nanotube array with a large inter-pore distance and a
length of 6.1 um (curves b and c). This means that the
photocatalysis degradation efficiency can be well improved
through adjusting TiO, nanotube length and inter-tube
space. The corresponding DOC removal ratio only
increases from 4.6 to 6.3%, indicating an insignificant
mineralization efficiency in above photocatalysis pro-
cesses. Usually, the TiO, heterogeneous photocatalytic
reaction is a diffusion-kinetics controlled process [25]. The
long nanotubes with a separated tube wall structure can
provide much more accessible surface area for mass and
charge transfer. Therefore, the microstructure modification
can enhance photocatalysis reactivity of TiO, nanotube
array to a certain degree. In the following studies, the PEC
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Fig. 5 OG degradation curves in (A) TiO, photocatalysis process
a in the absence of TiO,, b using TiO, short nanotube array, ¢ using
TiO, long nanotube array; and (B) TiO, PEC process under

conditions of a TiO, current density of 38 mA cm™2 without UV

light illumination, and TiO, current density of b 12 mA Cmfz,

¢ 38 mA cm_z, d 300 mA ¢cm~? under UV light illumination

reactivity of independent long nanotube array will be fur-
ther investigated.

The PEC oxidation reaction is carried out for OG deg-
radation to investigate the effect of current density of the
TiO, photoanode. The corresponding degradation curves
are shown in Fig. 5B. The anodic electrolysis of OG

occurred on TiO, electrode under a dark condition causes a
low degradation ratio of 2.8% (curve a). In a PEC process,
when TiO, nanotube array electrode is applied an anode
potential of 1.945 and 2.885 V, the corresponding current
density is 12 and 38 pA cm 2. The degradation ratio of
OG is determined to be 11.2 and 20.4%, respectively
(curves b and c). Therefore, the degradation ratio is
increased by applying a controlled anodic potential on the
TiO, photoelectrode. The PEC process behaves much
higher degradation efficiency than photocatalysis process.
It is well known that the anodic potential applied on TiO,
electrode can suppress the recombination of photogener-
ated electron—hole pairs and then promote the degradation
reaction of organic pollutants [26]. Such PEC reactivity of
the TiO, photoanode can be further improved by increasing
its electrode potential in a low potential range and then
reach a steady level at a high potential stage. Table 1
shows that the PEC is more effective than photolysis,
electrolysis and photocatalysis alone. The degradation
efficiency of OG (degradation ratio, 20.4%) in such a PEC
reaction is even higher than the sum (total degradation
ratio, 15.2%) of individual electrochemical and photo-
chemical processes. This result is ascribed to an interactive
effect between photo-oxidation reaction and electro-oxi-
dation reaction [27]. Furthermore, when the applied current
density of the TiO, photoanode is highly increased up to
300 pA cm 2, the degradation ratio of OG is accordingly
increased up to 28.8% (curve d). However, under such high
current condition, its corresponding potential of 12.8 V is
much higher than the critical breakdown potential of
2.885 V for anatase TiO, semiconductor and this TiO, film
electrode has suffered a dissolution reaction to destroy
nanotubular film structure.

3.4 Electro-Fenton-assisted PEC

In order to further improve TiO, PEC reactivity, electro-
Fenton-assisted PEC reaction system has been developed
for organic pollutant degradation. Such a process mainly
involves three oxidation reactions of TiO, PEC, electro-
Fenton, and anodic electrolysis. TiO, nanotube array
electrode only needs a low anodic potential to drive these

Table 1 OG degradation ratio and DOC removal ratio after 180 min in TiO, photocatalysis (PC) reaction system with a control of nanotube
length and TiO, PEC reaction system with an anodic potential control of TiO,—Pt electrode pair

Reaction condition Photolysis PC Electrolysis PEC
No Short Long 2885V +No 1945V +UV 2885V + UV 12852V 4+ UV
TiO, + UV TiO, + UV TiO, + UV uv
OG degradation ratio <I1.0 6.0 9.6 2.8 11.2 20.4 28.8
(%)
DOC removal ratio 0 4.6 6.3 0.8 74 8.1 12.3
(%)

@ Springer



J Appl Electrochem (2010) 40:1281-1291

1287

electrons away via an external electrical circuit in a PEC
reaction. Once the electrical potential exceeds its critical
breakdown potential, TiO, nanotube array will suffer a
dissolution process and gradually peel off from Ti sub-
strate. On the other hand, the carbon electrode needs high
electrical current density to generate sufficient H,O, for
electro-Fenton- and H,0,-assisted PEC oxidation reaction.
Therefore, in this integrated reaction system, when a high
current density on the carbon cathode is applied, the vari-
able electrical resistor is used to distribute its minor frac-
tion to the TiO, photoanode and major fraction to the Fe
anode.

