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GRAHICAL ABSTRACT
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Abstract

This work investigates the feasibility of producii®,-TaOs|Ti electrodes by electrodeposition.
Using precursor solutions with Ir:Ta molar ratiaepm 0:100 to 100:0, followed by thermal
treatment, the goal was to find the optimal comgasifor enhancing the formation of hydroxyl
radicals and providing long service lives. Scannelgctron microscopy (SEM), coupled with
energy dispersive X-ray spectroscopy (EDX), rewkalkat the production of homogeneous
coatings with a good surface coverage and absdraggtmmerates was only possible for electrodes
with 70% or 100% Ir. The potential for,@volution was similar for all the electrodes camtay Ir,

at about 0.90 V vs Ag|AgCl. However, the ability popoduce M{(OH) clearly increased with
increasing Ir in the Ir:Ta ratios (100:0 > 70:3@6:70 > 0:100). This observation was confirmed by
the transformation of coumarin to 7-hydroxycoumass determined by spectroscopic and
chromatographic techniques after treatment. Onceufaatured and characterized, the electrodes
were tested, as anodes, for the electro-oxidatfopotycyclic aromatic hydrocarbons in aqueous
solutions at natural pH (i.e., without pH adjustm)eithe anodes prepared from 70:30 and 100:0
ratios produced the fastest and highest removes ra¢aching 86% and 93% for phenanthrene and
naphthalene, respectively, after 120 min at 50 ms was accompanied by a high degree of
mineralization, as the result of direct and "®lId)-mediated oxidation, with some refractory
intermediates remaining in the final solutions. Tiheeraction between IDand TaOs oxides
appeared to be important. The 100:0 anode providgdelectrocatalytic effectiveness, whereas the
anode with the 70:30 ratio provided improved loagyt stability, as confirmed by its service life of

about 93 h.

Keywords Dimensionally stable anode; Electro-oxidation; dryxyl radical; PAHs; Water

treatment



41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

1. Introduction

Interest in electrochemical science and technolsgyowing worldwide, in large part because
of their ability to devise new systems that enssigmificant societal progress as they can lower
negative environmental impacts when compared toaold well established processes [1]. The
electrochemical technologies for water treatment arclear example of this since they combine
high efficiency, with low resource consumption, bging the electron as a ‘clean reagent’ [2].
Within this field, the so-called electrochemical’adced oxidation processes (EAOPSs) have proven
most successful for the degradation of organicupatits. In many cases it is possible to achieve the
complete detoxification of water streams with these [3,4]. This outstanding performance, when
coupled with reduced energy consumption in propetbgsigned cell configurations and the
appropriate electrode materials are chosen, follvas their ability to produce reactive oxygen
species (ROS), like the hydroxyl radicdD#), in-situ and in controlled ways with the cotrec
modulation of the electrolytic conditions.

Boron-doped diamond (BDD) is considered the mastgyful anode for removing organic
contaminants from aqueous solutions by the prodaatf quasi-free hydroxyl radicals through the
oxidation of water at a high electrode potentifibfieing the Reaction (1) [5]:

M+ HO - MCOH) + H + € (1)

Despite its potential, BDD has several significastawbacks that hamper its wider
implementation on a large scale. It is expensive \ary few substrate materials can be used to
support stable thin films of BDD for use as ano8igditionally, the electrodes are brittle or exhibit
poor electrical conductivity meaning that they awa acceptable for large scale industrial or
municipal applications [6].

The need to reduce the cost of electrode mateni@dsled to the synthesis of photoanodes,
which allow the treatment of pollutants by an EAQ®&lled photoelectrocatalysis [7], where

