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The photocatalytic degradation of selected s-triazine
herbicides and organophosphorus insecticides was carried
out in aqueous TiO, suspensions under simulated solar
light. The tested herbicides from the s-triazines group were
atrazine, propazine, cyanazine, prometryne, and irgarol.
The tested insecticides from the organophosphorus group
were ethyl parathion, methyl parathion, ethyl bromophos,
methyl bromophos, and diclofenthion. Degradation kinetics
followed first-order reaction and has been monitored
through gas chromatography. The degradation was fast
with half-lives varying from 10.2 to 38.3 min depending on
the nature and the structure of compounds. The generated
transformation products (TPs) were formed via oxidation,
dealkylation, and dechlorination for s-triazines and via
oxidation and photohydrolysis for organophosphates. The
TPs of irgarol, bromophos, and dichlofenthion were identified
using solid-phase extraction (SDB-disks) and GC-MS
techniques, and possible degradation routes were proposed
showing similar degradation pathways as for other
triazines and organophosporus pesticides. This work
points out to the necessity of extended knowledge of the
successive steps in a solar-assisted detoxification
process.

Introduction

Since pesticides as s-triazines and organophosphates are
widely used for weed and insect control in agricultural crops,
their behavior in the environment is vitally important.
s-Triazines are used as pre- and postemergence herbicides
for the control of annual and perennial grass and annual
broad-leaved weeds. The potential for contamination of
water and sediment samples is high owing to their physi-
cochemical properties such as water solubility, adsorptivity
(Koc), and hydrolysis half-lives (> 25 weeks) (1). The herbicide
2-(methylthio)-4-(tert-butylamino)-6-(cyclopropylamino)-s-
triazine (tradename Irgarol 1051) is widely used in antifouling
paints as a biocide agent in substitution to the tributyltin
(TBT) and copper-based agents. The herbicide is used as an
alternative additive in paints in order to reduce primary
colonization by algae and growth of seaweeds in boats (2, 3).
As a result of its low solubility (7 mg/L) and high hydro-
phobicity (Kow = 3.95) was detected in European lake,
estuarine, and coastal waters (3—6).
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The organophosphorus insecticides are comprised within
the 10 most widely used pesticides all over the world. They
are applied in different types of cultivation for the elimination
of custaceans, fruit flies, and mosquitoes (7). These com-
pounds are extremely toxic, acting on acetylcholinesterase
activity. Residue levels of organophosphorus insecticides have
been reported in environmental waters (8, 9).

As a result, effective purification methods for eliminating
pesticides in natural waters have been in urgent demand.
Degradation and purification processes for polluted waters
include adsorption on various adsorbents (10—12) and
especially on activated carbon (12), microbial action (bio-
degradation) (13, 14), and chemical oxidation (15). However
in each technique there are limitations and disadvantages.
Adsorption involves only phase transfer of pollutants without
degradation, chemical oxidation is unable to mineralize all
organic substances, and in biological treatment the slow
reaction rates and the disposal of activated sludge are the
drawbacks to be considered (16, 17).

The processes involving light have received increasing
attention in the last years because they overcame the above
disadvantages. Advanced oxidation processes (AOPs) based
on H;0,/UV, 03/UV, and H,0,/03/UV combinations employ
photolysis of H,O, and ozone to produce hydroxyl radicals
(*OH) that are able to oxidize the pollutants due to their high
oxidative capacity (E° = 2.8 V) (18). Another interesting AOP
is the irradiation of semiconductor slurries by UV light in
order to generate highly reactive intermediates, especially
*OH that initiate a sequence of reactions resulting in partial
or total destruction of organic pollutants. Among the
semiconductors used (ZnO, TiO,, and CdS), titanium dioxide
has been demonstrated to be a very efficient catalyst and
especially suitable to work by solar UV light (19). Photoex-
citation of semiconductor usually generates an electron—
hole pair poised respectively at the conduction and valence
edges. The components of this activated pair, when trans-
ferred across the interface, are capable of reducing and
oxidizing a surface-adsorbed organic compound (20, 21).
The reaction of this activated pair with the water, and/or
with O,, and/or with hydroxy groups at the semiconductor
surface produces high oxidant species (*OH radicals, peroxide
radicals) which are responsible for a complete oxidative
destruction of organic reactants (22, 23). Photocatalytic
processes using semiconductor particles as catalysts for water
purification receive a major interest, especially the last years
because of and their efficiency in the mineralization of the
aqueous pollutants in a short time and of the adaptability
to specially designed reactor systems (17).

