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Abstract

This article reports the electrochemical degradation of the herbicide metribuzin (MTZ) in
sulfate medium by advanced oxidation processes like anodic oxidation with electrogenerated
H202 (AO-H20), electro-Fenton (EF) and UVA photoelectro-Fenton (PEF). A boron-doped
diamond (BDD) anode was combined with an air-diffusion cathode with ability to produce
H20,. Unprecedented overall combustion was feasible by all methods at a constant current
density (j) > 100.0 mA cm. The total organic carbon (TOC) removal achieved by AO-H20>
was independent from pH within the range 3.0-9.0, whereas the oscillatory dependence of the
pseudo-first-order MTZ decay rate constant with this variable was ascribed to adsorption on
the BDD surface. In EF and PEF at pH 3.0, 0.50 mM Fe?" was determined as optimum
catalyst content and the MTZ removal showed two consecutive pseudo-first-order kinetic
stages. These were related to the fast reaction of the target molecule with *OH formed from
Fenton’s reaction, followed by a slower attack of physisorbed BDD(*OH) onto Fe(l11)-MTZ
complexes. The effect of ] and MTZ content on decay kinetics and TOC removal was
examined. PEF was the best treatment due to the decomposition of photoactive intermediates
by UVA radiation, yielding total mineralization of a 0.523 mM herbicide solution after 420
min of electrolysis at 100.0 mA cm™. A thorough reaction pathway for MTZ degradation is
proposed from the sixteen heteroaromatic by-products and three aliphatic molecules identified
by GC-MS and LC-MS/MS. Oxalic and oxamic acids were detected as final carboxylic acids

by ion-exclusion HPLC.

Keywords: Anodic oxidation; Electro-Fenton; Metribuzin; Photoelectro-Fenton; Oxidation

products; Water treatment
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1. Introduction

In recent times, a wide range of advanced oxidation processes (AOPs) has shown great
performance for removing biorefractory organic pollutants from water [1-3]. AOPs
encompass chemical, photoassisted and electrochemical methods that enable the oxidation of
those xenobiotics by reaction with hydroxyl radical (*OH) generated on demand. This radical
is a very strong oxidant (E° = 2.80 V/SHE) that can non-selectively destroy most of the
organic pollutants of concern, transforming them into CO; and inorganic ions. In particular,
much effort is put on electrochemical AOPs (EAOPs) due to their simple setups and handling,
mild operation conditions and high efficiency, yielding units at competitive rates [4-7].

From a conceptual and technological standpoint, anodic oxidation (AQO) or electro-
oxidation is the simplest EAOP. This method consists in the generation of physisorbed
hydroxyl radical M(*OH) at the anode M from electrochemical water oxidation at high
current, being necessary a good transport of organics to the electrode [4,5]. It has been
established that the non-active boron-doped diamond (BDD) thin-films are the best anodes for
AO, owing to the large production of reactive BDD(*OH) along with the weak BDD-*OH
interaction, thus minimizing the transformation of the radical into less oxidizing metal oxides
[4,8-11]. Progress on AO has been made by promoting the simultaneous generation of H20-
at the cathode from the 2-electron reduction of injected O gas via reaction (1), giving rise to

the so-called AO-H20> process [6,7,11-13].
Oz(g) + 2H+ + 2e™ > HzOz (1)

Carbonaceous cathodes [14,15], including carbon felt [16,17] and hydrophobized porous
carbon-polytetrafluoroethylene (PTFE) gas-diffusion materials [11,18,19], ensure the high
efficiency of reaction (1). The latter group is particularly interesting due to the excellent

resistance in all aqueous media, along with a high catalytic ability to produce H.02 [20-22].
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The H20; generated in AO-H20: is not very powerful as compared to M(*OH). However,
it can be activated using Fenton-based EAOPs under acidic conditions, thereby enhancing the
decontamination. In electro-Fenton (EF), Fe?* is added as catalyst since it reacts with H2O;
originating Fe®" ion and homogeneous *OH via the well-known Fenton’s reaction [5,16,17].
As a result, both hydroxyl radicals (M(*OH) and *OH) attack the organic molecules. The
resulting Fe** ion can be reduced at the cathode to produce again the Fe?* ion. One limitation
of this method is the production of complexes of Fe(lll) with intermediates like carboxylic
acids, which present a slow decay kinetics upon reaction with hydroxyl radicals [5,7].
Photoelectro-Fenton (PEF) overcomes this problem because the solution is illuminated with
UVA light to photolyze these complexes [5,18,19,21]. Moreover, additional quantities of
homogeneous *OH are produced from Fe(ll1) photoreduction.

