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11  ABSTRACT

12

13  Despite the high toxicity and resistance to conventional water treatments exhibited by
14 methiocarb (MC), there are no reports regarding the degradation of this priority
15 pesticide by means of alternative purification technologies. In this work, the removal of
16 MC by means of ozonation was studied for the first time, employing a multi-reactor
17 methodology and neutral pH conditions. The second-order rate constants of MC
18  reaction with molecular ozone (Osz) and formed hydroxyl radicals (OH-) were
19  determined to be 1.7-10° and 8.2-10°M? s?, respectively. During degradation
20  experiments, direct ozone reaction was observed to effectively remove MC, but not its
21  formed intermediates, whereas OH- could oxidize all species. The major identified TPs
22  were methiocarb sulfoxide (MCX), methiocarb sulfoxide phenol (MCXP) and
23 methiocarb sulfone phenol (MCNP), all of them formed through MC oxidation by Oz or
24 OH- in combination with hydrolysis. A toxicity assessment evidenced a strong

25  dependence on MCX concentration, even at very low values. Despite the OH- capability
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to degrade MC and its main metabolites, the relative resistance of TPs towards ozone
attack enlarged the oxidant dosage (2.5mg Os/mg DOC) necessary to achieve a
relatively low toxicity of the medium. Even though ozonation could be a suitable
technique for MC removal from water compartments, strategies aimed to further
promote the indirect contribution of hydroxyl radicals during this process should be

explored.
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1. Introduction

Methiocarb (mesurol, 3,5-dimethyl-4-(methylthio)phenyl methylcarbamate) (MC) is
one of the most common carbamate pesticides worldwide, employed in agriculture as
insecticide, acaricide, molluscicide and bird repellent (Altinok et al., 2006; Blazkova et
al., 2009; Gitahi et al., 2002; Keum et al., 2000; Sinclair et al., 2006). This chemical has
been detected in natural waters of several countries (APVMA, 2005; Barcel6 et al.,
1996; Fytianos et al., 2006; Garcia de Llasera and Bernal-Gonzélez, 2001; Squillace et
al., 2002) at concentration levels ranging from ng L to pg L. It also has been detected
in wastewater effluents (Campo et al., 2013; Masia et al., 2013), this last suggesting the
resistance of MC to conventional wastewater treatments. Although the detected
concentrations of this micropollutant in water compartments are generally low, it

represents a serious threat to the aquatic and human life considering its high toxicity and
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that of some of its water metabolites (UNFAO (Food and Agriculture Organization of
the United Nations) and WHO (World Health Organization), 1999). For example,
methiocarb sulfoxide (MCX), which is one of the typical MC natural transformation
products (TPs), has been reported to be even more toxic than the parent compound
(Marss, 1998), and is currently included on the Priority List of Transformation Products
in Great British Drinking Water Supplies (Sinclair et al., 2006). Because of all these
reasons, the World Health Organization has classified MC as a highly hazardous
pesticide (World Health Organization, 2010). Furthermore, MC has been included in the
recently launched 1%t watch list of Decision 2015/495/EU for European monitoring (The
European Comission, 2015), among other micropollutants considered as priority

substances.

Several studies regarding the fate of MC during conventional wastewater and simulated
drinking water treatment have been reported during the last few years. For wastewater
treatment, no concluding results have been obtained about MC fate. For example,
higher concentrations were found in the effluents than in the influents in a Spanish
sewage treatment plant, probably due to limitations in sampling procedure (Barbosa et
al., 2016; Campo et al., 2013). Studies regarding the fate of MC in simulated drinking
water treatment have demonstrated that reactions between this pesticide and most
commonly used disinfectants (i.e.: free chlorine, CIO2 and NH2Cl), which also possess a
certain oxidizing power, yield transformation products (TPs) more toxic and persistent
than the parent compound, even though this one becomes degraded (Qiang et al., 2014;
Tian et al., 2013, 2010). However, despite the safety concern regarding the presence of
this pesticide and their TPs in the aqueous systems, no studies related to the removal of

MC by advanced treatment options have been found in literature, as also stated in a
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recent review by Barbosa et al. (Barbosa et al., 2016). A possible explanation for this
lack of data could be related to the moderate-high hydrophobic character of MC (log
Kow = 3.2 and water solubility 27 mg L?, at 20°C (UNFAO (Food and Agriculture
Organization of the United Nations) and WHO (World Health Organization), 1999)),
which could complicate the handling of MC during the experimental work due to its

probable tendency of becoming adsorbed to other hydrophobic materials.

Ozonation for the abatement of micropollutants has been demonstrated to be an
effective process (Dantas et al., 2008, 2007; Huber et al., 2003; Jin et al., 2012; Vel
Leitner and Roshani, 2010), thus indicating the great potential of this advanced
technology for that purpose. Ozone (O3) is a strong oxidant that also undergoes self-
decomposition in water to release hydroxyl radicals (OH-), under neutral and alkaline
conditions, with stronger oxidizing capability than Oz (Gligorovski et al., 2015). Since
this technology is increasingly employed in wastewater and drinking water treatment,
detailed information about Kinetics, intermediates generation and associated toxicity
changes during the process is essential, even more with the detection of new

micropollutants.

