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a b s t r a c t

The photo-induced transformation in aqueous solution of hexaconazole and dimethomorph over irra-
diated titanium dioxide was studied. The investigation involved monitoring pesticides decomposition,
identifying intermediate compounds, assessing mineralization, and evaluating toxicity of pesticides
derivatives. HPLC/UV and HPLC/MS were used to follow the disappearance of the initial pesticides and
the formation of intermediate products, while the acute toxicity was evaluated by using the Vibrio fischeri
luminescent bacteria assay.

Hexaconazole photocatalytic transformation proceeds through the formation of highly persistent com-
iO2

ungicides
exaconazole
imethomorph
orpholine

yanuric acid

pounds. The formation of cyanuric acid, a non-toxic compound refractory to photocatalytic treatment, was
recognized. Conversely, the toxicity assays prove that neither hexaconazole nor its intermediates exhibit
acute toxicity.

Dimethomorph under photocatalytic treatment is completely mineralized within 14 h of irradiation.
However, its transformation proceeds through the formation of toxic intermediates. A correlation exists
between the evolution of the intermediate compounds and the toxicity profile, as the highest toxicity is
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. Introduction

A combined use of morpholine and triazole fungicides had
hown several advantages, above all when adopted for tea
reatment [1]. Among them, we have chosen dimethomorph
a morpholine fungicide) and hexaconazole (triazole fungicide),
hose structures are shown in Fig. 1. Dimethomorph (EZ)-4-[3-

4-chlorophenyl)-3-(3,4-dimethoxyphenyl) acryloyl] morpholine)
s a systemic fungicide used to prevent the peronosporales germs
isease and is widely used for vegetables and fruits treatment [2].
exaconazole [(RS)-2-(2,4-dichlorophenyl)-1-(1H-1,2,4-triazol-1-
l)hexan-2-ol] is a fungicide at broad spectrum of activity against
scomycetes and basidiomycetes [3]. Trace amount of hexaconazole
6 ng/L) was found in river water samples [4]. It is highly persistent
nd no degradation was apparent within 3 weeks. A study on soils
hows that its degradation proceeded at similar rate in both ster-
lized and non-sterilized soils, so proving a minor role played by
icro-organisms [5].
Besides, the employment of an appropriate technique for water

econtamination is required. Photocatalytic degradation with irra-
iated semiconductors had shown to be effective in the abatement

∗ Corresponding author. Tel.: +39 0116707626; fax: +39 0116707615.
E-mail address: paola.calza@unito.it (P. Calza).
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tes with lower EC50 (hydroquinone and 4-chlorophenol) are formed.
© 2008 Elsevier B.V. All rights reserved.

f numerous pollutants, as well as many pesticides [6–11]. Among
emiconductor solids, TiO2 is widely used because it is non-
oxic, inexpensive, as well as a biologically and chemically inert
hotocatalyst. Light induces the formation of reactive species on
he surface of the photocatalyst (i.e. h+, e− and •OH radicals),
hich produces degradation of a large variety of organic com-
ounds. Such compounds are generally completely mineralized

nto non-toxic products like carbon dioxide, inorganic ions and
ater [12–14].

In contrast with the usual photocatalyzed transformations,
hat proceed through the formation of more simple compounds,
ome cases were reported where the formation of more complex
ompounds occurred. Alkyl ureas photocatalyzed transformation
ainly proceeded through the formation of cyclic compounds

15]. Ring-expanded six-membered triazine were formed from tri-
zole photodegradation [16]. These aspects emphasize the need to
dentify the intermediate species formed during the photominer-
lization process, in order to inspect the real ability of oxidation
echnology in reducing the toxicity of the treated matrix and to
erify the possible formation of dangerous intermediates.
For this purpose, in the present paper we will go inside the
ransformation pathways followed by the selected fungicides under
hotocatalytic treatment through a combined evaluation of dif-

erent aspects: (1) identification of the degradation compounds
ormed during the photocatalytic process; (2) assessment of total

http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:paola.calza@unito.it
dx.doi.org/10.1016/j.jphotochem.2008.08.018
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Fig. 1. Structure of hexaconazole (right) and dimethomorph (left).

ineralization during the process; (3) evaluation of the toxicity of
he irradiated solutions.

