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a b s t r a c t

This paper presents the degradation of imidacloprid by ozonation. Solutions of 39.0 �g/mL imidacloprid
were prepared either by dissolution of standard or by dilution of Gaucho Blé® seed loading solution and
then ozonated under different conditions. The concentration of imidacloprid and oxidation products in
both solutions was monitored by HPLC-UV as a function of the treatment time for a concentration of
100 g/m3 of ozone in the inlet gas. No significant difference was observed: in both cases, imidacloprid
degradation was a pseudo-first order reaction with similar reaction rates (0.129–0.147 min−1), degra-
eywords:
zone

midacloprid
astewater

eed loading solution
SI(+)-MS

dation by-products with the same HPLC retention times were observed and their concentrations as
a function of the treatment time followed a very similar trend. The study of ozone concentration in
the inlet gas (from 25 to 100 g/m3) showed that imidacloprid degradation is also a first-order reaction
with respect to ozone. The ozonation by-products were then collected and identified by ESI(+)-MS. A
degradation pathway of imidacloprid was finally proposed.
xidation products

. Introduction

Seeds are constantly threatened by a wide range of pests or
athogen agents at different steps of development: germination,
owing and growth. Consequently, to prevent any disease or attack,
eed producers currently treat seeds with water-based formula-
ions containing not only insecticides, fungicides and repellents but
lso colorants and sticking agents. Imidacloprid (Fig. 1 and Table 1),
neonicotinoid insecticide, is widely applied as a seed treatment

Gaucho®) to control sucking and biting insects (leafhoppers [1,2],
phids [2,3], thrips [4], whiteflies [5], . . .). It was first introduced in
991 for the treatment of corn [2,6], cereals [3,7,8], sunflower [9],
otton [10], . . .

Seed treatments are usually realized in batch or semi-batch
eactors to fulfill a fast and homogeneous treatment. After appli-
ation, reactors are generally rinsed with water. However, as the
mount of pesticides and colorants is very high in seed loading solu-
ions, the contamination and the colorization of the wastewater are

ramatic.

Consequently, to solve the problem of the pollution of agri-
ultural wastewaters by pesticides, various treatment processes

∗ Corresponding author. Tel.: +33 5 61 15 29 78; fax: +33 5 61 15 30 60.
E-mail address: frederic.violleau@purpan.fr (F. Violleau).
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have been studied: physical treatments (lined evaporative beds
and activated carbon adsorption), chemical treatments (photoly-
sis, hydrolysis and chemical oxidation) and biological treatment
like activated sludge, biobeds and constructed wetlands [11].

Ozonation, one of the chemical oxidation processes, has been
widely investigated for the removal of pesticides [12–15]. Cernigoj
et al. [16] studied the degradation of neonicotinoid insecticides but
only focused on the ozonation of an imidacloprid analog compound,
the thiacloprid. No process of single ozonation of imidacloprid has
been investigated yet so far. However, the photo degradation of imi-
dacloprid has been widely studied [17–21] and some degradation
products have been identified.

The present study reports the degradation by ozonation of imi-
dacloprid present in a seed loading solution. The aims of this work
were as follows: (i) to focus on the decomposition of pesticide;
(ii) to highlight the formation of oxidation products by identifying
some of them using ESI(+)-MS and (iii) to propose an imidacloprid
degradation pathway.

2. Materials and methods
2.1. Chemicals and solvents

Pestanal® grade standard of imidacloprid (>99.0% purity) were
purchased from Fluka (Seelze, Germany).

dx.doi.org/10.1016/j.jhazmat.2011.02.065
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:frederic.violleau@purpan.fr
dx.doi.org/10.1016/j.jhazmat.2011.02.065
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Fig. 1. Chemical structure of imidacloprid.

Acetonitrile (HPLC grade) was purchased from Carlo Erba
eagents-SDS (Val de Reuil, France). Ultrapure water (≥18 M� cm
esistivity) was obtained from Millipore Simplicity water system
Molsheim, France).

Trifluoroacetic acid (TFA) (ReagentPlus®, 99%) was supplied by
igma–Aldrich (Seelze, Germany).

Gaucho Blé® seed loading solution, containing imidacloprid (in
he concentration of 175 g/L) was supplied by Bayer Cropscience
Lyon, France). The concentration of imidacloprid in this solu-
ion was 175 g/L but it also contained other pesticides (bitertanol
nd anthraquinone respectively in the concentration of 37.5 and
25 g/L), colorants, sticking agents, etc.

