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Abstract A solution with 0.38 mM of the pesticide propoxur (PX) at pH 3.0 has been
comparatively treated by electrochemical oxidation with electrogenerated H.O, (EO-H.0),
electro-Fenton (EF) and photoelectro-Fenton (PEF). The trials were carried out with a 100 mL
boron-doped diamond (BDD)/air-diffusion cell. The EO-H20. process had the lowest
oxidation ability due to the slow reaction of intermediates with *OH produced from water
discharge at the BDD anode. The EF treatment yielded quicker mineralization due to the
additional *OH formed between added Fe?* and electrogenerated H-O,. The PEF process was
the most powerful since it led to total mineralization by the combined oxidative action of
hydroxyl radicals and UVA irradiation. The PX decay agreed with a pseudo-first-order
Kinetics in EO-H>0,, whereas in EF and PEF it obeyed a much faster pseudo-first-order
kinetics followed by a much slower one, which are related to the oxidation of its Fe(ll) and
Fe(I11) complexes, respectively. EO-H20. showed similar oxidation ability within the pH
range 3.0-9.0. The effect of current density and Fe?" and substrate contents on the
performance of the EF process was examined. Two primary aromatic products were identified

by LC-MS during PX degradation.

Keywords: Electrochemical oxidation; Electro-Fenton; Hydroxyl radical; Oxidation products;

Photoelectro-Fenton; Photolysis; Propoxur; Water treatment
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Introduction

The identification of pesticide residues and other highly hazardous chemicals in surface
water, groundwater, drinking water and other natural aqueous matrices highlights the
ineffectiveness of traditional water management approaches to remove persistent organic
pollutants (POPs) (Biziuk et al. 1996; Borras et al. 2010). The presence of these residues in
drinking water and food is associated with a worrisome propagation of various diseases in
human beings (Pimentel 1996; Chiron et al. 2000). The pesticide propoxur (PX, C11H1sNOs3,
2-isopropoxyphenyl-N-methylcarbamate) is used as a carbamate insecticide since it was
introduced in the market in 1959 by Bayer under the trade name Baygon®. It is classified as a
highly toxic compound by the World Health Organization and the Brazilian Health
Surveillance Agency (WHO 2003; ANVISA 2015). PX is used to control a variety of insect
pests in public health, agricultural and veterinary medicine applications. It is a potential
contaminant of the aquatic environment and food sources due to its high solubility in water,
likely to be moderately persistent and mobile in soils (Pérez-Ruiz et al. 2007; Pandey and Guo
2014). In Brazil, for instance, PX has been detected at levels up to 10 ng L in surface water
from coffee crops (Soares et al. 2013).

Due to the widespread use of pesticides, there is a growing need to develop potent
treatment methods for their removal from contaminated sites. Within this framework, the
advanced oxidation processes (AOPs), which rely on the oxidation of pollutants by in situ
generated reactive oxygen species (ROS) like hydroxyl radical (*OH), have attracted great
interest. The high standard reduction potential of this radical (E° = 2.8 V/SHE) favors its non-
selective reaction with many organic compounds up to their mineralization, i.e., conversion
into CO2, H2O and inorganic ions (Panizza and Cerisola 2009; Sirés and Brillas 2009;

Machulek Jr. et al. 2013; Vasudevan and Oturan 2014). A large variety of AOPs has been



©CO~NOOOTA~AWNPE

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

applied to degrade pesticides, including photocatalysis (Ramos et al. 2015; Reddy and Kim
2015), ozone (Machulek Jr. et al. 2009; Gozzi et al. 2012; Reddy and Kim 2015), Fenton and
photo-Fenton (Rao and Chu 2010; Gozzi et al. 2012; Reddy and Kim 2015) and
electrochemical AOPs (EAOPs) (Rodrigo et al. 2014). However, only few works have
described the removal of PX from water, based on heterogeneous photocatalysis (Lu et al.
1999; Sanjuéan et al. 2000; Mahalakshmi et al. 2009) and ozone (Benitez et al. 1995), but there
are no previous studies reporting its degradation by EAOPs.

Over the last two decades, several EAOPs like electrochemical oxidation (EO), electro-
Fenton (EF) and photoelectro-Fenton (PEF) have emerged as promising, simple and versatile
solutions that can be easily adapted to the treatment of organics contained in wastewater
(Brillas et al. 2009; Klavarioti et al. 2009; Sirés et al. 2014; Brillas and Martinez-Huitle
2015). The most common EAOP is EO, in which organic pollutants are directly destroyed at
the surface of the anode M and/or by physisorbed hydroxyl radical (M(*OH)) formed from
water oxidation at high applied current via reaction (1) (Marselli et al. 2003; Martinez-Huitle

and Ferro 2006; Panizza and Cerisola 2009).

M+ H,0 - M( "OH) + H'+ ¢~ (1)

The oxidation ability of EO depends on the anode used. Boron-doped diamond (BDD)
films have demonstrated their superiority over classical anodes such as Pt and PbO> (Ciriaco
et al. 2009; Guinea et al. 2009; Rodrigo et al. 2010; Cavalcanti et al. 2013), owing to their
extremely wide potential window, inert surface, slight BDD-*OH interaction and larger Oo-
overpotential, thereby enhancing the reaction of *OH with organics (Panizza and Cerisola
2009; Sirés et al. 2014).