The more suitable technique for detection of these pesticides
nd their transformation products is the liquid chromatogra-
hy/tandem mass spectrometry [17–19]. A total of 13 hexaconazole
egradation products and 9 dimethomorph degradation products
ere identified by HPLC tandem mass spectrometry.

. Experimental

.1. Material and reagents

Hexaconazole (purity 99.8%, solubility in water 18 mg/L)
nd dimethomorph (purity 99.0%, solubility in water >18 mg/L)
ere purchased from Dr. Ehrenstorfer. 3,5-Dichlorophenol, 4-

hlorophenol, hydroquinone, morpholine, cyanuric acid, urea and
,3,4-triazole were all purchased from Aldrich. HPLC grade water
as obtained from MilliQ System Academic (Waters, Millipore).
PLC grade acetonitrile (BDH) was filtered through a 0.45-�m fil-

er before use. Formic acid reagent grade was purchased from Carlo
rba. Experiments were carried out using TiO2 Degussa P25 as the
hotocatalyst.

.2. Irradiation procedures

The irradiation experiments were carried out in Pyrex glass
ells, filled with 5 ml of a suspension containing the pesticide
15 mg/L) and TiO2 (200 mg/L). The illumination was performed
sing a 1500 W Xenon lamp (CO.FO.MEGRA, Milan, Italy) equipped
ith a 340-nm cut-off filter simulating AM1 solar light. The tem-
erature reached during the irradiation was 38 ± 2 ◦C. The entire
ontent of each cell was filtered through a 0.45-�m filter and then
nalyzed by the appropriate technique.

.3. Analytical procedures

.3.1. Liquid chromatography
Pesticides and their transformation products were analyzed by

PLC/MS. The chromatographic separations followed by a MS ana-
yzer were run on a C18 column Lichrosphere, 250 mm × 4.0 mm.
njection volume was 20 �L and flow rate 1000 �L/min. Gradient

obile phase composition was adopted: 80/20 to 20/80 in 10 min
ormic acid 0.05%/acetonitrile.

A surveyor mass spectrometer (Thermo Finnigan) equipped
ith an atmospheric pressure interface and an ESI ion source was
sed. The LC column effluent was delivered into the ion source using

itrogen as both sheath and auxiliary gas. The cone voltage was set
t 50 V value. The heated capillary value was maintained at 300 ◦C.
he acquisition method used was previously optimized in the tun-
ng sections for the parent compound (capillary, magnetic lenses
nd collimating octapoles voltages) in order to achieve the maxi-
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um of sensitivity. The tuning parameters adopted for ESI source
ave been the following: capillary voltage 2.5 V, RF Lens Bios 0.3 V,

on energy 1 V mass spectra were collected in full scan positive
ode in the range 60–700 m/z.
The chromatographic analysis for benzene derivatives were

ollowed using a HPLC system (Merck Hitachi L-6200 pumps)
quipped with a Rheodyne injector, a UV–vis detector (Merck
itachi L-4200) and a RP C18 column (Lichrochart, Merck,
2.5 cm × 0.4 cm, 5 �m packing). Gradient mobile phase composi-
ion was adopted: 80/20 to 50/50 in 10 min phosphate buffer and
cetonitrile.

.3.2. Ion chromatography
A Dionex instrument was employed, equipped with a conduc-

imeter detector. Determination of ammonium ions was achieved
sing a CS12A column and 25 mM metansulphonic acid as eluant,
t a flow rate of 1 mL/min. In these conditions the retention time
or ammonium ion was 4.7 min. The anions were analyzed using an
S9HC anionic column and 9 mM K2CO3 at a flow rate of 1 mL/min.

n these experimental conditions the retention time of chloride and
itrate ions were 7.10 and 13.98 min, respectively.

