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Anodic oxidation of organic pollutants on a Ti/SnO,-Sb,0,4 anode
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Abstract A Ti/SnO,—-Sb,O, electrode was prepared by
alternate Sn and Sb electrodepositions using the thermo-
electrochemical method. The chemical, electrochemical,
and structural characterization of the electrode was per-
formed and it was tested in the anodic oxidation of several
pollutants, phenol, ibuprofen, acid orange 7 (AQO7), and
diclofenac, all in aqueous 0.035 M Na,SO, solutions at
current densities of 10 and 20 mA cm™ 2. After the 24 h
assay, removal of chemical oxygen demand, total organic
carbon (TOC) and absorbance were very high, especially at
the higher current density. TOC removals presented the
lowest value. However, after 24 h at 20 mA cmfz, TOC
removals were: phenol—94%; ibuprofen—83%; AO7—
88%; and diclofenac—73%. Combustion efficiency and
instantaneous and mineralization current efficiencies were
also determined.

Keywords Ti/SnO,—Sb,0,4 anode - Anodic oxidation -
Phenol - AO7 - Ibuprofen - Diclofenac

1 Introduction

Biological treatment of wastewaters has become the most
important process for controlling aquatic environment
pollution caused by organic chemicals from municipal and
industrial sources. However, because some pollutants are
not biodegradable, tertiary oxidation processes can be a
solution for the removal of the remaining persistent organic

L. Cirfaco (<) - D. Santos - M. J. Pacheco - A. Lopes
UMTP and Department of Chemistry, University of Beira
Interior, 6201-001 Covilha, Portugal

e-mail: Iciriaco@ubi.pt

pollutants. Electrochemical processes are among the pol-
ishing treatments that can be successfully applied to com-
pletely remove the residual organic load from wastewaters.
However, it is critical to develop electrodes with a high
activity for the oxidation of the pollutants and that have a
long life and a low cost.

Pure SnO, is an n-type semiconductor, with a band gap
of about 3.5 eV, which cannot be used directly as electrode
material due to its high resistivity at room temperature.
Nevertheless, when doped with Ar, B, Bi, F, P, or Sb, its
conductivity increases considerably [1-6]. There have also
been attempts to use less common elements as doping
agents, like Ir, Rh, and various lanthanides [7-12].

Antimony is the most commonly used dopant in SnO,
electrodes. The behavior of SnO, and Sb-doped SnO, as
anodes has been previously investigated and compared
with that of several electrode materials like boron-doped
diamond (BDD) [1, 13-24].

Comninellis [25] has investigated different anode
materials, namely Pt, Ti/IrO,, and Ti/SnO,, in the elec-
trochemical conversion/combustion of several organic
pollutants. Simplified mechanisms for electrochemical
oxidation and combustion were presented, being the first
step of the mechanism the discharge of water molecules to
form "OH radicals:

MO, + H,0 — MO,(*OH) + H" +e". (1)

Depending on the nature of the electrode material
(MO,), selective oxidation (for “active” electrodes) or
combustion (for “non-active” electrode) can occur. The
Ti/SnO, has been considered “non-active” electrode since
Sn(IV) is the highest oxidation state. This anode has high
overvoltage for oxygen evolution reaction and can promote
the oxidation of organic compounds by highly reactive OH
radicals, generated at the electrode surface [25].
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The performance of doped SnO, electrodes is believed
to be superior to Pt, graphite, PbO,, and many other
common electrodes, due to its higher current efficiency and
because the oxidation reactions on the SnO, electrode are
very unselective, which gave this electrode the possibility
of being applied to a multitude of different wastewaters [1,
13, 15, 26].

The anodic oxidation of phenol was performed on dif-
ferent electrode materials and a SnO,—Sb,Os electrode
showed the highest ability to completely oxidize phenol
among PbO,, IrO,, RuO,, and Pt, and with a current effi-
ciency over three times higher than for the other electrodes
[16]. In addition, the behavior of a Ti/SnO,—Sb,0s5 elec-
trode in the electrodegradation of phenol in the presence of
NaCl was studied and compared with that of a Ti/IrO,
electrode, but the catalytic effect attributed to CIO™ was
only verified with the Ti/IrO, electrode [27].