The effectiveness of the above Fenton-based EAOPs for wastewater treatment has been
well proven for many organic pollutants. The use of BDD anode is sometimes advantageous,
especially in the case of AO and AO-H,0> [5-7,12-15]. In earlier work, we described the total
mineralization of a symmetrical triazine like atrazine, a common herbicide, in acidic sulfate
medium by means of AO, AO-H>O;, EF and PEF with a BDD anode [23,24]. This was a
significant achievement in practice since atrazine is only converted to cyanuric acid upon
application of other AOPs, thereby demonstrating the prevailing oxidative role of BDD(*OH).
In contrast, much less is known about the electrochemical removal of asymmetrical triazine
herbicides, being necessary to ascertain the performance of these electrochemical methods.

Metribuzin  (MTZ, 4-amino-6-tert-butyl-3-(methylsulfanyl)-1,2,4-triazin-5(4H)-one,
CsH14N4OS, M = 214.29 g mol?) is an asymmetrical triazine or triazinone pre- and post-
emergence herbicide widely used in crops including sugar cane, tomatoes, potatoes and soy
bean. It inhibits the photosynthesis by disrupting photosystem Il. MTZ has been detected in

surface water of Spain [25], Greece [26], USA [27], Brazil [28] and Australia [29] at
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concentrations lower than 0.5 pug L. Its toxicity over fishes has been documented, promoting
loses of weight and total body length with inhibition of specific growth rate [30]. Several
authors have described the decay of MTZ concentration and, in some cases, the detection of
heteroaromatic by-products resulting from: (i) adsorption with granular activated carbon [31]
and fungal biomass [32], (ii) ozonation [33], (iii) chlorination [34], (iv) photolysis with UVC
light [35], (v) electrocoagulation with Fe anode under UVC radiation [36] and (vi)
heterogeneous photocatalysis with ZnO under sunlight [37] and with TiO, under UVA light
[38] or simulated sunlight [39]. The latter work also reported that only 80% of total organic
carbon (TOC) was reduced after 300 min of photocatalytic treatment of a suspension with 10
mg L™t MTZ and 100 mg TiO, with irradiance of 750 W m2.

The aim of this study is to assess the removal of MTZ by AO-H,0,, EF and PEF with a
BDD anode in order to establish if it can be completely mineralized. The effect of different
operation variables such as solution pH, applied current density (j), and Fe** and herbicide
concentrations, as well as the alternative use of Fe** as catalyst, was examined. The MTZ
decay was followed by high-performance liquid chromatography (HPLC), whereas the
mineralization was monitored from TOC removal. The main degradation routes are proposed
from the intermediates detected by gas chromatography-mass spectrometry (GC-MS), liquid

chromatography-MS (LC-MS/MS) and ion-exclusion HPLC.

2. Materials and methods

2.1. Reagents
Metribuzin (> 98% purity) was of analytical grade purchased from Sigma-Aldrich. Oxalic
and oxamic acids were of analytical grade supplied by Panreac. H2SOs, NaOH, Na>SOa,

FeSO4-7H20 and Fe(NOz3)3-9H.0 were of analytical grade purchased from Vetec Quimica
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Fina and Merck. Solutions were prepared with ultrapure water (Millipore Milli-Q, resistivity

>18.2 MQ cm).

2.2. Electrochemical systems

All the assays were performed with 100 mL of herbicide solutions, which contained
0.050 M Na2SOs as supporting electrolyte. The initial pH was adjusted with 0.1 M H>SO4 or
0.1 M NaOH. The electrolytic trials were carried out in a thermostated, open, one-
compartment glass tank reactor, which was kept at 25 °C. The solution was magnetically
stirred at 700 rpm with a PTFE follower. The anode was a 3 cm? BDD electrode supplied by
NeoCoat (La Chaux-de Fonds, Switzerland) as a thin-film deposited on single-crystal p-type
Si (100) wafers (0.1 Q cm, Siltronix). The cathode was a 3 cm? carbon-PTFE air-diffusion
electrode supplied by E-TEK (Somerset, NJ, USA). It was mounted as reported elsewhere
[18] and fed with compressed air for continuous H20- generation. The separation between the
electrodes was near 1 cm. The trials were made galvanostatically and the constant current was
provided by an Agilent N5765A DC or an Instrutherm Fa-3003 power supply. The EF and
PEF treatments were ran after addition of Fe?* as catalyst, usually 0.50 mM. A Philips
TL/4W/08 fluorescent black light tube lamp (Amax = 360 nm), placed at about 5 cm over the
solution surface, was used as illumination source in PEF. The influence of Fe®* as catalyst

was examined as well.

2.3. Instruments and analytical procedures

A Crison 2000 pH-meter was utilized to determine the solution pH. Samples were filtered
with Whatman 0.22 um PTFE filters before analysis. In order to determine the MTZ
concentration in EF and PEF, the samples were diluted with acetonitrile (1:1, v/v) upon
withdrawal, thus preventing further degradation. The herbicide content was determined by
reversed-phase HPLC. The system consisted in a Thermo Scientific Finnigan Surveyor liquid

chromatograph, fitted with an Agilent Technologies Zorbax Eclipse XDB-C-18 5 um, 250
6
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mm x 4.6 mm, column, which was coupled to a photodiode array detector selected at A =298
nm. A 50:50 (v/v) methanol/water mixture was eluted at 0.7 mL min™ as mobile phase. The
peak associated with MTZ appeared at 11.9 min, showing a limit of detection (LOD) =
1.08x102 mg L* and a limit of quantification (LOQ) = 3.6x102 mg L.

