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a  b  s  t  r  a  c  t

In this  work,  the electrocatalytic  performance  of  Ti/SnO2-Sb(13-x)-Pt-Ru(x)  anodes  (x  =  0.0, 3.25  and
9.75  at.%)  towards  phenolate  elimination  has  been  analyzed  and  compared  to  those  of  conventional
Ti/RuO2 and  Ti/Co3O4 anodes,  to  evaluate  their  application  for decontamination  of concentrated  alka-
line  phenolic  wastewaters.  The  effects  of  the  applied  current  density  and  the  nature  of  the  anode  on  the
activity,  kinetics  and  current  efficiency  for phenolate  elimination,  COD  removal  and  benzoquinone  by-
product  formation/degradation  have  been  thoroughly  examined.  The  Ti/SnO2-Sb-Pt  anode  exhibits  the
best  electroactivity,  fastest  kinetics  and  highest  current  efficiency  among  the  studied  anodes,  but  poor
electrochemical  stability.  The  introduction  of  small  amounts  of  Ru  (3.25–9.75  at.%)  brings  about  a  slight
loss  of  the electrocatalytic  performance,  but  it causes  a remarkable  increase  in the  stability  of  the elec-
trode.  In  terms  of energy  consumption  and  stability,  the  Ti/SnO2-Sb(9.75)-Pt-Ru(3.25)  electrode  seems

to be  the  most  promising  anode  material  for the  electrochemical  treatment  of alkaline  phenolic  wastew-
aters.  The  increase  in  current  density  generally  leads  to significantly  faster  phenolate,  benzoquinone  and
COD degradations,  but with  lower  efficiency  because  of  an  increasing  selectivity  to  water  oxidation.  A
correction  of  the  ideal  kinetic  model  has been  proposed  to predict  the  oxidation  of  organics  on non-active

metal  oxide  anodes.

. Introduction

One of the most representative groups of priority pollutants are
henolic compounds [1,2]. Phenol and its derivatives are important
recursors for the production of several chemicals and goods of
igh industrial relevance, like phenolic and epoxy resins; nylon and
spirin; explosives, adhesives, paper, paint, dyes, herbicides and
esticides, etc. In addition, several pharmaceutical products also
ontain phenol, and large amounts of phenolic wastes are obtained
s by product at refineries. Phenolic compounds are carcinogenic,
ighly toxic and may  cause death even at low doses [3]. Hence,

nvestigation on new or improved technologies and treatments for
henol abatement is of paramount importance.

Several technologies including biological depuration [4],
dsorption [5], chemical [6] and supercritical water [7] oxidations,

ncineration [8], photocatalytic [9] and electrochemical [10–26]
egradation, etc. have been proposed for the removal of phenolic
ompounds in wastewater. In particular, electrochemical technolo-

∗ Corresponding author.
E-mail address: morallon@ua.es (E. Morallón).

ttp://dx.doi.org/10.1016/j.apcatb.2016.06.038
926-3373/© 2016 Elsevier B.V. All rights reserved.
© 2016  Elsevier  B.V.  All  rights  reserved.

gies show a unique combination of advantageous features and
enormous potential for wastewater treatment [27–29]. Essentially,
they can be conveniently operated in situ, at ambient temperature
and pressure, with low energy consumption and short time require-
ments, just by using electrons as the only reagent. Moreover, these
technologies can eliminate pollutants of high toxicity, and can be
connected and supplied with renewable energies.

In spite of all these benefits, the efficiency of electrochemical
treatments strongly depends on the nature of the electrocatalyst
and concentration of pollutants [30–32]. As a consequence, the
practical feasibility of electrochemical technologies for wastewa-
ter treatment demands the development of low-cost anodes with
enough suitable activity and stability, and it will probably be
associated to (i) on-site wastewater systems releasing more con-
centrated and less-fluctuating wastewaters; (ii) separation and/or
pre-concentration treatments (i.e., following solvent extraction,
adsorption, etc.); and/or (iii) tertiary treatments to improve the
effluent quality, when necessary and the cost and efficiency are
less important.
Another important parameter is the pH of the aqueous medium,
which remarkably affects the degradability of pollutants, the selec-
tivity of reactions and the stability of electrodes. In literature, most

dx.doi.org/10.1016/j.apcatb.2016.06.038
http://www.sciencedirect.com/science/journal/09263373
http://www.elsevier.com/locate/apcatb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apcatb.2016.06.038&domain=pdf
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ork dealing with the development and study of new electrocata-
ysts for the electro-oxidation of phenol tested their performance
t low pollutant concentration and in acid or neutral media. How-
ver, alkaline waters containing phenols are also very important
astes. They are broadly generated for example in paper and
ulp de-inking processes [1,2] or when using alkaline cleaning
olutions and phenolics-containing industrial detergents [1,2,33].
ost remarkably, alkaline wastewaters streams with high con-

entration in phenols (500–4000 ppm) are produced by petroleum
mainly from crude desalting and fractionation; thermal, catalytic
r hydro-cracking; solvent refining; drying and sweetening of fuels)
1,2,34–37] and metallurgical (coke production, blast furnaces,

etal finishing) [1,2,38,39] industries.
On the other hand, alkaline conditions have been found to be

dvantageous for the electrochemical treatment of other pollu-
ants accompanying phenols in water, like ammonia [40] or cyanide
41,42]. In addition, these conditions are sometimes optimum for
ther treatments that can be combined with the electro-oxidation
ne [43–47]. In particular, we have previously studied the electro-
hemical regeneration of activated carbon saturated with phenol,
nd maximum efficiencies of 90% were achieved under alkaline
edium [44,45]. Upon the course of this process, the desorbed

henolate in the recirculating solution, facing to electro-oxidation,
eached a maximum concentration of 1000 ppm.

