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The kinetics and the mechanism of degradation of the mesotrione herbicide by three electrochemi-
cal advanced oxidation processes (EAOPs) systems, namely electro-Fenton (EF) with Pt anode (EF-Pt),
anodic oxidation with BDD anode (AO), and EF-boron-doped diamond anode (EF-BDD), were investi-
gated in acidic aqueous solutions. The degradation of mesotrione obeyed apparent first-order reaction Ki-
netics, and its absolute rate constant value with hydroxyl radicals at pH 3.0, determined by the competi-
tive kinetics method, was found to be 8.20 x 10® | mol™ s*. Fourteen different mesotrione degradation
products were separated and/or identified using HPLC/MS" analyses. A rationalized scheme is proposed
for the reaction pathways of mesotrione degradation in the EF process. The mesotrione mineralization
yield values ranged between about 58% and 97% for a 6 h electrolysis time, according to the type of
EAOP system and the electrolysis current intensity value. The evolution of the toxicity of mesotrione
aqueous solutions with electrolysis time (t) was investigated during treatment by the EF-Pt and EF-BDD
systems. Toxicity was measured with the Microtox™ method, based on the luminescence inhibition of ma-
rine bacteria Vibrio fischeri. The curves of % inhibition vs. time were found to depend on the toxicity of
the formed mesotrione degradation products.

Keywords: mesotrione; electro-Fenton; BDD; hydroxyl radicals; degradation mechanism; mineralization;
toxicity

IMPUMEHA HA ®EHTOHOB EJIEKTPOITPOIIEC HA BOJAEH PACTBOP Ol ME3OTPHUOH:
KHMHETHKA, ITAT HA JETPAJJALIMJA, MUHEPAJIN3ALIMJA U TIPOMEHA HA TOKCUYHOCTA

Kunernkata m MexXaHM3MOT Ha Jerpajandja Ha XepOWIIUIOT ME30TPHOH Oea WCIUTaHH BO
3aKUCENIeH BOAEH PacTBOpP CO NPHMEHa Ha TPH HANpeIHH eJeKTPOXEMHUCKU IIPOIeCH Ha OKCHIaluja:
denronoBuot enekrpomnporec (electro-Fenton — EF) co Pt anoma (EF-Pt), anoxsara okcumanuja co BDD
anona (AO) u EF 360raren co Gop Ha mujamantckara anona (EF-BDD). Jlerpanarmjata Ha ME30TPHOHOT
OYHMIJIEZIHO ce 0a3Mpa Ha KHHETHYKH PEaKIUH O MPB pen U Oellle HajaeHo JeKa arcoayTHAaTa BPEIHOCT
Ha Hej3MHaTa KOHCTaHTa CO XWAPOKCHIIHUTE pamukaid npu PH 3,0, ompeneneHa co KOMIETUTHBHHOT
KUHETUYKH MeToJl, u3HecyBa 8,20 X 108 I mol® st UernprHaeceTTe MPOAYKTH HA Jerpajaija Ha
ME30TPHOHOT Oea cenapupaHy u/uin uaeHTudGuKysany co npumena Ha HPLC/MS". 3a peakuuoHuoT nat
Ha JerpajanyjaTa Ha ME30TPHOHOT co puMeHa Ha EF-miporiecy e mpemioxkeHa pandoHain3upana mema.
MuHepanu3zanmjata Ha ME30TPHOHOT BOJIHM JI0 BPEIHOCT BO orcer momery 58% u 97% 3a 6 h Bpeme Ha
ENIEKTPONN3a, BO COITACHOCT cO THIOT Ha cucreMoT EAOP u BpenHoCTa Ha jauMHATa Ha CTpyjaTa npu
eneKkTpoim3aTa. bemie npoydeHa mpomeHaTa Ha TOKCHYHOCTa Ha BOJHUOT PacTBOP O ME30TPHOHOT BO
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3aBHUCHOCT O]l BpeMeTo Ha enekTponus3a (t) Bo TekoT Ha TpeTrMaHOT co cuctemute EF-Pt u EF-BDD.
TokchuHocTa Oemie MepeHa co TpuMeHa Ha Meromor Microtox”, Gasmpan Ha IyMHHHCIEHTHATa
WHXHOWIIMja Ha Mopckata Oaktepuja Vibrio fischeri. bemie HajmeHo &neka KpHBUTE 3a HPOIECHTOT Ha
HMHXHOUIIMja BO OMHOC Ha BPEMETO 3aBHCAT O]l TOKCHYHOCTA Ha (POPMHUpPAHHUTE JIErpaJalliOHU MPOIYITH

HA ME30TPUOHOT.

Kayunn 300poBu: Me30TpuoH; enekrponpoiec Ha Derron; BDD; XxuapokcuitHu pajnKaiiv;, MexaHu3aM

Ha JIerpajalyja; MUHepaIH3alyja; TOKCHYHOCT

1. INTRODUCTION

In developed countries, pesticides are exten-
sively utilized for agricultural purposes, and, be-
cause of that, they represent the most frequent or-
ganic micropollutants found in environmental wa-
ters, including surface water, groundwater, and
wastewater effluents [1, 2]. A subject of great con-
cern is that most pesticides and/or their metabolites,
especially organochlorine ones, may persist for long
periods in the environment, disperse globally, and
bioaccumulate in food chains with possible impacts
on human health and on other living organisms, even
at low concentration levels. Also, they may volatilize
from water bodies into the atmosphere, and, because
of their resistance to degradation reactions in air, tra-
vel long distances before being re-deposited far from
the points of release [3, 4]. For these reasons, a hum-
ber of pesticides and other persistent organic micro-
pollutants present in aquatic systems raise considera-
ble toxicological concerns and they have become a
serious environmental problem [5].