The generated carboxylic acids were quantified by ion-exclusion HPLC following the
procedure reported in earlier work [18]. The NH4" concentration of samples was obtained
from standard method SM 4500NH3 B/C [40], whereas NO3~ and SO4%>~ were quantified
using the EPA method 300.0 (Revision 2.1., 1993) [41].

TOC was measured on a Shimadzu TOC-V CPN analyzer. Reproducible values with 1%
accuracy were obtained by injecting 50 pL of samples previously diluted (1:3, v/v) with Milli-
Q water (LOD =0.180 mg L, LOQ =0.530 mg L?).

Released inorganic ions were quantified after 540 min of EF treatment of a 0.523 mM
MTZ solution with 0.50 mM Fe?*, at pH 3.0 and j = 100.0 mA cm, which yielded a TOC
abatement of 99% (see below). It was found that the initial S of the herbicide (0.523 mM) was
completely transformed into SO4> ion (0.520 mM). In contrast, most of initial N (2.092 mM)
did not remain in the solution, probably due to transformation into N2 or volatile NxOy [7,42].
Only a small proportion was detected as NH4* (0.39 mM, 18.6% of initial N) and NO3~ (0.42
mM, 20.1% of initial N) ions. Based on these findings, the total mineralization for MTZ can

be expressed as follows:
CsH14N4OS + 25H,0 = 8CO; + 2NO3~ + 2NH4* + SO4* + 56H" + 54¢- (2)

Considering that this reaction was verified for all the EAOPs tested, the
mineralization current efficiency (MCE, in %) at given time t (in h) of a given assay at

current I (in A) was calculated from Eq. (3) [42]:

9% MCE = —£72T9C_ 109 (3)

4.32x107mit
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where n is the number of electrons consumed for the overall combustion (= 54, from reaction
(2)), F is the Faraday constant, V is the solution volume (in L), ATOC is the abated TOC (in
mg L) at time t, 4.32x107 is a conversion factor (3,600 s h* x 12,000 mg C mol?) and m is
the number of carbon atoms of MTZ.

Duplicate experiments were carried out, and the average values obtained are reported.
The bar errors with 95% confidence interval are shown in the figures.

The oxidation by-products with enough stability to become accumulated for a certain
amount of time were collected at 15 and 120 min of AO-H20, and 5 and 45 min of EF
treatments of 0.523 MTZ solutions made at pH 3.0 and j = 100.0 mA cm™. Then, they were
detected and identified by GC-MS and LC-MS/MS. For each treated solution, the extraction
of organics was made with CH.Cl> (25 mL x 3). After mixing up, each resulting organic
solution was dried over NaxSOs, filtered and evaporated under reduced pressure to obtain less
than 1 mL. For the GC-MS analysis, the procedure described in earlier work was followed
[19], and NIST05-MS library was utilized to interpret the mass spectra obtained. The LC-
MS/MS analysis was performed with a Shimadzu LC-20AD pump, fitted with a Kinetex C-18
2.6 um, 150 mm x 2.2 mm, column at 50 °C, and coupled to a Bruker Daltonics Microtof-QIllI
mass spectrometer, with electrospray ionization source (EIS) and triple-quadrupole mass
spectrometer and time-of-flight in positive ionization mode. The mobile phase was composed
of a linear gradient of water (A) and acetonitrile (B), both with 1% acetic acid, eluted at 0.3
mL min? as follows: 3% B for 2 min, 3% to 25 % B from 2 to 25 min, 25% to 80% B from 25

to 40 min and constant for 3 min, 80% to 3% B from 43 to 44 min, and 3% B up to 48 min.
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3. Results and discussion

3.1. AO-H20 treatment of MTZ solutions

The performance of the AO-H.O> process was assessed for 100 mL of 0.523 mM
herbicide (112.0 mg L, 50 mg L of TOC) solutions in 0.050 M NazSO4 using a stirred
BDD/air-diffusion tank reactor at 25 °C. The effect of the solution pH was investigated by
adjusting it to 3.0, 5.0 or 9.0, carrying out the electrolyses at a constant j = 100.0 mA cm for
540 min. At this high j-value, great amounts of physisorbed BDD(*OH) are expected from
reaction (4) [4,8-11], which is a much stronger oxidant as compared to H>O, continuously
generated at the cathode from reaction (1). Along these assays, the solutions became more

acid due to the formation of carboxylic products [5-7].
BDD + H,O - BDD(°*OH) + H* + e (4)