To the best of our knowledge, this is the first report on MC removal by means of
ozonation. The study aimed to determine the Kkinetics of the process considering both,
direct reaction with molecular ozone and indirect reaction through hydroxyl radicals.
The possible reaction pathways of MC ozonation were also explored by means of its
main formed intermediates elucidation and finally, the potential ecotoxicological effects
of MC and its TPs during the process were assessed by means of bacteria luminescence

inhibition assays.
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2. Materials and methods

2.1. Chemicals and reagents

Methiocarb, sulfamethoxazole and phenol analytical standards were acquired from
Sigma-Aldrich (Germany). NaH2PO4, NazHPO4, H3POy4, tert-butanol and acetonitrile
were purchased from Panreac (Spain), and were all analytical grade. Milli-Q water was
produced by a filtration system (Millipore, USA). Finally, all the reagents employed

during toxicity bioassays were purchased from Modern Water (UK).

As early commented, MC was suspected to be adsorbed to some non-polar materials,
due to its hydrophobicity. In order to be sure about that, some preliminary experiments
were performed. Results revealed important losses of MC when aqueous solutions of
this chemical were put in contact with plastic elements (i.e. filters, tubing), whereas this
was not observed when working with glassware. Therefore, glass was selected as

material for handling MC solutions during experimentation.

2.2. Ozonation experiments

All ozonation experiments were carried out at 20 + 2 °C and pH 7, in Milli-Q water.
Preliminary hydrolysis tests at pH 7 were performed in order to determine the influence
of this mechanism on the overall MC removal. Reaction solution did not show
hydrolysis after a period of 2 h, which is exactly the time interval employed for
ozonation experiments, including analysis. Due to the tendency of MC to become

adsorbed onto many materials, as well as to the fast reaction kinetics also exhibited
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during the preceding assays, ozonation runs were carried out employing a multi-reactor
methodology, successfully used in several works (Borowska et al., 2016; Ning et al.,
2007). Detailed information of ozone stock solutions preparation can be found in the
supplementary information (Text and Fig. S1). All ozonation experiments were done in

triplicate.

Since preliminary experiments showed fast reaction rates (“k” values > 1000 M s?),
the extensively-employed competition kinetics method (Borowska et al., 2016; Buxton
et al., 1988; Hoigné and Bader, 1983; Huber et al., 2003; Jin et al., 2012) must be used
to determine the kinetic constants of the reaction between MC and both, molecular

ozone and hydroxyl radicals.

For kmc,03 measurement, experiments were carried out in a series of 25 mL vials
containing 20 uM of MC and 20 pM of sulfamethoxazole (SMX), the reference
compound. The competitor was selected considering the high-reactivity of MC with
molecular ozone. To avoid reactions involving hydroxyl radicals (OH-), tert-butanol
was employed as OH- scavenger (100 mM). Adequate quantities of a HoPO4/HPO4>
buffer were also added in order to maintain the medium pH at a constant value of 7.
Different doses (from 5 to 50 M) of the ozone stock solution were injected to each vial
as reactant. The mixtures were vigorously shaken for a few seconds, to completely mix
the ozone in. Samples were withdrawn when the total consumption of ozone was
achieved, and quickly analyzed. The residual concentrations of MC and SMX were

determined by HPLC-DAD.



150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

For Kucon- determination, a similar procedure was followed. The multi-reactor system
was used again, with initial concentrations of 20 uM for all compounds and without the
presence of a radical scavenger. Two references were employed since two reactions (i.e.
MC with both, Oz and OH-) took place at the same time and needed to be considered
due to their expected important contribution to MC depletion. SMX and phenol (PH)
were chosen as competitors, since both were expected to present similar overall

reactivity than MC.

Two extra sets of experiments were performed in order to demonstrate the relative
contribution of hydroxyl radicals on MC removal. For direct reaction with ozone, each
one of the 25 mL reaction vials contained 20 uM of MC, 25 mM of tert-butanol and
adequate quantities of the pH 7 phosphate buffer. For reaction involving molecular
ozone and hydroxyl radicals, the same procedure was followed but no scavenger was
added. For both experiments, a wider range of ozone doses were applied (from 5 to 140
puM) in order to achieve the complete depletion of the pesticide. Once analyzed, the
samples withdrawn in these experiments were frozen and lately employed for TPs and

toxicity determinations.

2.3. Analytical procedures

The concentrations of MC, SMX and PH were quantified by means of an HPLC
equipped with a diode array detector (DAD), all supplied by Agilent (1260 Infinity). For
MC, PH and SMX analysis, the column employed was a Teknokroma Mediterranea

Seal8 (250 mm x 4.6 mm and 5um size packing). The chromatographic conditions for
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each compound separation and detection are summarized in Table S1 (supplementary

information).

In order to elucidate the possible reaction pathways during MC ozonation, samples in
which different ozone doses were applied were analyzed by LC-MS. An Agilent 1100
HPLC coupled with a G1969A LC/MSD-TOF mass spectrometer was employed. MS
data were collected in full scan mode (25-1100 m/z), employing positive electrospray
ionization. The separation conditions were the same ones employed for DAD

quantification.

To assess the acute toxicity as a function of the applied ozone dose, Microtox®
bioassays were performed. This method measures the inhibition of light emission of
bioluminescent bacteria Vibrio fischeri caused by the presence of toxic compounds in
the aqueous media. The results of this assay are usually expressed as ECsg 15min, Which
represents the percentage of sample dilution (v:v) that causes a 50% reduction in
bacteria luminescence after a contact time of 15 minutes. All the tests were carried out

in duplicate in a Microtox® M500 (Modern Water, UK) toxicity analyzer.

