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Abstract

A micron-sized powder of 7% mol Y,0; stabilized ZrO, (YSZ) was used to deposit a ceramic
coating onto Ti substrate by atmospheric plasma spray. The novel YSZ ceramic presented a
dense structure with cubic crystalline structure. The as-synthesized YSZ ceramic as stable
anode, coupled to a stainless-steel cathode, was assessed for the anodic oxidation of Acid Blue
29 diazo dye solutions in sulfate and chloride media. The decolorization of these solutions in
acidic conditions was clearly faster with chloride as electrolyte, since the generated active
chlorine HCIO from anodic oxidation of Cl~ was more powerful oxidant than *OH formed from
water discharge at the 7Y SZ surface in sulfate medium. In alkaline conditions, the loss of color
was drastically reduced because of the conversion of HCIO into the weaker oxidant CIO~, as
well as the loss of oxidation power of *OH, partially compensated by the increasing oxidation
ability of SO4*~ formed from anodic oxidation of SO42~ ion. The effect of other experimental
variables such as current density, as well as the concentration of each electrolyte and the dye,
was examined. The best experimental conditions at pH 7.0 were found for 0.050 M of
electrolyte at 20 and 10 mA cm using sulfate and chloride media, respectively. In contrast,
lower mineralization was achieved in chloride medium because of the formation of very
recalcitrant and persistent chloro-derivatives that decelerated the mineralization process. In
sulfate medium, NH,*, NO;~ and, to much lesser extent, NO,~ ions were released during

mineralization, whereas tartaric, maleic, acetic and oxalic acids remained in the final solution.

Keywords: Acid Blue 29 dye; Anodic oxidation; Atmospheric plasma spray; Oxidation

products; Water treatment; Zirconia-Yttria ceramic
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1. Introduction

Anodic oxidation (AO), also called electrochemical oxidation, is one of the most promising
electrochemically-driven technologies for the decontamination of waters and wastewaters. In
recent years, AO has been largely explored to effectively remove toxic and recalcitrant
pollutants including a large variety of pesticides, dyes, drugs and industrial chemicals [1-8].
Emergent electrochemical technologies are considered environmental-friendly since rely on the
electron as clean reagent, while addition of hazardous chemicals is not required. AO is classified
as an electrochemical advanced oxidation process (EAOP) because electrocatalytically
originates in-situ adsorbed hydroxyl radical (M(*OH)) from water oxidation reaction (1)
[1,9,10]. Electrogenerated *OH is a reactive oxygen species (ROS) with a high standard redox

potential (£°) of 2.80 V/SHE.

M+H,0 - M(*OH) +H" + e (1)

Even though other ROS such as H,O,, HO,* and O,* can take place concomitantly, the
yield of *OH is the most desired for water treatment application. This is explained by the non-
selectively attack of *OH to most organic pollutants leading to their overall mineralization
towards CO, and inorganic ions [1,7,8]. The anode material and electrolyte composition are
main variables that determine the oxidation ability of AO over organic pollutants. According
to their nature, the anodes can be classified as active and non-active depending on their O,-
overpotential values. Active anodes (e.g., Pt, dimensionally stable anodes) are characterized by
a low O,-overpotential that favors the oxidation of M(*OH) to the much weaker oxidant
superoxide species MO. These intrinsic characteristics of active anodes promote
electrochemical conversion reactions over mineralization events, leading to the conversion of
aromatic pollutants into final short-linear carboxylic acids, which are difficultly mineralized to

CO; [11-14]. In contrast, non-active anodes such as boron-doped diamond (BDD) and PbO,
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possess much higher O,-overpotential which stabilize great amounts of physisorbed M(*OH),
allowing the electrochemical incineration of aromatic pollutants [15-20]. The use of PbO,
electrodes arise health concerns due to the leaching risk of lead into water. BDD thin-film
electrodes are considered the best anodes for AO. However, the high cost of this advanced
carbonaceous material is the main barrier for technology transfer into marked due to the
negative impact on expected capital expenses.

Ceramic anodes have been extensively used in fuel cells, primordially in solid oxide fuel
cells (SOFCs) [21,22]. Good performance has been obtained for complexes composites of
Lag 75Sr0.25Crg sMng 505.5-Ce 9Gdg 101 955 and Ni-based materials, like N1 with 8% mol Y,0;
stabilized ZrO, (7YSZ) [23]. These electrodes are cheaper than BDD, highly stable, and present
an acceptable electrical resistance. Recently, other ceramics including Ebonex® [24], the
substoichiometric TiO, in the form of Ti4O; [25-27] and those based on SnO,-Sb,05 [28-30]
have shown an excellent oxidation ability on organic pollutants in waters when used as anodes
in AO and related EAOPs (i.e, electro-Fenton (EF)). Table S1 collects some notable results
obtained in these works, with a performance usually inferior to that of BDD. Understanding of
electrocatalytic oxidation performance of ceramic anodes may open new avenues for
electrochemical water treatment technologies competitiveness. Ceramic 7Y SZ electrodes must
be highlighted as promising anodic materials due to their hardness and chemical inertness,
refractivity, and conducting properties. A variety of methods including mechanical milling,
reverse microemulsion, hydrothermal, precipitation, sol-gel and thermal decomposition have
been utilized for their preparation [31]. The resulting ceramics have been used in jewelry, as
non-metallic knife blades, in cements, in electrically-driven processes as electrolyte in SOFC
and/or glowing rods in Nernst lamp [23].