Fig. 1a highlights a rapid exponential abatement of MTZ in all the assays, although its
decay rate depended on pH. The herbicide disappeared in 180 min at pH 3.0 and 240 min at
pH 5.0, only requiring 120 min at pH 9.0. The concentration decays agreed with a pseudo-
first-order decay kinetics, as shown in the inset of Fig. 1. This behavior suggests the attack of
a constant and small quantity of BDD(*OH) on MTZ, and its increase led to a quicker
abatement. The apparent rate constants (Kapp.1) and the good R?-value obtained are listed in
Table 1. As expected, the higher kapp.1-value was achieved at pH 9.0, whereas the lowest one
was found at pH 5.0. This oscillating tendency is difficult to understand because the same
structure of the neutral MTZ molecule (pKy = 13.0 [34]) was the main electroactive species
within the pH range tested. One can then hypothesize that the change in kapp,1 is related to the
adsorption ability of MTZ molecules onto the BDD surface, thereby favoring the attack of
BDD(*OH) as occurs at pH 9.0.

In contrast, Fig. 1b depicts a continuous and slow TOC removal for all solutions, with no

significant effect of pH, reaching an almost total mineralization with 95-96% TOC abatement

9
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at 540 min (see Table 1). It is thus evident that all the intermediates formed along the
mineralization were destroyed at a similar rate. This is confirmed by the analogous profiles of
MCE depicted in the inset panel of Fig. 1b, with maximal values ranging between 3.8% and
4.2% at 120 min, finally decreasing to about 2.6% (see Table 1). The drop of MCE with
prolonging electrolysis time can be explained by the generation of by-products that are more
hardly destroyed by BDD(*OH), as well as the global loss of organic load [4].

The above findings demonstrate the good oxidation power of the BDD to destroy the
herbicide and its oxidation by-products at all pH values, giving rise to almost overall

mineralization. The EF process was further tested at pH 3.0, as discussed in the next section.

3.2. Treatment of acidic MTZ solutions by EF
First, the catalyst content for the removal of MTZ in acidic sulfate medium was
optimized at pH 3.0, which is the optimal for Fenton’s reaction (5) between added Fe?* and

produced H>O> [5-7]. This is a key parameter to enhance the *OH generation.
Fe** + H,0, = Fe®* + *OH + OH- (5)

The assays were carried out with 0.523 mM herbicide solutions by changing the Fe?*
concentration between 0.10 and 1.50 mM, at j = 100.0 mA cm. The initial pH 3.0 practically
did not vary during 540 min. Fig. 2a shows a slow MTZ decay at 0.10 mM Fe?*, with total
disappearance at 150 min. The removal was accelerated at all greater concentrations, with
similar decay profiles and complete disappearance at 105 min. Furthermore, a significant
removal can be observed during the first 2 min in these cases, being less evident at 0.10 mM
Fe’*. As a result, two consecutive linear correlations were obtained from the pseudo-first-
order kinetic analysis of MTZ decays at each catalyst concentration, as presented in the inset
panel of Fig. 2a. The existence of two different kinetic stages confirms our recent work on the
treatment of N-containing aromatic pesticides [18,19], and can be ascribed to a change in

various species and main oxidizing agent, as follows: (i) the first region corresponds to the

10
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rapid reaction between MTZ and *OH formed from Fenton’s reaction (5), whereas (ii) the
second region can be explained by the much slower action of BDD(*OH) on MTZ complexes
with Fe(l11) originated from reaction (5). The formation of such complexes will be evidenced
in the study about the PEF treatment discussed in section 3.3. Table 1 summarizes the evident
rise of the apparent rate constant for the first region (Kapp.1) When the Fe?* concentration was
increased from 0.10 to 0.50 mM, which can be accounted for by the enhanced *OH
production from Fenton’s reaction (5). The subsequent progressive drop of Kapp,1 upon use of
1.00 and 1.50 mM Fe?* can be associated with a higher destruction of the excess of *OH by
parasitic reaction (6), favoring the Fe** accumulation. Once the Fe(l11)-MTZ species became
predominant over uncomplexed MTZ, which usually occurred after 6-7 min of electrolysis
(see Fig. 2a), its oxidation by BDD(*OH) was the main degradation route. Note that the
apparent rate constant for the second region (Kapp2) Was about 35-44% smaller at 0.10 mM
Fe?*, as compared to the other catalyst contents (see Table 1). Such lower kapp2-value may be
related to the smaller quantity of Fe(Il11)-MTZ complexes produced, whereas the quite similar
Kapp.2-values at 0.50-1.50 mM Fe?* agrees with the analogous MTZ decay profiles of Fig.2a,

being independent of the amount of *OH produced in the bulk.
Fe’* + *OH - Fe*' + OH- (6)

A continuous TOC decay can be observed in Fig. 2b for the above experiments. The TOC
of the solution with 0.10 mM Fe?* was reduced by 91%, being upgraded to 98-99% at 0.50
and 1.00 mM Fe?*. In contrast, at the highest Fe?* content, the profile was rather analogous to
that obtained at the lowest one. This tendency is the same as that explained above for Kapp,1
related to the production of *OH in the system, thus suggesting an important role of this
radical, along with BDD(*OH), to mineralize all the intermediates. The inset panel of Fig. 2b
shows the MCE-time plots for these assays. The highest MCE was found at 0.50 mM Fe?*,

yielding values between 4.6% and 4.9% up to 300 min, which dropped to 2.7% at 540 min

11
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(see Table 1). An analogous behavior can be observed for the other catalyst concentrations,
with lower maximal and final MCE values of 2.5-2.7% (see Table 1).