3. Results and discussion

3.1. Rate constant for the reaction between MC and O3

The second-order rate constant for the reaction of MC with molecular ozone was

calculated from Eq. 1, being this one obtained by dividing the Kinetic equations
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corresponding to the direct reactions between MC and SMX with Oz, as described

elsewhere (Dantas et al., 2008, 2007).

[MC] kuc,o0, [SMX]
i <[MC]O> ~ kswx.0, (‘ln ([SMX]0>> @

As shown in this expression, a linear dependence between the natural logarithm of the
relative MC concentration and the natural logarithm of the relative SMX concentration
Is expected, with the ratio between the second-order kinetic constants of the target and
the reference compound being the slope. For the three replicates that were performed,
linear regression coefficients greater than 0.99 were obtained, together with a good
agreement between the corresponding slope values (0.87 + 0.01, see Fig. S2 of the
supplementary information). Considering a value of 2.0-10° M s for ksmx03 at pH 7
(Huber et al., 2003; Jin et al., 2012), the second-order rate constant for reaction between
MC and molecular ozone, kwcos, was determined to be (1.7 + 0.1)-10° M?* st As
suspected during preliminary experiments, the rate of the reaction between MC and O3
is considerable fast. MC molecule contains a thioether moiety, which has been
considered to be the main responsible for the fast kinetics (between 2.0-10° and
6.7-10° M s1) presented by other compounds containing this functional group in their
corresponding reactions with molecular ozone (Dodd et al., 2006; Jeon et al., 2016).
Since MC does not show basic or acidic properties in aqueous systems (UNFAO (Food
and Agriculture Organization of the United Nations) and WHO (World Health
Organization), 1999), the reactivity of this compound with ozone is not expected to be
dependent on the medium pH, as reported for many other dissociating chemicals

(Borowska et al., 2016; Dantas et al., 2008, 2007; Hoigné and Bader, 1983).
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3.2. Rate constant for the reaction between MC and OH-

For kmcon. determination, a different protocol was employed: since no radical
scavenger was added to the reaction medium, the contribution of molecular ozone and
hydroxyl radicals to the overall MC depletion must be considered. Because of that, two
reference compounds (SMX and PH) were needed in order to later solve the
corresponding mathematical equations. This method was successfully employed for
similar purposes in a previous study (Vel Leitner and Roshani, 2010). In the present
case, Six reactions were considered to simultaneously take place in the described
system. They are gathered in Table 1, along with the corresponding kinetic constant

values found in literature.

Table 1. Reactions considered during competition experiments for kuc on. determination.

Reaction k [M1s?] Reference
MC + 03 - kycos 1.7-10° This study
MC + OH - = kycon. Unknown -
SMX + 03 = kgyx 03 2.0-10° (Jin etal., 2012)
SMX + OH - > kgyx on. 5.5-10° (Huber et al., 2003)
PH 4+ 05 > kpy o3 1.8-10° (Hoigné and Bader, 1983)
PH + OH - > kpyon. 6.6-10° (Buxton et al., 1988)

The second-order rate constant for the reaction of MC with hydroxyl radicals was
calculated by solving the system formed by Eq. 2 and 3. Detailed information about the

obtaining of these expressions can be found in Text S2 (supplementary information).

10
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[MC]  (kmco, + kmconRet) | [SMX]

In = n 2
[MClo  (ksmx,0, + ksmx,on.Rct)  [SMX], @)

n [MC]  (kmc,0, + kuc,on-Rct) n [PH] @)
[MClo  (kpm,o, t kpuonRct)  [PH],

From the above equations, it can be deduced that by plotting the natural logarithm of the
relative concentration of MC versus the natural logarithm of the relative concentration
of each one of the competitors, per separate, two linear relations are obtained. Together
with the experimentally obtained slopes, if all the required Kinetic constant values are
known the system can be solved in order to determine kmc,on., as well as Rct. The latter
corresponds to a time-independent relation which represents the ratio [OH-]/[O3] in a

reaction medium subject to ozonation (Elovitz and Von Gunten, 1999).

A good agreement was observed between the three replicates that were performed: slope
values of 0.90 £ 0.02 and 0.98 + 0.01 resulted for MC-SMX and MC-PH corresponding
relationships, respectively. All the linear coefficients were above 0.99 (see Fig. S3 of
the supplementary information). The kinetic constant was determined to be (8.2 +
0.2)-10° M s, which indicates the high reactivity of MC with hydroxyl radicals. In
that case, the fast kinetics was not attributable to a single specific reaction like the one
exhibited between molecular ozone and the thioether group: although this sulfur moiety
is also highly reactive to hydroxyl radicals, with reported rate constants in the order of
10° to 10 M? st (Rozsa et al., 2017; Szabd et al., 2015), the characteristic non-
selectivity of OH- could promote other reaction mechanisms usually exhibited by this

transient species (e.g. electron or hydrogen abstraction) (Gligorovski et al., 2015).