.2. Preparation of aqueous solutions of pesticides

Imidacloprid (39.0 �g/mL, ca. 152.9 �M) solutions were pre-
ared after dissolution in ultrapure water–acetonitrile mixture
99:1, v/v). Acetonitrile was used to dissolve pesticides in the solu-
ion, as it has a low reactivity with ozone [22].

The seed loading solution was diluted in ultrapure
ater–acetonitrile mixture (99:1, v/v) to obtain a concentration of

midacloprid of 39.0 �g/mL.

.3. Ozonation of aqueous solutions of pesticides

A volume of 1.8 L of pesticide stock solution was introduced
n a 2-L semi-batch glass reactor and agitated at 400 rpm. A
tream of ozone–oxygen mixture gas was bubbled into the solu-
ion with a flow rate of 20 L/h and a concentration of ozone of
00 mg/L. Ozone was produced by Ozat CFS-1 ozone generator
Ozonia, Dubendorf, Switzerland) fed by dry pure oxygen (99.5%,
inde Gas). The inlet ozone concentration was continuously deter-
ined at 254 nm by UV photometer (BMT 961, BMT Messtechnik,

tahnsdorf, Germany). An overpressure of 200 mbar was main-
ained in the reactor to increase the dissolution of ozone in the
queous phase. Dissolved ozone concentration was determined by
he indigo colorimetric method [23]. Effluent gases from the reac-
or were vented to a thermal destruction system (350 ◦C). Aliquots
10 mL) of ozonated solutions were collected at different treatment

imes from 0 to 90 min. Residual ozone in aliquots was immediately
tripped to quench the reaction by bubbling pure nitrogen for 2 min.

able 1
hemical and physical properties of imidacloprid.

Nom Imidacloprid

Molecular formula C9H10ClN5O2

Molar mass 255.66 g mol−1

Melting point 144 ◦C
Solubility in water 610 mg L−1
us Materials 190 (2011) 60–68 61

2.4. Analysis and fraction collection of ozonated pesticide
solutions

Analysis and fraction collections of ozonated solutions were
performed thanks to an HPLC system equipped with a SRD-3400
vacuum membrane degasser, an HPG-3400RS high-pressure binary
pump, a WPS-3000TFC autosampler (6-port injection valve, 6-
port fractionation valve) and a TCC-3000RS column compartment
(Dionex, Sunnyvale, CA). Separations were performed on an ana-
lytical column (150 mm × 2.1 mm I.D., 1.7 �m particle size) Kinetex
C18 (Phenomenex, Torrance, CA) protected by a Krudkatcher Ultra
from Phenomenex (Torrance, CA) equipped with an integrated
0.5 �m 316 stainless steel filter element. Data acquisition and
processing were carried out with the Chromeleon version 6.80 soft-
ware (Dionex, Sunnyvale, CA). All components were detected by a
DAD-3000RS diode-array detector (Dionex, Sunnyvale, CA) at the
wavelengths of 200, 211, 254 and 270 nm. An aliquot of 20 �L was
injected into the HPLC system and eluted at 50 ◦C, with a flow rate
of 0.5 mL/min under the following gradient conditions, where A
is 0.1% TFA in ultrapure water and B is acetonitrile: t = 0 min, A–B
(95.1:4.9, v/v); t = 18 min, A–B (95.1:4.9, v/v); t = 19 min, A–B (20:80,
v/v); t = 29 min, A–B (20:80, v/v); t = 30 min, A–B (95.1:4.9, v/v);
t = 48 min, A–B (95.1:4.9, v/v).

Fraction collection was performed after detection of peaks at
the wavelength of 254 nm and completion of collection parameters
optimized to collect almost only the quantifiable compounds.

2.5. Identification of ozonation by-products

Structural characterization of the purified degradation products
was conducted on a LCQ quadrupole ion trap mass spectrometer
(Thermo Finnigan, Les Ulis, France) fitted with an electrospray ion-
ization source operated in the positive mode. Collected samples
were introduced into the ionization source by infusion at a flow
rate of 5 �L/min with a syringe pump. Operating parameters for
production and transmission of electrosprayed ions into the ion
trap analyzer were optimized for imidacloprid and applied to all
the other compounds: needle voltage 5.0 kV; heated capillary tem-
perature 240 ◦C; capillary voltage 23 V. The sheath gas and auxiliary
gas (nitrogen) flow rates were set to respectively 54 and 14 AU
(arbitrary units). All other parameters for MS2 and MS3 experi-
ments (isolation width, excitation voltage, excitation time) were
also adjusted to obtain maximum structural information concern-
ing the compounds of interest.

