
Kinetics and reactional pathway of Imazapyr photocatalytic

degradation Influence of pH and metallic ions

Marion Carrier a,*, Nathalie Perol a, Jean-Marie Herrmann a, Claire Bordes b,
Satoshi Horikoshi c, Jean Olivier Paisse d, Robert Baudot d, Chantal Guillard a
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Abstract

Some of advanced oxidation processes (AOP) are characterised by a special chemical feature: the ability to use the high reactivity of �OH

radicals in driving oxidation processes. These radicals are suitable for achieving the complete abatement, even including the mineralization of less

reactive pollutants.

In this study, a photocatalytic process is used to degrade one herbicide of the imidazolinone family, Imazapyr. It was shown to be photodegraded

rapidly and extensively in an aqueous solution. The decline of Imazapyr concentration in the solution followed a first-order kinetics. The apparent

first order rate constant was found equal to 0.19 min�1 in distilled water at natural pH 3.8. The smaller activities found at acidic and basic pH were

explained by considering the ionisation state of Imazapyr and the charge density of TiO2.

The present work dealt with the influence of metal ions like Ni2+ and Cu2+ which are frequently present in agricultural wastewater on the

photocatalytic efficiency of TiO2 in the elimination of Imazapyr. A detrimental effect of the presence of metallic species was observed only with

samples containing amount of copper and nickel in the presence of TiO2. Several hypotheses were proposed to explain this phenomenon,

passivation of TiO2 surface by adsorption of Cu2O and/or Cu0, formation of a complex or recombinaison of the e�/h+ pairs. At higher

concentrations of metallic species like Cu2+ and Ni2+, a plateau was reached which could be explained by the photo-Fenton like reaction.

In an attempt to understand the basic mechanisms of the degradation of Imazapyr in water by TiO2 photocatalysis, we discussed the primary

degradation mechanism on the basis of the experimental results together with molecular orbital calculation of frontier electron density and partial

charge.
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1. Introduction

New oxidation methods or ‘‘advanced oxidation processes’’

(AOP) were used in order to degrade organic compounds.

Heterogeneous photocatalysis appears as an emerging destruc-

tive technology leading to the total mineralization of many

organic pollutants.
* Corresponding author. Tel.: +33 4 72 44 54 83; fax: +33 4 72 44 53 99.
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Photocatalytic process begins when the TiO2 particles

absorb light at a wavelength smaller than 384 nm. Conse-

quently, valence band electrons are promoted through the

bandgap into the conduction band, generating an electron–hole

(e�/h+) pair. These pairs are able to initiate oxidation and

reduction reactions at the TiO2 surface. The positive holes can

oxidize the organic molecules adsorbed at the surface, through

the formation of �OH radicals. On the other hand, the

photogenerated electron can produce radical species such as

superoxide O2
�� and hydroperoxide HO2

��. All these radicals

initially oxidize the substrate in intermediates which subse-

quently undergo a complete mineralization.
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Fig. 1. Structural formula of the imidazolinone herbicides.
Many investigations concerning environmental decontami-

nations had been performed using TiO2 photocatalysis as

advanced oxidative processes [1–8].

Agricultural development had caused great damage to the

environment. The extensive use of pesticides had polluted soils

and waters. We had focused our study on Imidazolinone family

which shows different structures (Fig. 1).

This study dealt with Imazapyr which was used for

vegetation control in forest and rights of way, rubber

plantations and oil palm plantations. Imazapyr was manufac-

tured by American Cyanamid Co. and sold under the trade

names Arsenal, Chopper and Assault. It was first registered in

the United States in 1984.

Despite of his prohibition in France in July 2002, we could

notice its persistence in soil. Imazapyr move readily in soil. It

had contamined surface and ground water. Like all members of

the imidazolinone family of herbicide, Imazapyr kills plants by

inhibiting the first enzyme used when plants synthesize

branched chain amino acids (Valine, Leucine and Isoleucine).

Within a few hours after treatment with Imazapyr, synthesis of

DNA and cell division stops. Complete death of the plant occurs

slowly, taking as long as a month after treatment. Moreover

Imazapyr is corrosive to both eyes and skin.

