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ABSTRACT: Developments in the mechanisms of the direct, photosensitized and photocatalyzed photodegradation
and of photochemically generated hydroxyl radical-based degradation of triazine-based pesticides are reviewed.
Recent results are accounted for: steady-state irradiation photoproducts suggest the participation of both singlet and
triplet excited states in the direct photodegradation of triazines, their concurrency being confirmed by luminescence
studies. Both low-lying excited states have been theoretically characterized. Laser flash photolysis and pulse
radiolysis studies evidence the participation of short-lived radical cations and radical anions, in addition to HO®
adducts, in the mechanism of photodegradation. E° values were estimated for both the triazine (ca. ~ 1.1V vs NHE)
and triazinyl radical cation (2.3 £0.1 V vs NHE) and also the pK, for the HO" adduct of triazines (ca. ~11). Sub-
diffusion control rate constants were measured for the one-electron oxidation of triazines by SO, and (UO%*)*, one-
electron reduction by e,q and HO" addition. Copyright © 2004 John Wiley & Sons, Ltd.
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INTRODUCTION

Intensive agricultural methods have led to dramatic
increases in the variety and quantities of agrochemicals
with different degrees of resistance to degradation in
natural waters. An efficient alternative to their natural
degradation involves the use of UV-visible radiation,
sometimes combined with HO" precursors, photosensiti-
zers or photocatalysts. As a consequence, a large variety
of photochemical/photophysical processes may take
place.

A huge research effort has been put into identifying
photoproducts arising from the photodegradation of dif-
ferent pesticides. In contrast, as will become evident
through this paper, there is a dramatic lack of detailed
mechanistic studies of the corresponding photodegrada-
tion processes, most of those available being merely
speculative. Few or no reaction rate, spectroscopic or
thermodynamic data have been reported for excited states
and short-lived and stable reaction intermediates. It turns
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out that it will be difficult to model the environmental fate
of agrochemicals or predetermine it synthetically unless
detailed mechanistic studies become available.'

We have recently succinctly reviewed the reaction
pathways and mechanisms of the photodegradation of
different types of pesticides, including triazines.' Here,
we concentrate on the mechanistic developments in the
field, with emphasis on studies incorporating mechanistic
discussion. Most of such available discussions are either
minimal or difficult to associate with experimental find-
ings. For the sake of simplicity, the studies are chron-
ologically classified into four broad categories: direct,
photosensitized and photocatalyzed photodegradation
and indirect degradation by reaction with photochemi-
cally produced HO' radicals. Unavoidably, some studies
show a certain extent of overlap between these categories.
Unless otherwise stated, when discussing triazines we
refer to 1,3,5-triazines. We shall use common names,
much more convenient than the systematic ones. Table 1
compiles the different structures and common and sys-
tematic names for the different triazines reported (in
order of appearance).

RESULTS AND DISCUSSION
Direct photodegradation of triazine pesticides

Atrazine, propazine and simazine, when irradiated in
aliphatic alcohols at 254 nm, formed the corresponding
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Table 1. Structures and common and systematic names of the different triazines reported (in order of appearance)