3. Results and discussion

3.1. Study of the decomposition of imidacloprid in aqueous
solution by ozonation

Experiments were conducted by ozonating a solution of stan-
dard and a seed loading solution with an initial imidacloprid
concentration of 39.0 �g/mL and a concentration of ozone of
100 g/m3 in the inlet gas. The degradation of imidacloprid in both
solutions was monitored by HPLC-DAD and the degradation yield
of the compound is summarized in Fig. 2.

It can be seen that the decomposition of imidacloprid started
immediately after the ozone was injected in the system. The
degradation of imidacloprid was not significantly different in
either solution. After 30 min of ozonation, the conversion of
imidacloprid was almost complete (superior to 98%) in both

solutions.

Then the reaction kinetic regime was investigated and the
kinetic order of the reaction was determined. As shown in Fig. 2, a
first order kinetic behavior was observed. Indeed, the variation of
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Fig. 2. Evolution of the degradation yield of imidacloprid by ozone in a standard
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olution (square) and a seed loading solution (triangle) as a function of the treatment
ime. The inset shows the linear transformation of ln(Cimid/C0

imid
) as a function of

zonation time for both solutions.

n(Cimid/C0
imid), where Cimid and C0

imid are respectively the concen-
ration of imidacloprid at any time and at the beginning, with time
as linear as the coefficients of determination for the degradation

f imidacloprid in both cases were superior to 97.9%. Reaction
ate constants were determined graphically and were respectively
.147 and 0.129 min−1 for the standard solution and the seed
oading solution, showing a very slight difference of the kinetic
etween the two types of solutions. Consequently, the decom-
osition of imidacloprid by ozonation in the diluted seed loading
olution did not appear to be limited by the competition of other

ig. 3. Chromatograms of ozonated imidacloprid solutions at the wavelength of 254 nm.
espectively after an ozonation time of 0, 25 and 90 min. (d), (e) and (f) represent the chrom
Fig. 4. Evolution of the area of imidacloprid ozonation by-products peaks detected
by HPLC-DAD (� = 254 nm) as a function of treatment time.

compounds (other pesticides like bitertanol and anthraquinone or
colorants, additives, etc.).

While imidacloprid was decomposed, several ozonation by-
products were formed. These products were monitored by their
HPLC peak retention times in standard solution and in diluted seed
loading solution. The different chromatograms obtained at succes-
sive ozonation times indicate that peaks with the same retention

times and with similar areas were formed in both solutions (Fig. 3).
The evolution of the major peaks (DP1, DP3, DP6, DP7, DP8, DP9,
DP11 and DP12) as a function of ozonation time is shown in Fig. 4
for the standard solution. All the peaks appeared as soon as the

(a), (b) and (c) represent the chromatograms of a standard solution of imidacloprid
atograms of a seed loading solution respectively after 0, 25 and 90 min of ozonation.
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Fig. 5. Evolution of the degradation yield of imidacloprid in a seed loading solu-
tion for three concentrations of ozone in the inlet gas: 100 g/m3 (triangle), 50 g/m3

(square) and 25 g/m3 (circle) as a function of the ozonation time. The inset shows
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6-chloronicotinaldehyde. Both products presented similar HPLC
he linear transformation of ln(Cimid/C0
imid

) as a function of treatment time for the 3
oncentrations.

zonation started and three degradation products DP1, DP7 and
P12 were rapidly predominant with areas greater than 7 mAU s
fter 20 min of ozonation. Areas of other by-products did not exceed
mAU s. Fig. 4 shows that almost all the major degradation prod-
cts, except DP8 and DP11, evolved in a similar way with the

ncreasing of their HPLC peaks areas in the first minutes of ozona-
ion to reach a maximum of concentration after 20–25 min. Then,
hese products were also decomposed by ozone to reach a peak
rea inferior to 4 mAU s. DP8 and DP11 showed a different evolu-
ion trend. The areas of both peaks increased all reaction long. The
rea of DP5 evolved in the same way as these of DP8 and DP11
data not shown because of the low area of DP5).

.2. Influence of the ozone concentration in the inlet gas on the
egradation of imidacloprid

Three different ozone concentrations (25, 50 and 100 g/m3)
ere adjusted in the inlet gas for the ozonation of a diluted

eed loading solution with an initial imidacloprid concentration
f 39.0 �g/mL. The degradation of imidacloprid was monitored for
reatment times from 0 to 90 min and shown in Fig. 5.