In the literatures we could notice several studies on

Imidazolinone degradations by photolysis [9–14] and few on

photocatalytic degradations [15,16].

In agricultural wastewater, herbicides were observed in the

presence of metallic ions after a constant and long usage of

chemical fertilizers (CuSO4, . . .) and different pesticides. The

pollution of water has been increased particularly in France.

The Morcille, a Beaujolais river was controlled. River water

samples were collected in three seasons per year and analyzed

for different physicochemical parameters to assess river quality.

Concentrations of heavy metals were found 8 mg L�1 for

copper and low concentrations of nickel. Moreover, in

waterway copper and nickel were found with a concentration

of 0.2 mg L�1 [17]. Because of these found high concentra-

tions, some studies had investigated the influence of dissolved

metal ions on photocatalysis [18–24]. Generally, in the
presence of metal ions Mn+ the photogenerated electrons and

holes may be involved in the surface reduction and oxidation

processes [18]:

Mnþ þ e� ! Mðn�1Þþ

Mðn�1Þþ þ hþ ! Mnþ

The influence of dissolved metal ions on the photocatalytic

degradation rate may be approximately estimated by comparing

the standard reduction potential of metal ions to the band edge

potentials of TiO2. Positive and/or negative effects occurred

along the pollutant degradation. First, various positive effects

could be present:
- L
am et al. [19] investigated the effect of charge trapping

species of cupric ions on the photocatalytic oxidation of

resorcinol. The initial rate of photocatalysis mineralization

and degradation of resorcinol was improved by 400%. The

beneficial effect of cupric ions was attributed to two

phenomena: the formation of a complex between the pollutant

and copper which allowed cupric ions to be closer to the

catalyst surface and participate in the photoredox cyclic

reaction, a scavenging process producing oxidant species.
- D
uring photocatalysis degradation, the Fe2+ caused the Fe3+

formation, agents allowing photo-Fenton and Fenton reac-

tions. Ghiselli et al. studied the influence of low metallic ion

concentrations such as Fe2+ [20]. Moreover, some researchers

like Okamoto et al. [21], Butler and Davis [22], Bideau et al.

[23] and Wei et al. [24] investigated on the catalytic effect of

Cu2+ ions on the decomposition of H2O2 to generate �OH

radicals via homogeneous photo-Fenton type like reaction

Cu2+ + e� ! Cu+; Cu+ + H2O2! Cu2+ + OH� + �OH.

In other hand, negative effects occured:
- C
u(I)/Cu(II) couple could create a cyclic process without

the generation of �OH radical. This reaction was also known

as short circuiting reaction (Cu2+ + e� ! Cu+ + h+! Cu2+)

and usually occurs at high concentration of Cu2+ ion

[21,23].
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- B
rezova et al. confirmed the presence of Cu2O by IR on the

catalyst surface for concentrations higher than 1 mM. Copper

deposited on the TiO2 surface may modify the processes of

generation and recombination of the charge carriers and

intermediates [18].
- A
nother negative effect could be due to the intensification of

light filtering effect by the high concentrations of Cu2+ ions

which reduces the amount of light available for catalyst

activation.

In this paper, we reported the results of the photocatalytic

degradation of Imazapyr by TiO2 powder. The influence of the

irradiation intensity and of the amount of copper often used in

vineyards had been studied. We had discussed the role of pH

and copper during Imazapyr degradation. Finally, we had st-

udied the primary intermediate products formed and estab-

lished degradation pathways of Imazapyr.

2. Experimental

2.1. Materials

The most popular commercial TiO2 is P-25 produced by the

German Company Degussa. TiO2 exists under two main

crystallographic forms, anatase and rutile. Anatase has always

been found to be photocatalytically more active than rutile

[25,26]. TiO2 used in our study was TiO2 Degussa P-25. This

sample contains ca. 80% anatase and 20% rutile. Its BET

surface area is ca. 50 m2 g�1. Imazapyr herbicide and

Cu(NO3)2 and Ni(NO3)2 were purchased from Aldrich. In

order to adjust the initial pH, HNO3 and NaOH solutions were

obtained from Aldrich.