Ti/SnO, and Ti/IrO, anodes were also used in the oxi-
dation of 1,4-benzoquinone [28]. With Ti/IrO,, non-toxic
carboxylic acids were obtained as final products, while
these carboxylic acids were oxidized to CO, with Ti/SnO,.

Polcaro et al. [29] compared the performance of Sb-
doped Ti/SnO, and Ti/PbO, anodes in the electrochemical
degradation of 2-chlorophenol and concluded that Ti/SnO,
presented a better ability to oxidize toxic compounds.
These two electrode materials were also used in the elec-
trochemical treatment of landfill leachate, but did not show
substantial differences under the experimental conditions
used [14]. A Ti—-SnO,—Sb,0O5 electrode, prepared by the
thermal method, and a BDD electrode were used in the
anodic oxidation of acetic acid, maleic acid, and phenol
[30]. Interestingly, the BDD electrode presented a higher
current efficiency and service-life. Furthermore, a mixed
oxide electrode of Ti/SnO,—Sb,03-Nb,O5/PbO, was
applied to the oxidation of phenol with good performance
[31]. The SnO,—Sb,05 layer was obtained by dipping and
annealing at 450 °C under an influx of oxygen, followed by
Nb,0s/PbO, electrodeposition. Recently, the anodic oxi-
dation of 4-chloro-3-methylphenol in aqueous solution
using Ti/SnO,—Sb/PbO, electrodes was investigated [32].
PbO, was used because it is a cheap material, easy to
prepare and has low resistivity, good chemical stability
and, with a SnO, + Sb,0j; interlayer, increased lifetime
and electrocatalytic activity.

Many of the variations in the preparation of SnO,
electrodes are meant to extend the lifetime, a problem
associated with the performance of the Ti/SnO, electrodes.
In fact, even when coated with films, the Ti substrate can
be oxidized either during the preparation process or when
working as an anode, due to film porosity that makes the
electrode permeable to oxygen. Therefore, to avoid TiO,
interlayer formation, which presents high resistivity, many
studies have been performed and several proposals have
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been presented, including the addition of Pt to the SnO,
film [33-36], a prior platinization of the Ti substrate fol-
lowed by SnO, deposition [37], an addition of IrO, or a
isomorphous structure interlayer [7, 38—41] or a RuO, [41]
or Sb,0, interlayer [42, 43] between the Ti and SnO,. All
of these procedures increased the lifetime of the electrodes,
in some cases up to two orders of magnitude longer [38].

Recently, Ti/SnO, anodes were prepared by chemical
vapor deposition (CVD) without O, as a precursor, avoiding
the formation of the TiO, passivation layer [44]. These
electrodes presented a compact microstructure with high
overpotential for oxygen evolution and a superior activity
for pollutant oxidation. Although a higher surface area
should lead to improved catalytic properties in this electrode
(as in BDD) prepared by CVD, the surface area was smaller
than when prepared by conventional methods, but the cat-
alytic properties were still improved. In another recent
report in this area, Sb-doped SnO, electrodes were prepared
by two different methods, electrodeposition followed by
thermal oxidation, which gave a nanocoated material, and by
a dip-coating method, where a non-coated material was
obtained [45]. When comparing the performance of both
these electrodes, the nanocoated electrode gave a faster and
higher phenol and TOC removals, probably due to the larger
specific surface area and oxygen adsorption.

The various studies found in the literature have shown
that doped Ti/SnO, is a very promising material for the
electrodegradation of organics, due to its unselective
character toward anodic oxidation and also because of its
low price, especially when compared to BDD. However, its
main disadvantage is the low stability under anodic
polarization. Therefore, the objective of this study was to
study the stability of Ti/SnO,—Sb,0, electrodes, prepared
by the thermo-electrochemical method, which involves
alternate Sn and Sb electrodepositions. This study also
aims to test these electrodes as anodes in the electro-
chemical degradation of different classes of persistent
organic pollutants and evaluate the obtained combustion
efficiencies. The chosen organic compounds were phenol,
frequently used as a model compound, ibuprofen, a phar-
maceutical drug, AO7, an azo dye, and diclofenac, another
pharmaceutical drug and the only compound in this group
that contains chlorine in its structure.