The decomposition of imidacloprid was complete after 90 min.
or the 50 and the 25 g/m3, the degradation yield was respectively
9.9 and 96.5% after 90 min whereas it was 99.8% for 100 g/m3 after
nly 45 min of ozonation (no imidacloprid was detected for supe-
ior ozonation times). Consequently, the higher the concentration
f ozone in the inlet gas was, the faster the kinetic of decomposition
f imidacloprid was.

This information was later confirmed by plotting the variation
f ln(Cimid/C0

imid) versus time as shown in the inset of Fig. 5. First of
ll, this figure allowed confirming that the kinetic pseudo-order of
he reaction was one as the curves showed a linear trend. Indeed,
he coefficients of determination were all superior to 97.9%. More-
ver, the kinetic rate constants, calculated as the slope of the curves,
ere respectively 0.036, 0.071 and 0.129 min−1 for an ozone con-

entration in the inlet gas of 25, 50 and 100 g/m3. Thus, the kinetic
ate constants were approximately doubled following a twofold
ncrease in the concentration of ozone in the inlet gas. Conse-
uently, the reaction appeared to be also of first order for ozone.
hus, the rate law of the ozonation of imidacloprid can be written:
= kimid · CO3(l) · Cimid
us Materials 190 (2011) 60–68 63

with kimid, the rate constant of the reaction, CO3(l) and Cimid the
concentrations of ozone and imidacloprid in the aqueous solution.

3.3. Identification of ozonation by-products by ESI(+)-MS

The different imidacloprid ozonation by-products were purified
by collection. Collected compounds were then analyzed by an
ion trap mass spectrometer using positive electrospray ionization
mode. For some compounds, authentic standards were available
and the identification was achieved by comparing their HPLC
retention times, UV spectra and mass spectra at different stages.
When standards were not commercially available, the identifica-
tion of collected compounds was carried out by interpretation of
mass spectra.

The full ESI(+)-MS spectra of imidacloprid and its identified
degradation products all exhibited a couple of main peaks for the
molecular species ([M+H]+ ions), separated by two mass-to-charge
ratio (m/z) units, and displaying approximately 100:35 relative
abundances, which was indicative of the characteristic isotopic
pattern of a chlorinated molecule. Considering the chemical com-
position of imidacloprid, this information indicated that a chlorine
atom was present in all the molecules and so the attack of ozone
on imidacloprid did not affect this atom.

All degradation compounds were analyzed using sequential MS
and MS/MS experiments into the ion trap device. All the m/z values
observed for precursor and fragment ions of the various compounds
are summarized in Table 2.

The peak collected at a retention time of 13.2 min and supposed
to be imidacloprid was analyzed first and compared with standard
of imidacloprid. For both compounds, MS spectral data were identi-
cal. A key m/z was the precursor ion at m/z 256 (Table 2). Collisional
excitation of the m/z 256 ion gave rise to different fragment ions
at m/z 212, m/z 210, m/z 209 and m/z 175 (corresponding to a loss
of 44, 46, 47 and 81 mass units with respect to the precursor ion).
Fragment ions at m/z 210 and 209 were respectively formed by the
loss of NO2 radical and HNO2 from precursor ion. The formation
of the ion at m/z 212 has already been reported in the literature
[24,25]. Although no mechanism of fragmentation has been pro-
posed, Blasco et al. [24] attributed its formation to the loss of N2O.
According to the structure of imidacloprid, a rearrangement of the
ion to a urea derivative was suggested. A fragmentation scheme
of the nitroguanidine group of imidacloprid is proposed in Fig. 6.
Afterwards, the loss of 44, 46 and 47 m/z units on the precursor ions
of imidacloprid and of degradation products was assumed to orig-
inate in the fragmentation of nitroguanidine group and was thus
considered as an indicator of the presence of the nitroguanidine
group in the precursor ion. A difference of 35 m/z units between
fragment ions at m/z 210 and m/z 175 pointed out a loss of chlorine
radical 35Cl.