Therefore, many appropriate, efficient, and
rapid water-treatment technologies have been de-
veloped and implemented to remove these micro-
pollutants from natural waters [5]. Among recent
technologies, advanced oxidation processes (AOPS),
based on the in situ production of strong oxygen-
based oxidizers, such as very reactive and non-
selective hydroxyl radicals (-OH), by different
reactions, including conventional Fenton reaction,
ozonation, heterogeneous photocatalysis, photo-
Fenton process, and the electro-Fenton (EF) pro-
cess, are generally considered as the most effective
and ecologically friendly emerging approaches for
treating persistent organic pollutants present at low
concentrations in natural waters [6-12].

As a substitute to atrazine, which is a herbi-
cide widely used for the protection of corn crops
and banned in European countries in 2003, a new
triketone (TRK) class of selective herbicides, in-
cluding essentially mesotrione and sulcotrione, has
been developed and marketed in the 2000s, in or-
der to control a wide range of grasses and broad-
leaf weeds in corn crops [13, 14]. In the framework

of the development of efficient water-treatment
methods, the degradation of sulcotrione and/or me-
sotrione has been described in recent years by sev-
eral AOPs, such as photolysis, EF, Fenton's rea-
gent, and ozonation [13-17]. In particular, we have
recently investigated, using the EF process in acid-
ic aqueous solutions, the degradation reactions of
both TRK herbicides, which obeyed apparent first-
order kinetics, and we have performed a pre-
liminary identification study of the formed main
cyclic or aromatic TRK by-products, and we have
also examined the mineralization of aqueous solu-
tions of sulcotrione and mesotrione in terms of to-
tal organic carbon [16]. However, the detailed
identification of the TRK by-products has not been
carried out, and the degradation pathway of sulco-
trione and mesotrione during the EF process is still
unknown. Moreover, a very important point for the
practical application of AOPs for water treatment
is the evolution of the toxicity of both TRK herbi-
cides. Until now, only one study concerning the
potential toxicity of sulcotrione and mesotrione
and their degradation products toward two micro-
organisms, including Tetrahymena pyriformis and
Vibrio fischeri (Microtox test), has been reported
by Bonnet et al. [18], who found that most of the
degradation products showed a greater toxicity
than the parent molecules.

In the present work, we chose to investigate
the reactivity of mesotrione, the newest member of
the triketone class of herbicides, during the electro-
chemical advanced oxidation processes (EAOPS)
using three different systems, namely anodic oxi-
dation with BDD anode (AO), classical EF with Pt
anode (EF-Pt), and EF with a boron-doped diamond
anode (EF-BDD), under several experimental con-
ditions. Our main goals were to identify the vari-
ous mesotrione degradation products, to propose a
rationalized scheme for the mesotrione degradation
pathways during the electro-Fenton process, to
study the extent and evolution of the mesotrione
mineralization process, and to assess the evolution
of the general toxicity of mesotrione solution and
its oxidation intermediates during treatment by the
above-mentioned EAOPs.
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2. EXPERIMENTAL
2.1. Reagents and chemicals

Mesotrione (2-[2-nitro-4(methylsulfonyl)ben-
zoyl]-1,3-cyclohexanedione), Pestanal® grade, was
purchased from Riedel-de-Haén, and used as re-
ceived. Cyclohexane 1,3-dione (CHD) and (2-
chloro-4-methylsulfonyl) benzoic acid (CMBA)
were obtained from Acros Organics France. 4-(meth-
ylsulfonyl)-2-nitro-benzoic acid (MNBA) was pur-
chased from Fluorochem. Inorganic reagents such
as Na,SO,, ammonium iron(l1) sulfate hexahydrate
[Mohr salt, Fe(NH.)»(SO.),-6H,0] as Fe** source
(catalyst), HsPO,, Na,COz; and NaHCO; were
supplied by Aldrich. All mesotrione aqueous solu-
tions were prepared with pure water obtained from
a Millipore Simplicity 185 system.

2.2. Electrochemical cell

For the EAOPs applied in this study, the
electrolyses were performed as described previously
[19] in a small, open, cylindrical, one-compartment
electrochemical cell of 6-cm diameter and 250 ml
capacity in which the herbicide agqueous solutions
were placed. Either a cylindrical Pt mesh or a
25 cm? BDD electrode (BDD thin-film deposited
on a niobium substrate from CONDIAS GmbH,
Germany) was used as the anode, and a large sur-
face carbon-felt (14 cm x 5 cm each side, 0.5 cm
width — Carbone Lorraine) as the cathode. In all cas-
es, the anode was centered in the electrochemical
cell and was surrounded by the cathode, which
covered the inner wall of the cell. H,O, was pro-
duced from reduction of O, dissolved in the solu-
tion. Continuous saturation of this gas at atmospher-
ic pressure was ensured by bubbling compressed air
that had been passed through a frit at about 1 |
min*, starting 10 min before the electrolysis to
reach a stationary O, concentration.

The mesotrione agueous solutions submitted
to electrolysis contained 0.1 mM Fe?" as catalyst
and 0.05 M Na,SO, as supporting electrolyte, and
were investigated at pH 3.0 and at room temper-
ature (23 + 2 °C), by applying a constant electrol-
ysis current intensity (1) in the range 50-1000 mA.
Indeed, pH 3.0 is considered as the optimum pH
value for the Fenton’s reaction, and the use of a
Fe?* concentration of 0.1 mM is recommended as
the catalyst optimum amount to realize the electro-
Fenton process with a minimized contribution of
parasitic reactions [9]. All trials were performed
with 220 ml solutions, vigorously stirred by a
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magnetic PTFE bar during the treatment to en-
hance the mass transport towards the electrodes.

