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Abstract Ti/Zn-TiO, electrodes were successfully prepared
by the co-deposition method, on a titanium substrate, using
an acidic zinc sulphate solution with TiO, nanoparticles in
suspension. After electrodeposition, samples were heated in
air at 450 °C for 6 h. The X-ray diffraction analysis of the
deposits point to the metal matrix modification from Zn to
Zn0O. In addition, the scanning electron microscopy results
indicate that the films have a high surface area with a rich
morphology, due to the appearance of ZnO needle-shaped
grains. The voltammograms recorded, in Na,SO,4 solution,
for these electrodes under illumination at A=365 nm con-
firmed the films photoactivity. Photoelectrochemical degra-
dation of Ibuprofen (Ibu) was achieved with the Zn-TiO,
electrodes after thermal treatment. UV—Vis spectrometry,
high-performance liquid chromatography (HPLC), chemical
oxygen demand (COD) and total organic carbon (TOC)
measurements were performed and data demonstrated that
Ibuprofen was efficiently degraded. Absorbance at 220 nm,
COD and TOC removals of 35%, 34% and 23%, respec-
tively, were obtained after a 3 h period.
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Introduction

The removal of organic pollutants from wastewater is cur-
rently one of the major concerns in environmental control.
There is growing interest in the environmental relevance of
pharmaceutical drugs in waters [1]. Thousands of tons of
drugs are consumed worldwide per year, including a high
number of analgesics (e.g., acetominophen, ibuprofen), anti-
biotics (e.g., amoxicillin), and estrogens, which have been
found as pollutants in sewage treatment plant effluents.

To avoid the dangerous accumulation of drugs in the
aquatic environment, research efforts are underway to de-
velop more powerful methods than those currently applied
in wastewater treatment [2]. Thus, the search for new
efficient methods for the degradation of these com-
pounds is a priority. Electrochemical and photoelectro-
chemical degradation can be suitable and low-cost
alternatives to those used presently. The implementation
of these methods is closely linked with the development
of stable, non-pollutant, cheap and electrocatalytic/
photocatalytic electrode materials. In this work, compos-
ite electrodes of Ti/Zn-TiO, have been prepared to be
used in pharmaceutical degradation by photoassisted
electrochemical processes. The use of composites elec-
trodes, with a metallic matrix, on the organic pollutant
degradation, is still rare, although some studies indicate
that the metallic matrix has a positive influence on the
photocatalytic activity of the semiconductor [3].

@ Springer



2062

J Solid State Electrochem (2012) 16:2061-2069

The nanocomposite coatings were prepared by the occlu-
sion electrodeposition method, where high surface area TiO,
nanoparticles are incorporated within the metal matrix,
while simultaneously reduction of the metal ions occurs at
the interface electrode solution [4, 5]. This method has been
selected for its versatility and simplicity.

With a wide band gap (3.35 eV) [6], ZnO has been used
as an environmental photocatalyst for water purification
with the aid of artificial light source [7]. Among the techni-
ques used for the oxidation of Zn films, heat treatment
seems to be the simplest [8, 9]. Moreover, some reports
point to the formation of nanocrystalline ZnO films with
higher surface area that is very interesting to a variety of
technological applications [10]. Thus, after electrodeposi-
tion, the films were heated in air to oxidize Zn metal matrix.
After heat treatment, it is expected that the Zn matrix will be
converted to ZnO. We successfully used this strategy to
prepare Ti/ZnO-TiO, photoelectrodes for the degradation
of the AO7 dye in aqueous solution [11]. Other published
studies reveal the gas-phase photocatalytic activity of Zn-
TiO, prepared on steel substrates [12, 13], and clearly indi-
cate that further research is needed to find out the full
potential of photoelectroactive composite electrodes pre-
pared by electrochemical deposition methods.