artificial UV light, or natural sunlight, stimulatbe production of hydroxyl radicals on the surface
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of the photocatalysts. Alternatively, non photoaetbut highly oxidizing dimensionally stable
anodes suitable for or Ch evolution have been manufactured by preparingunest of different
metal oxides [8]. These anodes employ an electibytet oxide film, usually based on Ry@r
IrO,, deposited on a suitable metal substrate likaitita (Ti). These anodes exhibit appealing
technological properties including long-term medbahand chemical stability and high catalytic
activity [2]. Aiming to increase the film stabilitpther oxides (e.g., T®KDSnQ, TaOs) are added,
thus obtaining a greater corrosion resistance amdnighing the amount of the catalytic oxide
needed which, in turn, minimizes production co8t4(]. Single- and mixed-metal oxides are then
employed for the electro-oxidation (EO) of orgapatlutants. EO is the paradigm of sustainability
among the EAOPSs, since no addition of processimgnatals is needed. Its operational simplicity,
combined with high effectiveness, has led to widaplementation when compared to other
EAOPs. In EO, adsorbed MJH) are produced by Reaction (1), with these béeimgher
transformed into a less powerful oxidant like chewribed “superoxide” MO [11]. Different kinds
of dimensionally stable anodes have been usech®ED treatment of a large variety of organic
molecules [12-21]. In the presence of Bhs, the complexity of EO increases significarte to
the oxidation of this anion to active chlorine acling to Reaction (2), (a process exploited in the
chlor-alkali industry) [6]:
2CI = Chag + 2€ )

ClO,, CIO/HCIO, CIG, CIOs and CIQ™ can also be formed, depending on the operational
conditions including exposure time, temperaturectebde materials and hydrodynamic conditions
[22].

Owing to their low cost, oxide-based anodes hdse found use as a counter electrode in
Fenton-based EAOPs including electro-Fenton [2@,2]3-electro-Fenton-like [28] and UVA or
solar photoelectro-Fenton [20]. In these procetdseslegradation of the pollutants is mainly guided

by the action of freeOH radicals generated in the bulk.
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In spite of the reported superiority of BDD ovéher potential anodes, some exceptions have
been reported. For example, Coria et al. [29] foargteater removal of total organic carbon (TOC)
using an Ir@-based anode as compared to BDD during the treatofenaproxen by EO. This
result was attributed to higher adsorption of orgain the anode surface. Results like these, when
combined with improved industrial success of mixeetal oxides [30] and the higher corrosion
resistance and longer service life of Jaased anodes as compared to Rbh&sed ones [31-33],
justify the interest in the optimization of the #lyesis of IrQ-based dimensionally stable anodes.
Specifically, those developed as a metal-oxide unétwith TaOs as the stabilizer, seem the most
interesting. These mixed-oxide anodes are moretretdemically stable and exhibit enhanced
service life from the coating [34] than pure jfased anodes.

In the modern world, the availability of clean elahas become increasingly problematic due
to both natural causes and human activity [35]. Gigmificant problem is the presence of
polycyclic aromatic hydrocarbons (PAHSs), which che produced during the incomplete
combustion of organic materials including coal, gads, wood, garbage, and tobacco. PAHs, due to
inefficient removal processes, have been found lwide municipal wastewater and industrial
effluents [36]. As a consequence of their hydrophatature, PAHs tend to become strongly
adsorbed in sediments and aquatic organisms, dsawean the surface of particulates including
micro-plastics [37], whose presence in water is alyery critical issue [38]. PAHs are included in
a group of organic pollutants causing significammhaern within the European Union [39], as they
are suspected of being mutagens, carcinogens auodrame disruptors [40].

Several authors have reported the electrochertieatment of various PAHs with different
types of mixed metal oxides [41-43]. Our teams heaeently shown the feasibility of PAHs
removal by EO with Ir@based anodes synthesized using different techsifd«]. Classical
synthesis routes have included thermal decompaositiod the sol-gel ‘Pechini’ method [28].

Reactive sputtering [45] and physical vapor depwsif46] are other existing alternatives. This
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work addresses the synthesis of JT2Os-coated Ti-electrodes by electrodeposition usingr fo
different Ir:Ta ratios, to determine the optimaihgmsition to stimulate the maximum concentration
of hydroxyl radicals to be available for treatmehit.the electrodes were characterized by scanning
electron microscopy (SEM) coupled with energy dispe X-ray spectroscopy (EDX), cyclic
voltammetry (CV) and accelerated life testing. DgrEO testing, the production of MIH) was
monitored using either UV/vis spectrophotometry liguid chromatography with fluorescence
detection. The oxidation power of these electrodas verified by using them as anodes in the EO
treatment of synthetic aqueous solutions contaimaghthalene or phenanthrene, monitoring the
concentration decay by high performance liquid ofatography (HPLC) and their mineralization

from the analysis of TOC abatement.