11
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3.3.  MC degradation by ozone and hydroxyl radicals

During the ozonation process, methiocarb can react with molecular ozone but also with
hydroxyl radicals generated by ozone decomposition (Gligorovski et al., 2015).
Degradation experiments applying different ozone dosages were performed in order to
observe the removal profile by means of the direct route (attack of molecular ozone), as
well as to demonstrate the contribution of hydroxyl radicals to the overall depletion of
MC at neutral pH. Results are shown in Fig. 1. Transformation by means of O3z/OH-
combination was more effective than the removal only due to Oz attack: the ozone dose
required to deplete over a 99% of the initial MC concentration was about 2.5 times
lower in the first case than in the second (1.1 mg L vs 2.8 mg L™?). At pH 7, therefore,
the indirect degradation pathway could play an important role in the global depletion of
MC. This means that efficiency of ozonation for MC depletion will strongly depend on
water pH, among other characteristics, since decomposition of ozone in hydroxyl

radicals is accelerated under alkaline conditions (Gligorovski et al., 2015).

12
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Figure 1. Profile of MC degradation ([MC]o= 20 uM) as a function of the applied ozone dose, for

experiments with (Os) and without (Os/OH-) radical scavenger.

According to bibliography (Gerrity et al., 2012; Lee et al., 2013), doses until 1 mg
Os/mg DOC are considered reasonable for disinfection and trace pollutant oxidation in
drinking and wastewater treatment plants. In the case of study, the normalized ozone
dose of 0.4 mg Oz/mg DOC was calculated to be enough to completely remove MC by
means of the Oz and OH- joint action. As stated before, besides the chemical reactivity
of the pollutant with ozone, the efficiency of the process strongly depends on water
characteristics like pH or organic matter content. For instance, and given the high value
obtained for the second-order rate constant of MC reaction with O3 (1.7-10® Ms), in
waters containing natural organic matter (NOM) or soluble microbial compounds
(SMP) at concentration levels of mg L™, MC (from ng L™-ug L) removal is expected
to happen mainly via ozone oxidation. It is clear, therefore, that the required ozone
doses to deplete MC in real waters are difficult to determine only on the basis of the
above results. Carrying out experiments with realistic matrices and MC concentrations

could constitute a good idea on that purpose. However, inherent difficulties related to

13
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MC hydrophobic properties, which led to the adsorption of this chemical onto many
materials, made complicated the performance of this experimental work. A good
alternative could be the use of kinetic models, like the ones based on the Rct concept
(Elovitz and Von Gunten, 1999; Ning et al., 2007): the obtaining of this parameter for
particular waters, together with the second-order rate constants provided in this study,
should allow the prediction of MC removal and thus the estimation of the ozone dosage
required for the complete depletion of this contaminant in real aqueous matrices

(Elovitz and Von Gunten, 1999; Lee et al., 2013).

After viewing the results obtained up to this point of the study, and without forgetting
their limitations, what is clear is that ozonation could constitute a suitable treatment
option regarding MC removal from water. Its high reactivity with Oz and OH-, together
with the significant contribution of hydroxyl radicals to its degradation at neutral pH,
allows to suggest that this contaminant could be totally removed during ozonation
stages. However, and because of mineralization capability of ozonation is low, it was
necessary to explore other basic aspects of the process like the generation of reaction

intermediates and the associated toxicity changes.

3.4. Reaction intermediates and possible mechanisms

The identification of relevant TPs generated during MC ozonation, with or without the

presence of a radical scavenger was performed by means of HPLC-MS. The same

signals were observed in both processes, leading this fact to the idea that all the

identified TPs could have been formed simultaneously through the two possible

14
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ozonation degradative routes. An example of chromatogram illustrating the appearance

of TPs signals can be found in Fig. S2 (supplementary information).

The proposed molecular structures of peaks for which the identification procedure was
successful are gathered in Table 2. The observed differences between them were two:
the relative degree of oxidation presented by the original thioether moiety, on one hand,
and the loss of the carbamate group caused by hydrolysis of TP’s, on the other. Both
reactions are possible, well-known, and indeed have been considered in several papers
regarding the environmental fate and degradation of MC by other oxidants (Qiang et al.,
2014; Tian et al., 2013, 2010; UNFAO (Food and Agriculture Organization of the
United Nations) and WHO (World Health Organization), 1999). In the case of O3z and
OH- attack to thioether groups, the mechanisms are reported in studies concerning the
degradation of organic compounds containing this moiety (Jeon et al., 2016; Jin et al.,
2012; Szabé et al., 2015). By this way, methiocarb sulfoxide (MCX), methiocarb
sulfoxide phenol (MCXP), and methiocarb sulfone phenol (MCNP) were identified as
the major TPs formed during MC ozonation process. The generation of these species, as
well as the formation of other byproducts like methiocarb sulfone (MCN) and
methiocarb phenol (MCP) (not observed in this work), are reported in previous studies
regarding MC oxidation by chlorine dioxide (Tian et al., 2010), free chlorine (Tian et

al., 2013) and monochloramine (Qiang et al., 2014).

