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ABSTRACT

The present paper deals with the atenolol (ATL) degradation by advanced anodic
oxidation using a boron-doped diamond anode supported on niobium (Nb/BDD). Cyclic
voltammetry performed on this electrode revealed that it presents a high quality
(diamond-sp®/sp*-carbon ratio), high potential for OER and that ATL can be oxidized
directly and/or indirectly by the electrogenerated oxidants, such as hydroxyl radicals,
persulfate ions and sulfate radicals.

Electrolysis experiments demonstrated that ATL degradation and mineralization
follow a mixed (first and zero) order kinetics depending on the applied current density.
At high applied current densities, the amount of *OH radicals is very high and the overall
reaction is limited by the transport of ATL (pseudo first-order kinetics) whereas for low
applied current densities, the rate of *OH radicals generation at the anode is slower than

the rate of arrival of ATL molecules (pseudo-zero order kinetics). Estimated values of



kzero and ksirst based on the assumption of pseudo-zero or pseudo-first order kinetics
were carried oud as a function of the supporting electrolyte concentration, indicating
that both parameters increased with its concentration due the higher production of

sulfate reactive species that play an important role in degradation.

Finally, MCE increased with the decrease of current density, due to the lower
amount of *OH present in solution, since this species could be rapidly wasted in parasitic
reactions; and the increase of sulfate concentration due to the more efficient

production of persulfate.

KEYWORDS: Advanced anodic oxidation; Atenolol; Boron doped diamond; Filter-press

reactor



1 Introduction

Concern about pollutants discharge into the environment has been increased
worldwide, since most of them can be persistent and/or bioaccumulative and have
potential for environmental long-range transport (de Wit et al., 2019). Furthermore,
some of such a chemicals are present in products daily household consumed, as
personal care products, surfactants, steroid hormones and pharmaceuticals (Luo et al.,
2014). The conventional water and wastewater treatments are not capable of removing
these pollutants, and therefore, the substances appear in the environment having the
potential to harm biota and humans (Belenguer et al., 2014; Benson et al., 2017; Baken
et al., 2018). In this sense, extensive efforts have been made to develop some effective
technologies able to thoroughly destroy these contaminants of emerging concern (CEC)

from water.

Pharmaceutical products are widely consumed due to the wide range of medical
treatments and the greater availability and access of medicines. Among them, B —
Blockers such as Atenolol (ATL) are extensively employed to treat diseases of the
circulatory system (Frishman, 2016). However, ATL presents a highest level of toxicity
for aquatic animals and humans (Vieno et al., 2007). In EU, several monitoring
campaigns studies published in last years, revealed an average concentration of ATL of
approximately 4 ug L™ in certain wastewaters (Sousa et al., 2018). This compound is
widely used in treatments and contemplated in social programs for the provision of
medicines to the population in Brazil (Ministério da Saude, 2012). In addition, it was the
best-selling drug in Brazil in 2013 (Godoy et al., 2015). Therefore, the removal of this B-

Blocker before the discharge into the environment is a technological challenge.



One of the most promising methods applied to CEC abatement are the advanced
oxidation processes (AOP), with special emphasis on the advanced anodic oxidation
(AAO) (Kanakaraju et al., 2018). This process can promote the direct electron transfer
and/or generate strong oxidative radicals, resulting in the degradation and
mineralization of the organic compounds. In the direct electron transfer, the organic
molecule exchanges electrons directly with the electrode surface. Additionally, in the
indirect oxidation, the chemical reactions are mediated by the reactive species
generated, mainly hydroxyl radical (*OH) (Panizza and Cerisola, 2009). In some cases,
depending on the type of electrolyte, reactive species such as sulfate radical (SO4"),
persulfate ions (5,0s>), active chorine speciation, active oxygen, etc. can be generated,
which are either chemically/physically adsorbed on the anode surface or free in the bulk
solution (Panizza and Cerisola, 2009; Radjenovic and Petrovic, 2017; Zabik et al., 2019).
Such physicochemical characteristics depend on the reaction medium, operating

conditions and electrode constitution (Souza et al., 2016; He et al., 2019).