Water matrix also affects electrochemically driven technologies since it may be a source

of additional oxidant species different from M(*OH). In a classical sulfate medium, the sulfate
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anion radical (SO4*") can be formed from the direct anodic oxidation of SO4*~ by reaction (2),
which subsequently dimerizes to the weaker persulfate ion (S,03>") by reaction (3) [32,33].
SO4*~ is also a very strong oxidant with £° = 2.5-3.1 V/SHE that reacts via electron-transfer
mechanisms, whereas the reaction with M(*OH) involves the addition of —OH to unsaturated
bonds and H-abstraction. The situation is more complex when the medium contains CI- ion,
because it is oxidized to active chlorine species (Cl,, HCIO and ClO") from reactions (4)-(6)
[4,28,34-36]. HCIO (E° = 1.49 V|SHE) predominates as oxidant in the pH region 3.0-7.5.
Meanwhile, C10~ with lower oxidation ability (£° = 0.89 V|SHE) is the stable species at higher
pH, according to the acid-base equilibria (pK, = 7.55). However, active chlorine species can be
subsequently transformed into undesirable C10,-, ClO5~ and CIO,4™ ions, depending on pH and

applied current, and can originate toxic and highly recalcitrant chloro-derivatives [4,35].

SO — SO+ e ()
2804~ — S,04* 3)
2CI" — Clypg + 26 4)
Clyug + H,O S HCIO + CI- + Hf (5)
HCIO S ClO- + H* pK,=17.55 (6)

Textile and food industries consume large amounts of colored dyes, which are partially
released in their effluents up to contents of 250 mg L-! [4,37]. These wastewaters can originate
serious health risks for living beings because of the toxic, carcinogenic, and mutagenicity
characteristics of highly stable organic dyes and their by-products [38,39]. Social awareness of
dye pollution concerns is enhanced by aesthetic problems due to the coloration of such effluents

[40,41], which propels the need for in situ effluent remediation technologies. However,
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powerful oxidation techniques are required for the treatment of dyeing effluents since
conventional methods such as adsorption and coagulation become very inefficient [38,42].
Aromatic azo dyes are the most abundant class of synthetic dyes, which represent about 75%
of the overall production of these compounds [43]. They contain one or various -N=N- bonds
linked to sulfonic groups to possess a high solubility in water, and they can be efficiently
decolorized and mineralized by *OH [44-46]. In this scenario, AO mainly with a BDD or Pt
anode has been widely employed for azo dyes removal [4,47-49]. Novel anodes for this
technology are needed to be explored to dispose of a high number of materials for practical
application.

The present paper reports the synthesis of a novel YSZ ceramic onto Ti substrate by
atmospheric plasma spray (APS). This is an advanced technique for coatings manufacturing
that produces stable deposits from molten particles accelerated onto a substrate. APS reduces
electrode manufacturing cost and allows large electrode synthesis in continuous operation. The
performance of the synthesized YSZ ceramic as anode in AO was assessed from the treatment
of solutions of Acid Blue 29 (AB29) (see molecular structure, name and properties in Table S2)
as model diazo dye. The assays were made in sulfate or chloride medium to assess the role of
the oxidizing agents produced. The effect of pH, current density (j) and concentration of each
electrolyte and of dye over color removal was examined. The chemical oxygen demand (COD)
abatement, along with the current mineralization and energetic requirements, were determined
in each medium at neutral pH. Finally, the evolution of released nitrogen ions and short-linear

carboxylic acids was analyzed to better clarify the mineralization of the dye.
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2. Materials and methods

2.1. Reagents

Micro-powder fused and crushed powder of 7% mol Y,0; stabilized ZrO, (99.9% purity)
was supplied by H.C. Starck. Commercial Acid Blue 29 was purchased from Sigma-Aldrich.
Analytical grade Na,SO, and NaCl employed as electrolytes were purchased from Sigma-
Aldrich. Analytical grade H,SO4 (98% purity), HC1 (37%) and NaOH supplied by Sigma-
Aldrich and Anidrol were used for adjusting the initial solution pH and kept it constant during
the experiments. Standard carboxylic acids were purchased from Sigma-Aldrich and Merck.
All solutions were prepared with ultrapure Millipore Milli-Q water with resistivity > 18.2 MQ
cm at ambient temperature. Other reagents were either of HPLC or analytical grade supplied

by Prolabo, Panreac and Merck.

