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Abstract

In this work, the electrocatalytic performance of Ti/SnO,-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/RuO, and Ti/Co3;0,4 anodes, to evaluate their application for decontamination of concentrated alkaline
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/SnO,-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
electrode. In terms of energy consumption and stability, the Ti/SnO,-Sb(9.75)-Pt-Ru(3.25) electrode
seems to be the most promising anode material for the electrochemical treatment of alkaline phenolic
wastewaters. 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
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water oxidation. A correction of the ideal kinetic model has been proposed to predict the oxidation of

organics on non-active metal oxide anodes.
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1. Introduction

One of the most representative groups of priority pollutants are phenolic compounds [1,2]. Phenol
and its derivatives are important precursors for the production of several chemicals and goods of high
industrial relevance, like phenolic and epoxy resins; nylon and aspirin; explosives, adhesives, paper,
paint, dyes, herbicides and pesticides, etc. In addition, several pharmaceutical products also contain
phenol, and large amounts of phenolic wastes are obtained as by product at refineries. Phenolic
compounds are carcinogenic, highly toxic and may cause death even at low doses [3]. Hence,
investigation on new or improved technologies and treatments for phenol abatement is of paramount

importance.

Several technologies including biological depuration [4], adsorption [5], chemical [6] and supercritical
water [7] oxidations, incineration [8], photocatalytic [9] and electrochemical [10-26] degradation, etc.
have been proposed for the removal of phenolic compounds in wastewater. In particular,
electrochemical technologies 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 requirements, 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 wastewater 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 concentrated and less-fluctuating wastewaters; (i) 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 selectivity of reactions and the stability of electrodes. In literature, most
work dealing with the development and study of new electrocatalysts for the electro-oxidation of phenol
tested their performance at low pollutant concentration and in acid or neutral media. However, alkaline
waters containing phenols are also very important wastes. They are broadly generated for example in
paper and pulp de-inking processes [1,2] or when using alkaline cleaning solutions and phenolics-
containing industrial detergents [1,2,33]. Most remarkably, alkaline wastewaters streams with high
concentration in phenols (500-4000 ppm) are produced by petroleum (mainly from crude desalting and
fractionation; thermal, catalytic or hydro-cracking; solvent refining; drying and sweetening of fuels)

[1,2,34-37] and metallurgical (coke production, blast furnaces, metal finishing) [1,2,38,39] industries.

On the other hand, alkaline conditions have been found to be advantageous for the electrochemical
treatment of other pollutants accompanying phenols in water, like ammonia [40] or cyanide [41,42]. In
addition, these conditions are sometimes optimum for other treatments that can be combined with the
electro-oxidation one [43-47]. In particular, we have previously studied the electrochemical regeneration
of activated carbon saturated with phenol, and maximum efficiencies of 90 % were achieved under
alkaline medium [44,45]. Upon the course of this process, the desorbed phenolate in the recirculating

solution, facing to electro-oxidation, reached a maximum concentration of 121000 ppm.

Among different candidates, tetragonal rutile-like transition metal oxides (TMOs) supported on
titanium (commonly known as dimensionally stable anodes, DSAS), have been successfully applied as
anodes in a number of important electrolytic processes [48,49]. The stability and electrochemical
activity of these electrodes are largely determined by the nature of the active component and the pH of
the used medium [13-15,23,50]. The anodes based on SnO,-Sb show low catalytic activity for the
competing oxygen evolution reaction (OER), thereby being very effective for the electro-oxidation of
phenol in waste waters [10-12,15,20-21]. In fact, they are considered the most promising alternative to

the more expensive and fragile boron-doped diamond (BDD) electrodes [16-19] and the more harmful,



lead-leaching, PbO,-based ones [15]. However, SnO,-Sb anodes suffer from a quite poor
electrochemical stability in different electrolytes [51-54]. Previous studies in our research group pointed
out that the introduction of small amounts of Pt (3 at%) in SnO,-Sb anodes remarkably increased their
service life [20,51,52,54] and the catalytic activity towards phenol oxidation in acid medium [21].
However, SnO,-Sb and SnO,-Sb-Pt anodes still showed a reduced service life in alkaline conditions

[20,54].