.3.3. Total organic carbon analyzer
Total organic carbon (TOC) was measured on filtered suspen-

ions using a Shimadzu TOC-5000 analyzer (catalytic oxidation on
t at 680 ◦C). The calibration was performed using standards of
otassium phthalate.

.3.4. Toxicity measurements
The toxicity of dimethomorph and hexaconazole solutions and

f aqueous samples collected at different irradiation times was
xamined with a Microtox Model 500 Toxicity Analyzer. The toxic-
ty was evaluated by monitoring changes in the natural emission of
he luminescent bacteria Vibrio fischeri when challenged with toxic
ompounds. Freeze-dried bacteria, reconstitution solution, diluent
2% NaCl) and an adjustment solution (non-toxic 22% sodium chlo-
ide) were obtained from Azur. EC50 were estimated in medium
ontaining 2% sodium chloride using five dilutions and lumines-
ence was recorded after 5 and 15 min of incubation at 15 ◦C (basic
est). The inhibition of the luminescence, compared with a toxic-
ree control to give the percentage of inhibition, was calculated
ollowing the established protocol using the Microtox calculation
rogram. The toxicity of dimethomorph and hexaconazole solution
ollected at different irradiation times was measured after 5, 15 and
0 min of incubation by adopting the screening test.

. Result and discussion

.1. Hexaconazole

.1.1. Hexaconazole photo-induced transformation
Dark experiments and direct photolysis experiments were pre-

iminarily run, with the aim of assessing whether direct photolysis
r thermal decomposition may contribute to the pesticide decom-
osition. Fig. 2 shows the disappearance of hexaconazole in the
iverse experimental conditions as a function of the irradiation
ime. Experiments were run in the ESI positive mode, which appears
o be more sensitive and suitable technique for both the parent
ompound and the most of the photogenerated products. Hexa-

onazole was found to be stable over the time interval considered
14 h). Conversely, the disappearance of hexaconazole under het-
rogeneous photocatalysis easily occurs and followed a pseudo
rst-order law. The calculated half-time is 11 min, while the com-
lete disappearance occurs within 60 min of irradiation.
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ig. 2. Degradation of hexaconazole 15 mg L−1 on TiO2 200 mg L−1; disappearance
f the initial compound (photolysis (�), TiO2 (©)), TOC profile (�) and evolution
f chloride (�), nitrate (�) and ammonium (�) ions as a function of the irradiation
ime.

Fig. 2 also depicts the disappearance of organic carbon and the
volution of inorganic ions formed along with the photocatalyzed
onversion of hexaconazole. Mineralization is a long process and
ven after 14 h of irradiation the organic carbon was not completely
egraded. After 4 h of irradiation almost 10% of the organic car-
on is still present. A small amount is still persistently observed
fter 14 h of irradiation (6%). It should be due to the formation of
ondegradable organic intermediates produced under our experi-
ental conditions (see below).
Looking closer to the fate of the nitrogen and chlorine atoms, at

hort irradiation time ammonium and chloride ions were formed
t similar rates and, after 15 min of irradiation, approximately 27
nd 35% of their stoichiometric amounts were released. For longer
rradiation times, inorganic ions showed different formation rates.
hloride ions is easier released; after 1 h of irradiation almost 50%
f the stoichiometric amount is formed, while up to 4 h is needed
o obtain its stoichiometric release.

Conversely, the nitrogen is slowly released and, in the con-

idered time (14 h), a lack of almost 20% in the nitrogen
ineralization exists. It is consistent with the formation of partially

e-nitrogenated intermediate compounds, in analogy with study
erformed on cyproconazole [20,21]. The nitrogen is mainly trans-
ormed into ammonium ions, while nitrate formation only occurs

t

d
s
t

able 1
exaconazole and the identified transformation products: [M+H]+, retention times and fr

M+H]+ tR (min)

314 19.02
330 A 14.58
330 B 14.93
330 C 16.10
346 A 13.92
346 B 14.50

170 3.32
114 3.26
128 2.19

74 2.44
70 2.87
61 2.17
obiology A: Chemistry 200 (2008) 356–363

t long irradiation time (at 14 h of irradiation ratio NH4
+/NO3

− is
).

