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1. Introduction

Alloxydim (Fig. 1) has been developed by BASF AG for post-
emergence control of grass weeds and volunteer cereals in
sugar beet, vegetables and broad-leaved crops and it is applied
at doses between 0.5 and 1.0 kg a.s./ha. Alloxydim is a selec-
tive systemic herbicide from the cyclohexanedione oxime class.
This family of compounds has been developed during the last
30 years as post-emergence herbicides that inhibit acetyl-CoA
carboxylase [1,2], the enzyme that catalyses fatty acid syn-
thesis. The cyclohexanedione ring and the ethoxyimine group
linked to ring position 3 seem to be essential for the phy-
totoxic activity, whereas substitutions in position 6 may vary
considerably without large differences on herbicidal activity
[1].

One common degradation process of these compounds in aque-
ous media is photochemical degradation. For this to occur in
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lloxydim was performed under simulate solar irradiation (Suntest appa-
intensities. Moreover, indirect photolysis of the tested herbicide was
e of various concentrations of humic acids (HA), nitrate and Fe (III) ions.

ydim follows a first-order reaction kinetics in all cases. HA inhibited the
e constants measured in the presence of nitrate ions indicated no effect
y, Fe (III) ions enhanced the photodegradation rate of alloxydim. Kinetics
y HPLC–DAD and the half-lives ranged from 165.78 to 4.63 min for different
and from 104.81 to 1.14 min for indirect photolysis. The study of transfor-
stigated by HPLC coupled to quadrupole time-of-flight mass spectrometry

trospray technique.
ation process was found to be the cleavage of the O–N bond of the oxime

tion to Z-isomer was also observed. The appearance of these degradation
s media for the first time.

© 2008 Elsevier B.V. All rights reserved.
water, the emission spectrum of the sun needs to fit the adsorp-
tion spectrum of the pollutant. However, when the pesticide does
not absorb solar light, its transformation can be photoinduced
by different absorbing species, present or added in the aqueous
medium (HA [3–5], nitrate ions [5,6], or Fe (III) aquacomplexes
[7]).

Determination of degradation products (DPs) of organic com-
pounds is nowadays one of the major challenges in analytical
chemistry of environmental pollutants. DPs are often more toxic
[3,8] and/or persistent [9] in environmental matrices than their
parent. On the other hand, their identification is rather difficult
due to the limited knowledge about their composition. Their detec-
tion is complicated by their generally low (�g/l) concentrations,
polar character, thermolability and unknown kinetics of degrada-
tion reactions.

It has been demonstrated that the use of different light sources
(natural sunlight, mercury and xenon arc lamps) under identical
aqueous conditions, produces similar degradation products, the
only difference being the kinetics of formation [10]. Natural sun-
light photodegradation processes are usually compared with those
obtained under controlled conditions, generally using a xenon

http://www.sciencedirect.com/science/journal/10106030
mailto:baudin@inia.es
dx.doi.org/10.1016/j.jphotochem.2008.03.005


B. Sevilla-Morán et al. / Journal of Photochemistry and

set as follows—mass range analysed: 50–1200; ion spray voltage
(IS): 5000 V; ion source gas pressure (GS1): 65 psi; ion source gas 2
Fig. 1. UV absorption spectrum of alloxydim.

arc lamp [11,12]. This light source fit the solar radiation spec-
trum best over the whole range of spectral emission [13]. These
studies allow the modelling of pesticide behaviour after its applica-
tion, in order to obtain information about the degradation kinetic
and half-life and to increase the information available about the
degradation products that can be formed under natural condi-
tions.

The irradiation energy is an important factor to be taken into
account, because the photoproduct’s final concentrations may
change depending on it [14].

An increasing presence of medium and highly polar pollu-
tants in aqueous samples has already favoured the use of liquid
chromatography. Among the detection systems available for the
HPLC methods [15], ESI-QTOF-MS offers the possibility of analyzing
low and high molecular weight compounds with a soft ionization
method, good reproducibility and high sensitivity [16], and the pos-
sibility to isolate precursor ions for further analysis by tandem
mass spectrometry (MS/MS) with the high efficiency, sensitivity
and accuracy of a TOF mass analyser across the full mass range
[17].