The goal of this work consisted in the preparation of
photoelectroactive Ti/Zn-TiO, thin films that could be used
for the degradation of pharmaceuticals in aqueous solutions.
It is expected that this material after annealing acts as a good
candidate for the photoelectrochemical degradation of or-
ganic compounds due to the conversion of Zn to ZnO and to
the substantial increase in active area. Ibu was chosen as
“model” pharmaceutical as it is widely used for its analge-
sic, anti-inflammatory and antipyretic properties and be-
cause it belongs to the group of propionic acid derivatives
[14, 15]. Ibuprofen degradation has been studied by differ-
ent methods: photolysis with UV radiation and UV/H,0,
[16, 17], photo-Fenton [18], photocatalytic process, with
TiO,, [19, 20], and electrochemical methods — namely,
electro-Fenton, UVA photoelectro-Fenton and solar
photoelectro-Fenton — using BDD or Pt anodes [21], most
of them with very good degradation of the parent com-
pound. BDD electrodes are well recognized by their excel-
lent proprieties (low background current, wide working
potential window) and their main disadvantage (its high
price). Other materials like Ti/Pt/PbO, and Ti/SnO,-Sb,04
oxide anodes were also used in the electro-oxidation of
Ibuprofen, with very high degree of mineralization after
24 h of degradation [22, 23]. Comparatively to the published

studies, the materials prepared in this study are cheap,
photoactive with high surface area leading to a significant
photoconversion efficiency that makes them adequate pho-
toanodes for the degradation of Ibu.

Experimental
Nanocomposite electrodeposition and thermal treatment

The electroplating bath was a mixture of 0.10 mol dm>
ZnS047H,0O (Sigma-Aldrich; 99.0%), 0.20 mol dm
MgSO, (Sigma-Aldrich; >99.0%) and 0.15 mol dm™
H3;BO; (Panreac, 99.8%). For the nanocomposite films
preparation, 10 gdm > TiO, (Aeroxide® TiO, P25, particle
size approx. 25 nm, with chemical composition of 80%
anatase and 20% rutile) were added to the solution. The
bath pH was adjusted to 4 by adding a H,SO, diluted
solution. The solutions were made daily without further
purification, followed by deaeration with nitrogen before
and during the electrodeposition.

A glass cell with two compartments was used, with a Zn
plate as a sacrificial counter-electrode and a commercial Ag/
AgCl as reference. The working electrode was a Ti disc with
0.8 cm?” area (Goodfellow). The Ti disc was etched with HF
40%, polished with 0.05-pum silica powder (Buehler) and
ultrasonically cleaned for 10 min with Millipore Milli-Q
ultrapure water (18 MS2 cm).

The Ti/Zn and Ti/Zn-TiO, nanocomposite films were
prepared by pulsed-reverse current technique. The values
of the pulse-plating parameters, average current densities,
duty cycle and frequency are shown in Table 1, where i, and
i, represent the cathodic and anodic density pulse currents, 7,
and ¢, the cathodic and anodic pulse durations, i, the aver-
age density current, 7 the duty cycle and f the pulse
frequency.

The electrochemical depositions were carried out using an
EG&G Princeton Applied Research potentiostat/galvanostat,
Model PAR 263.

The deposition was performed under magnetic stirring
(150 rpm) at room temperature for 100 min in order to
obtain an average charge value of 30 C. When finished,
the electrode was removed from the cell, rinsed with Milli-
pore Milli-Q ultra pure water and dried under nitrogen
atmosphere for 5-10 min at room temperature. The estimat-
ed theoretical thickness of the electrodeposits was 18 pum. In
a previous work it has been demonstrated that the theoretical
thickness value match well with the experimental values

Table 1 Electrodeposition

. —2 . -2
parameters ic /mA cm iy (MA cm %)

tc (ms) ty (ms) im (MA cm ?) v (%) f (Hz)

-19 19

16 8 6 67 42
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obtained from cross-section SEM images [24], which points
to high current efficiencies [5].