2.2. Synthesis of the YSZ ceramic onto titanium by APS

The (Zr0;).93(Y203)0.07 micropowder was employed as feedstock to synthesize the YSZ
semiconducting ceramic deposit onto titanium by means of APS. This was made with a F4
plasma torch equipped with a Sultzer Metco A-3000S system. This technology involves the
heating up, mixing and homogenization of the feedstock microparticles in the hot zone of the
plasma jet, followed by their fast acceleration to be quenched onto the substrate producing the
coating layer by layer [50-58]. The substrate was a Ti plate (30 mm x 20 mm x 5 mm),
previously degreased with acetone and grit blasted with white corundum at 5.6 bar and 45 °C
at 250 mm distance. The average roughness of the resulting substrate was close to 5 um. The
intervals for the spraying parameters of the YSZ coating obtained by APS were: feed rate (10-
35 g min'!), spray distance (80-140 mm), applied current (550-650 A), Ar flow plasma (30-45

L min') and H, flow plasma (8-15 L min!).
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2.3. Electrochemical system

All electrolytic experiments were performed with an undivided cylindrical glass tank
reactor containing 100 mL of AB29 solution vigorously stirred with a magnetic bar at 600 rpm.
The solution temperature was kept at 25 °C by circulating external thermostated water through
a jacket surrounding the cell. The anode was the as synthesized 7YSZ ceramic electrode and
the cathode was a stainless steel plate (SS, AISI 304). The geometric area of both electrodes
was 6.0 cm? and they were placed in parallel at about 1.0 cm. Electrolyses were conducted
galvanostatically at j values between 5 and 30 mA cm using a Minipa MPL-3305 power
supply, which directly provided the potential difference between the electrodes. Solutions with
AB29 concentration from 10 to 60 mg L' in two separated electrolytes, Na,SO, or NaCl, with

content between 0.025 and 0.100 M at pH 3.0-9.0 were treated by AO.

2.4. Apparatus and analytical procedures

The morphology of the feedstock micro-powder and the as-synthesized ceramic by APS
was studied by scanning electron microscopy (SEM) using a JEOL JSM-7100F system. The
crystallographic planes of the above materials were determined by X-ray diffraction (XRD)
analysis using a Bruker D8 Advance diffractometer, with Cu K, radiation and a 26 scan from
10° to 110°.

The pH of solutions was monitored with a Hanna HI4221 pH-meter. The percentage of
color removal of the AB29 solutions treated by AO was calculated by Eq. (7) [4] from the initial
absorbance A4, and the absorbance A4 at time t measured at A = 600 nm, the maximum wavelength

of the dye (see Table S2), using an Analytikjena Specord 210 Plus UV/Vis spectrophotometer:

Ag- A
% Color removal = —100 @)

A

The decolorization kinetics was analyzed from different simple order reaction equations

and good linear correlations were found for a pseudo-first-order reaction by plotting In(A4y/A)
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vs. t. The COD value of the initial and treated solutions was determined with Hanna instruments
COD analytic kits, using a Hanna HI 839800 thermal reactor and a Hanna HI 83099 photometer.
From the initial COD, and the COD determined at time 7 (in g O, L), the percentage of COD
removal was obtained from Eq. (8), the percentage of average current efficiency (% ACE) was

calculated from Eq. (9) [28] and the electrical energy per order (Egp) was estimated from Eq.

(10) [59]:
CODg - COD
% COD removal = TDOIOO ®)
FV (CODy - COD)
%ACE =——5;;— 100 9)
—3\ Ecenlt
Ego (kWhm ™%) = 0 con,/ con) (10)

where F is the Faraday constant (96487 C mol!), Vis the solution volume (in L), 8 is the oxygen
equivalent mass (in g eq’!), I is the applied current (in A), ¢ is the electrolysis time (in s for %
ACE and in h for Egp) and E. is the average potential difference between electrodes (in V).
The produced carboxylic acids were analyzed by high-performance liquid chromatography
(HPLC) upon injection of 10 pL aliquots into a Dionex Ultimate 3000 LC via an Ultimate 3000
autosampler. The column was an Acclaim Organic Acids (5 pm, 120 A, 250 mm x 4 mm) and
100 mM Na,SOy at pH 2.6 and 25 °C was eluted at 600 mL min! as mobile phase. Carboxylic
acids were detected at A = 210 nm using a Hanna Ultimate 3000 diode array detector, and
retention times of 3.7, 4.7, 6.4 and 7.4 min were obtained for oxalic, acetic, maleic and fumaric
acids, respectively. Inorganic ions were detected by ion chromatography using a Dionex ICS-
3000 LC coupled to a Dionex DS6 conductimetric detector. To do this analysis, 10 pL aliquots
were injected through an AS40 autosampler. A Chromeleon CS12A (250 mm X 2 mm) column
was used for cation analysis, whereas a Dionex AS19 (250 mm x 2 mm) column was employed

for anion determination. Solutions of 20 mM H,SO, and 50 mM KOH, both at 0.25 mL min™!,
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were used as mobile phases, respectively. Retention times of 4.8 min for NH4" ion, 12.7 min
for NO,™ ion and 16.7 min for NO;~ ion were found.