When EO is performed with a cathode that allows the continuous electrogeneration of

H2O> from the two-electron reduction of O gas by reaction (2), the process is called EO-

4
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H.O.. Examples of efficient cathode materials for this purpose include graphite felt
(\Vatanpour et al. 2009), carbon nanotubes (Khataee et al. 2014), carbon felt (Dirany et al.
2012; EI-Ghenymy et al. 2014; Yahya et al. 2014), carbon-polytetrafluoroethylene (PTFE)
(Borras et al. 2010; Thiam et al. 2014, 2015) and BDD (Cruz-Gonzalez et al. 2012). In EO-
H-O, with a BDD anode, organics are preferentially destroyed by physisorbed BDD(*OH),
with minor participation of other ROS such as H20; and its anodic oxidation product HO2*

(Sirés and Brillas 2012).

Oy +2H +2¢” — H,0, (2)

EF involves the addition of a small amount of Fe?* as catalyst to upgrade the oxidation
ability of cathodically generated H,O. Thus, via Fenton’s reaction (3), Fe*" and *OH are
produced in the bulk at optimum pH about 3 (Dirany et al. 2012; EI-Ghenymy et al. 2014;
Thiam et al. 2014, 2015). BDD(*OH) and *OH are then the main oxidizing ROS in EF.
Reaction (3) is catalytic because it can be propagated by Fe?" regeneration via reaction (4).
The oxidation power of EF can be enhanced in PEF by irradiating the solution with artificial
UVA light that causes: (i) the photoreduction of Fe(OH)?*, the predominant Fe** species at
pH ~ 3, to Fe?* and *OH by reaction (5) and (ii) the photodecarboxylation of complexes of
Fe(Ill) with carboxylic acids generated from aromatics and heteroaromatics degradation by

reaction (6) (Ruiz et al. 2011; Moreira et al. 2013; Florenza et al. 2014; Thiam et al. 2015,

2016).

H,0,+ Fe*" — Fe** *OH + OH" (3)
Fe’™+ e — Fe' (4)
Fe(OH)*"+ hv — Fe*" + *OH (5)
Fe(OOCR)**+ hv — Fe?" +CO, +R* (6)
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This paper presents a comparative study on the degradation of PX solutions by EO-H>0»,
EF and PEF using an undivided BDD/air-diffusion cell. The effect of pH on the performance
of the EO-H,0; process was examined. The influence of current density (j) and Fe?* and PX
concentrations on the oxidation ability of EF was clarified to assess the role of generated
hydroxyl radicals. The decay of the pesticide was followed by high-performance liquid
chromatography (HPLC) and the coupling of this technique with mass spectrometry (LC-MS)

led to the identification of its primary products.

Experimental details
Chemicals

Propoxur (99% purity) was supplied by Sigma-Aldrich. Concentrated hydrogen peroxide
(30% wilv), heptahydrated Fe(ll) sulfate and anhydrous sodium sulfate were of analytical
grade purchased from Vetec Quimica Fina. All the solutions were prepared using ultrapure
water from a Millipore Milli-Q system with resistivity > 18 MQ cm at 25 °C. The initial pH
was adjusted to 3.0 by addition of analytical grade sulfuric acid supplied by Vetec Quimica
Fina. HPLC grade acetonitrile and other analytical grade chemicals used for analysis were

purchased from Vetec Quimica Fina.
Electrolytic system

The electrolytic experiments were carried out with an open and undivided cylindrical
glass cell of 150 mL capacity with a double jacket for circulation of external thermostated
water to regulate the solution temperature at 25 °C. The treated solution was always
vigorously stirred with a magnetic bar at 800 rpm for homogenization and for ensuring

reactants transport toward/from the electrodes. The anode was a BDD thin-film electrode
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supplied by NeoCoat (La-Chaux-de-Fonds, Switzerland) and synthesized by the hot filament
chemical vapor deposition technique on single-crystal p-type Si (100) wafers (0.1 Q cm,
Siltronix). The cathode was a carbon-PTFE air-diffusion electrode supplied by E-TEK
(Somerset, NJ, USA). It was mounted as described elsewhere (Isarain-Chavez et al. 2010) and
was fed with compressed air at 1 L h™* for continuous H,O2 generation. The geometric area of
both electrodes in contact with the solution was 3 cm? and the interelectrode gap was about 1
cm. All the trials were performed at constant j provided by an Instrutherm Fa-3003 power
source. For PEF, the solution was irradiated with a Philips TL/4W/08 fluorescent black light
blue tube of Amax = 360 nm placed at the top of the open cell at 6 cm above the solution. An
incident photon intensity of 2.92 x 10%*° photon s was determined by standard potassium
ferrioxalate actinometry (Hatchard and Parker 1956). Cleaning of BDD surface and activation
of the air-diffusion cathode were made before electroyses from their polarization in 100 mL
of a 0.05 M NazSOs solution at 100 mA c¢m for 180 min.