In recent years, works based on different anode materials used in AAO process for
CEC abatement have been reported (Mora-Gomez et al., 2018; Periyasamy and
Muthuchamy, 2018; Xu et al., 2018; Kaur et al., 2019) which evaluated, their easy
implementation, operation, scale-up and energy consumption (Chianca et al., 2014).
One of the most promising anodes is the boron-doped diamond (BDD), due to its high
capability in CEC degradation. The main advantages of this anode over other electrodes
is its wide potential window, high current efficiency and its high electrochemical and
corrosion stability (Panizza and Cerisola, 2005; da Silva et al., 2018). There are many
papers reporting BDD-silicon supported (Si/BDD) (Polcaro et al., 2004; Ciriaco et al.,

2009; Pacheco et al., 2011; Abdessamad et al., 2013) applied to CEC degradation, but



less information regarding the effect of different operational parameters on niobium
substrate anodes (Nb/BDD) is available. Some studies show that the Nb/DBB anodes
have effectively been used for pesticide (Dominguez et al., 2018), dyes (Clematis et al.,
2017), hormones (Brocenschi et al., 2016), oil refinery effluent (Souza and Ruotolo,

2013) and some pharmaceuticals (Gutie et al., 2015) degradation.

The aim of this study is to investigate the ATL degradation by AAO using a Nb/BDD
anode. The Nb/BDD anode material has been characterized by cyclic voltammetry,
where parameters like the electrochemical window, oxygen evolution reaction (OER),
diamond film quality (diamond-sp>/sp-carbon ratio), electrogeneration of oxidants and
ATL oxidation mechanism (direct and/or indirect) are studied. The influence of the
concentration of sodium sulfate and current density on the ATL degradation is also

evaluated.



2 Experimental

2.1 Chemicals and solutions
Atenolol active compound was purchased from Sigma—Aldrich (> 98%) and used for
the standard solutions of the calibration curve. Na,SO4 used as supporting electrolyte

was of analytical grade from Panreac. All solutions were prepared using distilled water.

Working solutions were made by commercial Atenolol pills diluted in distilled water,
and subsequently filtered with a 2.7 um filter paper. The conductivity of this solution
was lower than the commonly used (Brillas et al., 2009). In this way, to increase the
conductivity and to evaluate the effect of the supporting electrolyte on the ATL
abatement, different sodium sulfate concentrations were tested: 0.014, 0.028 and 0.056
M of Na,SO4. The pH of the working solution was set in 9 for all experiments with NaOH
2 M, when necessary, since the pH of the post-treatment municipal wastewater is

neutral or weakly basic (Atinkpahoun et al., 2018).

2.2  Electrochemical measurements

The electrochemical analysis procedures were performed using a conventional
three electrode cell connected to a computer controlled potentiostat/galvanostat
AUTOLAB PGSTAT302N. The reference electrode was an Ag/AgCl (3 M KCl) electrode
and platinum (Pt) was employed as counter electrode. The working electrode was the
Nb/BDD anode under study with a boron content of 2500 ppm (Nb/BDDsqg). The
electrochemical experiments were performed at a scan rate of 100 mV s™. In this work,

the boron content was expressed in ppm, regarding to mg kg™.



2.3 Electrochemical degradation assays

The degradation assays of the ATL were performed on a single compartment filter-
press flow reactor, using flat square electrodes with a geometric surface area (As) of 0.01
m? and an electrode gap of 0.03 m. The working solution (1 L) was stored in an external
reservoir and circulated through the reactor by a centrifugal pump with a flow rate of
1.67 x 10° m®s™. The electrochemical oxidation process was performed in galvanostatic
mode and the influence of the applied current density in the range of 5, 10, 20 30 and

40 mA cm™ on the ATL oxidation was tested.