Whereas the degradation of many herbicides in aqueous
media has been widely studied [4], few data concerning
degradation of cyclohexanedione herbicides in aquatic envi-
ronment are available. In previous works of our group, the

rapid degradation suffered by the herbicide tepraloxydim,
alloxydim and clethodim in chlorinated water was reported
[18–20].

Hashimoto et al., observed that the main photoproducts of
alloxydim on soybean plants were imine and two isomeric oxa-
zoles of alloxydim [21]. Similar results were obtained by Soeda et
al., in acetone solution, on TLC plate and on sugar beet plants [22].
Ono et al., observed the photodegradation of alloxydim in soil under
natural sunlight to imine, two isomeric oxazoles of alloxydim, and
other by-products [23].

The objectives of this work were: (i) to determine the pho-
todegradation kinetic of alloxydim in pure water under different
irradiation energies by using xenon arc lamp; (ii) to study the effect
of HA, nitrate and Fe (III) ions on the photodegradation rate; and (iii)
to detect transformation products formed by photolysis by means
of HPLC–ESI-QTOF-MS.

To the best of our knowledge this is the first time that the
aqueous photodegradation of herbicide alloxydim has been studied
under laboratory conditions.
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2. Materials and methods

2.1. Chemicals

All chemical products were used as received. Alloxydim (methyl
(E)-(RS)-3-[1-(allyloxyimino)butyl]-4-hydroxy-6,6-dimethyl-2-
oxocyclohex-3-enecarboxylate) was obtained from Dr. Ehrenstorfer
GmbH (Augsburg, Germany) as the sodium salt (98% purity, pKa 3.7
and 2 kg/l solubility in water). Humic acid sodium salt (technical
grade) was purchased from Aldrich (Steinheim, Germany). Potas-
sium nitrate (suprapur) and formic acid (p.a.) was purchased from
Merck (Damstadt, Germany). Iron (III) perchlorate hexahydrate
(reagent grade) was purchase from Alfa Aesar GmbH (Karlsruhe,
Germany).

Acetonitrile (HPLC far UV grade) and isopropanol (HPLC grade)
were obtained from Labscan (Stillorgan, Co., Dublin, Ireland). The
water used for LC mobile phase and aqueous solutions was purified
with a Millipore system (Milli-Q-50 18 m�).

Stock solution of alloxydim (50 mg/l) were prepared in milli-
Q water and stored at 4 ◦C in dark without previous degassing.
These solutions were used to prepare more dilute standard solu-
tions (5 mg/l). Stability of stock and standard solutions under these
conditions was checked and demonstrated for at least 2 months.

2.2. LC analysis

Photodegradation kinetics were performed with a HPLC sys-
tem (series 1100; Agilent Technologies, Palo Alto, CA, USA) coupled
to a photodiode array detector (DAD). The analytical column
used was a Waters Nova-Pak® C18 column (4 �m particle size,
3.9 mm × 150 mm) with a ODS precolumn and were maintained at
25 ◦C. The mobile-phase was a mixture of water acidified with 0.1%
of formic acid (A) and acetonitrile (B). The following gradient was
used: 50% B for 1.2 min, linear increase of B to 60% in 0.8 min, then
increase of B to 70% in 1 min and this composition was held for
4 min. The flow rate was 1 ml/min and the injection volume was
20 �l.

For the identification of by-products mass spectrometry exper-
iments were performed HPLC system (series 1100; Agilent
Technologies, Palo Alto, CA, USA) coupled to a hybrid QTOF mass
spectrometer (QStar Pulsar I, Applied Biosystems). Just before the
separation, an external calibration in the mass spectrometer was
performed with a mixture of phosphazenes. The experiments were
performed in positive ion mode. The instrumental parameters were
(GS2): 65 psi; curtain gas pressure (Cur): 20 psi; declustering poten-
tial (DP): 70 V; focusing potential (FP): 250 V; declustering potential
2: 15 V.

In MS/MS experiments the collision energy (CE) for each ion
selected was kept at 22 eV. The column, precolumn, mobile phase
and gradient employed were the same as previously described
except the flow rate that was 0.7 ml/min. In order to identify as
many by-products as possible degradation experiments were car-
ried out with an initial concentration of alloxydim of 80 mg/l.

