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The©paper©studies,©with©the©help©of©HPLC-DAD-MS/MS©technique,©the©hydrolytic©and
photoinduced©degradation©processes©that©take©place©in©aqueous©solutions©of©tribenuron
methyl,©both©when©preserved©in©the©dark©and©when©undergoing©solar©box©irradiation©under
conditions©that©simulate©sun©light.©The©results©indicate©that©the©degradation©products©formed
by©hydrolysis©alone©and©by©photoirradiation©are©the©same,©but©kinetics©of©the©hydrolysis
reaction©is©much©slower.©The©degradation©products©are©identified©as©2-methoxy-4-
methylamino-6-methyl-1,3,5-triazine©(P1),©methyl©2-aminosulfonylbenzoate©(P2),©and©saccha-
rin©(P3)©and©quantified.©Ecotoxicological©biotests©performed©on©0.1©�g L�1 photoirradiated
solutions of the herbicide give a border line toxicity situation comparable to that of the
precursor and indicate that the herbicide is characterized by low persistence in the environ-
ment, as required. Its degradation, however, does not lead to mineralization but to the
formation of products of comparable toxicity. To evaluate the matrix effects, the photodegra-
dation of the herbicide is also studied in the presence of rice paddy waters: the process is
slower than in ultrapure water but leads to the same products. Experiments performed for
comparison by irradiating ultrapure water solutions with UV lamp (254 nm) show that the
degradation process is not only faster with respect to sunlight, but gives a different pathway,
without in anyway leading to mineralization. (J Am Soc Mass Spectrom 2008, 19, 1221–1229)
© 2008 American Society for Mass Spectrometry

The more recent herbicide formulations are de-
signed to offer advantages of the highest selectiv-
ity together with the lowest persistence in the

environment: sulfonylurea herbicides meet these re-
quirements. But, unfortunately, lower persistence in the
environment does not necessarily correspond to lower
toxicity, since many herbicides undergo natural degra-
dation reactions in the environment that do not lead to
mineralization but to the formation of new species
potentially more toxic and stable than the precursors
[1–5]. The evaluation of the degradation pathway and
the structures and toxicity of the degradation products
is therefore of paramount importance.

The natural degradation of sulfonylurea herbicides
takes place through aqueous hydrolysis reactions [6–8],
microbial processes (mainly occurring in soils) [9–11],
or photodegradation reactions [1–3, 5, 12–14]. These
processes in surface waters and in soil are concomitant
[7, 15, 16].

HPLC-DAD-MS/MS methods are employed here to
investigate and compare the hydrolytic and photoinduced
degradation pathways of aqueous solutions of tribenuron
methyl (methyl [2-4-methoxy-6-methyl-1,3,5-triazin-2-
yl(methyl)carbamoyl sulfamoyl]benzoate) (Scheme 1),
largely used against broad-leaved weeds in crops of
cereals and in particular of rice.

TiO2 assisted photodegradation often leads to com-
plete mineralization and can be used to dissipate pol-
lutants in remediation strategy [17–20]. We are inter-
ested here to study the natural photodegradation of
tribenuron methyl in waters; the formation of degrada-
tion products and their identification are receiving
increasing interest in laboratories involved in monitor-
ing of surface waters and in particular of paddy waters.
Degradation reactions induced by sun light are also of
particular interest in the natural dissipation of pesti-
cides in rice paddy waters [21], mainly when according
to EC Directives [22] the absorptivity value � of the
herbicide at wavelengths greater than 290 nm is greater
than 10 L cm�1 mol�1; �290 nm of tribenuron methyl is
590 L cm�1 mol�1.
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Some literature studies concern the formation of
degradation products formed from tribenuron methyl
and other sulfonylurea herbicides for the action of sun
light, UV irradiation, or hydrolysis reactions [6, 16]. To
avoid the simultaneous contribution of hydrolysis reac-
tions and to consider only the effects of photodegrada-
tion, standard solutions have been prepared in organic
solvents as acetonitrile [6] and methanol [8]. The use of
hydro-organic solvent is also attributable to the rela-
tively low solubility in water of sulfonylurea herbicides
[10, 23, 24]. Methanol, isopropanol, and cyclohexane
have also been chosen to model the action of tribenuron
methyl towards plant cuticle constituents [24], and
methylene chloride extracts were prepared for the
GC-MS identification of intermediates [25]. But organic
solvents, even at low percentages, are reported to affect
the degradation pathway and the composition of the
final degradation products since they can participate in
the formation of intermediates and metastable adducts
[10, 24, 26]. So, for example, the presence of isopropanol
decreases the degradation rate of azimsulfuron [21],
ethanolysis reactions take place in the presence of
ethanol [7, 27, 28], and methylation reactions in the
presence of methanol [24].