Among different candidates, tetragonal rutile-like transition
etal oxides (TMOs) supported on titanium (commonly known as

imensionally stable anodes, DSAs), have been successfully applied
s anodes in a number of important electrolytic processes [48,49].
he stability and electrochemical activity of these electrodes are
argely determined by the nature of the active component and
he pH of the used medium [13–15,23,50]. The anodes based
n SnO2-Sb show low catalytic activity for the competing oxy-
en evolution reaction (OER), thereby being very effective for the
lectro-oxidation of phenol in waste waters [10–12,15,20,21]. In
act, they are considered the most promising alternative to the

ore expensive and fragile boron-doped diamond (BDD) elec-
rodes [16–19] and the more harmful, lead-leaching, PbO2-based
nes [15]. However, SnO2-Sb anodes suffer from a quite poor elec-
rochemical stability in different electrolytes [51–54]. Previous
tudies in our research group pointed out that the introduction
f small amounts of Pt (3 at.%) in SnO2-Sb anodes remarkably
ncreased their service life [20,51,52,54] and the catalytic activity
owards phenol oxidation in acid medium [21]. However, SnO2-
b and SnO2-Sb-Pt anodes still showed a reduced service life in
lkaline conditions [20,54].

Contrary to SnO2-Sb-based electrodes, RuO2-based anodes have
een widely used due to their high stability [54] and good catalytic
ctivity, even for the oxygen evolution reaction (OER) [55,56] in
lkaline conditions. Although RuO2-based anodes have excellent
tability, they are less active for substrate mineralization, in part
ecause they are more efficient in the OER, which is parasitic to
ubstrate oxidation [30–32].

There are some papers reporting on the preparation and charac-
erization of Ru-doped SnO2, but only a few of them evaluated their
ctivity in the electrochemical treatment of phenol wastewaters
13,20,22–24]. In addition, all these works dealt with acid or neu-
ral electrolytes and low phenol concentrations (<200 ppm), and
he stability and cost of the electrodes were not considered. On the
ther hand, to the best of our knowledge, there are a few works on
he electro-oxidation of concentrated alkaline phenolic wastewa-
ers, independently of the nature of the used anode [25,26,42].

In previous works [54,55], various Ti/SnO2-Sb(13-x)-Pt-Ru(x)

lectrodes were synthesized and characterized from structural,
hemical and electrochemical points of view. It was found that
he introduction of low amounts of Ru (3.25–9.75 at.%) into the
nO2 rutile-like structure leads to a three-fold increase in the ser-
nvironmental 199 (2016) 394–404 395

vice life of Ti/SnO2-Sb-Pt electrodes in alkaline solution [54]. In
the present work, the influence of the substitution of Sb by Ru in
Ti/SnO2-Sb(13-x)-Pt-Ru(x) anodes in the electro-oxidation of phe-
nol in alkaline medium is investigated. The origin of this high pH
is inherent to the industrial activity where the phenolic wastes
are produced [1,2,34–39], so their treatment should be carried out
under these conditions for economic and environmental reasons.
The experiments were carried out in an undivided filter-press cell
under galvanostatic conditions. The electrocatalytic activity of the
anodes is evaluated in terms of kinetics and current efficiency for
phenol oxidation, COD removal and benzoquinone by-product for-
mation/degradation at different current densities. In addition, the
performance of the electrodes is compared with that of conven-
tional Ti/RuO2 and Ti/Co3O4 ones, which have been widely studied
for alkaline conditions. Finally, an analysis in terms of energy con-
sumption and stability, has been also done to evaluate their feasible
application for decontamination of alkaline phenolic wastewaters.

2. Experimental

2.1. Preparation of the electrodes

Three types of Pt- and Ru-doped SnO2-Sb electrodes with
composition SnO2-Sb(13-x)-Pt(3)-Ru(x) (in brackets expressed
as metal atomic percentage and x = 0, 3.25 and 9.75 at.%),
were prepared by thermal decomposition over a Ti expanded
mesh (4 cm × 5 cm × 0.05 cm,  INAGASA) following the procedure
described elsewhere [54,55]. For comparison purposes, conven-
tional RuO2 [54,55] and Co3O4 [57,58] electrodes were similarly
prepared. Prior to their use, the Ti mesh was degreased with
acetone and etched in a boiling 10% oxalic acid solution for 1 h,
and then rinsed thoroughly with distilled water. The precur-
sor solutions with the desired nominal compositions, consisting
of SnCl4·5H2O (Aldrich), SbCl3 (Fluka), H2PtCl6·6H2O (Aldrich),
RuCl3·nH2O (Aldrich) and Co(NO3)2·6H2O (Aldrich) in absolute
ethanol (J.T. Baker) + HCl (Merck p.a.), were spread over the Ti sur-
face by brushing. The total metallic cation concentration of these
solutions was  kept constant at 0.5 molal. The solvent was dried
at 70 ◦C and the electrodes were subsequently calcined at 400 ◦C
for 10 min, for the thermal decomposition of the salts and metal
oxide formation to be accomplished. By repeating this procedure
(between 20 to 25 times), the Ti support was  coated with succes-
sive layers of the oxides until oxide loadings of 1.5–2.0 mg  cm−2, as
determined by weight difference, were achieved. A final annealing
step was carried out for 60 min  at 600 ◦C. In the particular case of
Co3O4, however, both the repeated calcination and final annealing
steps were performed at 350 ◦C [57,58]. Considering the density for
the different mineral forms (SnO2, RuO2 and Co3O4) [54,55,57,58],
the nominal thickness of the deposits was  estimated to be between
2 and 3 �m.  Three different anodes were prepared for each compo-
sition to ensure reproducibility. The results presented in this work
correspond to average values.

2.2. Electrolysis of alkaline phenolic wastewater

The electrochemical oxidation of phenol (Ph) was  carried out in
an undivided filter-press cell, with a plane electrode area of 20 cm2.
In these experiments, 200 mL  of 1000 ppm Ph/0.5 M NaOH solution
was continuously flowed and recirculated by means of a centrifu-
gal pump. The temperature of the experiments was  maintained at
25 ◦C. The electro-oxidation of phenol was carried out under gal-

vanostatic control at 0.2, 0.5, 1.0, 1.5 and 2.0 A for 24 h. A plate of
stainless steel was  used as the cathode in all experiments.

