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a b s t r a c t

The degradation of the pesticide metsulfuron methyl was studied in aqueous solutions by using
decatungstate anion, W10O32

4−, as a photocatalyst. An electron transfer process involving the highly
oxidizing features of the decatungstate excited state, namely W10O32

4−*, was clearly observed. The degra-
dation led to the oxidation of the pollutant and the formation of the decatungstate reduced species, i.e.
W10O32

5−. In aerated as well as in oxygen-saturated solutions, the system was found to operate in a pho-
eywords:
ecatungstate
esticide
hotocatalysis
lectron transfer
etsulfuron methyl

tocatalytic way with the formation of superoxide anion and the regeneration of the starting decatungstate
species. The phototransformation of the pesticide metsulfuron methyl appeared to occur through three
different reaction pathways involving the three main parts of the chemical structure: the aromatic ring,
the sulfonylurea bridge and to a less extent the methoxy group of the triazine moiety. Under continu-
ous excitation a partial mineralization of metsulfuron methyl was observed owing to the presence of the
triazine structure. A mechanistic scheme for complete degradation of metsulfuron methyl is proposed.
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. Introduction

Pesticides are widely used in agriculture to enhance the effi-
iency of food production. Annually 5 million tons of pesticides
re applied to crops worldwide [1]. The drawback of the mas-
ive pesticide use is their impact on the environment which is
ainly caused by possible toxic effects. Many of these chemicals

resent in aqueous media can undergo photochemical transfor-
ation with sunlight via direct or/and indirect photoreactions.
owadays, Advanced Oxidation Processes (AOPs) are considered to
ave considerable potential in this area. They can be used as water
emediation techniques that lead to the mineralization of organic
ollutants through the reaction with highly oxidizing reagents
uch as hydroxyl radicals. The development of new photocata-
ysts is attracting great interest. Among them polyoxometalates
POMs) [2–5] appear to be excellent candidates. These compounds
re mostly formed by metals such as tungstate, molybdenum and
anadium in their high-valent states. Several authors have clearly

emonstrated that several decatungstate ions, such as W10O32

4−,
re efficient photocatalysts for the transformation of organic com-
ounds [6–9].

∗ Corresponding author.
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The application of tungstate-based photocatalysts was pro-
osed by Sattari and Hill [10]. These authors clearly showed that
he light excitation of W10O32

4− permits the oxidation of organic
ompounds with an effective cleavage of the carbon–halogen
onds. Other studies demonstrated the photocatalytic efficiency
f adamantane by solar irradiation [11]. This interesting applica-
ion in the field of water decontamination was seriously explored
y Papaconstantinou and co-workers for the photochemical degra-
ation and also for efficient mineralization of chlorophenols as
ell as various chloroacetic acids [12–14]. Within this previous
ork, a comparative study was carried out on the photocatalytic

fficiency of TiO2 and Na4W10O32 at � > 300 nm. The organic pol-
utants used were phenol, 4-chlorophenol, 2,4-dichlorophenol,
romoxynil, atrazine, imidachloprid and oxamyl in aqueous solu-
ion. TiO2 was found to be the most effective photocatalyst in terms
f the degradation rate and of the mineralization of the compounds.
owever, decatungstate anion appeared to be relatively more effi-
ient in the case of formulated pesticides, such as in the presence
f surfactants [15]. However, since with decatungstate anions, the
ineralization occurs within a longer time range, its use should be

estricted only to pollutants that produce non-toxic intermediates

15].

The present work deals with the photochemical transformation
athway of the pesticide metsulfuron methyl (MTSM) by excitation
f decatungstate in aqueous solution. Such compound belongs to
he sulfonylurea group which presents an important role in modern

http://www.sciencedirect.com/science/journal/10106030
mailto:mohamed.sarakha@univ-bpclermont.fr
dx.doi.org/10.1016/j.jphotochem.2008.06.012
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aerated aqueous solution in presence and absence of W10O32
(2.5 × 10−4 mol L−1) and upon excitation at 365 nm was carried out
by HPLC measurements (Fig. 1). In the absence of the photocatalyst,
no significant degradation of the pesticide was observed under irra-
diation in complete agreement with the fact that MTSM does not
98 S. Rafqah et al. / Journal of Photochemistry an

griculture because of its significant action in plant protection. It
resents a high selectivity against a wide range of plants. Our aim
as to study the influence of various parameters, such as oxygen

oncentration and pH on the photocatalytic degradation and also to
lucidate the structures of the intermediate photoproducts in order
o have a better insight into the pesticide degradation scheme.