To evaluate and compare the degradation pathways
of tribenuron methyl induced by hydrolysis reactions
(natural pH � 5.7) and by photoirradiation, two model
solutions (5.00 mg L�1) in ultrapure water without any
addition of organic solvent comparatively underwent
natural hydrolysis reactions (in the dark and at room
temperature) and to solar box irradiation.

Aliquots of solution, collected at prefixed times, are
directly injected in the HPLC-DAD-MS system without
any pretreatment, and the degradation products iden-
tified and quantified. The study is also performed on
waters collected in a rice field, and the results obtained
under the different conditions are compared.

Experimental

Materials and Methods

Tribenuron methyl (methyl 2-[4-methoxy-6-methyl-
1,3,5-triazin-2-yl(methyl)carbamoyl sulfamoyl]benzoate
was purchased from Dr. Ehrenstorfer GmbH (Augs-

burg, Germany). Stock solutions were prepared at 10.00
mg L�1 concentration in ultrapure water.

HPLC grade acetonitrile (99.8%) and glacial acetic
acid (99.8%) were purchased from Merck (Darmstadt,
Germany), ultrapure water was produced by a Milli-
pore Milli-Q system (Milford, MA).

Potassium dichromate (ACS-ISO-for analysis) was
purchased from Carlo Erba (Milan, Italy), ammonium
iron (II) sulfate hexahydrate 98%, sulfuric acid 96%, and
ferroin indicator 0.1% wt/vol solution in water, methyl
2-(aminosulfonyl)benzoate 98% and 2-methoxy-4-
methylamino-6-methyl-1,3,5-triazine 96%were purchased
from Sigma-Aldrich (Schnelldorf, Germany). Saccharin

99% was purchased from Fluka (Buchs, Switzerland).

Apparatus

HPLC-DAD-MS/MS analyses were carried out by a
Thermo Finnigan Mat Spectra System (Finnigan, San
Jose, CA) equipped with a Degasser SCM1000, a gradi-
ent pump Spectra System P4000, an Autosampler Spec-
tra System AS3000, interfaced by the module SN4000 to
a diode array detector Spectra System UV6000LP (190–
700 nm) and to a mass spectrometer detector Finnigan
LCQ Duo, equipped with electrospray ionization (ESI)
and atmospheric pressure chemical ionization (APCI)
ion sources and with ion trap analyzer. A CoFoMeGra
Solar box 3000e (Milan, Italy) was used to simulate sun
light irradiation. An OSRAM UV lamp emitting at
wavelength of 254 nm (power 15 W) was used in the
degradation experiments. The electronic counter used
for toxicological test is a Beckman Coulter Z-1 particle
counter and Z-2 size analyzer (Beckman Coulter, Ful-
lerton, CA).

HPLC-DAD-MS/MS Conditions

The chromatographic conditions already optimized for
the separation of a mixture of sulfonylurea herbicides
were fitted to the separation of tribenuron methyl [29].
The stationary phase was a Lichrospher column RP-18
endcapped (5 �m, 250 mm 	 4 mm i.d.) with a 15 mm 	
4 mm Lichrospher RP-18 (5 �m) guard precolumn
(Merck, Darmstadt, Germany). The mobile phase is a
mixture 55/45% vol/vol of acetonitrile and acidified
water (0.05% vol/vol for acetic acid), flowing at 0.5 mL
min�1. The eluate flow coming from the HPLC system
was split 1:1 before introduction in ESI source. Diode
Array Detector operates in the wavelength range 190–
700 nm. The limit of detection (LOD) is 7.4 �g L�1 and
the limit of quantitation (LOQ) 25.0 �g L�1.

The mass spectrometry analyses were performed
both in positive ion (PI) and negative ion (NI) modes.
High purity nitrogen gas was used as nebulizer and
helium (�99.999%) served as quenching agent. Full
scan data acquisition (3 microscans, 50 ms inlet time)
was made over the range m/z 50–500. Method condi-
tions are reported in Table 1.