2 Materials and methods
2.1 Chemicals

The following reagents were used, as purchased, in the
preparation of the electrodes: titanium foil, 0.25 mm thick,
99.7%, Sigma-Aldrich; sodium hydroxide, 96.8%, Prona-
lab; oxalic acid, 99%, Merck; chloridric acid, 37%,



J Appl Electrochem (2011) 41:577-587

579

Pronalab; tin (IT) chloride, 98%, Sigma-Aldrich; antimony
(IIT) chloride, 99%, Fluka; and citric acid 100%, Pronalab.
The chemicals used as model pollutants and electrolytes
were AO7, 85%, Aldrich; sodium ibuprofen salt (IBU),
99.8%, Sigma-Aldrich; sodium diclofenac salt (DIC), 99%,
Sigma-Aldrich; phenol (Ph), 99.5%, Merck; and sodium
sulfate, 99%, Merck.

2.2 Preparation of Ti/SnO,—Sb,0O, anodes

Ti substrates, with dimensions of 2cm X 2.5 cm X
0.25 mm, were pre-treated with a mechanical polishing
followed by etching with 40% NaOH (w/w) at 80 °C for
2 h and with 15% oxalic acid (w/w) at 98 °C for 1 h. The
substrates were then washed with doubly distilled water.

The alternate Sn and Sb electrodeposition on the Ti
substrate was carried out in a double wall cell of one
compartment connected to a thermostatic water-bath, with
recirculation, containing a Ti substrate used as the cathode
between two Pt anodes. A 100 mL volume of an aqueous
solution with 0.948 g of SnCl, and 2 mL of concentrated
chloridric acid was used with a current density of
10 mA cm ™2 maintained for 2 h 45 min at 35 °C for the
Sn deposition. For the Sb deposition, a volume of 100 mL
of an aqueous solution with 1.329 g of SbCl; and 3.842 g
of citric acid was used and a current density of
10 mA cm™? was applied for 30 min at 35 °C. These two
procedures were repeated four times. After this treatment,
the electrodes were heated in a tubular furnace at 550 °C
for 3 h to obtain the respective oxides. The geometric area
of the prepared electrodes was 10 cm? (both sides).

2.3 Characterization of the electrodes

Electrodes were structurally characterized by X-ray powder
diffraction (XRD) at room temperature using a Rigaku
DMAXIII/C diffractometer with Cu K, radiation (4 =
0.15406 nm) and working at 30 kV/40 mA. The diffraction
patterns were collected in the range of 20 = 10-90° with a
0.02° step and an acquisition time of 2 s/step. Their mor-
phology was then characterized by scanning electron
microscopy (SEM), and the microanalysis was performed by
dispersive energy spectroscopy (EDS) in a Hitachi (S-2700)/
Oxford (60-74) system operating at 20 keV.

The cyclic voltammetric measurements were performed
in a potentiostat/galvanostat VoltaLab PGZ 301 in an one
compartment cell with a 10 cm’ Ti/SnO,—Sb,0, electrode
as the working electrode, a 5 cm? (each side) platinum
plate as the counter electrode and a commercial saturated
Ag/AgCl, KClg, electrode as the reference electrode.
Voltammograms were recorded at 20 and 50 mV s~ in
0.035 M Na,SO, aqueous solution with pollutant concen-
trations varying between 0.2 and 1.5 g L™