The ESI(+)-MS spectrum of DP1 displays [M+H]+ ion at m/z 231.
The mass-selection and subsequent fragmentation of the m/z 231
ion yielded a main product ion at m/z 169. According to the nitrogen
rule, the change in the mass parity compared to imidacloprid indi-
cated a change in the number of nitrogen atoms in the molecule,
possibly by an oxidation of the nitroguanidine group. This assump-
tion was confirmed by the absence of fragment ions at m/z ratios
corresponding to [DP1+H–44]+, [DP1+H–46]+ and [DP1+H–47]+.
However, the MS data were not sufficient to characterize this degra-
dation product.

The [M+H]+ ion of DP2 was detected at m/z 142 (Table 2).
Data obtained from this product were compared to those of
retention time, UV spectrum, MS and MS2 spectra showing
a fragment ion at m/z 124. DP2 was thus identified as 6-
chloronicotinaldehyde.
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Table 2
Precursor ions and fragment ions with their relative abundance (A, %) at different MS stages for the degradation products of imidacloprid. n.d.: not determined.

Compound MS MS2 MS3

m/z [M+H]+ m/z (A, %) Neutral loss m/z (A, %) Neutral loss

DP1 231 → 169 (100) n.d. → 151 (100) n.d.
DP2 142 → 124 (100) [–H2O]
DP3 230 → 186 (100) [–N2O] → 169 (100) [–NH3]

184 (11) [–NO2]
148 (8) [–NO2,–HCl]

DP4 288 → 244 (100) [–N2O] → 226 (54) [–H2O]
242 (11) [–NO2] 208 (22) [–2H2O]
207 (11) [–NO2,–Cl] 186 (14) [–C2H2O2]
206 (27) [–NO2,–HCl] 169 (100) [–C2H2O2,–NH3]

144 (38) [–C3H4O2N2]
DP5 158 → 140 (100) [–H2O]
DP6 208 → 166 (14) n.d.

127 (100) n.d.
126 (22) n.d.

DP7 272 → 228 (100) [–N2O] → 210 (77) [–H2O]
226 (49) [–NO2] 169 (24) [–C2H2O,–NH3]
191 (22) [–NO2,–Cl] 144 (100) [–C3H4ON2]
190 (50) [–NO2,–HCl] 126 (12) [–C3H4ON2,–H2O]

DP8 240 → 169 (100) n.d.
126 (13) n.d.

DP9 270 → 226 (100) [–N2O] → 208 (14) [–H2O]
224 (8) [–NO2] 126 (100) [–C3H3N2O2]
189 (7) [–NO2,–Cl] 113 (33) [–Cl(C5H4N)]

DP10 270 → 226 (15) [–N2O] 140 (100) [–C3H6N2O]
224 (4) [–NO2]
223 (100) [–HNO2] →

DP11 286 → 268 (46) [–H2O] 224 (18) [–H2O]
242 (100) [–N2O] → 199 (13) [–HNCO]
240 (12) [–NO2] 169 (100) [–C2H3O2N]
239 (13) [–HNO2] 126 (27) [–C3H4O3N2]

IMI 256 → 212 (34) [–N2O] 175 (100) [–Cl]
210 (100) [–NO2] →
209 (23) [–HNO2]
175 (21) [–NO2,–Cl]

DP12 270 → 226 (100) [–N2O] → 208 (10) [–H2O]
190 (9) [–HCl]
169 (10) [–C2H3NO]
126 (100) [–C3H3N2O2]

[–N

i
i
c

DP13 143 → 126 (100)
The analysis of DP3 by ESI(+)-MS enabled to detect an [M+H]+

on at m/z 230, supposed to be the product formed by the open-
ng of imidazolidine ring. Tandem mass spectrometric experiments
arried out on the m/z 230 ion gave rise to fragment ions at m/z

Fig. 6. Fragmentation pathways proposed for
114 (57) [–Cl(C5H4N), + H]
113 (44) [–Cl(C5H4N)]

H3]
186, m/z 184 and m/z 148, corresponding to the loss of N2O, NO2
and NO2 + HCl respectively. Mass-selection and collision-induced
dissociation of the m/z 186 ion in a further MS3 experiment
yielded a main product ion at m/z 169 (loss of NH3). Structures

imidacloprid analyzed by ESI(+)-MS/MS.
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Fig. 7. Proposed structures for characteristic fragment ions found in the MS

re proposed in Fig. 7 for both fragment ions at m/z 186 and
/z 169.

