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a b s t r a c t

Photoanodes based on Ti/TiO2 thin films were prepared by the sol–gel method, using either
tetraisopropoxide (Ti(OPri)4) or modified tetraisopropoxide, producing electrodes with different sized
nanoparticle coatings, termed nanoporous (20 nm) or nanoparticulated (10 nm) electrodes. The anatase
form dominated the composition of the nanoparticulated electrode, which presented a higher surface
area, a flat band potential shift of −160 mV and a 50% improvement in photoactivity, compared to the
eywords:
ndigo carmine
hotoelectrocatalytic treatment
anoporous TiO2

anoparticulated TiO2

nanoporous electrode. 100% color removal, and 75% mineralization, of indigo carmine dye were achieved
after 15 min of photoelectrocatalytic treatment using a nanoparticulated Ti/TiO2 electrode operated at a
current density of 0.4 mA cm−2. Our findings indicate that the use of nanoparticulated electrodes, under
UV irradiation and with controlled current density, is an efficient alternative for the removal of food dye
contaminants during wastewater treatment.
hin films
ol–gel

. Introduction

The method of preparation of a semiconductor directly influ-
nces its performance in the photocatalytic oxidation of organic
ompounds. Among the known methods, the sol–gel procedure has
een extensively used because it presents many advantages over
ther techniques, including sample purity, homogeneity, flexibility
or introduction of dopants, even at high concentrations, control of
toichiometry and composition, ease of processing and ability to
oat large and complex areas [1].

Titanium dioxide (TiO2) has received considerable attention as
photocatalyst material, due to its good performance in treatment
f organic environmental pollutants [2,3]. In a photocatalytic sys-
em, the photo-induced molecular transformation or reaction takes
lace at the surface of the catalyst, giving rise to the generation of
lectron–hole pairs under UV light irradiation. A very successful
trategy to improve the efficiency of a photocatalytic system has
een the application of a positive current density, which gener-
tes an electric field within the semiconductor [3,4]. Separation of
he charge carriers is enhanced by the potential gradient gener-

ted as holes are driven to the catalyst surface, while electrons are
fficiently driven toward the interior of the semiconductor, where
hey can be swept to the counter electrode through an external cir-
uit. This arrangement improves the photocatalytic activity of TiO2,
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since electron/hole pair separation is more effective, and recom-
bination is minimized. Photoelectrocatalytic oxidation has been
investigated as an attractive means of increasing the photocatalytic
efficiency of organic pollutants degradation [5,6]. However, TiO2
film physical properties, such as particle size [7,8], crystal struc-
ture [9–14], phase composition [8–14] and surface area [15,16]
play an important role in the photocatalytic activity. Hence, prepa-
ration methods that consider particle size [17,18] deserve special
attention. Surface properties are of paramount importance for
nanosized grain materials, because the higher the surface to volume
ratio, the higher the active area. It is known that control of parti-
cle morphology and surface chemistry can reduce electron–hole
recombination, and also optimize surface adsorption, which could
be crucial for success of the photoelectrocatalytic process.

Another parameter to be controlled is the TiO2 catalyst compo-
sition. TiO2 is found in three allotropic forms, anatase (tetragonal),
brookite (orthorhombic) and rutile (tetragonal). The anatase form
usually presents higher photoactivity than the other forms, proba-
bly because it is the most photoactive phase and has more hydroxyl
groups preserved as active sites on its surface [1]. As photoactivity
depends on TiO2 crystallinity, nanostructured materials present-
ing small crystallite size, large surface area and high porosity are
suitable for these applications. Therefore, control of both particle

size and the phase composition of titanium dioxide nanoparti-
cles, which influence electrode characteristics, is crucial in order
to improve photoelectrocatalytic performance.