.1.2. Hexaconazole transformation pathways
Along with the hexaconazole degradation, several intermedi-

tes characterized by different m/z ratios were formed. A total of
3 intermediate compounds have been detected and identified by
PLC/MS/MS; they are summarized in Table 1 and Scheme 1. Fig. 3

hows typical bell-shaped profiles for the intermediates as a func-
ion of the irradiation time.

Three species at m/z 330 were detected, labelled A–C, formed
hrough three concomitant pathways (i–iii), as shown in Scheme 1.
difference of 16 u with the parent compound permits to attribute

hem to the hexaconazole hydroxy derivatives. Through the anal-
sis of their MS2 spectra, it can be proposed the position for the
H group substitution. For the two isomers A and B, the hydroxyl
roup substitution occurs on the alkylic chain (both produce the
on at m/z 256 through the elimination of C4H10O). The species
30-B also eliminates methanol (product ion at m/z 300), thus
uggesting the hydroxylation on C6. The MS2 spectrum for the
somer C shows several peculiar ions: (i) a product ion at m/z
07, originated from the elimination of C3H3N3, that permits to
xclude an attack on the triazolic ring; (ii) the product ions at m/z
14 (loss of methane) and 288 (loss of propene), that exclude the
ttack on the alkylic chain; (iii) the product ion at m/z 240 (loss
f C3H3ClO) that involves the cleavage of the aromatic ring and
upports the hydroxylation of the benzenic ring. The hydroxyla-
ion of the chloro aromatic ring during photocatalytic treatment
s often reported [10,22]. This hypothesis is further supported by
he formation of the species at m/z 170, through the detachment
f the dichlorophenol moiety. The finding of the dechlorinated by-
roduct is consistent with the absence in its MS spectrum of the
hlorine typical isotopic distribution. Besides, the contemporane-
us formation of 3,5-dichlorophenol supports the breakage of the
30-C (see pathway i). Afterward, the opening of the aromatic ring
ould occur and aliphatic compounds, such as formic and acetic
cid, should be formed [23,24].

Two isobaric species at m/z 346 were formed and identified as
he hexaconazole bihydroxy derivatives. Their MS2 spectra analysis
hows for both isomers the formation of a product ion at m/z 256,
ue to the loss of C4H10O2. It enables us to position both OH groups
n the alkylic chain. Isomer B also eliminates ethylene glycol (m/z
84), so implying that the two OH groups are located on C5 and C6.
hese intermediates are formed at delayed time (see Fig. 3a) and
ay originate from the monohydroxylated species A and B, through
he pathways ii and iii.
Several lower mass compounds were also detected and should

erive from the transformation of the compound at m/z 170. The
pecies at m/z 114 and 128 should be formed as a consequence of
he breakage of the alkylic chain, with the formation of the ethanolic

agments coming from MS2 spectra.

MS2

256 (–CH3CH2CH2CH3) 284 (–CH3CH3) 70 (C2H3N3
+)

256 (–CH3CH2CH2CH2OH) 83 (C6H11
+) 70 (C2H3N3

+)
256 (–CH3CH2CH2CH2OH) 70 (C2H3N3

+) 300 (–CH3OH) 268 (–H2O, –CHOHCH2)
240 (–C3H3ClO) 314 (–CH4) 83 (C6H11

+) 207(–C3H3N3,–C3H6), 288 (–C3H6)
256 (–HOCH2CH2CH2CH2OH) 328 (–H2O) 83 (C6H11

+)
256 (HOCH2CH2CH2CH2OH) 284 (HOCH2CH2OH) 328 (–H2O) 83 (C6H11

+)
–
–
–
–
–
–
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Scheme 1. Proposed transformation pathway

hain, then oxidized to the carboxylic derivative. Afterwards, their

ransformation leads to the detachment of the carboxylic/alcoholic
hain, with the formation of the species at m/z 70, recognized as
,2,4-triazole, whose identity was confirmed by injection of a stan-
ard solution. It accounts for the conversion of 22.5% of the triazolic
oiety.

m
[
o
c
t

wed by hexaconazole under TiO2 treatment.