The present study deals with the photocatalytic degrada-
tion of selected s-triazine herbicides and organophosphorus
insecticides in the presence of TiO, particles (100 mg L)
and simulated solar light. The objectives were as follows: (i)
to determine the main byproducts by using GC-MS tech-
niques in order to propose a degradation pathway and (ii)
to evaluate the kinetics of pesticide disappearance. The
dependence of the pesticide structure on the degradation
rates has been also discussed and new data on the photo-
catalytic degradation of s-triazine herbicide irgarol and
insecticides as bromophos methyl, and dichlofenthion were
reported. Atrazine, propazine, and methyl and ethyl parathion
were investigated also in other studies (16, 24, 25) and were
stated as reference compounds for comparison with the
photocatalytic degradation of the other selected pesticides
belonging to the same chemical groups under the applied
experimental conditions.
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TABLE 1. Chemical Structures of Selected Pesticides

s-triazines Herbicides

X
NJ\N
PPN
R1—NH N”  NH—R2

Trivialname X R, R; Chemical name (IUPAC)
Atrazine Cl Et i-Pr 2-chloro-4-ethylamino-6-isopropylamino-1,3,5-triazine
Cyanazine Cl Et i-Pr(CN) 2-chloro-4-(1-cyano-1-methylethylamino)-6ethylamino-1,3,5-triazine
Irgarol SMe tert-butyl cyclopropyl (2-methylthio-4-tertiary-butylamino-6-cyclopropylamino-s-triazine
Prometryne SMe i-Pr i-Pr 2,4-bis(isopropylamino)-6-methylthio-1,3,5-triazine
Propazine Cl i-Pr i-Pr 2-chloro-4,6-bis(isopropylamino)-1,3,5-triazine

Organophosphorus Insecticides

X4 Ra
R1Oj
"P—0 Xo
R20
X3
Trivial name R; R; R; X; X; X3 Chemical name (IUPAC)

Dichlofenthion Et Bt H C < H
Bromophos Ethyl Et EE H Cl Br (l
Bromophos Methyl Me Me H Cl Br Cl
Parathion Ethyl Et Et H H NO, H
Parathion Methyl Me Me H H NO, H

0-(2,4-dichlorophenyl) O,0-diethyl phosphorothioate
0-4-bromo-2,5-dichlorophenyl O,0-diethyl phosphorothioate
0-4-bromo-2,5-dichlorophenyl O,0-dimethy! phosphorothioate
0,0-diethyl O-4-nitrophenyl phosphorothiate

0,0-dimethyl O-4-nitrophenyl phosphorothiate

Experimental Section

Chemicals. The tested compounds in this study atrazine,
propazine, cyanazine, prometryne, irgarol (s-triazines her-
bicides), ethyl parathion, methyl parathion, diclofenthion,
ethyl bromophos, and methyl bromophos (organophospho-
rus insecticides) were residue analysis grade and purchased
from Riedel-de Hden (Germany) and used without further
purification. The chemical structures of these pesticides are
shown in Table 1. Pesticide grade n-hexane, methanol,
dichloromethane, ethyl acetate, and acetone were purchased
from Pestiscan (Labscan Ltd., Dublin, Ireland). Sodium
chloride and sodium sulfate (proanalysis) was from Merck
(Darmstadt, Germany). Titanium dioxide (Degussa P25), a
known mixture of 65% anatase and 35% rutile form with an
average particle size of 30 nm, nonporous with a reactive
surface area (BET) of 50 & 15 m? g~* was used as received
for all degradation experiments. HA 0.45 um filters were
supplied from Millipore (Bedford, USA). SDB (styrene divinyl-
benzene) extraction disks (47 mm) were purchased from
Empore (St. Paul, USA), and a conventional filtration ap-
paratus was purchased from Supelco (Bellefonte, USA).