2.3. Photodegradation experiments

Photochemical experiments were conducted in a Suntest CPS+
apparatus from Atlas (Linsengericht, Germany) equipped with
a xenon arc lamp (1500 W) and Special UV Glass (Suprax) fil-
ter restricting the transmission of wavelength below 290 nm.
The aqueous solutions (20 ml) of alloxydim, prepared at 5 mg/l
in milli-Q water, were exposed to simulated solar irradiation in
capped cylindrical quartz cuvettes with magnetic stirring. Direct
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Table 1
Kinetic parameters of alloxydim photolysis at different light intensities under sim-
ulated solar irradiation

Light intensity (W/m2) kphot (×10−3 min−1) t1/2 (min) R2

250 4.19 a ± 0.06 165.78 ± 0.16 0.999
500 9.19 b ± 0.19 75.45 ± 0.15 0.999
750 17.08 c ± 0.68 40.63 ± 0.22 0.998

Different letters show significant differences according to least significant differ-
ences (LSDs) test at a significance level of 95%.

photodegradation kinetics experiments were carried out at differ-
ent irradiation intensities of 250, 500 and 750 W/m2 maintained
throughout the experiments measured by internal radiometer. A
Suncool chiller was used to maintain a mean internal temperature
of 25 ± 1◦ C.

In order to study indirect photodegradation kinetics, experi-
ments were conducted in the same quartz cuvettes and initial
concentration of alloxydim and in the presence of substances that
can be found in natural waters such as HA, nitrate and Fe (III) ions
at various concentrations (0.5–20 mg/l) [8,24,25]. All the solutions
were filtered through a 0.2 �m membrane filter prior to injection.

Meanwhile, control experiments in the dark (blank experi-
ments) under the same conditions and initial concentrations of
alloxydim and natural substances were carried out in parallel for

comparison without the application of light. For all degradation
kinetics studies, each experiment was conducted in triplicate and
carried out until disappearance of the herbicide was achieved. At
selected time intervals, samples were collected and quantitatively
analysed directly by HPLC–DAD for the amount of the compound
of interest remaining in solution after irradiation based on external
calibration.

2.4. Analysis of data

The rate of disappearance of alloxydim follows a first-order
kinetics given by the equation:

Ct = C0 e−kt

where C0 and Ct are the concentrations at times 0 and t, t is the
irradiation time and k is the first-order rate constant. The fitting of
the experimental data was satisfactory for all the samples.

The half-life t1/2 of alloxydim, the time required for its concen-
tration to fall to half its initial value, is related to the rate constant
by the equation: t1/2 = ln 2/k.

Table 2
ANOVA results of light intensity and different concentrations of natural substances at a si

Source of variation SSa d.f.b

Light intensity 2.6756 × 10−4 2
Error 4.7793 × 10−7 6
Total 2.6804 × 10−4 8

Concentration HA 1.3691 × 10−4 4
Error 7.4307 × 10−7 10
Total 1.3765 × 10−4 14

Concentration nitrate 2.6279 × 10−6 4
Error 6.8435 × 10−6 10
Total 9.4714 × 10−6 14

Concentration Fe (III) ions 6.9541 × 10−1 4
Error 2.3367 × 10−3 10
Total 6.9774 × 10−1 14

a Sum of squares.
b Degrees of freedom.
c Mean squares.
d Critical value of F.
Kinetics parameters of alloxydim in the presence of various concentrations of natural
substances

Substance Concentration
(mg/l)

kphot (×10−3 min−1) t1/2 (min) R2

HA 1 15.16 a ± 0.25 45.76 ± 0.09 0.999
5 11.05 b ± 0.22 62.79 ± 0.13 0.999

10 8.98 c ± 0.21 77.27 ± 0.17 0.998
15 7.40 d ± 0.15 93.77 ± 0.16 0.999
20 6.62 e ± 0.17 104.81 ± 0.23 0.997

Nitrate ions 1 16.90 a ± 0.28 41.06 ± 0.09 0.999
5 17.02 a ± 0.44 40.76 ± 0.14 0.999

10 16.87 a ± 0.25 41.11 ± 0.08 0.999
15 17.12 a ± 0.57 40.49 ± 0.17 0.997
20 17.27 a ± 0.31 40.15 ± 0.09 0.998

Fe (III) ions 0.5 42.32 a ± 5.62 16.39 ± 0.45 0.986
1 77.19 b ± 10.92 8.98 ± 0.35 0.980
2.5 223.73 c ± 4.87 3.10 ± 0.03 0.999
5 434.38 d ± 20.51 1.60 ± 0.05 0.997

10 607.45 e ± 38.10 1.14 ± 0.06 0.997

Different letters show significant differences according to least significant differ-
ences (LSDs) test at a significance level of 95%.