2.4 Analyses

ATL degradation was assessed by a Unicam UV4-200 UV/VIS Spectrometer (using
qguartz cuvettes with a 10 mm optical path). The spectra obtained were in the
wavelength range of 190 - 600 nm. Based on the absorption band at 274 nm, which was
previously confirmed by UV/Vis, the concentration vs. absorbance curve was used to
evaluate ATL decay. The mineralization was obtained by the total organic carbon (TOC)
analysis, Non-Purgeable Organic Carbon (NPOC) method in a TOC-L CPH Shimadzu.
Measurement of inorganic ions (NHs" and NO3’) was performed on a Metrohm lonic
Chromatograph 883 Basic IC Plus. pH was monitored by a potentiometric method. The
analyses of the intermediate compounds were performed by Multi Dimensional Gas
Chromatograph—Mass Spectrometry (MDGC/GCMS) with a QP2010 ultra (Shimadzu)
with the same operational parameters used by da Silva et al. (da Silva et al., 2019).

To evaluate the process efficiency, the mineralization current efficiency (MCE) was

calculated (Hamza et al., 2009):



n FV (TOC, — TOC) (1)
MCEO0) = — o xiosmie 100

where n is the number of electrons consumed (66), F is the Faraday constant (96485 C
mol™?), V is the volume of the working solution (L), TOCo and TOC are the TOC
concentrations (mg L) at the beginning of the electrolysis and at each time respectively,
7.2 x 10° is a conversion factor (60 s min™ x 12000 mg mol™), m is the number of carbon
atoms of each ATL molecule (14), | is the applied current (A) and t is the time in minutes.
The number of electrons consumed (n) was taken as 66 assuming that the overall
mineralization involves the release of NH;" ions according to the following reaction

(Isarain-Chavez et al., 2011):

C,4H,,N,05 + 25 H,0 - 14 CO, + 2 NH} + 64 H* + 66 e (2)



3 Results and discussion

3.1 Electrode characterization

The diamond layer quality of the BDD anode (diamond-sp®/sp*-carbon ratio) was
measured by cyclic voltammetryina 0.5 M H,SO4solution (Watanabe et al., 2010; Einaga
et al., 2014) and is presented in Fig. 1. The anode under study (Nb/BDD3sq0) shows an
important background current and a high potential for the oxygen evolution reaction
(OER), indicating a relative high diamond-sp® content and a low carbon-sp? impurities at
the diamond film of the anode surface. Comparing these data to previous studies
(Watanabe et al., 2010; da Silva et al., 2018), same findings were obtained, ratifying the
electrode quality towards sp>-sp? ratio. Such an electrode characteristic is desirable in
the contaminant degradation, resulting more effective the direct and/or mediated

oxidation, and affecting the electrochemical oxidant generation as discussed ahead.

The generation of oxidizing radicals on the electrode surface from the supporting
electrolyte or from the available ions in the reaction medium depends on the electrode
diamond-sp®/sp?-carbon ratio (Garcia-Segura et al., 2015). To evaluate this, cyclic
voltammetry was performed with the Nb/BDD,sop anode in a 0.014 M Na,SO4 solution
(Fig. 1). In this figure the progressive scan to anodic direction demonstrated a shoulder
() in the potential value of 2 V vs. Ag/AgCl, which represents the oxidation of the
supporting electrolyte sulfate ions (SO,>") and/or the hydrogen sulfate ions (HSO4) to

persulfate ones S,05%” on the Nb/BDD5sgo surface (Provent et al., 2004).

The S,05> generation can be driven basically by the adsorption of the HSO,~ and/or
S04 at sp’-carbon impurities of the anode to form the sulfate radical (SO4") (Davis et

al., 2014); or by the indirect oxidation of the HSO, and SO.*~ by the hydroxyl radical
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(*OH) electrogenerated on the anode surface to promote SO,°", then reacting by pairs

to give S,05>, as shown in Eq. (3)-(7) (Serrano et al., 2002; Murugananthan et al., 2011).