Scheme 1
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Hydrolytic Degradation Conditions

Ten mL of a 5.00 mg L�1 solution of tribenuron methyl
in ultrapure water are introduced in a quartz cell
protected by aluminium foil and put at dark at temper-
ature of 21 � 1 °C. At prefixed times (4, 9, 16, 24, 30, and
40 h) aliquots were collected and underwent HPLC-
DAD analysis.

Solar Box Irradiation Conditions

Ten mL of 5.00 mg L�1 solution of the herbicide, in
ultrapure water and in paddy waters (collected in a wet
rice field near Casale Monferrato, Alessandria, Italy)
respectively, were introduced in quartz cells and ex-
posed to solar box irradiation for established exposure
times. The instrumental conditions were chosen on the
basis of sun average irradiation and temperature in the
period May to September, as monitored by the meteo-
rological station of the DISTA Department of our Uni-
versity. Radiation density of the xenon lamp was set at
260 W m�2 and temperature at 30 °C. The filter for light
radiation employed was an outdoor UV filter. The
conditions were checked through comparative experi-
ments performed on solutions irradiated both with sun
light and solar box. Since the degradation results are the
same, solar box irradiation is used in all the following
experiments, because it ensures natural sun light, con-
tinuous availability, and constant intensity.

UV Lamp Irradiation Conditions

Ten mL of a 5.00 mg L�1 solution of the herbicide in
ultrapure water, contained in quartz cells, are exposed
for times ranging between 0 and 20 min to the UV lamp
irradiating at 254 nm.

Chemical Oxygen Demand Conditions

The method consists in the determination of the amount
(mg L�1) of dissolved oxygen required for the oxidation
of all the species present in a water sample under strong

conditions as those induced by the addition of potas-
sium dichromate in acidic environment and high tem-
perature. According to the normative ISO6060:1989 [30],
10.0 mL of 5.00 mg L�1 tribenuron methyl water solu-
tion are added of 15.0 mL of H2SO4 96% and of 5.0 mL
of 0.25 N K2Cr2O7. The solution was boiled for 2 h,
cooled, and the dichromate excess titrated with 0.025 N
Fe(II) solution, ferroin as the indicator. The chemical
oxygen demand (COD) (given in mg L�1 of dissolved
oxygen) was calculated as:

COD�
(v0 � vx) ·N · 8000

v

where v0 and vx are the volumes (mL) of Fe(II) solution
at normality N, respectively, used in the titration of the
blank and of the sample; v is the volume (mL) of the
sample solution.

The analysis was performed for the herbicide solu-
tions that were (1) preserved in the dark, (2) underwent
solar box irradiation, and (3) underwent UV lamp
irradiation.

Ecotoxicological Biotests

The tests are based on the effects induced by potentially
toxic species on organisms characterized by suitable
properties. The toxic effect depends on the pollutant
concentration and is due to the interaction between the
pollutant and the bioindicator or specific parts of its
organism, when they are put in contact for prefixed
times. In this paper, the biotests more frequently used
are applied, in particular those based on Daphnia magna
(acute test), Pseudokirchneriella subcapitata (subchronic
test) and Vibrio fischeri (acute test).

Daphnia magna is a freshwater crustacean; the toxicity
response was given by its immobilization and requires
24 h of exposure [31]. Pseudokirchneriella subcapitata is a
unicellular freshwater alga; the test was based on the
inhibition of the algal growing, evaluated through a
direct electronic counting of the cellules. The results