One-way analyses of variance (ANOVA) were conducted to
determine differences between intensities and between concen-

trations of natural substances, at the 0.05 significance level. Results
were analysed using a statistical procedure (Statgraphics Plus 4.1®).

3. Results and discussion

3.1. Phototransformation kinetics

Alloxydim showed a maximum absorbance at � = 260 nm and
a shoulder about 292 nm in aqueous solution (Fig. 1). Spectral
data indicated that alloxydim absorbed light at wavelengths over
290 nm and therefore being capable of absorbing the UV energy
of light. This fact suggests that natural sunlight could be respon-
sible for the direct phototransformation of alloxydim in aquatic
environments.

Alloxydim was irradiated in milli-Q water under different light
intensities. The initial mass concentration of alloxydim was 5 mg/l.
This concentration was selected to ensure the identification al
alloxydim by-products produced during degradation.

The photodegradation kinetic of alloxydim disappearance was
of first-order in all cases. The net first-order rate constants (kphot)

gnificance level of 95%

MSc F-test p-Valued

1.3378 × 10−4 1679.47 0.0000
7.9656 × 10−8

3.4227 × 10−5 460.62 0.0000
7.4307 × 10−8

6.5698 × 10−7 0.96 0.4701
6.8435 × 10−7

1.7385 × 10−1 744.00 0.0000
2.3367 × 10−4



B. Sevilla-Morán et al. / Journal of Photochemistry and

Fig. 2. Photodegradation of alloxydim in various concentrations of HA in milli-Q
water under simulated solar irradiation: (�) [HA] = 1 ppm; (�) [HA] = 5 ppm; (�)
[HA] = 10 ppm; (�) [HA] = 15 ppm; (�) [HA] = 20 ppm; (�) blank experiment.

Fig. 3. Photodegradation of alloxydim in various concentrations of nitrate in milli-Q
water under simulated solar irradiation: (�) [nitrate] = 1 ppm; (�) [nitrate] = 5 ppm;
(�) [nitrate] = 10 ppm; (�) [nitrate] = 15 ppm; (�) [nitrate] = 20 ppm; (�) blank exper-
iment.

Fig. 4. Photodegradation of alloxydim in various concentrations of Fe (III) ions in
milli-Q water under simulated solar irradiation: (�) [Fe (III)] = 0.5 ppm; (�) [Fe
(III)] = 1 ppm; (�) [Fe (III)] = 2.5 ppm; (�) [Fe (III)] = 5 ppm; (�) [Fe (III)] = 10 ppm; (�)
blank experiment.
Photobiology A: Chemistry 198 (2008) 162–168 165

and the half-lives (t1/2) for different light intensities are listed in
Table 1.

Table 1 shows that alloxydim photodegradation rate was
lower at the lowest light intensity following the order:
250 < 500 < 750 W/m2 illustrating a strong dependence on the
intensity of irradiated light. The analysis of variance showed
significant differences among the three intensities (Table 2).

Quantitative recoveries from blank experiments sampled over
the entire exposure period of simulated solar irradiation showed
that alloxydim did not undergo dark reactions (hydrolysis).

The next subject was to investigate indirect photodegradation.
For this purpose, experiments with the same initial concentra-
tion of alloxydim and various concentrations of HA, nitrate and
Fe (III) ions were carried out under simulated solar irradia-
tion.

Non-linear regression of data points to first-order kinetics
allowed the calculation of the rate constants and half-lives (Table 3
and Figs. 2–4).

In blank experiments, no modification of the initial concentra-
tion of alloxydim was observed. Therefore, the decline observed in
the degradation curve must be attributed to a photodegradation
process.