The triazole transformation is known to proceed through the for-

ation of numerous species, even more complex than the triazole

16]. In our experimental condition we have detected the formation
f a species at m/z 74 and 61, recognized as urea. Urea maximum
oncentration was 0.2 mg/L, which accounts for the transforma-
ion of 4% of the initial organic carbon. Urea is known to be slowly
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Fig. 3. Intermediates formed from hexaconazole degradation as a function of the
irradiation time: (A) structures characterized by HPLC/MS/MS and (B) compounds
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at m/z 317), then excluding an OH attack on the morpholinic moi-
dentified by injection of standard solutions: urea (�, m/z 61), triazole (�, m/z 70),
yanuric acid (�), 3,5-dichlorophenol (©).

ineralized and to release the nitrogen mainly as nitrate ions [25].
ence, its formation should account for the nitrate formation at

ong irradiation time. The formation of cyanuric acid occurred at
onger irradiation time and is persistently observed in the inves-
igated times (14 h). The formation of cyanuric acid was already
etected during the triazole photocatalyzed transformation and
eems to arise from a sequence of events involving the many frag-
ents formed in the breakup of the triazole ring [16]. Cyanuric acid

s known to be refractory to TiO2 photocatalytic treatment [26].
hus, its formation should justify the lack of carbon and nitrogen
ineralization. The amount of organic carbon persistently mea-

ured after 14 h of irradiation (6%) approximates the organic carbon

till bound in the cyanuric acid (5%). Also the extent of the remain-
ng organic nitrogen (20%) approximates the amount of nitrogen
till bound in the cyanuric acid (17%).

e
d
o
p

ig. 4. Degradation of dimethomorph 15 mg L−1 on TiO2 200 mg L−1; disappearance
f the initial compound (photolysis (�), TiO2 (©)), TOC profile (�) and evolution
f chloride (�), nitrate (�) and ammonium (�) ions as a function of the irradiation
ime.

.2. Dimethomorph

.2.1. Dimethomorph photo-induced transformation
Dimethomorph shows two peaks with very closed retention

imes, corresponding to the E and Z geometrical isomers. Negligible
egradation was observed in the dark at 25 ± 2 ◦C. Upon light expo-
ure, dimethomorph did not undergo direct photolysis (10% lost
fter 14 h of irradiation), while in the presence of TiO2 a fast photo-
nduced transformation occurs. Both isomers follow a pseudo-first
rder law decay, with a calculated half-life (from the fitting curve)
f 5 min; they are then completely degraded within 30 min of irra-
iation (see Fig. 4). Organic carbon is easily degraded and after
h almost 90% of the organic carbon was mineralized. Besides,

t underwent complete mineralization only after 14 h of irradia-
ion, probably due to the formation of small oxidized molecules,
lowly mineralized. Looking closer to the inorganic ions evolution,
he nitrogen is easier released than chlorine. The nitrogen is pre-
ominantly transformed into ammonium ions, whose formation
ainly occurs after the dimethomorph complete disappearance.

he fate of the nitrogen, with the prevalent formation of ammo-
ium ions, closely resemble the fate followed by morpholine [27].
fter 14 h of irradiation the stoichiometric amount is achieved and

he ratio NH4
+/NO3

− is 4.