BDD + H,0 — BDD(*OH) + H* + e~ (3)
HSO; + *OH - SO;” + H,0 (4)
H,S0, + *OH - SO;~ + H,0* (5)
2505 — S,02” (6)

2503 - S,03™ + 2e” (7)

As already reported in the bibliography, the increase in the electrochemical
generation of persulfate ions is proportional to the increase in the boron concentration.
In this way, the Nb/BDD;sog electrode is able to produce a relative high amount of S,05%"
(da Silva et al., 2018). This increase in the S,0s° generation can be related to the
retention of sulfate species in the carbon-sp? impurities that have higher adsorption
properties than diamond-sp® (Davis et al., 2014; Barreto et al., 2015) favoring the
persulfate ion generation. On the other hand, the increase in the sp*/sp” ratio decreases
this adsorption potential, favoring the *OH production on the diamond-sp® (Espinoza et

al., 2018).
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The Atenolol oxidation behavior on the Nb/BDD;sq0 anode was studied by cyclic
voltammetry in a solution composed of 0.014 M of Na,SO,; and different ATN
concentrations: 0.38, 0.75 and 1.13 mM. As the ATL concentration is increased, tree
anodic shoulders (A, B and C) were observed (Fig. 1) for the respective potential values
of 1.33, 1.47 and 1.78 V vs. Ag/AgCl. Additionally, the three anodic peaks A, B and C are
diffusion controlled (inset of Fig. 1) as the peak current density (ipeak) is directly

proportional to ATL concentration (Boye et al., 2006).

The comparison of the previous results with the cyclic voltammogram of the
supporting electrolyte alone in solution (Fig. 1) corroborate that ATL can interact with
this electrode, resulting in a direct electron transfer (direct oxidation). Furthermore, as
the Nb/BDD,sop anode has a relative high content of carbon-sp2 impurities (da Silva et
al., 2018), higher adsorption sites on the electrode surface are available, favoring the
direct ATL oxidation (peaks A, B, C) and SO.,*  adsorption (shoulder 1). Therefore,
consequently, ATL can be oxidized by both mechanisms, direct and/or mediated

oxidation, depending on the applied potential.

Fig. 1

3.2 Influence of the applied current density in ATL oxidation

In electrochemical processes, an increase in the applied current density can
improve the oxidation rate, due to the higher amount of *OH radicals generated and the
discharge of the organic compounds on the electrode surface. Fig. 2 shows the effect of
the applied current density on the degradation (Fig. 2a) and mineralization (Fig. 2b) of

ATL. The degradation of ATL at the applied current densities of 5, 10 and 20 mA cm™
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visually follows a linear decay typical of a pseudo zero-order kinetics, reaching
degradation values of 50, 62 and 82% at the end of the electrolysis time, respectively.
However, for the highest current density of 40 mA cm™, the degradation takes on a
visual exponential character typical of a pseudo first-order kinetics, presenting an
increase of the speed of the reaction until reaching the complete degradation of the ATL
at 150 min. Finally, for the applied current density of 30 mA cm™, in the range of 0 — 75
min, the oxidation of ATL follows a linear relationship between the normalized ATL
concentration and time, but for longer times, an exponential relationship is observed.
Such a result can be motivated by a degradation pathway exchange and/or an exchange

of the mechanisms that controls the AAO (Serrano et al., 2002; Sirés et al., 2010).