Structure Names
J:\l
NTON Atrazine
AL
NTONT NS 6-Chloro-N-ethyl-N'-isopropyl-1,3,5-triazine-2,4-diamine
H H
cl
A
NN Propazine
/L )‘\ = J\ P
N"NTON 6-Chloro-N,N'-diisopropyl-1,3,5-triazine-2,4-diamine
H H
cl
A
)N‘\ N Simazine
SONTNTOINT 6-Chloro-N,N'-diethyl-1,3,5-triazine-2,4-diamine
H H
i\)"\ Ametryne
NN N-Ethyl-N'-isopropyl-6-methylthio-1,3,5-triazine-2,4-diamine
H H
SCH,
)N|\ \)"\ Prometryne
N7 NN N,N'-Diisopropyl-6-methylthio-1,3,5-triazine-2,4-diamine
H H
jTa
NTON Simetryne
AL AL Y
SN N,N'-Diethyl-6-methylthio-1,3,5-triazine-2,4-diamine
H H
OCH;
J\ )"‘\\)N\ Atraton
NN N-Ethyl-N'-isopropyl-6-methoxy-1,3,5-triazine-2,4-diamine
H H
/L )N‘\\)N\ J\ Prometon
N7 NN N,N'-Diisopropyl-6-methoxy-1,3,5-triazine-2,4-diamine
H H
NTON Simeton
A
SNTONTINTS N,N'-Diethyl-6-methoxy-1,3,5-triazine-2,4-diamine
H H
ﬂ
k )N‘\ oM Terbutylazine
N7 ONT NS N-tert-Butyl-6-chloro-N'-ethyl-1,3,5-triazine-2,4-diamine
H H
SCH;
NTON Desmetryne
| ry
\N)\N/)\NJ\ N-Isopropyl-N'-methyl-6-methylsulfanyl-1,3,5-triazine-2,4-diamine
H H
)( N \JN\ Terbutryne
NN N-tert-Butyl-N'-ethyl-6-methylsulfanyl-1,3,5-triazine-2,4-diamine
H H
OH
N)*N Cyanuric acid
Ho N on 1,3,5-Triazine-2,4,6-triol
j\“s
N°ON Irgarol
A A K e
N" NN N-tert-Butyl-N'-cyclopropyl-6-methyl-1,3,5-triazine-2,4-diamine
H H
%m
N
3
“N_</N #N Cyanazine
S 2-(4-Chloro-6-ethylamino-1,3,5-triazin-2-ylamino)-2-methylpropionitrile
N HN'—\
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Table 1. Continued

Structure Names
¢l
NN . .
P Triethazine

|
AN)\N NS
H

HN 0O
N . .
Metribuzine
Lk
N-N
X
NN Ammeline
PPN

6-Chloro-N,N,N'-triethyl-1,3,5-triazine-2,4-diamine

4-Amino-6-tert-butyl-3-methylsulfanyl-4H-1,2 4-triazin-5-one

4,6-Diamino-5H-1,3,5-triazin-2-ol

2-alkoxy analogues. Irradiation of the same compounds
in water led in high yields to their 2-hydroxy derivatives.
Ametryne, prometryne and simetryne led, upon 254 nm
irradiation, to their corresponding 2-H analogues. 2-
Alkoxytriazines such as atraton, prometon and simeton
and also as 2-hydroxytriazines did not undergo any
photochemical process upon 254 nm irradiation in alco-
hols or water. The authors suggest, as a mere hypothesis,
that the photodegradation of 2-Cl-triazines may take
place via photosolvolysis, and suggest an intermediate
C-2-centred carbocation, formed upon heterolytic clea-
vage of the C—Cl bond, as ‘an attractive alternative’.
They also hypothesize the formation of 2-H derivatives
from 2-MeS-triazines, possibly via a concerted rearran-
gement involving an intramolecular hydrogen shift. The
260 nm absorbance of the triazines is suggested as re-
sponsible for the observed photoreactions.2 These authors
also studied the 300-360 nm irradiation of 2-Br, 2-F, 2-1
and 2-azido analogues of atrazine, propazine and sima-
zine in aliphatic alcohols, that yielded 2-alkoxy- and 2-
hydroxytriazines. The authors suggest, based on product
analysis, that the mechanism involves various competi-
tive pathways: radical coupling, H-abstraction, hydroly-
sis and radical trapping. Irradiation of atrazine, propazine
and simazine and their 2-F analogues in aliphatic alco-
hols at A > 290 nm resulted in multiple photoproducts. N-
Dealkylated photoproducts were identified, and the
authors suggest the involvement of a Chugaev-type cyclic
transition state in the dealkylation process.