Table 2. Detected TPs and corresponding structures.

m/z Name Proposed structure

15
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Fig. 2 shows the semi-quantitative evolution of MC and its major formed TPs during
ozonation process, as a function of the applied ozone dose. Since non-reference
standards were available for all the species, the graphs provide the relative variation of
the TPs presence in the reaction medium, but not the evolution of their absolute
concentrations. As early commented, the major formed byproducts were the same ones
in the process only involving the direct attack of ozone (Fig. 2 A) than in the process
that involved the attack of both, molecular ozone and hydroxyl radicals (Fig. 2 B).
Besides, the evolution profiles as a function of the applied ozone dose presented shape
similarities, being the main difference related to the relative efficiency of each
degradative process in terms of required oxidant dosage: since the removal of MC for
the process only involving the attack of molecular ozone needed larger oxidant doses

than for the process in which both ozone and hydroxyl radicals participated, the
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generation and subsequent destruction of the TPs also required larger ozone doses in the
first case than in the second. Another key difference was the relative residual signal of
these products at each experimental point, always significantly lower when the radical
route played its role. Without the presence of tert-butanol, formed hydroxyl radicals
were supposed to oxidize part of the remaining MC and TPs, thereby contributing to
their global depletion. Since these organic species are generally more reactive to
hydroxyl radicals than molecular ozone, that contributed to an enhanced efficiency of

the degradative process.
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Figure 2. Semi-quantitative monitoring of MC TPs generated during reaction of the pesticide (Co = 20

KM) with O3 (A) and O3/OH- (B), as a function of the applied ozone dose.

Taking into account the observed TPs and their semi-quantitative evolution with the
ozone dosage, the sequential pathway shown in Fig. 3 was proposed for MC ozonation.
It has to be cleared that this mechanism attempted to explain what seems to constitute
the first steps of the degradation pathway followed by the pesticide during the process,
considering that further oxidation products were not possible to be identified. MC

oxidation by ozone or hydroxyl radicals firstly occurred at the thioether moiety.
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Additionally, and due to its demonstrated potential to undergo hydrolysis in water at pH
values up to 6.5 (Qiang et al., 2014; Tian et al., 2013), the carbamate group was prone
to disintegration generating MCXP as side-product. Then, the concentrations of MCX
and MCXP increased by means of these mechanisms until MC was totally depleted. In
the view of the profiles presented in Fig. 2, it seems like MCX and MCXP signals
decreased at different rates from this moment, being the disappearance of MCXP
slightly faster than the one for MCX. It is possible that MCXP was easier to oxidize
than MCX, as happened in the study employing monochloramine as oxidant (Qiang et

al., 2014). Finally, higher ozone doses allowed further oxidation of MCXP, leading to

MCNP generation.
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S
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Figure 3. Proposed reaction mechanism for MC attack by molecular ozone and formed hydroxyl radicals.
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It is known that as a carbamate pesticide, the specific action of MC against pests is
based on the inhibition of the vital enzyme cholinesterase by its carbamate group
(Padilla et al., 2007). Because of that, MCNX and MCNP probably did not maintain
their activity as pesticides after losing their carbamate moiety, which did not mean that
these species were non-toxic. Following the same reasoning, MCX probably kept its
activity as pesticide, since its carbamate moiety remained unaltered. Because this TP is
more toxic than the parent compound (Marss, 1998), the observed increase in toxicity
could be attributable to the only difference between both molecular structures: the

sulfoxide moiety of MCX, in contrast with the sulfur group presented by MC.

3.5.  Toxicity during MC ozonation process as a function of the applied ozone dose

The chemical alterations produced during the ozonation-hydrolysis process implied
changes in the properties of the resulting species, including toxicity. The variation of
1/ECsp versus the applied ozone dose is presented in Fig. 4. This parameter provides a
direct idea about the ecotoxicity of the solution, since higher values imply a higher
inhibition in bacteria bioluminescence. Initial toxicity for both experiments was
relatively high (ECso about 4.5%), which is not surprising considering that MC had
already demonstrated to be highly toxic (Marss, 1998; World Health Organization,
2010). For the untreated solution, the corresponding ECso value expressed in
concentration units could be also calculated, since the composition of this sample was
known. With an ECso of 0.2 mg L?, and according to the toxicity classification
stablished in Directive 93/67/EEC (very toxic to aquatic organisms (0.1-1 mg L), toxic

(1-10 mg L), harmful (10-100 mg L1), non-toxic (>100 mg L)) (European
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Commission Joint Research Centre, 2003), MC would be considered as very toxic to
aquatic organisms, which would confirm again the previous knowledge about MC
ecotoxicity. For the rest of experimental points, only the ECso in terms of sample
dilution (% v/v) could be provided since the corresponding samples compositions were

unknown.

For experiments in the presence of tert-butanol, solution toxicity increased to a
maximum (ECso about 1.5%) for applied Os concentrations about 3.5-4 mg L™, and
decreased for higher dosages. However, this decrement was not significant and for
larger ozone doses the acute toxicity was even higher (ECso about 2%) than that for the
untreated solution. For experiments without the presence of radical scavenger, a small
increase in toxicity (ECso about 4%) was observed at Os doses about 0.5-1 mg L*,
followed by a significant drop of this parameter: for ozone doses about 7 mg L™, ECso

value was about 95%, which represented a relatively low toxicity.