Table 1. Mass spectrometry method conditions

ESI APCI

PI NI PI NI

Source voltage 4.50 kV �4.50 kV — —
Source current — — 5.0 mA 5.0 mA
Capillary voltage �3.0 V �34.0 V �7.0 V �10.0 V
Heated capillary temperature 270 °C 270 °C 200 °C 200 °C
Source heater temperature — — 450 °C 450 °C
Sheat gas flow 80 a.u. 80 a.u. 80 a.u. 80 a.u.
Auxiliary gas flow 20 a.u. 20 a.u. 0 a.u. 0 a.u.
Tube lens offset �20 V 0 V �20 V �50 V
First octapole voltage �1.50 V �2.75 V �3.50 V �3.00 V
Interoctapole voltage �16.0 V �24.0 V �16.0 V �16.0 V
Second octapole voltage �5.50 V �7.00 V �6.00 V �7.00 V
Tuning method for the signal at m/z 155 m/z 394 m/z 155 m/z 182
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were obtained after 72 h of exposure [32]. The third test
was based on the effects produced on Vibrio fischeri,
which is a bioluminescent gram-negative bacter living
in sea waters. The effects consist in a natural decrease of
bioluminescence due to the inhibition of luciferase and
the results are obtained after 15 min of exposure: this
test ensures repeatability, accuracy, and sensitivity [33].
The results of all the tests are expressed as I%, which
indicates the percentage of inhibition induced by the
chemical on the activity of the organisms after a pre-
fixed time of exposure. Higher values of I% correspond
to higher toxicity. In particular, when I% ranges be-
tween 0% and 20%, the sample is considered not toxic,
weakly toxic for values between 20% and 50%, and toxic
for values greater than 50%. When I% greater than 50%
are obtained, the value of EC50 must also be evaluated,
which is the concentration of the chemical that induces
an inhibitory effect of the order of 50%.

Results and Discussion

Degradation Studies Based on HPLC-DAD
Analysis

The herbicide solutions in ultrapure water, both those
preserved in the dark and those that underwent solar
box irradiation for times of 4, 9, 16, 24, 30, and 40 h,
were analyzed by HPLC-DAD.

As shown in Figure 1, the peak area of tribenuron
methyl decreases along time, while three new peaks
form and progressively increase. Their intensities are
much lower for the dark control solution where the
decrease of the herbicide signal is also lower.

To evaluate the degradation kinetics of both hydro-
lytic and photoinduced processes, from the chromato-
graphic peak areas recorded at the different degrada-
tion times, the concentrations C of the herbicide were
evaluated through a calibration plot built in the concen-
tration range 25.0–5000.0 �g L�1. The values of lnC
plotted as a function of time show in both cases a linear
behavior and suggest that the degradation process
always follows a first-order reaction.

The calculated t1/2 values are around 170 h (kinetic
constant 0.004 h�1) and 6.80 h (kinetic constant 0.102
h�1) for hydrolysis and photoinduced degradation re-
actions, respectively.

Determination of Chemical Oxygen Demand
(COD)

The evaluation of COD performed for tribenuron
methyl solution (5.00 mg L�1) photoirradiated in solar
box at different times ranging from 0 min to 40 h (time
greater than the life time) indicates that the COD value
progressively decreases and that, after 40 h of irradia-
tion, a complete mineralization is not achieved but
about 28% of the initial amount of oxidizable species is
still present. The same analysis performed for the
solution preserved in the dark for the same time (40 h)

indicates a residual amount of oxidizable species
around 75%.

Mass Characterization of Tribenuron Methyl

To investigate the structures of the degradation prod-
ucts, HPLC-MS/MS analysis was employed. A mass
spectrometry characterization of tribenuron methyl was
previously carried out to optimize the conditions of the
instrumental sensitivity of mass spectrometry analysis
and to build a fragmentation pattern that could be
useful in the identification of the photodegradation
products. The characterization was performed through
a direct infusion of 10.00 mg L�1 tribenuron methyl
water solution and the pattern obtained is summarized
in Table 2. The PI ESI analysis shows three signals atm/z
418, 396, and 155. The MS/MS fragmentation of m/z 418
(sodium adduct [M � Na]�) leads to signals at m/z 177
and 264. Due to the cleavage of the C–N bond, two
structures form: the signal at m/z 177 corresponds to
the adduct between sodium atom and 2-methoxy-4-
methylamino-6-methyl-1,3,5-triazine (afterwards called
P1) while the fragment at m/z 264 corresponds to the
complementary piece of the molecule [M � P1 � Na]�.
The MS/MS fragmentation of the ion fragment at m/z
155 gives fragments at m/z 114, 98, 96, 85, 83, 57, and 56
(structures deriving from the opening of the triazinic
ring) and allows to ascribe to the signal at m/z 155 the
structure of 2-methoxy-4-methylamino-6-methyl-1,3,5-
triazine [P1� H]�.