Irradiation Procedure. Irradiation experiments of s-
triazines were carried out on stirred air-equilibrated solutions
contained in 4 cm diameter cylindrical Pyrex glass cells.
Substrates were dissolved in distilled water at ppm (mg L™%)
levels, under their solubility levels by putting the appropriate
volume of a stock solution in methanol, to have a methanol
content <0.05%. The concentration levels of s-triazines
herbicides and organophosphorus insecticides in water were
10 mg L™t and 1 mg L™, respectively. The concentration of
pesticides is high enough to facilitate the identification of
intermediate products and in addition should be represen-
tative of those found in polluted waters. Ten (10) milliliters
of the herbicide solution containing the TiO, powder (100
mg/L) were magnetically stirred before and during the
illumination. The suspension was left for 30 min in the dark
in order to achieve the maximum adsorption of pesticides
onto semiconductor surface. The degradation of organo-

phosphorus insecticides was carried out in a 100 mL UV-
reactor by exposing the appropriate solution volume and
TiO, amount to the light in order to keep constant, with
respect to the previous small cells, the thickness of the
solution. For the identification of photoproducts 50 mL of
pesticides solution was irradiated separately under the same
experimental conditions. The pH of the solutions was not
adjusted and was the pH of the Degussa TiO, (6.3—6.6).

The irradiation was carried out using a Suntest CPS+
apparatus from Heraeus (Hanau, Germany) equipped with
axenon arc lamp (1500 W) and special glass filters restricting
the transmission of wavelengths below 290 nm. The light
source was on the top of the reactors used, and an average
irradiation intensity of 750 W/m?was maintained throughout
the experiments, measured by internal radiometer. The
corresponding light dose for 10 min of irradiation was 450
kd/m?2. Chamber and black panel temperature were regulated
by pressurized air cooling circuit and monitored using
thermocouples supplied by the manufacturer. The temper-
ature of samples did not exceed 35 °C using tap water cooling
circuit for the UV-reactor.

Analytical Procedures. At specific time intervals (10 min)
samples of 5 mL were withdrawn from the reactor. To remove
the TiO; particles the solution samples were filtered through
0.45 um filter. After that, the samples were extracted twice
with 2.5 mL of n-hexane for one minute using a vortex, dried
with a small amount of Na,SO, and finally analyzed by GC,
quantified by internal standard. The liquid—liquid extraction
is used frequently for routine monitoring analysis of the
degradation rates as it is a fast and reliable method for
quantification of pesticides in water (26, 27).

For the identification of transformation products the
irradiated solution (50 mL) was extracted by means of solid-
phase extraction, at the end of total irradiation time, as
follows: SDB extraction disks were conditioned with 10 mL
of acetone for 2 h, and 5 mL of methanol modifier was added
to the residue to allow better extraction. The disks were placed
in the filtration apparatus and washed with 5 mL of solvent
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mixture, dichloromethane:ethyl acetate (1:1, v/v) under
vacuum, and with 3 mL of methanol for 3 min, with no
vacuum applied. The disks were not allowed to become dry
(28), and the samples were allowed to percolate through the
disks with a flow rate of 10 mL/min, under vacuum. The
compounds trapped in the disks were collected by using 3
x 5 mL of solvent mixture dichloromethane:ethyl acetate
(1;1, v/v) as eluting system. The fractions were evaporated
to 0.1 mL in agentle stream of nitrogen, and 2 4L was injected
into GC-MS instrument.

The analysis of the s-triazine and organophosphorus
compounds was performed using a Shimadzu 14A gas
chromatograph equipped with flame thermionic detector
(FTD). The DB-1 capillary column, 30 m x 0.32 mmi.d. used
contained methylsilicone (J&W Scientific, Folsom, CA) fol-
lowed a temperature program: 150° C for 2 min, from 150
to 210 °C with a rate of 5 °C/min, at 210 °C for 10 min, 210
to 270 °C with a rate of 10 °C/min, and at 270 °C for 3 min.
Helium was used as the carrier and makeup gases. The
detector gases were hydrogen and air, and the ion source of
FTD was an alkali metallic salt (Rb,SO,) bonded to a 0.2 mm
spiral of platinum wire. The temperatures were set at 220 °C
for the injector and 250 °C for the detector.