Contrary to SnO,-Sh-based electrodes, RuO,-based anodes have been widely used due to their high
stability [54] and good catalytic activity, even for the oxygen evolution reaction (OER) [55,56] in alkaline
conditions. Although RuO,-based anodes have excellent stability, they are less active for substrate
mineralization, in part because they are more efficient in the OER, which is parasitic to substrate
oxidation [30-32].

There are some papers reporting on the preparation and characterization of Ru-doped SnO,, but only
a few of them evaluated their activity in the electrochemical treatment of phenol wastewaters [13,20,22-
24]. In addition, all these works dealt with acid or neutral electrolytes and low phenol concentrations (<
200 ppm), and the stability and cost of the electrodes were not considered. On the other hand, to the
best of our knowledge, there are a few works on the electro-oxidation of concentrated alkaline phenolic

wastewaters, independently of the nature of the used anode [25,26,42].

In previous works [54,55], various Ti/SnO,-Sb(13-x)-Pt-Ru(x) electrodes were synthesized and
characterized from structural, chemical and electrochemical points of view. It was found that the
introduction of low amounts of Ru (3.25-9.75 at%) into the SnO, rutile-like structure leads to a three-fold
increase in the service life of Ti/SnO,-Sh-Pt electrodes in alkaline solution [54]. In the present work, the
influence of the substitution of Sb by Ru in Ti/SnO,-Sb(13-x)-Pt-Ru(x) anodes in the electro-oxidation of
phenol 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 formation/degradation at different current densities. In addition, the
performance of the electrodes is compared with that of conventional Ti/RuO, and Ti/Cos0,4 ones, which
have been widely studied for alkaline conditions. Finally, an analysis in terms of energy consumption
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 SnO,-Sbh electrodes with composition SnO,-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 x 5 cm x 0.05 cm, INAGASA) following the
procedure described elsewhere [54,55]. For comparison purposes, conventional RuO, [54,55] and
Co30,4 [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
distiled water. The precursor solutions with the desired nominal compositions, consisting of
SnCl,-5H,0 (Aldrich), SbCl; (Fluka), H,PtCls-6H,O (Aldrich), RuCls-nH,O (Aldrich) and Co(NO3),-6H,0O
(Aldrich) in absolute ethanol (J.T. Baker) + HCI (Merck p.a.), were spread over the Ti surface 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 successive layers of the oxides
until oxide loadings of 1.5 to 2.0 mg cm?, 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 Co30,4, however, both the



repeated calcination and final annealing steps were performed at 350 °C [57,58]. Considering the
density for the different mineral forms (SnO,, RuO, and Co030,) [54,55,57,58], the nominal thickness of
the deposits was estimated to be between 2 and 3 um. Three different anodes were prepared for each

composition 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 cm?. In these experiments, 200 mL of 1000 ppm Ph/0.5 M NaOH solution
was continuously flowed and recirculated by means of a centrifugal pump. The temperature of the
experiments was maintained at 25 °C. The electro-oxidation of phenol was carried out under
galvanostatic 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 demand (COD) were monitored as a function of time. For doing that, various aliquots
of 20-30 pL were collected at different times and submitted to analytical determination. The residual
concentration of phenolate and COD were determined by using standard photometric methods with test
kits and a multifunctional Spectroquant® NOVA 60 Photometer (Merck). The phenol test is not
interfered by hydroquinone, benzoquinone, catechol or oligomers, possible products of phenol
electroxidation. The benzoquinone formation/degradation was followed by conventional UV-Vis
absorption spectroscopy (Jasco V-670 UV-Vis-NIR spectrometer) over the wavelength range of 200-
400 nm. The benzoquinone absorbance was measured from the UV-absorption band centered at 319
nm, at which no interference from phenolate or other by-products occur. These values were then

converted to concentration by using the calibration plots.