Solutions of 100 mL with 0.38 mM PX and 0.05 M NaSOs were comparatively treated
by EO-H,02, EF and PEF at pH 3.0 and j = 100 mA cm™. For the two latter EAOPs, 0.50 mM
Fe?* was added to the solution as catalyst since this content has been usually found as optimal
for many organics degraded under similar conditions (Ruiz et al. 2011; Moreira et al. 2013;
Florenza et al. 2014; Thiam et al. 2015). The influence of pH in the range of 3.0-9.0 on the
oxidation power of EO-H,0, was investigated. The effect of j in the range 33.3-100 mA cm?,
the initial Fe?* concentration between 0.10 and 1.5 mM and the initial insecticide content

between 0.19 and 0.76 mM on the performance of EF was examined as well.
Instruments and analytical procedures

The solution pH was measured with a Crison 2000 pH-meter. The PX decay was
monitored by reversed-phase HPLC using a Thermo Scientific Finnigan Surveyor system

7
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equipped with a diode array detector set at A = 274 nm. It was fitted with an Agilent
Technologies Zorbax Eclipse XDB-C-18 5 pum, 250 mm x 4.6 mm, column. For this
analysis, all the samples withdrawn from electrolyzed solutions were filtered with
Whatman 0.45 um PTFE filters, and for EF and PEF, they were previously diluted (1:1)
with acetonitrile to stop the degradation process. 25 pL aliquots were injected into the LC
and a 60:40 acetonitrile/water mixture at 0.6 mL min was eluted as mobile phase. In this
technique, the limit of quantification (LOQ) was 0.097 mg L and the limit of detection
(LOD) was 0.029 mg L. Ammonium ion was determined by standard method SM 4500-
NHs C (titrimetric method), with a preliminary distillation step (method B), whereas
nitrate ion was determined by standard method SM 4500-NOs~ E (ALPHA, 2012). The
LOQ and LOD for these analyses were 0.100 mg L™ and 0.032 mg L™, respectively.

For the mineralization analyses, the samples were withdrawn at regular times, filtered
with Whatman 0.45 um PTFE filters and their total organic carbon (TOC) content was
determined immediately on a Shimadzu TOC-V CPN analyzer. Reproducible TOC values
with £1% accuracy were found by injecting 50 pL aliquots into the above analyzer, with
LOQ = 0.180 mg L* and LOD = 0.053 mg L. These data were then utilized to estimate
the mineralization current efficiency (MCE) for each assay at current | (in A) and time t

(in h) from Eq. (7) (Isarain-Chavez et al. 2010; Ruiz et al. 2011):

nFVATOC),
— x 100 (7)
432x10" m1t

MCE (%)=
where F is the Faraday constant (96,487 C mol™?), V is the solution volume (in L),
A(TOC)exp is the experimental TOC abatement (in mg L?), 4.32 x 107 is a conversion
factor (3,600 s h™* x 12,000 mg C mol*) and m is the number of carbon atoms of PX (11 C

atoms). The number of electrons n involved in the theoretical overall mineralization

process of PX was 58 from reaction (8), considering the conversion into carbon dioxide

8
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and nitrate as pre-eminent ion, as will be discussed below.

Cy1HsNO;3 +22H,0 — 11CO, + NO; + 59H" + 58¢” (8)

The electrolytic experiments were made in duplicate with good reproducibility. In all
cases, average results are given with standard deviations lower than 2%.

The primary products formed during the EF treatment of 100 mL of a 0.38 mM PX
solution at 100 mA cm after different electrolysis times were detected by LC-MS. To do
this, the organic components of the remaining solutions were extracted with 25 mL of CH2Cl>
in three times. The organic fractions were mixed, dried over anhydrous Na>SQg, filtered and
evaporated to dryness on a rotary evaporator. Further, the residue was dissolved in 10 mL of
acetonitrile and the resulting solution was analyzed by LC-MS. This was made with the above
HPLC system coupled with a Thermo Scientific LCQ Fleet plus system MS. The MS
consisted of an ESI source operated in positive mode, at a spray voltage of 4.5 kV and
capillary voltage of 35 V with temperature controlled at 250 °C. The sheath and auxiliary
gases (N2) flow rates were set at 40 and 10, arbitrary unit, respectively. Mass spectra were
collected in the m/z range 50-600 using total IC. The analysis was performed by injecting 25
uL samples, previously filtered with a Millipore filter of 0.22 um, into the LC, using a 60:40

acetonitrile/water (0.1% acetic acid) mixture at 0.3 mL min as mobile phase.

Results and discussion
Comparative degradation of propoxur by EO-H20., EF and PEF

A photostability test was initially made with 100 mL of 0.38 mM (50 mg L* TOC) PX
solutions in 0.05 M NaxSO4 at pH 3.0 under UVA irradiation for 120 min. No change in the
PX content was found by reverse-phase HPLC, indicating that the herbicide was not

photosensitive. The same results were obtained by illuminating the above PX solution in the
9
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presence of 0.50 mM Fe?" or Fe3*. This points to consider that the possible Fe(l1) or Fe(lIl)
complexes of the herbicide are not photoactive under the present experimental conditions.

A first series of electrochemical assays was performed by treating 0.38 mM PX solutions
in 0.05 M of NaxSO4 of pH 3.0 by EO-H20», EF and PEF using a stirred BDD/air-diffusion
cell at j = 100 mA cm™? and 25 °C in order to test the relative oxidation ability of these
EAOPs. In EF and PEF, 0.50 mM Fe?" was added as catalyst to the starting solution. Fig. 1
depicts the abatement of PX concentration with electrolysis time for these runs. The pesticide
disappeared after 300 min of EO-H20., 120 min of EF and 60 min of PEF. The slower decay
in EO-H,0:> can be accounted for by the low reactivity of PX with BDD(*OH) originated from
reaction (1). The faster removal in EF is due to the additional oxidation with *OH produced in
the bulk from Fenton’s reaction (3). The quicker PX decay in PEF can then be related to the
generation of more *OH via the photoreduction reaction (5).