For the identification of transformation products a GC-
MSD, QP 5000 Shimadzu equipped with DB-5 ms capillary
column, 30 m x 0.25 mm i.d. containing 5% phenylsilicone
(J&W Scientific, Folsom, CA) was used at the following
chromatographic conditions: injector temperature 220 °C,
column program of temperatures 55 °C, 55—200 °C (5 °C/
min), 200—210 °C (1 °C/min) 210 °C (2min), 210—270 °C (20
°C/min), 270 °C (3 min). Helium was used as the carrier gas
at 14 psi. The interface was kept at 270 °C. The spectra were
obtained at 70 eV in full scan mode.

Results and Discussion

Photodegradation Kinetics. Several experimental results
indicated that the destruction rates of photocatalysis of
various organic contaminants over illuminated TiO, fitted
the Langmuir—Hinshelwood kinetics (22, 29, 30—33). The
Langmuir—Hinshelwood rate form is

_dC_ kKC
VT dt T 1+KC @

where v = the oxidation rate of the reactant (mg L™ min™?),
C = the concentration of the reactant (mg/L), t = the
illumination time, k = the reaction rate constant (min=?),
and K = the adsorption coefficient of the reactant onto the
TiO, particles (L/mg). Integration of eq 1 yields eq 2:

In(%) +K(Co — C) = kKt @)

When the initial concentration Co is a millimolar solution
(Co small) the eq 2 is altered to the eq 3

|n(%) = kKt = K't or C, = Coe ! ®)

which express a pseudo-first-order reaction (17, 29, 34), where
k' is the apparent photodegradation rate constant.

The kinetics of all the investigated pesticides follow an
apparent first-order degradation curve which is consistent
to the Langmuir—Hinshelwood model resulting from the low
coverage of the semiconductor surface in the experimental
concentration range from 1 to 10 mg/L (Figures 1 and 2).
Tables 2 and 3 list the values of k' and the linear regression
coefficients for pseudo-first-order kinetics of the photodeg-
radation of the studied compounds. According to these values
the appropriate first-order relationship appears to fit well.
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FIGURE 1. Photodegradation rates of s-triazine herbicides (con-

centration level 10 mg/L) in aqueous TiO, suspensions (100 mg/L)
under simulated solar light, in the presence of methanol.
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FIGURE 2. Photodegradation rates of organophosphorus insecticides
(concentration level 1 mg/L) in aqueous TiO, suspensions (100 mg/
L) under simulated solar light, in the presence of methanol.

The photolysis (blank experiment without photocatalyst)
of the tested pesticides follows also first-order kinetics. The
values of the photolysis rate constants (kpnot) and the
regression coefficients are shown in Tables 2 and 3. As it can
be observed from these data the contribution of the direct
photolysis in the photodegradation was low or negligible for
some compounds (ethyl and methyl parathion, methyl
bromophos, atrazine, irgarol, propazine, prometryne), while
it was greater for other compounds (ethyl bromophos,
cyanazine). To separate the action of the direct photolysis
from the photocatalytic oxidation the rate constants of the
photocatalytic oxidation (kca) were calculated by subtracting
the constants representing the apparent degradation (k') and
the constants representing the photolysis (Kpnot). In such a
way the considered k¢, constants refer to the photocatalytic
oxidation excluding the contribution of the direct photolysis
of the pesticides (Tables 2 and 3).

Adsorption experiments (absence of illumination and
presence of catalyst) demonstrated that after the equilibrated
adsorption of the pesticides onto the semiconductor surface
(30 min), the adsorption did not differ significantly for the
reaction time of s-triazines (80 min) and organophosphorus
insecticides (60 min). Thus the influence of adsorption on
the observed kinetics is not considered to be significant.

All investigated pesticides were sufficiently degraded in
aqueous titanium dioxide suspensions, irradiated with
simulated solar light. The half-lives ranged from 10.8 to 38.3
min for the studied s-triazines and from 10.2 to 35.5 min for
the studied organophosphorus insecticides (Tables 2 and 3).