. Experimental procedures

.1. Materials

Sodium decatungstate Na4W10O32·7H2O was synthesized from
a2WO4·2H20 according to the published procedure [16] and
haracterized by the UV–visible spectra by dissolving the powder
n water. It is important to note that several recrystallisation
teps were necessary to insure the purity of the compound.
he obtained value of the molar absorption coefficient was
ound to be in perfect agreement with that reported in the
iterature [16]. Metsulfuron methyl 2-[[[[(4-methoxy-6-methyl-
,3,5-triazin-2-yl)amino]carbonyl]amino]sulfonyl]benzoate was
btained from Riedel-de Haëen and was used as received.
-Amino-4-methoxy-6-methyl-1,3,5-triazine (AMMT) and 2-
carbomethoxy)benzenesulfon-amide (2-CB) were obtained from
ldrich as the purest grade available.

.2. Irradiations and analysis

Irradiation experiments (365 nm) were carried out in an ellipti-
al stainless steel cylinder. A high-pressure mercury lamp (Philips
PW, 125 W) was located at a focal axis of the elliptical cylinder. An

nner filter selected the emission at 365 nm permitting the selective
xcitation of the photocatalyst. The reactor (water-jacketed pyrex
ube—diameter 2.8 cm) was centred at the other focal axis. The solu-
ion (60 mL) was continuously stirred with a magnetic bar during
rradiation. For the determination of the quantum yields, solutions

ere irradiated at 365 nm in the parallel beam obtained from a
choeffel monochromator equipped with a xenon lamp (1600 W).
he beam was parallel and the reactor was a quartz cell of 2 cm
ath length. The photon flow was evaluated by means of classical

errioxalate actinometry [17]. The quantum yield was evaluated by
he following ratio:

= number of degraded molecules of pesticide
number of photons absorbed by the catalyst

The disappearance of metsulfuron methyl and the formation
f the byproducts were followed by high performance liquid
hromatography using a Waters 540 HPLC chromatograph sys-
em equipped with a Waters 996 photodiode array detector. The
xperiments were performed by UV detection at either 250 or
80 nm and by using a reverse phase Nucleodur column (C18-5 �m;
50–4.6 mm). The flow rate was 1.0 mL min−1 and the injected vol-
me was 50 �L. The elution was accomplished with water, acetic
cid (0.1%) and acetonitrile (60/40, v/v).

LC-MS and LC-MS-MS studies were carried out with a Waters
Alliance 2695) HPLC system coupled to a Quattro LC triple
uadrupole mass spectrometer (Micromass, Manchester, UK)
quipped with a pneumatically assisted electrospray ionisation
ource (ESI). Data acquisition and processing were performed by
assLynx NT 3.5 system. Chromatography was run using a Nucle-

dur column (250 mm × 4.6 mm, 5 �m) and a 60/40 (v/v) mixture

f acetonitrile and water with 0.2% acetic acid as mobile phase at
mL min−1. Samples (5–10 �L) were injected either directly or after

olid-phase extraction on Oasis HLB cartridges (Waters). The elec-
rospray source parameters were: capillary voltage 3.5 kV (or 3 kV
n the negative mode), cone voltage 15 V, source block temperature

F
p
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20 ◦C, desolvatation gas temperature 400 ◦C. Argon was used for
ollision activated dissociation (CAD) at a pressure of 1.5 × 10−3 torr
nd 10–50 eV collision energy.

The evolution of ions concentration as a function of irradia-
ion time was obtained by ionic chromatography using a Gilson
05 pump equipped with a Waters 431 conductivity detector. The
ow was adjusted to 1.0 mL min−1. The system was equipped with
ither:

a Hamilton cationic column (PRP-X200) for the detection of
cations using HNO3 (2.0 × 10−3 mol L−1)/methanol (7/3, v/v) as
eluent or
an IC-PAK anion HC column from waters (4.6 mm × 150 mm)
for the detection of the anions. The elution was accomplished
according to Waters 431 conductivity manual specifications. First
solution A is prepared as follows: 851.5 mL deionised ultrapure
water + 23.5 mL gluconic acid solution (50%, w/w) + 8.6 g lithium
hydroxide + 34.0 g boric acid + 250 mL glycerin. The final elution
mixture is prepared by adding 20 mL of solution A to 500 mL of
deionised ultrapure water under stirring. Then addition of 20 mL
n-butanol and 120 mL acetonitrile, and finally addition of remain-
ing water (340 mL).