The above findings allow concluding that 0.50 mM Fe?* was the optimum concentration
for the EF treatment of MTZ solutions and hence, it was chosen for further trials.

Another important experimental variable that affects the *OH production is the j-value.
The effect of this parameter was assessed using a 0.523 mM MTZ solution in 0.050 M
Na,SO4 at 0.50 mM Fe?*, pH 3.0 and 25 °C, working between 33.3 and 100.0 mA cm™. The
concentration abatements for these trials are presented in Fig. 3. A fast decay, which became
more pronounced as j rose, was observed at short time (first kinetic stage), being followed by
a slower removal (second kinetic stage). Total disappearance was more rapidly reached as j
was increased, needing 210, 180 and 105 min upon use of 33.3, 66.7 and 100.0 mA cm?,
respectively. The two consecutive linear trendlines obtained from the pseudo-first-order
analysis of concentration decays are depicted in the inset of Fig. 3a. The data of Table 1 show
that both, kapp,1- and Kkapp2-values, became greater at increasing j. This is not surprising
because more hydroxyl radicals are expected to be produced as j grows [5-7,14,15,42]. This
occurs thanks to the acceleration of reaction (4) that yields larger quantities of BDD(*OH),
and that of reaction (1) that allows a larger production of H2O», which in turn promotes the
generation of greater amount of *OH from Fenton’s reaction (5).

The promotion of generated oxidants also explains the quicker TOC abatement at higher
j, as seen in Fig. 3b. The slower TOC decays at 33.3 and 66.7 mA cm™ led to 90% and 92%
mineralization at 540 min, in contrast to 99% obtained at the highest j of 100.0 mA cm (see
Table 1). This means that total combustion of MTZ can be attained by EF operating at current
densities > 100.0 mA cm. Conversely, the corresponding MCE values depicted in the inset
panel of Fig.3b present the opposite tendency, because the most efficient process was that

performed at 33.3 mA cm™. Under these conditions, 8.7% was the maximum MCE value
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determined at 60 min, dropping to 7.9% at the end. Lower final MCE values were determined
at increasing j (see Table 1). This behavior is typically reported for EAOPSs, being ascribed to
the enhancement of parasitic reactions. The most important among such undesired reactions is
the oxidation of BDD(*OH) to O, largely enhanced as j is risen [4,5]. Other relevant parasitic
reactions involve the *OH dimerization to H20», and its consumption by the latter species to
yield the weaker oxidant hydroperoxyl radical (HO.®) [5,17,24].

The last experimental variable tested was the herbicide concentration, which needs to be
assessed in order to elucidate the ability of EF to destroy concentrated solutions. Fig. 4a
shows the time course of the normalized MTZ content, employing solutions with initial
concentrations from 0.262 to 1.046 mM, upon treatment with 0.50 mM Fe?* at pH 3.0 and j =
100.0 mA cm™ The degradation was decelerated at higher herbicide content, reaching
complete removal at increasing times of 90, 105 and 180 min for 0.262, 0.523 and 1.046 mM,
respectively. This can also be deduced from the data of Table 1, since the Kapp1- and Kapp,2-
values (determined from the kinetic analysis of the inset of Fig. 4a) underwent a gradual drop,
more apparent between 0.523 and 1.046 mM. This behavior can be explained by a progressive
reduction of the available *OH and BDD(*OH) to attack the uncomplexed molecule and its
Fe(l11) complexes, respectively, because a large proportion of both radicals participates in the
competitive oxidation of oxidation by-products formed. Fig. 4b confirms this fact, since quick
and analogous removals of normalized TOC can be observed for all the MTZ concentrations
tested, attaining 97%-99% mineralization at the end (see Table 1). The destruction of more
carbon at a given time is indicative of a more efficient removal of intermediates. This is
reflected in the corresponding MCE-time plots presented in the inset of Fig. 4b, where the
MCE values grew with MTZ content (see Table 1). The greater efficiencies were then
obtained at the highest (1.046 mM) concentration, which decayed from 11.2% at 30 min to

5.4% at 540 min. Since all these trials were performed at j = 100.0 mA cm, the same amount
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of BDD(*OH) and *OH are expected to be formed. The enhanced destruction at increasing
herbicide concentration can then be accounted for by the existence of greater amounts of both
radicals that are available from the deceleration of their parasitic reactions, due to the
preferential attack over organics.