During the electrolytic experiments, the phenolate and p-
benzoquinone concentrations, as well as the chemical oxygen
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emand (COD) were monitored as a function of time. For doing that,
arious aliquots of 20–30 �L were collected at different times and
ubmitted to analytical determination. The residual concentration
f phenolate and COD were determined by using standard photo-
etric methods with test kits and a multifunctional Spectroquant®

OVA 60 Photometer (Merck). The phenol test is not interfered
y hydroquinone, benzoquinone, catechol or oligomers, possible
roducts of phenol electroxidation. The benzoquinone forma-
ion/degradation was followed by conventional UV–vis absorption
pectroscopy (Jasco V-670 UV–vis-NIR spectrometer) over the
avelength range of 200–400 nm.  The benzoquinone absorbance
as measured from the UV-absorption band centered at 319 nm,  at
hich no interference from phenolate or other by-products occur.

hese values were then converted to concentration by using the
alibration plots.

. Results and discussion

.1. Phenol electro-oxidation performance

Figs. 1 and 3 show the variation of the normalized phenol
oncentration with time at various current densities for the as-
repared electrodes. The decrease in the phenol concentration
ith time indicates that the different Pt- and Ru-doped Ti/SnO2-

b anodes (Fig. 1a–c) as well as the Ti/RuO2 one (Fig. 2a) are active
or phenol degradation in the whole range of the studied current
ensities and alkaline conditions. In general, the higher the current
ensity the faster the phenol-concentration decays. Nevertheless,
otable differences can be distinguished concerning the anode
omposition. In the case of Ti/SnO2-Sb-Pt electrode (Fig. 1a) the
oncentration of phenol is reduced down to 75% for 24 h of electrol-
sis at 10 mA  cm−2, while at higher current densities the oxidation
eaction is complete even at much shorter times. The Ti/RuO2 anode
s also capable of entirely eliminating the phenol from the simu-
ated wastewater within 24 h, but higher current densities or longer
lectrolysis times are needed to achieve such a removal efficiency
Fig. 2a). The partial substitution of Sb by Ru in the tin dioxide
attice is detrimental to the electrode response towards the oxida-
ive removal of phenol (Fig. 1b and 1c). At best, about 85% phenol
emoval efficiency is achieved at 100 mA  cm−2 and 24 h of electrol-
sis for the Ti/SnO2-Sb(9.75)-Pt-Ru(3.25) anode (Table 1), whereas
he efficiency decreases down to 35–38% after 24 h of reaction for
he Ti/SnO2-Sb(3.25)-Pt-Ru(9.75) electrode, with little influence of
he applied current density. In stark contrast, highly stable Ti/Co3O4
nodes show very low activity for phenol oxidation at the studied
onditions (Fig. 2b and Table 1).

A more detailed inspection of curves in Fig. 1 reveals that the
ormalized concentration of phenol follows two well-defined time
ecay regimes, namely, a linear decrease (Zone I) to a certain tran-
ition or critical time or phenol conversion from which the time
ependence becomes exponential (Zone II) (see an example and the
orresponding kinetic equations in Fig. 2c). This kind of time depen-
ence has been predicted by a theoretical kinetic model developed
y Comninellis et al. [17,18,31,32] for the electrochemical miner-
lization of organic matter at BDD, as a model material for an ideal
on-active anode. Briefly, the model assumes that organic matter
ndergoes a fast, mass-transport governed, reaction with highly
eactive hydroxyl radicals electrogenerated and adsorbed on the
lectrode surface from water (or hydrated hydroxyl ions in alkali)
ischarge. When the electrolysis is performed in an electrochemical
eactor operated in batch recirculation mode under galvanostatic

onditions, two kinetic regimes can be distinguished depending on
he applied current density, japp (see Appendices in Supplemen-
ary information): a pseudo zero-order kinetics region of constant
ate and 100% current efficiency when japp < jlim (limiting current Ta
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Fig. 1. Evolution of the normalized phenolate concentration with time for (a) Ti/SnO2-Sb-Pt; (b) Ti/SnO2-Sb(9.75)-Pt-Ru(3.25); (c) Ti/SnO2-Sb(3.25)-Pt-Ru(9.75) at different
current  densities (electrolyte = 1000 ppm Ph/0.5 M NaOH).
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ig. 2. Evolution of the normalized phenolate concentration with time for (a) Ti/RuO
aOH); (c) simplified kinetic models for phenolate decay.

ensity) and a pseudo first-order kinetics region with an exponen-
ial decay of COD with time and current efficiency below 100%.
his model has been also used to predict the time changes in the
oncentration of single organic species during electrolysis on BDD
19].

On the contrary, non-active transition metal oxide anodes have
hown experimentally to electro-oxidize refractory organic matter
t a current efficiency below 100% because of the competition of
he OER, even within the zero-order regime [10,12,31]. These find-
ngs evidence that the performance of these anodes deviates from

hat is expected for an ideal non-active electrode. Thus, a gener-
lized kinetic model, valid for both ideal and non-ideal non-active
lectrodes, can be easily derived from the Comninellis’ model by
ntroducing a zero-order or initial current efficiency, CEo, that can
e regarded as a deviation factor from the ideal behavior. This mod-

fication is done in order to recognize the influence of competing
lectron-consuming reactions under all electrolysis conditions (i.e.
t all applied currents). The development of the generalized model
nd the relevant kinetic equations, jointly with the definition of the
inetic rate constants and efficiency parameters can be all looked
p in the Appendices (Supplementary information).

The plots of [Ph]/[Ph]0 or ln([Ph]/[Ph]0) as a function of time
howed straight lines with R2 > 0.99 for all the studied samples. The
ero-order (k0, mol  m−3s−1) and the first-order (k1, s−1) rate con-
tants were estimated at different current densities from the slopes
f these linear fittings, respectively, and they are summarized in
able 1. As it can be seen, the k0 and k1 values of the Ti/SnO2-Sb(13-

)-Pt-Ru(x) (x = 0.0, 3.25) and Ti/RuO2 anodes increase with the
urrent density, which indicates that phenol conversion is faster at
he higher current densities. The anodes with composition Ti/SnO2-
 (b) Ti/Co3O4 anodes at different current densities (electrolyte = 1000 ppm Ph/0.5 M

Sb(3.25)-Pt-Ru(9.75) show a distinct behavior, with k0 being rather
insensitive to the current density and hence reaching very similar
phenol removal efficiencies. In the case of Ti/Co3O4 electrodes, the
rate constants are remarkably low.