The above concentration decays were fitted to pseudo-first-order kinetic equations, as
shown in the inset panel of Fig. 1. A good straight line was obtained up to 300 min of EO-
H20>, as expected if the pesticide reacts with a constant amount of BDD(*OH) during that
time (Borras et al. 2010; Sirés et al. 2014). In contrast, the Kinetics in EF and PEF showed a
complex behavior, which agreed with two consecutive pseudo-first-order profiles, up to 5 min
(first region) and at longer time (second region). Note that the second region was only valid
up to relatively short times compared with the total time required for PX disappearance,
probably due to the interference arising from the simultaneous degradation of its products.
This causes a gradual loss of hydroxyl radicals to attack the raw compound, giving rise to the
loss of the pseudo-first-order profile. The poor ability of gas-diffusion cathodes to regenerate
Fe2* from Fe3* reduction by reaction (4) is well-known and thus, Fe** rapidly predominates in
solution (Sirés and Brillas 2012; Brillas and Martinez-Huitle 2015). Our results suggest that:

(i) in the first region of EF and PEF, PX (or rather, its Fe(Il) complexes) is rapidly oxidized
10
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by *OH in the bulk, whereas (ii) in the second region, the accumulation of large quantities of
Fe(I11)-PX complexes decelerates the pesticide removal since they are more slowly attacked
by both, BDD(*OH) and *OH.

Tables 1 and 2 summarize the apparent rate constants Kapp for EO-H202 and Kkapp,1 for the
first region of EF and PEF, as well as kapp,2 for the second region of the two latter treatments,
along with the corresponding square regression coefficients (Ri%). As can be seen, similar Kapp1
values were obtained for EF and PEF, corroborating the pre-eminent fast oxidation by *OH in
their first region. Conversely, kapp,2 Was about 2.7-fold greater for PEF, although these values
were 3.7- and 8.8-fold lower compared to the corresponding Kapp,1 Ones, respectively. This
brings us to consider that in the second region of the PEF process, the additional *OH formed
from reaction (5) largely enhances the destruction of refractory Fe(ll1)-PX complexes if
compared with their much slower abatement upon the action of either BDD(*OH) or the low
amounts of *OH formed via Fenton’s reaction (3) once the Fe?* concentration has become
smaller. The kapp value in EO-H>0, was even 1.6-fold lower than the kapp2 one in EF, thus
confirming the powerful oxidative action of *OH in Fenton systems.

Fig. 2a highlights that the relative oxidation power of the above processes grew in the
order EO-H20, < EF < PEF, i.e., in agreement with the PX decay sequence (see Fig. 1). The
experiments were prolonged for 540 min to reach the total mineralization in some case. In EF
and PEF, the solution pH remained practically unchanged, whereas in the case of EO-H»03,
the pH was near 3 up to 360 min of electrolysis, whereupon it gradually rose up to a final pH
~ 9-10. This is an indication that final basic products are formed in the latter treatment. Fig.
2a evidences a slow TOC abatement for EO-H2O, as a result of the low reactivity of
BDD(*OH), reaching a final mineralization of 90%. A similar partial mineralization was

obtained at the end of EF (see Table 2), although TOC was abated much more rapidly up to

11
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240 min because of the most efficient destruction of intermediates by *OH in the bulk.
Nevertheless, barely oxidizable products were generated at longer time, thus hampering the
mineralization process. In PEF, total mineralization was achieved at 420 min due not only to
the efficient removal of products by *OH, as in EF, but also to the additional photo-oxidation
of intermediates and/or their Fe(l11) complexes by UVA light (Thiam et al. 2015, 2016). This
finding allows inferring that PEF is the best EAOP for the remediation of wastewater polluted
with PX since the combined action of hydroxyl radicals and UVA light is able to completely
mineralize all its oxidation products.

At the end of the above EF treatment, a NO3™ concentration of 0.274 mM (72% of initial
N) and NH4" concentration of 0.01 mM (2.6% of initial N) were found, which agrees with the
mineralization reaction (8). The MCE values for the trials of Fig. 2a were then calculated
from Eqg. (7) and the results obtained are given in Fig. 2b. Relevant MCE data are also listed
in the two last columns of Table 2. In all cases, the current efficiency decreased progressively
with prolonging electrolysis due to two main reasons: (i) the decrease in organic matter
content as the degradation proceeds, and (ii) the formation of more recalcitrant products
(Panizza and Cerisola 2009; Sirés et al. 2014). As expected, greater MCE values were
obtained as the oxidation ability of the EAOP increased. The most powerful PEF process then

yielded the highest current efficiency of 12.6% at 30 min.

Effect of pH on the EO-H,0; treatment

It is well known that the oxidation power of EO is frequently dependent on solution pH
because of the different reactivity of the acid, neutral and basic forms of organic pollutants
with hydroxyl radicals (Panizza and Cerisola 2009). Aiming to improve the oxidation ability
of EO-H.0,, solutions with 0.38 mM PX in 0.05 M Na SOs were comparatively treated at

initial pH of 3.0, 5.0 and 9.0 using a stirred BDD/air-diffusion cell at j = 100 mA cm and 25

12
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°C for 540 min. For the two latter cases, no significant pH change was observed up to 420 min
but, at longer time, the solutions became more alkaline, with final values near 7 and 10,
respectively. This suggests the formation of very recalcitrant basic products at the end of EO-
H>02, as discussed above at pH 3.0.