Three experiments are carried out in a photo-electro-
assisted reaction system with TiO,—Fe—C multi-electrode
configuration and the controlled current distribution (see
Fig. 6). The corresponding experimental results are listed
in Table 2. The first experiment is performed under UV
light illumination and a controlled current distribution
(carbon cathode, 120 pA cm_z; TiO, anode, 38 pA cm_z;
Fe anode, 130 pA cmfz). OG degradation ratio and DOC

100

90

C/C <100 (%)
~
o
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50 |
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40 -
T T T T T T T T T T T
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Time (min)

Fig. 6 OG degradation curves in a photo-electro-assisted reaction
system with TiO,—Fe—C multi-electrode configuration and a current
control of a 38 pA cm ™~ for TiO, and 130 LA cm ™~ for Fe under a
dark condition, b 4 nA cm ™2 for TiO, and 148 pA cm ™2 for Fe under
UV light illumination, ¢ 38 pA cm~? for TiO, and 130 pA cm™2 for
Fe under UV light illumination

Table 2 OG degradation ratio and DOC removal ratio after 180 min
in a photo-electro-assisted reaction system with TiO,—Fe—C multi-
electrode configuration, current distribution, and UV light control

Reaction No UV + no UV + current
condition UV + current current control  control
control
OG degradation 21.7 43.5 60.2
ratio (%)
DOC removal 16.2 18.8 37.4
ratio (%)

removal ratio after 180 min are 60.2 and 37.4%, respec-
tively (see curve c). This performance mainly results from
three oxidation reactions including TiO, PEC, electro-
Fenton, and anodic electrolysis. The second experiment is
performed under a dark condition and a current control.
The OG degradation ratio is determined to be 21.7%,
which is caused by both electro-Fenton oxidation and
anodic electrolysis oxidation (see curve a). Herein, the total
cell current of 1.5 mA may not be high enough to carry out
an effective anodic electrolysis oxidation on TiO, or Fe
electrodes. OG degradation in this experiment results more
from electro-Fenton oxidation rather than anodic electrol-
ysis oxidation. The third experiment is conducted under
UV light illumination, but without any current distribution
between TiO, and Fe electrodes. The same cell current of
1.5 mA (current density, 120 pA cm~?) is applied on the
carbon electrode. Since the electrical resistance of TiO,
electrode is much larger than that of Fe electrode, the TiO,
electrode current is only 0.02 mA (current density,
4 uA cm™?). This value is much less than Fe electrode
current of 1.48 mA (current density, 148 pA cmfz). oG
degradation ratio and DOC removal ratio are 43.5 and
18.8%, respectively (see curve b). In comparison with the
experimental result in curve c, the decrease in degradation
efficiency is ascribed to the depressed PEC reaction that
occurred on the TiO, photoanode under such a very low
anodic current or potential condition. The obvious decrease
in mineralization efficiency is due to the excessive
releasing of ferrous ion into reaction solution. Therefore, it
is necessary to balance each oxidation reaction to promote
overall photoelectrochemical efficiency by controlling the
current distribution among three functional electrodes in
this photo-electro-assisted reaction system.