Despite correlation coefficients being close to unity for all
studied electrode materials, our proposed kinetic model is only rig-
orously valid for Ti/SnO2-Sb(13-x)-Pt-Ru(x). Anodes with nominal
Ru content x = 3.25 and 9.75 at.% showed full zero-order behav-
ior during the electrolysis course. Only Ti/SnO2-Sb-Pt electrodes
exhibited transition times from zero- to first-order kinetic regions
being shortened with the increasing current density. This is the
trend predicted by the model, considering that the phenolate
conversion at which the condition jPh = jlim (where jPh = CEojapp is
referred to as the effective current density employed to oxidize
phenolate) is fulfilled should occur earlier as the current density
rises, with the limiting case showing first-order behavior from the
beginning of the electrolysis [19]. In contrast, Ti/RuO2 electrodes
showed first-order kinetics at low current densities (exponential
concentration decay) and a linear to exponential transition in the
phenol concentration vs. time plot at the higher current densities.
One should recall, nonetheless, that these electrodes are active
metal oxide anodes that follow a different oxidation mechanism
in which the selective and partial oxidation of organics is favored
[30–32]. An additional factor that could be involved in the observed
discrepancies is the parallel formation of surface fouling products
that is not taken into account in the developed kinetic model. Poly-
meric/oligomeric material formed via phenoxy radical reactions

[14,30–32], especially in alkaline conditions, may  block to a greater
or lesser extent the electroactive area of the metal oxide film by the
formation of hydrophobic domains that hinder the access of “fresh”
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henolate or other soluble degradation products to the electrode
urface. The formation of such fouling films is particularly impor-
ant in active metal oxide anodes like Ti/RuO2 (see Supporting
nformation).

In order to analyze the efficiency of the electrodes during the
lectro-oxidation treatments, two current efficiency parameters
ere considered, such as the above-mentioned zero-order current

fficiency, CE0 and the total current efficiency, TCE [31]. CE0 can be
educed from the apparent zero-order rate constant (k0):

0 = CE0

n

I

FV
(1)

hile TCE can be expressed as follows:

TCE

n
=

FV
(

[Ph]0 − [Ph]f

)

I�
(2)

here I is the applied current (A), V is the electrolyte volume (m3),
 is the Faraday constant (96485C mol−1), n is the number of elec-
rons involved in the oxidation process, [Ph]0 and [Ph]f are the
nitial and final concentrations of phenolate, and � is either the time
lapsed to the complete elimination of phenol or the total duration
f the electrolysis (s). Because the mechanism of phenol oxidation is
omplex and not yet fully understood [12,14], n is unknown. There-
ore, only the parameters expressed per electron transferred in the
henolate oxidation process (CE0/n and TCE/n) can be estimated.

The results (Table 2) clearly indicate that the Ti/SnO2-Sb-
t anode displays the highest current efficiency for phenolate
emoval, and that Ti/RuO2 shows very similar efficiencies to those
or the Ru doped Ti/SnO2-Sb-Pt electrodes with x = 3.25 at.%. Upon
ncreasing the Ru doping level in the SnO2 matrix up to x = 9.75 at.%,
he current efficiency decreases. Finally, Ti/Co3O4 anodes show very
ow current efficiencies in accordance with their extremely poor
ctivity for phenol oxidation.

Generally speaking, total and zero-order current efficiencies are
imilar to each other at low current densities, because the electro-
hemical oxidation is dominated by the zero-order kinetic regime.
hus, there is no difference between TCE/n and CE0/n in Ru-doped
i/SnO2-Sb-Pt electrodes because they only show zero-order kinet-
cs. As the first-order kinetic regime becomes more important at
igher current densities, CE0/n becomes higher than TCE/n.

The current efficiency is a measure of the electrical charge used
or the anodic oxidation of phenolate versus the total electrical
harge passed through the cell. Hence, the low CE/n values for the
s-prepared anodes reveal the high refractory chemical nature of
henolate molecules and/or the prevalence of the competing OER,
hich reduces the overall efficiency for the oxidation of pheno-

ate. The significance of this by-reaction was confirmed by the
rogressive decrease in CE/n with the rise in current density for
ll the studied electrodes. These results indicate that the increase
n current density leads to a significant acceleration of phenolate
egradation, but the efficiency of water oxidation (OER) gradually

ncreases at the expense of that of phenolate degradation reaction.

.2. COD removal analysis

Because the electroxidation of phenolate can originate differ-
nt intermediates [12,14], involving a distinct number of electrons,
xidation state and toxicity, the analysis of COD removal pro-
ides a better understanding and measure of the non-selective
econtamination process, as well as a more precise evaluation
f its efficiency. As it can be seen in Figs. 3 and 4, the evo-
ution of normalized COD with time and current density for

he studied electrodes is quite similar to that observed for
henolate in Figs. 1 and 2. Briefly, the COD removal degree
ollows the trend Ti/SnO2-Sb-Pt > Ti/RuO2 ≈ Ti/SnO2-Sb(9.75)-Pt-
u(3.25) > Ti/SnO2-Sb(3.25)-Pt-Ru(9.75) » Ti/Co3O4, and, except for
nvironmental 199 (2016) 394–404

the mixed oxide with x = 9.75% Ru (Fig. 3c), the removal efficiency
increases with the current density.

A comparison of data in Figs. 1 and 2 with Figs. 3 and 4 makes it
obvious that when phenolate concentration is zero the COD is not.
This fact points out that phenol molecules were not completely oxi-
dized to CO2 and that some reaction intermediates remained in the
solution. Nevertheless, and except in the case of Ti/Co3O4 anodes,
the electro-oxidation treatment is capable of reducing between 20%
and 85% of COD in 24 h (Table 3), depending on the electrode and
the current density, demonstrating its effectiveness in the removal
of phenol from alkaline solution.