Average values of the measured % color and % COD removals, released nitrogen inorganic
ions and generated carboxylic acids are reported from replicated assays, along with the

corresponding error bars with 95% confidence interval in figures.

3. Results and discussion

3.1. Physical and electrochemical characterization of the as-synthesized 7YSZ ceramic

Fig. 1a and b show SEM images of the commercial YSZ micro-powder. As can be seen,
this material was composed of irregular microparticles with a size between 5 and 25 um. In
contrast, the SEM image of Fig. Ic evidences a porous YSZ ceramic coating with the typical
lamellar structure of a thermally sprayed coating synthesized from melting and acceleration of
the microparticles onto a Ti substrate.

Fig. 2 depicts the XRD pattern of the YSZ synthesized ceramic, showing the peaks related
to a cubic YSZ from ICS #90885 [31]. The first peaks appeared at 26 angles of 20.21° (greater
intensity), 35.14°, 50.29°, 59.96°, 62.73° and 74.2° corresponding to the (111), (200), (220),

(311) and (222) crystallographic planes of its cubic structure, respectively [60].

3.2. Decolorization of Acid Blue 29 in sulfate medium

First studies on the treatment of AB29 solutions by AO using a 7YSZ/SS cell were made
by determining their decolorization rate separately in two electrolytes, namely Na,SO, and
NaCl. In each medium, the effect of key experimental variables, including the pH, current
density and the concentration of electrolyte and diazo dye, was examined. In each assay, the

solution pH was continuously regulated to its initial value by adding small volumes of 1 M

H,SO,4, 1 M HCl or 1 M NaOH. Table 1 summarizes the results obtained in all these assays.

10
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The solution pH was the first variable examined in sulfate medium because it can determine
the role of oxidants M(*OH) and SO,*~ [1,4,5,61,62]. Fig. 3a depicts the percentage of color
removal vs. time plots for 100 mL of 15 mg L' dye solutions in 0.050 M Na,SOj, at the pH
interval 3.0-9.0 by applying a j = 20 mA cm lasting 360 min. A gradual drop in decolorization
rate can be observed in the sequence pH 3.0 > pH 5.0 > pH 7.0 > pH 9.0, achieving a final loss
of color from 98.9% to 83.7% (see Table 1). This behavior cannot be ascribed to a change in
structure of an azo dye with strongly basic lateral sulfonate groups like AB29, because it is
expected that its dianionic form (see formula in Table S2) is always the oxidized species in such
pH region [4]. The loss of oxidation power with increasing pH can be related to the gradual
decreasing production of M(*OH) since this radical is more easily oxidized and deactivated by
reaction with OH™ to form H,O and O~ [61]. It has been established for other anodes like BDD
that SO,*~ generated from reaction (2) possesses much greater oxidation ability in alkaline that
in acidic media, even superior to M(*OH) [62]. That means that using the 7YSZ ceramic as
anode at pH 3.0, the dye removal occurred mainly via the attack of the stronger oxidant M(*OH)
with low participation of the weaker SO,*". In contrast, as pH rose to pH 9.0 the dye was less
decolorized because M(*OH) became less oxidant, not being compensated by the larger action
of the more powerful SO4°*~.

Fig. 3b highlights that the decay of the absorbance associated with the percentage of color
removal for the above trials obeyed a pseudo-first-order kinetics. The corresponding apparent
rate constant for decolorization (kg..) showed a progressive drop from pH 3.0 to 9.0, varying
from 1.29x10-2 to 5.0x103 min! (see Table 1). The excellent R>-values obtained (> 0.990)
validates the kinetic behavior found. This suggests that the decolorization process is controlled
by the mass transport of the dye toward the 7YSZ ceramic anion, with a steady production of

oxidizing agents at each pH tested [1].
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The quantity of oxidizing agents produced by the electrolytic system is governed by the
applied j. To check the influence of this variable, a solution with 15 mg L' dye in 0.050 M
Na,SO, at pH 7.0 was degraded between 5 and 30 mA cm™. The neutral pH was selected to
mimic the ambient conditions in which dyes can be found. Fig. 4a evidences the enhancement
of the percentage of color removal when j grew, up to a maximal from 62.2% at 5 mA cm™ to
95.2% at 30 mA cm™. This is the expected behavior by the concomitant increase in rate of
reactions (1) and (2), with generation of greater amounts of oxidants M(*OH) and SO,*",
respectively. However, Fig. 4a reveals that a very similar decolorization was reached operating
at 20 and 30 mA cm, meaning that the electrolytic system has already attained the maximum
oxidation power to destroy the dye and its colored products. This behavior can be accounted by
the quicker consumption of the oxidizing agents in waste reactions with detrimental of organic
events when the current passed from 20 to 30 mA cm. These waste reactions involve, for
example, the anodic oxidation of M(*OH) to O, gas and the dimerization of M(*OH) to form
the weak oxidant H,O, [1,4], as well as the dimerization of SO4*~ to S,0g?~ via reaction (3).
From these results, one can conclude that 20 mA c¢cm is the optimum j for dye decolorization
in sulfate medium using our electrolytic system. Good pseudo-first-order kinetics with kge-
values raising from 2.8x1073 to 8.3x103 min'! in the j range of 5-30 mA c¢m? were determined
for these trials (see Table 1), corroborating the mass-transport control and the formation of
steady and small amounts of oxidants in all cases.