The as-deposited Ti/Zn and Ti/Zn-TiO, films were
annealed in air at 450 °C, using a heating rate of 5 °C min ',
held for 6 h, and then cooled to room temperature. A conven-
tional Naberterm furnace controlled by Logotherm Program

Controller S19 was used.
Films characterization

The structural characterization of the electrodeposits was
carried out by X-ray diffraction (XRD), on a Philips Ana-
lytical PW 3050/60 X’Pert PRO (6/20) equipped with
X’Celerator detector and with automatic data acquisition
(X’Pert Data Collector (v2.0b) software), using a mono-
chromatized Cu K« radiation as the incident beam, operat-
ing at 40 kV-30 mA. XRD diffraction patterns were
obtained by continuous scanning in a 26 range of 20-90°
with a 20-step size of 0.02° and a scan step time of 10 s. The
average films crystallite size were calculated from the X-ray
line broadening according to the Scherrer equation: D=
0.9NVB cosf, where A is the wavelength of the Cu K«
radiation, B (B*=By°—Bg”) is the difference in the full-
width at half-maximum (FWHM) of XRD peaks for the
specimen (B)y) and standard sample (Bg) (in this study,
silicon standard was used), and 6 is the Bragg diffraction
angle of the line [25]. The peak broadening analysis was
applied to Zn (101) reflection.

The films morphology and elemental composition were
investigated by field emission scanning electron microscopy
(FEG-SEM JEOL 7001 F) coupled with energy-dispersive
spectroscopy (EDS), with an electron beam voltage of
25 kV.

Photoelectrochemical tests

The photoelectroactivity of the annealed Ti/Zn-TiO, electro-
des, with a geometrical area of 0.8 cm?, was evaluated by
linear voltammetry in 0.035 mol dm > Na,SO, (Merck;
99.0%) aqueous solution under illumination at A=365 nm
chopped at 0.1 Hz of frequency, using Ag/AgCl and plati-
num as reference and counter-electrodes, respectively. For
comparison, measurements with annealed Ti/Zn electrodes
were also performed.

The Ibuprofen degradation tests were performed in
0.035 mol dm > Na,SO, aqueous solution (pH 6.2) as
supporting electrolyte with 50 mg dm > sodium 2-(4-isobu-
tylphenyl) propionate, known as Ibuprofen with a purity of
99.9% (Sigma-Aldrich; used as purchased without further
purification). The working electrode was illuminated by
means of a light source (Lot Oriel Apex housing with a
200-W EmArc™ lamp) through a quartz window. The dis-
tance of the working electrode was adjusted so that the

whole active area of the working electrode was illuminated.
The resulting light intensity approximated 100 mW cm 2.
The tests were carried out at 1.0 V vs. Ag/AgCl under
stirring for 3 h. The solution volume was 100 ml. The
solution was stirred in the dark for 30 min, in order to
achieve the adsorption equilibrium of the organic molecules
on the catalyst surface.

The photoelectrodegradation process was followed by
UV-Visible spectroscopy, from 200 to 600 nm by a UNI-
CAM He ion UV-Vis spectrophotometer. The Ibu concen-
tration was determined by monitoring the absorbance at A=
220 nm. Measurements of chemical oxygen demand (COD),
following the titrimetric method, according to standard
methods [26], and total organic carbon (TOC), using a
Shimadzu TOC-VCPH/CPN apparatus were also per-
formed. The Ibu degradation was confirmed by HPLC
(Agilent 1100 Series system) with a Tracer excel 120
ODS-A column (150x4.0 mm, 5 um) at 25 °C. The mobile
phase was 10% water/90% methanol and the flow rate
1.0 ml min~". The detection wavelength was 220 nm.

Results and discussion
Thermal treatment of the nanocomposite electrodeposits

Figure la shows the XRD diffraction patterns obtained for
the as-deposited and heated Ti/Zn-TiO, films. All reflec-
tions of the as-deposited Ti/Zn-TiO, have a good match with
the crystalline Zn phase (JCPDS 4-831). Between 24° and
28° 20 (inset of Fig. 1a), small peaks are observed that were
attributed to the TiO, particles (JCPDS 21-1272 for anatase
and 21-1276 for rutile). For comparison the XRD pattern of
the Ti/Zn electrodeposits is presented in Fig. 1b. As
expected, the only phase detected, beyond the substrate,
was the Zn. The (101) reflection of Zn phase is the most
intense on both samples, and the (002) diffraction line has a
higher intensity for the Ti/Zn-TiO, than on Ti/Zn electro-
deposits, which is in accordance with our previous work
[27]. Values of 60 and 90 nm for the Zn crystallite size were
estimated by Scherrer equation, for the Ti/Zn-TiO, and Ti/
Zn films, respectively.