2.4 Electrodegradation assays

Electrodegradation experiments were conducted in a
250 mL undivided cell using batch mode with stirring. The
anode was a Ti/SnO,—Sb,0, electrode and the cathode a
stainless steel foil, both electrodes being 10 cm? in area
and having a 1 cm gap between them. All anodic oxidation
assays were performed under galvanostatic conditions with
imposed current densities of 10 and 20 mA cm % The
processed solution volume was 200 mL with a concentra-
tion of 100 mg L' for IBU, AO7, and DIC, and
200 mg L™ for phenol. Sodium sulfate aqueous solutions
(0.035 M) were used as the supporting electrolyte in all
experiments. Assays were run for 24 h, and data points
were collected at 2 h intervals during the first 8 h with a
final one collected at 24 h. The degradation of the organic
pollutants was followed by UV—Visible absorption spec-
trophotometry with absorbance measurements between 200
and 800 nm using a UNICAM Helios-o. UV/VIS spectro-
photometer. Chemical oxygen demand (COD) determina-
tions were made using the titrimetric method with closed
reflux [46]. The decrease in organic carbon content during
the assays was monitored by measurements of the total
organic carbon (TOC), performed in a Shimadzu TOC-
Vepriopn apparatus. All of the assays were repeated twice,
and COD and TOC values presented are presented as mean
values.

3 Results and discussion
3.1 Electrode characterization
3.1.1 Structural characterization by XRD

After calcination at 550 °C, a X-Ray diffractogram was
obtained (Fig. 1a) and compared with those from the
JCPDS ICDS database. The presence of two phases, Sb,O4
(file PDF#11-0694, relative to an orthorhombic structure
with a = 5436 A, b =481 A, and ¢ = 11.76 A) and
SnO, (file PDF# 41-1445, tetragonal structure with
a=b=147382 A and ¢ = 3.1871 A) were confirmed. It
could therefore be concluded that, with the experimental
conditions used, the obtained oxides were tin (IV) oxide,
and antimony tetroxide in the oxidation states of (III) and
(V), similar to the electrodes prepared for another study
[42].

3.1.2 Morphological characterization by SEM
Figure 1c contains the micrographs of the Ti/SnO,—Sb,0,

electrode after the final calcination at different magnifica-
tions. The material presented characteristic aspects of
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Fig. 1 a X-ray diffractogram of
the Ti/SnO,—Sb,0, electrode in
its final form after calcination at
550 °C, b cyclic voltammogram
for the system Ti/SnO,—Sb,0,4/
Na,S04 (0.035 M) or Na,SO4
(0.035 M) + pollutant

15¢g L~"). Scan rate of

20 mV s™', ¢ micrographs of
the Ti/SnO,-Sb,0, electrode
after the final calcination at
550 °C with different

0.10 -
b [Pollutant) = 1.5 g L'%; [N2,50,] =0.035 M
= 1\ -1
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cracked mud, having already been referred to by other
authors [37, 41].

3.1.3 Chemical characterization by EDS

The results from the EDS analysis of the final stage of the
electrodes preparation, in atomic molar percentages, were
the following: O—71%, Sn—11%, and Sb—18%. These
results corresponded to a composition for the material of
36.5% SnO, and 63.5% Sb,0O4. The Sb,0, content, which
was higher than expected, may be due to the fact that the
final layer consisted of antimony, which is more easily
detected by EDS.

3.1.4 Electrochemical characterization by cyclic
voltammetry

To avoid the reduction of Sn or Sb at the electrode
surface, voltammetries were only run for potentials higher
than —0.5 V. Although voltammograms for the system
Ti/SnO,—Sb,04/Na,SO,4 (0.035 M) were run for different
organics concentrations and scan rates, the best defined
peaks were obtained for the concentration 1.5 g L™" at a
scan rate of 20 mV s~ (Fig. 1b). In addition to an
increase in anodic current up to E = 0.6V versus
Ag/AgCl, KClg,, probably due to the oxidation of Sb(III)
to Sb(V), a shoulder due to the oxidation of sulfate to
persulfate appeared. This feature arose at 1.724 V versus
Ag/AgCl, KClg,, at pH 7 [47]. Very high overpotentials
for oxygen evolution were also noted at 1.8 V versus
Ag/AgCl, KCly,,, in agreement with what was observed by
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Cui et al. [24], suggesting that this material has the
potential for anodic oxidation of organic pollutants.

