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ARTICLE INFO ABSTRACT

The main objective of this work is to demonstrate the viability of solar photoelectro-Fenton (SPEF) process to
degrade pesticides in urban wastewater matrix, selecting the herbicide bentazon as a model molecule. In order to
provide a correct assessment of the role of the different oxidants and catalysts involved, bentazon was com-
paratively treated by anodic oxidation with electrogenerated H,O, (AO-H,0,), electro-Fenton (EF) and UVA-
assisted EF (i.e., PEF) processes as well, either in sulfate or chloride media. Trials were made in a stirred tank
reactor with an air-diffusion cathode and a boron-doped diamond (BDD), RuO,-based or Pt anode. In chlorinated
matrices, the herbicide disappeared more rapidly using a RuO,-based anode because of the generated active
chlorine. The best mineralization performance was always obtained using BDD due to its higher oxidation
power, which allowed the complete destruction of refractory chloroderivatives. A concentration of 0.50 mM
Fe?* was found optimal to catalyze Fenton's reaction, largely enhancing the mineralization process under the
action of -OH. Among photo-assisted treatments, sunlight was proven superior to a UVA lamp to promote the
photolysis of intermediates, owing to its greater UV irradiance and contribution of visible photons, although PEF
also allowed achieving a large mineralization. In all cases, bentazon decay obeyed a pseudo-first-order kinetics.
SPEF treatment in urban wastewater using BDD at only 16.6 mA cm™? yielded 63.2% mineralization. A thor-
ough, original reaction pathway for bentazon degradation is proposed, including seven non-chlorinated aro-
matics, sixteen chloroaromatics and two chloroaliphatics identified by GC-MS, most of them not previously
reported in literature. Ion-exclusion HPLC allowed the detection of seven short-chain linear carboxylic acids.
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documented its potential risk of leaching from soils to natural and even
drinking water due to high solubility (about 500 mgL~'), low vapor

1. Introduction

The pollution of hydric resources resulting from anthropogenic ac-
tivities is of great concern nowadays because it impedes a sustainable
development, showing dramatic impact on ecosystems (Boccolini et al.,
2013; WWAP, 2017). Agriculture is one of the most prominent human
tasks within this framework, owing to the large usage of phytosanitary
products that generate toxic and biorecalcitrant wastes in natural water
bodies (Islam et al., 2017). Bentazon (3-isopropyl-1H-2,1,3-benzothia-
diazin-4(3H)-one-2,2-dioxide, C;oH;5N>05S, M = 240.3gmol ) is a
selective post-emergence herbicide categorized under the thiadiazine
family. It is widely used for controlling the spread of weeds in sorghum,
rice, pepper, beans and alfalfa, among others. Several agencies have
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pressure (< 10" ®mmHgat 20°C) and large environmental stability
(USEPA, 1998; FAO, 1999; WHO, 2017). Up to 120 ug L~ ! have been
detected in groundwater of different countries (Kock-Schulmeyer et al.,
2014; WHO, 2017), and up to 2.8 ugL~! in surface water in Portugal
(Rodrigues et al., 2018). Bentazon is not efficiently removed in waste-
water treatment plants (Thuy et al., 2008; Loos et al., 2013), which
becomes a serious concern because of its toxicity and mutagenic effects
on living beings (Galhano et al., 2010; Oliveira et al., 2017). Several
advanced oxidation processes (AOPs), which are based on the in-situ
production of radical species (-OH, SO4- ), have been applied to mi-
neralize bentazon, alone or mixed with other herbicides in water,
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aiming to yield COa, S042~ and NO;~. H,0,/UV (Beltran-Heredia
et al., 1996), O3/UV (Kearney et al., 1987), O3/H,0,/UV (Lambert
et al., 1996), TiO,/UV (Pelizzetti et al., 1989; Gkika et al., 2004;
Pourata et al., 2009; Seck et al., 2013; Schneider et al., 2014; Gholami
et al., 2016; Berberidou et al., 2017), TiOy/H,0,/UV (Mir et al., 2014)
and activated persulfate (Wei et al., 2016) have been successfully tested
in model solutions prepared with ultrapure water. The removal of
bentazon by advanced electrochemical methods (EAOPs) has been
limited to the electro-Fenton treatment of synthetic mixtures with
chlortoluron and carbofuran in sulfate medium using a carbon-felt
cathode (Oturan et al., 2010a,b; Abdessalem et al., 2016). Nonetheless,
the performance of photoassisted electrochemical methods applied to
bentazon destruction in chlorinated matrices and real wastewater ma-
trices has not been explored so far.

Recently, EAOPs are receiving great attention for wastewater
treatment due to their simplicity and high performance to destroy or-
ganic pollutants (Comninellis et al., 2008; Brillas et al., 2009; Panizza
and Cerisola, 2009; Martinez-Huitle et al., 2015; Moreira et al., 2017).
In sulfate medium, the strong oxidant -OH (E°=28 V|SHE) is the main
electrogenerated reactive oxygen species (ROS), with ability to cause
the gradual mineralization of most organics. The simplest EAOP is
anodic oxidation (AO), in which heterogeneous physisorbed M(-OH) is
formed at the anode (M) surface from water discharge, as follows
(Panizza and Cerisola, 2009):

M + H,0 — M(-OH),4s + H" +e~ 1)