Changes in toxicity observed in both experiments can be attributed to the generation of
TPs more toxic than the parent compound, as concluded in many other related studies
(Borowska et al., 2016; Dantas et al., 2008, 2007). In the current case, reaction
intermediate MCX is the main suspect of increasing toxicity, since is known to be about
2-3 times more toxic than MC based on oral LDsg values in rats (Marss, 1998). Also,
other TPs like MCXP and MCNP, as well as hydrogen peroxide formed through ozone
decomposition (Hoigné, 1982) could contribute to this increase in bacteria
bioluminescence inhibition. Of course, it was not possible to exactly quantify the
contribution of this species to the total toxicity of the solution, but by comparing the

MCX and toxicity profiles, a correlation between both parameters appears to be
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suitable: in all experiments, the maximum 1/ECso value is reached at approximately the
O3z dosage in which the maximum relative amount of MCX (DAD signal) is also
observed. In addition, when the concentration of this intermediate starts to decrease, the
toxicity of the solution also starts to diminish. Since toxicity changes appears to be
mainly caused by variations of the MCX concentration, the rest of TPs generated during
the process and contained in the analyzed samples should necessarily present similar or
lower toxicity levels than MC. This fact would be in total agreement with the previous

literature regarding this issue (Marss, 1998; Tian et al., 2013, 2010).
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Figure 4. Acute toxicity and remaining DAD signal of MCX, as a function of the applied ozone dose.

In the view of the last results, ozonation of MC contributed to increase the toxicity of
the reaction medium when low oxidant doses were applied. The relative resistance of
the formed TPs towards direct ozone attack caused a drop in the overall efficiency of
the process, thus enlarging the oxidant dosage required to reach relatively low toxicities.
Thus, a normalized ozone dose of approximately 2.5 mg Os/mg DOC, which probably

would be considered as economically non-reasonable (Gerrity et al., 2012; Lee et al.,
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2013), would be needed under the studied conditions. Since the attack of hydroxyl
radicals during MC ozonation revealed to be essential if the removal of its toxic TPs
(especially MCX) is wanted to be achieved, an enhancement of the indirect degradation
route should be promoted. It is important to mention, however, that in waters with pH
values up to 7 the indirect degradative route would be naturally favored, thus enlarging

the process efficiency.

4. Conclusions

For the first time, the Kinetics, pathways and toxicity changes associated to MC
degradation during ozonation process at neutral pH were investigated. The second-order
rate constants for reactions of MC with ozone and hydroxyl radicals were determined to
be 1.7-10° and 8.2-10° M s, respectively. Both ozone and hydroxyl radicals showed
to play an important role in the overall depletion of MC at neutral pH, thus indicating
the potential of the ozonation process to remove MC from water. Specifically, the OH-
attack highly contributed to increase the efficiency of the process by reducing to more
than half the oxidant dose necessary to completely degrade MC. MCX, MCXP and
MCNP were the major intermediates identified in the MC ozonation process. These
byproducts were generated through a sequential combination of both Oz and OH-
oxidation and hydrolysis. The toxicity changes observed in MC ozonation were
principally attributed to variations in the MCX concentration. Despite its demonstrated
capacity to oxidize MC, direct ozone attack was unable to completely degrade MCX.
Although the oxidation by OH- showed its ability to degrade MC and all its TPs, the
resistance towards ozone attack exhibited by these compounds increased the oxidant

dosage necessary to achieve a relative low toxicity in the medium. In order to overcome
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these problems and enhance the overall efficiency of the process, the indirect

degradation route through hydroxyl radicals should be favored.

Acknowledgements

This work was financially supported by the Spanish Ministry of Science and Innovation
(project CTQ2014-52607-R), the Spanish Ministry of Economy and Competitiveness
(FPI research fellowship BES-2015-074109) and the Agency for Management of
University and Research Grants of the Government of Catalonia (project 2014SGR245).

References

Altinok, 1., Capkin, E., Karahan, S., Boran, M., 2006. Effects of water quality and fish
size on toxicity of methiocarb, a carbamate pesticide, to rainbow trout. Environ.
Toxicol. Pharmacol. 22, 20-26. doi:10.1016/j.etap.2005.11.002

APVMA, 2005. Methiocarb Preliminary Review Findings Report, Part D, Environment.
Aust. Pestic. Vet. Med. Authority, Canberra, Aust. 2, 306-370.

Barbosa, M.O., Moreira, N.F.F., Ribeiro, A.R., Pereira, M.F.R., Silva, AM.T., 2016.
Occurrence and removal of organic micropollutants: An overview of the watch list
of EU Decision 2015/495. Water Res. 94, 257-279.
doi:10.1016/j.watres.2016.02.047

Barceld, D., Chiron, S., Fernandez-Alba, A., Valverde, A., Alpendurada, M.F., 1996.
Monitoring Pesticides and Metabolites in Surface Water and Groundwater in
Spain, in: Meyer, M.T., Thurman, E.M. (Eds.), Herbicide Metabolites in Surface
Water and Groundwater. American Chemical Society, pp. 237-253.

doi:10.1021/bk-1996-0630.ch018

24



503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

Blazkova, M., Mickova-Holubovd, B., Rauch, P., Fukal, L., 2009.
Immunochromatographic colloidal carbon-based assay for detection of methiocarb
in surface water. Biosens. Bioelectron. 25, 753-758.
doi:10.1016/j.bi0s.2009.08.023

Borowska, E., Bourgin, M., Hollender, J., Kienle, C., McArdell, C.S., von Gunten, U.,
2016. Oxidation of cetirizine, fexofenadine and hydrochlorothiazide during
ozonation: Kinetics and formation of transformation products. Water Res. 94, 350—
362. doi:10.1016/j.watres.2016.02.020