In this work, TiO2 nanoparticles were prepared by the sol–gel
technique, using two different methodologies: one using tetraiso-

dx.doi.org/10.1016/j.jphotochem.2010.10.019
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http://www.elsevier.com/locate/jphotochem
mailto:boldrinv@iq.unesp.br
dx.doi.org/10.1016/j.jphotochem.2010.10.019


260 T.T. Guaraldo et al. / Journal of Photochemistry and P

O3

-
S

N

H

O

N

H
SO3

-

p
t
a
s
t
i
o
i
[
i
p
r
c
t
p

2

2

u
s
r
t
p
w
b

2

a
a
s
t
r
fi
r

2
t

w
t
b
n
L
4
i

ment. Thicknesses of around 10 �m and 15 �m were estimated
O

Fig. 1. Molecular formula of indigo carmine (IC) food dye.

ropoxide [Ti(OProp)4] as precursor [5,17], and the other using
etraisopropoxide modified by the addition of paratoluenosulfonic
cid (PTSH) and acetylacetone (acac) [18]. The effects of particle
ize and phase composition were studied for each coated pho-
oelectrode (Ti/TiO2), together with photocatalytic activities. The
nfluences of the electrodes on the photoelectrocatalytic oxidation
f organic pollutants were compared, using a common food dye,
ndigo carmine (CI 73015) (Fig. 1) as a frequently studied model
19–24]. Most studies have only evaluated the discoloration of
ndigo carmine dye using TiO2 powder catalyst [19–21], hydrogen
eroxide [22,23] or the Fenton process [24]. Results for color
emoval have been satisfactory; however there has been no indi-
ation of any significant degree of mineralization. Considering the
oxicity and carcinogenic properties of indigo carmine [25–31], the
rovision of efficient methods for its removal remains a challenge.

. Experimental

.1. Preparation of nanoporous TiO2

The suspensions were prepared by the sol–gel process [32,33],
sing 0.02 L of titanium tetraisopropoxide (Aldrich), added to a
olution of nitric acid in deionized water (Milli-Q) to achieve a
esultant Ti:H+:H2O molar ratio of 1:0.5:200 (v/v/v). The precipi-
ate obtained was continuously stirred until complete peptization
roduced a stable suspension, which was dialyzed in deionized
ater up to pH 3.5, using a Micropore (3500 MW) dialysis mem-

rane.

.2. Preparation of nanoparticulated TiO2

Titanium tetraisopropoxide (Ti(OPri)4) solution was slowly
dded to a mixture of acetylacetone/isopropanol (molar ratio = 1),
t room temperature with stirring. The clear mixture was
ubsequently added dropwise to an aqueous solution of para-
oluene–sulfonic acid (PTSH). The acidified (pH 2.3) solution was
efluxed for 18 h at 60 ◦C, under magnetic stirring. The flask was
tted with a CaCl2 trap to avoid exposure to moisture. The molar
atios used were PTSH/Ti = 0.2 and H2O/Ti = 4 (v/v) [18].

.3. Preparation of nanoporous and nanoparticulated Ti/TiO2
hin-film electrodes

Photoelectrodes of nanoporous and nanoparticulated Ti/TiO2
ere prepared according to the procedure previously described in

he literature [32,33]. The thin-film photoelectrodes were formed
y dip coating at a constant velocity (100 mm min−1) onto a tita-

ium foil (25.0 cm2 and 0.5 mm thickness, Goodfellow Cambridge
td.). A sequence of dipping, drying (at 100 ◦C for 1 h) and firing (at
50 ◦C for 3 h) was used for each coating (five repetitions), accord-

ng to the procedure described earlier [32,33].
hotobiology A: Chemistry 217 (2011) 259–266

2.4. Apparatus and procedure

The photoelectrocatalytic oxidation experiments were per-
formed in a 1-L capacity PVC (polyvinylchloride) reactor, operating
as a single compartment cell. A Ti/TiO2 photoanode, acting as work-
ing electrode of TiO2 (25 cm2), and an auxiliary electrode of Pt
gauze, were arranged around the lamp (80 W, Philips medium
pressure mercury, I = 2.732 mW cm−2), which was inserted into a
quartz tube, separated from the photoanode by a distance of 2.5 cm.
This system produced irradiation in the range 315–200 nm. All
the measurements were carried out after filling the reactor with a
solution of 5.35 × 10−5 mol L−1 dye in 0.1 mol L−1 aqueous sodium
sulfate (Na2SO4). The photoelectrocatalytic measurements were
conducted while bubbling compressed air through a small tube.

