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The widely utilization of pharmaceutical and personal care products (PPCPs) in the pharmaceutical ther-
apies and agricultural husbandry has led to the worldwide pollution in the environment. In this study,
the photoelectrocatalytic (PEC) behaviors of typical PPCPs, tetracycline (TC), were performed via a highly
effective TiO, nanopore arrays (TNPs) electrode, comparing with electrochemical (EC) and photocatalytic
(PC) process. A significant photoelectrochemical synergetic effect in TC degradation was observed on the
TNPs electrode and the rate constant for the PEC process of TNPs electrode was ~6.7 times as high as
its PC process. The TC removal rate achieved ~80% within 3 h PEC reaction by TNPs electrode, which is
~25% higher than that obtained for a conventional coated TiO, nanofilm electrode fabricated by sol-gel
method. The possible mechanism involved in the PEC degradation of TC by TNPs electrode was discussed.
Furthermore, the TNPs electrode also shows enhanced photocurrent response compared with that for
the coated TiO; nanofilm electrode. Such kind of TiO, nanopores will have many potential applications
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in various areas as an outstanding photoelectrochemical material.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

TiO,-based photocatalytic (PC) and photoelectrocatalytic (PEC)
oxidation technique have been proven to be promising and highly
efficient processes that can be used to degrade various recalcitrant
organic pollutants, such as dyes, pesticides, herbicides, aromat-
ics, etc., under UV light irradiation [1-7]. Upon UV illumination,
the electrons are excited from the valence band to the conduc-
tion band, generating the electron/hole pairs. The positive holes are
powerful oxidants for degrading the organic compounds adsorbed
onto the electrode surface. The oxidation efficiency could be further
improved by applying a positive bias potential across the electrode,
which results in the improved separation of photogenerated elec-
tron/hole pairs and better use of photogenerated holes [2,6]. In the
past years, the colloidal and particulate titania were widely applied
to photodecompose the organic compounds. However, the difficulty
in separation and reuse of this catalyst powder from treated water
limit its application in practice [8]. To avoid these problems, vari-
ous pathways [9,10], including sol-gel, sputtering, chemical vapor
deposition, etc., have been developed to fabricate TiO, nanofilm
on the solid supporting substrates. But these TiO, materials often
suffer from structural disorder and vast grain boundaries, which
may bring obstacles to electrons transport and hinder the charge
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separation efficiency within the electrode material [2]. In response
to these deficiencies, most attempts [11-15] at synthesizing new
TiO, structures (e.g. TiO, nanowires, nanorods, nanobelts, nanor-
ings, nanotubes, etc.) or modifying TiO, (e.g. by depositing a noble
metal on its surface, sensitizing it with dyes, doping it with transi-
tion metals or non-metal elements and complexes with matching
semiconductors), have met with certain success.

We have previously reported on the fabrication and character-
ization of a novel kind of TiO, nanopore arrays (TNPs) electrode
material with fast separation and transport of photogenerated elec-
tron/hole pairs and strong mechanical stability [ 16,17]. In this paper,
we report on an investigation on the PEC degradation of phar-
maceutical and personal care products (PPCPs) using the highly
effective TNPs electrode and compared with the PEC degradation
results obtained using a conventional TiO, nanoparticulate film
electrode prepared by sol-gel technique and tetracycline (TC) is
used as a typical of PPCPs [18,19] (Fig. S1, in Supplementary mate-
rial). Since TC is widely prescribed in aquiculture and live stocking,
can produce a series of pathological changes and disrupt ecosystem
equilibrium [18].

2. Experimental
2.1. Preparation and characterization of the electrode materials

The detailed methodology of preparation highly effective tita-
nia nanopores have been published elsewhere [16]. Hence only key
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points of the fabrication process were summarized here. The tita-
nium sheets (0.25 mm thick, 99.9% purity, Kurumi Works, Japan)
were cut into samples of size 20 mm x 50 mm. All anodization
experiments were carried out with vigorous magnetic agitation at
5°Cinatwo-electrode system (40 mm separation). The anodization
voltage was set at 40V and the electrolyte was dimethyl sulfoxide
(DMSO, >99.8%) containing 5% HF solution (>40wt%). The TNPs
can be fabricated by a two-step process: after anodization at 40V
for 70 h, the sample was post-sonicated (KQ-50B, 40 kHz, Kunshan
Ultrasonic Instrument Co., Ltd.) for 10 min to remove the uppermost
film completely. The obtained TNPs, which are initially amorphous,
are crystallized by annealing in an air atmosphere for 8 h at 450°C
with heating and cooling rates of 1°/min.