The decomposition rate of atrazine in aqueous solution
upon 254nm irradiation showed a half-life of
t, =2.5min, whereas with polychromatic light within
the sunlight spectrum it was much larger. Such compar-
ison is, clearly, rather casual, as the effects of monochro-
matic and polychromatic radiations should not be
compared. It is not even clear from the data whether
the observed effect means that different excited states are
involved, which would undoubtedly have mechanistic
relevance. A complex degradation mechanism was pro-
posed based exclusively on the final and intermediate by-

Copyright © 2004 John Wiley & Sons, Ltd.

products, including dealkylation, deamination, dehalo-
genation and amino-group ring insertion. On this basis,
the authors claim a significant involvement of radicals in
these processes.”

The photodegradation of propazine with a xenon lamp
in distilled water took place slightly faster than in
artificial seawater containing humic acids. 2-hydroxypro-
pazine was found as the main metabolite in both cases.
Deisopropylpropazine and 2-H analogues were also ob-
served as photoproducts. No photosensitization effect
was observed from the humic acids, indicating inefficient
energy transfer from their excited states. On these
grounds, the authors propose dealkylation, hydroxylation
and dehalogenation as the main photodegradation path-
ways. However, no short- or long-lived intermediates or
even precursor excited states were identified, and no
kinetic elucidation was carried out.’

Irradiation of simazine at 254 nm followed first-order
kinetics. A linear relationship was observed between the
observed first-order rate constants and the UV intensity:
0.0864min~" (0.09W), 0.161min~" (0.20W) and
0.356 min ! (0.38 W), leading, according to the authors,
to an intriguing ‘second-order rate constant’ of
0.92 +0.06 W' min~!, which may reflect the effect of
the UV intensity (W) on the pseudo-first order rate
constant. The observed linear dependence really reflects
the fact that the process involved arises from a one-
photon absorption, rather than a two- or multi-photon
absorption. Based on the observed photoproducts, the
authors propose simazine — 2-OH-simazine — 2-OH-
4-ethylamino-6-aminotriazine, i.e. dechlorination fol-
lowed by dealkylation. Such a mechanistic sequence
must involve different short-lived intermediates, uniden-
tified by the authors. A combination of UV irradiation
with ozonation was effective in increasing the rate of
simazine disappearance, but led also to dealkylation,
deamination and dechlorination byproducts.®

The photodegradation of atrazine, propazine, simazine,
terbutylazine, ametryne and atraton using a xenon lamp
was studied in aqueous buffered solutions (pH 7-9)
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containing a small percentage of MeCN. Quantum yields
for the different 2-Cl-triazines ($ =0.048-0.062) and
ametryne (®=0.043) were comparable, and in MeCN
and hexane for terbutylazine were about half of their
values in aqueous solution. An activation energy
E,~ 13kImol ' was estimated for the photodegradation
of terbutylazine. Such E, value, doubtless, involves
several steps, not all of which need to be of photochemi-
cal origin. It is unclear to what extent E, values corre-
sponding to an overall photodegradation process and not
to a single elementary step are useful at all. Atraton did
not degrade under the experimental conditions, with
$ <0.002.

Photodecomposition of 4-amino-1,2,4-triazin-3,5-
diones and 4-amino-1,2,4-triazinethiones in O,-contain-
ing aqueous solutions at different acidities leads to
deamination, decarboxylation and dealkylation reactions,
the last being slow and non-selective. The authors put
forward and discuss mechanisms for such processes.
Small differences in the substituents at the heterocyclic
ring lead to large changes in the photodegradation rate
and selectivity of deamination and decarboxylation,
whereas dealkylation is slow and non-selective.®

Atrazine undergoes very efficient degradation on UV-
visible irradiation using a medium-pressure mercury
lamp. The degradation is more efficient at lower acidities,
which might be a result of HO™ concentration, with k (pH
2)=0.26min ', k (pH 7)=0.30min"" and k (pH
12)=0.39 min"'. The main photodegradation pathway
is dehalogenation to the 2-OH derivative, which ulti-
mately leads to cyanuric acid. The authors suggest that
the formation of the 2-OH derivative could result either
from homolytic C—Cl cleavage, followed by e~ transfer
from C’ to CI' and hydrolysis of the carbocation, or rather
heterolytic C—Cl cleavage in the excited state of atra-
zine, which should be favoured by polar solvents such as
water.”