The MS/MS fragmentation of the ion at m/z 396
([M � H]�) gives signals at m/z 155 (already mentioned)
and m/z 364, which correspond to the species [M �
OCH3]

� as confirmed by the successive fragmentation
into the ions at m/z 181, 138, 123, and 82.

The analyte also ionizes in NI ESI, giving a signal at
m/z 394, which corresponds to the [M � H]� structure;
the MS/MS fragmentation gives signals at m/z 153
[P1 � H]� (confirmed by the successive fragmentation
in the ions at m/z 139, 123, and 55) and m/z 182, together
with MS3 ions at m/z 138, 118, and 62.

Mass spectrometry characterization is confirmed by
both PI and NI APCI. PI APCI analysis identifies the
signal at m/z 155, which gives the same fragments
already obtained in PI ESI. In NI APCI, the precursor
ion gives a signal at m/z 394 [M � H]�, whose MS/MS
fragmentation gives signals at m/z 153 (already found in
NI ESI) and at m/z 182, which in turn gives a fragment
at m/z 106 to which the structure of sulfonyl isocyanate
is ascribed.

HPLC-MS/MS Analysis of Tribenuron Methyl
Aqueous Solutions Undergone to Photoirradiation
and Preserved in the Dark

The samples collected after 4, 9, 16, 24, 30, and 40 h of
solar box irradiation underwent to HPLC-MS/MS anal-
ysis. The HPLC-PI ESI MS/MS chromatogram of tribe-
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nuron methyl aqueous solutions, recorded after 4 h of
irradiation, shows, together with the peak of tribenuron
methyl (tR about 16 min), the presence of a peak at
retention time of about 5.6 min with m/z 155, which
progressively increases with the degradation time. The
signal already evidenced in MS/MS characterization is
assigned to [P1 � H]�. According to the seven frag-
ments obtained in PI ESI and PI APCI MS/MS analyses
(m/z 114, 98, 96, 85, 83, 57, and 56) and to the three
fragments obtained in NI ESI and NI APCI MS/MS
analyses (m/z 139, 123, and 55), the molecular structure

for the degradation product of 154 Da (P1) is proposed
(Figure 2).

HPLC-NI ESI MS/MS chromatogram shows the
presence of two byproducts at m/z 214 [P2 �H]� and
m/z 182 [P3 � H]� (Figure 3). By further fragmentation
of [P2 � H]�, the signal of [P3 � H]� at m/z 182 is
evidenced. The corresponding species P3 likely forms
through cleavage of a C–N bond, loss of a CH3OH unit,
and cyclization of the molecule through the formation
of a “bridge” bond between the nitrogen atom bound to
�SO2 group and the carbon atom of the carbonylic
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Figure 1. HPLC-DAD chromatograms of tribenuron methyl (TM) aqueous solution (5.00 mg L�1)
and its degradation products P1, P2 and P3: (a) time � 0; (b) after 40 h at dark; (c) after 40 h under
solar box irradiation. The stationary phase is a Lichrospher column RP-18 endcapped (5 �m, 250 mm 	
4 mm i.d.) with a 15 mm 	 4 mm Lichrospher RP-18 (5 �m) guard precolumn. The mobile phase is a
mixture 55/45% vol/vol of acetonitrile and acidified water (0.05% vol/vol for acetic acid), flowing at
0.5 mL min�1. Injection volume is 20.0 �L. The respective peak area variations as a function of time
are also reported at the left of (b) and (c).
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group in the aromatic ring. The MS/MS analysis of the
fragment at m/z 182, both in full scan spectrum or
generated by the fragmentation of the ion at m/z 214,
gives a product ion at m/z 106. HPLC-NI APCI MS/MS
analysis confirms the presence of the signal at m/z 182,
which gives the same fragmentation obtained in NI ESI.

The same analyses, performed for the solutions of
tribenuron methyl preserved in the dark for 40 h,
indicate the presence of the same degradation products,
whose intensity is, however, much lower.

On the basis of the ESI and APCI MS/MS results, the
whole degradation pathway of tribenuron methyl is
proposed in Figure 2.