3. Results and discussion



3.1. Phenol electro-oxidation performance

Figures 1 and 2 show the variation of the normalized phenol concentration with time at various
current densities for the as-prepared electrodes. The decrease in the phenol concentration with time
indicates that the different Pt- and Ru-doped Ti/SnO,-Sb anodes (Fig. 1a-c) as well as the Ti/RuO, one
(Fig. 2a) are active for phenol degradation in the whole range of the studied current densities and
alkaline conditions. In general, the higher the current density the faster the phenol-concentration
decays. Nevertheless, notable differences can be distinguished concerning the anode composition. In
the case of Ti/SnO,-Sh-Pt electrode (Fig. 1a) the concentration of phenol is reduced down to 75 % for
24 h of electrolysis at 10 mA cm?, while at higher current densities the oxidation reaction is complete
even at much shorter times. The Ti/RuO, anode is also capable of entirely eliminating the phenol from
the simulated wastewater within 24 h, but higher current densities or longer electrolysis times are
needed to achieve such a removal efficiency (Fig. 2a). The partial substitution of Sb by Ru in the tin
dioxide lattice is detrimental to the electrode response towards the oxidative removal of phenol (Fig. 1b
and 1c). At best, about 85 % phenol removal efficiency is achieved at 100 mA cm™? and 24 hours of
electrolysis for the Ti/SnO,-Sb(9.75)-Pt-Ru(3.25) anode (Table 1), whereas the efficiency decreases
down to 35-38 % after 24 hours of reaction for the Ti/SnO,-Sb(3.25)-Pt-Ru(9.75) electrode, with little
influence of the applied current density. In stark contrast, highly stable Ti/Co;0,4 anodes show very low

activity for phenol oxidation at the studied conditions (Fig. 2b and Table 1).

A more detailed inspection of curves in Fig. 1 reveals that the normalized concentration of phenol
follows two well-defined time decay regimes, namely, a linear decrease (Zone 1) to a certain transition
or critical time or phenol conversion from which the time dependence becomes exponential (Zone II)
(see an example and the corresponding kinetic equations in Fig. 2c). This kind of time dependence has
been predicted by a theoretical kinetic model developed by Comninellis et al. [17,18,31,32] for the
electrochemical mineralization of organic matter at BDD, as a model material for an ideal non-active

anode. Briefly, the model assumes that organic matter undergoes a fast, mass-transport governed,



reaction with highly reactive hydroxyl radicals electrogenerated and adsorbed on the electrode surface
from water (or hydrated hydroxyl ions in alkali) discharge. When the electrolysis is performed in an
electrochemical reactor operated in batch recirculation mode under galvanostatic conditions, two kinetic
regimes can be distinguished depending on the applied current density, ja,p (S€€ Appendices in Supp.
Info.): a pseudo zero-order kinetics region of constant rate and 100 % current efficiency when japp < jim
(limiting current density) and a pseudo first-order kinetics region with an exponential decay of COD with
time and current efficiency below 100%. This model has been also used to predict the time changes in

the concentration of single organic species during electrolysis on BDD [19].

On the contrary, non-active transition metal oxide anodes have shown experimentally to electro-
oxidize refractory organic matter at a current efficiency below 100 % because of the competition of the
OER, even within the zero-order regime [10,12,31]. These findings evidence that the performance of
these anodes deviates from what is expected for an ideal non-active electrode. Thus, a generalized
kinetic model, valid for both ideal and non-ideal non-active electrodes, can be easily derived from the
Comninellis’ model by introducing a zero-order or initial current efficiency, CE,, that can be regarded as
a deviation factor from the ideal behavior. This modification is done in order to recognize the influence
of competing electron-consuming reactions under all electrolysis conditions (i.e. at all applied currents).
The development of the generalized model and the relevant kinetic equations, jointly with the definition
of the kinetic rate constants and efficiency parameters can be all looked up in the Appendices (Supp.

Info).

The plots of [Ph]/[Ph], or In([Ph]/[Ph],) as a function of time showed straight lines with R? > 0.99 for all
the studied samples. The zero-order (k, mol m=>s™) and the first-order (k;, s™) rate constants were
estimated at different current densities from the slopes of these linear fittings, respectively, and they are
summarized in Table 1. As it can be seen, the k, and k; values of the Ti/SnO,-Sb(13-x)-Pt-Ru(x) (x=0.0,
3.25) and Ti/RuO, anodes increase with the current density, which indicates that phenol conversion is

faster at the higher current densities. The anodes with composition Ti/SnO,-Sb(3.25)-Pt-Ru(9.75) show



a distinct behavior, with ko being rather insensitive to the current density and hence reaching very
similar phenol removal efficiencies. In the case of Ti/Co3O, 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 rigorously valid for Ti/SnO,-Sb(13-x)-Pt-Ru(x). Anodes with nominal Ru content
x=3.25 and 9.75 at % showed full zero-order behavior during the electrolysis course. Only Ti/SnO,-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 jer=jim (Where jpn=CE,japp 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/RuO, 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.
Polymeric/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” phenolate or other soluble
degradation products to the electrode surface. The formation of such fouling films is particularly

important in active metal oxide anodes like Ti/RuO, (see Supporting Information).