After the thermal treatment, the starting material, Zn, is
transformed into wurtzite-structured ZnO (JCPDS 36-1451),
as shown in Fig. 1. The other diffraction peaks observed
may be attributed to phases of the Ti—Zn system. In partic-
ular, the TiZn; phase (JCPDS 7-98) was identified as one of
the constituents of the film [28]. It should be highlighted
that the diffraction peaks attributed to this phase are the
most intense in the Ti/Zn sample after annealing (Fig. 1b).
In addition, on this particular sample, the intensity of the
ZnO diffraction peaks is very weak comparatively to those
of TiZns. The ratio of the most intense peaks of the ZnO and
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Fig. 1 XRD diffraction patterns of Zn-TiO, (a) and Zn (b) films before and after heat treatment

TiZn; phases are 1.44 and 0.04 for the annealed samples Ti/  other metallic substrates such as iron, steel and copper were
Zn-TiO, and Ti/Zn, respectively. This result indicates that  used on the Zn-TiO, films preparation [31].

the conversion of Zn to ZnO was more successful for the Ti/ The ZnO cell parameters are very similar for the two
Zn-TiO, samples. The success of this conversion should be ~ samples studied and concordant to the published results,
attributed to the thermal oxidation temperature, Zn phase
structural organization and crystallite size and in addition, to
the presence of the TiO, nanoparticles. The standard Gibbs
free energy of formation for ZnO and TiZnj; is, respectively,
—556.4 and —68.5 kJ mol " at 450 °C assuming Egs. 1 and 2
[29, 30].

27Zn + 0,22Zn0  AG = —701 + 0.200T (1)

A
Ti+3Zn=2TiZny; AG = —108 + 0.055T (2)
where AG° is the standard Gibbs free energy of formation B

and 7T is the absolute temperature (in K). Although the
formation of ZnO is thermodynamically more favourable,
it seems that the kinetics parameters, which are intensely
affected by the Zn crystallite size and film surface area,
strongly control the Zn to ZnO conversion. According to
the XRD results, this conversion is easier for low Zn crys-
tallite size films. Similar behaviour has been found when

25.0kV SET SEM

Table 2 Cell parameters of ZnO phase present on the annealed Ti/Zn
and Ti/Zn-TiO, samples

Sample alA c®) V(A%

Ti/Zn-TiO, annealed 3.2466+0.0003 5.2008+0.0005 47.48+0.01

Ti/Zn annealed 3.233+0.003 5.185+0.004 46.9+0.1

7Zn0* 324 5.19 472 Fig. 2 FEG-SEM images of Zn-TiO, (a) and Zn (b) films after heat

treatment
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Fig. 3 Details of needled morphology

a=3.24 A and ¢=5.19 A [32], as Table 2 shows. There are
no significant variations in the calculated structural param-
eters, and only a slightly decrease in the calculated error for
the Ti/ZnO-TiO, sample is seen. This may be associated
with the better definition of the diffraction peaks due to the
higher amount of ZnO phase formed.

The surface morphology of the annealed Ti/Zn-TiO,
electrodes (Fig. 2a) is very porous and comprises a three-
layered structure of scattered petal like particles, located on
the region near the substrate, and porous microdiscs clusters
with needled shaped nanograins composed by Zn and O as
identified by EDS. These needles measure about~2 pm in
length with a diameter of 50-60 nm measured at the base
and are randomly grown in different directions with their
base attached to the porous discs clusters (Fig. 3). These
results are similar to those reported by Deguchi et al. [13],
who assume that TiO, particles incorporated in Zn matrix
can act as seeds for the ZnO whiskers growth.