3.5 Effect of electrogeneration H,O, and ferrous ion

In general, H,O, can be formed on multiporous carbon
electrode through an electrochemical reduction reaction.
The electrogeneration H,O, mainly relies on the properties
of electrode material, current density, oxygen coverage on
the cathode, and pH value of electrolyte solution. Herein,
the cumulative concentration of H,O, has been investi-
gated in a Pt—C electrode pair system with a cathode cur-
rent control. The H,O, concentration (c¢) in dependence on
the electrolyzing time (#) and current density (/) is shown in
Fig. 7. Obviously, a higher cathode current applied on the
carbon electrode results in a higher H,O, concentration in
the solution. Herein, it is assumed that the electrogenera-
tion reaction of H,O, follows the first-order reaction
kinetics and the generation rate of H,O, is proportional to
the current density of carbon cathode. An exponential
model formula ¢ = [al*(1 — exp(—k*f)] can be applied to
fit experimental data. The corresponding fitting curve
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Fig. 7 Cumulative concentration of H,O, electrogenerated on the
carbon cathode with a current control of a 20 pA cm 2,
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formulas can be obtained as shown in Table 3. The linear
relationship between the cumulative concentration of H,O,
and current density of carbon cathode can be obtained to
estimate the practical concentration of electrogeneration
H,0, at different current densities. Accordingly, the fitting
formula is obtained as ¢ = — 0.0166 + 0.00813*1.

Three experiments are conducted under critical condi-
tions to investigate the effect of electrogeneration H,O, on
OG degradation efficiency. In the first experiment, the
multiporous carbon electrode is replaced by a Pt electrode
and the TiO,—Fe—C electrode system becomes a TiO,—Fe—
Pt electrode system. None of H,O, is electrochemically
generated and OG is mainly degraded by both TiO, PEC
oxidation and anodic electrolysis oxidation. In the other
two experiments, TiO,—Fe—C electrode system is still used
and the current density of TiO, electrode remains at
38 uA cm~ 2. However, the surface current density on the
carbon electrode is increased from 120 to 800 pA cm ™2 and
the corresponding cell current is also increased from 1.5 to
10 mA. The concentration of electrogeneration H,O, can be
enhanced from 0.96 to 6.48 mM. The experimental results
are shown in Fig. 8. The first experiment demonstrates that
OG degradation ratio after 180 min is only 25.2% in the
absence of electrogeneration H,O, (see curve a). The other
two experiments demonstrate that OG degradation ratio
after 180 min is increased from 59.8 to 97.8% when more

100

C/C 100 (%)

0 T T T T T T T T T T T
0 30 60 90 120 150 180
Time (min)

Fig. 8 OG degradation curves in a PEC process having the multi-
electrode configuration with a current control: a TiO,—Fe—Pt with a
cell current of 1.5 mA, b TiO,—Fe—C with a cell current of 1.5 mA,
and ¢ TiO,—Fe—C with a cell current of 10 mA

H,0; is electrochemically generated by increasing current
density of the carbon cathode (see curves b and c). In view
of individual reaction efficiency under such high current
condition, both electro-Fenton oxidation and anodic elec-
trolysis oxidation can play a very important role for OG
degradation. However, TiO, PEC oxidation becomes an
insignificant process in this integrated oxidation reaction
system. A slight flocculation phenomenon has been
observed eventually because excessive ferrous ion has been
electrochemically generated on the Fe electrode.

In general, ferrous ion plays a critical role in Fenton
reaction as it influences the generation of hydroxyl radical
(Fe2+ + H,O, — Fe(OH)2+ + *OH) and the consumption
(Fe** + "OH — Fe** + OH™). The dissolved iron ion has
been investigated in this integrated oxidation system with
TiO,—Fe—C multi-electrode configuration when the current
distribution is controlled to 1.5 mA for the carbon cathode,
0.2 mA for the TiO, photoanode, and 1.3 mA for Fe anode.
The experimental result of electrogeneration Fe*" is show
in Fig. 9. Obviously, the total iron ion concentration grad-
ually rises in the PEC reaction and eventually reaches
1.9 x 107> M after 180 min. No obvious precipitation of
ferric hydroxide is found in the above experiment. It means
that ferric/ferrous ion concentration is at a low level and the
Fe>* predominantly takes part in electro-Fenton oxidation

Table 3 Fitting curve formulas of the HO, concentration (¢, mM) as a function of the electrolyzing time (f, min) in a Pt—C electrode pair
reaction system with a current density (/, pA cm™2) control of multiporous carbon cathode

Current density 20 40 80 120
(MA cm™?)
Curve formulas c = 0.425* ¢ = 0.633* c = 0.868* c = 1.047*

[1 — (000220

[1 — e(~00037D)

[1 — (00074 [1 — (001320
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Fig. 9 Total iron ion concentration in terms of reaction time in
electro-Fenton-assisted PEC process with TiO,—Fe—C multi-electrode
configuration

reaction for OG degradation. In this study, the iron sheet has
been covered with a surface passive layer through an
electrochemical pretreatment in nitric acid, sulfuric acid,
and perchloric acid solution. Therefore, the release of fer-
rous ion from the passivated iron electrode can be highly
restrained in comparison with raw iron sheet in the inte-
grated PEC process. The concentration control of ferrous
ion and the electrogeneration H,O, will benefit the Fenton
reaction in H,0,-assisted TiO, PEC process.