In order to analyze the efficiency of the electrodes during the electro-oxidation treatments, two current

efficiency parameters were considered, such as the above-mentioned zero-order current efficiency,

10



CEy and the total current efficiency, TCE [31]. CE, can be deduced from the apparent zero-order rate

constant (Ko):

_CEy 1 .
0=y (1)

while TCE can be expressed as follows:

TCE _ FV([Phl, — [Phly)
n It

(2)

where | is the applied current (A), V is the electrolyte volume (m?), F is the Faraday constant (96485 C

mol™), n is the number of electrons involved in the oxidation process, [Ph], and [Ph]; are the initial and
final concentrations of phenolate, and t is either the time elapsed to the complete elimination of phenol

or the total duration of the electrolysis (s). Because the mechanism of phenol oxidation is complex and
not yet fully understood [12,14], n is unknown. Therefore, only the parameters expressed per electron

transferred in the phenolate oxidation process (CEy/n and TCE/n) can be estimated.

The results (Table 2) clearly indicate that the Ti/SnO,-Sb-Pt anode displays the highest current
efficiency for phenolate removal, and that Ti/RuO, shows very similar efficiencies to those for the Ru
doped Ti/SnO,-Sb-Pt electrodes with x=3.25 at. %. Upon increasing the Ru doping level in the SnO,
matrix up to x=9.75 at. %, the current efficiency decreases. Finally, Ti/Cos;04 anodes show very low

current efficiencies in accordance with their extremely poor activity for phenol oxidation.

Generally speaking, total and zero-order current efficiencies are similar to each other at low current
densities, because the electrochemical oxidation is dominated by the zero-order kinetic regime. Thus,
there is no difference between TCE/n and CEy/n in Ru-doped Ti/SnO,-Sbh-Pt electrodes because they
only show zero-order kinetics. As the first-order kinetic regime becomes more important at higher

current densities, CEq/n becomes higher than TCE/n.

The current efficiency is a measure of the electrical charge used for the anodic oxidation of phenolate
versus the total electrical charge passed through the cell. Hence, the low CE/n values for the as-

prepared anodes reveal the high refractory chemical nature of phenolate molecules and/or the
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prevalence of the competing OER, which reduces the overall efficiency for the oxidation of phenolate.
The significance of this by-reaction was confirmed by the progressive decrease in CE/n with the rise in
current density for all the studied electrodes. These results indicate that the increase in current density
leads to a significant acceleration of phenolate degradation, but the efficiency of water oxidation (OER)

gradually increases at the expense of that of phenolate degradation reaction.

3.2. COD removal analysis

Because the electroxidation of phenolate can originate different intermediates [12,14], involving a
distinct number of electrons, oxidation state and toxicity, the analysis of COD removal provides a better
understanding and measure of the non-selective decontamination process, as well as a more precise
evaluation of its efficiency. As it can be seen in Figures 3 and 4, the evolution of normalized COD with
time and current density for the studied electrodes is quite similar to that observed for phenolate in Fig.
1 and 2. Briefly, the COD removal degree follows the trend Ti/SnO,-Sb-Pt > Ti/RuO, = Ti/SnO,-
Sb(9.75)-Pt-Ru(3.25) > Ti/Sn0,-Sb(3.25)-Pt-Ru(9.75) >> Ti/C050,, and, except for 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
oxidized to CO, and that some reaction intermediates remained in the solution. Nevertheless, and
except in the case of Ti/Co30,4 anodes, the electro-oxidation treatment is capable of reducing between
20 % and 85 % of COD in 24 hours (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 similar kinetic
equations (Fig. 4c). Again, a simple modification of the kinetic model developed by Comninellis et al.

[17,18] for the electrochemical mineralization of organic matter can be made to make it extensive to the

12



behaviour of non-active metal oxide anodes with performance departing from the ideal case. As in the
preceding section, 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’q, 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 Supp. Info.