In the absence of TiO, particles (Fig. 2b), the Ti/Zn
annealed films are more compact and the needled shaped
grains are not present. The difference observed for the two
deposits could be related to the morphological character-
istics of the as-deposited Zn-TiO, and Zn films (Fig. 4a and
b, respectively). Due to the particles’ incorporation, the zinc
grains in the nanocomposite films became smaller with

Fig. 4 FEG-SEM images of
Zn-TiO; (a) and Zn (b)
as-deposited films

more grain frontiers and, consequently, the Zn-TiO, surface
is rougher and more irregular than the Zn electrodeposits.

Table 3 presents the average EDS results obtained, after
heat treatment, for the samples Ti/Zn and Ti/Zn-TiO,: zones
A and B as indicated in Fig. 2a. The composition analysis of
zone A revealed that the atomic ratio of zinc to oxygen is
approximately 1, and a very low amount of Ti is detected,
which indicates that in this zone the film is mostly com-
posed by ZnO. The composition of zone B is quite similar to
the composition of samples Ti/ZnO, which points to a
heterogeneous composition of the Ti/Zn-TiO, samples after
annealing. These results are in accordance with the XRD
data.

Distinct crystal growth mechanisms have been consid-
ered in the literature to interpret the growth mechanism of
the different ZnO morphologies observed, namely, the one-
dimensional (1D) nanostructures [10, 33, 34]. Unanimously,
these studies mention that the Zn crystal orientation is
crucial to the oxidation process [10]. According to the
literature, the formation of porous nanosheets can be
explained by a vapour—solid mechanism that consists of
two stages: nucleation and growth [35, 36]. It is expected
that at the annealing temperature Zn sublimation occurs,
with the formation of Zn vapour aero-spheres located near
the surface [37]. Due to the Zn different atomic packing of
the crystallographic planes, with the (002) plane being the
most packed, the sublimation will occur with different rates.
The vapour reacts with oxygen, forming ZnO nuclei. As
consequence of growth of these nuclei, a redeposition
occurs with the formation of open porous structures. At this
temperature, the formation of nanorods at the edge of porous
structures is also possible [34, 35]. In other words, it is
supposed that the thin oxide film formed during the thermal
treatment on the surface of the zinc particles in air played an
important role in the generation of the ZnO nanorods. The
oxidation of Zn will take place upon grain boundaries or
cleavages of the oxide layer formed naturally on the surface
of zinc particles, which results in the formation of ZnO
nanorods. This growth along one direction is very sensitive
to the temperature: at higher temperatures, diffusion of Zn**
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Table 3 EDS average results obtained, after heat treatment, for Ti/Zn
and Ti/Zn-TiO, samples

Elements (at.%)

Samples

Ti/Zn-TiO, annealed

Ti/Zn annealed

Zone A* Zone B*
(0} 48.68+0.90 46.29+5.29 51.22+4.02
Ti 1.714£0.03 17.02+6.48 13.354+2.45
Zn 49.61+0.92 36.70+1.29 35.38+1.51
Zn/O ratio 1.02 0.79 0.69
Ti/Zn ratio 0.03 0.46 0.38

? As identified in Fig. 2a

ions will be much faster [34]. With time, the amount of ions
reaching the 1D tip decreases resulting in the formation of
nanoneedles [10]. Liu et al. [36] reported that ZnO nano-
wires preferably grow from porous Zn films than from
compact ones. For porous Zn films with small crystallites
it is easier to form Zn vapour and consequently microporous
disc clusters plus nanoneedles. At the nanocomposite film
regions, where the Zn grains have higher dimensions and
other preferable orientation, this process is more difficult to
occur and this type of morphology is not seen. This is
comparable to what happens with the Zn electrodeposits
during the thermal treatment, where the main diffusion
process is diffusion of Zn through the titanium interface,
resulting on the formation of TiZn intermetallics.

Photoelectrochemical tests

Photovoltammograms of annealed Ti/Zn-TiO,, Ti/Zn and Ti
electrodes in 0.035 mol dm ™ Na,SO, aqueous solution
were recorded under illumination at A=365 nm (Fig. 5). A
positive photocurrent is observed for all samples, indicating
——TilZnO-TiO,
| “H‘ i

I\I ‘ l”\
EI v vs Ag/AgCI

il
Fig. 5 Photovoltammograms of annealed Ti/Zn-TiO, and Ti/Zn elec-
trodes in 0.035 mol dm > Na,SO,4 aqueous solution (pH 6.2) under A=
365 nm irradiation chopped at 0.1 Hz of frequency. Sweep rate
2mVs!