Preparation of a colloid of TiO, was performed in a basic envi-
ronment [20,21]. 40.5 mL of titanium tetraisopropoxide was added
to 112.5mL of water at 15°C with vigorous stirring for 1h. After
washing with distilled water, the product was transferred to a 90 mL
solution of 0.02 M tetramethylammonium hydroxide and refluxed
at 100°C for 4 h. The colloid resulting from peptization was treated
hydrothermally at 210°C for 12 h in a Teflon autoclave. After being
centrifuged at 5000 rpm and washed with dewatered ethanol, the
TiO, product was dried overnight under an ambient atmosphere at
200°C. The colloid was then printed onto a SnO, [F conductive glass
substrate through a screen mesh to form a transparent film. After
keeping in an oven at 120°C for 30 min, the coated TiO, film was
then calcined in a muffle furnace at 450 °C for 3 h.

The morphologies of the TiO, electrodes were studied using a
field emission scanning electron microscope (PHILIPS, Netherlands,
Sirion 200). The pore depth of the TNPs sample was measured using
an atomic force microscope (BioScope) from Veeco Instruments Inc.
(USA). The crystallite phase of the electrode materials were inves-
tigated with an X-ray diffractometer (Bruker, Germany) using Cu
Ko irradiation. A transmission electron microscopy (JEM-2010) was
applied to characterize the morphology of the coated TiO, nanofilm.

2.2. PEC degradation experiments

The PEC experiments were performed in a rectangular shaped
quartz reactor (20 mm x 30 mm x 50 mm) using a three-electrode
system with a platinum foil counter electrode, a saturated Ag/AgCl
reference electrode and a TiO, work electrode (Fig. S2, in Sup-
plementary material). The supply bias and work current were
controlled using a CHI electrochemical analyzer (CHI 660C, CH
Instruments, Inc., USA). A4 W UV lamp (GE, Japan G4T5) with cen-
tral wavelength 254 nm was chosen as a UV light source and the
illumination area was 20 mm x 20 mm. The PC oxidation reaction
was performed by using the same set-up without applying an exter-
nal potential on the functional electrodes. The PEC degradation of TC
experiments were performed under the following conditions: UV
irradiation (2.5mW cm~2 light intensity), vigorous stirring, 0.5V

(vs. Ag/AgCl) of electric bias, pH 5.5, 0.02molL~! sodium sulfate
as electrolyte, and no airflow. The initial concentration of TC solu-
tion was 10mgL~! and the reaction solution was 20 mL during the
experiment. The reaction solution (~3 mL) was quickly withdrawn
at given reaction intervals, and was quickly returned to the reac-
tor after being analyzed with a spectrophotometer (UV2102 PCS,
UNICO, Shanghai) at 352 nm.

3. Results and discussion
3.1. Characterization of the electrode materials

Fig. 1a presents the atomic force microscopy (AFM) image of a
typical TNPs sample grown from a 5% HF-DMSO electrolyte solution
for 70h at40V.Itis apparent that the 2D AFM image displays dense
and uniform surface morphologies. The line profile in Fig. 1b shows
that the average pore depth was ~50 nm. As reported in our pre-
vious work [16], the field emission scanning electron microscopy
(FE-SEM) image of typical TNPs prepared by Ti anodization in
fluorinated DMSO electrolyte at 40V for 70h produces a highly
ordered nanoporous microstructure, with an average pore diameter
of ~220 nm. However, the formation mechanism of TNPs is not yet
entirely clear to us. We think it may be ascribed to the following rea-
sons: the long time anodization of titanium in organic electrolytes
at low temperature leads to the formation of a layer of nanotubular
film, which was completely removed by the following sonication
treatment, leaving the special nanoporous microstructure left on
the substrate.

In order to compare the PEC capability of the TNPs electrode and
the traditional film electrode, a TiO, film electrode was fabricated
using sol-gel technique [20,21] and Fig. 2a displays the FE-SEM
image of a coated TiO, nanofilm without heat treatment. It is clearly
apparent that the surface of the coated TiO, nanofilm exhibited
a honeycomb-like structure. The increased roughness of the film
is correlated with a high surface area. However, the adherence
between the porous TiO, nanofilm and the glass substrate is rel-
atively weak, and most nanoparticles are not in direct contact with
the support, resulting in the easy recombination of photogenerated
electrons and holes during charge separation and transfer process
[6]. The transmission electron microscopy (TEM) of the same sam-
ple reveals that the titania nanoparticles are homogeneous with
grain diameter of ~25 nm (Fig. 2b).