The antifouling agent irgarol undergoes sunlight
photodegradation in aqueous solution, leading to a pro-
duct that is persistent in sunlight-exposed aqueous solu-
tion.'"” Previously, the same authors had found that
whereas the photodegradation of irgarol is significantly
accelerated in natural waters, this is not the case with its
photodegradation products, which are not affected by
natural photosensitizers.''

The rate of UV (A>290nm) photodegradation of
atrazine, simazine and prometryne in aqueous solutions
and natural waters depends on the nature of the triazines
and follows first-order kinetics. The number of photode-
gradation products detected, using flow injection—mass
spectrometric and flow injection—-tandem mass spectro-
metric techniques suggests, as evidenced in other papers
cited above, various degradation routes resulting in com-
plex and interconnected pathways.'?

The kinetics of the photodegradation of atrazine and
ametryne in fresh and coastal salt water from Barbados
were measured under irradiation with simulated sunlight

Copyright © 2004 John Wiley & Sons, Ltd.

and 254nm UV radiation. The observed first-order rate
constants were higher for ametryne, with reduced rates in
seawater and soil slurries relative to fresh water. Reaction
rates increased in the presence of Fe* at pH 3, which the
authors attribute to photo-Fenton type processes. Such
rate enhancement was found lower at typical environ-
mental pHs.13

The rates of photodegradation of atrazine, cyanazine,
terbutylazine and terbutryne have been measured and
appropriate mechanisms outlined. The most significant
processes observed are the partial or complete loss of
side-chains, or rather the substitution of the heteroatom-
containing side-chain with a hydroxyl group. Different
products are formed, with mixed side-chains, until cya-
nuric acid and 2-amino-4,6-dihydroxy-1,3,5-triazine are
formed with loss of all side-chains. The presence of
dimeric products upon photodegradation of all triazines
proves the radical character of the processes taking place.
Different light intensities (of the same spectral range)
were used to elucidate the effect of excitation energy on
the process: increasing the nominal power input of the
lamps used from 15 to 125 W (it would have been best,
however, if the authors had performed an actinometric
procedure for both irradiation sources) led to an increase
of 2-5-fold in the degradation rate, and the Cl-containing
metabolites, present in the completely degraded mixture
of the low-energy experiments, completely disappeared
from the mixture in the high-energy experiments. Hence
an increased degradation energy favours the formation of
less environmentally dangerous metabolites.'*

A 193 nm laser flash photolysis study of the photode-
gradation of s-triazine, ametryne, desmetryne, prome-
tryne and terbutryne showed for all the compounds
monophotonic photoionization, with ¢ <0.10, eviden-
cing the existence of relevant relaxation pathways other
than photoionization. No significant monophotonic
photoionization was observed on irradiating with longer
wavelength laser light."”

s-Triazine, 2-chloro-4,6-dimethoxytriazine, atrazine,
2-hydroxyatrazine, atraton and ametryne undergo aqu-
eous one-electron oxidation by (UO%JFY*< and SO;, but
not by TI*", which allows the estimation of the standard
reduction potential of triazines as E°(T"/T)=2.3+
0.1V vs NHE, consistent with PM3 semiempirical
calculations. This result implies that inhibition of photo-
synthesis by triazines must take place on the reductive
part of the electron transport chain. The radical cation
T is not detected on time-scales larger than 500 ps. The
results obtained allow, both by consideration of the
photon energies used and by use of a correlation between
known E° and vertical ionization potential values, the
estimation of an aqueous ionization threshold between
8.17 and 8.38eV for triazines. Dynamic quenching of
fluorescence of (UO3")* by triazines takes place.
Reaction with HO™ proceeds almost quantitatively by
addition to the aromatic ring, rather than one-electron
oxidation.'®
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Scheme 2. Mechanism of photohydrolysis and photoho-
molysis of 2-methylthiotriazines