2.3. Electrolysis and mineralization procedures

The electrolyses were performed with a
Hameg HM8040 triple power supply at constant
current. This instrument also displayed the cell
voltage during the treatments. The solution pH was
measured with a CyberScan pH 1500 pH-meter
from Eutech Instruments. The mineralization of the
mesotrione solutions was assessed from the decay
of their dissolved organic carbon, assumed to be
the total organic carbon (TOC) when treating a
highly water-soluble organic compound, such as
this herbicide. The corresponding analytical para-
meters were determined on a Shimadzu VCSH
TOC analyzer. Samples withdrawn from the
treated solutions at different electrolysis times
were micro-filtered onto a hydrophilic membrane
(Millex-GV Millipore, pore size 0.22 pum) before
analysis. Reproducible TOC values with + 2% ac-
curacy were found using the non-purgeable organic
carbon method.

2.4. Kinetic procedures

The mesotrione degradation kinetics were
followed by reversed-phase HPLC using a Merck
Lachrom liquid chromatograph equipped with a
L-7100 pump, fitted with a Purospher RP-18, 5
um, 25 cm x 4.6 mm (i.d.) column at 40 °C, and
coupled with a L-7455 photodiode array detector
selected at the optimum wavelength of 256 nm.
The HPLC system was controlled with an EZCh-
rom Elite 3.1 software. The study of the meso-
trione decay, as well as the experiments involving
the determination of the absolute rate constant with
4-hydroxybenzoic acid (4-HBA), were carried out
isocratically with a 1% HsPO, methanol/water
40:60 (V/V) mixture as mobile phase. A flow rate
of 0.8 ml min* and an injection volume of 20 ul
were utilized. The corresponding mesotrione reten-
tion time (tg) was 12.5 min. The standard solutions
used to establish the calibration curves of meso-
trione were prepared in a methanol/water medium.

2.5. LC/DAD/ESI-MS" analysis
of the degradation products

The mesotrione degradation products were
identified by LC-MS/MS analysis. Liquid chro-
matographic separations were carried out on a 150
mm x 4.6 mm, 5 pm XDB-C18 Eclipse column
(Agilent, USA). The mobile phase consisted of two
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solvents: water-formic acid (1%) (A) and methanol
(B). A linear gradient starting with 10% B (0-5
min) was used to reach 50% B at 20 min and 75%
B at 30 min and back to 10% B at 35 min. The
flow rate was 0.8 ml min™* and the injection vol-
ume 30 ul. The LC system was equipped with an
Agilent 1100 series diode array detector (DAD)
and a mass detector in series (Agilent Tech-
nologies, Waldbronn, Germany), which consisted
of a G1312A binary pump, a G1313A auto-sampler,
a G1322A degasser, and a G1315B photo-diode
array detector, controlled by ChemStation software
(Agilent, v.08.03). Spectral data from all peaks
were accumulated in the range: 2 = 190-600 nm,
and the chromatograms were recorded at A = 230,
254, 270, and 300 nm. The mass detector was a
G2445A lon-Trap Mass Spectrometer (MS)
equipped with an electrospray ionization (ESI) sys-
tem operated in the negative mode and controlled
by LCMSD software (Agilent, v.6.1.). Nitrogen
was used as nebulizing gas at a pressure of 50 psi
and the flow rate was adjusted to 12 | min™. The
heated capillary and the voltage were maintained at
350 °C and 4 kV, respectively. The full scan mass
covered the range from m/z 15-500. Collision-
induced fragmentation experiments were per-
formed in the ion trap using helium as collision
gas, with a voltage ramping cycle from 0.3 up to 2
V. The maximum accumulation time of ion trap
and the number of MS repetitions to obtain the MS
average spectra were set at 300 ms and 5, respec-
tively. The MS spectra were collected in the posi-
tive and negative ion modes, but since for most of
the compounds the negative ion mode was more
efficient, sensitive, and selective than the positive
ion mode, we only present the MS spectra obtained
in the negative ion mode.

2.6. Chromatographic analysis
of the short-chain carboxylic acids

Generated short-chain carboxylic acids were
identified and quantified by ion-exclusion HPLC
using an Alltech liquid chromatograph equipped
with a Model 426 pump, fitted with a Supelcogel
H, 9 um, 25 cm x 4.6 mm (i.d.), column (Supelco)
at room temperature, and coupled with a Dionex
AD20 UV detector selected at A =220 nm. A 0.1%
H3PO, solution was used as the mobile phase at a
flow rate of 0.5 ml min'!, and the injection volume
was 50 ul. The measurements were controlled
through Chromeleon SE software. The identification
of short-chain carboxylic acids was carried out by
comparing the tg and UV spectra with those of pure
standards.

2.7. Toxicity measurements

The toxicity of mesotrione and of its de-
gradation products was measured on samples col-
lected at different times of treatment by the EF
process. We selected the Microtox®™ method, based
on the determination of the bioluminescence of the
bacteria Vibrio fischeri. These toxicity measure-
ments were performed with a luminometer Ber-
thold Autolumat Plus LB 953, according to the
international procedure (OIN 11348-3). The bi-
oluminescent bacteria and a bacteria activation
reagent, LCK 487 LUMISTOX, were provided by
Hach Lange France SAS. All bioluminescence
measurements were realized on solutions con-
taining an initial mesotrione concentration of
co = 0.1 mM (33.9 mg I'"), which were electro-
lyzed at a constant current intensity value 1 = 1000
mA, and on a blank (c, = 0 mM). In all cases, the
bioluminescence intensity of Vibrio fischeri bacte-
ria was measured after 5 and 15 min of exposure to
the samples of treated mesotrione solutions at
22 + 2 °C. The procedure of the toxicity measure-
ments, which included five steps, has been de-
scribed in detail in a previous paper [20].