The MS spectrum of DP4 displayed a [M+H]+ ion at m/z 288,
hich could be attributed to a dihydroxylated form of imida-

loprid. Due to the chemical structure of imidacloprid, three
ifferent structures were considered (DP4a, DP4b and DP4c, see
ig. 8). Tandem mass spectrometry on the precursor ion showed

fragmentation leading to m/z 244 ([DP4+H–N2O]+) and m/z

42 ([DP4+H–NO2]+) ions, corresponding to the fragmentation
f the nitroguanidine moiety, and to m/z 207 and m/z 206 ions,
ssociated to the consecutive losses of NO2 and chlorine. The mass-
election and fragmentation of the main fragment ion at m/z 244

Fig. 8. Proposed degradation pathway
ctra of imidacloprid degradation products and used for their identification.

led to the m/z 186 and m/z 169 ions (see structures proposed in
Fig. 7), already discussed for DP3. The fragmentation of the m/z
244 ion [DP4+H–N2O]+ also led to fragment ions at m/z 226 ion
([DP4+H–N2O–H2O]+) and m/z 208 ion ([DP4+H–N2O–2H2O]+). For
this latter ion, the possible formation of a [DP4+H–N2O–HCl]+ ion
was ruled out because similar MS3 experiments carried out on the
37Cl isotopic ion at m/z 290 yielded a m/z 210 fragment ion, indicat-
ing that the chlorine atom was still present. A fragment ion at m/z

144, for which a structure is proposed in Fig. 7, was also observed
in the MS3 mass spectrum of DP4, indicating that imidacloprid was
hydroxylated on the alkyl group outside the imidazolidine ring.
However, data were not sufficient to locate the second hydroxyl

s of imidacloprid by ozonation.
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Fig. 9. Proposed fragmentation pathways of the m/z 226 da

roup as well as to reject the possible presence of the DP4c product
n the collected peak.

When analyzed by ESI(+)-MS, DP5 yielded a [M+H]+ ion
isplaying a mass-to-charge ratio of 158, equivalent to that
f 6-chloronicotinic acid. The collected peak and standard 6-
hloronicotinic acid led to similar HPLC retention times, UV and
ass spectral data. The m/z 158 precursor ion gave a daughter ion

t m/z 140, corresponding to the loss of H2O. Consequently, DP5
as assigned to 6-chloronicotinic acid.

The MS spectrum of DP6 showed a major ion at m/z 209, cor-
esponding to [DP6+H]+ (Table 2). As for all other compounds, the
7Cl isotopic peak was observed (m/z 211), giving the characteris-
ic isotopic pattern of a mono-chlorinated compound. The m/z 209
on was selected and fragmented into the ion trap device. Frag-

ent ions at m/z 173 and m/z 126 were strongly predominant in
he resulting MS2 spectrum. The change in the parity of precur-
or ion’s mass-to-charge ratio indicated a change in the number
f nitrogen atoms in the molecule, possibly via an oxidation of
he nitroguanidine group. Besides, no loss of 44, 46 or 47 mass
nits from the precursor ion was observed, suggesting that the
itroguanidine moiety was probably modified. The m/z 173 frag-
ent ion likely resulted from the elimination of HCl from the m/z

09 parent ion, while the m/z 126 fragment ion most probably
orresponded to the structure proposed in Fig. 7. Based on these
ata, it could be deduced that the chloro-pyridylmethyl moiety
f imidacloprid remained unchanged in DP6, while the N-nitro-
midazolidine-2-ylidenamine substructure likely underwent the
oss of the nitro group to yield an imidazoline-2-ylidenamine type
tructure. However, these available data were not sufficient to com-
lete the unambiguous identification of DP6.

The analysis of DP7 by ESI(+)-MS enabled to prove an [M+H]+

on at m/z 272 (35Cl isotopic contribution). This could correspond to
ompounds formed by monohydroxylation of imidacloprid, which
ere expected to be present in the collected fractions. Neverthe-

ess, three compounds could have been formed (DP7a, DP7b and
P7c, Fig. 8). MS/MS experiments performed on the m/z 272 ion
ave rise to fragment ions at m/z 228 and m/z 226 (loss of N2O
nd NO2 respectively) and at m/z 191 and m/z 190, which could be
ttributed to the consecutive loss of chlorine and hydrogen chloride
espectively from the m/z 226 ion. Mass-selection and subsequent
ragmentation of the m/z 228 ion mainly yielded the m/z 210 ion,
y loss of the neutral H2O, and the m/z 144 ion already observed

n the MS3 spectrum of dihydroxylated imidacloprid DP4 (Fig. 7).
he occurrence of this fragment ion indicated that imidacloprid
as hydroxylated on the alkyl group outside the imidazolidine ring

DP7a, Fig. 8). However, data in the mass spectra did not allow
oncluding a complete regioselectivity of hydroxylation of imi-
acloprid, and the occurrence of the other possible hydroxylated
orms (DP7b, DP7c, Fig. 8) in the collected fraction corresponding

o DP7 could not be ruled out. Consequently, the three structures
roposed earlier were proposed for the collected compound DP7.