Fig. 3 compares the X-ray diffraction (XRD) patterns of as-
annealed TNPs electrode (curve a) and coated TiO, nanofilm
electrode (curve b). The titanium peaks from substrate and anatase
characteristic peaks can be observed for TNPs electrode. The XRD
profile of coated TiO, nanofilm electrode only contains anatase
characteristic peaks. Other titanium phases like the rutile, brooklet
or amorphous forms, were not found for the two electrode materi-
als.
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Fig. 1. (a) AFM image of typical TNPs prepared by Ti anodization in 5% HF-DMSO electrolyte solution at 40V for 70 h; section analysis of the AFM image given in (b).
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Fig. 2. (a) FE-SEM image of coated TiO, nanofilm prepared by sol-gel method; (b) TEM image of the coated TiO, nanofilm.
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Fig. 3. XRD patterns of as-annealed TNPs electrode (a) and coated TiO, nanofilm
electrode (b).

3.2. Cyclic voltammetry

Fig. 4 shows the results of cyclic voltammograms (CVs) of TNPs
electrode (curve a) and coated TiO, nanofilm electrode (curve b) in
0.02M Na,SO4 as a function of applied potential under UV illu-
mination at a scanning rate of 0.02Vs~!. By comparing curves
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Fig. 4. Cyclic voltammograms (CVs) of TNPs electrode (a) and coated TiO, nanofilm
electrode (b) in 0.02 M Na;SO4 under UV illumination.

a and b, it is evident that the TNPs electrode (curve a) reveals
obviously enhanced photocurrent response and the saturated pho-
tocurrent density of TNPs electrode is found ~5.8 times as high
as that for coated TiO, nanofilm electrode (curve b), indicating
that upon the application of an applied potential bias on the TNPs
electrode, the separation and transport efficiency of photogener-
ated electron/hole pairs is much higher than that for coated TiO,
nanofilm electrode. The dark current for both electrodes is found to
be negligible (Fig. S3, in Supplementary material).

3.3. PEC degradation of TC by TNPs electrode and coated TiO,
nanofilm electrode

PEC degradation of TC in aqueous solutions using TNPs elec-
trode and coated TiO, nanofilm electrode was present in Fig. 5. In
order to quantitatively describe TC degradation in this work, we
apply the Langmuir-Hinshelwood (L-H) model, which is usually
used to characterize the PC and PEC degradation process of organic
compounds [5,22,23]. It is evident that the removal of TC by TNPs
electrode and coated TiO, nanofilm electrode followed the L-H
model satisfactorily (Fig. S4 and Table S1, in Supplementary mate-
rial). As given in Fig. 5a, within 3 h, ~80% of TC removal ratio was
attained for TNPs electrode, while ~55% of TC was removed by the
coated TiO, nanofilm electrode. The kinetic constants and regres-
sion coefficients of TC photoelectrocatalysis by TNPs electrode and
coated TiO, nanofilm electrode were summarized in Table 1. Table 1
indicates that the kinetic constant of TC oxidation on TNPs elec-
trode (0.560 4+ 0.015 h~1) was ~50% higher than that on coated TiO;
nanofilm electrode (0.279+0.006 h—1).

A set of typical photocurrent-time (I-t) profiles obtained dur-
ing the degradation of TC solution under given conditions were
shown in Fig. 6. The photocurrent density observed for TNPs elec-
trode (curve a) is found much higher than that for coated TiO,
nanofilm electrode (curve b). This result is in accordance with the
enhanced CVs response, given in Fig. 4, and improved PEC reactiv-
ity, given in Fig. 5, of the TNPs electrode. The photocurrent density
directly reflects the photo-efficiency of the photoelectrochemical
system and a more effective transport of photogenerated electrons
within the electrode material will result in a greater photocur-
rent response [24]. The enhancement can be ascribed partly to
the special nanoporous microstructure of TNPs electrode. Since the
properties of functional materials are highly dependent on their
microstructure and mechanical stability. Within TNPs, the porous
structure is directly connected to the Ti substrate, which avoids the
binding between the nanofilm layer and the substrate, as observed
in the coated TiO, nanofilm electrode. Hence, the TNPs combine
with the substrate more directly and with a greater compact-
ness, resulting in a lower transport resistance for photogenerated
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Fig. 5. (a) PEC degradation of solutions of TC by TNPs electrode and coated TiO, nanofilm electrode; (b) comparison of PEC kinetic curves of TC by TNPs electrode and coated

TiO, nanofilm electrode.