The mineralization data (Fig. 2b), presents a similar behavior to that observed in Fig.
2a. Comparing both figures, it is inferred that the degradation of the ATL is faster than
its mineralization for all applied current densities. When applying low values of current
densities (5, 10 and 20 mA cm'z) the mineralization rates at the end of the assays were
36, 46 and 50%, respectively. For 30 and 40 mA cm?, a mineralization rate of
approximately 75% was reached at 120 min of electrolysis and, after that time, no
progress in the mineralization was observed. This fact can be explained by the low
reactivity of the intermediate products generated, and also by the mass transport
limitation of these species to the surface of the electrode due to their low concentration
in the bulk solution. Similar results for ATL degradation and mineralization were
obtained by Sirés et al. when they applied bulk electrolysis using a BBD anode and
electro-Fenton processes (Sirés et al., 2010), and by Murugananthan et al. Using a BDD
anode for the mineralization of ATL in different electrolytes (Murugananthan et al.,

2011).
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Moreover, ions chromatograms obtained in the treated solutions at the end of the
electrolysis revealed the accumulation of NH," in all cases. Nitrate ions concentration

was negligible in comparison to that of ammonium.

Fig. 2.

3.3 Effect of the Sodium Sulfate concentration on the Atenolol oxidation

In order to evaluate the influence of the supporting electrolyte on ATL degradation
and mineralization, experiments with increasing amounts of Na,SO,; were performed.
Fig. 3 and 4 present the same data as that presented in Fig. 2 with higher values of
Na,SO4 concentration. Despite of the increase in Na,SO4 concentration, the degradation
data presented in Fig. 2a and 3a show similar results. The main difference is observed at
30 and 40 mA cm': in the case with the lowest concentration of sodium sulphate (0.014
M) the degradation was total at 150 min for both applied current values, whereas for

0.028 M Na,SO4 the total degradation is reached at higher times.

In terms of mineralization, again the results presented in Fig. 2b and 3b are quite
similar for 5, 10 and 20 mA cm™. However, for 30 and 40 mA cm™ the mineralization
rate reached in the experiment at 0.028 M Na,SO4 was lower than that obtained at
0.014 M Na,S0O4. One possible explanation for the lower degradation and mineralization
obtained for the highest values of current density (30 and 40 mA cm™) and 0.028 M
Na,S0Oy, is the higher availability of sulfate ions, that can compete with the *OH radicals
for the oxidation of the organic matter, especially at high current densities, depending

on the experiments conditions, like pH (Wojnarovits and Takacs, 2019).
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The results corresponding to the highest value of Na,SO4 concentration tested
(0.056 M) are presented in Fig. 4a and b for the degradation and mineralization of ATN,
respectively. It is evident that the degradation is practically total, independently of the
applied current density, after 180 min. The increase in Na,SO4 concentration increases
the mineralization velocity; however, the global mineralization degree reached is similar

to that previously observed with the lowest concentrations of sodium sulfate.

The ATN degradation may results in distinct transformation products besides
CO,, H,0 and inorganic ions (NHs" - NO3). The ATN mineralization (CO,, H,0 and
inorganic ions) was accomplished in the TOC analysis, however, the ATN transformation
products can change according to applied current density, pH, oxidation mechanisms
and involved ions/radicals (S04 - S,05> - *OH (Miao et al., 2018; Rodriguez-Chueca et
al., 2019; da Silva et al., 2019). The degradations processes can start by hydroxylation,
deamination, ether bond fracture and dealkylation, mainly when sulfate oxidant species
are involved (Miao et al., 2018). As reported in a previous work (da Silva et al., 2019),
the ATN oxidation occurs at every applied current density under study and it is not
affected strongly by the pH, resulting in direct oxidation and/or mediated by SO,;",
S,05> and *OH. However, the operational parameters can affect the ATN degradation
pathway, mainly the applied current density. At higher i, the total N is rapidly released
from the ATN molecule and converted to NH,". Nevertheless, for lower i, the total N was
not completely oxidized, leading to organic nitrogenized byproducts (da Silva et al.,
2019). Based on this information, a simplified degradation pathway was proposed (Fig.

SM-1).

Fig. 3.
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Fig. 4.