2.2. Photoreactor and light source

The batch photoreactor was a cylindrical flask made of

Pyrex of ca. 100 mL with a bottom optical window of ca.

4 cm diameter which was open to the air. UV irradiation

was provided by a high pressure mercury lamp and was

filtered by a circulating-water cell equipped with a 340 nm

cut-off filter (Corning 0-52). The water cell was used to

remove IR radiation, thus preventing any heating of the

suspension.

The radiant flux was measured with a radiometer detector

model VLX 3W Bioblock scientific. The response bandwidth of

the radiometer was centered on 365 nm. The result gave

approximately 6 mW cm�2 at this wavelength, corresponding

to a total of UV equal to 14.1 mW cm�2.

2.3. Photodegradation

The photocatalytic test was performed at room temperature

(20 8C), 50 mg TiO2 were added, under stirring, to 20 mL of a

20 ppm (80 mmol L�1) solution of the pesticide and maintained

in the dark for 30 min to reach the adsorption equilibrium. At

time t = 0, the photoreactor was irradiated. Samples from the

suspension (0.5 mL) were taken at regular time intervals for

analysis. The amount of 50 mg of titania was chosen, since, in
our conditions, there is a complete adsorption of the UV-light

entering the photoreactor.

2.4. Analytical determination

Samples taken after different times of irradiation, were

filtered through 0.45 mm filters (Millipore) to remove TiO2

particles before analysis.

The HPLC-UV analyses were performed using a VARIAN

system with a diode array and on a 125 mm � 4 mm C18

reverse-phase column (Hypersil BDS). The mobile phase

composition was methanol and a phosphoric acid aqueous

buffer adjusted to pH 2.8 at a ratio 20:80.

The eluant flow rate was fixed (1 mL min�1). The detection

wavelength was set at 254 nm.

The complexation was studied with UV spectrometer and

copper concentrations were verified by atomic absorption.

Identification of degradation intermediates was determined

using LC/MS (electrospray ionisation) in positive mode with

(20:80) (methanol; acidified water by formic acid) mobile

phase equipped with the C18 reverse-phase column. In order to

ameliorate results in LC–MS, we made a preconcentration of

sample on OASIS hydrophilic balanced copolymer (HLB)

cartridge. This manipulation consisted of reducing sample

volume of 20 mL in a volume of 500 mL. Intermediates stocked

in the solid phase of cartridge were extracted by 500 mL of

methanol.

Computer simulations with MOPAC allowed to calculate the

frontier electron density used to assess the positions of �OH

radical attack and the partial charge in Imazapyr.

3. Results and discussions

3.1. Kinetics of Imazapyr degradation

It was experimentally verified that direct photolysis of the

substrate was very slow under UV irradiation alone (Fig. 2).

Furthermore, under our conditions the concentration in

Imazapyr was ever observed when the adsorption was carried

out in the dark for the catalyst used.

Imazapyr was shown to photodegrade rapidly and exten-

sively. In 20 min, we could observe the total disappearance of

Imazapyr. Moreover, the total organic carbon (TOC) had been

followed and showed the efficiency of photocatalysis to

mineralize an organic compound. More than 92% of TOC had

totally disappeared in about 24 h (Fig. 2b). Imazapyr

concentration abatement in the solution followed first-order

kinetics. The apparent first order rate constant k was found

equal to 0.19 min�1 in distilled water at natural pH 3.8 for TiO2

powder (Figs. 2–4).

3.2. Effect of the radiant flux of the irradiation source

In literature [4], the rate was found to be proportional

to the radiant flux F for F < 25 mW cm�2. Above

25 mW cm�2, r varied as F1/2, indicating a too high value

of the flux and an increase of the electron–hole recombina-
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Fig. 3. First-order linear transforms ln (C0/C) = f(t). Conditions: C0 = 75.8

mmol L�1, m(TiO2) = 2.5 g L�1, V = 20 mL, T = 20 8C, natural pH values.