Non-active anodes like boron-doped diamond (BDD) tend to be
more effective than active ones like Pt and dimensionally stable anodes
(DSA") because they produce larger amounts of reactive M(-OH)
(Panizza and Cerisola, 2009; Martinez-Huitle et al., 2015; Moreira
et al., 2017). Conversely, in chlorine medium, active chlorine can be
electrogenerated from Cl~ oxidation via reaction (2) (De Moura et al.,
2014; Moreira et al., 2017). Cl, (E® = 1.36 V|SHE) predominates up to
pH 3, whereas it is transformed to HCIO (E° = 1.49 V|SCE) via reaction
(3) at pH 3-8. The oxidation of Cl~ is favored at active anodes like
RuO,-based DSA® and hence, active chlorine competes with -OH to
oxidize the organics, being detrimental in some cases because toxic and
stable chloro-derivatives are accumulated (De Moura et al., 2014;
Thiam et al., 2015; Zollig et al., 2015; Coria et al., 2016; Steter et al.,
2016).

2CI" — ClL, + 2e~ )

3)

The oxidation ability of AO can be enhanced by promoting the si-
multaneous electrogeneration of H,O, in an undivided cell, giving rise
to the so-called AO-H,0, process. This oxidant can be directly gener-
ated from O, reduction at the cathode via reaction (4) using carbo-
naceous cathodes such as carbon-felt (El-Ghenymy et al, 2014;
Abdessalem et al., 2016; Ganzenko et al., 2018; Liu et al., 2018) or
hydrophobized carbon black on gas-diffusion substrates (Guelfi et al.,
2017, 2018; Lanzalaco et al., 2017; Ridruejo et al., 2018).

ClL, + H, O -» HCIO + CI- + H*

0, + 2H* + 2~ —» H,0, @

From the AO-H,0, process, significant progress can be made upon
addition of a catalytic amount of iron ions to the solution thanks to the
occurrence of Fenton's reaction (5). In electro-Fenton (EF) process, or-
ganics are destroyed by heterogeneous M(-OH) and/or active chlorine
along with homogeneous -OH formed from reaction (5), with optimum
pH ca. 3 (Brillas et al.,, 2009; Martinez-Huitle et al., 2015; Olvera-
Vargas et al., 2015; dos Santos et al., 2018). The continuous cathodic
reduction of Fe*™ to Fe?™ from reaction (6) propagates Fenton's reac-
tion (5). In photoelectro-Fenton (PEF) with UV light and solar photo-
electro-Fenton (SPEF), the UV photons irradiated to the solution can
either photolyze complexes of Fe(IIl) with organics, like carboxylic
acids as shown in reaction (7), or photoreduce the [Fe(OH)]1?™ species
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to regenerate Fe?* with additional -OH production via reaction (8)
(Zhang et al., 2016; dos Santos et al., 2018; Thiam et al., 2018). The
greater irradiance from sunlight compared to artificial UVA light
usually leads to a higher performance of SPEF process as compared to
PEF (Coria et al., 2018; dos Santos et al., 2018; Murillo-Sierra et al.,
2018; Steter et al., 2018). However, the PEF process can be useful in
countries exposed to low natural irradiance, or it can be a good alter-
native at nighttime or during periods with low sunlight intensity.
Hence, the oxidation ability of both treatments has to be assessed for a
wide variety of organic pollutants in real wastewater.

H,0, +Fe’" — -OH + OH™ + Fe®* (5)
Fe3* + e~ — Fe?* (6)
Fe(OOCR)?** + hy —Fe?* + CO,+R- @
[Fe(OH)1?>* + hv —Fe?™ + -OH 8)

The aim of this work is to study the influence of the electrolytic
conditions in various EAOPs to clarify the role of artificial UVA radia-
tion and sunlight during the PEF and SPEF degradation of bentazon,
respectively. AO-H,O, and EF have been applied under comparable
conditions to understand the role of oxidizing agents. Different anode
materials have been tested in synthetic sulfate and chloride solutions as
well as in urban wastewater. The effect of operation parameters has
been assessed to find the optimum mineralization conditions. Aromatic
intermediates were identified by gas chromatography-mass spectro-
metry (GC-MS), whereas final carboxylic acids were detected by high-
performance liquid chromatography (HPLC).

2. Materials and methods
2.1. Chemicals

Bentazon (=99% purity, Pestanal’) was purchased from Sigma-
Aldrich. Heptahydrate iron(II) sulfate, Na,SO4 and NaCl were of ana-
lytical grade purchased from Probus. Analytical grade H,SO4 and HCl
were supplied by Panreac. Carboxylic acids were of analytical grade
purchased from Merck and Probus. Most solutions were prepared with
ultrapure water (Millipore Milli-Q system, resistivity > 18.2 MQ cm at
25°Q).

2.2. Urban wastewater

The urban wastewater sample was obtained from the secondary ef-
fluent of a municipal wastewater treatment plant (Gava-Viladecans,
northeastern Spain). Its pH and conductivity were 8.1 and 1.73mScm™?,
respectively. The total organic carbon (TOC) was 12mgL~ 1. The contents
of the main ions were: 318 mgL™! Cl~, 141 mgL~" SO,*~, 86mgL ™!
Ca®>* and 212mgL ™! Na™. The Fe concentration was < 0.2mgL ™.