Figure 1b presents the cyclic voltammetries performed
with the Ti/SnO,-Sb,04/Na,SO, (0.035 M) + pollutant
(1500 mg L™") system at a scan rate of 20 mV s~ '. As can
be observed, in the presence of the pollutant there is an
increase in current in all of the anodic ranges, even in the
oxygen evolution region, except for ibuprofen. This
increase may be due to the oxidation of the pollutant
molecule. According to these results, all pollutants except
ibuprofen could compete with water oxidation at current
densities higher than approximately 4 mA cm™2. However,
to perform the complete oxidation of the studied pollutants,
as well as the metabolites that may result from the first
steps of the oxidation, and to avoid the electrode surface
passivation that happens for low applied potentials, the
electrodegradation assays were run at the higher current
densities of 10 and 20 mA cm ™2, thus guaranteeing an
applied potential high enough to allow the complete oxi-
dation of organics and to prevent passivation.

The relative roughness factor [48], R of the electrode
coating was estimated by running cyclic voltammetric
curves with the Ti/SnO,—Sb,0, electrode as the working
electrode in an one compartment electrochemical cell.
Since the electrode was made of conductive oxides, there
must be a linear dependence between the double layer
charging currents, I, and the scanning rates, v, closely
related to the double layer capacitance, C, of the electrode/
solution interface. Figure 2 presents several cyclic vol-
tammograms recorded at different scan rates between 2 and
10 mV s~ !in 0.035 M Na,SO, aqueous solutions between
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Fig. 2 Cyclic voltammogram obtained at the double layer region for
different scan rates between 2 and 10 mV s™' with a 0.035 M
Na,SO, solution (inset linear regression of / vs. v measured at £ = —
0.15V)

—0.2 and —0.1 V versus Ag/AgCl, KClg,. As can be seen,
only double layer charging currents were subsequently
observed. From the above-mentioned current—potential
curves, I values for different scan rates were obtained at
E = —0.15 V versus Ag/AgCl, KClg,, a point where an
approximate symmetry of anodic and cathodic currents was
observed. From the plot of I versus v (see inset in Fig. 2)
the following linear equation was obtained:

I(mA) = 0.4664v(mV s7'),  with > = 0.999. (2)
Dividing the slope value, 0.4664 F, by the geometric area
of the electrode, the normalized capacitance of the oxide/

solution interface (C = dg/dE = dI/dv), Crj/sno,—sb,0,
0.0466 F cm~2, can thus be obtained. To estimate the rela-
tive roughness factor of the Ti/SnO,—Sb,O, film, its
capacitance was compared with that of an oxide with a
smooth surface, which was assumed to be 60 pF cm 2
[48], providing a Ry= 777 for the prepared material.
This value was roughly on the same order of magnitude of

other roughness factors presented in the literature for
oxides [49].

3.2 Electrodegradation assays
3.2.1 Phenol

Figure 3 presents the experimental result obtained in the
degradation of phenol. The absorption spectra for the
assays run at the different current densities, depicted in
Fig. 3a, b, showed a regular decay in absorbance at the
characteristic wavelengths, particularly 210 nm. However,
there was a broadening of the band at 268 nm, probably
due to the formation of polymeric substances frequently
observed during the anodic oxidation of phenol [50]. For
the experiment run at 10 mA cm™2, even after 24 h the
removal of absorbance at both wavelengths was lower than
60%. This fact must be related to the passivation of the
electrode by polymers formed at its surface, an effect that
was partially avoided when higher current density, and,

Fig. 3 a, b UV-Vis absorption alt b 20
spectra, ¢ COD and TOC decay, 10 mA em™? 20 mA cm?
and d relative removal of COD, oh
TOC and absorbance =~ 124~ UTUTTY e e z:
(A) measured at 210 and ~ h\N» 0 ——— - sn | =N —  &h
268 nm for the * - — — —  &h
electrodegradation assays of g1 v T gy T T 2n
phenol (200 mg L™" in 200 mL on
of 0.035 M Na,SO,4 aqueous
solution) run at two different
current densities, 10 and
20 mA cm™ 2 Anode—Ti/ o GES
Sn0,-Sb,0, (10 cm?); " = - i
cathode—stainless steel foil
(10 cm?)
c 600
—®—— cobio @ CoD_10
500 . 0 COD_20 084 —O- COD_20
o AN ——Y——- TJocio — o —¥-T0C]10
o \‘\ —_——f— TOC_20 g 7 =& TO0C_20
£ 4001 5 g 3 o ® w2020
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Table 1 Kinetic constants,