Fig. 2. (a) (^) Photolytic degradation, (&) photocatalytic degradation of Imazapyr, (~) adsorption in the dark with TiO2 powder. (b) Kinetics of TOC Imazapyr

disappearance.
tion rate. The rate constant of disappearance of Imazapyr

(initial concentration of 80 mmol L�1) under different

intensity radiations was shown in Fig. 4. In our experimental

conditions rate constants were found to be directly

proportional to the radiant flux which was the optimal

light power utilization at natural pH 3.8 and confirmed the

theory.
Fig. 4. Influence of the radiation intensity on the rate constant.
3.3. Effect of pH

In this study, the initial pH was adjusted at 2.1 by addition of

HNO3, 3.8 (pH natural), 6.4, 7.1 and 8.4 by addition of NaOH in

an aqueous solution of Imazapyr (80 mmol L�1) with TiO2

powder (2.5 g L�1). Guillard et al. [27] showed that sodium and

nitrate had a low impact on the degradation of methylene blue at

neutral and basic pH. The introduction of new ions such as Na+

and NO3
� had a low influence on the rate constant in

comparison with pH.

Fig. 5 showed that degradation occurred more rapidly at pH

3.8. This behaviour depended on the type of interactions

between Imazapyr molecules and the catalyst surface. There-

fore Imazapyr exhibits five distinct chemical species that are

presented in Fig. 6. The acid–base dissociation constants of the

various functional groups had been determined to be 1.88, 3.6

and 10.8 [9].

On the other hand, the PZC of TiO2 is equal to 6.3. This

means that the TiO2 surface is positively charged (Ti–OH2
+)

when the pH is lower than this value and negatively charged

(Ti–O�) when the pH is higher than PZC. Interactions are going

to accelerate or retard the degradation.

Table 1 shows form distribution in function of pH obtained

by following calculations:

c¼ ½III� þ ½II� þ ½IV�

Ka1
¼ 10�1:88 ¼ ½III� � ½H3Oþ�=½II�
Fig. 5. Rate constant (min�1) at different pH values.
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Fig. 6. Different forms of Imazapyr as a function of the pH.
Ka2
¼ 10�3:6 ¼ ½IV� � ½H3Oþ�=½III�

Ka2
� Ka1

¼ ½IV� � ½H3Oþ�2=½II�

Ka2
� Ka1

¼ ½H3Oþ�2=½II� � ðc� ½III� þ ½II�Þ2

½III� ¼ Ka1
� ½II�=½H3Oþ�

Ka2
� Ka1

¼ ½H3Oþ�2=½II� � ðc� Ka1
� ½II�=½H3Oþ� þ ½II�Þ2

Ka2
� Ka1

=½H3Oþ�2 ¼ c=½II� � Ka1
=½H3Oþ� � 1

½II� ¼ c=Ka2
� Ka1

=½H3Oþ�2 þ Ka1
=½H3Oþ� þ 1

½III� ¼ Ka1
� ½II�=½H3Oþ�

½IV� ¼ Ka2
� ½III�=½H3Oþ�

with Ka1
and Ka2 acid constants and [II], [III], [IV] Imazapyr

form of concentrations.

In this present study, the degradation rate increases with the

increase in pH from 2.1 to 3.8 and decreases with the pH from

3.8 to 8.4.

At pH 2.1, neutral species III were dominant (60%) and

TiO2 surface was charged positively, interactions were low.

At pH natural 3.8, the carboxylate ion specie IV was

dominant (61%) and may theoretically existed with neutral

species III (38.5%). Interactions between TiOH2
+ and
Table 1

Effect of pH on the degradation rate constant and of the presence of species in

percent

pH k (min�1) Specie III

% neutral

form

Specie IV

% negative

form

Specie II

% positive

form

Major forms

of TiO2

2.1 0.06 60 4 36 TiOH, TiOH2
+

3.8 0.19 38.5 61 0.5 TiOH, TiOH2
+

6.4 0.07 0.3 99.7 0 TiOH

7.1 0.08 0.1 99.9 0 TiO�

8.4 0.09 0 100 0 TiO�
Imazapyr were very strong and allowed Imazapyr to be

degradated more easily. On the other hand, at pH > 6.3

(PZC) TiOH and TiO� species were present. Imazapyr and

TiO2 surface existed under negative forms. Therefore,

repulsions were much more marked because both species

were negatively charged, thus preventing interactions and

delaying degradation. Optimal domain for Imazapyr degra-

dation was pH 3.8.