2.3. Electrolytic systems

Solutions of 130 mL were electrolyzed in an undivided tank reactor,
open to atmosphere and jacketed to circulate thermostated water at
30 °C. All electrolyses were carried out under vigorous stirring with a
magnetic follower at 700 rpm. An air-diffusion cathode made of carbon
cloth coated with carbon-PTFE supplied by E-TEK was mounted as
earlier reported (Guelfi et al., 2017), fed with compressed air at
1 Lmin~!. This air flowrate leads to the best H,O, generation and al-
lows keeping a dry inner surface, thus preventing the loss of its elec-
troactivity, as occurs in case of flooding. Three different anodes were
comparatively tested: (i) RuO,-based plate (DSA-Cl,) purchased from
NMT Electrodes, (ii) BDD thin-film over a Si wafer supplied by Neo-
Coat, and (iii) Pt sheet (99.99% purity) supplied by SEMPSA. The im-
mersed geometric area of all the electrodes was 3cm? and the
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interelectrode spacing was 1 cm. All runs were conducted at constant
current density (j) provided by a PAR EG&G 273A potentiostat/galva-
nostat.

Synthetic solutions with the following salts as electrolytes were
tested: (i) 0.050 M Na,SQO,, (ii) 0.025M Na,SO, + 0.035 M NaCl, and
(iii) 0.070 M NacCl. The two former media were adjusted to pH 3.0 with
H,S0,, whereas HCl was employed for the latter. The conductivity of all
solutions was about 7.5mScm™'. The runs with urban wastewater
were performed after adjusting the pH to 3.0 with H,SO,4, ensuring the
same conductivity by adding Na,SO,4 at 0.0047 M.

The AO-H,0, and EF experiments were carried out in the dark. Fe**
concentrations between 0.25 and 1.00mM (14.0 and 55.8 mg L™YH
were employed in EF. The UVA light used for PEF came from a Satellite
F6T5BLB blacklight tube, placed 5 cm above the solution. The effective
UV irradiance reaching the solution was 5 W m ™2, as measured with a
Kipp&Zonen CUV 5 UV radiometer. The SPEF trials were performed in
clear and sunny days during summer of 2017 in our laboratory at the
Universitat de Barcelona (Spain). The solution was directly irradiated
with sunlight for four hours from midday with an average UV irra-
diance close to 31 Wm ™2, as determined on the same radiometer. In the
PEF and SPEF treatments, 0.50 mM Fe?* (27.9mgL™!) was used as
catalyst. Note that in the assays with the urban wastewater, this Fe>*
content was actually the catalyst due to the insignificant amount of
natural iron (< 0.2mg L™1), as stated above. None of the EF, PEF and
SPEF trials presented changes in soluble Fe concentration.

2.4. Equipments and analytical procedures

A Crison GLP 22 pH-meter and a Methrom 664 conductometer were
employed to measure the pH and conductivity, respectively. All samples,
once withdrawn from treated solutions, were filtered with Whatman
0.45 um PTFE filters. The solution TOC was immediately determined on a
Shimadzu VCSN TOC analyzer, with L.O.D. = 0.213mgL~' and
L.0.Q. = 0.716 mg L™ *. Reproducible TOC values with + 1% accuracy
are provided in the Results section. A TNM-1 unit coupled to the TOC
system was used to determine the total nitrogen (TN). Bentazon abate-
ment was followed by reversed-phase HPLC. The system included a
Waters 600 LC coupled to a Waters 996 detector composed of a photo-
diode array. The separation was made with a BDS Hypersil C18 6 um,
250 mm X 4.6 mm column. The methodology involved sample collection
(0.5mL), immediate dilution with acetonitrile (1:1, v/v) to stop the de-
gradation process, and injection into the LC after filtration with a
Whatman 0.45 pm PTFE filter. A (30:70, v/v) 10 mM KH,PO,/acetonitrile
mixture at pH 3.0 was eluted at 0.8 mL min ! as mobile phase. Bentazon
displayed a well-defined peak at retention time of 4.7 min and its con-
centration was determined at A = 242 nm, with L.O.D. = 0.094mgL~*
and L.0.Q. = 0.315mg L~ . The same LC but equipped with an Aminex
HPX-87H, 300mm X 7.8 mm, ion exclusion column was utilized to
quantify the generated short-chain linear carboxylic acids at A = 210 nm.
The mobile phase was 4 mM H,SO, eluted at 0.6 mLmin~*'. The acids
were identified from comparison of their retention times with those of
standards.

Trials to assess the mineralization and concentration decays of
bentazon were made in duplicate, and average values are given below.
Figures also depict the error bars with 95% confidence interval.

The concentrations of NH4*, NO; ~ and SO42~ ions generated along
the treatments, as well as those in urban wastewater, were determined
as reported elsewhere (Thiam et al., 2015). The main aromatic products
of bentazon were identified by GC-MS from solutions treated by: (i) AO-
H,0, with BDD anode in 0.025 M Na,SO,4 + 0.035 M NaCl, and (ii) PEF
with RuO,-based in 0.050 M Na,SO,4. The organic components of each
sample (about 100 mL) were extracted with CH,Cl, (3 X 25mL) and
the resulting organic solution was dried over Na,SO,, filtered and its
volume was reduced to about 1 mL for analysis, following the procedure
previously described (Steter et al., 2016). Non-polar Teknokroma Sa-
piens-X5 MS and polar HP INNOWax columns were utilized for GC
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Fig. 1. Change of TOC with electrolysis time for the AO-H,0, treatment of (a)
0.208 mM (50 mg L~ ') bentazon solution in 0.025 M Na,SO,4 + 0.035 M NaCl
at pH 3.0 using as the anode: (/) RuO,-based, (O) Pt and ((J) BDD at
j=16.6mA cm ™2 In (b), the same herbicide content treated in (%) 0.050 M
NaySOy, () 0.025M Na,SO4 + 0.035 M NaCl and (<) 0.070 M NaCl, using a
BDD anode.

separation. The mass spectra were identified by means of NIST05-MS
database.