As before, excellent fitting of experimental data to the kinetic equations predicted by the model were
obtained with correlation coefficients better than 0.99. The values of the rate constants determined from
the slopes of the straight lines (COD/COD, vs. t and In(COD/CODy vs. t plots) for each electrode are
summarized in Table 3. It can be observed that, regardless the kinetics of the reaction (k’y and k’;), the
degradation rate increases with the current density, except in the case of TiI/SnO,-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/RuO, anodes are of the first-order kind in all the electrolysis, although with correlation factors of
about 0.98. Fittings for Ti/Cos0,4 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 monitored (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 consumed 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 phenolate electrochemical degradation. The current
efficiency of COD removal (ICE’) can be determined from experimental COD vs. time data according to

the following equation:

4FV dCOD  4FV(COD; — COD¢4pt)

ICE" = dt IAt 3)
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where all the variables and constants have their usual meanings and COD is the chemical oxygen

demand expressed in mol O, m™.

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’y can be derived from K’y obtained from the linear fitting of the normalized COD vs.
time data in the zero-order regime as follows:

CE} 1

=3 Y )

where CEY is the constant zero-order current efficiency for COD elimination and the other symbols

have their usual meanings and unities.

Other current-efficiency related parameters of practical significance to assess and compare the
performance of an electrochemical process for decontamination of waste waters polluted with organic
matter are the total COD current efficiency, TCE’, and the time-averaged current efficiency, also known

as electrochemical oxidation index, EOI:

AF D, — COD
— v(cop, — CODy) (5)
It
T 1
oI — Jo ICE'dt ©6)

Where COD, and COD; are the initial and final (after 24 h of electrolysis) chemical oxygen demand
and t 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 current densities TCE’ of Ti/SnO,-Sb-Pt is close to 20 %, and that attained with the

other electrodes containing Ru is between 5-10 %. These current efficiency values are between 20 and

14



10 times higher than those reported in Table 2, calculated just from phenolate concentration 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 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 j,,>75 mA cm? ltis
worth mentioning that the mixed oxide with x = 3.25 at% shows a quite similar performance to that of
Ti/RuO,, 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 efficiencies obtained with the Ti/Co3;O, 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’y, 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’q
remains higher than TCE’ and EOI at the highest current densities or whenever the first-order kinetic
behavior is dominant. Under such conditions, CE’y 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/SnO,-Sb-Pt and Ti/RuO, anodes are shown in
Figure 5. These plots display data point calculated according 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/SnO,-Sh-Pt (Fig. 5a). The deviations found at the initial stages of the electrochemical treatments

15



probably arise from the approximate nature of the ICE’ calculation method. In agreement with the
discussion 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’q 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/RuO, 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 electrolysis times. Again, it appears
clear that the proposed model is too simplified to provide an accurate description for the
electrochemical 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 agueous 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 has been considered as a direct evidence of the effective degradation of phenol to more
biodegradable (less-toxic) residues [56]. The formation and subsequent evolution of this type of
intermediates was monitored by UV-Vis spectroscopy. As shown in the example of Figure 6a, the initial
UV spectrum of the alkaline phenolic solution presents two absorbance bands centered at 231 nm and
286 nm that are characteristic of phenolate anions. The intensity of both bands decreases with

electrolysis time due to phenol electro-oxidation. At the same time, two new bands centered at 266 nm
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and 319 nm are formed. The wavelength of these bands coincided with those observed in a freshly-
prepared p-benzoquinone alkaline solution (Supp. Info), and therefore they can be attributed to the

formation of p-benzoquinone during the course of the electro-oxidation process.

The BQ bands were detected in phenolic solutions treated by the different anodes, confirming the
occurrence of phenolate oxidation with the formation of BQ as one of the main intermediates. In the
case of Ti/SnO,-Sb-Pt anode, Figure 6b shows that the concentration of BQ progressively increases
with the electrolysis time to reach a maximum value and subsequently decreases. Since the
instantaneous BQ concentration results from a balance between BQ electro-generation and its further
electro-oxidation, the observed maxima can be explained in terms of an initially slower and
subsequently faster electrochemical degradation rate of BQ. In agreement 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 electrodes (Figure 7), although some
important differences can be pointed out. When using the Ti/RuO, anode, the maximum BQ
concentrations (Fig. 7c) were always higher than in the case of Ti/SnO,-Sb(13-x)-Pt-Ru(x) ones (Figs.
6b, 7a and 7b). The highest 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 characteristic properties of
the so called “active” MOx anodes [30-32,59]. Then, the substitution of Sb by Ru in the Ti-SnO,-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 concentration are difficult to be achieved within the analyzed
treatment times (Fig. 7a and 7b). On the other hand, the Ti/Co3;0,4 anode (figure not shown) generated

almost no BQ, what is in agreement with its low phenolate electroxidation activity.
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3.4. Energy consumption and stability considerations