The type of interactions between organic forms and catalyst

surface was very important in the pollutant degradation.

3.4. Effect of copper and nickel amount

The disappearance rate of Imazapyr decreases as a function

of copper and nickel ion concentration before reaching a

pseudo-plateau (Figs. 7 and 8).

Whatever the concentration of copper and nickel ions, the

rate constant decreased. When the plateau was reached the

efficiency was decreased with a factor of 4 for the Copper and

with a factor of 2 for the nickel (Figs. 9 and 10). Behaviours of

Cu2+ and Ni2+ were complex.
Fig. 7. Photocatalytic degradation of Imazapyr in the presence of Cu2+: (^)

without Cu2+, (&) with 0.04 mmol L�1, (~) with 0.06 mmol L�1, ( ) with

0.16 mmol L�1, (�) with 0.31 mmol L�1.
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Fig. 8. Photocatalytic degradation of Imazapyr in the presence of Ni2+: (^)

without Ni2+, (&) with 0.04 mmol L�1, (~) with 0.06 mmol L�1, ( ) with

0.16 mmol L�1, (�) with 0.31 mmol L�1.

Fig. 9. Kinetic constants for different [Cu2+].

Fig. 11. UV spectra of Imazapyr–Cu2+ complex as a function of molar ratio

between Imazapyr (constant concentration of 75 mmol L�1) and Cu2+ (variable

concentration between 19 and 56 mmol L�1).

Fig. 12. Representation of absorbance as function of ratio molar metal on

Imazapyr.
First, the detrimental effect could be induced by a

competitive trapping of oxidizing species following these

equations:

Cu2þ þ e� ! Cuþ

Cuþ þ hþ ! Cu2þ

The reduction of Cu2+ by photogenerated electrons followed by

the oxidation of Cu+ may be in competition with the formation

of superoxide anion radicals and hydroxyl radicals and conse-

quently may reduce the disapperance rate of Imazapyr mole-

cules.

Moreover the photodeposition of copper species such as Cu0

and Cu2O at TiO2 surface could be present. The determination

of E–pH diagram showed each domain in which one species

was the most thermodynamically stable. Cu0 and Cu2O could

coexiste [28].

These copper oxides had been detected by Yamazaki et al.

using IR analysis [29]. This may modify the process of
Fig. 10. Kinetic constants for different [Ni2+].
generation and recombination of the charge carriers and radical

intermediates.

Finally, Quivet et al. reported the formation of neutral

complex structures of Cu2+ ions with Imazapyr in the

suspensions. In our experimental conditions, the complex

formed by herbicide Imazapyr with Cu2+ was identified by UV

spectrometry with the molar ratio technique [30,31].

The formation of a complex Imazapyr-Cu2+ in our

experimental conditions was confirmed by UV measurement

(Fig. 11). At 267 nm, an isobestic point was present. It allowed
Fig. 13. LC–MS chromatogram of Imazapyr degradation by photocatalysis

after 10 min.
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to represent the absorbance at 267 nm as a function of the molar

ratio curve (Fig. 12).

The result allowed to confirm that the complex was

constituted by two molecules of Imazapyr and one molecule
Table 2

Structure of photoproducts of the Imazapyr degradation identified by LC/MS elec

Structure

D1, D2, D3, D4

E

G

F

C

H

A

I

of Cu2+ ions: [Cu(Imz)2�2H2O] [30–32]. This particular

behaviour (complex formation) with metallic salts [30,32–

34] could be reduced or enhanced Imazapyr degradation by

photochemistry [35].
trospray in positive and negative modes

Retention time

ES+ (min)