The rates of the catalytic disappearance depend on various
parameters such as initial concentration, radiant flux,



TABLE 2. Photodegradation Kinetic Parameters (Rate Constants, Correlation Coefficients (R ?), Half-Lives (t”f}) of Selected

s-Triazines Herbicides, in Distilled Water and in TiO, Suspension (100 mg/L), in the Presence of Methanol,

sing Simulated Solar

Light
distilled water TiO; (100 mg LY
Kohot. x 1073 tip K x 1072 tip Keat, x 1072
herbicide (min=Y R? (min) (min~Y) R? (min) (min~Y)
atrazine 1.60 0.96 433.1 3.73 0.97 18.6 3.57
cyanazine 6.40 0.96 108.3 2.44 0.98 28.4 1.80
irgarol 2.00 0.96 346.5 1.81 0.99 38.3 1.61
prometryne 2.30 0.97 301.3 5.10 0.98 13.6 4.87
propazine 1.80 0.98 385.0 6.42 0.99 10.8 6.24

TABLE 3. Photodegradation Kinetic Parameters (Rate Constants, Correlation Coefficients (R ?), Half-Lives (ty;)) of Selected
Organophosphorus Insecticides, in Distilled Water and in TiO, Suspension (100 mg/L), in the Presence of Methanol, Using

Simulated Solar Light

distilled water

TiO, (100 mg LY

kphot. x 1073 K x 1072 tin Kear x 1072
insecticide (min™Y) R? (min) (min=1) R? (min) (min=1)
dichlofenthion 6.10 0.96 113.6 4.56 0.98 15.2 3.95
bromophos ethyl 5.01 0.92 138.6 6.80 0.98 10.2 6.29
bromophos methyl 2.90 0.95 239.0 1.95 0.96 35.5 1.66
parathion ethyl 0.70 0.92 990.2 4.56 0.99 15.2 4.49
parathion methyl 0.30 0.95 2310.5 3.46 0.94 20.0 3.43

wavelength, mass and type of photocatalyst, and type of
photoreactor; consequently their measurement has no
absolute meaning. However for a given set of conditions
they allow to compare the photodegradation rates among
the different pesticides (or with other organic micropollut-
ants). Comparing the experimental data with previous
reported the degradation rates were relatively lower con-
sidering the previous mentioned differences in the experi-
mental conditions. Moreover the presence of methanol in
the suspension acts competitively, influencing the degrada-
tion rate. Pelizzetti and co-workers (16) reported that more
than 90% of s-triazines compounds was photodegradated
within 15 min, using a Xenon arc with 4 > 340 nm. Sanlaville
and co-workers (35) also reported full decomposition of
s-triazines within 30 min using Suntest apparatus (4 > 290
nm).

Comparison of Photocatalytic Oxidation Constants. It
is well established that conduction band electrons (e~) and
valence band holes (h™) are generated when aqueous TiO;
suspension is irradiated with light energy greater than its
band gap energy (e.g. 3.2 eV). The photogenerated electrons
could reduce the organic substrate or react with the adsorbed
molecular O, on the Ti(lll)-surface, reducing it to superoxide
radical anion O2*~. The photogenerated holes can also oxidize
either the organic molecules directly or the OH™ ions and
the H,O molecules adsorbed at the TiO, surface to *OH*
radicals. Together with other highly oxidant species (peroxide
radicals) they are reported to be responsible for the het-
erogeneous TiO, photodecomposition of organic substrates.
According to this, the relevant reactions at the semiconductor
surface can be expressed as follows:

TiO,+hv—e +h" (4)
(02)adas € (05" ags. ()
Ti(IV)-OH + h™ — Ti(1V)-OH* (6)
Ti(IV)-H,O + h* — Ti(IV)-OH + H* 7
R+ h"™ — R (oxidized) (8)

R + OH® — products — ... 9

The photocatalytic oxidation rate constants depends on the
structure of the tested pesticides mainly in the early part of
theirradiation experiments, up to 20 min. The reaction types
of the hydroxy radical with organic compounds include only
two of significant importance: electron or hydrogen atom
abstraction and addition to double bonds (36). In the case
of s-triazines different initial rates were observed but for
prometryne, atrazine, and propazine similar degrees of
degradation were reached finally. This fact demonstrates that
the initial rate, although useful, can be misleading when used
as the only piece of information to estimate the efficiencies
of the photocatalytic degradation of a series of pollutants.
The above result could be explained comparing the alkyl
substituents in the lateral chains and the substituent in the
position two of the aromatic ring. The first reaction which
takes place is the oxidation of the lateral chains, and the
main degradation products were the acetamido and dealky-
lated derivatives which is consistent to what is reported
elsewhere (24, 35). The followed reactions were the photo-
hydrolysis of the substituent in the position two and the final
displacement of the amino with hydroxy groups (16). The
rate constants for the 2-chloro s-triazines increases in the
order propazine> atrazine > cyanazine. This order was
reasonable considering that the hydrogen abstraction by the
produced OH: radicals was the low step of the reaction
followed by the very fast reaction with O, through the
formation of peroxy radicals as reported elsewhere (37). In
other previously investigated photocatalytic processes the
crucial importance of O, was assessed (16). Although OH:
radicals are very unselective, in practice there is some
discrimination among potential sites of attack (36). The lower
ionization potential of the amine at position 4 compared
with the amine at position 6 might explain the above
observation (37). Considering the stability of the different
possible N-ethyl and N-isopropyl radicals that could take
part in the reaction, this explanation can also be supported.