The aforementioned findings allow inferring that the EF process with a BDD/air-
diffusion cell is powerful enough to destroy all the intermediates of MTZ, even at high

concentrations, using 0.50 mM Fe?* as catalyst and j values > 100 mA cm™.

3.3. PEF treatment with Fe?* and Fe®* as catalysts

The PEF treatment of a 0.523 mM herbicide solution was made under the best conditions
found for EF (0.50 mM Fe?*, j = 100.0 mA cm) under irradiation with a 4 W UVA lamp.
Fig. 5a and b present the corresponding concentration and TOC decays for this trial. The
concentration abatement in PEF was quite similar to that obtained by EF, yielding total
removal at 105 min in both cases (see Fig. 2a). From the kinetic analysis, as depicted in the
inset panel of Fig. 5a, similar Kapp,1- and kapp.2-values were found for both processes (see Table
1). This means that the uncomplexed molecule and its Fe(l11) complexes were removed by a
similar amount of oxidizing agents in both cases, without significant influence of incident
light. In contrast, Fig. 5b highlights that complete combustion of MTZ was achieved at 420
min of PEF, a time much shorter than 540 min required in EF (see Fig. 2b). The greater
mineralization power of PEF can be related to the photolysis of some intermediates by UVA
light, which accelerates their destruction by BDD(*OH) and/or *OH.

It has been established that when a gas-diffusion cathode is used in Fenton-based EAOPS,
most of the Fe?* added as catalyst is converted into Fe3*, due to the low ability of this material
to reduce the ferric ion [5]. This could explain the fast change from free MTZ to Fe(l11)-MTZ
complexes, responsible for the appearance of two distinct Kinetic regions. To corroborate the

formation of such complexes, an additional PEF trial was performed, but directly using 0.50
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mM Fe3* as catalyst in order to operate with a low concentration of *OH formed from
Fenton’s reaction (5). Under these conditions, MTZ underwent a continuous abatement,
disappearing at 60 min, a time shorter than that needed in PEF with Fe** (see Fig. 5a). The
corresponding Kapp.1 = 0.0611 min, determined from the excellent linear correlation presented
in the inset of Fig. 5a, was 3.2-fold higher than that found in AO-H20O. under comparable
conditions (see Table 1). This means that the Fe(ll1)-MTZ complexes are more rapidly
destroyed than the free molecule under the action of BDD(*OH). The same behavior can be
inferred considering the kapp2-values for EF and PEF with Fe?*, although they were only 1.7-
1.9 fold higher than Kkapp1 for AO-H20,. On the other hand, the greater kapp,1-value found in
PEF with Fe*" as compared to the kapp2-value for PEF with Fe?* can be explained by the
greater amount of Fe(ll1)-MTZ complexes formed in the former case, being more rapidly
destroyed by BDD(*OH). Nevertheless, Fig. 5b reveals a slightly faster TOC removal in PEF
with Fe** up to 240 min of electrolysis, as can also be seen in the MCE values shown in the
inset. At longer time, TOC was more rapidly reduced using Fe?*, suggesting the generation of
a larger quantity of photoactive products by *OH, which are more quickly photolyzed until
reaching their mineralization. For PEF with Fe®*, an almost total mineralization with 98%
TOC reduction and 2.7% MCE was finally attained (see Table 1).

Our results show that the PEF process with Fe?* using a BDD/air-diffusion cell is the
most powerful EAOP to completely destroy MTZ and its oxidation products. The use of Fe*

as catalyst favors the degradation of the herbicide, but causes a slower mineralization.

3.4. Identification of by-products

Several MTZ solutions treated by AO-H,02 and EF at j = 100.0 mA cm2 during different
times were analyzed by GC-MS and LC-MS/MS to detect the most stable by-products
formed. Table S1 in Supplementary Material summarizes the name, molecular structure and

m/z values of eleven intermediates of MTZ (1), which include ten heteroaromatic compounds
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and methylthiocyanate (18), identified by GC-MS. The heteroaromatic intermediates arise
from the nitrosation of the lateral -NH. group (3), demethylation (5 and 16), loss of the lateral
—S-CHs group (6), carbonylation (7 and 12), deamination (8), oxidation of the lateral —-C-C-
bonds with demethylation (9) and desulfuration (11), and sulfonation (10). Table S2
summarizes the molecular structure and exact m/z value (+1H") of nine heteroaromatic
compounds and two aliphatic products (19 and 20) detected by LC-MS/MS. Apart from
compounds 6, 7 and 8 also found by GC-MS, other heteroaromatic stuctures were formed
from dihydroxylation of 1 (2), demethylation and carbonylation of the —-S-CHs group (4), and
deamination with hydroxylation (13) and with demethylation and oxidation of the lateral —-C-
C- bonds (14, 15 and 17). Moreover, a dimer by-product formed by heteroaromatics (21) was
detected by LC-MS/MS (see Table S3). It is noticeable that some of these by-products have
been described for MTZ degradation by photochemical methods, such as compounds 7, 8 and
12 from UVC photolysis [35] and 2, 6, 7, 8 and 12 from TiO2 photocatalysis [38,39].