.2.2. Dimethomorph transformation pathways
Several intermediates were formed along with the fungicide

egradation and are shown in Fig. 5. They were attributed to the
tructures summarized in Table 2 and Scheme 2. Two isobaric
pecies at m/z 404 were detected and attributed to the dimetho-
orph hydroxy derivatives. Both have similar MS/MS spectra and

etention times and were recognized as the Z and E geometric iso-
ers of the structure shown in Scheme 2 (see pathway labelled

). MS2 fragmentation shows morpholine elimination (product ion
ty. Conversely, the absence of the methanol loss, evidenced in the
imethomorph MS/MS spectrum, is consistent with the entrance
f an OH group on one (of the two) methoxy moiety. This com-
ound is further transformed into the species at m/z 297, whose
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Fig. 5. Intermediates formed from dimethomorph degradation as a function of the
irradiation time: (A) structures characterized by HPLC/MS/MS and (B) compounds
identified by injection of standard solutions: morpholine (�, m/z 88), hydroquinone
(�), 4-chlorophenol (�).

Table 2
Dimethomorph and the identified transformation products: [M+H]+, retention times
and fragments coming from MS2 spectra and proposed structure.

[M+H]+ tR (min) MS2

388 15.93, 16.29 356 (–CH3OH) 324 (–2CH3OH) 301 ( )

404 13.84, 14.34 386 (–H2O) 317 ( )

374 14.46, 14.94 287 ( ) 338 (–HCl)

354 14.55 267 ( )

297 3.29 –
208 3.38 –
193 3.30 –
88 3.27 –
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ormation was achieved through the combination of morpholine
etachment, dechlorination and oxidation of the alcoholic group.
confirm about the proposed structure comes from the contem-

oraneous formation of morpholine (m/z 88), whose identity was
onfirmed by injection of a standard solution. Morpholine is a toxic,
ossibly mutagenic compound, used itself as a fungicide [28]. It is
nown to be photocatalytically degraded through the formation of
umerous, also more complex compounds [27].

Two isobaric species at m/z 374 were formed. A difference
f 14 u with dimethomorph is consistent with the formation of
he demethylated derivatives. The proposed structure is shown in
cheme 2 and can be formed through the loss of a methyl group
rom one of the two methylesther groups (see pathway ii). Again,
heir similar MS2 spectra and retention times suggest the formation
f the Z and E isomers.

The contemporaneous formation of a species at m/z 354 occurs
pathway iii). It does not show the typical chlorine isotopic pattern
nd can be attributed to the dechlorinated derivative. The contem-
oraneous formation of chloride ions in solution (see Section 3.2.1)
onfirms the suggested structure.

Some other smaller molecules were then detected, whose for-
ation involves the dimethomorph breakdown (see pathway iv).

he two species at m/z 193 and 208 were formed through the
etachment of chlorobenzene and breakage of the morpholine moi-
ty. Their further degradation probably leads to the formation of
imethoxy derivatives [2]. The contemporaneous formation of 4-
hlorophenol was evidenced.

Hydroquinone formation was also detected. Its maximum con-
entration was achieved before the 4-chlorophenol formation, so
mplying that its formation is a consequence of the hydroxylation
ne of the two benzenic ring rather than chlorophenol dechlorina-
ion.

.3. Toxicity assessments

The toxicity of the selected fungicides and their transformation
roducts were evaluated using the Vibrio fischeri luminescent bac-
eria assay, a test appropriate for aquatic samples that shows a close
orrelation with other bioassays [29] and a good reproducibility
30]. Acute toxicity was evaluated by monitoring changes in the
atural emission of the luminescent bacteria Vibrio fischeri when
hallenged with toxic compounds; it is expressed as the inhibition
ercentage of the bacteria’s luminescence.

The solutions of the initial pesticides were not toxic (inhibition
ercentage value zero). In the case of dimethomorph, a biostimu-

ation effect is observed, named hormesi. When dimetomorph was
rradiated, illumination induced an increase in toxicity, caused by
he formation of toxic intermediate compounds (see Fig. 6). Toxi-
ity peaked after 15 min of irradiation (inhibition 45%). It is worth
entioning that the highest toxicity is observed at the irradia-

ion times when hydroquinone, 4-chlorophenol and morpholine

re formed. Their EC50 have been measured and are reported
n Table 3. Hydroquinone and chlorophenol are toxic compound
EC50 0.08 and 8.49 mg/L, respectively), and the highest contribu-
ion to toxicity should come from hydroquinone. By considering

able 3
C50 measured for the identified intermediates in NaCl 2% solution.