——Ti substrate heated
307 —Ti/ZnO
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their n-type behaviour. As shown, the photocurrent is
strongly dependent on the potential value: increasing with
the applied potential and reaching a stable value at 0.4 V vs.
Ag/AgCl. 1t is clearly seen that for all the potential values
swept, the photocurrent generated by the annealed Ti/Zn-TiO,
electrode is higher than for the heat-treated Zn electrode, and
in the case of the Ti thermal treated, the photocurrent is
negligible. The marked enhancement of the activity may arise
from the increase in the photoactive surface area caused by the
growth of the ZnO nanoneedles as well as to the presence of
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Fig. 6 UV spectra for samples collected during the photoelectrolysis
performed in 0.035 mol dm > Na,SO, aqueous solution (pH 6.2) with
50 mg dm > Ibuprofen under UV-enhanced white light irradiation
(100 mW cm ?) and 1 V vs. Ag/AgCl with Ti/Zn-TiO, (a) and Ti/Zn
(b) annealed anodes (0.8 sz)_ ¢ HPLC spectra
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the TiO, nanoparticles. The high surface area may increase
light trapping and consequently photon absorption leading to
an increasing electron—hole pair generation, and/or expose a
greater number of holes to the oxide surface, allowing the
reduction of the species within the electrolyte. The photocur-
rent increase with applied bias, indicates a significant and
tuneable electric field (band bending is present) leading to
an efficient charge separation. This leads to a greater number
of holes at the oxide surface to react with H,O/OH to give
rise to OH" radicals, which in turn react strongly with organic
molecules [38]. According to the literature, the semiconduc-
tors ZnO and TiO, have similar band gap values, and the ZnO
conduction band is more negative than TiO, [39, 40], which
could be beneficial to minimize the electron—hole recombina-
tion process and consequently maximize the photocurrent
generation on the Ti/ZnO-TiO, electrodes.

Figure 5 shows that the dark current is higher on the
annealed Ti/Zn than on the annealed Ti/Zn-TiO, electrodes.
As noted before, this sample contains the highest TiZns
phase amount. This intermetallic material could be oxidized
or participate on anodic processes involving the solution,
namely, the water oxidation, which might be responsible for
the observed trend. Other process that could not be dis-
carded is the electrochemical oxidation of Ibu [22].

UV-Vis spectroscopy (Fig. 6a and b) was used to mon-
itor the Ibu photoelectrodegradation performed at 1.0 V vs.
Ag/AgCl. An intense peak characteristic of the Ibu is ob-
served at A=220 nm, followed by a weak band at 264 nm. A
decrease in peak intensity occurs with the photoelectrolysis
time and, simultaneously, the weak band at 264 nm
increases and shifts to approximately 260 nm. These results,
more evident for the Ti/ZnO-TiO, photoelectrodes, indicate
that the concentration of the Ibu decreases in solution and
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Fig. 8 Kinetic analysis considering a pseudo-first-order (In (¢/co) vs. t)
for ibuprofen degradation by photoelectrochemical process using Ti/
Zn-TiO; (a) and Ti/Zn (b) annealed anodes, and by electrochemical
process using annealed Ti/Zn-TiO, (¢)

decomposition products are formed, in accordance with the
behaviour already published in the literature [22, 41]. It
should be noted that the as-prepared Ti/Zn-TiO, electrodes
were tested as anodes for the Ibuprofen photoelectrochem-
ical degradation but the % removal was very low.

In Fig. 6b, the band observed at 260 nm may be associ-
ated with the formation of new C—O bonds, promoted by the
attack of strong oxidizing species, such as hydroxyl radicals
[41]. In particular, the attack to the tertiary carbon of the
isobutyl group by hydroxyl radicals, leading to a posterior
formation of double conjugated bonds, to give 2-[4-(carbox-
ycarbonyl)phenyl] propanoic acid, is very probable [22].
This type of mechanism was observed by Quintana et al.
[42] during the degradation of ketoprofen. The formation of
that compound must be followed by the opening of the
aromatic ring, as indicated by the decrease in the band at
220 nm, where the aromatic rings usually absorb.