As for phenolate, the removal of COD decreases linearly and/or
exponentially with time, depending on the current density and
the nature of the electrode, so it can be also predicted with sim-
ilar kinetic equations (Fig. 4c). Again, a simple modification of the
kinetic model developed by Comninellis et al. [17,18] for the elec-
trochemical mineralization of organic matter can be made to make
it extensive to the behavior of non-active metal oxide anodes with
performance departing from the ideal case. As in the preceding sec-
tion, the modification basically consists of recognizing that even
under zero-order conditions the oxidation of organic matter may
suffer competition from undesired side reactions, like the OER. A
zero-order current efficiency, CE’0, for the elimination of COD (non-
selective mineralization of organic matter) is defined that can also
be regarded as a factor measuring the deviation with respect to the
ideal performance. The relevant equations are described in detail
in the Appendix B of Supplementary information.

As before, excellent fitting of experimental data to the kinetic
equations predicted by the model were obtained with correla-
tion coefficients better than 0.99. The values of the rate constants
determined from the slopes of the straight lines (COD/COD0 vs. t
and ln(COD/COD0 vs. t plots)) for each electrode are summarized
in Table 3. It can be observed that, regardless the kinetics of the
reaction (k’0 and k’1), the degradation rate increases with the cur-
rent density, except in the case of Ti/SnO2-Sb(3.25)-Pt-Ru(9.75) in
which the rate remains nearly constant and independent on the
applied current, in accordance with the results obtained for the
electro-oxidation of phenolate (Table 1). Interestingly, best fittings
for active Ti/RuO2 anodes are of the first-order kind in all the elec-
trolysis, although with correlation factors of about 0.98. Fittings
for Ti/Co3O4 are poor (with correlation factors of about 0.8) and
therefore the significance of the kinetic parameters is doubtful.

Contrary to the case when the phenolate removal was  moni-
tored (Section 3.1), four electrons are exactly consumed for each
oxygen molecule incorporated in the organic compound, so the
molar ratio between the degraded molecule and the electrons con-
sumed in the oxidation reaction can be accurately determined.
Therefore, the current efficiency determined from COD removal
provides a more practical parameter to evaluate the extent of phe-
nolate electrochemical degradation. The current efficiency of COD
removal (ICE’) can be determined from experimental COD vs. time
data according to the following equation:

ICE′ = −4FV

I

dCOD

dt
≈ 4FV (CODt − CODt+�t)

I�t
(3)

where all the variables and constants have their usual meanings
and COD is the chemical oxygen demand expressed in mol  O2 m−3.

According to the generalized COD removal model, a constant
value of the COD current efficiency is expected in the zero-order
region, while it should decrease exponentially within the first-
order region. The value of CE’0 can be derived from k’0 obtained
from the linear fitting of the normalized COD vs. time data in the

zero-order regime as follows:

k
′
0 = CE

′
0

4
I

FV
(4)
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Table  2
Zero-order current efficiency, CE0/n, and total current efficiency, TCE/n, per electron transferred in the electro-oxidation of phenol in alkaline medium at different current
densities.

Electrode (x) Current efficiency (%)

10 mA cm−2 25 mA  cm−2 50 mA cm−2 75 mA cm−2 100 mA cm−2

TCE/n CE0/n 0.45 TCE/n CE0/n 0.45 TCE/n CE0/n 0.45 TCE/n CE0/n 0.45 TCE/n CE0/n CE0/n

Ti/SnO2-Sb(13-x)-Pt-Ru(x) 0.00 0.92 1.07 0.42 0.51 0.23 0.30 0.22 0.26 0.23 0.29
3.25  0.45 0.45 0.34 0.18 0.34 0.13 0.12 0.11 0.11
9.75  0.35 0.33 0.18 0.18 0.08 0.08

Ti/RuO2 0.45 – 0.29 – 0.24 0.26 0.19 0.23 0.18 0.27
Ti/Co3O4 0.06 0.05 0.06 0.03 0.04 –

Fig. 3. Evolution of normalized COD with time for (a) Ti/SnO2-Sb-Pt; (b) Ti/SnO2-Sb(9.75)-Pt-Ru(3.25); (c) Ti/SnO2-Sb(3.25)-Pt-Ru(9.75) anodes at different current densities
(electrolyte = 1000 ppm Ph/0.5 M NaOH).
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ig. 4. Evolution of normalized COD with time for (a) Ti/RuO2 and (b) Ti/Co3O4 ano
inetic  models for COD decay.

here CE’0 is the constant zero-order current efficiency for COD
limination and the other symbols have their usual meanings and
nities.

Other current-efficiency related parameters of practical signifi-
ance to assess and compare the performance of an electrochemical
rocess for decontamination of waste waters polluted with
rganic matter are the total COD current efficiency, TCE’, and the
ime-averaged current efficiency, also known as electrochemical
xidation index, EOI:

CE′ =
4FV

(
COD0 − CODf

)

(5)

I�

OI =
∫

0
�
ICE′dt

�
(6)
 different current densities (electrolyte = 1000 ppm Ph/0.5 M NaOH); (c) simplified

where COD0 and CODf are the initial and final (after 24 h of electrol-
ysis) chemical oxygen demand and � is the duration of electrolysis.
The electrochemical oxidation index is a more accurate measure of
the average current efficiency than TCE’ and it is usually used as a
key parameter for comparison purposes among different research
works.

All three current efficiency parameters are listed together in
Table 4 for the different anodes employed in this work. At low cur-
rent densities TCE’ of Ti/SnO2-Sb-Pt is close to 20%, and that attained
with the other electrodes containing Ru is between 5 and 10%. These
current efficiency values are between 20 and 10 times higher than
those reported in Table 2, calculated just from phenolate concen-

tration decay, showing that the number of electrons transferred
from these electrodes to one molecule of phenolate is much higher
than one, ranging between 20 and 10. These results emphasize the
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high activity of the studied electrodes towards phenolate electro-
oxidation. However, the TCE’ values for these anodes generally
decrease with the applied current density, probably because an
increasing degree of competition of parallel reactions (OER), to
converge at rather similar low values at japp > 75 mA  cm−2. It is
worth mentioning that the mixed oxide with x = 3.25 at.% shows
a quite similar performance to that of Ti/RuO2, especially at low
current densities. A higher level of Ru doping leads to a notable
decrease in the current efficiency for COD removal. The low effi-
ciencies obtained with the Ti/Co3O4 electrode (Table 4) confirm its
poor activity for this reaction.