2. Materials and methods

2.1. Electrode manufacture

The precursor solutions were prepared usialgGts [31-34] and TaGl [47], both purchased
from Strem Chemicals>(99.9% purity). They were then dissolved in HCl][4#d isopropanol
[34,44], respectively, under vigorous stirring. Falifferent test precursor solutions were further
prepared to be used in the coating process by mithie appropriate amount of prepared metal
solutions to obtain Ir:Ta molar ratios of 100:0,3® 30:70, and 0:100. Before electrodeposition,
the Ti-plates (each 5.0 mm x 15.0 mm x 1.0 mm) Weae to be used as substrates were pretreated
by sandblasting [34,44], etching in a 40% oxaliidaolution for 20 min [31,44], and finally rinsed
with deionized water and dried. Electrochemical ai#pon was performed at a constant current
density of 14 mA cmi for 20 min under constant stirring at 825 rpm [4@hce the coated Ti-
electrodes were prepared, the coatings were tnanetbinto metal oxides using a 2-step thermal
decomposition procedure: heating at 523 K for 16, rfollowed by heating to 723 K and holding

for 1 h [34,44]. Three electrodes, at each of the toatings compositions, were prepared.
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2.2. Electrode characterization

Microstructural analysis, to study the morpholagfythe deposits, was performed by SEM-
EDX using a Jeol JSM6500 microscope, operatingoat\l. Surface distribution of Ir and Ta was
performed in the SEM using the Oxford Inca 300 E@alyzer.

Electrochemical characterizations were made usyetic voltammetry in a conventional three
electrode glass cell. Each of the various test-F&Os|Ti electrodes was placed as the working
electrode (0.75 cfi) with a platinum (Pt) wire (BASi) and an Ag|Ag@M KCI, BASi) used as
counter and reference electrodes, respectiveljparcell. All experiments were performed at 298 K
with 10 mL of 0.5 M HSO, (J. T. Baker, 98%) as supporting electrolyte angpleying a
Bioanalytical Systems BAS-Epsilon™ potentiostatidBe the electrochemical tests; ®as purged
from the test cell by bubbling ultrapure nitrogétrgxair, grade 5.0) through the electrolyte for at
least 20 min, and this gas continuously flowed dtiersolution during the measurement cycles. In
all the cyclic voltammograms shown in this worke thctive area of each coated Ti-electrode has
been considered, as previously described [44]. éaxch of the different working electrode
compositions the tests were performed in triplicate

The service life of each of the various #0s0s|Ti coated electrodes was evaluated according
to the methodology reported in NACE TMO0108 [48].two-electrode electrochemical cell was
employed, placing the coated electrodes as theimgrdectrode (0.75 chand an uncoated Ti-
plate as a counter electrode (3.5°criThese experiments were performed at 298 K witmE. of 1
M H,SQO, as supporting electrolyte using a constant curoérg&.18 A (supplied by an EZ Digital
model GP-4303DU DC power supply), and with conssdimting at 825 rpm. As required in the
NACE TMO0108 protocol, these tests were run untiiraasrease of 30% was observed in the inter-
electrode potential difference compared to theahalue.