To now, the comparison of the electrodes has been carried out by considering only their
electroxidation performance in terms of activity, kinetics, and current efficiency. However, the feasibility
and potential utilization of the prepared electrodes, as an alternative to other anode-materials for the
treatment of phenolic wastewaters, may rely on other more practical and/or economical parameters and
aspects. In this sense, the reported electro-oxidation performance of the anodes must be more
practically described by energy efficiency criteria. On the other hand, the anode stability and the cost of
fabrication are also very important factors that must be taken into account when designing anode

materials for wastewater remediation.

Table 5 summarizes the specific energy consumption (EC) values necessary for phenol elimination
(not necessarily involved in complete mineralization) and COD removal contained in the simulated
alkaline wastewater; and the service life of the electrodes (as previously determined in accelerated
tests in 1 M NaOH [54]). The EC values, expressed in kwWh kg™ of either removed phenol (ECpp) or

COD (ECcop) Were calculated with the use of the following equations [31]:

Ul 1
E . A — 7
Cpn A[Ph]V Mpy, 0
Ul 1
E =20
Ceop ACODV My, 8)

Where U is the cell voltage (V), lapp iS the constant applied current (A), T is either the time consumed

to the total removal of phenol/COD or the total duration of electrolysis (h), A[Ph]/COD are the change in
phenol concentration/COD (mol m™~), V is the electrolyte volume (m?) and M refers to the molar mass of
either phenol or molecular oxygen (g mol™).

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/SnO,-Sb-Pt electrode at a current density of 10
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mA cm™. 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/RuO, electrode is very
stable in alkaline conditions 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 ruthenium needed for its preparation. Finally, the spinel-like Ti/Cos;0, 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 (Figures 3 and 4).

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

electropolymerization.

The EC values obtained with Ti/SnO,-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™p, for
the electro-oxidation of a 200 ppm Ph/0.1 M Na,SO, solution, with a Ti/RuO, electrode, at 15 mA cm™
[56]. In another work, Zhang et al. reported an EC value of 233.1 kWh kg™s, for a combined
photocatalytic-electrochemical oxidation treatment (UV-lamp of 8 W and j = 30 mA cm™) of a 50 ppm
Ph/0.3 g L™ NaCl solution, by using a Ti/RuO,-Pt electrode [60]. On the other hand, the best results of
energy consumption for COD removal, in the order of ECcop = 40-200 kW h kg’cop, are similar to

those obtained by the highly efficient but much less stable SnO,-Sb anodes [10]. Hence, the studied
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Ti/SnO,-Sb(13-x)-Pt-Ru(x) anodes offer contrasted advantages and great potential for the treatment of

alkaline phenolic wastewaters.

4. Conclusions

The general electrochemical performance of Ti/SnO,-Sb(13-x)-Pt-Ru(x) anodes towards phenolate
elimination has been analyzed and compared to those of conventional Ti/RuO, and Ti/Co;04 anodes, in
order to evaluate their feasible application for decontamination of alkaline phenolic wastewaters.
Among the studied anodes, the Ti/SnO,-Sbh-Pt electrode exhibits the best electroactivity, fastest kinetics
and highest current efficiency for phenolate and benzoquinone by-product degradation, as well as COD
removal. Its performance is remarkably better than that of the conventional, much more expensive,
Ti/RuO, anode, and that of Ti/Cos0, one, which shows a poor overall response. However, for practical
application the service life of the Ti/SnO,-Sb-Pt anode is considerably shorter than those of
conventional ones. In this work, we demonstrate that the introduction of a small amount of Ru (3.25-
9.75 at%) causes a remarkable increase in the stability of the electrode, but only a slight loss of its
electrocatalytic performance and a small price increment. Thus, taking into account all relevant criteria
(current efficiency, energy consumption, stability and cost), the Ti/SnO,-Sb(9.75)-Pt-Ru(3.25) electrode
seems to be the most promising anode material for the electrochemical treatment of alkaline phenolic

wastewaters.