ES positive

M + H

ES negative

M � H

M

7.888, 4.310, 4.107, 2.236 278 276 277

2.605, 1.662, 1.390 250 248 249

3.722 184 182 183

2.154, 1.092 236 234 235

4.078, 1.641 234 232 233

5.2 264 262 263

5.2 218 217

204 205
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At higher Cu2+ concentrations, these detrimental effects

were reduced. This behaviour could be due to the formation of
�OH by photo-Fenton in the presence of H2O2 formed on TiO2

[22,36,37]:

Mðn�1Þþ þH2O2 ! Mnþ þ �OH þ OH�

Fenton’s reagent is composed of a solution containing hydro-

gen peroxyde and a Fe2+ salt, in an acidic medium. Ferric and

Cu2+ ions (Fenton-like reagents) could be also used in Fenton-

like reaction. The efficiency of the Fenton reagent for destruc-

tion of organic matter can be enhanced by irradiation with

light in the UV range (photo-Fenton reaction) [20,38]. After

degradation of twenty different dyes in aqueous solutions by

the Fenton process, Xu et al. found catalytic activity of metal

ions was measured to be in the following sequence:

Fe2+ > Cu2+ > Mn2+ > Ag+. Under UV irradiation, the same

sequence of the catalytic activity of the metal ion was

obtained with an improvement by UV irradiation assistance

[38].
Scheme 1. Degradation p
3.5. Identification of intermediate products by electrospray

mass spectroscopy

After 10 min of irradiation, we had stopped the reaction and

preconcentred on a cartridge in order to improve results. The

following chromatogram (Fig. 13) corresponds to a photo-

catalytic degradation of Imazapyr under an irradiation of

6 mW cm�2 at 365 nm.

Structures of products identified in LC/MS were present in

Table 2. Some peaks appeared at 183, 205, 217, 233, 235, 249,

263 and 277 m/z which could be assigned to the chemical

structures, G, I, A, C, F, E, H and D1–4 (Scheme 1). These

were attributed to: (i) the hydroxylation of aromatic ring or

methyl group, D1–4 (Scheme 1), (ii) to the successively

oxidation of aliphatic chain of E, F and I (Scheme 1) (loss of

two methyl groups) and (iii) opening of imidazoline cycle and

bonding rupture between the two cycles (compound G,

Scheme 1).

At this irradiation time first intermediates began to

disappear. After extraction of different mass detected by
athways of Imazapyr.



M. Carrier et al. / Applied Catalysis B: Environmental 65 (2006) 11–20 19

Fig. 15. Chemical structure with the atom numbers used in the molecular

orbital calculation.

Fig. 14. Mass spectra of the extraction 278 m/z in positive electrospray mode

corresponding to D1–4 products.
LC–MS, some isomers and new structures were found and were

presented in Table 2 (Fig. 14).

Four isomers of hydroxylated products with a mass of 218

were present at different retention times.

3.6. Photocatalytic mechanism

Frontier electron densities and point charges of all individual

atoms in the Imazapyr were calculated using the CAChe system

in the MOPAC program; the resulting values are summarised in

Table 3 (Fig. 15):

The adsorption position was important in the decomposition

of organic substance. Indeed, the life time of �OH and �OOH

radicals was very short and the degradation was caused on the

TiO2 surface. The calculation of point of charge shown different

points of adsorption and the calculation of electronic density

shown attack position of �OH and �OOH radicals.
Table 3

Calculated partial charge and radical frontier density for Imazapyr using the

MOPAC method

Atom Partial

charge

Radical

frontier

density

Atom Partial

charge

Radical

frontier

density

O1 �0.44940 0.04154 C18 �0.22820 0.00820

O2 �0.33660 0.01264 C19 �0.21140 0.00854

O3 �0.43990 0.08804 H20 0.30490 0.00092

C4 0.42150 0.05194 H21 0.19200 0.00088

C5 �0.14060 0.26215* H22 0.19410 0.00044

C6 �0.02560 0.09273 H23 0.21110 0.00071

C7 �0.16900 0.22961* H24 0.31260 0.00169

C8 0.07370 0.29617* H25 0.10830 0.00242

N9 �0.21100 0.06194 H26 0.10570 0.00257

C10 �0.01620 0.22251* H27 0.09860 0.00145

C11 0.14280 0.08524 H28 0.10290 0.00744

N12 �0.24710 0.22901* H29 0.08720 0.00202

N13 �0.33850 0.16998 H30 0.08610 0.00218

C14 0.32550 0.03047 H31 0.08920 0.00386

C15 �0.00180 0.02874 H32 0.08260 0.00298

C16 �0.21190 0.01749 H33 0.08370 0.00129

C17 �0.08000 0.03019 H34 0.08490 0.00202

* Atoms with the largest electron density.
3.6.1. Interpretation of point charge calculation [39,40]