3. Results and discussion
3.1. AO-H,0; treatment of bentazon solutions in ultrapure water

First, the ability of different anodes to electrogenerate M(-OH) and
active chlorine by AO-H,0, in 0.025M Na,SO4 + 0.035 M NaCl was
assessed from TOC decays, in order to obtain information about the
attack of these oxidants on the mixture of bentazon and its oxidation
by-products. Fig. 1a illustrates the TOC-time plots found during these
trials at pH 3.0 upon application of 16.6 mA cm ~ 2 for 360 min. A slow
TOC decay can be observed in all cases, which was enhanced in the
order: Pt < BDD < RuO,-based anode, attaining an abatement of
23.6%, 46.8% and 46.9% at the end of the electrolysis, respectively.
The higher oxidation ability of the metal oxide anode can be ascribed to
its larger ability to produce active chlorine, mainly as HCIO (Zollig
et al., 2015; Coria et al., 2016; Steter et al., 2016), which can gradually
mineralize the organics. The BDD anode generates lower amounts of
active chlorine, although the BDD(-OH) is much more powerful than
the RuO5(+OH) (Panizza and Cerisola, 2009; Thiam et al., 2015; Steter
et al., 2016). As a result, the radical adsorbed on BDD can also gra-
dually remove the organic compounds. It is noticeable that, at 360 min
of both treatments, the same mineralization degree (about 47%) was
obtained, suggesting that chloroderivatives formed upon chlorination
are continuously destroyed by BDD(-OH), whereas they are more re-
sistant to active chlorine produced as main oxidant with the RuO,-
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based anode. In the case of Pt, Fig. 1a depicts a much slower TOC decay.
This is not surprising, considering its smaller ability to oxidize Cl~ as
compared to the used DSA” and the poor oxidation power of Pt(-OH)
(Panizza and Cerisola, 2009; Coria et al., 2016).

To better understand the role of the generated oxidizing agents,
another series of trials was carried out with the BDD anode, using three
different media prepared with ultrapure water. Fig. 1b shows a slight
enhancement of TOC removal in 0.050 M Na,SO, as compared to
0.025M Na,SO4 + 0.035 M NacCl, achieving 50.6% vs. 46.8% miner-
alization at 360 min. In 0.070 M NaCl, however, TOC was only reduced
by 31% at 180 min, reaching a quasi-steady value. This can be ex-
plained by the formation of a large quantity of chloroderivatives in the
presence of active chlorine electrogenerated to a large extent. Since
BDD(- OH) destruction is promoted by reaction with Cl~, yielding much
less reactive radicals (Panizza and Cerisola, 2009; Martinez-Huitle
et al., 2015), such chloro-organics remained quite stable in solution.
Much smaller amounts of such persistent products were formed in
0.025M Na,SO, + 0.035 M NaCl. This, combined with the lower de-
struction of BDD(-OH) by Cl~, allowed a more effective degradation of
the organic matter, showing a mineralization profile similar to that
found in 0.050 M Na,SO,4 where this radical is the main oxidant. These
findings indicate that increasing the Cl~ content is detrimental for
bentazon mineralization by AO-H»0, due to the accumulation of per-
sistent chlorinated by-products. In this kind of process, BDD exhibited
the greatest performance, as confirmed from the fact that almost 0%
and < 10% of TOC were removed from solutions with 0.208 mM her-
bicide in 0.050 M Na,SO, after 360 min using RuO,-based or Pt anode,
respectively (not shown).

3.2. EF treatment of bentazon solutions in ultrapure water

The EF treatment of 0.208 mM bentazon solutions was studied in
0.050 M Na,SO, at pH 3.0 to assess the oxidation ability of homo-
geneous -OH formed from Fenton's reaction (5) in the absence of active
chlorine. First, the effect of key operation parameters like Fe®>* con-
centration and j was assessed using the RuO,-based anode, which can
be considered as an inert material in terms of mineralization capacity in
this medium, as stated above. Fig. 2a shows the change of TOC of the
solution with 0.25-1.00 mM Fe?* at 16.6 mA cm ™2 The highest mi-
neralization rate was obtained with 0.50 mM Fe2 ™", eventually attaining
a TOC reduction of 31.6%. The enhanced mineralization upon increase
from 0.25 to 0.50 mM Fe>" can be accounted for by the concomitant
acceleration of Fenton's reaction (5). In contrast, the excessive con-
sumption of -OH by reaction with Fe2* at 1.00 mM via reaction (9)
justifies the observed deceleration (Brillas et al., 2009; Panizza and
Cerisola, 2009; Martinez-Huitle et al., 2015). Based on this, 0.50 mM
Fe®* was taken as the optimal concentration for subsequent experi-
ments.