Fig. 6 shows the reaction pathway proposed for MTZ degradation by the EAOPs tested,
based on the nineteen monomers detected. The main oxidizing agent is BDD(*OH) and/or
*OH, as stated above, and the routes can be valid either for the uncomplexed molecule and its
Fe(lll) complexes in Fenton-based EAOPs. The initial oxidation of 1 involves: (i)
dihydroxylation to yield 2, (ii) nitrosation of the lateral —NH2> group, resulting in 3, (iii)
demethylation with formation of a double —C=C- bond and carbonylation of the CH3 group
linked to the S atom to produce 4, (iv) di-demethylation leading to 5, (v) loss of the lateral —S-
CHs group to form 6, (vi) carbonylation of the C(6) of the triazine ring originating 7, and (vii)
deamination to give 8. Compound 7 can also be produced from oxidation of 6, whereas 8 can
arise from denitrosation of 3. Further destruction of 5 takes place via either oxidation of the
lateral single —C-C- to double bond and demethylation of —S-CHs group to lead to 9 or

hydroxylation on C(3) with de-ethylation and sulfonation of the S atom producing 10.
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Subsequent oxidation of the lateral —.C=C- to triple bond and hydroxylation with desulfuration
of 9 gives rise to 11. Demethylation of 7 or carbonylation of the C(6) of 8 yields 12. In
parallel, 8 can be either hydroxylated to form 13 or its tert-butyl group oxidized to give 14,
which is then demethylated producing 15 or loses methylene and —S-CHs groups generating
16. Oxidation of the double —C=C- to triple bond and carboxylation of the —CHz group linked
to the S atom of 15 gives 17. Finally, the cleavage of the triazine ring leads to the linear
compounds 18, 19 and 20.

Short-chain aliphatic carboxylic acids, usually with no more than four carbon atoms, are
produced as final by-products during the degradation of aromatic compounds with benzene
and naphthalene rings by EAOPs [5-7,12-19,42]. To clarify if this kind of compounds were
produced from MTZ, a 0.523 mM herbicide solution with 0.50 mM Fe?* was analyzed by ion-
exclusion HPLC upon EF treatment at j = 100.0 mA cm. Only two carboxylic acids with two
carbon atoms, oxalic and oxamic, were detected by this technique, further being directly
mineralized [5,7]. This is not surprising, taking into account the small sequences of carbon
atoms present in the triazine ring of MTZ linked to a tert-butyl group. Fig. 7 highlights a rapid
accumulation of oxamic acid up to 11.0 mg L at 30 min, followed by quick removal to
disappear at 150 min. This product was originated at the beginning of the process, whereas
oxalic acid was more scarcely accumulated and appeared later, from 180 to 420 min with a
maximal of 1.5 mg L at 270 min. These findings suggest that other by-products more
recalcitrant than carboxylic acids, probably compounds like 18-20, remain in the solution

until the end of the electrolysis.

4. Conclusions

The overall combustion of MTZ solutions is feasible using EAOPs with a BDD/air-

diffusion cell at j values > 100.0 mA cm™. PEF exhibited the greatest performance, with
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optimum 0.50 mM Fe?*, allowing the total TOC removal in 420 min owing to the combined
oxidation action of BDD(*OH), *OH and UVA radiation. EF led to a slower TOC reduction
because of the absence of UVA light to photolyze some photoactive intermediates. The AO-
H>0, treatment in the pH range 3.0-9.0 also yielded an almost total mineralization with 95-
96% TOC removal at the same j and time, confirming the high oxidation power of
BDD(*OH). In this method, the MTZ decay obeyed a pseudo-first-order Kkinetics and its
apparent rate constant showed no clear dependence on pH, which was associated with the
adsorption of the molecule at the BDD surface. In contrast, the MTZ abatement in EF and
PEF with Fe** showed two consecutive kinetic regions. In the first region, *OH acted as main
oxidant on the uncomplexed molecule, whereas the second one did not depend on the amount
of this radical and was ascribed to the slow reaction of Fe(lll)-MTZ complexes with
BDD(*OH). Both apparent rate constants in EF and PEF with Fe?* rose with increasing j and
decreasing MTZ content. GC-MS, LC-MS/MS and ion exclusion HPLC analysis of treated
solutions allowed detecting twenty-two by-products, including sixteen heteroaromatic
monomers, one dimer composed of heteroaromatic structures, and five aliphatic compounds

like oxalic and oxamic acids.
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Table 1

Pseudo-first-order rate constants, with the corresponding R-squared, and percentages of TOC
removal and mineralization current efficiency after 540 min of treatment of 100 mL of
herbicide solutions in 0.050 M Na.SOa by several EAOPs with a BDD/air-diffusion cell under

selected conditions at 25 °C.