The study of the influence of Na,SO, concentration between 0.025 and 0.100 M over the
loss of color of 15 mg L' AB29 at pH 7.0 and the optimized j of 20 mA cm2 is presented in
Fig. 4b. An upgrading of the percentage of color removal can be observed when the Na,SO,4
content rose from 0.025 to 0.050 M, whereupon no significant change occurred. This can also
be deduced from the analogous kg..-values of (7.7-8.1)x10-3 min-! determined between 0.050

and 0.100 M, as shows Table 1. The faster decolorization achieved for 0.050 M Na,SO, as
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compared to 0.025 M Na,SO, can be attribute to the increase in rate of reaction (2) to generate
more quantity of SO,*~. However, the acceleration of the waste reaction (3) for higher
electrolyte concentrations impedes more production of oxidant SO,*~, then not affecting the
decolorization rate of the dye. This indicates that a content of 0.050 M of Na,SO, is optimal in
our experimental conditions.

The last experimental variable examined was the dye concentration. Its influence over the
decolorization process was studied for contents between 10 and 160 mg L' in 0.050 M Na,SOy4
at pH 7.0 and j = 20 mA cm. Fig. 4c evidences that the percentage of color removal underwent
a gradual decrease with increasing AB29 concentration. The solution was completely
decolorized for 10 mg L-!, but its color was only reduced by 48.3% for 60 mg L-!. This tendency
can also be established from the corresponding kg..-values collected in Table 1. The loss of
decolorization effectiveness at higher organic load can be ascribed to the smaller proportion of
dye removed from the analogous quantity of oxidizing agents produced in all media. Then, the
electrolytic system does not lose oxidation ability and only longer time is required to achieve

an overall decolorization of the solution.

3.3. Decolorization of Acid Blue 29 in chloride medium

The study of the decolorization of the dye solutions was extended to NaCl as electrolyte
for the same interval of experimental variables as taken in Na,SO4 medium. However, it was
observed that the degradation process was much faster using NaCl and for this reason, the
operation time was shortened to 240 min. Fig. 5a shows the change of the percentage of color
removal with electrolysis time for 15 mg L' AB29 solutions in 0.050 M NaCl within the pH
region of 3.0-9.0 at j = 10 mA cm™. The decolorization rate was rapidly reduced in the order
pH 3.0>>pH 5.0 > pH 7.0 > pH 9.0. Thus, at pH 3.0 total loss of color was achieved after 120
min of electrolysis, but only 54.0% of color was removed at the end of the treatment at pH 9.0.

Although the tendency is the same as that of Na,SO, (see Fig. 3a), a much rapid color reduction

13
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was found in NacCl, at least up to pH 7.0. That can be explained by the action of other strong
oxidant such as active chlorine originated from reactions (4)-(6). Much greater amount of active
chlorine than M(*OH) is then expected to be formed at the surface of the 7YSZ ceramic anode.
The quickest degradation at pH 3.0 is due to the main oxidation with the most powerful active
chlorine, i.e., HCIO. When the pH increases, its basic form, i.e., Cl1O~, is being more produced
according to reaction (6) and at pH 9.0 it predominates largely in the medium leading to a
slower decolorization because of its smaller oxidation power. Fig, 5b depicts the excellent linear
profiles obtained at all pH values by representing the corresponding plots of In(A4¢/4) vs.
electrolysis time, thus showing that the decolorization kinetics follows a pseudo-first-order
reaction. Table 1 collects the kg.-value, with good R?> (> 0.97), determined for these
experiments, which is as high as 7.45x10-2 min’! for pH 3.0, but decays drastically up to 3.4x10-
3 min! for pH 9.0. These results inform about the reaction of the dye with a steady content of
active species in each medium tested.