Fe’™ +.0H — Fe*" +OH™ 9)

Fig. 2b presents the time course of TOC for the above solution with
0.50 mM Fe?* at j values ranging between 3.3 and 100 mA cm 2. As
expected, the rise of j allowed a larger H,O, electrogeneration at the
cathode, thereby accelerating the mineralization owing to the promo-
tion of Fenton's reaction (5) (Martinez-Huitle et al., 2015; Olvera-
Vargas et al., 2015; Guelfi et al., 2018). It is remarkable that at
3.3mAcm ™2, TOC was kept practically constant because of the very
small H,O, generation. In contrast, at 16.6 mA cm ™2, the H,O,, content
was high enough to reduce the TOC by 31.6%, becoming 41.6% at
100 mA cm ~ 2. Nevertheless, Fig. 2b evidences a drastic deceleration of
TOC removal as the applied j was increased, suggesting the formation of
hardly oxidizable products by homogeneous -OH.

Then, the influence of the heterogeneous M(-OH) electrogenerated
at different anode surfaces on the mineralization rate in EF process was
evaluated at 100mA cm ™2 As can be observed in Fig. 2¢, TOC was
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Fig. 2. TOC decay vs. electrolysis time for the EF treatment of 0.208 mM
bentazon solution in 0.050 M Na,SO, at pH 3.0 using the (a) RuO,-based DSA”
atj = 16.6 mAcm ™2 and [Fe**]: (@) 0.25 mM, (A) 0.50 mM and (@) 1.00 mM.
In (b), the same anode and 0.50mM Fe?", at j: (¢) 3.33mAcm 2, (A)
16.6 mAcm ™2, (¥) 33.3mAcm 2 and ((CJ) 100 mA cm ™2 In (c), the same so-
lution with 0.50 mM Fe?™ at j = 100 mA cm ~ 2, using as the anode: ([]) RuO,-
based, (&) Pt and (A) BDD.

more rapidly abated in the anode order: RuO,-based < Pt < BDD,
attaining a final decay of 41.6%, 68.4% and 86.8%, respectively. In
contrast to that explained above in the case of the RuO»-based anode, a
gradual TOC decay can be seen in Fig. 2¢ for the other two anodes,
meaning that intermediates can be continuously removed by the com-
bined action of -OH and M(-OH). The superiority of BDD anode can
then be related to the much greater oxidation power of BDD(-OH) as
compared to Pt(-OH) (Martinez-Huitle et al., 2015; Coria et al., 2016;
Steter et al., 2016).

3.3. Photo-assisted treatments of bentazon solutions

The first study about the PEF process was focused on the treatment
of the 0.208 mM herbicide solutions in 0.050 M Na,SO,4 with 0.50 mM
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Fig. 3. Change of (a) bentazon concentration and (b) TOC with electrolysis time
for the PEF treatment of 130 mL of 0.208 mM herbicide solution with 0.50 mM
Fe®* at pH 3.0 using an air-diffusion cathode at j = 16.6 mA cm ™2 under irra-
diation with a 6 W UVA lamp. Anode: (M, ]) RuO,-based, (A,/\) BDD and (@,0)
Pt. Electrolyte: (M,A,® 0.050M Na,SO, and (,/,0) 0.025M
Na,SO4 + 0.035 M NaCl. The pseudo-first-order kinetic analysis for bentazon
abatement is presented in the inset panel of (a).

Fe?" at pH 3.0 and 16.6 mA cm ™ 2. Fig. 3a illustrates the quite similar
bentazon abatements obtained regardless of the anode under these
conditions, completely disappearing in about 30 min. This behavior can
be ascribed to the pre-eminent oxidation of the herbicide with homo-
geneous -OH formed from Fenton's reaction (5) in all cases, with little
influence of the heterogeneous M(-OH). Kinetic analysis of the con-
centration decays showed a good agreement with a pseudo-first-order
reaction (see the inset of Fig. 3a), allowing the determination of ap-
parent rate constant (k;) values of 0.10-0.13 min~ ! with R-squared
values close to 0.990. This kinetic behavior suggests the generation of a
steady and small concentration of -OH, which reacts with bentazon. It
is worth noting that similar k;-values were also found under compar-
able EF treatments (data not shown), suggesting the irrelevance of
photolytic reaction (8) to produce additional amounts of -OH.

Fig. 3a also shows the degradation of the herbicide in 0.025M
Na,SO4 + 0.035 M NaCl under analogous conditions. The combined
oxidation by both, active chlorine and -OH, allowed a faster bentazon
removal in PEF with BDD, being its decay even more rapid with the
RuO,-based anode owing to the greater formation of active chlorine,
leading to total removal after 12 and 10 min, respectively. In contrast,
the use of a Pt anode did not enhance the herbicide abatement, thus
confirming its low ability to produce active chlorine. The inset of
Fig. 3a evidences a pseudo-first-order kinetic decay in all these treat-
ments, showing increasing k;-values of 0.10 min~! (R = 0.989) with
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Pt, 0.22 min~' (R? = 0.985) with BDD and 0.26 min~' (R* = 0.987)
with the DSA®. Based on this, it can be stated that the herbicide un-
derwent the attack of a constant and low content of generated active
chlorine and/or -OH.