Since for the chemicals identified as P1, P2, and P3
reference standards are available, a determination is
performed for both hydrolytic and photoirradiated deg-
radation products by building calibration plots of peak
areas as a function of concentration ranging between 30
and 5000 �g L�1. R2 values consistently greater than
0.9989 are obtained. The quantitation data are reported
in Table 3. The results indicate that hydrolysis reactions
account for about 12% with respect to the degradation
extent observed for photoirradiation, as roughly indi-
cated also from COD evaluation. As concerns the deg-
radation products, it can be observed that P1 and P2
form at greater amounts with respect to P3; the result is
likely due to the preferential pathway that for cleavage
of the C–N bond leads to the simultaneous formation of
P1 and P2.

HPLC-DAD-MS/MS Analysis of Tribenuron
Methyl Solutions in Paddy Water that Underwent
Solar Box Irradiation

To check a possible matrix effect, the study was also
performed for solution 5.00 mg L�1 of tribenuron
methyl in paddy water that underwent solar box irra-
diation for times 5, 13, 15, 18, and 20 days. Also, in
paddy water solution the degradation process is first-
order reaction with a value of t1/2 of 120 h (kinetic
constant � 0.006 h�1), much greater than that obtained
in ultrapure water solution (t1/2 � 6.80 h) that under-
went irradiation but lower with respect to dark control.
The different values obtained in ultrapure water solu-
tion (pH around 5.7) and paddy waters (pH around 8.3)

Table 2. Mass spectrometry ESI and APCI characterization of tribenuron methyl in both PI and NI mode

Positive ion mode Negative ion mode

Precursor ion (m/z)
Product ion
(m/z MS2)

Product ion
(m/z MS3) Precursor ion (m/z)

Product ion
(m/z MS2)

Product ion
(m/z MS3)

ESI 177 139
418 153 123

264 55
396 155 394 182 138

364 181 118
138 62
123
82

155 114
98
96
85
83
57
56

APCI 155 114 394 153 139
98 123
96 55
85 182 106
83
57
56

Figure 2. Degradation pathway of tribenuron methyl for hydro-
lysis and solar box irradiations.
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could be due to a matrix effect of the natural waters as
well as to the different pH value, in agreement with
literature results obtained for two other sulfonylurea
herbicides, which show that photodegradation is faster
for lower pH values [34]. Taking into account the pKa
value for tribenuron methyl (5.00 mol L�1 [35], the
percentage of the undissociated form of tribenuron
methyl is around 17% in ultrapure water and only 0.5%
in paddy water.

The solutions analyzed in HPLC-DAD-MS/MS, both
in ESI and APCI sources, evidence the formation of
the same products identified when the solvent is
ultrapure water. Apart from the different half life
time, the degradation pathway in paddy waters follows
the same patterns (hydrolytic and photoinduced) found
in ultrapure water.

Figure 4 reports typical HPLC-PI APCI MS/MS
chromatograms, recorded at different irradiation times;
in paddy water, the peak of tribenuron methyl (tR about
16 min) decreases with time and after 13 days of
irradiation the degradation product P1 (tR about 5.6
min, m/z 155) forms.

Degradation Pathway of Tribenuron Methyl
Ultrapure Water Solution When Irradiated with
UV Lamp

To verify how the wavelength of irradiation source can
affect the degradation pathway, a set of experiments is

performed irradiating with UV lamp (254 nm) 5.00 mg
L�1 ultrapure water solutions of tribenuron methyl, for
times of 1, 3, 6, 12, and 20 min. The degradation kinetics
evaluated by the HPLC-DAD data ars first-order (as
with solar box irradiation), but half life time (t1/2 � 0.88
min, k � 0.79 min�1) is much lower.

COD evaluation on the solution exposed to UV
irradiation for 20 min indicates that also in this photo-
degradation process a complete mineralization is not
achieved but around 24% of oxidizable organic species
are still present.

The HPLC-ESI MS/MS total ion chromatogram in PI
mode, both in ESI and APCI source, shows the pres-
ence, confirmed by the fragmentation pattern, of the
product P1 (m/z 155) already identified in solar box
irradiation.