Buxton, G. V, Greenstock, C.L., Helman, W.P., Ross, A.B., 1988. Critical Review of
rate constants for reactions of hydrated electrons, hydrogen atoms and hydroxyl
radicals in aqueous solution. J. Phys. Chem. Ref. Data 17, 513.
doi:10.1063/1.555805

Campo, J., Masia, A., Blasco, C., Pico, Y., 2013. Occurrence and removal efficiency of
pesticides in sewage treatment plants of four Mediterranean River Basins. J.
Hazard. Mater. 263, 146-157. doi:10.1016/j.jhazmat.2013.09.061

Dantas, R.F., Canterino, M., Marotta, R., Sans, C., Esplugas, S., Andreozzi, R., 2007.
Bezafibrate removal by means of ozonation: Primary intermediates, Kinetics, and
toxicity assessment. Water Res. 41, 2525-2532. doi:10.1016/j.watres.2007.03.011

Dantas, R.F., Contreras, S., Sans, C., Esplugas, S., 2008. Sulfamethoxazole abatement
by means of ozonation. J. Hazard. Mater. 150, 790-794.
doi:10.1016/j.jhazmat.2007.05.034

Dodd, M.C., Buffle, M.O., Von Gunten, U., 2006. Oxidation of antibacterial molecules
by aqueous ozone: Moiety-specific reaction kinetics and application to ozone-
based wastewater treatment. Environ. Sci. Technol. 40, 1969-1977.

d0i:10.1021/es051369x

25



528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

o947

548

549

550

551

552

Elovitz, M.S., Von Gunten, U., 1999. Hydroxyl Radical/Ozone Ratios During
Ozonation Processes. I. The Rct Concept. Ozone Sci. Eng. 21, 239-260.
doi:10.1080/01919519908547239

European Commission Joint Research Centre, 2003. Technical guidance document on
risk assessment in support of Commission Directive 93/67/ EEC on risk
assessment for new notified substances and Commission Regulation (EC) No.
1488/94 on risk assessment for existing substances. Part Il. EUR 20418 EN/2. Eur.
Chem. Bur. Part 11, 7-179.

Fytianos, K., Pitarakis, K., Bobola, E., 2006. Monitoring of N -methylcarbamate
pesticides in the Pinios River (central Greece) by HPLC. Int. J. Environ. Anal.
Chem. 86, 131-145. doi:10.1080/03067310500248171

Garcia de Llasera, M.., Bernal-Gonzalez, M., 2001. Presence of carbamate pesticides in
environmental waters from the northwest of Mexico: determination by liquid
chromatography. Water Res. 35, 1933-1940. doi:10.1016/S0043-1354(00)00478-4

Gerrity, D., Gamage, S., Jones, D., Korshin, G. V., Lee, Y., Pisarenko, A., Trenholm,
R.A., von Gunten, U., Wert, E.C., Snyder, S.A., 2012. Development of surrogate
correlation models to predict trace organic contaminant oxidation and microbial
inactivation during ozonation. Water Res. 46, 6257-6272.
doi:10.1016/j.watres.2012.08.037

Gitahi, S.M., Harper, D.M., Muchiri, S.M., Tole, M.P., Ng’ang’a, R.N., 2002.
Organochlorine and organophosphorus pesticide concentrations in water, sediment,
and selected organisms in Lake Naivasha (Kenya). Hydrobiologia 488, 123-128.
doi:10.1023/A:1023386732731

Gligorovski, S., Strekowski, R., Barbati, S., Vione, D., 2015. Environmental

Implications of Hydroxyl Radicals (-OH). Chem. Rev. 115, 13051-13092.

26



553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

o971

572

573

o574

575

576

S77

doi:10.1021/cr500310b

Hoigne, J., 1982. Handbook of Ozone Technology and Applications. Ann Arbor
Science Publishers. ISBN:0250405776

Hoigne, J., Bader, H., 1983. Rate constants of reactions of ozone with organic and
inorganic compounds in water—IIl. Water Res. 17, 185-194. doi:10.1016/0043-
1354(83)90099-4

Huber, M.M., Canonica, S., Park, G.Y., Von Gunten, U., 2003. Oxidation of
pharmaceuticals during ozonation and advanced oxidation processes. Environ. Sci.
Technol. 37, 1016-1024. doi:10.1021/es025896h

Jeon, D., Kim, J., Shin, J., Hidayat, Z.R., Na, S., Lee, Y., 2016. Transformation of
ranitidine during water chlorination and ozonation: Moiety-specific reaction
kinetics and elimination efficiency of NDMA formation potential. J. Hazard.
Mater. 318, 802—-809. doi:10.1016/j.jhazmat.2016.06.039

Jin, X., Peldszus, S., Huck, P.M., 2012. Reaction kinetics of selected micropollutants in
ozonation and advanced oxidation processes. Water Res. 46, 6519-6530.
doi:10.1016/j.watres.2012.09.026

Keum, Y.S., Liu, K.H., Lee, Y.S., Lee, J.S., Chung, B.J., Kim, J.H., 2000. Gas
chromatographic analysis of methiocarb and its metabolites in soil and rice.
Chromatographia 52, 237-241. doi:10.1007/BF02490464

Lee, Y., Gerrity, D., Lee, M., Bogeat, A.E., Salhi, E., Gamage, S., Trenholm, R.A,,
Wert, E.C., Snyder, S.A., Von Gunten, U., 2013. Prediction of micropollutant
elimination during ozonation of municipal wastewater effluents: Use of kinetic and
water specific information. Environ. Sci. Technol. 47, 5872-5881.
doi:10.1021/es400781r

Marss, T.C., 1998. Methiocarb, in: Joint Meeting of the FAO Panel of Experts on

27



578

579

580

581

582

583

584

585

586

587

588

589

590

591

592

593

594

595

596

597

598

599

600

601

602

Pesticide Residues in Food and the Environment and the WHO Core Assessment
Group. Rome, pp. 203-223.