. ‘- —5 —1
experimental slopes of the linear Compounds (Cr;llzreél;g%;lmy kapp (1077 577 siﬁfng(é(jD fic
fit of TOC versus COD and o
combustion efficiencies (1c) Phenol 10 1.2 (0.98) 0.124 0.39
calculated using Eq. 4 for the
degradation of the different 20 4.7.(0.99) 0.214 0.67
organic compounds at 10 and Ibuprofen 10 0.8 (0.98) 0.133 0.45
20 mA cm > 20 3.5 (0.99) 0.096 0.32

AO7 10 2.3 (0.99) 0.136 0.39

20 3.7 (0.99) 0.136 0.39

Diclofenac 10 - 0.267 0.79

The values in brackets are for 20 _ 0.145 0.43

correlation coefficients (R%)

consequently, higher applied potential, was used (the
absorbance removal was almost complete after 24 h at
20 mA cm ).

In Fig. 3c, the decay of COD and TOC versus time is
depicted. The increase in current density played an obvious
role in the oxidation rate, as the removal of both parameters
after 24 h was almost complete. For the first 8 h assay, an
exponential equation could be fit to the experimental COD
versus time data:

In COD = In CODy — kypp 7. (3)

This equation showed pseudo first order kinetics with an
apparent kinetic constant k,pp, in s~!, that depended on the
current intensity (Table 1). In Eq. 3, COD, stands for
initial COD and ¢ is the time, in seconds. Furthermore, even
after 8 h, the removal of COD and TOC (Fig. 3d) were
very high, particularly for 20 mA cm 2. The difference in
COD and TOC removals in the same assay points to a
degradation where the combustion of the pollutant is not
complete, especially at 10 mA cm™2. In this figure, it is
also worth noting the unusual fact that the decrease in
absorbance was lower than the removal of the organic load.

3.2.2 Ibuprofen

In Fig. 4a and b, the absorption spectra for the samples
collected during the electrodegradation of IBU are pre-
sented, showing a regular decay with time that was more
obvious at higher current density. This increase in the
absorbance removal with current density was also observed
for COD and TOC removal rates (Fig. 4c). Equation 3 was
also fit to COD versus time data, and the k,,, values thus
obtained are presented in Table 1. The COD removal also
followed pseudo first order kinetics, with the influence of
current intensity being even more evident in this case than
in phenol degradation. In fact, except for the absorbance
measurements at 260 nm, there was a very marked influ-
ence of current density on the removal rate of the studied
parameters (Fig. 4d). In the case of absorbance at 260 nm,
an increase in absorbance was observed with time for both
current densities. This phenomenon was probably due to
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the formation of intermediates that also absorbed at the
measured wavelength. In addition, the band with a maxi-
mum at 260 nm displayed a broadening, in particular for
the lower current density. This observation is usually
caused by the formation of polymeric structures, whose
formation is enhanced by low current densities.

3.2.3 AO7

The experimental results obtained in the electrodegradation
assays performed with the dye AO7 are presented in Fig. 5.
The absorption spectra show an almost complete absor-
bance removal after 8 h, especially for the assay performed
at 20 mA cm™° (Fig. 5a, b). COD and TOC removals also
increased with current density (Fig. 5c). However, the
current intensity influence was less apparent, as can be
gathered from the values of k,p, listed in Table 1, which
resulted from the adjustment of Eq. 3 to experimental COD
versus time data. The kinetics were pseudo first order in
this case as well.

When relative removals of all the studied parameters
were compared (Fig. 5d) independently of the applied
current density, several conclusions could be drawn. First,
the combustion efficiency must be low because the COD
removal rate was always higher than the TOC removal rate.
This conclusion was corroborated by the fact that, at both
wavelengths, absorbance removal rates were higher than
that of COD, meaning that bonds responsible for absor-
bance at the chosen wavelengths were being broken. This
breakage then gave origin to other smaller organic com-
pounds in addition to carbon dioxide. Second, the removal
rate of the absorbance measured at 486 nm was higher than
that measured at 230 nm, meaning that the azo bond,
absorbing at 486 nm, was more easily broken than the
aromatic bonds, which absorb at 230 nm.