Fig. 6a shows the decolorization profiles determined for 15 mg L-! dye in 0.050 M NacCl at
neutral pH and ; values from 5 to 30 mA c¢cm. The slow loss of color at j = 5 mA ¢cm, attaining
48.4% at 240 min, was strongly accelerated at j = 10 mA cm2, where 89.4% decolorization
was reached. This strong effect can be related to the large increase in oxidation rate of Cl~ ion
by reaction (4) that originates higher amounts of active chlorine (mainly HCIO and ClO") via
reactions (5) and (6), which oxidize more rapidly the dye and its colored products. In contrast,
further increase of j causes a progressive slowdown of color removal up to 85.2% at 20 mA
cm? and 72.4% at 30 mA cm2. This is the result of the loss of active chlorine because its greater

production enhances the subsequent conversion of HCIO and/or C1O™ into C10,~, C1O;3™ and/or

ClOy4 ions via reactions (11)-(13) [35,36]:

ClO- + H,0 — ClO, + 2H* + 2e (11)

14
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ClOy + H,0 — ClOy~ + 2H* + 2e- (12)

CIO3_ + HZO —> C104_ + 2H" + 2e” (13)

The kinetic analysis of the absorbance of the assays of Fig. 6a confirmed that the
decolorization process always followed a pseudo-first-order reaction. A look of Table 1 allows
inferring that the greatest kg, was 8.6x10-2 min'! at the best j = 10 mA cm, which is 2-fold
higher than that obtained in 0.050 M Na,SO,. This corroborates the quicker oxidation action of
active chorine in chloride medium than M(*OH) and SO,4* in sulfate one at pH 7.0.

A similar tendency as described above by increasing j was also found when NaCl rose from
0.025 to 0.100 M by applying the best j = 10 mA cm2. The data of Fig. 6b, as well as the
percentage of color removal and kg.-values listed in Table 1, reveal an enhancement of
decolorization by raising NaCl content from 0.025 to 0.050 M, whereupon it underwent a
gradual reduction up to 0.100 M. This can be explained again by the upgrading of active
chlorine from reactions (4)-(6) up to 0.050 M, followed by a progressive larger acceleration of
reactions (11)-(13) that produces the concomitant deceleration of decolorization. A 0.050 M
NaCl was then optimal for the treatment of AB29 solutions.

The expected decay of the percentage of color removal with increasing dye concentration
due to the oxidation with similar amounts of active chlorine is shown in Fig. 6¢. As can be seen,
the decolorization rate became progressively lower when the AB29 content varied between 10
and 60 mg L-! using the best conditions of 0.050 M NaCl and j = 10 mA cm™ at neutral pH.
The greatest loss of color was of 95.1% obtained for 10 mg L-!' dye, with the highest kg..-value
of 1.99x102 min-!' (see Table 1). These results indicate that the 7YSZ/SS cell was able to
decolorize relatively high contents of the diazo dye, although more time is needed at higher

organic load.
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3.4. Mineralization of Acid Blue 29 solutions

From the aforementioned findings, the mineralization of 100 mL of 15 mg L' AB29 by
AO with the 7YSZ/SS cell was performed under the optimum conditions determined for the
sulfate and chloride media at pH 7.0, lasting the treatments up to 600 min. Fig. 7a shows that
the use of 0.050 M Na,SO, at j = 20 mA cm? led to 90.4% COD reduction, much superior to
67.3% removed in 0.050 M NaCl at j = 10 mA cm™. These results are opposite to the
decolorization behavior of the dye, where the active chlorine formed in NaCl medium had much
higher oxidation ability than the oxidants M(*OH) and SO4*~ produced in Na,SO, one. The
lower mineralization power in NaCl can be accounted for by the formation of high recalcitrant
chloro-derivatives [4,35,36], which can be even more toxic than the parent molecule. The
accumulation of such largely persistent products in the medium causes a strong deceleration of
the mineralization process, as can be seen in Fig. 7a.

The ACE values calculated from Eq. (9) for the experiments of Fig. 7a are depicted in Fig.
7b. Although lower COD removal was obtained for NaCl, higher ACE values were determined
due to the smaller applied j of 10 mA cm™. Fig. 7b shows an ACE drop from 3.4% at 60 min
to 2.1% at 600 min as result of the formation of recalcitrant chloro-derivatives and the loss of
organic load [1]. In contrast, a slower decay with electrolysis time can be observed for the
smaller ACE values calculated for Na,SO,4, which varied between 2.0% at 60 min and 1.3% at
600 min, mainly due to the loss of organic matter with generation of less recalcitrant products.
These tendencies are reflected in the corresponding Egg values calculated from Eq. (10) and
presented in Fig. 7c. Much lower Egg values can be seen using NaCl as electrolyte as compared
to Na,SO, because of the lower applied j (10 mA cm™ vs. 20 mA cm) giving rise to a smaller
Ecenn (6.8 V vs. 8.1 V). The final electrical energy per order was 84.1 and 95.6 kWh m- for such

media, respectively.