Radiation of 254 nm induces photodegradation of atra-
zine, atraton and ametryne. The photoproducts formed,
identified by high-performance liquid chromatography
and gas chromatography—mass spectrometry by compar-
ison with authentic samples, are 2-hydroxyatrazine, side-
chain dealkylation products, and the corresponding 2-H
triazine as a photoproduct of ametryne. The main path-
way is proposed to be an addition—elimination (photo-
solvolysis, Scheme 1) process, yielding 2-OH in water
and atraton in MeOH, which could further photodegrade.
The observations for ametryne are rationalized in terms
of concurrent addition—elimination and C—S homolysis
processes, as shown in Scheme 2.'” These mechanisms
are supported by the changes found in the photoproducts
on going from an oxidizing to an inert atmosphere,
suggesting the involvement of both singlet and triplet
states, which has been computationally confirmed at the
CASPT2/CASSCF, and TD-DFT levels of calculation:
the photohydrolysis mechanisms seems to originate from
the triplet state, with the photohomolysis arising from the
singlet state.'®

One-electron reduction of triazines with e,q yields the
radical anion T°~, which can also be generated by one-
electron reduction with [(1,10—phenanthr01ine)3Ru2+]*,
as observed by decay of the fluorescence of the latter.
This allows estimation of E°(T/T™) ~ 1.1 V vs NHE, in
agreement with inhibition of photosynthesis by triazines
taking place on the reductive part the e transport

Copyright © 2004 John Wiley & Sons, Ltd.

chain.'” Theoretical structural characterization of these
radical anion species, T, show an interesting Jahn—
Teller effect, as a consequence of which T~ is geome-
trically distorted relative to the parent triazines, T, in
order to destroy the orbital degeneracy and therefore
lower its energy.

Different aspects of the first stages of aqueous photo-
degradation of triazine-based herbicides have been stu-
died by laser flash photolysis and pulse radiolysis. The
rate constants for the one-electron oxidation of the
triazines with SO, and one-electron reduction with e,
were measured and the influence of structural parameters
was discussed. In general, all the processes were below
the diffusion control limit, with rate constants of the order
of 109m . g1 2021

Photosensitized photodegradation
of triazine herbicides

The photosensitized degradation of atrazine, atraton and
ametryne was studied using 1% acetone and UV radiation
from a medium-pressure mercury lamp (A >290nm).
The relative photostability observed was ametry-
ne < atrazine < atraton. Dealkylated, doubly dealkylated
and 2-hydroxytriazines were found as photoproducts. The
corresponding 2-H derivative was also found for Ame-
tryne. Deethylation was found to be easier than deiso-
propylation. The presence of two kinds of dealkylated
products suggest a two-step mechanism. Acetone
strongly sensitized the reaction. Dark experiments
showed that all products arise from photodegradation.*
Aqueous, aerated solutions of ametryne, atraton and
atrazine containing riboflavin as a photosensitizer were
exposed to sunlight irradiation for several hours. The
primary photodegradation products observed were the
deethylated s-triazines, with 55, 62 and 70% yield,
respectively, and the oxidized product. Photohydrolysis,
with formation of 2-OH derivatives, was not observed.
The photoreactions were affected by the electronegativity
of the substituent at C-2, which might explain the relative
rates observed: SCH; > OCH; > Cl. The reaction rate
increased with decreasing pH. However, the photodegra-
dation products are independent of pH. In all cases the N-
Et group was photolyzed prior to N-iPr, which is ex-
plained in terms of the relative stabilities of the corre-
sponding N-Et and N-iPr radicals. The mechanism of
photosensitized degradation of triazines is described in
terms of H abstraction from the amino group by the
excited sensitizer, followed by a second H abstraction by
a second molecule of sensitizer, with formation of an
aldimine, readily hydrolyzed to the N-deethylated pro-
ducts and acetaldehyde. O, was found essential for the
photodecomposition reaction, only minute amounts of
N-deethylated product being found in its absence. Ac-
cordingly, the authors hypothesized the participation of
hydroperoxyl radicals, HO3, in the mechanism.*?
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The photosensitized photocatalytic oxidation of terbu-
tryne with (bipyridyl)\gRuzJr complexes and TiO, as
semiconductor was investigated. The sensitizer molecule,
adsorbed on the surface, absorbs visible light, and injects
an electron into the conduction band of TiO,, with
subsequent reduction of dissolved O, to O3 and oxida-
tion of H,O/HO™ to HO' radicals, which rapidly react
with organic compounds.**