Fig. 3a shows a quite similar PX concentration decay regardless of the initial pH,
disappearing in 300 min in all cases. This is not surprising taking into account that the neutral
form of the pesticide (pKa = 12.3 for deprotonation of its —NH- group to —N-) is the
electroactive species in all the pH range under study, not undergoing apparent hydrolysis in
weak alkaline medium (Sun and Lee 2003; Mahalakshmi et al. 2009). The inset panel of Fig.
3a shows the good pseudo-first-order profiles obtained up to 240-300 min of electrolysis at
pH 3.0 and 5.0. At pH 9.0, however, an excellent correlation was only found during the first
60 min of treatment because the pesticide abatement was slowed down, probably as a result of

a more preferential reaction between BDD(*OH) and reaction products. From the data of

Table 1, one can conclude that the average kapp Value under these conditions was 0.013 + 0.03
min.

The TOC-time plots for the above trials, given in Fig. 3b, show quite similar TOC decays
in the early and late stages of the treatment, always attaining 90% mineralization as maximal.
Table 1 also shows analogous MCE values that varied from 3.7-3.8% at 30 min to 2.1-2.3 at
420 min for all these assays. However, the intermediates were more rapidly destroyed at
initial pH values of 5.0 and 9.0 from 60 min of treatment, and uniquely the accumulation of
very recalcitrant products from 300 min inhibited the mineralization process in such media,
therefore reaching the same mineralization degree as that at pH 3.0 at 540 min. Although
these results indicate that pH modification did not improve the oxidation power of EO-H20-

after prolonged electrolyses, it should be remarked that the trend of TOC decay at initial pH

9.0 was quite similar to that of the EF process at pH 3.0 (see Fig. 1). This is very interesting
13
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from an application standpoint, since EO-H20- could be used to treat wastewater with PX at

pH > 5, when EF and PEF cannot be applied.
Influence of current density on the EF process

To clarify the role of BDD(*OH) and *OH originated in Fenton systems, the effect of a
key operation parameter such as j on the performance of EF was firstly examined. This
parameter determines the amounts of hydroxyl radicals produced and its increase is expected
to accelerate the electrode reactions, originating greater quantities of BDD(*OH) from
reaction (1) and of H2O> from reaction (2), which in turn yields larger amounts of *OH from
Fenton’s reaction (3) (Sirés et al. 2014; Thiam et al. 2016). The influence of j between 33.3
and 100 mA cm2 was assessed by degrading a 0.38 mM PX solution with 0.05 M NazSOs and
0.50 mM Fe?* at pH 3.0 and 25 °C by EF using the 100 mL BDD/air-diffusion cell.

Fig. 4 highlights the expected acceleration of PX removal as a consequence of the higher
production of hydroxyl radicals when j grew from 33.3 to 66.6 mA cm, disappearing at 180
and 120 min, respectively (see Table 2). However, the pesticide decay was similar at 66.6 and
100 mA cm. This suggests that the electrolytic system is unable to yield higher amounts of
reactive BDD(*OH) and *OH since the excess of these radicals is consumed to destroy a
greater quantity of products and/or in parasitic non-oxidizing reaction. The former possibility
was corroborated from the gradually quicker TOC abatement with raising j, as can be
observed in Fig. 5a. At the end of these assays, 83%, 88% and 91% mineralization was
achieved at 33.3, 66.6 and 100 mA cm, respectively (see Table 2).

The PX removal always showed two consecutive pseudo-first-order regions for times
shorter than 30 min, as can be seen in the inset panel of Fig. 4. The first region only lasted ca.
5 min, presenting a very fast pesticide decay due to the main action of *OH onto PX and/or its

Fe(11) complexes, with similar kapp,1 values in all the j range except at 33.3 mA cm that led to
14



©CO~NOOOTA~AWNPE

10

11

12

13

14

15

16

17

18

19

20

21

22

23

a slower decrease (see Table 2). Regarding the second region, which was valid from about 5
to 25-30 min, was characterized by a much slower destruction of the herbicide upon attack of
BDD(*OH) and *OH onto its Fe(l11) complexes, with analogous kapp2 Values at all j tested (see
Table 2). The different rate of PX decay was then much more apparent at times > 30 min,
once the oxidizing hydroxyl radicals acted significantly on intermediates or were consumed in
parasitic reactions. This caused the deceleration of pesticide removal, which was more
significant at 100 mA cm since greater amounts of these oxidants were produced.