Masia, A., lbafiez, M., Blasco, C., Sancho, J.V., Pico, Y., Hernandez, F., 2013.
Combined use of liquid chromatography triple quadrupole mass spectrometry and
liquid chromatography quadrupole time-of-flight mass spectrometry in systematic
screening of pesticides and other contaminants in water samples. Anal. Chim. Acta
761, 117-127. doi:10.1016/j.aca.2012.11.032

Ning, B., Graham, N.J.D., Zhang, Y., 2007. Degradation of octylphenol and
nonylphenol by ozone - Part Il Indirect reaction. Chemosphere 68, 1173-1179.
doi:10.1016/j.chemosphere.2007.01.056

Padilla, S., Marshall, R.S., Hunter, D.L., Lowit, A., 2007. Time course of cholinesterase
inhibition in adult rats treated acutely with carbaryl, carbofuran, formetanate,
methomyl, methiocarb, oxamyl or propoxur. Toxicol. Appl. Pharmacol. 219, 202—
209. doi:10.1016/j.taap.2006.11.010

Qiang, Z., Tian, F., Liu, W., Liu, C., 2014. Degradation of methiocarb by
monochloramine in water treatment: Kinetics and pathways. Water Res. 50, 237—
244. doi:10.1016/j.watres.2013.12.011

Rozsa, G., Kozmér, Z., Alapi, T., Schrantz, K., Takécs, E., Wojnarovits, L., 2017.
Transformation of Z-thiacloprid by three advanced oxidation processes: Kinetics,
intermediates and the role of reactive species. Catal. Today 284, 187-194.
doi:10.1016/j.cattod.2016.11.055

Sinclair, C.J., Boxall, A.B.A., Parsons, S.A., Thomas, M.R., 2006. Prioritization of
Pesticide Environmental Transformation Products in Drinking Water Supplies.
Environ. Sci. Technol. doi:10.1021/ES0603507

Squillace, P.J., Scott, J.C., Moran, M.J., Nolan, B.T., Kolpin, D.W., 2002. VOCs,

28



603

604

605

606

607

608

609

610

611

612

613

614

615

616

617

618

619

620

621

622

623

624

625

626

627

Pesticides, Nitrate, and Their Mixtures in Groundwater Used for Drinking Water in
the United States. Environ. Sci. Technol. 36, 1923-1930. doi:10.1021/ES015591N

Szabo, L., Téth, T., Racz, G., Takécs, E., Wojnarovits, L., 2015. Drugs with susceptible
sites for free radical induced oxidative transformations: the case of a penicillin.
Free Radic. Res. 5762, 1-13. d0i:10.3109/10715762.2015.1100729

The European Comission, 2015. Decision 2015/495/EU, establishing a watch list of
substances for Union-wide monitoring in the field of water policy pursuant to
Directive 2008/105/EC of the European Parliament and of the Council, Official
Journal of the European Union. Official Journal of the European Union.
doi:http://eur-
lex.europa.eu/pri/en/oj/dat/2003/l_285/1 28520031101en00330037.pdf

Tian, F., Qiang, Z., Liu, C., Zhang, T., Dong, B., 2010. Kinetics and mechanism for
methiocarb degradation by chlorine dioxide in aqueous solution. Chemosphere 79,
646-651. doi:10.1016/j.chemosphere.2010.02.015

Tian, F., Qiang, Z., Liu, W., Ling, W., 2013. Methiocarb degradation by free chlorine in
water treatment: Kinetics and pathways. Chem. Eng. J. 232, 10-16.
doi:10.1016/j.cej.2013.07.050

UNFAO (Food and Agriculture Organization of the United Nations), WHO (World
Health Organization), 1999. Methiocarb (132), in: Joint Meeting of the FAO Panel
of Experts on Pesticide Residues in Food and the Environment and the WHO Core
Assessment Group. pp. 531-601.

Vel Leitner, N.K., Roshani, B., 2010. Kinetic of benzotriazole oxidation by ozone and
hydroxyl radical. Water Res. 44, 2058—-2066. doi:10.1016/j.watres.2009.12.018

World Health Organization, 2010. The Who Recommended Classification of Pesticides

By Hazard and Guidelines To Classification: 2009, World Health Organization.

29



628

629

World Health Organization. ISBN 978 92 4 154796 3

30



	1. Introduction
	2. Materials and methods
	2.1. Chemicals and reagents
	2.2. Ozonation experiments
	2.3. Analytical procedures

	3. Results and discussion
	3.1. Rate constant for the reaction between MC and O3
	3.2. Rate constant for the reaction between MC and OH
	3.3. MC degradation by ozone and hydroxyl radicals
	3.4. Reaction intermediates and possible mechanisms
	3.5. Toxicity during MC ozonation process as a function of the applied ozone dose

	4. Conclusions