A galvanostat (AUTOLAB Model PGSTAT 302), controlled by
GPES software, was used to bias the photoanode during the photo-
electrocatalytic oxidation experiments. All the pH measurements
were carried out using a Corning 555 pH meter.

The indigo carmine dye concentrations were monitored in
a quartz cell, using a Hewlett Packard 8453 spectrophotome-
ter operating between 190 and 800 nm. Measurements of total
organic carbon were used to monitor the degree of mineraliza-
tion (Shimadzu TOC-VCPN analyzer). A high performance liquid
chromatograph (Shimadzu Model 10AVP), equipped with a pho-
todiode array detector, was used to separate and identify the IC
dye during the oxidation process. The separation column was a
G-ODS (4 mm × 250 mm, 5 nm), and the mobile phase was phos-
phate (3.0 × 10−4 mol L−1)/methanol, at a ratio of 70:30, flowing at
0.5 mL min−1 at room temperature.

The photoelectrodes were characterized by X-ray pow-
der diffraction (XRPD), using a Siemens D5000 diffractometer
(� = 1.541 Å) with (CuK�) graphite monochromatized radiation.
The surface morphology was investigated by both scanning elec-
tron microscopy (JEOL JSM-T330A) and atomic force microscopy
(Digital Instruments – Veeco MultiMode Nanoscope IIIa), operat-
ing in contact (Veeco NP N3Si4 probe) and tapping (Nanoworld NCH
silicon probe) modes.

3. Results and discussion

3.1. Photoanode characteristics

The surface porosity characteristics of both Ti/TiO2 electrodes,
prepared by the sol–gel method using either tetraisopropoxide
or modified tetraisopropoxide as precursor (denoted nanoporous
and nanoparticulated electrodes, respectively), were analyzed by
scanning electron microscopy and are compared in Fig. 2. The elec-
trodes exhibited high homogeneity but different morphologies.
Small clusters of titanium crystals were easily observed on the
nanoparticulated electrode (curves C and D), while the nanoporous
film (curves A and B) showed a cracked mud appearance with
no visible particles on its surface. This was confirmed by the 3D
topography of the TiO2 thin films obtained from AFM measure-
ments (Fig. 3). Except for the metallic titanium sample, whose
surface was not coated with any TiO2 thin film, the surfaces of the
electrodes treated at 450 ◦C showed particular nanostructural fea-
tures, such as a high density of grains with nanometric dimensions.
The grain analysis (Fig. 3) of nanoporous (A), nanoparticulated (B)
and metallic Ti (C) materials, performed at the 2.0 �m × 2.0 �m
scale using the tapping mode, indicated that both nanostructured
films possessed homogeneous geometry and a compact arrange-
for the nanoporous and nanoparticulated electrodes, respectively.
The amount of TiO2 anchored on the Ti foil surface area was esti-
mated to be around 152 g m−2 and 164 g m−2 for nanoporous and
nanoparticulated photoanodes, respectively.
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photocurrent decreased markedly when the concentration of IC
ig. 2. Scanning electron microscopy (SEM) images of the nanoporous (A and B) and
anoparticulated (C and D) materials, at different magnifications (500× and 5000×).