One of the primary light-absorbing species in natural waters are
HA. Their complex structure is basically composed by phenolic, car-
bonylic and carboxylic groups. HA are dark brown to black in colour
and absorb radiation in the range 300–600 nm. The degradation of
organic pollutants that absorb slightly at � > 280 nm can be inhib-
ited because HA act as photon trap (“optical filter” effect). However,
the degradation can be enhanced by formation of reactive species
from HA as hydroxyl radicals, singlet oxygen, solvated electrons,
and hydrogen peroxide (“sensitizer” effect) [26–28].

In the case of HA, results showed that photodegradation rate
of alloxydim were lower than in milli-Q water, in other words as
the HA concentration increases the rate of photolysis decreases
(Table 3). Analysis of variance showed significant differences
amongst each concentration (Table 2). This showed a strong depen-
dence on the concentration of HA present in the aqueous media.

The diminished rate of alloxydim indicate that HA absorbed
most of the photons emitted thereby slowing down direct photo-
chemical reaction of alloxydim (“optical filter” effect).

When comparing the rate constants with HA concentration,
the influence was not proportional since a 20-fold increase in HA
resulted in only a 12–62% decrease in the reaction rate. Other
authors explained these results as a combination of “optical fil-

ter” effect coupled with a sensitization effect by the HA due to the
generation of hydroxyl radicals [6,29].

Nitrate photolysis, which is a potential source of hydroxyl rad-
icals in natural waters, can initiate rapid reactions leading to
the degradation of organic micropollutants [8,30]. In our study,
increased nitrate concentrations from 1 to 20 mg/l showed no sig-
nificant differences neither them nor with milli-Q water (Fig. 3,
Tables 2 and 3). Similar results have been obtained by other authors
[31,32]. The rate of nitrate ions photolysis depends on the irradi-
ating power available in the solution which can be significantly
reduced when the substrate itself strongly absorbs in it same UV
range. Therefore, alloxydim could reduce the radiation absorbed by
nitrate ions.

Experiments conducted with the same concentration of alloxy-
dim and various concentrations of Fe (III) ions produced first-order
degradation curves, allowing the calculation of rate constants. In all
cases the presence of Fe (III) ions increased the rate of photolysis
(Fig. 4). Analysis of variance showed significant differences among
each concentration (Tables 2 and 3).

As largely reported in the literature that the photodegradation
of pesticides and other organic compounds is enhanced by the pres-
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Fig. 5. Evolution of transformation products coming from degradation of alloxy-
dim irradiated at different intensities. Solid symbols refer to A1 product and to the
left ordinate: (�) 250 W/m2; (�) 500 W/m2; (�) 750 W/m2. Open symbols to the
right ordinate and correspond to A2 product: (�) 250 W/m2; (©) 500 W/m2; (�)
750 W/m2.

ence of aqueous Fe (III) ions in solution [30]. The irradiation of
iron (III) aqua complexes at � > 300 nm results in the formation
of hydroxyl radicals, which can oxidize most organic compounds
[33,34]. On the other hand, the organic molecule can form a com-
plex with the Fe (III) ion and later undergoes a direct photolysis
[30,35].

In order to check if hydroxyl radicals were involved in the alloxy-
dim degradation, a excess of isopropanol, scavenger of hydroxyl
radicals, was added to a solution of Fe (III) ions and HA. The degra-

dation rate of alloxydim was hardly affected by isopropanol, which
indicated that hydroxyl radicals were not responsible for alloxydim
degradation in the presence of these natural substances.

3.2. Phototransformation products

The disappearance of alloxydim irradiated at 250, 500 and
750 W/m2 is achieved in 250, 400 and 850 min, respectively. Con-
comitantly with the disappearance of alloxydim, the formation of
two transformation products A1 and A2 is realized, whose kinetics
profiles are reported in Fig. 5. A1 is formed in large amount during
alloxydim transformation and reached it maximum concentration
when alloxydim is completely disappeared. In the three intensities
experiments, a second by-product A2 is formed in smaller amounts.
A2 concentration reached maximum levels after irradiation for 30,
35 and 120 min at 250, 500 and 750 W/m2 intensities respectively
and thereafter slowly dropped to trace levels.