Some studies have demonstrated that the electrochemical degradation of organics
follows a mixed (first and zero) order kinetics, depending on the initial compound
concentration and applied current density (Rodgers and Bunce, 1999; Li et al., 2008;
Chatzisymeon et al., 2009; Lin et al., 2013). In these studies, it was assumed that the
main reaction was between ATL and hydroxyl radicals, and the rate equation depends
on both the concentration of ATL and the concentration of *OH radicals. However, for a
given applied current density, the concentration of *OH radicals can be considered
constant, and the rate equation can be considered as pseudo-first order, and can be

characterized by pseudo-first order reaction rate constant, kis;.

As can be seen in Fig. 2, the experimental data can be well fitted to a pseudo-first
order reaction for high applied current densities, where the amount of *OH radicals is
very high and the overall reaction is limited by the transport of ATL from the bulk
solution to the proximities of the electrode where it reacts with *OH radicals. For low
applied current densities, the rate of *OH radicals generation at the anode is slower than
the rate of arrival of ATL molecules. In this case, the reaction is pseudo-zero order, and

can be characterized by pseudo-zero order reaction rate constant, kyero.

As can be seen in Fig. 2a, 3a and 4a, for low applied current densities and low
electrolysis times (high ATL concentration in the bulk solution), pseudo-zero order
kinetics is observed, while for high applied current densities, or high electrolysis times
(low ATL concentration in the bulk solution), the process is mass transport controlled,

and a pseudo-first order kinetics is observed. Table SM-1 summarizes the estimated
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values of k,ero and kit based on the assumption of pseudo-zero or pseudo-first order
kinetics, depending on the applied current density or the electrolysis time, while Fig. 5
shows the effect of the applied current density on K,ero (Fig 5a) and ks (Fig. 5b) for the

different concentrations of supporting electrolyte under study.

As can be seen in Fig. 5a, for the lowest concentrations of sulfate ions of 0.014 and
0.028 M, similar values of k.o are obtained, while the k,er, values increase considerably
for the highest sulfate concentration. For the three sulfate concentrations, kyero
increases proportionally to the applied current density, suggesting that a constant *OH
concentration reacts with ATL in the bulk, and that higher constant concentrations of
*OH are formed with the applied current density. However, as can be seen in Fig. 5b,
when the process is mass transport controlled, for high applied current densities and
high electrolysis times, there is an excess of “OH radicals, and the rate constant ki did
not increase proportionally with the applied current density, which confirms the

progressive enhancement of parasitic reactions.

On the other hand, higher values of k,ero and ki are obtained for the highest
concentration of sulfate ions of 0.056 M. Some studies have reported the efficiency of
the SO,*~ and S,05>~ on the contaminant degradation, due to some advantages over the
*OH radical, such as similar redox potential to *OH (E° (SO4"/ SO,* ) =2.5-3.1V) and a
wide range of working pH (2 - 8) (Liang and Su, 2009; Matta et al., 2011; Lee et al., 2015).
In addition, SO4" has longer half-life (30 - 40 ps) than *OH (< 1 us) because SO, tend
to react through electron transfer reactions while *OH tend to react by unsaturated

bonds and H-abstraction, besides being able to react in the bulk solution (Rastogi et al.,
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2009). Moreover, the SO4°" radicals are more selective than *OH ones (Wojnarovits and
Takdacs, 2019).

Although, different studies prove that sulfate reactive species play an important
role in degradation, however do not lead to the complete mineralization of the
compound (Song et al., 2018; Yang et al., 2018; Aimer et al., 2019). Another possible
explanation for the incomplete mineralization of ATL could be related to the
hydrodynamics of the reactor or the low concentration and/or reactivity of the

degradation products, such as the carboxylic acids (Hamza et al., 2009; Guinea et al., 2010).

Fig. 5.