3.2.4 Diclofenac

The results obtained in the anodic oxidation of diclofenac
are depicted in Fig. 6. Regarding the absorption spectra
(Fig. 6a, b), there was a regular decay of absorbance with
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Fig. 4 a, b UV-Vis absorption a 0.7 b 0.75
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time, which was more pronounced for the highest applied  degradation of the other pollutants tested. However, for the
current density, especially during the first part of the assay. = COD and TOC results (Fig. 6¢c), there was a significant
This behavior was similar to what was observed for the  difference between the results obtained for this compound
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Fig. 6 a, b UV-Vis absorption
spectra, ¢ COD and TOC decay,
and d relative removal of COD, 1.00 1
TOC and absorbance

a 1.25

electrodegradation assays of
diclofenac (100 mg L™ in .
200 mL of 0.035 M Na,SO, 0507 - Nad
aqueous solution) run at two .

different current densities, 10
and 20 mA cm™2 Anode—Ti/
Sn0,-Sb,0, (10 cm?);
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0.75 1 e — gh 0.75 1
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Abs
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(2]

COD or TOC /mgL"

and for the others. In fact, in the first 8 h, the COD removal
rate was almost independent of current density and the
TOC removal rate only slightly decreased with current
density. Another special feature presented by this assay
was the abrupt decrease in COD during the first 2 h of the
experiment that prevented fitting of Eq. 3 to the experi-
mental data. This behavior is often observed during the
anodic oxidation of pollutants containing chlorine in its
structure or when chloride salts are used as the electrolyte,
as hypochlorite is formed at lower electrochemical poten-
tials than other possible oxidants, like persulfate or
hydroxyl radicals [51]. Furthermore, the absorbance
removal at 275 nm was much low at the lowest current
density, but very similar to the removals of COD and TOC
for the same applied current density (Fig. 6d). These
observations implied that the diclofenac combustion effi-
ciency must be high at these experimental conditions. On
the other hand, the mineralization for the applied current
density of 20 mA cm™? was much smaller than at
10 mA cm ™2, since the difference between COD and TOC
removals increase with the applied current density.

3.3 Determination of combustion and current
efficiencies

The degree of combustion could be estimated by
determining the ratio between TOC and COD decay,

@ Springer
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dTOC/dCOD [52]. According to this method, combustion
efficiency, #c, is given by:
_ 32/n\dTOC 4
B E(E) dCOD’ @)
where TOC is in mgc L~!, COD in mgg, L™', n is the
number of electrons transferred to the electrode in the
process of the complete combustion of the organic
pollutant molecule, and x is the number of carbon atoms
of the organic compound. The electrochemical combustion
reactions of the studied compounds are then:

Nc

Phenol: C¢HgO + 11H,0 — 6CO, + 28H" + 28~ (5)

Ibuprofen: C13H;70,Na + 24H,0

— 13CO, + Na®™ + 65H" + 66¢~ (6)
AO7: CigH{{N,SO4Na + 32H,0 — 16CO,

+ 2NH;" + SO,* + Na® +67H" + 68e~ (7)

Diclofenac (assuming that Cl is oxidized to OC1™):
C]4H10NC1202Na + 28H20 — 14C02 + NH4Jr
+20Cl” + Na* + 62H" + 62e". (8)

To establish the experimental d-TOC/dCOD values, linear
fits were used for the TOC versus COD experimental data
and the slopes were determined (Fig. 7). In this calculation,
only experimental data for the two first hours were used to
minimize the influence of the intermediates that formed
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during the anodic oxidation. The values for the combustion
efficiency of the different studied compounds, calculated
with the slopes from Fig. 7 and using Eq. 4, are presented in
Table 1, as well as all of the data needed to calculate #c. In
general, the combustion efficiency was low in all of the
studied cases and was independent of the applied current
density only for AO7.