The MS spectrum of DP8 showed an [M+H]+ ion at m/z 240.
fter isolation and fragmentation by tandem mass spectrometry,
r ions formed from the ESI-produced m/z 270 parent ions.

main fragment ions were observed at m/z 169 and m/z 126 in the
resulting MS2 spectrum (see proposed structures in Fig. 7). This
spectrum did not display any fragment ion corresponding to the
loss of 44, 46 and 47 mass units from the precursor ion, indicating
that the nitroguanidine moiety was probably oxidized. The occur-
rence of the m/z 126 ion indicated that the chloro-pyridylmethyl
moiety was not modified whereas the m/z 169 ion suggested that at
least one carbonyl group was present on the imidazolidine moiety
of the studied compound. The additional mass-selection and exci-
tation of the m/z 169 ion did not give significant fragmentation.
According to the collected spectral data, a compound displaying
an imidazolidine-2,4,5-one moiety, as indicated in Fig. 8, could be
proposed as a possible structure for DP8.

The DP9, DP10 and DP12 collected peaks were also analyzed
by ESI(+)-MS. All three of them yielded an [M+H]+ ion at m/z 270
(Table 2), that could correspond to carbonylated forms of imidaclo-
prid. Mass-selection and fragmentation of the m/z 270 ion gave rise
to fragment ions at m/z 226, m/z 224 and/or m/z 223, associated to
the fragmentation of the nitroguanidine moiety (loss of N2O, NO2
and HNO2 respectively). The information obtained from the MS2

spectrum was not sufficient to identify the position of carbonyl
group on each molecule. Consequently, ESI(+)-MS3 analyses were
conducted on the major fragment ions from the three oxidation
products. The mass-selection and collision-induced dissociation of
the m/z 226 ion gave two main fragment ions at m/z 126 and at m/z
113 (see Table 2). The presence of the fragment at m/z 113 could
be explained by the loss of the pyridine moiety, yielding the struc-
ture proposed in Fig. 7. However, this m/z 113 fragment ion was
not indicative of the position of the carbonyl group in the molecule.
Nevertheless, this information was provided by the presence or the
absence of specific fragment ions at m/z 126, m/z 140 and m/z 169,
presented in Fig. 7. Indeed, the occurrence of the m/z 140 fragment
ion indicates that the carbonylation took place on the alkyl group
outside the imidazolidine ring. On the contrary, the presence of
the m/z 126 ion together with the absence of the m/z 140 ion in
the MS3 spectrum points out that the carbonyl group is present on
the imidazolidine ring (Fig. 9), as observed for DP9 and DP12. On
the other hand, the MS3 spectrum of DP10 displayed a major frag-
ment ion at m/z 140, indicating that the carbonyl group is located
on the alkyl group out of the imidazolidine group. Finally, the MS3

spectrum of DP12 showed three major peaks at m/z 169, m/z 126
and m/z 113. The peak at m/z 126 pointed out that the carbonyl
group was located on the imidazolidine ring. Moreover, the pres-
ence of the m/z 169 fragment ion – absent in the MS3 spectra of
DP9 and DP10 – was rather indicative of a carbonylation on the
position 5 on the imidazolidine ring, as described in Fig. 9. Alter-
natively, the absence of the m/z 169 fragment ion for DP9 would
allow deducing this compound was carbonylated on the position
4 of the imidazolidine ring. Based on this information, structures

were proposed for DP9, DP10 and DP12 as reported in Fig. 8. Unlike
the monohydroxylated compounds DP7, the carbonylated deriva-
tives were well separated by HPLC with the developed analytical
conditions. By considering the chromatograms of the ozonated imi-
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acloprid solutions and by normalizing the response coefficients of
he carbonylated compounds, it can be assumed that the products
P9 and DP12, i.e. the compound carbonylated on the imidazoli-
ine ring, were predominantly formed, compared to the product
arbonylated outside the ring DP10.