Experiments of indirect photolysis carried out with HA, nitrate
and Fe (III) ions showed the same two by-products, A1 and A2. At the
same way that direct photolysis, their kinetic profiles have a very

Fig. 6. Maximum amount of by-products A1 and A2 in degradation expe
Fig. 7. HPLC–DAD chromatogram of alloxydim photodegradation in milli-Q water.

similar evolution, being A1 the main by-product formed while A2 is
only produced in small amounts. A1 reached its maximum amount
at the end of the degradation of alloxydim and A2 is produced in
the first stages of the degradation and thereafter decline till com-
plete disappearance (data not shown). In the presence of Fe (III) ions
A1 is formed in smaller amounts than in the presence of HA and
nitrate ions, while by-product A2 is produced in higher amounts.
Fig. 6 illustrates the maximum amount of A1 and A2 reached during
indirect photodegradation of alloxydim.

A1 and A2 had a retention time of 1.89 and 2.37 min, respec-
tively, showing a more polar character than alloxydim. Typical

chromatogram from an irradiated aqueous sample is shown in
Fig. 7.

There were no available standards with which to match
HPLC–DAD retention times, so by-products were tentatively iden-
tified by HPLC–ESI-QTOF.

Accurate mass measurements from all the samples are shown
in Table 4 for the protonated molecules, and empirical molecular
formulae are also obtained using the elemental composition cal-
culator incorporated in the Software. The different hits for sum
formulae based on the accurate masses and the main fragments
obtained from the alloxydim MS results are also shown in this
table.

E-alloxydim (Fig. 8) has a molecular mass of 323 and a retention
time of 7.40 min. The fragment of m/z 266 is formed through the loss
of the oxime moiety, and the loss of methanol of the methyl ester
leads to a fragment of m/z 234. The ion formed can further release
a CO molecule with the formation of a fragment of m/z 206. From
this ion a new loss of CO leads to the formation of the ion at m/z 178.
Accurate mass measurement gave three hits (Table 5), two of them
were discarded since it presents four and five nitrogen atoms. This

riments in the presence of (a) HA, nitrate ions and (b) Fe (III) ions.
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Table 4
Fragmentation of E-alloxydim, imine and Z-alloxydim
Compound tR (min) m/z

E-Alloxydim 7.40 669.3305
346.1586
324.1798
266.1421
234.1145
206.1169
178.1225

Imine 2.86 557.2851
290.1376
268.1557
236.1295
208.1326
194.1181
180.1377

Z-Alloxydim 3.60 669.3305
346.1586
324.1798
266.1421
234.1145

206.1169
178.1225

mass measurement was reported with an error of −2.3 ppm, which
reflects the performance of the instrument used in this work.

Photoproduct A1 with retention time of 2.86 min is character-
ized by m/z 268 indicating the molecule contains an odd number of
nitrogen atoms, therefore the structure maintained the nitrogen of
the oxime moiety. The list of probable molecular composition for
this ion indicates that the empirical formula is C14H22NO4 since the
other possibilities contain a major number of nitrogens. Comparing
the fragments of this by-product with the parent compound, it can
be noted that the typical loss of the ether moiety is now absent.
Detailed examination of the main fragments in the mass spectrum
allowed the identification of this compound as the imine of alloxy-
dim. This photoproduct is characterized by the loss of methanol
that leads to a fragment of m/z 236. The ketone formed release a CO
molecule with the formation of the fragment 208. From this frag-
ment, a loss of CO leads to the formation of ion at m/z 180. By the
other hand from the ion 236, via ketene (CH2 CO) elimination the
ion at m/z 194 could be formed.

Fig. 8. Proposed photodegradation pathway of alloxydim in aqueous solution.

2
2
2

Major fragments

[2M+Na]+

[M+Na]+

[M+H]+

[MH]+ [HO CH2 CH CH2]
[MH]+ [HO CH2 CH CH2 CH3OH]
[MH]+ [HO CH2 CH CH2 CH3OH CO]
[MH]+ [HO CH2 CH CH2 CH3OH CO CO]

[2M+Na]+

[M+Na]+

[M+H]+

[MH]+ [CH3OH]
[MH]+ [CH3OH CO]
[MH]+ [CH3OH CH2 CO]
[MH]+ [CH3OH CO CO]

[2M+Na]+

[M+Na]+

[M+H]+

[MH]+ [HO CH2 CH CH2]
[MH]+ [HO CH2 CH CH2 CH3OH]
[MH]+ [HO CH2 CH CH2 CH3OH CO]
[MH]+ [HO CH2 CH CH2 CH3OH CO CO]

This by-product has been previously observed as one of the main
metabolite in soil, sugar beet and soybean plants [21–23].