In terms of kinetics and efficiency, the results generally indicate that the increase in the applied
current density leads to a significant acceleration of phenolate and p-benzoquinone degradation and
COD removal, but also to an enhanced efficiency for the OER. This provokes a general decay of the
current efficiencies and an increase in the energy consumption necessary to eliminate a given amount
of phenolate. The obtained results suggest that the rates of phenolate and COD removal at Ti/SnO,-
Sb(13-x)-Pt-Ru(x) are under current control at the early stages of the electrochemical process, and they

become mass-transport limited beyond a certain transition or critical time. However, experimental data
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for Ti/RuO, and Ti/Co304 do not fit this kinetic model because they behave as active anodes and obey
a different mechanism for the electrochemical oxidation of organic matter. Moreover, extensive
oligomeric/polymeric film formation in these latter electrode materials is a further complication to the

reaction mechanism that contributes to the deviations from the proposed kinetic model.
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Figure

Tables and Figu

res

Table 1. Effect of current density and electrode composition on the pseudo zero-order (ko, mol m=>s™), pseudo-first-order

(ky, s71) rate constants and removal efficiency (%) for electrolysis of phenol in alkaline medium.

10 mA cm’? 25 mA cm? 50 mA cm? 75 mA cm’ 100 mA cm™
Electrode (x) 10*k, 10°k,; Removal| 10*k, 10°k, Removal| 10*k, 10°k,; Removal| 10°k, 10°k,; Removal| 10*k, 10°k, Removal
Eff Eff. Eff eff. eff.
Ti/SnO,- 0.00| 1.10 2.00 77.6 1.33 3.67 90.0 154 7.33 98.0 2.03 11.7 100 3.05 13.5 100
Sb(13-x) 3.25| 0.46 - 345 0.87 - 65.0 0.95 - 72.6 1.11 - 85.2
PLRUK) 975/ 035 - 361 | 046 - 377 | 043 - 351
TR, | . 070 381 | - 117 646 | 134 317 891 | 181 717 100 | 281 938 100 |
Ti/C030,4 0.05 - 6.3 0.08 - 10.2 - 0.11 14.0




Table 2. Zero-order current efficiency, CEo/n, and total current efficiency, TCE/n, per electron transferred in the electro-

oxidation of phenol in alkaline medium at different current densities.

Current efficiency (%)

10 mA cm™ 25 mA cm™ 50 mA cm™ 75 mA cm? 100 mA cm™
Electrode (X) | TCE/In CEg/n | TCE/InN CEyg/n | TCE/IN CEy/n TCE/n CEyg/n | TCE/In CEg/n
0.00 | 0.92 1.07 0.42 0.51 0.23 0.30 0.22 0.26 0.23 0.29
TiISnOx-Sb(13-X)-PERUK) 325 | 045 045 | 034 034 013 012 | 011 011
9.75 | 0.35 0.33 0.18 0.18 0.08 0.08
iR, | 045 - | 028 - | 024 026 | 019 023 | 018 027
Ti/C030, 0.06 0.05 0.06 0.03 0.04 -




Table 3. Effect of current density and electrode composition on the pseudo zero-order (k’s mol m™s™), pseudo first-order

(k1. s rate constants and removal efficiencies for the elimination of COD in 1000 ppm PhOH/0.5 M NaOH.

10 mA cm™ 25 mA cm’2 50 mA cm’> 75 mA cm 100 mA cm 2
Electrode (x) 10* k', 10° k', Removal|10* k', 10° k’; Removal|10* k', 10° k’; Removal| 10* k;; 10° k’, Removal|10* k;; 10° k;, Removal
Eff. Eff. Eff. i e

, ~0.00| 4.83 - 51.2 | 6.32 143 650 | 740 173 724 | 846 193 759 - 254  85.6
Ti/SnO,
Sb(13-x) 3.25| 2.63 - 19.7 | 3.97 - 42.2 4.84 - 51.0 | 6.19 0.94 552
PERUX) 975|146 - 199 | 217 - 268 | 184 - 20.9
Ti/RuO, - 035 274 - 054 37.6 - 0.88 52.7 - 120 653 - 158 739
Ti/Co30, 0.13 - 6.7 - 0.30 10.7 - 0.30 14.0




Table 4. Zero-order (CE’y, %), 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.