UV–visible spectra were recorded with a Cary 3 double beam
pectrophotometer.

. Results and discussion

.1. Kinetics of metsulfuron methyl degradation

The absorption spectrum of the mixture metsulfuron methyl
1.0 × 10−4 M) with decatungstate anions, W10O32

4− (1.0 × 10−4 M)
t pH 5.5, was shown to be equal to the sum of the compo-
ent spectra. This clearly indicates that under the conditions of
ur experiments no significant ground state interaction between

10O32
4− and the pesticide was present. The mixture was found to

e stable when stored in the dark and at room temperature, namely
2 ◦C.

The evolution of MTSM (1.0 × 10−4 mol L−1) degradation in
4−
ig. 1. Kinetic of the photodegradation of MTSM (1.010−4 mol L−1) with and without
hotocatalyst W10O32

4− (2.5 × 10−4 mol L−1).
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ignificantly absorb at � > 315 nm. However and under our exper-
mental conditions, a total disappearance of MTSM was achieved
fter roughly 13 h of irradiation in the presence of W10O32

4−. The
ecay appeared to follow a first order kinetics with an estimated
ate constant of 4.8 × 10−3 min−1.

It has to be pointed out that in order to have a better insight in
he nature of reactive species implicated in the degradation process,
he irradiation of the mixture W10O32

4−/MTSM was performed in
he presence of 2-propanol. The concentration of the alcohol was
djusted to be roughly one order of magnitude higher than that
f MTSM, namely 1.0 × 10−3 mol L−1. Within these conditions, the
rradiation leads to the complete inhibition of the degradation pro-
ess in aerated as well as in oxygen-saturated solution. Such results
learly indicate that the reactive species was efficiently trapped by
-propanol in perfect agreement with the implication of an elec-
ron or hydrogen abstraction process involving the decatungstate
xcited state and leading to the formation of reduced form of,

10O32
5−. Such reactive species was largely reported in the lit-

rature as an efficient oxidant species. The oxidation potential was
stimated to be ≤2.23 V vs. NHE [18].

.2. Effect of oxygen concentration

In several studies, the oxygen was shown to play an impor-
ant role in photocatalytic processes employing several types of
hotocatalysts [19,20]. In order to understand its own role in
he decatungstate system, a solution of metsulfuron methyl was
rradiated with three different oxygen concentrations, namely aer-
ted, oxygen free and oxygen-saturated solutions. Fig. 2 clearly
hows that oxygen played a major role in the disappearance of
he pesticide. The degradation rate increased by increasing the
xygen concentration. The rate constants in oxygenated and aer-
ted solutions were evaluated to be 7.1 × 10−3 and 4.8 × 10−3 min−1

espectively.
It is worth to note that in oxygen free medium, the degra-

ation of MTSM rapidly levelled after 10% conversion. Such low
onversion is more likely due to some residual oxygen left in the
olution after nitrogen bubbling. Moreover, we can also point out

hat in oxygen free solution, a rapid appearance of a high wave-
ength absorption band with a maximum at 780 nm was observed
n agreement with the development of a blue color in the irradiated
olution (Fig. 3). This corresponds to the formation and accumula-
ion of the reduced species of decatungstate, i.e. W10O32

5−. Such

ig. 2. Influence of the oxygen concentration on the photodegradation of
TSM (1.0 × 10−4 mol L−1) upon irradiation in the presence of decatungstate ion

2.5 × 10−4 mol L−1).
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ig. 3. Absorption spectrum of decatungstate anion and its reduced form obtained
y irradiation at 365 nm of the mixture MTSM (1.0 × 10−4 mol L−1)/decatungstate
on (2.5 × 10−4 mol L−1) in oxygen free solution.

and immediately disappeared when the solution was aerated per-
itting the regeneration of the starting form of the photocatalyst,
10O32