16



370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

3.5. Evolution of products

It is well-known that the sulfonate group of azo dyes is converted into SO4>~ ion during
their mineralization by AO [4,28,44,46]. The fate of the initial N (0.146 mM) contained in 100
mL of 15 mg L' AB29 in 0.050 M Na,SO, at pH 7.0 was followed upon electrolysis in the
7YSZ/SS cell at the optimum j = 20 mA cm2. Fig. 8 shows the time-course of the nitrogen
inorganic ions detected, which were progressively accumulated during the treatment. Final
concentrations of 0.053 mM of NH," ion (36.3% of initial N), 0.045 mM of NO;~ ion (30.8%
of initial N) and 0.008 mM of NO,™ ion (5.5% of initial N) were found. This represents a total
of 0.106 mM of N in solution, i.e., 72.6 of initial N, when all N-organics are destroyed since
COD was reduced by 90.4% (see Fig. 7a). This means that about 27% of the initial N was
transformed into volatile N-products, like N, and N,Oy, as proposed for other azo dyes
[44,46,63].

Short-linear aliphatic carboxylic acids such as tartaric, maleic, acetic and oxalic, were
identified during the AO treatment of the above solution. Fig. 9 shows the evolution of the
concentration of these acids with electrolysis time. The three former acids presented a
maximum content, followed by a slow decay due to their oxidation to oxalic acid [4], which
was the most persistent product. The final concentrations of such acids were 4.05, 0.35, 1.42
and 2.27 mg L-!, respectively, corresponding to a total COD of 4.36 mg O, L-!. This represents
an 84.8% of the remaining COD solution (5.14 mg O, L, see Fig. 7a), meaning that the
enlargement of the mineralization process of AB29 in sulfate medium by AO is due pre-
eminently to the persistence of the carboxylic acids formed, along with other undetected

recalcitrant products generated to much lesser proportion.
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4. Conclusions

A uniform, lamellar and porous novel 7YSZ ceramic, with cubic crystallographic structure
has been synthesized onto Ti using APS technology. The oxidation power of the 7YSZ ceramic
electrode as anode for AO was assessed from the decolorization of AB29 solutions in sulfate
and chloride media coupled to a SS cathode. This process was very fast at pH 3.0, but it was
slowed down as pH rose up to 9.0. More rapid loss of color was achieved using NaCl as
electrolyte. The main oxidant in sulfate medium at pH 3.0 was M(*OH), which lost oxidation
power with increasing pH, being partially replaced by the increasing oxidation ability of SO4*".
In chloride medium, the most potent active species HCIO was the predominant oxidant at pH
3.0, but at neutral and alkaline pH, it was gradually replaced by the weaker ClO~. The best
experimental variables for decolorization at pH 7.0 were 0.050 M Na,SO, for j = 20 mA cm™
and 0.050 M NacCl for j = 10 mA cm. Operating under these conditions, a 15 mg L-! diazo dye
solution was more quickly mineralized in sulfate medium, achieving 90.4 % COD reduction,
with 1.3% ACE and 95.6 kWh m~ Eg. For this assay, the initial N of AB29 was converted into
NH4" and NO;™ ions and, to much lesser extent, into NO,™ ion. Tartaric, maleic, acetic and
oxalic acids were identified as generated short-linear carboxylic acids, which represented about
85% of the COD remaining in the final solution. The 7YSZ anode was stable upon all

experimental conditions tested.
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Fig. 1. SEM image of powder at (a) 500X, (b) 1000X and (c) of the as-synthesized 7% mol Y,0;
stabilized ZrO, (7YSZ) ceramic by atmospheric plasma spray (1000X).
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Fig. 2. XRD pattern of the as-synthesized 7Y SZ ceramic electrode by atmospheric plasma spray.
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Fig. 3. Effect of pH over (a) percentage of color removal vs. electrolysis time and (b) pseudo-
first-order kinetics of the absorbance decay for the anodic oxidation (AO) treatment of 100 mL
of 15 mg L' AB29 in 0.050 M Na,SO, using a 7Y SZ/stainless steel (SS) cell at 20 mA ¢cm™ and
25 °C. Solution pH: (¢) 3.0, () 5.0, (A) 7.0 and (@) 9.0.
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Fig.4. Change of the percentage of color removal with electrolysis time for the AO process of

100 mL of AB29 solutions at pH 7.0 and 25 °C with a 7Y SZ/SS cell. (a) Effect of current density
for 15 mg L-! dye in 0.050 M Na,SO,. (b) Effect of Na,SO, concentration for 15 mg L-! dye at
20 mA cm2. (c) Effect of AB29 concentration for 0.050 M Na,SO, and 20 mA cm™.
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Fig. 5. Influence of pH on (a) the change of percentage of color removal with electrolysis time
and (b) the pseudo-first-order kinetics of the absorbance abatement for the AO treatment of 100
mL of 15 mg L' AB29 in 0.050 M NaCl using a 7Y SZ/stainless steel (SS) cell at 10 mA cm
and 25 °C. Solution pH: (¢) 3.0, () 5.0, (A) 7.0 and (@) 9.0.
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Fig. 6. Percentage of color removal vs. electrolysis time for the AO process of 100 mL of AB29
solutions at pH 7.0 and 25 °C with a 7YSZ/SS cell. (a) Influence of current density for 15 mg L-
I'dye in 0.050 M NacCl. (b) Influence of NaCl concentration for 15 mg L' dye at 10 mA cm™. (c)
Influence of AB29 content for 0.050 M NaCl and 10 mA c¢cm™,
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Fig. 7. Variation of (a) percentage of COD, (b) percentage of average current efficiency and (c)