Similar results were observed comparing the two meth-
ylthio s-triazines (prometryne > irgarol). When comparing
the methylthio triazines with the chloro-triazines (i.e. pro-
pazine and prometryne) the rate of photoreactions was
affected by the electronegativity of the substituent at position
2whichinterferes through the aromatic ring with the stability
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FIGURE 3. Proposed photodegradation pathway of irgarol in aqueous TiO; suspensions under simulated solar light.

of substituents at position 4 and 6 (37). The decrease of the
reaction rate in the order —Cl > —SCHj3 could be explained
by the two-step mechanism of —SCHj3 oxidation according
to the reaction scheme (Figure 3) discussed below.

Photocatalytic oxidation rate constant comparison of
organophosphorus insecticides (Table 3) indicates that the
compounds with the ethoxy group degraded faster than
compounds possessing methoxy groups. This observation is
also supported considering the stability of the different
possible dialkyl-phosphate radicals that were formed during
the reaction. Alkyl groups have an inductive effect to release
electrons. The effect overlaps with the pz-dz contribution
of lone pair electrons on the oxygen of the ester group and
isincreased in the following order: methyl < ethyl (38). Thus,
half-lives of ethoxy compounds (ethyl parathion, ethyl
bromophos) were found 15.2 and 10.2 min instead of 20 and
35 min for the methoxy analogues (methyl parathion, ethyl
parathion), respectively.

Irgarol Photodegradation Pathway. Based on the previ-
ous observations on the reaction behavior of thioethers in
the presence of TiO, and UV irradiation (39), the photoge-
nerated hole localized at the surface of the irradiated
semiconductor is trapped by an adsorbed organosulfur
compound, generating an adsorbed cation radical. This
localization of positive charge at sulfur would be expected
either in the transition state, leading to the initial oxygen
adduct, or by Bronsted or Lewis acid complexation, respec-
tively, with acidic or Ti*" sites on the metal oxide surface.
Based on the above consideration the analogue mechanism
for the oxidation of irgarol —SCHz group is proposed in Figure
4. The reaction scheme displayed in Figure 3 is proposed for
irgarol (compound 1) photocatalytic oxidation. The mass
spectra of some irgarol photoproducts appeared here for the
first time, and their spectral characteristics and retention
times are given in Table 4. According to the above scheme
the degradation in the early steps is progressed through
competitive reactions such as oxidation of the side alkyl
chains and oxidation of irgarol’s sulfur atom by *OH and O,
or superoxide attack. Some of the primary products formed
during photocatalysis were the sulfone (compound 3) and
sulfoxide (compound 2) derivatives (Figure 3). Further
reaction implies the cleavage of the sulfur group from the
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FIGURE 4. Proposed reaction scheme for the photooxidation of
thiomethyl group of irgarol in aqueous solutions by TiO, and
simulated solar light, describing the formation of transformation
products 2 and 3 in the proposed photodegradation pathway of
irgarol (Figure 3).