The consumption of BDD(*OH) and °*OH in parasitic reactions was verified by
determining the MCE values of the runs shown in Fig. 5a. As can be seen in Fig. 5b, the
current efficiency always dropped when prolonging electrolyses due to the removal of organic
matter and the generation of more recalcitrant products, as stated above. Moreover, the MCE
values underwent a progressive fall at higher j, despite the greater TOC abatement, at least
between 33.3 and 66.6 mA cm (see Fig. 5a), as expected from the waste of the excess of
hydroxyl radicals. Examples of such reactions include the oxidation of BDD(*OH) to O; via
reaction (9) and the destruction of *OH by Fe?* and H.O, via reactions (10) and (11),
respectively (Ozcan et al. 2008; Sirés and Brillas 2012; Sirés et al. 2014). Furthermore,
Panizza and Cerisola (2009), when reviewing the oxidation characteristics of the BDD anode,
remarked the increase in rate of other anode reactions originating weaker oxidants like ozone
by reaction (12) and S;0s? ion from SO42~ ion by reaction (13) as j was raised, eventually

inhibiting the H20 discharge from reaction (1).

2BDD( *OH) — 2BDD + 0, + 2H"+ 2¢” (9)
Fe?'+ OH — Fe*™+ OH (10)
H,0, + "OH — HO? +H,0 (12)
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3H,0 — O3+ 6H" + 6¢” (12)

2805 — S,0; +2¢” (13)
Based on the aforementioned considerations, the highest current efficiency was attained

at the lowest j of 33.3 mA cm™, yielding a highest value of 14.0% at 30 min (see Table 2).
Effect of iron ions on the EF and PEF processes

Another important parameter in the Fenton systems is the amount of iron ions acting as
catalyst because they control the *OH production from Fenton’s reaction (3) as well as the
generation of Fe(Il) and/or Fe(l11) complexes of organic compounds. To study this influence,
0.38 mM PX solutions in 0.05 M NazSO4 with 0.10-1.50 mM Fe?* at pH 3.0 were treated by
EF at j = 100 mA cm and 25 °C. The concentration decay for these trials is depicted in Fig.
6a. The increase in Fe?* concentration caused a quicker pesticide decay, which was
completely removed at shorter times of 240, 120, 105 and 20 min at 0.10, 0.50, 1.00 and 1.50
mM Fe?*, respectively. A detailed kinetic analysis of the pseudo-first-order profiles confirmed
the presence of two-consecutive regions at 0.50 and 1.00 mM Fe?*, whereas only a single
linear correlation was found at 0.10 and 1.50 mM (see the inset panel of Fig. 6a). From the
corresponding apparent rate constants given in Table 2, one can infer an average kapp1 Value
of 0.158 + 0.017 min* at 0.50, 1.00 and 1.50 mM Fe?*. This is indicative of a rapid oxidation
of the same species by *OH in this region, which can be rather related to the formation of
Fe(11)-PX complexes because they are favored at high Fe?* content like 1.50 mM. In contrast,
the much smaller Kapp,1 Value at 0.10 mM Fe?* was of the same order of magnitude as the Kapp.2
ones obtained at 0.50 and 1.00 mM Fe?*, although these values grew as Fe?* content raised.
This finding confirms that Fe(l111)-PX complexes are removed in that region, more rapidly at

higher Fe?* concentration because of the greater *OH generation. The single pseudo-first-
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order profile found at the lowest Fe?* content of 0.10 mM can be related to the preponderance
of the Fe(ll1)-PX species alone due to the rapid conversion of Fe** to Fe* via Fenton’s
reaction (3).

As for the mineralization in the above trials, Fig. 6b highlights a slower TOC reduction at
0.10 mM Fe?*, reaching 87% mineralization owing to the small production of additional *OH.
Fig. 6b also shows that the quicker TOC removal at 0.50 mM Fe?* was upgraded during the
first 120 min using 1.00 and 1.50 mM Fe?*, whereupon it decayed at similar rate for all these
Fe2* concentrations up to attain 90-92% mineralization at 540 min (see Table 2). Under such
conditions, one can presume that similar amounts of intermediates were destroyed by
analogous quantities of BDD(*OH) and *OH. The corresponding MCE values for these trials
always decreased from 30 to 540 min, as deduced from the data of Table 2. These results
allow concluding that 0.50 mM can be chosen as the minimal, optimal Fe?* concentration for
EF and PEF processes because it yields the maximal mineralization degree.

To corroborate the complex PX decay kinetics in the presence of Fe** ion, a comparative
PEF experiment was made by degrading a 0.38 mM pesticide solution with 0.50 mM Fe®* at
pH 3.0 and j = 100 mA cm™. Fig. 7a reveals that, at the beginning, the removal of PX was
strongly hampered using Fe3* as catalyst compared to Fe?*, although in both cases its total
disappearance occurred at 60 min. This can be accounted for by the initial formation of
Fe(l11)-PX species that are removed by BDD(*OH) and *OH. The oxidation of this species
also occurs using Fe?*, thus decelerating the degradation process at times > 5 min, when this
ion has been largely transformed into Fe®*". This behavior can also be deduced from the
pseudo-first-order kinetic analysis performed for the above concentration decays and
presented in the inset panel of Fig. 7a. While two consecutive pseudo-first-order regions were
found when Fe?* was added, which can be ascribed to the consecutive destruction of the

Fe(11) and Fe(111) complexes of PX, a single region was found in the presence of Fe3*, with a
17
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Kapp,1 Value close to that of kapp2 Using Fe®* (see Table 2). Note that the pseudo-first-order
profiles for these trials can only be fitted for short times up to 20-25 min, since at longer time
the kinetic decay became much more complex due to the simultaneous removal of the
oxidation products. On the other hand, Fig. 7b shows a rapid TOC abatement under PEF with
Fe3*, reaching 89% mineralization at 420 min. This process was slower than PEF with Fe?*,
where total mineralization was achieved at that time, probably because less oxidant (*OH) was
originated from Fenton’s reaction (3) as a result of the minor proportion of Fe?* generated via
reaction (4). The lower oxidation power for PEF using Fe** instead of Fe?* was also evident

from the lower MCE values obtained, as can be seen in Table 2.
Effect of substrate content on the EF treatment