[MTZ]o [Fez+] J Kapp,1 Kapp,2 % TOC
(mM) pH (MM) (mAcm? (min') R (min') R2Z removal % MCE

AO-H-»0,

0523 3.0 - 100.0 0.0189 0.990 - - 95 2.6
0523 5.0 - 100.0 0.0160 0.998 - - 95 2.6
0523 9.0 - 100.0 0.0231 0.982 - - 96 2.6
EF

0262 3.0 0.50 100.0 0.4336 0.998 0.0389 0.985 99 1.3
0523 3.0 0.10 100.0 0.0336 0.990 0.0211 0.983 91 2.5
0523 3.0 0.50 33.3 0.0591 0.985 0.0079 0.984 90 7.9
0523 3.0 0.50 66.7 0.1390 0.961 0.0167 0.989 92 3.8
0523 3.0 0.50 100.0 0408 0.968 0.0378 0.994 99 2.7
0523 3.0 1.00 100.0 0.3994 0.968 0.0326 0.996 98 2.7
0523 30 150 100.0 0.3304 0.996 0.0348 0.996 90 2.5
1.046 3.0 0.50 100.0 0.0818 0.989 0.0155 0.989 97 5.4
PEF

0523 3.0 0.50 100.0 0.3590 0.980 0.0348 0.977 100" 35°

0523 30 050° 100.0 0.0611 0.983 - - 98 2.7

2 Fe3* as catalyst

b Data at 420 min

25



Figure captions

Fig. 1. Decay of: (a) metribuzin (MTZ) concentration and (b) TOC with electrolysis time for
the AO-H,0; treatment of 100 mL of 0.523 mM (112.0 mg L™) herbicide with 0.050 M
NazS0; at pH: (O) 3.0, (L) 5.0 and (A) 9.0. A BDD/air-diffusion cell (each electrode with 3
cm? area) was used, at current density (j) of 100.0 mA cm and 25 °C. The inset panel of (a)
depicts the pseudo-first-order kinetic analysis, and that of (b) shows the corresponding

mineralization current efficiency (MCE).

Fig. 2. Influence of catalyst concentration on the variation of (a) herbicide concentration and
its kinetic analysis and (b) TOC and MCE with electrolysis time for the EF treatment of 100
mL of 0.523 mM MTZ with 0.050 M Na,SO4 at pH 3.0 and 25 °C, using a BDD/air-diffusion
cell at j = 100.0 mA cm™. [Fe?*]o = (@) 0.10 mM, (A) 0.50 mM, (V) 1.00 mM and (<) 1.50

mM.

Fig. 3. Effect of j on the change of (a) MTZ content and its pseudo-first-order kinetic analysis
and (b) TOC and MCE with electrolysis time for the EF treatment of 100 mL of 0.523 mM
herbicide with 0.050 M NazSO4 and 0.50 mM Fe?* at pH 3.0 and 25 °C, using a BDD/air-

diffusion cell. Input j: (@) 33.3 mA cm™, (l) 66.7 mA cm™ and (A) 100.0 mA cm™2,

Fig. 4. Effect of herbicide concentration on the change of (a) normalized MTZ content and
kinetic profiles and (b) normalized TOC and MCE with electrolysis time for the EF treatment
of 100 mL of herbicide solution with 0.050 M Na.SO4 and 0.50 mM Fe?* at pH 3.0 and 25 °C,
using a BDD/air-diffusion cell at j = 100.0 mA cm?. [MTZ]o = (#) 0.262 mM, (A) 0.523

mM and (V) 1.046 mM.

Fig. 5. (a) Herbicide concentration decay and pseudo-first-order kinetic analysis, and (b) TOC
abatement and MCE vs. electrolysis time for the PEF treatment of 100 mL of 0.523 mM MTZ

solution with 0.050 M Na,SO. and (A) 0.50 mM Fe?*or (@) 0.50 mM Fe** at pH 3.0 and 25
26



°C under irradiation with a 4 W UVA lamp, using a BDD/air-diffusion cell at j = 100.0 mA

cm2.

Fig. 6. Reaction sequence for MTZ degradation at pH 3.0 by EAOPs with a BDD/air-
diffusion cell. The main oxidant is *OH formed at the anode surface from water oxidation

and/or in the bulk from Fenton’s reaction.

Fig. 7. Evolution of (@) oxalic and () oxamic acids detected during the EF treatment of 100
mL of a 0.523 mM MTZ solution with 0.050 M Na,SO4 and 0.50 mM Fe?* at pH 3.0 and 25

°C, using a BDD/air-diffusion cell at j = 100.0 mA cm™.
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