3. RESULTS AND DISCUSSION

3.1. Kinetic study of the mesotrione degradation

3.1.1. Mesotrione degradation kinetic
characteristics

We performed the oxidative degradation Ki-
netics experiments of the herbicide mesotrione,
occurring during the electro-Fenton process, at
room temperature in diluted acidic (pH = 3.0)
aqueous solutions (mesotrione initial concentration
= 0.1 mM), containing catalytic amount of ferrous
ions ([Fe**] = 0.1 mM) and 50 mM Na,SO,. Decay
of the initial herbicide concentration was moni-
tored by HPLC. All kinetic curves of mesotrione
degradation, obtained with several EAOP systems,
including AO, EF-Pt, and EF-BDD, for | = 50,
100, 200, 300, and 500 mA, were characterized by
a regular and rather fast exponential herbicide con-
centration decrease with the electrolysis time (Fig-
ure 1). As we previously indicated, we observed
analogous kinetic curves for the sulcotrione degra-
dation during the electro-Fenton process, utilizing
the same EAOP systems [16]. Similar to sulco-
trione, mesotrione was quasi-completely removed
within about 5-20 min, depending on the applied
current intensity and the EAOP system. Moreover,
we found that the mesotrione degradation rate sig-
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nificantly increased with the applied current inten-
sity value, the herbicide removal time being mod-
erately shorter with the EF-BDD system than with
the EF-Pt system. These results suggest that the
efficiency of the mesotrione removal increases in
the presence of a more intense electrolysis current,
and with a BDD electrode. We explain the ob-
served degradation rate increase with the applied

01 =

current intensity by the H,O, production rate in-
crease and the acceleration of the catalytic cycle
Fe**/Fe*, on the one hand, and by the acceleration
of the BDD (-OH) formed at the surface of the
BDD anode on the other hand. This should yield an
enhancement of the -OH radicals formation rate
and, therefore, an increase of the mesotrione oxida-
tion rate.
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[Mesotrione] / mM

0.02

0.08 A

0.06 -
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Fig. 1. Effect of the current intensity (1) on the degradation kinetics of mesotrione (c, = 0.1 mM) in aqueous solution by the
-OH radicals formed during the treatment by various electrochemical advanced oxidation processes (EAOPs):
() EF-Pt, (b) OA, and (c) EF-BDD. | (mA): 50 (-x-), 100 (-m-), 200 (-e-), 300 (- A -), and 500 (-4-).
[Fe*"1= 0.1 mM, pH = 3.0, [Na,SO,] = 50 mM
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3.1.2. Evaluation of the mesotrione hydroxylation
absolute rate constant

As previously described in detail [16], we
evaluated the absolute rate constant of the hydrox-
ylation reaction between mesotrione (Mesot) and
‘OH radicals (Kasovesory) DY the method of compe-
tition Kinetics with a reference compound, namely
4-HBA (4-hydroxybenzoic acid), for which the
corresponding hydroxylation absolute rate constant
is well documented (Kapsa-a) = 1.63 x 10° M 's™)
[21].

Under the above-mentioned standard exper-
imental conditions, the concentration of hydroxyl
radicals could be considered as practically con-
stant, and the quasi-stationary state kinetic hypo-
thesis was applied to their concentration. Conse-
quently, we assumed that the hydroxylation reaction
of mesotrione and 4-HBA with -OH obeyed a pseu-
do-first-order kinetic.

We measured the kinetics of the competitive
decay of 4-HBA and mesotrione under standard
experimental conditions and in the presence of
equal concentrations of mesotrione and 4-HBA.
For these kinetic measurements, we considered the

first 20 min of the electro-Fenton treatment, as-
suming first-order kinetics and no side-reactions of
mesotrione or of 4-HBA. Under these conditions, the
apparent rate constants of mesotrione [Kappmeson] and
of 4-HBA [Kypa-+Ba)] Were given by the slopes of the
corresponding straight lines of In(cy/c) = f(t) plot
(Figure 2). Kappmesoy and Kappaneay Were found to be
0.070 min * and 0.188 min*, respectively.

Combination of the pseudo-first-order inte-
grated kinetic equations allowed us to calculate the
hydroxylation absolute rate constant of mesotrione
as follows:

kabs(Mesot) = I(abs(zl-HBA) X (kapp(lillesolt)/ kapp(A-HBA)) =

820x 10°M's

Also, it is interesting to note that the abso-
lute rate constant value of mesotrione is large,
which again confirms the very high reactivity of
hydroxyl radicals towards mesotrione herbicide, in
good agreement with Kkinetic data previously re-
ported for the oxidation of other organic pollutants
[16, 22-25].