EC50, NaCl (mg/L)

-Chlorophenol 8.49
,5-Dichlorophenol 3.97
ydroquinone 0.08
rea 23914.3
orpholine 116.1
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Scheme 2. Transformation pathways follo

orpholine, even if is recognized as toxic/mutagenic compound, it
oes not significantly contribute to Vibrio fischery toxicity (EC50
16.10 mg/L). From 15 to 60 min of irradiation the percentage

nhibition decreases, in a close analogy with these intermediates
rofiles, and reaches a final value of less than 1%, proving the effi-
iency of the photocatalytic process in detoxifying the irradiated
olution.

ig. 6. Inhibition (%) of the luminescence of bacteria Vibrio fischeri as a function of
he photocatalytic treatment time for dimethomorph (full bars) and hexaconazole
open bars).
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by dimethomorph under TiO2 treatment.

On the contrary, hexaconazole degradation samples tested at
ifferent irradiation times were not toxic, so indicating that the
ransformation of this pesticide proceeds through the formation
f non-toxic compounds. A little toxicity is only observed from
0 to 60 min of irradiation, probably due to the formation of 3,5-
ichlorophenol (EC50 3.97 mg/L). Conversely, triazole, urea and
yanuric acid contribution to toxicity can be considered negligible,
s triazole and cyanuric acid exhibit hormesi effect and for urea the
C50 is high (see Table 3).

. Conclusions

Hexaconazole and dimethomorph were degraded in aqueous
olution using titanium dioxide as photocatalyst. The results from
his study have shown that both fungicides during the degra-
ation process were transformed into numerous intermediate
ompounds. Hexaconazole gives finally rise to cyanuric acid, a prod-
ct of triazine class herbicide transformation, while dimethomorph
enerates morpholine, used itself as fungicide.

Toxicity assays prove that neither hexaconazole nor dimetho-
orph are toxic compounds. However, while hexaconazole
ransformation proceeds through the formation of highly per-
istent, but non-toxic compounds, dimethomorph transformation
roceeds through the formation of toxic intermediates. Among the

dentified intermediates, the toxicity seems to be due to hydro-
uinone and 4-chlorophenol.



d Phot

R

[

[

[

[
[

[

[

[

[

[

[

[
[
[

[
[

[

[

P. Calza et al. / Journal of Photochemistry an

eferences

[1] U.I. Baby, D. Ajay, R. Premkumar, Trop. Agric. 81 (1) (2004) 49–53.
[2] J. Yan, K. Huang, S. Liu, H. Zheng, Trans. Nonferrous Met. Soc. Chin. 15 (2005)

680–685.
[3] P.A. Worthington, Pest. Sci. 31 (1991) 457–498.
[4] H. Tsukatani, K. Tobiishi, Y. Tnaka, K. Sakuragi, T. Ikeura, M. Nakamura, Biosci.

Biotechnol. Biochem. 72 (2008) 149–154.
[5] N. Singh, P. Dureja, J. Environ. Sci. Health B: Pest. Food Contam. Agric. 35 (2000)

549–558.
[6] I. Oller, S. Malato, J.A. Sanchez-Perez, M.I. Maldonado, R. Gasso, Catal. Today 129

(2007) 69–78.
[7] P. Calza, C. Medana, C. Baiocchi, E. Pelizzetti, Int. J. Environ. Anal. Chem. 86 (3–4)

(2006) 265–275.
[8] I.K. Konstantinou, V.A. Sakkas, T.A. Albanis, Appl. Catal. B: Environ. 34 (2001)

227–239.
[9] M.R. Hoffmann, S.T. Martin, W. Choi, D.W. Bahnemann, Chem. Rev. 95 (1995)

69–96.
10] P. Calza, S. Baudino, R. Aigotti, C. Baiocchi, E. Pelizzetti, P. Branca, J. Mass Spec-

trom. 37 (2002) 566–576.
11] P. Calza, C. Medana, C. Baiocchi, P. Branca, E. Pelizzetti, J. Chromatogr. A 1049

(2004) 115–125.