The production of hydroxyl radicals was evaludiedn tests monitoring the transformation of

coumarin to 7-hydroxycoumarin [49]. For this, saleglectrolytic tests were performed using a
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two-electrode electrochemical glass cell equippdth van anode, using one of each of the
compositional variation Ir@Ta,.0s|Ti electrodes (0.75 cfjy and a Pt-wire as the cathode. Solutions
of 10 mL of 0.3 mM coumarin (Sigma-Aldrich, 99%) @5 M HSO, were electrolyzed at room
temperature and 50 mA under constant stirring. $ssnpere withdrawn at selected time periods to
monitor changes in the concentration of coumarastifg by UV/vis spectroscopy, on a Shimadzu
UV-1800 UV-Vis spectrophotometer within the ranggvieen 200 and 800 nm, was used during
these characterizations. For the same samplesadcbhemulation of 7-hydroxycoumarin was
assessed by HPLC using a Shimadzu LC-10ADVP chagynaph equipped with a Thermo
Electron Hypersil ODS (5 pm, 150 mm x 3 mm) colusoupled to a Shimadzu RF-10AXL
fluorescence detector. An acetonitrile:water (60:¥MA) mixture was used as a mobile phase to
elute the samples at a flow rate of 0.5 mL Thiwith excitation and emission wavelengths of 325
nm and 400 nm, respectively. A 7-hydroxycoumarialgiical standard from Sigma-Aldrich was

used for quantification.

2.3. Electrochemical degradation of hydrocarbons

Bulk electrolyses for the performance evaluatiérthe manufactured electrodes to degrade
PAHSs, such as phenanthrene and naphthalene, wete ima two-electrode electrochemical cell,
using the various Ir@TaOs(Ti electrodes (0.75 cfh and a Pt-plate as the anode and cathode.
Solutions of 50 mL containing either 2 uM phenaetier (from Acros Organics, 97%) or 2 uM
naphthalene (from Alfa Aesar, 99%) in 0.05 M,8@, at natural pH (i.e., without pH adjustment)
were treated at room temperature under a constargnt of 50 mA and with constant stirring. To
investigate the decay kinetics of each pollutaamges were withdrawn at selected times for 120
min and analyzed using a Waters 600 liquid chrogratsh fitted with a BDS Hypersil C186n,
250 mm x 4.6 mm, column at 35 °C and coupled tocatev8 996 photodiode array detector set at
of 254 nm. These measurements were made by inge2inuL aliquots into the chromatograph

using a 60:40 (v/v) acetonitrile/water mixture a8 InL miri* as mobile phase. Peaks at 7.7 and

8
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13.7 min were found for naphthalene and phenanghraspectively. Organic solvents and other
chemicals were of HPLC or analytical grade fromnsagAldrich and Panreac. All the solutions
were prepared using ultrapure water from a Millg®filli-Q system (resistivity >18 I2 cm).

To assess the mineralization ability of the anptles TOC content was monitored during the
treatment of 50 mL of 25 mg”LTOC (0.19 ) naphthalene in 0.05 M 488, at room temperature
and 50 mA under constant stirring of 825 rpm (wigtiural pH), using the same experimental setup
mentioned and employed above. Samples were measured Shimadzu VCSN TOC analyzer,
after filtration with 0.45 um PTFE filters (Whatnmjaover a 360 min test cycles. The results were
obtained with £1% accuracy. The following reactimn total mineralization of naphthalene was
assumed:

CiHs + 20HO - 10CQ + 48H + 48¢ (3)
The mineralization current efficiency (MCE) valugsre estimated as follows [20]:

nFVA(TOC)xp
% MCE = x 100 (4)
4.32x10'm It

wheren = 48 is the number of electrons for the mineraiikeg m = 10 is the number of carbon

atoms of naphthalene, and all the other paramb#ers been defined elsewhere [20].

3. Results and discussion

3.1. Microstructural and electrochemical characition

Fig. 1A (at 2000x) and 1B (at 5000x) shows theam& morphologies of the four different
IrO,-TaOs coating layers found on the Ti-substrates aftectebdeposition and heat cycling. In the
coatings prepared using Ir:Ta ratios of 100:0 a@rBQ, it is possible to observe the cobblestone
morphology that is typical from this kind of mixedetal oxides manufactured at high temperature,
and please note its enhanced prominence in 70:80ngo However, their surface appearance did