3.4 Mineralization current efficiency

The effect of the supporting electrolyte concentration and the applied current
density on the mineralization current efficiency (MCE) is presented in Fig. SM-2 on
supplementary material. Low values of the MCE were obtained, reaching a maximum
between 60 and 90 minutes of electrolysis. This maximum suggests the initial oxidation
of the easily oxidizable byproducts of ATL, and the subsequent destruction of other
byproducts more difficult to oxidize by the *OH radicals. The time averaged values of the
MCE presented in Fig. SM-2 as a function of the applied current density for the different
concentrations of sulfate ions are presented in Fig. 6. For the lowest concentration of
Na,SO4, the average values of this parameter were 8.4, 7.5, 4.4, 6.3, 5.0% for the
respective values of current density of 5, 10, 20, 30 and 40 mA cm™. Although these
results are quite similar, the lowest applied current of 5 mA cm™ is presented as the
more efficient in terms of ATL mineralization. The intermediate Na,SO, concentration

resulted in MCE average values of 14.7, 7.4, 4.3, 4.3, 3.5% for the respective 5, 10, 20,
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30 and 40 mA cm™. As occurred previously the lowest value of current density shows
the best results in terms of MCE. For the highest Na,SO,4concentration under study, the
average values of MCE were 23.3,12.7, 7.6, 6.5, 5.5% for 5, 10, 20, 30 and 40 mA cm’?,
respectively. Again, in this case, the increase in MCE takes place for the lowest values of
current density (5 and 10 mA cm™). These low values of current efficiency are similar to
those found by Sirés et al. when they applied an electro-Fenton process to ATL

degradation (Sirés et al., 2010).

As can be seen in Fig. 6, MCE increases with the decrease of current density and the
increase of sulfate concentration. Although higher values of applied current lead to
increasing amount of hydroxyl radicals formed, these species are also more rapidly
transformed into O,, reaction (8), dimerization through reaction (9), or decomposition
by H,0,, reaction (10) under very anodic conditions, which are not so effective in the
ATL mineralization process (Hamza et al., 2009; Mora-Gomez et al., 2018). On the other
hand, the increase of the MCE with the initial concentration of sulfate ions may be due
to the more efficient production and activation of precursors, such as persulfate, which

is more efficiently produced at high concentrations of sulfate ions (Serrano et al., 2002).

1
M(*OH) - M + EOZ +H" +e” ®)
2M(*OH) - 2M + H,0, (9)
H,0, + M(*OH) > M(HO3) + H,0 (10)

Fig. 6.
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3.5 pH behavior

The pH is an important parameter in the advanced anodic oxidation (AAO)
processes. Fig. 7 presents the pH of the treated solution as a function of the applied
current and for every Na,SO4 solution concentration under study. With the exception of
the highest applied current (40 mA cm™) and supporting electrolyte concentration
(0.056 M Na,SQ,), the pH decreases from its initial value (around 9). This pH variation
may be due to the byproducts generation or stabilization reaction of reactive active

electrogenerated species (Vasilie et al., 2018).

According to Hadj et al. (Hadj et al., 2017), AAO at BDD anodes works better at both
acid and natural pH. Moreover, the redox potential of hydroxyl radicals is lower in
alkaline conditions (E° ("OH/H,0) = 1.8 V) than in acidic ones (E° ("OH/H,0) = 2.8 V)
(Rabaaoui and Allagui, 2012; Haidar et al., 2013). At pH ranges from 9 to 10 both radicals
*OH and SO," can coexist, although the SO, redox potential can be higher than *OH in
such a condition (Fang et al., 2012). Besides that, in alkaline pH, the SO;" can also
generate hydroxyl radical (Liang and Su, 2009). Such a finding could explain the increase

in the mineralization velocity observed previously at 0.056 M Na,SO, and 40 mA cm™.

Fig. 7.
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4 Conclusions

The electrochemical characterization of the Nb/BDD anode employed for the ATN
degradation showed that presents a high quality, low background current and high
potential for OER. In addition, the ATL can be effectively oxidized directly and/or
indirectly by the electrogenerated oxidants, such as hydroxyl radicals, persulfate ions
and sulfate radicals.