triazine ring resulting in the formation of compound 4 and
the hydroxylated compound 5. This is in agreement with
mechanisms proposed by other groups for another meth-
ylthio triazine such as prometryne (40, 15). The second
possible route is the oxidation of the alkylic side chains
attached to the nitrogen atoms in position 4 and 6 leading
to the formation of the dealkylated derivatives (compounds
6—10). The mechanism of degradation from compound 8 to
9 suggests the possible participation of peroxide radicals.
The radical formed by hydrogen abstraction from a methyl
group of the tert-butyl chain could be expected to react with
the dissolved oxygen to yield peroxide radicals which after
decarboxylation produce the dealkylated analogue (41).
Although that quantitative determination of byproducts was
not realized because of unavailable standards, the higher
relative abundance of compounds 7—9 compared to the other
identified compounds revealed that the last process was the
main pathway and occur approximately for 90% of photo-
degradation. This observation is in accordance with results
referred to the photocatalytic degradation of 2-Cl-triazines
proposed by other researchers (16, 24, 35). Further oxidation
leads to the formation of hydroxy and dealkylated derivative
as ammeline (compound 11) which is an identified photo-
product in photocatalysis of all s-triazine herbicides.
Dichlofenthion and Bromophos Photodegradation Path-
way. Oxidant attack of the *OH on the P=S bond occurred
first in the case of dichlofenthion and bromophos, resulting



TABLE 4. GC-MS-El Retention Times (R;) and Spectral Characteristics of Irgarol Major Photoproducts

herbicide-photoproducts

(1) Irgarol 1051 (2-methylthio-4-terbutylamino-6-cyclopropylamino-s-triazine)

(2) 2-methylsulfinyl-4-terbutylamino-6-cyclopropamino-s-triazine

(3) 2-methylsulfonyl-4-terbutylamino-6-cyclopropamino-s-triazine

(4) 4-terbutylamino-6-cyclopropylamino-s-triazine

(5) 2-hydroxy-4-terbutylamino-6-cyclopropylamino-s-triazine
(6) 2-methylthio-4-amino-6-(ethylamino)-s-triazine

(7) 2-methylthio-4-amino-6-cyclopropylamino-s-triazine

(8) 2-methylthio-4-terbutylamino-6-amino-s-triazine

(9) 2-methylthio-4-isopropylamino-6-amino-s-triazine

(10) methylthiodiamino-s-triazine

(11) diaminohydroxy-s-triazine

2 Corresponding number in the proposed pathway of Figure 3.

R (min) EI-MS spectrum (m/z) ions

253 (M), 238, 196, 182, 109, 83, 56

269 (M*), 254, 213, 198, 157, 129, 73

286 (M™), 253, 238, 196, 159, 182, 111, 83
207 (M*), 192, 150, 136, 123, 96, 83, 56
223 (M*), 209, 194, 179, 112, 91, 69

36.84
41.09

197 (M*), 182, 127, 109, 83, 68

213 (M), 198, 157, 149, 111, 99, 83, 68
199 (M*), 157, 111, 68

157 (M), 111, 69, 68

128 (M+), 97, 83, 69, 55

TABLE 5. Identified Photoproducts in Dichlofention and Ethyl Bromophos Photocatalytic Degradation and Their Main Fragments

Determined by GC-MS in the El Mode
insecticide-photoproducts R: (min)

(1)2 methyl bromophos 34.72

(2) methyl bromooxon 32.78
(3) 4-bromo-2,5-dichlorophenol 20.49
(4) O,0,0-trimethyl phosphorothioate 9.22
(5) 3-chlorophenol 10.70
(1)2 dichlofenthion 30.88
(2) dichlofenoxon 29.10
(3) 2,4-dichlorophenol 12.40
(4) O,0-diethyl O—p-chlorophenyl phosphorothioate 30.68
(5) 4-chlorophenol 10.20
(6) S-ethyl dichlofenthion 33.91
O,0,O-triethyl phosphorothioate 15.65
diethyl dithiophosphate 17.53
O,0O-diethyl O-methyl phosphate 14.71
O,0-diethyl O-methyl phosphorothioate 14.00
diethyl acid phosphite 6.36

a Corresponding number in the proposed pathway of Figures 5 and

EI-MS spectrum (m/2) ions

333, 331, 329, 125, 109, 97, 93, 79
348 (M*), 350, 352, 315, 313, 242, 240, 109, 96, 79
242, 240 (M™), 135, 133, 99, 97, 96, 81, 79, 73

156 (M*), 126, 125, 109, 93

130, 128 (M+), 100, 99, 92, 75, 65

314 (M1), 281, 279, 253, 251, 225, 223, 164, 162, 125, 109, 97, 88
298 (M), 265, 263, 237, 235, 209, 207, 164, 162, 127, 109, 99, 81