The analysis of DP11 by ESI(+)-MS showed an [M+H]+ ion at m/z
86, that could correspond to the occurrence of both an hydrox-
lated and a carbonylated position on imidacloprid. According to
he structure of imidacloprid, six different products were first con-
idered. The collision-induced dissociation of the m/z 286 ion gave
ise to fragment ions at m/z 268, m/z 242, m/z 240 and m/z 239. The
ragment ion at m/z 268 was most probably formed by the loss of

2O, confirming the presence of an hydroxyl group in the structure
f DP11, while the 3 other fragment ions should correspond to the
ragmentation of the nitroguanidine moiety, by the loss of N2O (ion
t m/z 242), NO2 (ion at m/z 240) and HNO2 (ion at m/z 239), indi-
ating that the nitroguanidine moiety remained unchanged. The
S3 fragmentation of the major fragment ion at m/z 242 yielded

ragment ions at m/z 224, m/z 199, m/z 169 and m/z 126. The first
ragment ion was probably formed by the loss of H2O. Both the
resence of the m/z 126 ion and the absence of the m/z 144 and 140

ons indicated that the functionalization of imidacloprid (hydroxy-
ation and/or carbonylation) did not occur on the methyl group of
he chloro-pyridylmethyl moiety but rather on both alkyl groups
n the imidazolidine ring. Furthermore, the presence of the m/z 169
ragment ion suggested that the carbonyl group was likely located
n the position 5 of the imidazolidine ring, implying the hydroxyla-
ion located on the position 4 (DP11b). However, the occurrence of
fragment ion at m/z 199, presented in Fig. 7, may have originated

n the fragmentation of a compound hydroxylated on the position
and carbonylated on the position 4 (DP11a). Consequently, it was

oncluded that the collected peak for DP11 likely corresponds to a
ixture of two co eluted isomers, namely DP11a and DP11b.
The parameters used for the collection enabled retrieving some

on quantifiable peaks, especially the compound DP13, character-
zed by a very low HPLC retention time (1.4 min) and by an [M+H]+

on at m/z 143. Fragmentation of this ion by tandem mass spec-
rometry gave a fragment ion at m/z 126 (see Fig. 7). The spectral
ata and HPLC retention time were found to fit these of standard
-(amino methyl)-2-chloropyridine. Thus DP13 was identified as
-(amino methyl)-2-chloropyridine (8).

.4. Mechanism of degradation

Imidacloprid has, on its imidazolidine ring, two amine groups
hat could have been oxidized by hydroxylation on the � carbon of
mine groups [26] to yield the products DP7. It has already been
eported, in the literature, that the formation of monohydroxylated
midacloprid is mainly metabolic and microbial transformation
27–30]. The monohydroxylated imidacloprid could react with
zone in four different ways: (i) by a second hydroxylation on
nother � carbon to yield DP4; (ii) by oxidation of alcohol to car-
onyl group to form DP9, DP10 and DP12; (iii) by a combined
xidation of the alcohol function and hydroxylation to yield DP11;
iv) by N-dealkylation of amines to form an opened-ring compound
P3.

The presence of the three carbonylated compounds DP9, DP10
nd DP12 indicates that the first step of hydroxylation was probably
ot selective and occurred on the three alkyl groups of imidacloprid
o form the three isomers of monohydroxylated imidacloprid.

N-dealkylated products DP3 and DP13 are precursor com-
ounds in the formation of the aldehyde DP12, according to the

echanisms described by Bailey [31] and Elmghari-Tabib [32]. The

ldehyde was probably further oxidized to 6-chloronicotinic acid
P5. This compound has already been reported to be formed during
xidative treatment of imidacloprid but it has not been generally

[
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very reactive. Consequently, it was not surprising to notice that the
concentration of DP5 increased during all the ozonation time.

The different proposals of degradation pathways of imidacloprid
are summarized in Fig. 8.

4. Conclusions

Imidacloprid was decomposed in an aqueous standard solu-
tion and in a seed loading solution. The degradation was similar
in both cases: the kinetic of the reactions was of the same order
and the by-products formed during the ozonation, were the same,
and in the same proportions. Thus the components present in the
seed loading solution matrix did not have significant effects on
the degradation of imidacloprid by ozonation. Thirteen degrada-
tion products were collected and analyzed by ESI(+)-MS, among
which 11, could be characterized by interpretation of the data
obtained by multi-dimensional mass spectrometric experiments.
As for the remaining 2 compounds, only a mass-to-charge ratio
could be obtained. Finally, a degradation pathway of imidacloprid
by ozone was proposed.
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