The calculated EOI values listed in Table 4 are very similar to
those reported in the literature [11,12,25,26] and they follow the
same dependence with current density and electrode composition
than those observed for TCE’. Zero-order current efficiencies, CE’0,
also follow the same tendencies. Moreover, all three parameters are
almost identical to each other at low current densities, or whenever
the zero-order behavior predominates throughout the electrolysis
process. On the contrary, CE’0 remains higher than TCE’ and EOI at
the highest current densities or whenever the first-order kinetic
behavior is dominant. Under such conditions, CE’0 describes the
performance at the initial stages of electrolysis, while the other
two parameters are a better account for the efficiency of the overall
process.

The evolution of the ICE’ curves with time notably depends
on the nature of the anode material and the current density. The
ICE’ vs. time curves for the Ti/SnO2-Sb-Pt and Ti/RuO2 anodes are
shown in Fig. 5. These plots display data point calculated accord-
ing to approximate Eq. (3) and simulated model predictions using
fitting parameters derived from normalized COD data. With the
only exception of points at the very beginning of electrolysis, all
calculated ICE’ points lie within the simulated curves for Ti/SnO2-
Sb-Pt (Fig. 5a). The deviations found at the initial stages of the
electrochemical treatments probably arise from the approximate
nature of the ICE’ calculation method. In agreement with the dis-
cussion made on the basis of the kinetic rate constants (Table 3),
the electrochemical COD removal from phenol solutions proceeds
under current control (constant ICE’ = CE’0 and zero-order kinetics)
at the lowest current density. Upon increasing the applied current
density, a mixed behavior with transition from constant (zero-
order kinetics) to exponentially decaying ICE’  (first-order kinetics)
is observed. Finally, full mass transport limitation applies at the
highest current density, with no constant ICE’  region. Overall, the
ICE’ decreases with the increasing current density, which highlights
the increasing predominance of the OER, as the main current-
consuming side reaction. By contrast, the ICE’ curve for the Ti/RuO2
electrode (Fig. 5b) does not exhibit the ICE constant period, but a
continuous decay throughout all the experiments independently of
the current density. However, the agreement between calculated
data points and simulated curves is poor, except at long electrol-
ysis times. Again, it appears clear that the proposed model is too
simplified to provide an accurate description for the electrochemi-
cal degradation of organic pollutants at active metal oxide anodes,
especially those that favor the extensive formation of blocking
polymeric films.

3.3. Degradation of intermediates

According to the literature, benzoquinone (BQ) is one of the
main products formed during the electro-oxidation of phenol in
aqueous solutions and its subsequent degradation by ring cleavage
leads to the formation of several small organic acids [12,14,59].

In fact, the formation and destruction of quinone-like products
have been considered as a direct evidence of the effective degra-
dation of phenol to more biodegradable (less-toxic) residues [56].
The formation and subsequent evolution of this type of interme-
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Fig. 5. Evolution of the instantaneous current efficiency (ICE’) with time for (a) Ti/SnO2-Sb-Pt; (b) Ti/RuO2 anodes at different current densities (electrolyte = 1000 ppm
Ph/0.5  M NaOH). Open symbols represent calculated ICE’ data and solid lines are the simulated model descriptions for ICE’ based on fitting of experimental normalized COD
data.
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ig. 6. Evolution of (a) UV spectrum (100 mA cm−2) and (b) benzoquinone concent
000  ppm Ph/0.5 M NaOH solution using Ti/SnO2-Sb-Pt.

iates was monitored by UV–vis spectroscopy. As shown in the
xample of Fig. 6a, the initial UV spectrum of the alkaline phenolic
olution presents two absorbance bands centered at 231 nm and
86 nm that are characteristic of phenolate anions. The intensity of
oth bands decreases with electrolysis time due to phenol electro-
xidation. At the same time, two new bands centered at 266 nm
nd 319 nm are formed. The wavelength of these bands coincided
ith those observed in a freshly-prepared p-benzoquinone alka-

ine solution (Supplementary information), and therefore they can
e attributed to the formation of p-benzoquinone during the course
f the electro-oxidation process.

The BQ bands were detected in phenolic solutions treated by
he different anodes, confirming the occurrence of phenolate oxi-
ation with the formation of BQ as one of the main intermediates.

n the case of Ti/SnO2-Sb-Pt anode, Fig. 6b shows that the con-
entration of BQ progressively increases with the electrolysis time
o reach a maximum value and subsequently decreases. Since the

nstantaneous BQ concentration results from a balance between BQ
lectro-generation and its further electro-oxidation, the observed
axima can be explained in terms of an initially slower and subse-

uently faster electrochemical degradation rate of BQ. In agreement
 (at different current densities) with time during the electrochemical treatment of

with the tendencies for phenolate electro-oxidation (Figs. 1 and 2)
and COD removal (Figs. 3 and 4), the BQ concentration maxima shift
towards shorter times as the applied current density is raised, as
a result of the faster electrochemical conversion of phenolate into
BQ.