The photochemistry of a two-component [merocya-
nine dye—4-(4-methoxycarbonylphenyl)-2,6-bis(trichlor-
omethyl)-1,3,5-triazine] system that could be used as a
visible-light radical generator in photopolymerization
was investigated. Electron transfer from the excited
merocyanine to the triazine, yielding a reactive photo-
initiating radical, is proposed on the basis of fluorescence
quenching studies and product analysis. The results
obtained, with fluorescence lifetimes of the same order
(ca 0.4ns) in the presence and absence of triazine,
support static quenching.”® Hence the triazine used by
the authors effectively undergoes a one-electron reduc-
tion to yield the corresponding radical anion, a result that
is in agreement with our findings.

Recent studies have been performed on the use of
porphyrin complexes for the photosensitized visible-light
photodegradation of atrazine. The reaction is not sensitive
to O,, which suggests that 'O, is not involved. The
photodegradation process seems to be more effective
in the presence of porphyrin complexes. The reaction
with low porphyrin:triazine ratios seems to be hardly
effective.?

Photodegradation by photocatalysis

The TiO,-photocatalyzed degradation of atrazine, sima-
zine, triethazine, prometon and prometryne, simulating
solar light with a xenon lamp, followed first-order ki-
netics only in the early part of the process. Several
intermediates were identified, cyanuric acid being the
final photoproduct in all cases. Thus, complete photo-
mineralization was not achieved.”” The same authors
used a similar approach with simazine, propazine and
atrazine, concluding that in the early stages the degrada-
tion takes place through competitive oxidation of the
alkyl side-chains and substitution of Cl by OH at C-2.
Further oxidative processes give rise to dealkylated
products.”® The authors also found atrazine to be effi-
ciently degraded in a large modular flow-through system
under solar light. Full mineralization products of the alkyl
side-chains and cyanuric acid were obtained as photo-
products. The presence of S,03 was found to be highly
advantageous in increasing the photodegradation rate. A
complex mechanism is hypothesized to account for the
observed products.”’

Photodegradation of prometryne and prometon in aqu-
eous solution using H,O, as oxygen supplier on photo-
catalytic membranes involves a first step that follows

Copyright © 2004 John Wiley & Sons, Ltd.

apparent first-order kinetics. Based on product analysis
and observations of the membrane during the photocata-
lysis experiments, the authors hypothesize that an S-
containing intermediate is formed during the photode-
gradation of prometryne from the very beginning or
irradiation, sulfones and sulfoxides being the most prob-
able ones. A sulfoxide intermediate opens two routes: (i)
cleavage of the S-group from the triazine ring, with
formation of a hydroxylated compound and subsequent
oxidation of alkyl side-chains attached to the N atoms at
positions C-4 and C-6; (ii) cleavage of the S—CHj3 bond
to yield a sulfonic acid or its sulfonate, plus the corre-
sponding hydroxylated triazine. Two mechanistic routes
are also proposed for the photodegradation of prometon:
(1) primary oxidation of the alkyl side-chains attached
to N atoms at positions C-4 and C-6; (ii) substitution
of the MeO at the C-2 position by a OH, followed by
stepwise oxidation of the side-chains. The presence of
cyanuric acid after prolonged irradiation proves the
demethoxylation.*