3.6 Individual oxidation reaction efficiency

To better understand the role of individual oxidation
reaction in electro-Fenton-assisted PEC, three experiments

100
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Fig. 10 OG degradation curves under UV light illumination in
different electrode pair reaction system with a current control: a Fe-C
electrode pair with 120 pA em~2 for C and 150 LA cm ™2 for Fe,
b TiO,—C electrode pair with 38 pA cm™? for TiO, and 16 pA cm™>
for C, ¢ TiO,—C electrode pair with 300 pA cm™2 for TiO, and
120 pA ecm~2 for C

with the designed electrode configuration are carried out.
The degradation curves of OG are shown in Fig. 10. The
corresponding OG degradation ratio and DOC removal
ratio are summarized in Table 4.

The first experiment is conducted under UV light illumi-
nation using carbon and Fe electrodes in the absence of TiO,
electrode. The photo-assisted electro-Fenton reaction is
established with a current control of 120 pA cm™2 on the
carbon cathode and 150 pA cm ™ on the Fe anode. OG deg-
radation ratio and DOC removal ratio after 180 min are 22.5
and 12.2%, respectively (see curve a). It is believed that the
electro-Fenton reaction mainly causes OG degradation.
However, UV-assisted H,O, photolysis reaction involved in
above process has a less contribution because 365 nm UV light
is less effective for H,O, activation than 254 nm UV light. It
should be also noted that the pH value in above experiment is
around 5.8-6.1. It is not the most optimal condition for Fenton
reaction that should be in the range of pH 3—4.

The other two experiments are conducted under UV
light illumination using TiO, and carbon electrodes in the
absence of Fe electrode. The H,O,-assisted TiO, PEC
reaction is established. In one experiment, the TiO, pho-
toanode is applied with a constant current density of
38 wA cm™ 2 and the carbon cathode is accordingly loaded
with a low current density of 16 pA cm ™2 OG degradation
ratio and DOC removal ratio after 180 min are 35.4 and
18.9%, respectively (see curve b). Herein, only a small
amount of electrogeneration H,O, with a cumulative con-
centration of 0.11 mM can be achieved at such a low
current density on the carbon electrode. However, it still
can promote the PEC reaction of the TiO, photoanode. In
another experiment, the carbon cathode is applied with a
constant current density of 120 pA cm™2 and the TiO,
photoanode is accordingly loaded with a high current
density of 300 pA cm™2 OG degradation ratio and DOC
removal ratio after 180 min are 54.4 and 23.8%, respec-
tively (see curve c). In this case, OG degradation mainly
involves H,0;-assisted PEC and anodic electrolysis oxi-
dation reactions occurred on the TiO, photoanode. The
electrode potential is determined to be —1.032 V for the
carbon cathode and 14.492 V for the TiO, photoanode.
The TiO, PEC oxidation reaction is mostly suppressed
because the electrical breakdown of TiO, semiconductor
occurs under such high potential condition. Therefore, this
reaction system mainly involves anodic electrolysis oxida-
tion reaction on the TiO, electrode. Although high degra-
dation efficiency has been achieved in this experiment,
comparatively low mineralization efficiency has also been
found. This may indicate that OG degradation is highly
affected by different mechanism of individual reaction.

It is well known that TiO, photocatalysis oxidation
reaction of organic pollutants follows Langmuir-Hinshel-
wood kinetics (L-H). The first-order reaction kinetic model
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Table 4 OG degradation ratio and DOC removal ratio after 180 min in different electrode pair reaction system with a current control and UV

light illumination

Fe-C (C, 120 pA cm™?)
(Fe, 150 pA cm™2)

Electrode pair system with a
current control

TiO,—C (TiO», 38 pA cm™2)
(C, 16 pA cm™?)