Finally, the effect of the initial PX concentration on the performance of the EF process
was examined. This was made by treating 100 mL solutions containing from 0.19 to 0.76 mM
herbicide in 0.05 M Na,SO4 with the optimum 0.50 mM Fe?* at pH 3.0, j = 100 mA cm™ and
25 °C for 540 min. No significant change in pH was found for these trials. Fig. 8 depicts a
gradually slower decay of the normalized concentration as the initial amount of PX was
raised, which can be simply ascribed to the less probable reaction with similar quantities of
BDD(*OH) and °*OH originated at the same j. Total removal of the pesticide was then
achieved after 90, 120 and 150 min for 0.19, 0.38 and 0.76 mM PX, respectively. The Kinetic
analysis of these data is given in the inset panel of Fig. 8 and shows the existence of two
consecutive regions in all cases, although no good pseudo-first-order correlations were
determined for the first region of 0.19 and 0.76 mM. Regarding the second region, excellent
pseudo-first-order profiles were always obtained, with kapp2 values very close to 0.016 min™

for 0.19 and 0.38 mM, which dropped to 0.008 min™ for 0.76 mM due to the presence of
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higher organic load. Again, this behavior was only found for times below 30 min, where no
significant interference from the degradation of intermediates occurs.

For the above assays, Fig. 9a highlights a similar normalized TOC removal, slightly
quicker for 0.76 mM PX after 180 min of electrolysis up to attain 95% mineralization at 540
min, a value similar to that determined for the other concentrations (see Table 2). Since a
greater amount of TOC was destroyed at a growing organic load, the EF process became more
efficient. This trend can be easily deduced from the MCE values given in Fig. 9b. The highest
current efficiency was achieved for 0.76 mM PX, varying from 9.0% at 30 min to 5.1% at 540
min (see Table 2). This means that organics are gradually attacked by greater amounts of
BDD(*OH) and *OH coming from the deceleration of parasitic reactions (9)-(11). These
findings lead to conclude that the oxidation ability of EF and the powerful PEF is strongly

improved as the pesticide content increases.
Identification of primary products

Table 3 summarizes the four primary products detected by LC-MS that resulted from the
degradation of PX (1) during the EF treatment of a 0.38 mM pesticide solution with 0.50 mM
Fe?* at pH 3.0 and j = 100 mA cm™. As can be seen, two aromatic products were identified.
While hydroxylation of the benzene ring of 1 yielded the compound 2, the loss of its —NH-

CHs group led to the compound 3.

Conclusions

It has been shown that the PEF process is the most powerful EAOP for the treatment of
water polluted with PX using a BDD/air-diffusion cell since it is able to completely
mineralize this pesticide thanks to the combined oxidative action of generated hydroxyl

radicals and UVA radiation. Partial mineralization with TOC removal above 90% was also
19
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feasible by EF, whereas slightly poorer mineralization can be achieved by EO-H.O,. While a
pseudo-first-order Kinetics was determined for the pesticide abatement in EO-H>O, owing to
its reaction with BDD(*OH), a rapid pseudo-first-order kinetics followed by a much slower
one, related to the oxidation of its Fe(ll) complexes by *OH and Fe(lll) complexes by both
BDD(*OH) and *OH, respectively, was found in EF and PEF. The kinetic decay of PX and its
final mineralization degree were practically independent of pH in EO-H20.. In EF, an
increase in j caused a quicker abatement of organics but with lower current efficiency because
of the acceleration of parasitic reactions. An optimum concentration of 0.50 mM Fe?* was
determined for the EF process. Higher current efficiency with similar mineralization degree
was also found by increasing substrate concentration. Two aromatic primary products were

identified by LC-MS during the EF degradation of PX solutions.
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Figure captions

Fig. 1 Propoxur (PX) concentration decay with electrolysis time for the degradation of 100
mL of 0.38 mM insecticide solutions in 0.05 M NaSO4 at pH 3.0 and 25 °C using an open
and undivided cell with a 3 cm? boron-doped diamond (BDD) anode and 3 cm? air-diffusion
cathode at 100 mA cm2. Method: (O) electrochemical oxidation with electrogenerated H20>
(EO-H0>), (O) electro-Fenton (EF) with 0.50 mM Fe?* and (A) photoelectro-Fenton (PEF)
with 0.50 mM Fe?* under 4 W UVA irradiation. The inset panel presents the corresponding
kinetic analysis assuming that PX follows a pseudo-first-order reaction. The time scale has

been shortened to remark the kinetics in EF and PEF.

Fig. 2 Change of (a) TOC removal and (b) mineralization current efficiency with electrolysis

time for the trials shown in Fig. 1.

Fig. 3 Effect of pH on (a) propoxur concentration decay and (b) TOC removals vs.
electrolysis time for the EO-H20> treatment of 100 mL of 0.38 mM insecticide solutions in
0.05 M NazSO4 at 100 mA cm and 25 °C. Initial pH: (O) 3.0, (<) 5.0 and (A) 9.0. The
kinetic analysis considering a pseudo-first-order reaction for propoxur is given in the inset

panel of plot (a).