The photoproduct A2 presents a retention time shorter than the
parent compound (3.60 min), suggesting that the photoproduct is
a more polar compound than this active substance (Fig. 7). This

compound was detected at m/z 324 leading to a molecular mass
of 323. Its mass spectrum gave the same fragments as the parent
compound (Table 4) indicating that the photoproduct has the same
molecular weight and identical chemical structure. Therefore, the
photoproduct A2 has been identified as the Z-isomer of alloxydim
by isomerization of the oxime moiety. Accurate mass measurement
for this degradation product gave four hits (Table 4) and the only
one consistent with the number of nitrogen atoms corresponded to
the empirical formula of C17H26NO5. In this case, the error was also
low enough for the correct identification of degradation product.

Some authors have reported that the oxime isomerization can
be induced by temperature, light, acid and/or basic medium and
a solvent [36]. Whereas most of the cyclohexanodione herbicides
are marketed as the E-isomer at the oxime ether double bond, it
has been stated that some of them may equilibrate with the Z-, E-
isomer in a polar medium such as water [18,37] or in chlorinated
water [19].

It is important to note in Table 5 the double-bond equivalent
(DBE) values. For E- and Z-alloxydim the DBE value was 5.5 and for
imine 4.5 as expected, thus adding more confidence to the confir-
mation of the chemical structures.

Table 5
Accurate mass measurements for the [M+H]+ ions of alloxydim and degradation
products by HPLC–ESI-QTOF-MS

Input m/z Calculated mass Error (mDa) Error (ppm) DBE Formula

324.1798 324.1792 0.6 1.8 6.0 C15H24N4O4

324.1798 324.1805 −0.7 −2.3 5.5 C17H26NO5

324.1798 324.1818 −2.0 −6.4 10.5 C18H22N5O
68.1557 268.1556 0.1 0.1 9.5 C15H18N5

68.1557 268.1570 −1.3 −4.9 9.0 C17H20N2O
68.1557 268.1543 1.4 5.1 4.5 C14H22NO4

324.1814 324.1818 −0.5 −1.5 10.5 C18H22N5O
324.1814 324.1805 0.9 2.6 5.5 C17H26NO5

324.1814 324.1832 −1.8 −5.6 10.0 C20H24N2O2

324.1814 324.1792 2.2 6.8 6.0 C15H24N4O4

The chosen best-fit assignments are shown in bold font.
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Fig. 8 shows a tentative and simple scheme of the photolysis of
E-alloxydim in aqueous samples. The major degradation pathway
is the cleavage of the N–O bond [38,39], since this covalent bond
is relatively weak (bond dissociation energy of ca. 53 kcal/mol),
leading to the imine structure. The other degradation pathway
observed was the isomerization of the of oxime moiety of alloxy-
dim.

4. Conclusions

In this study, the photochemical behaviour of alloxydim in aque-
ous samples has been investigated. The results demonstrated that
degradation rate in direct photolysis was higher as the irradia-
tion intensities was increased. Irradiation of aqueous alloxydim
solutions containing HA substance slowed down the rate of the
photodegradation, suggesting the strong filter effect. The presence
of nitrate ions had no effect in the degradation rate. On the other
hand, Fe (III) ions accelerated the photolysis reaction. In all cases,
first-order kinetics was observed.

The photochemical transformation of alloxydim proceeds
through two main pathways, the degradation to the predomi-
nant species imine and the photoisomerization to the Z-isomer of
alloxydim. Both degradation products are more polar than active
substance what could make them easily leach to groundwater and
potentially contaminate drinking water sources.
In this study, we have shown the power of time-of-flight mass
spectrometry from the chemical elucidation of the photodegra-
dation products of alloxydim. Accurate mass measurements were
obtained for both degradation products and empirical molecular
formulae were proposed, thus enhancing the knowledge of the
photolysis by-products of alloxydim.
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