Fig. 4 shows the X-ray diffraction patterns of both TiO2 thin films
upported on titanium, with the presence of characteristic peaks of
he two expected phases, rutile (2� = 28) and anatase (2� = 25). All
he peak characteristics of the metallic titanium phase are indicated
s Ti (ASTMPDF). The peaks observed at 2� = 25 and 2� = 28 can be
ttributed to the anatase (A) and rutile (R) phases, respectively,
aking account of the well known convolution of peaks assigned by
he mixed symbol. This indicates that both electrodes were formed
f a mixture of allotropic titanium phases. Considering the rela-
ive intensities of these peaks, the proportion of each phase could
e calculated by integrating their areas. Results showed that for
he nanoporous electrode (X), the anatase/rutile phase proportion
as equal to 0.25, while for the nanoparticulated (Y) electrode the
roportion increased to almost 1.7.

The average crystallite size, representing the size of the domain
ossessing crystalline structure, was also calculated for both A and
peaks of each electrode. Assuming that the width of these peaks
as determined only by a size effect, the crystallite size was calcu-

ated using the Scherrer formula [34], in which this size is inversely
roportional to the width at half height. The values obtained were
0 and 10 nm, for the nanoporous and nanoparticulated electrodes,
espectively.

.2. Photoactivity of nanoporous and nanoparticulated electrodes

Fig. 5 illustrates the linear voltammograms obtained for the
anoporous and nanoparticulated Ti/TiO2 electrodes in 0.1 mol L−1

a2SO4, at pH 2.0, with and without UV irradiation. Under UV irra-
iation, both electrodes presented a typical photocurrent expected
or n-type semiconductor photoanodes [3,4]. Although the elec-
rodes had similar geometric areas, the photocurrent was almost
wo times higher for the nanoparticulated electrode. This suggests
igher e−/h+ charge separation, and lower recombination rates, on
anoparticulated electrodes, as expected because the surface area
f the film increases for smaller particle sizes and higher porosities.

Although the photocurrent onset potential (Eon) is often desig-
ated as the flat band potential (Efb), there are large uncertainties

n these measurements, since recombination can suppress the
hotocurrent in the vicinity of E [3]. Butler [36] has described
fb
n extrapolation procedure to determine Efb, based on curves of
hotocurrent vs. potential using the following equation: ; where

ph = photocurrent density, q = electron charge, ε = dielectric con-
tant, ε0 = permittivity of free space, I0 = photon flux, ˛ = absorption
Fig. 3. Atomic force microscopy (AFM) images of the Ti metallic substrate
(A), and the nanoporous (B) and nanoparticulated (C) electrodes. Scan area
30.0 �m × 30.0 �m.

coefficient for solids, Nd = effective density of states at the conduc-
tion band edge, E = potential, Efb = flat band potential. Fig. 6 shows
a plot of the square of the photocurrent vs. potential, which pro-
duces a straight line with intercept Efb. From these graphs, flat band
potential values of around −98 mV and −170 mV vs. Ag/AgCl were
obtained for nanoporous and nanoparticulated electrodes, respec-
tively. These values are in agreement with the different flat band
potentials reported in the literature for anatase and rutile [35].

The possible effect of IC dye adsorption on the Ti/TiO2 thin-
film electrodes was investigated using photocurrent vs. potential
curves recorded either in the absence of dye, or with differ-
ent dye concentrations, using linear sweep voltammetry (LSV) in
0.1 mol L−1 Na2SO4 electrolyte, at a scan rate of 10 mV s−1. The
in solution increased (Fig. 7), indicating strong dye adsorption
onto the TiO2 surface or transparency loss due to dye coloration.
Adsorption is critical for the photoelectrocatalytic oxidation pro-
cess. The Langmuir–Hinshelwood (L–H) model [37] was used to
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Fig. 4. X-ray diffraction of semiconductors fired at 450 ◦C for 3 h, prepared by the
sol–gel method as nanoporous (a) and nanoparticulated (b) materials.
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describe the dye photooxidation kinetics on both electrodes. In
the L–H model, 1/Iph = 1/k + [(1/kKC)], where k = oxidation rate con-
stant, K = adsorption constant and C = concentration (mol L−1). The
plot of 1/Iphs vs. 1/C for IC dye was linear up to 1 × 10−4 mol L−1,
with regression coefficients greater than 0.988. The adsorption
constants (insert of Fig. 7) estimated from the L–H model were
0.0208 mM−1 and 0.0724 mM−1, for nanoporous and nanopartic-
ulated electrodes, respectively, indicating that the adsorption of IC
was favored on the surface of small particles.