4
3 _
5]
S 21
=
1 y =0.0704x
R? = 0.9975

15 20 25

t/min

Fig. 2. Determination of the rate constant, kas(Mesot/-OH) from apparent rate constants (Kqp) by using the competitive
kinetic method. (-m-) Mesotrione, (- A -): 4-HBA. Operating conditions: [Mesotrione] = [4-HBA] = 0.1 mM, | =50 mA,
[Fe*] = 0.1 mM, pH = 3.0, [Na,SO,] = 50 MM. Kapsqvesony = 8.2 x 10°M s

3.2. ldentification of mesotrione degradation
products and proposed reaction pathways

In order to elucidate the mesotrione de-
gradation mechanism, it was necessary to precisely
identify the primary by-products formed during the
initial part of the electro-Fenton process. The iden-
tification of these degradation products also consti-

tutes the key to improving the electro-Fenton
process overall efficiency, and to developing poss-
ible application for water treatment. Indeed, in
general, hydroxyl radicals are reacting non-selec-
tively, and, therefore, a number of by-products are
formed at relatively low concentration levels. We
identified the main mesotrione degradation products
by LC/DAD/ESI-MS" analysis.
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In the first part of this analysis, we deter-
mined the number of main mesotrione degradation
products, and we investigated the evolution with
the electrolysis time of mesotrione and its degrada-
tion products by HPLC-DAD. The HPLC-DAD
chromatograms (recorded at 2 = 254 nm) of several
samples of treated mesotrione solutions, collected
at electrolysis times of 10, 20, 30, and 45 min dur-
ing the electro-Fenton process, indicated the pres-
ence of at least fifteen peaks corresponding to me-
sotrione and various formed by-products. As ex-
pected, we observed a marked evolution of the rel-
ative intensity of the HPLC-DAD peaks with the
electrolysis time. For example, the peak of meso-
trione strongly diminished from 10 to 20 min of
electrolysis and practically disappeared after 45
min, whereas the peaks of the by-products evolved
quite regularly with time. This behavior is in good
accordance with our results previously obtained for
the EF degradation of mesotrione and sulcotrione
[16].

We also recorded the HPLC-DAD chro-
matograms, obtained at two different wavelengths
(4 = 254 and 300 nm), after 30 min of electrolysis,
and showed the presence of fifteen peaks attributed
to mesotrione and to fourteen degradation products
(I-X1V), tentatively identified by high perfor-
mance liquid chromategraphy-mass spectrometry
(HPLC-MS) analysis (Figure 3). As already stated,
it is apparent from these chromatograms that, after
30 min, the relative intensity of the peak corres-
ponding to mesotrione (peak M) was much smaller
than those measured for shorter electrolysis times,
which indicated that mesotrione underwent a very
important degradation during the EF process.
Another important point is that the relative intensi-
ties of the HPLC-DAD peaks considerably varied
according to the selected UV wavelength, which
may be explained by the differences of maximum
UV absorption wavelengths and molar absorption
coefficients of the various by-products.

mAU

80 1

XV

XXl

60 1

(0)]

20 A1

@)

Vil

0 5 10

20 25 tr/min

Fig. 3. HPLC-DAD chromatograms, obtained at two different absorption wavelengths, 254 nm (curve a) and 300 nm (curve b).
Both chromatograms were performed on mesotrione solution samples collected at a 30 min electrolysis time.
For peak numbers, see Table 1: Peak M corresponds to mesotrione

Secondly, in order to identify the mesotrione
by-products, we analyzed the MS? spectra for me-
sotrione and each of the fourteen EF degradation
products (Figure 4). We also summarize in Table 1
the retention times (tg) and the UV absorption
maxima, as well as the MS and MS? molec-
ular/fragment masses and the HPLC-MS peak rela-
tive areas in the negative ionization mode, for meso-
trione and for each of the fourteen EF degradation
products. The molecular structure of mesotrione was
confirmed with an authentic sample, while that of the
by-products was only determined from their mass
fragmentation spectra. Among these fourteen com-
pounds, eleven were identified with certainty, whe-
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reas the four others, including compounds I, II, 1lI,
and V could not be identified unambiguously.

Careful inspection of the identified meso-
trione degradation products confirmed the pres-
ence, at small concentrations, of two by-products,
namely VIII  (4-(methylsulfonyl)-2-nitrobenzoic
acid, MNBA) and XIV (cyclohexane 1,3-dione,
CHD), already identified in our previous paper
[16], and of two other, more abundant compounds,
including X (1-nitro-3-methylsulfonylphenol) and
XI (1-nitro-3-methylsulfonylbenzene), all of them
being attributed to classical oxidation by -OH EF
processes of mesotrione (oxidative dissociation
products) (Table 1 and Figure 4).
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Fig. 4. MS? spectra for mesotrione (M) and the identified degradation products of the electro-Fenton process.
The proposed molecular structure of the numbered by-products is given for each spectrum.
The mesotrione molecular structure was also confirmed with an authentic sample.

Besides that, surprisingly, several other rela-
tively abundant by-products, such as a hydroxyla-
mine derivative of mesotrione (2-[2-hydroxylamino-
4 (methylsulfonyl)benzoyl]-1,3-cyclohexanedione,
IV), a 2,1-benzisoxazole-like mesotrione derivative
(VII), and 2-amino-4-methylsulfonylbenzoic acid
(AMBA, X) (Table 1 and Figure 4), clearly resulted
from an EF degradation process involving cathodic
reduction of the mesotrione nitro substituent, in con-
trast with previous other EF studies, in which a do-
minant hydroxyl oxidation mechanism of aromatic
substituents was generally accepted and no cathodic
reduction process was found [9, 10, 26]. However,
our present results appear to be in agreement with a
recent paper reporting the mechanism and perfor-
mance of 2,4,6-trinitro-toluene (TNT) removal from
contaminated water using the EF process [27]. In
this work, the authors proposed a degradation
scheme showing a complex alternation of oxida-
tion and reduction processes of the nitro moieties,
evidencing the importance of the electrochemical
reduction in the whole EF process [27]. Moreover,
it is interesting to mention that, similar to our re-
sults involving mesotrione EF reduction, several
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researchers reported the occurrence of several by-
products (or metabolites) during mesotrione reac-
tions of biodegradation and environmental trans-
formation, due to the mesotrione hydroxylation
and nitro group reduction, such as the mesotrione
hydroxylamine derivative (IV), the 2,1-benz-
isoxazole-like mesotrione derivative (VII), and AM-
BA (X) [15, 28-31].