Combustion efficiency was already calculated for the
anodic oxidation of phenol [52] at a BDD electrode at 10
and 30 mA cm 2. The obtained #c values were, respec-
tively, 0.41 and 0.87, which were in agreement with those
obtained in this study. For ibuprofen, there are also values
in the literature [49] calculated for BDD and Ti/Pt/PbO,
electrodes at 20 mA cm™ > (0.99 and 0.87, respectively).
These authors also calculated the combustion efficiency
with the same electrodes at 30 mA cm > and obtained
nc = 1 for both electrode materials. These results were
completely different from those obtained in this study

leading to COD decay without any reduction in TOC. This
fact can be observed in Fig. 5d, where the removals for
both current densities of the studied parameters were as
follows: absorbance (486 nm) > absorbance (230 nm) >
COD > TOC.

In the case of diclofenac, the highest value observed for
Nc was at 10 mA ¢cm ™2, which then decreased sharply with
increases in current density. This behavior was due to the
low TOC removal at 20 mA cm ™2 when compared with
COD removal and could be explained by the favored for-
mation of oxidized intermediates more resistant to miner-
alization at higher currents.

In parallel to the above studies, the instantaneous current
efficiency [53] (ICE) and the mineralization current effi-
ciency [54] (MCE) could also be calculated using the fol-
lowing equations:

B COD; — COD,yx;
because #c was less than half of the value presented in that ICE = FV( 8IAt ©)
study for Ti/SnO,—Sb,0,4 anodes [49] and decreased with
) ) ATOC
applied current density, contrary to what was reported for MCE = ———. (10)
2 AT()Ctheor

the other electrode materials. In fact, at 10 mA cm™“, the
overlap between the removals of absorbance, COD and
TOC can be observed for IBU (Fig. 4d). However, because
the absolute removals of these parameter were very low,
the small absolute differences corresponded to high relative
differences and to low combustion efficiency.

The low combustion efficiency obtained for AO7 was
expected because the azo bond is oxidized more easily,

where F is the Faraday constant, V is the volume of the
solution in m3, I is the current intensity, ¢ is the time in
seconds, ATOC,,,, is the experimental TOC removal and
ATOC ¢ s the theoretical TOC decay assuming that the
applied electrical charge is only consumed in the miner-
alization process of the pollutant. The results for ICE and
MCE are plotted in Fig. 8 for both applied current
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densities. ICE, for all of the tested pollutants and for both
current densities used, was always lower than 30%, which
pointed to electrodegradations that were not fully con-
trolled by the current. However, the influence of current
density on phenol, IBU, and AO7 was evident from the k,pp,
values. In the case of DIC, ICE decreased with current
density, pointing to a process where the diffusion played a
more important role, which agreed with the observation
that the COD removal rate was almost independent of
current density. Moreover, although MCE and #c have
different meanings, the conclusions obtained from both
parameters were similar (i.e., the highest value at
10 mA cm™? was observed for DIC, the highest value at
20 mA cm™? was observed for phenol and AO7 and the
IBU MCE and 7 were only slightly dependent on current
density).

4 Conclusions

The Ti/SnO,-Sb,0O, electrode, prepared by alternate Sn
and Sb electrodepositions and followed by heating in air
at 550 °C to form the respective oxides, was proven to be
effective in the degradation of phenol, IBU, AO7, and DIC.
The preparation method involves a relatively simple, rapid,
and low cost technique. In general the decrease in the
various parameters used to follow the degradation was
different, as absorbance decreases were larger than for
COD or TOC. Interestingly, TOC removals presented, in
most cases, the lowest values, which meant that the

@ Springer

mechanism of electrodegradation did not move directly to
mineralization, but rather followed a pathway that involved
the formation of intermediates. This fact was in agreement
with the low combustion efficiencies observed that, except
for the dye AO7, were found to be dependent on current
density. For the remaining experimental conditions tested,
ICE was lower than 30% and the relative values of MCE
for the different compounds studied followed a trend
identical to that of #c. The electrode was stable throughout
the experiments and, if further improvements are made to
increase its durability and mineralization efficiency, it can
be a good alternative to the expensive BDD anode.
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