Fig. 4 Effect of current density on propoxur content abatement with electrolysis time for the
EF degradation of 100 mL of a 0.38 mM insecticide solution in 0.05 M NaSOs with 0.50 mM
Fe?* at pH 3.0 and 25 °C. Current density: (V) 33.3 mA cm?2, () 66.7 mA cm™ and (O) 100
mA cm2. The inset panel gives the corresponding kinetic analysis assuming a pseudo-first-

order reaction for propoxur.

Fig. 5 (a) TOC decay and (b) mineralization current efficiency vs. electrolysis time for the
experiments of Fig. 4.
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Fig. 6 Effect of Fe?" concentration on (a) propoxur content decay and (b) TOC abatement
with electrolysis time for the EF treatment of 100 mL of 0.38 mM insecticide solutions in
0.05 M NazSOs at pH 3.0, 100 mA cm and 25 °C. Fe?* concentration: (<) 0.10 mM, (O)
0.50 mM, (O) 1.00 mM and (A) 1.50 mM. The inset panel depicts the corresponding Kinetic

analysis assuming a pseudo-first-order reaction for propoxur.

Fig. 7 Influence of Fe catalyst on (a) propoxur concentration abatement and (b) TOC removal
with electrolysis time for the PEF degradation of 100 mL of a 0.38 mM insecticide solution in
0.05 M NazSOg4 at pH 3.0, 100 mA cm2 and 25 °C. Iron concentration: (A) 0.50 mM Fe?* and

(m) 0.50 mM Fe*. The kinetic analysis considering that propoxur obeys a pseudo-first-order

reaction is shown in the inset panel.

Fig. 8 Effect of initial insecticide concentration on its normalized decay vs. electrolysis time
for the EF treatment of 100 mL of propoxur solutions in 0.05 M Na,SO4 with 0.50 mM Fe?*
at pH 3.0, 100 mA cm and 25 °C. Propoxur concentration: (A) 0.19 mM, (O) 0.38 mM and
(V) 0.76 mM. The inset panel gives the kinetic analysis for a pseudo-first-order reaction of

the insecticide.

Fig. 9 Variation of (a) normalized TOC abatement and (b) mineralization current efficiency

with electrolysis time for the assays of Fig 8.
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Table 1

Table 1 Results for the degradation of 100 mL of solutions containing 0.38 mM propoxur in
0.05 M NaSOq at different pH values by EO-H>O> using a stirred BDD/air-diffusion cell at

100 mA cm and 25 °C

Kapp % PX removal % TOC removal % MCE % MCE
pH (min) R? (tin min) (tin min) (at 30 min) (at 420 min)
3.0 0.011 0.999 98 (300) 90 (540) 3.8 2.1
5.0 0.010 0.997 98 (300) 90 (540) 3.8 2.3
9.0 0.017 0.997 98 (300) 90 (540) 3.7 2.3

% kapp: apparent rate constant



Table 2

Table 2 Conditions and results for the degradation of 100 mL of solutions containing propoxur (PX) in 0.05 M Na>SO4 at 25 °C by different EF
and PEF processes using a stirred BDD/air-diffusion cell

[PX] [Fe*] jé Kapp.1 ° Kapp,2 © % PX removal % TOC removal % MCE % MCE
Method (mM) (mM) (mAcm?) (min?) R? (min) R% (tin min) (tin min) (at 30 min) (at 420 min)
EF 038  0.10 100 0010  0.996 - - 99 (240) 87 (540) 1.9 2.2
0.38 0.50 100 0.141 0.975 0.016 0.986 97 (120) 91 (540) 6.7 2.3
0.38 1.00 100 0.175 0.974 0.032 0.990 99 (105) 90 (540) 14.3 2.3
0.38 1.50 100 0.158 0.993 - - 99 (20) 92 (540) 14.9- 2.3
0.38 0.50 33.3 0.130 0.978 0.012 0.997 96 (180) 83 (540) 14.0 6.0
0.38 0.50 66.7 0.187 0.977 0.012 0.996 97 (120) 88 (540) 104 3.2
0.19 0.50 100 - - 0.015 0.988 98 (90) 96 (540) 3.7 1.3
0.76 0.50 100 - - 0.008 0.986 98 (150) 95 (540) 9.0 5.1
PEF 0.38 0.50¢ 100 0.018 0.991 - - 97 (60) 89 (420) 3.1 2.4
0.38 0.50 100 0.157 0.989 0.043 0.990 99 (60) 100 (420) 12.6 2.8

& Current density
® kapp.1: @pparent rate constant of single or first region
“kapp2: apparent rate constant of second region

d Fe3* concentration



Table 3

Table 3 Primary products identified by LC-MS after 5 and 90 min of EF degradation of 100
mL of a 0.38 mM propoxur solution in 0.05 M Na;SO4 with 0.50 mM Fe?* of pH 3.0 using a
stirred BDD/air-diffusion cell at 100 mA cm™

Compound Molecular structure Retention time (min) m/z
1 )\ 13.24 210
o)
H
_NTO
O \©
2 )\ 9.11 226
0
—N_ _o
/ |
—|OH
@] N
3 )\ 8.98 183

o)