Finally, it is worthwhile to note that the domi-
nant HPLC peaks in the samples of mesotrione solu-
tions, collected at an electrolysis time of 45 min dur-
ing the EF process, corresponded to 1-(methylsul-
fonyl)-3-nitrobenzene (XI), 2-amino-4-(methylsulfo-
nyl) benzoic acid (X), and two dicarboxylic acids (2-
hydroxy-hexane-1,6-dioic acid, XII, and butane-1,4-
dioic acid, XIII). Moreover, we could not detect any
hydroxyl-substituted aromatic by-products, possibly
due to the substitution of nitro, nitroso, or methylsul-
fonyl groups by hydroxyl radicals.

Based on the major degradation products
identified by LC-MS", we were able to propose
rationalized reaction pathways for the degradation
of mesotrione under electro-Fenton conditions (Fi-
gure 5).
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Table 1

HPLC, UV spectra and MS data for mesotrione (M) and its fourteen degradation products (I-XIV), tentatively identified by MS?
in the EF reaction mixtures

Relative area (%)°

Compound®  tg/min UV max”® MW* [M-H]”  MS? fragments® Formula VET 30 M30 TS
| 18.7 234, 328 373 372 354, 266 1.8 2.5 4.8 7.3
] 18.5 254, 232 359 358 296, 214, 170 CH16NO,S ND' 2.0 2.0 2.1
11 22.7 256 355 354 336, 307, 228 C14H13NOgS 1.1 0.6 0.4 ND'
M 22.9 250, 302 339 338 291, 212 C14H13NO4S 8.7 2.1 1.6 0.3
AV 17.3 232, 254, 354 325 324 306, 280 C14H15NOgS 0.3 0.9 2.8 4.4
\Y 28.9 230, 280 325 324 306, 289, 227 C14H15NOgS 2.6 2.5 2.3 0.4
Vi 16.0 236, 262, 330 323 322 304, 278 Cy4H13NOGS 0.8 1.0 0.6 0.4
Vi 18.2 248, 320 307 306 289, 262, 243, 227 C14H13NOsS 30.3 22.2 17.7 4.0
Vil 7.0 258, 302 245 244 200, 170 CgH;NOgS 15 1.8 2.5 4.9
IX 15.0 248, 302 217 216 200, 170 C/H;NOsS 5.4 5.4 5.1 3.9
X 14.7 232, 250, 354 215 214 170, 155 CgHgNO,S 27.0 26.1 21.9 20.1
XI 6.8 236 201 200 170, 136 C/H;NO,S 4.2 6.5 6.7 19.1
XIl 3.9 236, 306 160 159 115,59 CgHgOs 12.4 21.0 23.1 22.0
X1 5.6 278, 304 132 131 113, 87 CsHgO,4 3.7 4.9 8.2 10.2
XIV 3.1 302 113 112 — CgHgO, 0.2 0.2 0.3 0.7

M = mesotrione, IV = mesotrione hydroxylamine derivative; VI = 2-[4-(methylsulfonyl)-2-nitrosobenzoyl]cyclohexane-1,3-dione; VII = 2,1-benzisoxazole like mesotrione deriva-
tive, VIII = 4-(methylsulfonyl)-2-nitrobenzoic acid, 1X = 1-nitro-3-methylsulfonylphenol, X = 4-(methylsulfonyl)-2-aminobenzoic acid, XI = 1-(methylsulfonyl)-3-nitrobenzene,

XI11 = 2-hydroxyhexanedioic acid, X111 = pentanedioic acid, XIV = cyclohexane-1,3-dione. Compounds I, 11, 111 and V could not be identified with certainty by the available MS" me-
thod.

PMaximum wavelengths of the UV absorption spectra for each compound;

‘MW = molecular weight obtained from MS;

Numbers in bold indicate the most abundant ion;

®The relative areas of HPLC peaks were measured for mesotrione solution samples obtained after electrolysis times of 10 min (M-10), 20 min (M-20), 30 min (M-30),
and 45 min (M-45);

ND = not detected

0€T
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As can be seen in the Figure 5, the mesotrione
degradation seemed to follow two main competitive
reaction pathways, namely A, constituting successive
steps of mesotrione oxidation, fragmentation, and
hydroxylation, and B, essentially attributed to the
cathodic reduction of the mesotrione nitro moiety.
These reaction pathways A and B led, respectively,
to the formation of the corresponding nitro- and

XV 112

amino-benzene-substituted derivatives. The two
corresponding dicarboxylic acids were obtained by
oxidative degradation of the cyclohexadione moie-
ty of mesotrione, whereas the amino-aromatic
substituted derivative (AMBA, X), was formed by
reductive transformation of the NO, moiety
through the formation of intermediates bearing NO
and NHOH groups, and involving 6e /6H" [27].