The increase in applied current density represents a positive effect in the
degradation and mineralization of the ATL, although the mineralization rate is always
lower than the degradation one due to the generated intermediate products more
difficult to destroy. ATN degradation and mineralization follow a mixed (first and zero)
order kinetics depending on the applied current density. At high values of current
density, the overall reaction is limited by the transport of ATL (pseudo first-order
kinetics) whereas for low applied current densities, the rate of *OH radicals generation
at the anode is slower than the rate of arrival of ATL molecules (pseudo-zero order
kinetics).

Sodium sulfate concentration also affects the degradation and mineralization of
ATL. Estimated values of the reaction rate constants (k.o and kist) based on the
assumption of pseudo-zero or pseudo-first order kinetics were calculated, indicating
that both parameters increased with Na,SO4 concentration due the higher production
of sulfate reactive species, such as radicals (SO,"") and ions (S,0s> ), that play an
important role in degradation.

MCE increases with the decrease of current density, due to the lower amount of

*OH present in solution since this species could be rapidly wasted in parasitic reactions;
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and the increase of sulfate concentration, due to the more efficient production of

persulfate.
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LIST OF FIGURES.

Fig. 1. Cyclic voltammograms obtained for the Nb/BDD;s00 anode in 0.5 M H,SO4 (= =)
0.014 M Na,S0y (-----) and different ATL concentrations: 0.38 mM (---), 0.75 (— ) and
1.13 mM (=—). Inset of Figure: Plot of current density of peaks A, B and C with [ATL].

Fig. 2. Effect of the applied current density on the degradation (a) and mineralization (b)
of a solution 0.38 mM in ATL and 0.014 M in Na,SO4. 5 mA cm™ (m), 10 mA cm™ (), 20

mA cm2 (A), 30 mA cm™ (X) and 40 mA cm (e).

Fig. 3. Effect of the applied current density on the degradation (a) and mineralization (b)
of a solution 0.38 mM in ATL and 0.028 M in Na,S04. 5 mA cm™ (m), 10 mA cm™ (), 20

mA cm2 (A), 30 mA cm (X) and 40 mA cm™ (e).

Fig. 4. Effect of the applied current density on the degradation (a) and mineralization (b)
of a solution 0.38 mM in ATL and 0.056 M in Na,SO4. 5 mA cm™ (m), 10 mA cm™ (), 20

mA cm (A), 30 mA cm? (x) and mA cm™ (e).

Fig. 5. Effect of the applied current density on ksero (a) and kis (b) for the different
concentration of Na;SO4. 0.014 M (m), 0.028 M (¢), 0.056 M (A).

Fig. 6. Effect of the applied current density on the time averaged current efficiency for
the different concentration of Na,SO4. 0.014 M (m), 0.028 M (¢), 0.056 M (A).

Fig. 7. pH behavior at the end of the treatment time for each studied condition.
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RESULTS

Table SM-1. Kinetic parameters for ATL degradation.

[5042_] i kzero klst
(M) (mA cm™) (mol L' min™) (min™)

0.014 5 7.1x 10”7

10 1.0x 10°

20 1.4x10°

30 3.5x10° 2.2x107

40 2.5x 107
0.028 5 8.6 x10”

10 1.1x10°

20 1.6 x 10 1.1x 107

30 2.1x10° 1.5x 107

40 2.8x10° 1.9x 107
0.056 5 1.2x10°

10

20 2.6x10° 3.2x107
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Fig. SM-1. Simplified pathway proposed for ATN degradation.
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Fig. SM-2. Effect of the applied current density on the mineralization current efficiency. 5 mA cm™

H) mAcm™(e), mAcm” (A), mMAcm~“ (X)and mAcm~(e).0.38 m + 0.
(m), 10 mAcm™ (#),20 mAcm? (A), 30 mA cm™ (x) and mA cm™ (). 0.38 mM ATL + 0.014 M
Na,S0;4 (a), 0.028 M Na,S04 (b) and 0.056 M Na,SO;4 (c).