not exactly match a dried-mud cracked coating, (metd-like islands surrounded by cracks) usually
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observed after thermal decompositior>at50 °C [50]. The distribution of cracks (see remwas)
was not uniform over the entire surface as somasanere relatively flat and smooth. This may be
attributed to the particular distribution of Ir aiid on the surface during the electrodepositiop. ste
Distributions using this method are clearly diffgrdrom those resulting from a conventional
painting process or by immersion of the Ti-plateoia precursor solution. As a result, the fast
volatilization of solvents along with the high sseinduced from anisotropic thermal expansion
(different expansion coefficients of Ti and coajirsgem to be substantially minimized with the
electrochemical deposition treatment. This yielasaae compact coating with no cracks connected
over long distances, eventually reducing the pdggilof coating peeling-off. In contrast, in the
coatings prepared from predominately Ta ratios A@Cand 0:100), whose microstructure when
viewed at higher magnification is shown in Fig. 1iBe presence of aggregates with greater
roughness can be identified (as indicated by geeeows). This suggests poor mixing of metal
oxides during electrodeposition, which would likélg detrimental for further application. A poor
distribution of TaOs will lead to poor separation between the substatethe IrQ catalytic layer,
promoting the passivation of the Ti-base metal. presence of these kinds of agglomerates has
also been reported for layers formed using nontlelsemical procedures [34].

Fig. 2 shows the atomic percentages of Ti, Irafd oxygen determined by EDX for the four
different IrQ-TaOs|Ti electrodes under study. No chloride, which doidve been sourced from
the solutions used for the electrodeposition, weteaed. The relative content of titanium and
oxygen is similar for the electrodes prepared fiswtutions at 100:0, 70:30 and 30:70 ratios, and
the proportion of Ir and Ta changes (as expected) bne to another. Importantly, the proportions
are in quite good agreement with the Ir:Ta moléiosaemployed in each precursor solution. The
consistency of the resulting mixed metal oxide cosijions suggested the absence of segregation,
a very positive feature that also occurs when usoiggel preparation methods like Pechini’s [31].

In the coating prepared using only the Ta-contgrprecursor, the amount of titanium measured

10
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was higher than expected and that of Ta was toq bbwesult suggesting that without Ir the

deposition of Ta is neither homogeneous nor quaivé, leading to a partially uncoated Ti-

substrate. Therefore, this low quality electrodghmiwell be expected to perform worse than the
others.

Fig. 3 presents the cyclic voltammograms recoffdem test employing the four 19T a0s|Ti
electrodes in 0.5 M $$0, at room temperature and a scan rate of 50 thVTke response for an
uncoated Ti-substrate is not included but has beparted in earlier reports [44]. In this earlier
study, no current steps were noted until a steeqease appeared in the anode potential vs Ag|AgCl
at 0.05-0.10 V, which can be expected due to thedridation power of pure Ti-anodes. On the
other hand, here it is possible to observe thathferthree electrodes modified with k@he Q gas
evolution occurred at a potential close to 0.90A¢cording to Reaction (1), adsorbed hydroxyl
radicals (M{OH)) should be generated as a first step, priogas evolution, and hence, their
existence is investigated below. In addition, ih ¢@ seen that the increase inJdr€ontent in the
coating, upon use of a higher initial Ir:Ta molatio from 30:70 to 100:0, enhances the response of
the dimensionally stable anode, as deduced frongrhaually greater current measured at a given
potential over the oxygen evolution reaction (OERYpion. Conversely, the electrochemical
response of the electrode prepared with only Tenénprecursor solution (0:100 ratio) was much
less significant using the same analytical sensjttreshold. Thus, it can be concluded thaiGsa
does not perform well as an electrocatalytic oxiole hydroxyl radical formation, but, rather it
serves as an interlayer to promote coating adhemioncorrosion resistance for long term use in

anodic electrodes [34,44,47].