164, 162 (M*), 126, 100, 99, 98, 63

281 (M1), 279, 253, 251, 225, 223, 164, 162, 133, 125, 109, 97, 88

130, 128 (M*), 100, 99, 93, 92, 65,

314 (M), 281, 279, 253, 251, 225, 223, 164, 162, 125, 109, 97
198 (M*), 170, 153, 142,138, 125, 111, 110, 109, 97

186 (M*), 158, 153, 142, 125, 121, 109, 97

168 (M*), 140, 138, 123, 110, 109, 91, 81

184 (M*), 156, 140, 128, 124, 111, 98, 95, 79

138 (M*), 111, 110, 109, 93, 83, 65

6.
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FIGURE 5. Proposed photodegradation pathway of dichlofenthion in aqueous solutions by TiO, and simulated solar light.

the formation of oxon derivatives (bromoxon and dichlo-
fenoxon) which are also characteristic primary products
formed during the photocatalytic degradation of other
organophosphorus insecticides (42). The continuous attack
of *OH followed by the rupture of P—O bond resulted in the
formation of the corresponding phenol and dialkyl-phos-
phates (43). The photoproducts together with their retention
times and spectral characteristics are given in Table 5.

241 (M*), 226, 213, 198, 185, 157, 111, 83, 68

According to this structure identification the proposed
reaction pathways for dichlofenthion and bromophos methyl
are shown in Figures 5 and 6, respectively.

For dichlofenthion compound 6 was identified as its
S-ethyl isomer dichlofenthion. Its spectrum (6) has common
features with that of dichlofenthion with slightly stronger
M+ intensity, more abundant m/z = 125 fragment ion, and
weaker intensities in the rest common ions (44). Especially
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FIGURE6. Proposed photodegradation pathway of bromophos methyl

in aqueous solutions by TiO, and simulated solar light.

2 Cl

the fragment ion m/z = 109 has distinguishable lower
intensity at S-ethyl dichlofenthion spectrum than its parent
compound spectrum. This observation reported elsewhere
on the explanation of mass spectrum of isomeric compound
0O,S-diethyl-phenyl phosphorothioate (45). Finally the S-ethyl
isomer of dichlofenthion exhibits longer retention time than
dichlofenthion (46). Measurable amounts of different trialkyl
and dialkyl phosphorothioate or phosphate esters were
formed. The characteristic mass spectra data of these
products are listed in Table 5 and were well established in
previous reported studies of organophosphorus insecticides
photodegradation. The photolytic conversion of ethyl para-
thion into similar structured triethyl phosphorothioates upon
solution irradiation with UV-light has been reported also
elsewhere (47).

In conclusion, effective destruction of the selected
pesticides, present at ppm level in water or wastewater, is
possible by photocatalysis in the presence of TiO, suspen-
sions. The potential of using sunlight as energy source in the
photocatalytic process is particularly relevant for Mediter-
ranean agricultural areas, where solar irradiation is highly
available making this process quite attractive.

The great number of compounds detected during the
degradation of the above compounds shows the complexity
of the photocatalytic process and suggests the existence of
various degradation routes resulting in complex and inter-
connected pathways. Cost-effective treatments to complete
compound mineralization are usually not practicable, and
the presence of byproducts during and at the end of the
water treatment appears to be unavoidable (48). Therefore,
byproduct evaluation is the key to optimize each treatment
and to maximize the overall process. The identification of
possible formation of highly toxic compounds (as the oxon
derivatives for the organophosphorus insecticides) even at
low concentrations is essential for the assessment of treated
water. Furthermore, the evaluation of the pesticide degrada-
tion degree achieved after treatment is necessary.

However, most of the studies on the photocatalytic
degradation of pesticides relies only on the evaluation of the
disappearance of the initial pollutant combined with moni-
toring total organic carbon (TOC) plus inorganic ions (Cl-,
NH4™, SO,2~ etc). Obviously this is not useful in the case of
real waters or when commercial pesticide formulations are
treated as a consequence of the presence of other sources
of ions and organic compounds.

Supporting Information Available

Figures of GC-MS-EI spectra of irgarol, dichlofenthion, and
bromophos methyl photoproducts and GC-MS-El chro-
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matograms of irgarol, dichlofenthion, and bromophos meth-
yl. This material is available free of charge via the Internet
at http://pubs.acs.org.
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