3.3. Influence of the photoanode on the degradation of indigo
carmine dye

The UV–Vis spectra obtained before, and 90 min after, photo-

electrocatalytic oxidation of IC (5.35 × 10−5 mol L−1) in Na2SO4
(0.1 mol L−1) on the nanoparticulated anode are shown in Fig. 8A.
The initial constant rate for this electrode is 5.0 × 10−2 min−1

which is referred to the decolorization process during the first
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The effect of controlled current density (0.2, 0.4, 0.5, 0.6
ecorded for 5.35 × 10−5 mol L−1 indigo dye in 0.1 mol L−1 Na2SO4, before (1) and
fter (2) 90 min of photoelectrocatalytic treatment of nanoparticulated electrodes,
sing a constant current density of 0.4 mA cm−2 and with UV irradiation.

5 min of oxidation. There was total suppression of the maximum
bsorption band at 610 nm, attributed to the chromophore site,
nd of the bands at 340 and 286 nm, associated with other aromatic
enters in the molecule. The degradation rate of the total oxidation
rocess is 33.0 × 10−2 min−1 after 90 min of treatment. Fig. 8B
isplays HPLC (diode array detector) chromatograms of the pho-
oelectrocatalytic products, obtained before and after treatment.
he original sulfate solution exhibits an intense peak at the IC
ye retention time [tr = 5.45 min (A = 120,000)], detectable up to
.0 × 10−7 mol L−1. This peak intensity was drastically reduced
uring photoelectrocatalytic treatment. Similar results were
btained for the nanoporous electrode. Peak 2 can be attributed to
he contaminant of the dye [tr = 5.97 min].

Fig. 9(curves A and B) shows fractional conversion plots relating
he IC dye concentration (� = ([C] − [C]0)/[C]) with concentrations
t time t [C] and at time zero [C]0, during spectrophotometric mea-
urements taken at 610 nm for both electrodes, where it is possible
o get 100% of discoloration after 30 min of treatment. The dis-
oloration follows a first order kinetic and the rate constant was
.4 × 10−2 min−1 and 3.0 × 10−2 min−1, respectively for nanopar-
iculated and nanoporous electrodes. The dye removal was also

onitored by HPLC-DAD and it was possible to reach 100% and

0%, after 300 min of treatment, respectively. Total organic carbon
TOC) concentrations, for the same solutions, are also presented in
ig. 9(curves C and D). TOC removal was around 20% higher for the
anoparticulated anode, indicating that smaller size TiO2 coatings
Fig. 9. Degradation of 5.35 × 10−5 mol L−1 of indigo carmine dye, monitored by
absorption band at 610 nm, on nanoporous (A) and nanoparticulated (B) electrodes,
and percentage of TOC removal on nanoporous (C) and nanoparticulated (D) elec-
trodes.

are more effective for organic pollutant mineralization. The miner-
alization follows a first order process observed, which rate constant
is 1.5 × 10−3 min−1 and 2.2 × 10−3 min−1 for nanoparticulated and
nanoporous electrodes, respectively.

3.4. Effect of pH

The influence of pH (in the range 2–10) on the discoloration rate
of IC dye (5.35 × 10−5 mol L−1) in Na2SO4 (0.1 mol L−1) was inves-
tigated for both the nanoporous and nanoparticulated electrodes.
Discoloration at all pH values was only observed for the nanopar-
ticulated electrode. The time dependence of the initial degradation
rate, evaluated from the slopes of the curves obtained for dye con-
sumption (mol L−1) at each pH, was calculated for the different
electrodes. The results obtained (Table 1) were in agreement with
a pseudo first order reaction. The initial degradation rate was much
higher at pH 2.0 for both electrodes, however the rate constant was
about 37% greater for the nanoparticulated electrode, compared to
the nanoporous system. This suggests that, in an acidic medium, the
anionic form of the dye (pKa = 1.2) is more strongly adsorbed on the
electrode surface (zeta potential = 5.0), when positively charged, in
good agreement with previous results [5,17]. Hence, pH 2.0 was
chosen as the optimum for photoelectrocatalysis of the IC dye. An
advantage was that there was no need for pH correction during the
treatment.