\

o] O—NH

(0]
HOM
OH (¢]

XI11159 (or isomers)

XI1131

O” ‘CHs3
VI1 306

J 15

X214

Fig. 5. Scheme of the reaction pathways, based on the identified major by-products, proposed for the degradation
of mesotrione under the electro-Fenton (EF-BDD) conditions.
M = mesotrione, 1V = mesotrione hydroxylamine derivative;
VI = 2-[4-(methylsulfonyl)-2-nitrosobenzoyl]cyclohexane-1,3-dione;
VIl = 2,1-benzisoxazole-like mesotrione derivative,
VI = 4-(methylsulfonyl)-2-nitrobenzoic acid, IX = 1-nitro-3-methylsulfonylphenol,

X = 4-(methylsulfonyl)-2-aminobenzoic acid, XI

= 1-(methylsulfonyl)-3-nitrobenzene,

X1l = 2-hydroxyhexanedioic acid, X111 = pentanedioic acid, X1V = cyclohexane-1,3-dione

3.3. Study of the mineralization process

To investigate the extent and evolution of the
mineralization process, we performed electrolysis of
mesotrione acidic aqueous solutions during 8 h, and
we measured the total organic carbon (TOC) evolu-
tion with electrolysis time. The curves of [TOC] = f
(electrolysis time), obtained with the three different
EAOP systems, namely EF-Pt, AO, and EF-BDD,
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at various electrolysis current intensity values (I =
50-1000 mA) and under the above-described op-
timal conditions (mesotrione initial concentration ¢,
= 0.1 mM; [Fe**] = 0.1 mM; pH = 3.0; [NaSO,] =
50 mM) are presented in Figure 6. As can be seen, a
progressive decrease of TOC takes place with elec-
trolysis time for all the EAOP systems. The decay
rates were significantly faster for the EF-BDD and
AO systems than for the EF-Pt system, and in-
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creased with the current intensity value, as pre-
viously observed in the case of sulcotrione minera-
lization [16]. The mineralization vyield values
ranged between about 58% to 97% for a 6-h electro-
lysis time according to the type of EAOP system
and the electrolysis current intensity value.

Under these conditions, the organic matter
still present in the solution was essentially con-
stituted of short-chain carboxylic acids. The minera-

lization rate, which was high at the beginning of the
EAOP treatments, decreased progressively with the
electrolysis time, reaching a plateau towards the end
of the treatments. This rate decrease can be attributed
to the transformation of the various identified cyclic or
aromatic by-products into short-chain carboxylic acids
by ring-opening reactions, as previously shown for the
EF treatment of several other pesticides [9, 10, 32—
34].
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Fig. 6. Effect of the applied current on the mineralization kinetics of a mesotrione aqueous solution (¢, = 0.1 mM)
by the -OH radicals generated during the EAOPs treatment: (a) EF-Pt, (b) AO, and (c) EF-BDD.
I (mA): 50 (-x-), 300 (-m-), 500 (- A -), and 1000 (-#-).
[Fe?"1= 0.1 mM, pH = 3.0, [NaSO,] = 50 mM
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3.4. Evolution of the formed short-chain
carboxylic acids

We also investigated the evolution of the
short-chain carboxylic acids generated during the
mineralization of mesotrione by applying EF-Pt
treatment.

Under our experimental conditions, we were
able to identify by ion-exclusion UV-HPLC analy-
sis the formation and disappearance of oxalic, py-
ruvic, acetic, and glycolic acids. Figure 7 shows
the evolution of the concentration of the various
short-chain carboxylic acids with time during the
EF-Pt treatment of a 0.1 mM mesotrione aqueous
solution. Oxalic acid reached a maximum concen-
tration of about 0.18 mM for a 120 min electrolysis
time, and was degraded by approximately 80%
within about 480 min, whereas pyruvic, acetic, and

0.2

glycolic acids attained much smaller maximum
concentrations of, respectively, about 0.018 mM
after approximately 12 min of electrolysis, 0.035
mM after a 123 min electrolysis time, and 0.022
mM after a 183 min electrolysis time. Then, these
three carboxylic acids were slowly degraded, reach-
ing a quasi-nil concentration within about 150 min
of treatment for pyruvic acid, and 480 min of
treatment for acetic and glycolic acids. As de-
scribed in our previous study concerning the mine-
ralization of sulcotrione, the formation and evolu-
tion of the same short-chain carboxylic acids with
time followed an analogous behavior [16]. It is
worthwhile to note that the formation of this type
of carboxylic acids has been already demonstrated
in the mineralization of acidic aqueous solutions of
other aromatic herbicides, using the EF reaction [9,
10, 25, 33].

0.16

0.12 A1

0.08 -

[Carboxylic acid] / mM

0.04 1

0 100

300 400
t/ min

Fig. 7. Evolution of the concentration of generated short-chain carboxylic acids:
(-#-) oxalic, (-m-) pyruvic, (-e-) acetic, and (- A -) glycolic, as a function of time
during the EF-Pt treatment of a 0.1 mM mesotrione aqueous solution.

I =300 mA, [Fe®*] = 0.1 mM, pH = 3.0, [NaSO,] = 50 mM

3.5. Evolution of the toxicity of mesotrione
and its by-products

We studied the evolution of the toxicity of
mesotrione toward Vibrio fischeri luminescent bac-
teria with the electrolysis time under EF treatment.
We submitted 0.1 mM mesotrione aqueous solu-
tions to either the EF-Pt or the EF-BDD system, by
applying a constant current intensity value | =
1000 mA. The curves of the percentage of bacteria
luminescence inhibition versus electrolysis time
(curves % Inhibition vs. t) were obtained after ex-
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posure times of 5 and 15 min of luminescent bacte-
ria to the mesotrione solutions, treated with either
the EF-BDD (Figure 8, curves a) or the EF-Pt-
systems (Figure 8, curves b). For both EAOP sys-
tems, the obtained curves were similar. In the case
of the EF-BDD system, these curves displayed
three successive parts. In the initial part, a strong
increase of the bacteria luminescence inhibition
occurred from about 23% to 100%. Then, a plateau
was reached for electrolysis times ranging between
about 80-120 and 80-180 min, respectively, after
5 min and 15 min of bacterial exposure, followed
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by a slower decrease until attaining a luminescence
inhibition percentage value close to 0% for t ~500
min (Figure 8, curves a). In the case of the EF-Pt
system, the curves % Inhibition vs. t presented an
analogous shape, with an initial strong increase of
the luminescence inhibition from about 20% to
95%, followed by a plateau region for electrolysis
times ranging between about 80 and 110 min, after
bacterial exposure times of 5 and 15 min, and by a
relatively slow decrease until practically reaching a
nil luminescence inhibition percentage value for t
~600 min (Figure 8, curves b).