Analogously, the chromatogram recorded in NI
mode shows the presence of a peak corresponding to
m/z 215 identified as [P4 � H]� (whose area increases
with the degradation time) not present in the solutions
that underwent solar box irradiation. MS/MS analysis
evidences a signal at m/z 151 (loss of a �SO2 group) and
for further fragmentation, two fragments at m/z 121 and
m/z 107, likely due to the loss of a methoxy and a CO2

groups, respectively.
HPLC-MS/MS both in NI ESI and NI APCI modes

evidence an ion at m/z 182, which for further fragmen-
tation gives ions at m/z 118 and 138. It is worth noting
that a signal at m/z 182 has been also evidenced in the
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0

50

100
0
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Figure 3. Typical HPLC-NI ESI MS/MS chromatogram of 5.00 mg L�1 tribenuron methyl aqueous
solution after 40 h of solar box irradiation. Chromatographic conditions as in Figure 1. The eluate flow
from HPLC is split 1:1 before the introduction in the ESI source.

Table 3. Quantitation of tribenuron methyl and of degradation products

Tribenuron methyl (mg L�1) P1 (mg L�1) P2 (mg L�1) P3 (mg L�1)

t � 0 5.00 � 0.01 n.d.a n.d. n.d.
Dark t � 40 h 4.40 � 0.01 0.23 � 0.01 0.28 � 0.01 0.03 � 0.01
Solar box t � 40 h n.d. 2.40 � 0.10 1.90 � 0.01 0.70 � 0.03

a n.d. �LOD.
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degradation pathway induced by solar box irradiation
(P3), but the different fragmentation pattern shows that,
notwithstanding the same m/z ratio the structures of the
two species are different. Figure 5 shows, for compari-
son, the pathways obtained for hydrolysis, solar box,
and UV irradiation; only the product P1 is common to
the three pathways.

Ecotoxicological Tests

The tests have been performed on solutions of tribenu-
ron methyl in ultrapure water at concentration corre-
sponding to the threshold level: 0.1 �g L�1, both not
irradiated and solar box irradiated [36]. Each experi-
ment is repeated three times. The results of the Vibrio
fischeri test indicate no toxicity, with I% values lower
than 20%. On the contrary, the Daphnia magna and
Pseudokirchneriella subcapitata tests give indication of
toxicity, with average I% values around 80% for both
the solutions, before and after the photoirradiation
process. For the same solutions, the values of EC50
indicate negligible toxicity levels, in agreement with the
results of Vibrio fischeri test. All the results together

seem to suggest a response of border line toxicity,
which can be correlated with the concentration chosen
for the experiments, i.e., the threshold concentration
allowed in surface waters. In any case, the toxicity level
found for the degradation products is not lower than
that of the herbicide itself.

Conclusions

The results obtained show that tribenuron methyl in
aqueous solutions preserved in the dark undergo deg-
radation that accounts for about 12% with respect to
that observed for photoirradiation simulating sun light,
which is likely due to both phenomena. Even if the
kinetics are much slower for hydrolysis, HPLC-DAD-
MS/MS analyses indicate that the products formed are
the same. The same products also form for irradiation in
the presence of paddy waters with kinetics that are
faster than that of pure hydrolysis and slower with
respect to photoirradiation in ultrapure water.

The three degradation products identified in this
photodegradation study correspond to some of the
products evidenced by other authors who also propose
other fragments [6, 8, 11, 23, 25, 37]. This stronger
fragmentation found in literature could be due to the
different pretreatment of the solutions that under-
went photoirradiation before the injection in the
chromatographic system as well as to the gas chro-
matographic conditions used or to the use of organic
solvents [23–25].

Acknowledgments
The authors gratefully acknowledge financial support by ATF
(Associazione Ambiente-Territorio e Formazione, Alessandria It-
aly), by Regione Piemonte, Direzione Igiene e Sanità Pubblica
(Turin, Italy), and by MIUR (Ministero Italiano Università e
Ricerca, Rome, Italy). They thank Professor E. Ferrero (University
of Piemonte Orientale, DISTA Department) for the data of the
meteorological station.

0 5 10 15 20
0

50

100
0

50

100
0

50

100
0

50

100
0

50

100
15.91

5.83

16.45

5.73

16.28

5.68

5.67
16.11

5.53

15.78

Figure 4. HPLC-PI APCI MS/MS chromatograms extracted at m/z 155 of tribenuron methyl
solutions in paddy water at typical times of solar box irradiation. Chromatographic conditions as in
Figure 1.

Figure 5. Comparison of the degradation pathways for hydrolysis
dark control (HY), solar box (SB), and UV lamp (UV) irradiations.
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