TiO,—C (TiO», 300 pA cm™?)
(C, 120 pA cm™?)

OG degradation ratio (%) 22.5
DOC removal ratio (%) 12.2

354 54.4
18.9 23.8

Table 5 Pseudo-first-order reaction rate constant (k) in different electrode pair reaction system

Reaction TiO,—Fe-C (UV) Fe—C (UV) (photo-assisted TiO,—C (UV) TiO,—Pt (no UV)

system (electro-Fenton-assisted PEC) electro-Fenton) (H,0,-assisted PEC) (anodic electrolysis)

Current TiO,, 0.2 mA; Fe, 1.3 mA; C, 1.5 mA C, 1.5 mA; Fe, 1.5 mA TiO,, 0.2 mA; C, 0.2 mA TiO,, 0.2 mA; Pt, 0.2 mA
distribution

k-Value 5.19 x 107> min™" 146 x 107 min™" 2.39 x 107 min™" 0.13 x 107> min™"

is usually used to describe TiO, photocatalysis and PEC
reactions [28]. The experimental data can be fitted by the
corresponding model equation of c/cy = exp(—k*t). The
pseudo-first-order kinetic constant k obtained from the fit-
ting formula can be used for the evaluation of oxidation
reaction rate. The corresponding k values of both individual
oxidation reaction and the integrated oxidation reaction are
summarized in Table 5. The experimental result indicates
that the apparent rate constant of the integrated oxidation
reaction (5.19 x 107> min~") is even higher than the sum
of three individual oxidation reactions (3.98 x 1073
min~"). The electro-Fenton-assisted PEC of independent
TiO, long nanotube array can effectively promote OG
degradation reaction. This is ascribed to the synergetic
effect among these individual reactions in TiO,—Fe-C
multi-electrode system with a proper current distribution.

Microstructure modification of TiO,, including mor-
phology changes from microporous film structure to
nanotube array, from the interconnected nanotubes to the
separated ones, and from short nanotubes to long ones, can
effectively improve the photocatalysis reactivity [13, 16].
Furthermore, in comparison with the previous reaction
system with TiO,—C electrode pair and the dosed ferrous
ion [22], this integrated reaction system with TiO,—Fe—-C
multi-electrode configuration exhibits the noticeable
advantage. A proper current distribution among three
functional electrodes can be achieved by means of an
external resistor adjustment to keep a high cathode current
on the carbon electrode and a suitable anode current on the
TiO, photoelectrode in the same reaction system. This
electro-Fenton-assisted PEC reaction system exhibits a
higher efficiency than any individual oxidation reactions
such as TiO, PEC, electro-Fenton, and anodic electrolysis
oxidation reaction. This study confirms that the photore-
activity of TiO, nanotube array can be promoted by

@ Springer

constructing a well-defined nanostructure of photoelectrode
and introducing a functionalized multi-electrode system.
Such an integrated oxidation reaction system can be
developed as an efficient process for degrading environ-
mental pollutants in practice.

4 Conclusions

Independent TiO, nanotube array with the separated tube
wall structure has been constructed for degrading an
organic pollutant. Photocatalysis and photoelectrolysis
efficiency of TiO, nanotube array can be improved by
increasing tube length from 1.1 to 6.1 um and inter-tube
space from tens to hundreds of nanometer. Furthermore,
the photo-electro-assisted oxidation reaction system has
been developed using TiO,—Fe—C multi-electrode config-
uration with a controlled current distribution. The degra-
dation ratio of OG can be accordingly increased from
20.4% in PEC process to 60.2% in electro-Fenton-assisted
PEC process. The corresponding mineralization efficiency
of OG is also improved from 8.1 to 37.4%. The apparent
rate constant of 5.19 x 107 min~' for this integrated
oxidation reaction system is even higher than that of
3.98 x 107> min~" for the sum of individual oxidation
reactions including TiO, PEC, electro-Fenton, and anodic
electrolysis. Therefore, the PEC reactivity of the TiO,
photoelectrode can be effectively improved using inde-
pendent long nanotube array as well as establishing an
integrated oxidation reaction system.
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