For all curves under EF-BDD or EF-Pt con-
ditions, the observed important initial increase of
luminescence inhibition, taking place during the
first part of electrolysis (0—80 min), could be attri-
buted to one (or several) formed by-product(s) be-
ing much more toxic than the parent molecule. The

wide plateau region of luminescence inhibition, in
the range 80-180 min, according to the EAOP sys-
tem and exposure time value, probably resulted
from the complex concomitant partial accumula-
tion and degradation of the various by-products in
the reaction medium during the above-described
reaction pathways (Figure 5). Indeed, very proba-
bly these mesotrione degradation products pos-
sessed more or less strong specific toxicities, be-
cause of their different molecular structures. Final-
ly, the slow decrease of luminescence inhibition
occurring between about 200 and 500 min of elec-
trolysis could be explained by the progressive for-
mation and disappearance of moderately toxic,
short-chain carboxylic acids and the quasi-
complete mesotrione mineralization.
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Fig. 8. Curves of Vibrio fischeri bacteria luminescence inhibition vs. electrolysis time, during
the electro-Fenton treatment of mesotrione aqueous solutions after exposure times of 5 min (4) and 15 min (m).
Curve (a): EF-BDD system; curve (b): EF-Pt system. [Mesotrione]o = 0.1 mM. [Fe?"] = 0.1 mM.
[Na,SO4] = 50 mM, pH = 3.0, | = 1000 mA
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Our interpretation of the global toxicity evo-
lution of EF-treated mesotrione solutions, especial-
ly the initial strong increase in toxicity, which we
attributed to the formation of one (or several) by-
product(s) much more toxic than the parent mole-
cule, was satisfactorily supported by the study of
Bonnet et al. [18] on the toxicity of mesotrione,
sulcotrione, and their degradation products toward
V. fischeri bacteria. Indeed, these authors found
that some of the mesotrione degradation products
exhibited a greater toxicity than the parent mole-
cule. For example, AMBA was much more toxic
(Microtox ICso = 12.6 + 3.0 mg ') than meso-
trione (Microtox ICs, = 69.2 + 4.0 mg I™%), while
MNBA was less toxic (Microtox 1Cs = 312.7 +
35.5 mg I'") than the parent molecule [18]. We
have also observed this behavior in the case of di-
uron, another herbicide, for which the oxidation
intermediates were significantly more toxic than
the parent compound [35]. It is worthwhile to note
that, according to our own HPLC-MS" analysis,
AMBA — the most toxic degradation product — was
one of the most abundant by-products among those
identified in the mesotrione reaction medium under
EF conditions (Table 1). Therefore, our toxicity
results appeared to be in good agreement with oth-
er literature studies of toxicity assessment [18,
20, 35].

4. CONCLUSION

In this work, we have investigated the de-
gradation Kinetics of the herbicide mesotrione in
acidic aqueous solutions (pH = 3) by using three
EAOPs, including EF-Pt, EF-boron-doped di-
amond (EF-BDD), and anodic oxidation (AO) with
a BDD anode. We have shown that the degradation
rate significantly increased with the applied current
intensity and that the herbicide removal time was
notably shorter with the EF-BDD system rather
than with the EF-Pt system. By the competition
kinetics method using equal initial concentrations of
mesotrione and 4-hydroxybenzoic acid, we have de-
termined a relatively high absolute rate constant val-
ue of 8.20 x 10® I mol™ s™* for the reaction of meso-
trione with -OH radicals. Another important point of
our study is that we have been able to separate
fourteen mesotrione degradation products formed
during the EF treatment, and to identify with cer-
tainty by LC/DAD/ESI-MS" analysis eleven of them,
which were more or less abundant in the EF-treated
mesotrione solutions. Also, this LC/DAD/ESI-MS"
analysis of mesotrione by-products has allowed us
to propose an original EF-BDD degradation scheme
of mesotrione, which exhibited a complex alterna-
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tion of oxidation and reduction pathways, involv-
ing competitive steps of anodic oxidation, frag-
mentation, and aromatic hydroxylation, on the one
hand, and of cathodic reduction of the mesotrione
nitro moiety on the other. We have also demon-
strated that the complete mineralization process of
mesotrione, resulting from the EF treatment, took
place during about 8 hours, and was characterized
by the formation and disappearance of several
short-chain carboxylic acids, including oxalic, py-
ruvic, acetic, and glycolic acids. Our study on the
toxicity of mesotrione solutions submitted to the
EF-Pt or the EF-BDD systems, based on the bi-
oluminescence Microtox® method, revealed an
evolution of the global toxicity characterized by
three successive parts in the curves of lumines-
cence inhibition vs. electrolysis time. In succes-
sion, there was a strong luminescence inhibition
increase due to the formation of by-product(s)
more toxic than mesotrione, a plateau due to a
complex concomitant partial accumulation and
degradation of variously toxic by-products, and a
slow luminescence inhibition decrease resulting
from the progressive formation and disappearance
of moderately toxic, short-chain carboxylic acids.
Overall, the quasi-complete disappearance of tox-
icity took place within several hours, which shows
the necessity of submitting the mesotrione aqueous
solutions to a relatively long EF treatment for effi-
cient mesotrione mineralization and water decon-
tamination.
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