A very different behavior can be observed in Fig. 3b for the corre-
sponding TOC abatements. The mineralization achieved in 0.050 M
Na,SO4 was quicker than that found in 0.025M Na,SO4 + 0.035 M
NacCl. Furthermore, in both media, TOC was more rapidly abated in the
anode sequence: Pt < RuOj-based < BDD. The superiority of BDD
over the other anodes corroborated the results described for AO-H,0,
and EF. At 16.6 mA cm ™~ 2 using 0.050 M Na,SO,, for example, it yielded
50.6% of TOC removal in AO-H,0, (see Fig. 1b), which was enhanced
up to 82.4% in PEF (see Fig. 3b). This greater mineralization ability can
be related to: (i) the additional oxidation with homogeneous -OH, and
(ii) photodecomposition of intermediates, like Fe(IlI)-carboxylate
complexes from reaction (7), under UVA irradiation. In 0.025 M Na,SO,
+ 0.035 M NaCl, the formation of persistent chloroderivatives was
strongly detrimental. Therefore, only 54.8% of TOC was removed after
360 min in PEF (see Fig. 3b), being slightly higher than 46.8% de-
termined in AO-H,0, (see Fig. 1b), which informs about the large re-
sistance of such by-products to -OH and UVA light. BDD was chosen as
the most suitable anode for SPEF assays.

The treatment of 0.208 mM bentazon solutions in 0.050 M Na,SO,4
at pH 3.0 by SPEF with BDD was carried out at different j values for
240 min. Fig. 4a reveals that the herbicide was completely abated after
120 min at a very low j = 3.33 mA cm ™~ 2, whereas it disappeared in 20
and 8 min operating at 16.6 and 100 mA cm ™2, respectively. It is worth
highlighting that at 16.6 mA cm ™2, the herbicide degradation by SPEF
was faster than by PEF (see Fig. 3a), requiring only 20 min instead of
30 min for total removal. This was corroborated by the greater k;-va-
lues found for SPEF, yielding 0.026 min~! (R*=0.992) at
3.33mAcm™2, 0.16 min~' (R* = 0.993) at 16.6mAcm ™2 and 0.47
min~! (R% = 0.985) at 100 mA cm 2, as obtained from the excellent
linear correlations shown in the inset of Fig. 4a. This phenomenon can
be accounted for by the participation of -OH induced by photolytic
reaction (8), which is particularly promoted due to the much larger
irradiance from sunlight as compared to the UVA lamp. This also ac-
celerated the formation and further photolysis of photoactive inter-
mediates, strongly enhancing the mineralization process, as shown in
Fig. 4b for the above trials. TOC was reduced by 82.4%, 89.2% and
96.0% after 240 min at 3.33, 16.6 and 100 mA cm ™2, respectively. The
almost total mineralization reached at 100 mA cm ~ 2 is an indication of
the powerful synergistic action of BDD(-OH), -OH and sunlight to de-
stroy the herbicide and its reaction by-products.

SPEF with BDD anode was further employed to treat 0.208 mM
bentazon spiked into 0.025M Na,SO, + 0.035 M NaCl or urban was-
tewater. The latter matrix contained up to 12 mg L.~ * of natural organic
matter (NOM), primordially composed of fulvic and humic acids.
Fig. 5a shows the degradation of the herbicide in the presence of
0.50mM Fe**, adjusting the pH to 3.0 and working at 16.6 mA cm ™2,
In synthetic chloride medium, the herbicide was very rapidly abated in
15 min, somewhat shorter than 20 min required in 0.050 M Na,SO, (see
Fig. 4a). This confirms the more effective attack of -OH in the absence
of Cl™ since it minimizes its conversion to less oxidizing chlorinated
radicals (Thiam et al., 2015; Steter et al., 2016). Fig. 5a highlights si-
milar bentazon decay in urban wastewater during the first 10 min,
whereupon it was decelerated to finally disappear at 45min. This
phenomenon can be ascribed to the simultaneous consumption of part
of the generated oxidizing agents to destroy the NOM. The pseudo-first-
order kinetic analysis shown in the inset of Fig. 5a corroborates the
analogous concentration removal at the beginning of the treatments,
yielding k; = 0.11 min~* (R* = 0.992) in 0.025M Na,SO, + 0.035 M
NaCl and k; = 0.096 min~! (R? = 0.986) in urban wastewater. The
corresponding normalized TOC abatement is depicted in Fig. 5b. A
greater mineralization degree with 80.2% TOC reduction at 240 min
was achieved in 0.025M Na,SO, + 0.035 M NaCl, as compared to
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Fig. 4. (a) Herbicide concentration and (b) TOC abatements vs. electrolysis
time for the SPEF treatment of 130 mL of a 0.208 mM bentazon solution in
0.050 M Na,SO, with 0.50 mM Fe2* at pH 3.0 using a BDD/air-diffusion cell at
j: (W) 3.3mAcm ™2 (A) 16.6mAcm ™2 and (@) 100 mA cm ™2 In (a), kinetic
analysis assuming a pseudo-first-order reaction for the herbicide.

63.2% found in urban wastewater. However, note that 20.1 mg L™! of
TOC were removed in the former matrix, whereas a greater amount of
23.4mg L~ ! was destroyed in the latter one. This means that the SPEF
process is able to mineralize both, the herbicide and the NOM in urban
wastewater.