electrical energy per order for the AO process of 100 mL of 15 mg L' AB29 (COD, = 53.5 mg
O, L") in (@) 0.050 M Na,SO, or (A) 0.050 M NaCl at pH 7.0 and 25 °C using a 7YSZ/SS
cell. Applied current density: (@) 20 mA cm= and (A) 10 mA cm™2.
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Fig. 8. Time course of the concentration of (@) NO;~, (®) NH4" and (V) NO,~ ions released
during the AO process of 100 mL of 15 mg L' AB29 in 0.050 M Na,SO, at pH 7.0 and 25 °C
with a 7YSZ/SS cell at 20 mA cm™2.
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Fig. 9. Change of the concentration of (@) tartaric, () maleic, () acetic and (A) oxalic acids
detected during the treatment of 100 mL of 15 mg L-' AB29 in 0.050 M Na,SO, at pH 7.0 and
25 °C by AO using a 7YSZ/SS cell at 20 mA cm=.
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Table 1.

Percentage of color removal at the end of the treatment of 100 mL of AB29 solutions in sulfate
(at 360 min) or chloride (at 240 min) media using a 7YSZ/SS cell under selected conditions, as
well as the corresponding pseudo-first-order rate constant for decolorization with its squared

correlation coefficient.

pH Current density  [Electrolyte] [AB29] % color kgec
(mA cm?) (mM) (mgL!  removal (10 min!) R?
Sulfate medium
3.0 20 0.050 15 98.9 12.6 0.996
5.0 20 0.050 15 97.0 94 0.991
7.0 5 0.050 15 62.2 2.8 0.992
10 0.050 15 80.0 4.4 0.991
20 0.025 15 78.7 4.4 0.993
0.050 10 99.6 10.9 0.997
15 93.8 7.7 0.997
30 74.6 3.8 0.990
60 48.3 1.8 0.990
0.075 15 93.9 7.8 0.998
0.100 15 94.6 8.1 0.997
30 0.050 15 95.2 8.3 0.995
9.0 20 0.050 15 83.7 5.0 0.995
Chloride medium

3.0 10 0.050 15 100 74.5 0.994
5.0 0.050 15 96.3 13.4 0.992
7.0 5 0.050 15 48 .4 2.7 0.980
10 0.025 15 70.5 4.6 0.980
0.050 10 95.1 19.9 0.965
15 89.4 8.6 0.980
30 76.8 5.9 0.993
60 59.1 3.7 0.965
0.075 15 77.0 5.8 0.972
0.100 15 60.0 3.7 0.993
20 0.050 15 85.2 7.0 0.976
30 0.050 15 72.4 3.1 0.970
9.0 10 0.050 15 54.0 34 0.983
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Table S1. Examples over the recent use of ceramic anodes to remove organic pollutants by EAOPs.

Method Pollutant Operating conditions Ceramic anode Main results Reference

Anodic oxidation 0.1 mM amoxicillin 230 mL, 50 mM Na,SO,, T1404 69% TOC removal. Better [26]
pH 5.7, I: 10-120 mA performance compared to DSA

and Pt anodes.

Anodic oxidation 5.0-90 mg L' Acid Blue 29 100 mL, 50 mM Na,SO,, Sn-Cu-Sb Complete color and COD [28]
pH=5,7,9,11, removals after 300 and 600 min,
j=5.0-30 mA cm? respectively, at j = 10 mA cm™

Anodic oxidation 100 mg L-! norfloxacin 250 mL, 14 mM Na,SOy, Sn0,-Sb,0;  69% TOC removal after 250 min [29]
j =33-83 mA cm? atj = 83.3 mA cm™

Anodic oxidation 100 mg L-! norfloxacin 250 mL, 2 g L' Na,SO, (Sn,Sb,Cu)O,  84% TOC removal after 240 min. [30]
j =80 mA cm™ Better performance than SnO,-

Sb,0;, but worse than BDD
(95% TOC removal)
Electro-Fenton 0.1 mM amoxicillin 230 mL, 50 mM Na,SO,, T1404 Complete degradation in 50 min [27]

0.1 mM Fe?', pH 3,
1: 10-120 mA

and 84% TOC removal after 600
min at /=120 mA
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Table S2. Characteristics of AB29 diazo dye

Chemical
structure

@*@

Chemical name disodium 4-amino-5-hydroxy-3-[(3-
nitrophenyl)azo]-6-(phenylazo)naphthalene-
2,7-disulfonate

Chemical formula C»H14NgNa,S,09
Color Index number 20460
M (g mol!) 616.49
A max (nm) 600
Visible spectrum 0.4
0.3 —
’;:\
S 0.2 —
<
0.1 —
0 ] ]
?00 500 600 700 800

Wavelength (nm)