3.2. Production of hydroxyl radicals
The treatment of 10 mL of a 0.3 mM coumarin solatin 0.5 M BSO, by EO with an IrGQ-
TaOs|Ti anode and a Pt cathode at 50 mA allowed usudysthe formation of MOH) in two

complementary ways. First, the decay of the coumeontent and second the generation of 7-

11
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hydroxycoumarin formed upon hydroxylation of coumamDecay of coumarin was tracked by
UV/vis spectrophotometry over 180 min test cyclasthe various anode materials. As observed in
Fig. 4, the anode without Ir (i.e., Ir:Ta ratio@fL.00) showed no decay of the coumarin absorbance,
due to a lack of electrode catalytic response @igln contrast, all the anodes containing Ir sedw
decrease in coumarin content during the tests caedpaith the coumarin spectrum at time zero. A
greater rate of decay was observed as the Ir coiméine precursor solution increased from 30% to
100%, confirming the catalytic ability of IgOIn particular, significant decays were found gsine
70:30 and 100:0 ratios, which allows inferring agressively larger production of MFH),
although a more direct proof of hydroxyl radicalngetion is needed. For this, the samples
collected at the same electrolysis times were danabusly analyzed, by HPLC coupled to
fluorescence detection, aiming to confirm and gdyanthe 7-hydroxycoumarin formed upon
hydroxylation of coumarin.

Fig. 5 presents the time variation of the 7-hygommumarin concentration under each test
condition. The profiles confirm that as the th&#&:molar ratio in the precursor solution increased
from 0:100 to 100:0, higher production of M@H) was achieved. This is consistent with the
inactivity of pure TaOs coatings as well as with the superior electrogtitapower of layers with a
high content of IrQ (> 30%). Note that, as an additional proof of fvenation of M{OH) in these
types of electrodes, in a previous work we repottesl electron paramagnetic resonance (EPR)
analysis [44]. At this stage, the real performan€dhese IrQ-TaOs|Ti electrodes as potential

anodes in typical treatment scenarios for the mlemtidation of organic pollutants was studied.

3.3. Electro-oxidation of aqueous solutions of PAHs

The oxidation power of the four 16X a0s|Ti electrodes for degrading toxic organic pollugant
was tested in triplicate. Independent EO treatmentc0 mL of solutions containing ~ 2 uM of
each hydrocarbon in 0.05 M p&0O,, at natural pH and room temperature by applyingnd0were

carried out. Phenanthrene (see Fig 6A) and namhtbgdkee Fig. 6B) were chosen as model PAHs,

12
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since serious concerns have arisen about theiemeesin the environment. The decline in their
concentration, as a function of electrolysis tinseshown in the two figures. Note, too, that the
anode prepared without Ir (0:100 ratio) was ableetnove 65%-70% phenanthrene (Fig. 6A) and
79%-84% naphthalene (Fig. 6B) at 120 min, desgst@aor ability to produce MQOH) (Fig. 4 and

5). This suggests the occurrence of direct anogidation of both hydrocarbons at the,Dg|Ti
anodic surface. Direct oxidation of organic aromatompounds upon adsorption on the anode
surface has been suggested before, in phenol ga&trfor example [6]. Within the framework of
PAHs oxidation, it is known that multiple bonds kiangular arenes are particularly prone to
electron loss. Phenanthrene is a typical subsivatesuch activated bonds [51] and thus, it can be
gradually transformed into several intermediatesthfacene, whose structure is similar to that of
phenanthrene and naphthalene, has also been porteecome oxidized directly at the anode,
yielding a radical carbocation that, in the pregeot water, is not dimerized but hydrolyzed and
further oxidized to anthraquinone [52].

As seen in Fig. 6A and 6B, all the electrode caminontaining Ir promoted a faster and greater
degradation of both PAHSs, in agreement with theigedl formation of MQOH) in the presence of
IrO,. In the case of phenanthrene, the anode at t13® Tétio outperformed the others, reaching the
limit of quantification (LOQ) of 0.3uM at 120 min, which accounts for > 86% removal. For
naphthalene, the anodes prepared with 100:0 arsf) 7étios performed similarly and both reached
the naphthalene LOQ, of 0.18M, and greater than 93% removal during testing.efatogether,
the decay of contaminants with and without Ir, @a® conclude that the Ig&Xa0s|Ti anodes
degrade phenanthrene and naphthalene by combiredt dind M{OH)-mediated oxidation
processes. None of the concentration abatementbeassociated to pseudo-first-order reaction
kinetics which would have been expected for reastioetween the organic pollutant and a constant
concentration of MQOH) [20,29]. This fact further reinforces the idefaa simultaneous action of