10 mA cm™ 25 mA cm’ 50 mA cm™ 75 mA cm™ 100 mA cm™
Electrode x) CE TCE’ EOI CE TCE’ EOI CE TCE’ | EOI CE TCE’ | EOI CEY TCE’ EOI
0.00 | 18.6 18.6 18.6 9.8 9.1 9.1 5.7 53 5.2 4.4 3.6 3.9 - 3.0 3.5
Ti/SnO,-Sh(13-x)- 3.25 | 10.1 7.5 10.2 6.1 6.4 7.7 25 2.6 2.7 2.4 2.1 2.5
Pt-Ru(x)
9.75 5.6 53 51 3.4 3.6 45 1.4 1.5 1.6
Ti/RuO, - - 10.0 11.5 - 54 6.5 - 3.8 4.3 - 3.2 3.6 - 2.7 3.2
TilC050, 14 | 23 | 38 ; 14 | 19 ; 10 | 1.4




Table 5. Energy consumption (EC) for the removal of Ph and COD in the electrolysis of the simulated alkaline wastewater
(2000 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™in 1 M NaOH in the absence of phenol.

ECpn (KW h kg™ pr)/ ECcon (KW h kg™ cop) Service Life
Electrode (x) | 10mAcm?| 25mAcm? | 50mAcm? | 75mAcm? | 100mAcm?| Ahmg*
0.00| 83 | 47 | 207 | 112 | 444 | 235 | 564 | 391 | 621 | 560 22
Ti/SnO,-Sb(13-x)-Pt-Ru(x) 325 | 174 | 112 | 286 | 162 1017 | 532 | 1380 | 783 63
9.75 | 200 | 157 | 420 | 263 | 1193 | 803 106
"""""" TRWO, | 151 | 81 | 279 | 184 | 496 | 350 | 705 | 500 | 883 | 663 | 181
Ti/Co30, 629 | 324 | 1706 | 689 | 2914 | 1140 184




Figure 1. Evolution of the normalized phenolate concentration with time for (a) Ti/SnO,-Sb-Pt; (b) Ti/SnO,-Sb(9.75)-Pt-
Ru(3.25); (c) Ti/SnO,-Sb(3.25)-Pt-Ru(9.75) at different current densities (electrolyte = 1000 ppm Ph/0.5 M NaOH).
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Figure 2. Evolution of the normalized phenolate concentration with time for (a) Ti/RuO, and (b) Ti/Co3z0O4 anodes at
different current densities (electrolyte = 1000 ppm Ph/0.5 M NaOH); (c) simplified kinetic models for phenolate decay.
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Figure 3. Evolution of normalized COD with time for (a) Ti/SnO,-Sb-Pt; (b) Ti/SnO,-Sb(9.75)-Pt-Ru(3.25); (c) Ti/SnO,-
Sb(3.25)-Pt-Ru(9.75) anodes at different current densities (electrolyte = 1000 ppm Ph/0.5 M NaOH).
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Figure 4. Evolution of normalized COD with time for (a) Ti/RuO, and (b) Ti/Co30,4 anodes at different current densities
(electrolyte = 1000 ppm Ph/0.5 M NaOH); (c) simplified kinetic models for COD decay.
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Figure 5. Evolution of the instantaneous current efficiency (ICE’) with time for (a) Ti/SnO,-Sb-Pt; (b) Ti/RuO, 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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Figure 6. Evolution of (a) UV spectrum (100 mA cm™) and (b) benzoquinone concentration (at different current densities)
with time during the electrochemical treatment of 1000 ppm Ph/0.5 M NaOH solution using Ti/SnO,-Sbh-Pt.
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Figure 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 (a) Ti/SnO»-Sb(9.75)-Pt-Ru(3.25); (b); Ti/SnO,-Sb(3.25)-Pt-Ru(9.75);
and (c) Ti/RuOa.
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* Pt/Ru-doped SnO,-Sb anodes reduce 100% Ph and 85% COD from 1000 ppm Ph
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» SnO,-Sbh-Pt(3at%) shows the best electroactivity, higher than RuO, and Coz0O, anodes
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