Quite similar tendencies are also observed for the other elec-
trodes (Fig. 7), although some important differences can be pointed
out. When using the Ti/RuO2 anode, the maximum BQ con-
centrations (Fig. 7c) were always higher than in the case of
Ti/SnO2-Sb(13-x)-Pt-Ru(x) ones (Figs. Figs. 6b, 7a and b). The high-
est BQ concentrations obtained with this electrode arise from its
higher capability to produce selective oxidation of organic matter
to partially degraded products, instead of promoting their further
oxidation until complete mineralization, both being characteris-
tic properties of the so called “active” MOx  anodes [30–32,59].
Then, the substitution of Sb by Ru in the Ti-SnO2-Sb-Pt electrode
should be expected to favor the formation of larger amounts of BQ

intermediate and/or delay its removal, so that maxima of BQ con-
centration is difficult to be achieved within the analyzed treatment
times (Fig. 7a and b). On the other hand, the Ti/Co3O4 anode (figure
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Table 4
Zero-order (CE’0, %), total current efficiencies (TCE’, %) and electrochemical oxidation index (EOI, %) for the elimination of COD in 1000 ppm PhOH/0.5 M NaOH at different
current densities.

Electrode (x) 10 mA  cm-2 25 mA cm-2 50 mA cm-2 75 mA cm-2 100 mA cm-2

CE’0 TCE’ EOI CE’0 TCE’ EOI CE’0 TCE’ EOI CE’0 TCE’ EOI CE’0 TCE’ EOI

0 18.6 18.6 18.6 9.8 9.1 9.1 5.7 5.3 5.2 4.4 3.6 3.9 – 3 3.5
Ti/SnO2-Sb(13-x)-Pt-Ru(x) 3.25 10.1 7.5 10.2 6.1 6.4 7.7 2.5 2.6 2.7 2.4 2.1 2.5

9.75 5.6 5.3 5.1 3.4 3.6 4.5 1.4 1.5 1.6
Ti/RuO2 – – 10 11.5 – 5.4 6.5 – 3.8 4.3 – 3.2 3.6 – 2.7 3.2
Ti/Co3O4 1.4 2.3 3.8 – 1.4 1.9 – 1 1.4

Fig. 7. Evolution of benzoquinone concentration with time during the electrochemical treatment of 1000 ppm Ph/0.5 M NaOH solution at different current densities using
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a)  Ti/SnO2-Sb(9.75)-Pt-Ru(3.25); (b); Ti/SnO2-Sb(3.25)-Pt-Ru(9.75); and (c) Ti/RuO

ot shown) generated almost no BQ, what is in agreement with its
ow phenolate electroxidation activity.

.4. Energy consumption and stability considerations

To now, the comparison of the electrodes has been carried
ut by considering only their electroxidation performance in
erms of activity, kinetics, and current efficiency. However, the
easibility and potential utilization of the prepared electrodes,
s an alternative to other anode-materials for the treatment of
henolic wastewaters, may  rely on other more practical and/or
conomical parameters and aspects. In this sense, the reported
lectro-oxidation performance of the anodes must be more prac-
ically described by energy efficiency criteria. On the other hand,
he anode stability and the cost of fabrication are also very impor-
ant factors that must be taken into account when designing anode

aterials for wastewater remediation.
Table 5 summarizes the specific energy consumption (EC) val-

es necessary for phenol elimination (not necessarily involved in
omplete mineralization) and COD removal contained in the sim-
lated alkaline wastewater; and the service life of the electrodes
as previously determined in accelerated tests in 1 M NaOH [54]).
he EC values, expressed in kW h kg−1 of either removed phenol
ECPh) or COD (ECCOD) were calculated with the use of the following
quations [31]:

CPh = �UIapp

� [Ph] V

1
MPh

(7)

CCOD = �UIapp

�CODV

1
MO2

(8)
here U is the cell voltage (V), Iapp is the constant applied current
A), � is either the time consumed to the total removal of phe-
ol/COD or the total duration of electrolysis (h), �[Ph]/COD are
he change in phenol concentration/COD (mol m−3), V is the elec-
trolyte volume (m3) and M refers to the molar mass of either phenol
or molecular oxygen (g mol−1).

The lowest EC values for the as-prepared electrodes (Table 5)
were generally obtained for the lowest current densities used in this
work, in agreement with the trends in current efficiency (Table 2).
The best energetic performance is that presented by the Ti/SnO2-
Sb-Pt electrode at a current density of 10 mA  cm−2. Unfortunately, it
shows a considerably lower stability than the other anodes, thereby
requiring of more frequent replacement upon continuous using. On
the contrary, the Ti/RuO2 electrode is very stable in alkaline condi-
tions and displays relatively low energy consumption for phenolate
electro-oxidation. However, it is much more expensive than all the
other alternatives taking into account the high amount of ruthe-
nium needed for its preparation. Finally, the spinel-like Ti/Co3O4
anode displays the highest stability in alkaline medium (Table 5),
but it shows exceedingly high EC values that makes it unsuitable
for practical application, in accordance with its very low activity for
phenolate degradation and COD removal (Figs. 3 and 4).

The properties of Ru doped Ti/SnO2-Sb(13-x)-Pt-Ru(x) anodes
(x = 3.25 and 9.75 at.%) fill the gap between those of Ti/SnO2-Sb-Pt
and Ti/RuO2 ones. They show 2 and 5 times longer service life than
the anode made without Ru, respectively, and, although less sta-
ble, they are considerably cheaper than Ti/RuO2. Moreover, these
electrodes exhibit comparable responses in terms of energy con-
sumption at low current densities. Particularly, the electrode with
the lowest Ru content (x = 3.25 at.%), gather an advantageous com-
bination of enough stability, and relatively low energy consumption
up to a current density of 25 mA  cm−2, as well as a poor activity for
benzoquinone accumulation and electropolymerization.

The EC values obtained with Ti/SnO2-Sb(13-x)-Pt-Ru(x) anodes
are much better than those reported by other authors in more

diluted neutral solutions. Yabuz et al. reported an EC of 290 kW
h kg−1

Ph for the electro-oxidation of a 200 ppm Ph/0.1 M Na2SO4
solution, with a Ti/RuO2 electrode, at 15 mA cm−2 [56]. In another
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Table  5
Energy consumption (EC) for the removal of Ph and COD in the electrolysis of the simulated alkaline wastewater (1000 ppm Ph/0.5 M NaOH) for the as-prepared anode
materials. Service life of the electrodes in the accelerated test performed at 0.5 A cm−2 in 1 M NaOH in the absence of phenol.