direct and indirect oxidation processes, whoserdnirtton is time-dependent.
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The ability of the four electrodes to completebsttoy solution TOC was also assessed. Fig.
7A depicts the TOC abatement over time during tie & 50 mL of a 25 mg-L (0.19 mM)
naphthalene solution in 0.05 M MBO, at natural pH by applying 50 mA. The anode withim,
exhibited a certain ability to transform the organarbon to CgQ reaching 56% mineralization at
360 min. The oxidation power of the anodes comgnr was again evident as mineralization
reached 74% TOC removal (i.e., final TOC conten.&fmg L* TOC). At times less than 2 h, the
anodes prepared with only Ir and at Ir:Ta ratio3@0behaved better than the 30:70 material, as
expected due to their greater ability to form*®Il). However, no substantial differences were
observed between the three types of electroddseatrid of the electrolysis, This observation can
be explained by the generation of highly refractotgrmediates, like carboxylic acids, that cannot
be easily degraded by MGH) [3]. The presence of this type of stable conmubwas confirmed by
mineralization current efficiency profiles calcddtfrom Eg. (4). As can be observed in Fig. 7B,
which charts MCE vs. time, the efficiency was higfhguring the early stages of the treatment tests,
reaching 8-10%, but it progressively decrease@ eesult of the lower organic load and its higher

refractory nature, ending in values as low as ~ 3%.

3.4. Service life testing
From previous sections, it is clear that the preseof IrQ in the coatings is crucial to make

degradation occur more rapidly, and to a greategrgéxWe noted that the improvement found in
the performance by anodes coated with precursartisns containing 70% and 100% Ir was
minimal. A final comparison between them would l&edmined by coating stability for extended
use. To study if any life-use differences existetieen them, their service life was determined by
applying the NACE TMO0108 standard service life maare (see experimental section). In these
tests, a stable potential was initially observadt, 4 steep rise in potential was recorded once the
resistance of the anode increased dramaticallysim@uts failure. Increasing electrical resistance

can be attributed to the detachment (i.e., peaifigef the IrQ,, TaOs or IrO,-TaxOs coating from
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the Ti-substrat¢31]. In contrast to studies described above, a very magbée superiority of the
electrode prepared with a 70:30 ratio can be easgn in Fig. 8. It performed for nearly 93 h
before failure while each of the other three matsrfailed in less than 2 h. This electrode offers
advantage from the differing performance charasties of the two metal oxides. Its relatively high
concentration of Ir@ ensures significant production of M{H), while the moderate quantity of
TaOs provides coating stability against corrosion. Tddesence of this oxide in the electrode
prepared with 100% Ir causes a dramatic decay @iatformance upon prolonged electrolysis.
Many researchers have studied the service lifetifeO,-Ta,Os|Ti anodes under galvanostatic
conditions in 1 M HSQO, over the potential region corresponding to the OBRang, et al. [50]
have recently prepared compositionally similar asody thermal treatment, reporting a service
lifetime between 70 and 110 h. Results presentee &gree with those in Comninellis et al. [9],
who prepared Ir@Ta0s|Ti electrodes by thermal decomposition at 550 9€r @ wide range of
compositions from 10 to 100 mol.% Ir. They reportedximum electroactivity, along with the

greatest electrode service life, for the electramegaining 70% Ir.