12] D.W. Bahnemann, J. Fox, E. Pelizzetti, P. Pichat, N. Serpone, in: G.R. Helz, R.G.

Zepp, D.G. Crosby (Eds.), Aquatic and Surface Photochemistry, Lewis Publ., Boca
Raton, FL, 1994, pp. 261–316.

13] M.A. Fox, M.T. Dulay, Chem. Rev. 93 (1993) 341–357.
14] A. Fujishima, K. Hashimoto, T. Watanabe, TiO2 photocatalysis, in: Fundamentals

and Applications, Bkc Inc., Tokyo, 1999.

[

[
[

obiology A: Chemistry 200 (2008) 356–363 363

15] P. Calza, C. Medana, C. Baiocchi, H. Hidaka, E. Pelizzetti, Chem.: Eur. J. 12 (2006)
727–736.

16] N. Watanabe, S. Horikoshi, A. Kawasaki, H. Hidaka, N. Serpone, Environ. Sci.
Technol. 39 (2005) 2320–2326.

17] C. Medana, P. Calza, C. Baiocchi, E. Pelizzetti, Curr. Org. Chem. 9 (9) (2005)
859–873.

18] P. Calza, C. Medana, C. Baiocchi, E. Pelizzetti, Curr. Anal. Chem. 1 (2005) 267–
287.

19] P.G. Shermenhorn, P.E. Golden, A.J. Krynitsky, W.M. Leimkuehler, J. AOAC Int. 88
(2005) 1491–1502.

20] L. Lhomme, S. Brosillon, D. Wolbert, J. Photochem. Photobiol. A: Chem. 188
(2007) 34–42.

21] L. Lhomme, S. Brosillon, D. Wolbert, Chemosphere 70 (2008) 381–386.
22] I.K. Konstantinou, T.A. Albanis, Appl. Catal. B: Environ. 42 (2003) 319–335.
23] S. Malato, J. Caceres, A. Aguera, M. Mezcua, D. Hernando, J. Vial, A.R. Fernandez-

Alba, Environ. Sci. Technol. 35 (2001) 4359–4366.
24] J.M. Herrmann, Catal. Today 53 (1999) 115–129.
25] E. Pelizzetti, P. Calza, G. Mariella, V. Maurino, C. Minero, H. Hidaka, Chem.

Commun. 13 (2004) 1504–1505.
26] E. Pelizzetti, V. Maurino, C. Minero, V. Carlin, E. Pramauro, O. Zerbinati, M.

Tosato, Environ. Sci. Technol. 24 (1990) 1559–1565.
27] S. Doherty, C. Guillard, P. Pichat, J. Chem. Soc., Faraday Trans. 91 (12) (1995)
1853–1859.
28] J. Fournier, Chemie des Pesticides, Cultures et Techniques, Nantes, France, 1988,

pp. 213–218.
29] S. Parvez, C. Venkataraman, S. Mukherji, Environ. Int. 32 (2006) 265–268.
30] M.D. Hernando, A.R. Fernández-Alba, R. Tauler, D. Barceló, Talanta 65 (2005)

358–366.


	Photo-induced transformation of hexaconazole and dimethomorph over TiO2 suspension
	Introduction
	Experimental
	Material and reagents
	Irradiation procedures
	Analytical procedures
	Liquid chromatography
	Ion chromatography
	Total organic carbon analyzer
	Toxicity measurements


	Result and discussion
	Hexaconazole
	Hexaconazole photo-induced transformation
	Hexaconazole transformation pathways

	Dimethomorph
	Dimethomorph photo-induced transformation
	Dimethomorph transformation pathways

	Toxicity assessments

	Conclusions
	References