Electrode (x) ECPh (kW h kg−1
Ph)/ECCOD (kW h kg−1

COD) Service Life

10 mA cm−2 25 mA cm−2 50 mA cm−2 75 mA cm−2 100 mA cm−2 A h mg−1

Ti/SnO2-Sb(13-x)-Pt-
Ru(x)

0.00 83 47 207 112 444 235 564 391 621 560 22
3.25  174 112 286 162 1017 532 1380 783 63
9.75  200 157 420 263 1193 803 106

Ti/RuO2 151 81 279 184 496 359 705 509 883 663 181
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ork, Zhang et al. reported an EC value of 233.1 kWh  kg−1
Ph for

 combined photocatalytic-electrochemical oxidation treatment
UV-lamp of 8 W and j = 30 mA  cm−2) of a 50 ppm Ph/0.3 g L−1 NaCl
olution, by using a Ti/RuO2-Pt electrode [60]. On the other hand,
he best results of energy consumption for COD removal, in the
rder of ECCOD = 40–200 kW h kg−1

COD, are similar to those obtained
y the highly efficient but much less stable SnO2-Sb anodes [10].
ence, the studied Ti/SnO2-Sb(13-x)-Pt-Ru(x) anodes offer con-

rasted advantages and great potential for the treatment of alkaline
henolic wastewaters.

. Conclusions

The general electrochemical performance of Ti/SnO2-Sb(13-x)-
t-Ru(x) anodes towards phenolate elimination has been analyzed
nd compared to those of conventional Ti/RuO2 and Ti/Co3O4
nodes, in order to evaluate their feasible application for decon-
amination of alkaline phenolic wastewaters. Among the studied
nodes, the Ti/SnO2-Sb-Pt electrode exhibits the best electroactiv-
ty, fastest kinetics and highest current efficiency for phenolate and
enzoquinone by-product degradation, as well as COD removal. Its
erformance is remarkably better than that of the conventional,
uch more expensive, Ti/RuO2 anode, and that of Ti/Co3O4 one,
hich shows a poor overall response. However, for practical appli-

ation the service life of the Ti/SnO2-Sb-Pt anode is considerably
horter than those of conventional ones. In this work, we  demon-
trate that the introduction of a small amount of Ru (3.25–9.75
t.%) causes a remarkable increase in the stability of the electrode,
ut only a slight loss of its electrocatalytic performance and a
mall price increment. Thus, taking into account all relevant cri-
eria (current efficiency, energy consumption, stability and cost),
he Ti/SnO2-Sb(9.75)-Pt-Ru(3.25) electrode seems to be the most
romising anode material for the electrochemical treatment of
lkaline phenolic wastewaters.

In terms of kinetics and efficiency, the results generally indi-
ate that the increase in the applied current density leads to a
ignificant acceleration of phenolate and p-benzoquinone degra-
ation and COD removal, but also to an enhanced efficiency for
he OER. This provokes a general decay of the current efficiencies
nd an increase in the energy consumption necessary to elimi-
ate a given amount of phenolate. The obtained results suggest
hat the rates of phenolate and COD removal at Ti/SnO2-Sb(13-
)-Pt-Ru(x) are under current control at the early stages of the
lectrochemical process, and they become mass-transport limited
eyond a certain transition or critical time. However, experimental
ata for Ti/RuO2 and Ti/Co3O4 do not fit this kinetic model because
hey behave as active anodes and obey a different mechanism for

he electrochemical oxidation of organic matter. Moreover, exten-
ive oligomeric/polymeric film formation in these latter electrode
aterials is a further complication to the reaction mechanism that

ontributes to the deviations from the proposed kinetic model.

[

[
[

914 1140 184

Acknowledgments

Financial support from the Spanish Ministerio de Economía y
Competitividad and FEDER funds (MAT2013-42007-P, IJCI-2014-
20012) and from the Generalitat Valenciana (PROMETEO2013/038)
is gratefully acknowledged.

Appendix A. Supplementary data

Supplementary data associated with this article can be found,
in the online version, at http://dx.doi.org/10.1016/j.apcatb.2016.
06.038.

References

[1] Appendix A to Part 423–126 Priority Pollutants, in Code of Federal Regulations
(United States). Title 40—Protection of Environment. Vol. 29, 2014.

[2]  European Commission, Priority Substances Under the Water Framework
Directive, 2016 (last updated: 19/11/2015) http://ec.europa.eu/environment/
water/water-dangersub/pri substances.htm.

[3]  Toxicological review of phenol (EPA/635/R-02/006) (2002) U.S.
Environmental Protection Agency.

[4] A. Hirata, M.  Noguchi, N. Takeuchi, S. Tsuneda, Water Sci. Technol. 38 (1998)
205–212.

[5] B. Okolo, C. Park, M.A. Keane, J. Colloid Interface Sci. 226 (2000) 308–317.
[6] S. Esplugas, J. Giménez, S. Contreras, E. Pascual, M.  Rodríguez, Water Res. 36

(2002) 1034–1042.
[7] J. Yu, P.E. Savage, Appl. Catal. B: Environ. 31 (2001) 123–132.
[8] P.W. Cains, L.J. McCausland, A.R. Fernandes, P. Dyke, Environ. Sci. Technol. 31

(1997) 776.
[9] H.G. Oliveira, D.C. Nery, C. Longo, Appl. Catal. B: Environ. 93 (2010) 205–211.
10] S. Stucki, R. Kotz, B. Carcer, W.  Suter, J. Appl. Electrochem. 21 (1991) 99.
11] C. Comninellis, Trans. IChemE 70 (1992) 219–224.
12] C. Comninellis, C. Pulgarin, J. Appl. Electrochem. 23 (1993) 108–112.
13] Y.J. Feng, X.Y. Li, Water Res. 37 (2003) 2399–2407.
14] X.Y. Li, Y.H. Cui, Y.J. Feng, Z.M. Xie, J.D. Gu, Water Res. 39 (2005) 1972–1981.
15] J.D. Rodgers, W.J. Jedral, N.J. Bunce, Environ. Sci. Technol. 33 (1999)

1453–1457.
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