3.4. Mineralization current efficiency

At the end of the PEF treatment of the 0.208 mM bentazon solution
in 0.050M NaySO, at 16.6 mA cm™ 2, which yielded 89.2% miner-
alization, the released inorganic ions were identified and quantified. It
was found that near 99% of the initial S (6.66 mg L™ was converted
into S04~ ion, whereas the initial N (5.82mgL~!) was transformed
into 0.96 mg L™ ' NH," (12.8%) and 18.68 mg L™ NO;~ (71.7%). This
agrees with the reported conversion of the heteroatoms of bentazon
mainly into S0,2~ and NO;~ from different AOPs (Pelizzetti et al.,
1989; Beltran-Heredia et al., 1996; Oturan et al., 2010a; Seck et al.,
2013; Mir et al., 2014; Steter et al., 2016; Berberidou et al., 2017).
Moreover, the soluble TN decayed to 5.02mgL~?, indicating that
13.7% of the initial N was released as volatile species, probably N, and
N,xO, as proposed for other nitrogenated compounds (Guelfi et al.,
2017; dos Santos et al., 2018).

From these findings, the theoretical total mineralization reaction of
bentazon, with a number of carbon atoms (m) of 10, yielding CO, and
S042~ and NO3;~ as main ions, with a number of consumed electrons
(n) of 62, can be written as follows:
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Fig. 5. (a) Herbicide concentration decay and pseudo-first-order kinetic ana-
lysis, and (b) normalized TOC removal with electrolysis time for the SPEF
treatment of 130 mL of 0.208 mM bentazon spiked into (@) ultrapure water
with 0.025M Na,SO4 + 0.035 M NaCl ([TOC], = 25 mg L™Y and () urban
wastewater with 0.0047 M Na,SO4 ([TOC], = 37 mg L™1), both with 0.50 mM
Fe®*, at pH 3.0. The treatments were performed with a BDD/air-diffusion cell

atj=16.6mAcm 2

C1oHN,05 S+ 27H, O— 10CO, + 2NOj + SO~ + 66HY + 62e~ (10)

Taking into account the experimental TOC abatement (/AATOC, in
mg L™ fora synthetic solution in ultrapure water at current I (in A),
the mineralization current efficiency (MCE, in %) at a given electrolysis
time (in h) was estimated from Eq. (11) (Brillas et al., 2009; Martinez-
Huitle et al., 2015; Moreira et al., 2017):

n F VATOC

% MCE = ———
4.32x10'm I t

x100 an
where 4.32 x 107 is a conversion factor to homogenize the units
(3600sh ™! x 12,000 mg C mol 1), V is the solution volume (in L) and
F is the Faraday constant.

Fig. 6a—c presents the MCE values determined for the assays of
Figs. 2c, 3b, 4b and 5b. According to Eq. (11), two tendencies can be
observed: (i) greater MCE as more TOC was removed at the same j
value, and (ii) decrease of MCE at increasing j (i.e., I), despite the en-
hancement of ATOC. This latter phenomenon can be related to the
concomitant acceleration of parasitic reactions of oxidizing agents, e.g.,
conversion of M(-OH) into O, or scavenging of -OH by H,0,, with the
consequent relative decay of reactions with organics (Brillas et al.,
2009; Martinez-Huitle et al., 2015; Moreira et al., 2017). The former
tendency can be deduced from Fig. 6a and b, when the three anodes
(RuO,-based, BDD and Pt) were comparatively used for EF in 0.050 M
Na,S0O,4 at 100 mA cm ~ 2 and PEF using the same medium and 0.025 M
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Fig. 6. Mineralization current efficiency determined for the assays of (a)
Fig. 2¢, (b) Fig. 3b and (c) Figs. 4b and 5b (ultrapure water).

Na,SO, + 0.035M NaCl at 16.6 mA cm ~ 2, respectively. In both figures,
BDD is confirmed as the best anode always attaining the highest MCE
values regardless of the EAOP and matrix considered. Furthermore,
most of the MCE-time plots presented a maximal at short electrolysis
time, followed by a continuous decay of MCE because of the abatement
of the organic load with formation of more persistent products (Panizza
and Cerisola, 2009; Martinez-Huitle et al., 2015). The decrease of MCE
with raising j can be seen in Fig. 6¢ during the SPEF treatments with
BDD in 0.050 M Na,SO,4. A maximal of 111% MCE at 120-180 min
working at 3.3mAcm~? was found, dropping to 93% at 240 min.
Conversely, at 100 mA cm ~ 2, which yielded a much greater TOC re-
moval of 96.0%, smaller MCE values progressively decaying from 18%
to 3.6% were obtained. The high MCE values, even > 100%,
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determined at the lowest j can be explained by the contribution of
photolytic reactions under sunlight irradiation, which is a parameter
not considered for calculation in Eq. (11). In addition, Fig. 6¢ shows
lower MCE values for SPEF in 0.025M Na,SO, + 0.035 M NacCl at
16.6 mA cm ™2 due to the persistence of chloroderivatives. This effect
on MCE is also seen in Fig. 6b for all anodes when the data in different
media are compared.