Table 1
The kinetic constants and regression coefficients of TC photoelectrocatalysis by TNPs
electrode and coated TiO, nanofilm electrode.

Electrode Kinetic constant (h—1) R?
TNPs 0.560 + 0.015 0.991
TiO; nanofilm 0.279 + 0.006 0.988

electrons. In addition, such microstructures also show improved
mechanical stability, since the TiO, is directly attached to the pore
walls and there are more supporting points in the nanoporous
structure [16]. Therefore, the TNPs electrode is highly effective in
its PEC applications compared with the coated TiO, nanofilm elec-
trode.

When the TNPs electrode was irradiated with photons of energy
equal or greater than its band-gap energy, the conduction band
electrons (e~) and valence band holes (h*) are generated. The pho-
togenerated holes could either recombine with electrons or react
with OH~ or H,0 oxidizing them into OH* radicals or oxidize
the adsorbed TC molecules. The OH* radicals, together with other
highly oxidant species are responsible for the decomposition of TC
by TNPs electrode. The photogenerated electrons could reduce the
adsorbed TC or react with electron acceptors such as O, adsorbed
on the electrode surface or dissolved in water, reducing it to super-
oxide radical anion O,*~, which can be transformed to OH* radicals
by further reactions [25-27]. According to this, the possible mech-
anism involved in the PEC degradation of TC by TNPs electrode can
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Fig. 6. Comparison of photocurrent-time profiles for TC degradation obtained from
TNPs electrode (a) and coated TiO, nanofilm electrode (b).

be expressed as follows:

TiOy + hv— e~ +h*

e~ +h' — heatorhv

h*+H,0 — OH* + H"

h* +OH™ — OH°*

e”+0;— 0y

0,*” +H" — HO,*

2HO,* — 0 +H,0,

H,0, +0,°~ — OH® + OH™ + 0,
TC + h* — oxidation products

TC + OH* — degradation products

TC + e~ — reduction products

3.4. Comparison of TC degradation by different processes on TNPs
electrode

The electrochemical (EC), PC and PEC process of TC in aqueous
solutions were performed under given conditions on annealed TNPs
electrode. It can be seen in Fig. 7 that, within 3 h, the EC process was
obviously much slower than PC and PEC process. The presence of UV
light was proven to be effective and ~23% TC was removed within
3 h.When the TNPs electrode was applied an external anodic poten-
tial of +0.5V, TC removal ratio sharply increased to ~80%. Table 2
shows the kinetic constants and regression coefficients of TC degra-
dation by different processes on TNPs electrode. The corresponding
reaction rate constant k is ranked as: PEC (k=0.560+0.015h~1)>PC

Table 2
The kinetic constants and regression coefficients of TC degradation by different
processes on TNPs electrode.

Degradation process Kinetic constant (h~!) R?

EC 0.012 + 0.000 0.999
PC 0.084 + 0.001 0.995
PEC 0.560 + 0.015 0.991




682 Y. Liu et al. / Journal of Hazardous Materials 171 (2009) 678-683

(a)

0.30 4

0.25 4

0.20 4

0.15 4

Absorbance

0.10 4

0.05 4

] . . . | .
0.0 0.5 1.0 1.5 2.0 25 3.0

Time (h)

0.0 0.5 1.0 1.5 2.0 2.5 3.0
Time (h)

Fig. 7. (a) The EC, PC, and PEC process of solutions of TC on TNPs electrode; (b) comparison of kinetic curves of TC by different processes on TNPs electrode.

(k=0.084+0.001h~1)>EC (k=0.012+0.000h~1). The obviously
enhanced reaction rate constant in the PEC process can be
attributed to the suppression of recombination between the photo-
generated electron/hole pairs by the external electric field and the
special nanoporous microstructure is favorable for the transport of
photogenerated electrons. Moreover, there was an evident syner-
getic effect between the EC and PC process, since the rate constant
for the PEC process of TNPs was found ~6.7 times as high as that
for its PC process.

4. Conclusions

The highly effective titania nanopore arrays were applied as an
electrode material in the PEC degradation of TC aqueous solution
and the results compared with those obtained using conven-
tional nanoparticulate film electrode. The enhanced photocurrent
response and PEC reactivity was obtained for the TNPs elec-
trode. The possible mechanism involved in the PEC degradation
of TC by titania nanopores was also discussed. The experimen-
tal results suggest that the highly effective TNPs electrode, with
strong mechanical stability and superior separation and transport
properties of photogenerated electron/hole pairs, may serve well
as a promising photoelectrocatalyst and may provide an easy and
efficient route to remove PPCPs from wastewater.
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