3.5. Effect of controlled current density

Most photoelectrocatalytic systems are based on application of
an anodic bias potential higher than the flat-band potential of the
Ti/TiO2 electrode. A potential gradient within the photocatalyst film
is provided under potentiostatic conditions, to efficiently force the
electrons to reach the counter electrode. Photogenerated holes can
therefore be trapped in the surface by H2O/OH− species, giving
rise to OH• radicals, which are essential for promoting the efficient
degradation of dyes. This work investigates a photoelectrocatalytic
system in the galvanostatic mode, operating with two electrodes
(working and counter electrode) under controlled anodic current
density.
and 0.8 mA cm−2) on the initial degradation rate of IC dye
(5.35 × 10−5 mol L−1) was tested for both electrodes, in Na2SO4
(0.1 mol L−1) at pH 2.0. As discussed previously, the discoloration
followed a pseudo first order kinetics, with initial degradation rates
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Table 1
Effect of pH, current density (J) and initial dye concentration (C) on the degradation kinetics (min−1) of indigo carmine on nanoporous (a) and nanoparticulated (b) electrodes.

pHa Current density (J) (mA cm−2)b Dye concentration (C) (mol L−1)c

pHa ka kb Jb ka kb Cc ka kb

2.0 24 × 10 38 × 10 0.2 16 × 10 27 × 10 25 × 10−5 70 × 10−2 63 × 10−2

4.0 10 × 10 10 × 10 0.4 18 × 10 33 × 10 30 × 10−5 31 × 10−2 40 × 10−2

6.0 10 × 10 10 × 10 0.5 16 × 10 27 × 10 54 × 10−5 25 × 10−2 30 × 10−2

8.0 10 × 10 10 × 10 0.6 29 × 10 24 × 10 10 × 10−4 10 × 10−2 20 × 10−2

10.0 10 × 10 10 × 10 0.8 28 × 10 37 × 10 25 × 10−4 3 × 10−2 8 × 10−2
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nanoporous electrodes, respectively. Maximum values achieved
using photolysis and photocatalysis were around 20–30%. The
photoelectrocatalysis technique is therefore not only efficient in
decolorization, but also in mineralization of the organic material.
a 5.35 × 10−5 mol L−1 of IC in 0.1 mol L−1 Na2SO4, current density of 2.0 mA cm−2.
b 5.35 × 10−5 mol L−1 of IC in 0.1 mol L−1 Na2SO4, pH 2.0.
c 0.1 mol L−1 Na2SO4, pH 2.0, current density of 2.0 mA cm−2.

Table 1) indicating that the maximum discoloration rate occurred
ith the nanoparticulated electrode, at 0.8 mA cm−2.

The influence of current density on the degree of TOC removal
howed some important differences. For both electrodes, max-
mum mineralization was achieved at a current density of
.4 mA cm−2, with values 10% higher for the nanoparticulated elec-
rode. At higher current densities, there was concomitant liberation
f oxygen gas, which competes with hydroxyl radical formation on
he electrode surface, hence decreasing efficiency.