4−.
The role played by oxygen on the pesticide degradation process

as quantified by the determination of the MTSM disappearance
uantum yields as a function of oxygen concentration (Table 1).
he quantum yield was found to be one order of magnitude
igher in aerated solution than in oxygen free solution. As usu-
lly observed in the case of several photocatalysts, the presence of
xygen represents a key condition for achieving the total degrada-
ion of the pesticide MTSM [21]. It is worth noting that, as clearly
bserved in Table 1 and in Fig. 2, bubbling oxygen in the solu-
ion did not improve the process. This is more likely owing to
he fact that in aerated solution, the oxygen concentration was
ufficient for the regeneration of the starting form of the photo-
atalyst.

.3. Effect of pH

The effect of pH can represent an important parameter in the
hotocatalytic system. It is related to the thermal stability of the
hotocatalyst and also of the pollutants and may also have an

mportant effect in the progress of the photochemical reactions.
ecause of these considerations, we studied the kinetics of metsul-

uron methyl disappearance in presence of decatungstate anions
nder various pH conditions (Fig. 4). The absorption spectrum of
ecatungstate anion does not change significantly for pH < 8. How-
ver, the changes observed at higher value of pH are mainly due to

he lack of stability. As shown in Fig. 4, the degradation rate was
ound to be constant for pH < 6.9 while the process is completely
nhibited in basic media more likely owing to the stability of the
hotocatalyst. It is well known that W10O32

4− requires a precise

able 1
uantum yield of MTSM photodegradation in aerated, de-aerated and oxygen-

aturated solutions in the presence of decatungstate ion

xperimental conditions [O2] (mol L−1) ˚MTSM

xygen-saturated solution 1.29 × 10−3 2.29 × 10−3

erated solution 2.64 × 10−4 1.98 × 10−3

e-aerated solution <10−5 2.0 × 10−4

he values correspond to an average of three determinations and are affected of
rrors equal to or less than 10%.
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ig. 4. Influence of pH on the photodegradation of MTSM (1.0 × 10−4 mol L−1) in
resence of decatungstate anion (2.5 × 10−4 mol L−1) in aerated solution.

ontrol of pH in aqueous solution, as it may lead to H2W12O40
6−

r/and W7O24
6− which absorb at lower wavelengths [22]. Hence,

he maximum adsorption and consequently maximum efficiency
n the degradation process was observed in acid and also in neutral
olutions.

.4. Photoproducts elucidation and mechanism

The irradiated solutions were analyzed by HPLC after 30% con-
ersion of MTSM (Fig. 5). Different photoproducts were identified
y using HPLC/MS technique with electrospray ionisation in posi-
ive mode. Several products were similar to those already identified
n previous studies of metsulfuron methyl which were undertaken
n presence of iron(III) aquacomplexes [22] and of titanium dioxide
23] as photocatalysts.

The main identified photoproducts are 2-(carbomethoxy)

enzenesulfon-amide and 2-amino-4-methoxy-6-methyl-1,3,5-
riazine with retention times of 3.4 and 5.8 min respectively. Since
hese compounds are commercial, their presence was confirmed by
omparison of HPLC retention times and diode array spectra with
hose of authentic samples.

f

e
t
g

ig. 5. HPLC chromatogram of an aqueous solution of MTSM after 30% conversion extent
tobiology A: Chemistry 199 (2008) 297–302

Four compounds with retention times between 7 and 8 min
ere elucidated by interpretation of the mass spectra but two of

hem were minor and only detected by LC/MS/MS showing that
wo different sites are more reactive. They exhibited the molecu-
ar ion peak at m/z = 398 and three fragment ions at m/z = 167, 141
nd 151 which correspond to the hydroxylated products on the aro-
atic ring.

The compound eluted at tret = 4.8 min, was identified as a
emethylated product involving the methoxy group of the tri-
zine moiety of MTSM. It exhibited the molecular ion at m/z = 199
ogether with the fragment ions at m/z = 153, 135 and 127.

The mechanistic scheme for the formation of these compounds
ay be presented as follows: the excitation of decatungstate anion

n the presence of the pollutant leads to the formation of the
educed form of the catalyst, namely W10O32

5−, together with the
adical cation of the pollutant (Scheme 1). The regeneration of the
hotocatalyst can operate in the presence of oxygen leading to the

ormation of the superoxide anion.