3.5. Detection of aromatic by-products and final carboxylic acids

Fig. 7 presents seven non-chlorinated aromatics formed upon oxi-
dation with -OH, along with sixteen chlorinated aromatics and two
chlorinated aliphatics generated by the simultaneous attack of active
chlorine. To simplify, the m/z values given for the chlorinated com-
pounds correspond to those considering the 3°Cl isotope. All these
products were identified during the degradation of solutions containing
0.208 mM herbicide either in 0.050 M Na,SO,4 by PEF with RuO,-based
anode or in 0.025 M Na,SO, + 0.035 M NaCl by AO-H,0, with BDD. In
the non-chlorinated matrix, a derivative with m/z 254 from addition of
hydroxyl to the benzenic ring of bentazon (m/z 240) with formation of
a C=C-bond in the lateral isopropyl group was detected. The cleavage
of the benzothiadiazine structure with loss of SO,?~ ion and con-
secutive oxidation of the N atom bonded to the benzenic ring with in-
creasing demethylation of the isopropyl group yielded the compounds
with m/z 208, 180 and 149, which were subsequently attacked by -OH
leading to products with m/z 179, 194 and 138, respectively. On the
other hand, in the chlorinated matrix, chlorination along with hydro-
xylation of bentazon yielded compounds with m/z 288, 274 and 308.
Again, the cleavage of the benzothiadiazine group with loss of SO4%~
ion followed by -OH/active chlorine attack originated four chlorinated
products with m/z 213, 247, 248 and 315 containing the isopropyl
group, along with other three compounds with m/z 198, 184 and 170 in
which this group was progressively demethylated. Further oxidation of
the former derivative yielded two products, with m/z 214 and 196,
whereas the second one evolved to compounds with m/z 200 and 253
and the third one to a product with m/z 200. In addition, the simplest
chlorinated aromatic with m/z 179 and two aliphatics with m/z 188
and 107 were also formed. It is noticeable that the chlorinated products
shown in Fig. 7 have not been previously reported in the literature since
bentazon degradation was not studied in a chlorinated matrix, whereas
only the aromatic product with m/z 208 detected in sulfate medium has
been described for the herbicide treatment pon TiO»/H;0,/UV (Mir
et al., 2014).

The above aromatic derivatives are expected to yield short-chain
linear carboxylic acids from the cleavage of the benzene moiety
(Olvera-Vargas et al., 2015; Coria et al., 2018; dos Santos et al., 2018;
Thiam et al., 2018). This was confirmed from the ion-exclusion HPLC
analysis of a 0.208 mM bentazon solution in 0.050 M Na,SO4 with
0.50mM Fe?* at pH 3.0 treated by SPEF with BDD at 16.6 mA cm ™2,
Seven acids including tartaric, maleic, fumaric, malonic, formic, oxalic
and oxamic were detected. The six former acids can be originated from
the breakage of the benzenic ring of aromatic intermediates, whereas
oxamic acid comes from the oxidation of N-derivatives. This latter acid,
along with oxalic and formic are directly mineralized to CO, (Brillas
et al., 2009; Martinez-Huitle et al., 2015; Moreira et al., 2017). It should
be noted that under the SPEF conditions tested, all these acids formed
Fe(IlI) complexes that were susceptible to be photodecomposed via
reaction (7).

Fig. 8 illustrates the time course of all the detected acids, which
persisted in the medium until 180 min as maximal. These products were
accumulated up to maximum contents between 0.51 and 5.24 mgL ™'
in ca. 30 min, to be subsequently destroyed under the oxidative action
of BDD(:OH) and -OH and, more largely, upon photolysis of their Fe
(III) complexes. These findings indicate that after 240 min of this SPEF
treatment (see Fig. 4b), the 10.8% of the initial remaining TOC must be
ascribed to the accumulation of persistent unidentified by-products,
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Fig. 8. Concentration of carboxylic acids vs. electrolysis time detected during
the SPEF treatment of 130 mL of a solution with 0.208 mM bentazon, 0.050 M
Na,SO, and 0.50mM Fe?* at pH 3.0 using a BDD/air-diffusion cell at
j=16.6mA cm ™2 Acids: (A) tartaric, () oxamic, () malonic and (@) formic.
Inset: ((7J) oxalic, (O) maleic and (/\) fumaric.

which are even more hardly oxidizable than the final carboxylic acids,
thus impeding the total mineralization of the herbicide solution.

4. Conclusions

The non-active BDD anode showed its superiority over active RuO,-
based and Pt anodes and, combined with an air-diffusion cathode, gave
rise to the greatest mineralization of bentazon in synthetic sulfate and
chloride media by AO-H,O,, EF, PEF and SPEF. This is due to the
greater oxidation power of BDD(-OH) as compared to RuO,(-OH) and
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Pt(-OH), particularly demonstrated from its ability to destroy persistent
chloroderivatives. The homogeneous -OH generated from Fenton's re-
action enhanced the herbicide mineralization, yielding a similar her-
bicide decay in EF and PEF at an optimum Fe®* concentration of
0.50 mM at pH 3.0. In chlorinated matrices, bentazon disappeared more
rapidly using a RuO,-based anode thanks to the generated active
chlorine, although BDD was more effective to destroy the chloroder-
ivatives. A pseudo-first-order kinetics for bentazon was found in all
these EAOPs. The PEF process with BDD in sulfate medium allowed a
high TOC decay of 86.8% at 100 mA cm ™2, although SPEF with BDD
became the most powerful treatment with 96.0% TOC reduction. The
same treatment in urban wastewater at 16.6 mA cm ™2 yielded 63.2%
mineralization, showing the removal of the herbicide along with NOM.
This work allows concluding that SPEF and PEF could be viable for the
treatment of urban wastewater polluted with bentazon. Seven non-
chlorinated aromatics, sixteen chloro-aromatics and two chloro-ali-
phatics were detected as main intermediates, along with seven non-
chlorinated aliphatic acids, most of them not reported in earlier works.
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