The current efficiency was estimated considering the values
f total organic carbon (TOC) reached after photoelectrochemical
reatment, using the following equation [38]:

E(%) = {[(TOC)0 − (TOC)t] x [FV 100]}
8I�t

where (TOC)0 and (TOC)t are the total organic carbon (g L−1)
t times 0 and t, respectively, I is the current (A), F is the Fara-
ay constant (26.8 Ah), V is the volume (L) and �t is the time of
reatment (h). The results are shown in Fig. 10 (curves X and Y,
or the nanoporous and nanoparticulated electrodes, respectively).
or both electrodes, a current efficiency of 75–80% was reached at
controlled current density of 0.4 mA cm−2, after a treatment time
f around 60 min. These results indicate that it is possible to sim-
lify the photoelectrochemical reactor, using low current density

nstead of applied potential, since the latter requires a reference
lectrode to control the applied potential.

.6. Effect of dye concentration

The influence of initial IC dye concentration on the photoelec-
rocatalytic oxidation was investigated in order to optimize the
fficiency of the photoelectrodes. In the concentration range from
.5 × 10−5 mol L−1 to 1.0 × 10−4 mol L−1, in Na2SO4 (0.1 mol L−1)
nder constant current density (0.4 mA cm−2), there was com-
lete discoloration. Degradation rate values calculated for both
lectrodes are compared in Table 1. The results suggest that the
hotoelectrocatalytic process was more effective at low dye con-
entrations, probably due to the transparency of the solution. The
ye degradation rate was 20% faster for the nanoparticulated com-
ared to the nanoporous electrode, with fast degradation obtained
t initial dye concentrations of up to 1.0 × 10−4 mol L−1, although
he system required a longer treatment time.

.7. Comparison of photolysis, photocatalysis and
hotoelectrocatalysis treatments

In order to test the influence of the applied current density

n the photoelectrocatalyst, the degradation process of the IC dye
at a concentration of 5.35 × 10−5 mol L−1, in 0.1 mol L−1 Na2SO4
t pH 2.0 was compared with systems employing photocatalysis
UV + semiconductor) and photolysis (UV). TOC removals obtained
uring 90 min treatment using photolysis (curve A), photocatal-
ysis (curves B and C) and photoelectrocatalysis (curves D and E)
are compared in Fig. 11. For both electrodes, the degree of min-
eralization was higher for the photoelectrocatalysis treatment,
with 73% and 60% of TOC removal using the nanoparticulated and
Fig. 10. Current efficiency evaluated during photoelectrocatalytic oxidation of
5.35 × 10−5 mol L−1 dye in 0.1 mol L−1 Na2SO4, at pH 2.0, on nanoporous (X) and
nanoparticulated (Y) electrodes.
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.1 mol L−1 Na2SO4, at pH 2.0, using photolysis (A), photocatalysis on nanoporous
B) and nanoparticulated (C) electrodes, and photoelectrocatalysis on nanoporous
E) and nanoparticulated (D) electrodes, under a current density of 0.4 mA cm−2.

he nanoparticulated electrode showed enhanced performance
uring dye treatment.

. Conclusions

Photoanodes with different particle sizes, prepared by the
ol–gel method, exhibited different morphologies, but high homo-
eneity. Both of the electrodes studied presented good activity
or dye destruction, with the electrode produced with smaller
anoparticles exhibiting a two times enhancement of photoactiv-

ty. Both Ti/TiO2 coatings resulted in 100% color removal of indigo
armine dye, during a short period (15–20 min) of photoelectro-
atalytic treatment under optimized conditions, achieving 60% and
3% mineralization for the nanoporous and nanoparticulated elec-
rodes, respectively. This removal rate is much higher than those
reviously reported in the literature. The experimental conditions
ere optimized for maximum degradation kinetics on nanopar-

iculated Ti/TiO2, acting as anode electrode, with Pt as counter
lectrode. The optimized conditions using UV irradiation were an
C dye concentration of 5.35 × 10−5 mol L−1, pH of 2.0, and constant
urrent density of 0.4 mA cm−2. Our findings indicate that the use
f controlled current density is simpler, cheaper and easier to adapt
o industrial treatments, while the photoelectrodes prepared with
anoparticulated material provided greatest method efficiency.
hotoelectrocatalytic oxidation could be an effective alternative for
emoval of food dye contaminants during wastewater treatment.
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