For Imazapyr the most negative point charges were located

on the oxygen atoms O1 and O3. We expected therefore that the

point of adsorption of the Imazapyr at pH natural be through the

carboxylic group. We could not preclude partial adsorption of

Imazapyr through its nitrogen atom N13.

3.6.2. Interpretation of electronic density calculation

[39,40]

In photocatalysis two species were important holes h+ and

hydroxyl radicals �OH.

Holes could directly oxidize Imazapyr according to a

‘‘Photo-Kolbe’’ reaction with decarboxylation of pyridinic

cycle proved by the presence of A compound 217 m/z (Pathway

1, Scheme 1). This confirmed that the preferential mode of

adsorption of Imazapyr was related to the binding of the

carboxylic group at the surface of Titania.

To understand different degradation pathways (2a–2b–2c),

the calculation of electronic density was interesting.

The primary position for �OH radical (an electrophilic

species) should attack on the atoms with the largest electron

density.

For Imazapyr these atoms were the pyridinic C5, C7, C8, C10

carbons and N12 atom. Primary �OH radical attack on C8 should

lead to the bonding rupture between the two cycles (Pathway

2a, Scheme 1). Products B1 and B2 were not detected under our

experimental conditions. This absence of detection could be

due to the steric of carboxylic and methyl groups which prevent
�OH radical to attack easily C8 and C11 carbons.

A new attack was possible in C5 allowing the formation of C

compound 233 m/z after a decarboxylation following to an

hydroxylation (Pathway 2b, Scheme 1)

Some attacks appeared simultaneously in C7 and C10

carbons to form D1 and D2 isomers (Pathway 2c, Scheme 1)

confirmed by LC/MS in positive mode.

Methyl group of D1 and D2 compounds were gradually

oxidized in alcohol, aldehyde and acid. According to the photo-

Kolbe reaction, the decarboxylation and the hydroxylation

allowing E and F formations (Pathway 2c, Scheme 1) were

expected.
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Intermediates resulting from the imidazolinic cycle opening

of D1, D2 compounds were not detected but the identification of

G compound confirms the imidazolinic cycle opening. I

compound identified in negative mode by electrospray would

completed the 2c pathway allowing to the G product formation.

4. Conclusion

Imazapyr was totally degraded in the presence of TiO2

powder after 30 min of adsorption in the dark and 20 min of

irradiation following apparent first-order kinetics. The addition

of copper (0.4 mol L�1 to 0.6 mmol L�1) to suspension had no

effect on the rate constant but, at higher concentrations, a

decrease was observed. The most favorable pH for this

degradation was found equal to pH 3.8.

The effect of dissolved metal ions on the photocatalytic

degradation rate with TiO2 powder was investigated. The

obtained results may be summarised as follows: For low

concentrations of Cu2+ and Ni2+ rate constants decreased. At

higher concentrations, a plateau was reached. Negative effects

like the photodeposition of Cu0 and Cu2O and the recombina-

tion of h+/e�were reduced by the photo-Fenton like reaction at

higher concentrations.

This work showed the role of frontier orbital density and

adsorption on the degradation pathways.

Three major pathways had been determined in the

degradation of Imazapyr by using LC/MS.

These results clearly confirmed that photocatalysis is a

convenient and cheap means of decontaminating used waters

produced in vinyards.

Independently of vinery activities and because of the robust

character of titania, photocatalysis can also be envisaged as an

advantageous technique for purifying aqueous wastes and

producing drinking water, especially in sunny arid areas for

isolated populations [41], where water supply is becoming a

crucial problem in the present millennium.
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