The inhibition of the MTSM degradation process in the pres-
nce of 2-propanol can be explained by an efficient reactivity of
he alcohol with the decatungstate excited state through a hydro-
en atom transfer leading to the formation and the accumulation of

([MTSM] = 1.0 × 10−4 mol L−1; [W10O32
4−] = 2.5 × 10−4 mol L−1) in aerated solution.
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W10O32
4− evidenced by the development of the band at 780 nm.

his aspect excludes the participation of the hydroxyl radicals in
he process even though these radicals are reported to be involved
n some studies [14,24].

Based on the structure identification of the photoproducts, an
lectron transfer or/and hydrogen atom transfer process can be pro-
osed. Such photocatalytic degradation pathway of MTSM involves
everal pathways (Scheme 2).

The AMMT and 2-CB are obtained from either wrenching
f H• or electron transfer from the sulfonylurea bridge by the
xcited state species, i.e. W10O32

4−•. This attack leads to the
leavage of the bridge followed by a decarboxylation reaction
pathway 1).

The formation of hydroxylated and demethylated products
equires the presence of oxygen. An electron transfer process
nvolving the aromatic ring and W10O32

4−• results in the forma-
ion radical cation. In the presence of oxygen, the radical cation

eads to four hydroxylated isomers (pathway 2).

In the case of the demethylated byproduct, its formation
nvolves the attack of the W10O32

4−• on the methoxy group. This
eaction permits the formation of peroxyl radicals through under-
oes a �-cleavage process (pathway 3).

a
6
e
s
t

Scheme 2. Proposed mechanism for the photocatalytic transform
.

.5. Mineralization process

The kinetics of the total mineralization of MTSM was followed
sing the total organic carbon (TOC) measurements (Fig. 6). During

rradiation, a rapid decrease in TOC was observed, corresponding
o the scission and oxidation of sulfonylurea bridge [22,25]. TOC
apidly disappeared and levelled off at a value of 4.5 mg L−1 after
bout 200 h irradiation time. Such level value clearly indicates the
ersistence of an organic photoproduct more likely arising from the
riazinic part of MTSM. The formation of cyanuric acid, very stable
owards oxidative attacks [26,27] may be considered as an ultimate
rganic product of the degradation can be proposed.

We also followed the formation of ammonia, nitrate and sulfates
ons by ionic liquid chromatography. As shown in Fig. 7, an increase
n the concentration of sulfates from the early stages of the irradia-
ion was observed indicating an important photocatalytic cleavage
f the sulfonylurea bridge. The concentration of sulfate ions reached

−5 −1
plateau value at 6.3 × 10 mol L corresponding to more than
3% of sulfur atom present in the molecule. This result can be
xplained, either by the formation of small molecules containing
ulfur, or by the direct transformation into SO2 during degrada-
ion [28]. After 3 h of irradiation, the concentrations ammonia ions

ation of metsulfuron methyl in the presence of W10O32
4− .
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Fig. 6. The evolution of TOC as a function of irradiation time
([MTSM] = 1.0 × 10−4 mol L−1; [W10O32

4−] = 2.5 × 10−4 mol L−1).
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ig. 7. Formation of inorganic ions (nitrates, sulfates and ammonium) upon
rradiation of MTSM (10−4 mol L−1) in the presence of decatungstate anion
2.5 × 10−4 mol L−1).

eached a plateau at 6.1 × 10−5 mol L−1 while that of nitrate kept
ncreasing. The values obtained at 3 h irradiation time, 6.1 × 10−5
nd 5.7 × 10−5 mol L−1 for nitrate and ammonia respectively, corre-
pond to 60% of the nitrogen atoms in the sulfonylurea bridge (the
xpected value is 2.0 × 10−4 mol L−1). Such results are in complete
greement with those obtained by TOC measurements indicating
he persistence of the cyanuric acid compound.
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[
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. Conclusion

The total degradation of the pesticide metsulfuron methyl was
btained using the photocatalyst, decatungstate anion. In oxy-
enated solutions, an efficient electron transfer process occurred
nd led to the mineralization of the pesticide. Such degradation
nvolved the intermediate formation of several primary photo-
roducts originating from different processes, e.g. hydroxylation,
emethylation and the scission of the sulfonylurea bridge.
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