4. Conclusions

IrO,-TaOs|Ti electrodes have been successfully prepareddayredeposition using precursor
solutions containing four different Ir:Ta molarice, followed by a two step thermal treatment. The
coated electrodes were then used as working etkasrim tests for the degradation of PAHs. The
electrodes prepared with an Ir:Ta ratio of 70:30ev®und to be superior during testing. This
compositional ratio produced homogenous coatingewsly good coverage and minimal
segregation. They displayed the longest serviee (#bout 93 as compared to all the other
compositional electrodes with Ir content of 0%, 3@¥d 100%. The ability of such an electrode to
generate  MOH) was confirmed by the gradual transformation ©bfumarin into 7-

hydroxycoumarin during testing. Its applicability EO treatment of organic pollutants was tested
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by treating aqueous solutions of phenanthrene amdhthalene, at natural pH and low current.
Removal of more than 86% and 93% (respectivelythefe contaminates was observed after 120
min. A large degree of mineralization was alsoia#td after 360 min, although the anode was
unable to degrade some highly refractory intermtediaThe oxidation power of the electrodes
prepared from precursor solutions with 30% and 100%rovided similar degradation, but their
service life was found to be below 2 h. The ela#rgoated with only a Ta-containing precursor
exhibited limited catalytic power but it did remoseme of the pollutants, likely by a direct anodic

oxidation of PAHSs.
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528 Figure captions

529 Figure 1. Scanning electron micrographs of the surfacesth&f IrO-TaOs|Ti electrodes
530 manufactured by electrodeposition, using four défee Ir:Ta molar ratios, followed by thermal

531 decomposition. Magnification: (A) 2000x and (B) B0

532 Figure 2. Atomic percentages of Ti, Ir, Ta and oxygen apadlyby EDX for the four Ir@TaOs|Ti

533 electrodes manufactured with different Ir: Ta maktios as seen on the x axis.

534  Figure 3. Cyclic voltammograms recorded using each of the frO,-Ta,Os|Ti materials (0.75 cf
535 of exposed surface area), with different Ir:Ta moddios, as the working electrode in 0.5 M@,
536 at room temperature. Counter electrode: Pt wirdei@ace electrode: Ag|AgCI (3 M KCI). Scan

537 rate: 50 mV g.

538 Figure4. UV/vis spectra of 10 mL of a 0.3 mM coumarin saatin 0.5 M HSQ,, electrolyzed for
539 180 min at 50 mA and room temperature under cohsttiming. Each single Ir@TaOs|Ti
540 electrode (0.75 ch at a given Ir:Ta molar ratio and a Pt wire wenepoyed as the anode and

541 cathode, respectively. The spectrum of coumartimed zero is also shown for reference.

542 Figure 5. 7-Hydroxycoumarin concentration accumulated otiere during the experiments
543 described in Fig. 4. Data were obtained from an ERhstrument coupled to a fluorescence

544  detector.

545 Figure 6. (A) Decay of phenanthrene concentration with tetdgsis time during the electro-
546  oxidation of 50 mL of solutions containing ~ 2 u€tbe hydrocarbon in 0.05 M N&O, at natural

547 pH and room temperature by applying 50 mA. Each-TF&Os|Ti electrode (0.75 chy at given

548 Ir:Ta molar ratios and a Pt plate were employethasanode and cathode, respectively. (B) Decay
549  of naphthalene during analogous treatments. The&drmal dashed lines represent the limit of

550 quantification for both PAHs under the selectedyital conditions.
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551

552

553

554

555

556

557

Figure 7. (A) TOC abatement vs time during the electro-afith of 50 mL of a 25 mgt.(0.19
mM) naphthalene solution in 0.05 M MO, at natural pH and room temperature by applying 50
mA. Each single Ir@Ta,Os|Ti electrode (0.75 cfp at a given Ir:Ta molar ratio and a Pt plate were
employed as the anode and cathode, respectivelyliieralization current efficiency calculated

from Eq. (4) for the above trials.

Figure 8. Service life of each manufactured electrode, given Ir:Ta molar ratio, determined

according to NACE TM0108 standard procedure.
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Highlights

High quality coatings by electrodeposition followaglthermal treatment: 70% or 100% Ir
Production of M{OH) clearly increased in the order (Ir:Ta): 0:1080:70 < 70:30 < 100:0
Electro-oxidation of PAHs using 1E9raOs|Ti anodes: direct + MQH)-mediated oxidation

Up to 86% and 93% removal of phenanthrene and hajgnte, along with 74% TOC abatement

IrO,-TaOs|Ti electrode with Ir:Ta 70:30 showed highest elsztalytic power and service life