The HPLC spectra (Fig. 6¢) clearly show a decrease in
the Ibu amount present in the solutions after the photoelec-
trochemical degradation process. For the Ti/ZnO-TiO, pho-
toelectrodes, the very similar removals of COD, TOC and
absorbance observed for the first 2 h of photoelectrolysis

Fig. 7 Removals of COD, TOC and Abs at 220 nm for samples collected
during the Ibu photoelectrodegradation in 0.035 mol dm > Na,SO,
aqueous solution (initial pH 6.2) with 50 mg dm > Tbuprofen under UV-
enhanced white light irradiation (100 mW cm %) at 1 V vs. Ag/AgCl with
Ti/Zn-TiO, (a) and Ti/Zn (b) annealed anodes (0.8 cm?)
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Fig. 9 XRD diffraction patterns of the annealed Ti/Zn-TiO, films
before (a) and after the Ibu degradation (b)
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denote that the oxidation happens almost simultaneously
with the elimination of organic carbon from the solution,
corroborating a fast mineralization mechanism (Fig. 7).

COD and TOC data show removals of 34% and 23%,
respectively, after 3 h of degradation. These results point to
Ibuprofen being photoelectrochemically degraded. The val-
ues of COD, TOC and absorbance are lower when annealed
Ti/ZnO 1is used, as expected. In a future work, we are
planning to identify the intermediate and final products in
order to suggest a possible mechanism of Ibu photoelectro-
chemical degradation.

Assuming that Ibu degradation follows a pseudo-first
order kinetic process [21, 43], the graphical representation
of In (c/cy) vs. t was done (Fig. 8), where ¢ is the initial
concentration of Ibu, and c¢ is the concentration of Ibu after ¢
degradation period. The apparent first-order rate constant
has a value of 5.07x107° s ' (R*=0.986) and 1.97x
107° 57! (R*=0.963) for annealed Ti/Zn-TiO, and Ti/Zn
electrodes, respectively. This tendency confirms the
expected increased production of OH' radicals when Ti/
ZnO-TiO, photoelectrodes are used. Also, from this graphic,
it could be assumed that no electrochemical oxidation con-
tributes to the Ibu degradation, as evidenced by the almost
constant Ibu concentration during the electrochemical pro-
cess at 1.0 V vs. Ag/AgCl without illumination.

Figure 9 shows the XRD patterns of the Ti/ZnO-TiO,
electrodes after the photoelectrochemical tests. As can be
seen, the ZnO reflections have a significant decrease which
points out to a deficient stability of this phase. This should
be associated to a dissolution process stimulated by the light
irradiation. Other authors indicated that the phenomenon of
photo-dissolution of ZnO thin films can occur [44—46].
Ongoing work is being undertaken in order to minimize this
problem in order to allow the ready usage of these materials
in water treatment applications.

Conclusions

Photoactive annealed Ti/Zn-TiO, electrodes were success-
fully prepared and used for the first time on the photoelec-
trochemical degradation of Ibuprofen. The XRD analysis of
the deposits points to the metal matrix modification from Zn
to ZnO. In addition, the SEM results indicate that the films
have an elevated area with a rich morphology, namely, the
appearance of ZnO needle-shaped grains.

The photoassisted electrochemical degradation of the
Ibuprofen was observed by UV—Vis spectrometry, HPLC,
COD and TOC. The data show that Ibuprofen was efficient-
ly degraded. Absorbance at 220 nm, COD and TOC remov-
als of 35%, 34% and 23%, respectively, were obtained for
the initial 3 h of photoelectrolysis using annealed Ti/Zn-
TiO, electrodes. The apparent first-order rate constant for

@ Springer

Ibu degradation has a value of 5.07x107° s~! (R*=0.986).
These promising results reveal that this nanocomposite ma-

terial has a huge potential to be applied as
photoelectrocatalyst.
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