The homogeneous photocatalyst sodium decatung-
state, NayW(0O3,, was used for the solar photocatalysed
degradation of atrazine. The heterogeneous photocatalyst
TiO, appeared to be more efficient for degradation of the
pure substrates, but when the pesticides were used as
formulated solutions, the added organic products had a
small effect in the presence of NayW 703, whereas the
rate of degradation was lowered in the presence of TiO,.
Such a difference of reactivity is interpreted by the
authors in terms of the different nature of the active
species during both photodegradation processes: HO
radicals in the case of TiO,, but the excited state of
the polyoxometalate, (W10055)* in the presence of
Na4W10032.31

Iron porphyrins and phthalocyanine complexes have
been used as photocatalysts for the degradation of atra-
zine using a medium-pressure mercury lamp. The ob-
served by-products suggest similar degradation routes for
both the iron porphyrins and the phthalocyanines. The
main intermediates found are desisopropylatrazine and,
in the same proportion, 2-hydroxyatrazine. Dehalogena-
tion and dealkylation mechanisms are suggested to be
involved in parallel. Both complexes showed able to
degrade atrazine efficiently, with half-lives of ca 220
and 640 min for phthalocyanine and porphyrin, respec-
tively. These catalysts are able to induce cleavage of the
triazine ring, which was not achieved with TiO,.*> The
same authors analysed the efficiency of a photocatalytic
system using TiO, and light with A > 290 nm for atrazine
degradation. The process showed a half-life of ca 20 min
and the main by-products observed were dealkylated
compounds, the ultimate product being cyanuric acid.
Neither the pH nor the nature of the aqueous medium
influences the degradation process.’

The photocatalytic degradation of atrazine, cyanazine,
irgarol, prometryne and propazine using aqueous
suspensions and simulated solar light shows degradation
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kinetics following apparent first-order kinetics consistent
with a Langmuir-Hinshelwood model. The kinetics of
photodegradation were followed by gas chromatography.
The photodegradation in the absence of TiO, also
follows first-order kinetics. The rate constants for
photocatalytic oxidation, 3.57 x 10" ?min~" (atrazine),
1.80 x 10 ?min~" (cyanazine), 1.61 x 10 >min~" (ir-
garol), 4.87 x 102 min~" (prometryne) and 6.24 x
10~?min~" (propazine), were calculated from the appar-
ent degradation constants by subtraction of the rate
constants due to direct photodegradation, 1.60 x
10 > min~! (atrazine), 6.40 X 10 > min~" (cyanazine),
2.00 x 10 min~" (irgarol), 2.30 x 10> min~" (prome-
tryne) and 1.80 x 10~ min~" (propazine). The photoca-
talytic oxidation rate constants depend on the structure of
the tested pesticides. The authors claim that the photo-
degradation starts with oxidation of the lateral chains, the
main degradation products being acetamide and deal-
kylated derivatives. Subsequently, photohydrolysis of the
substituent at C-2 and replacement of the amino groups
by hydroxyl groups take place. The rate constants
observed for the 2-chlorotriazines follow the order
propazine > atrazine > cyanazine, which the authors in-
terpret in terms of the difference in ionization potentials
of the amines at the C-4 and C-6 positions, and of the
stability of the different possible N-Et and N-iPr radicals
that could take part in the reaction. A similar ordering
is observed for the two 2-MeS-triazines (prometry-
ne >irgarol). Comparison of 2-MeS-triazines with
2-Cl-triazines shows that the rate of photodegradation
is affected by the electronegativity of the substituent at
C-2,33which influences the amino groups at C-4 and
C-6.7

The improved photocatalytic oxidation of organic
contaminants of water is explained in terms of accelera-
tion by oxidants and photo-enhancement by dyes. The
effects of O, and H,O, indicate different reaction patterns
of photo-oxidation of the herbicides. With metribuzine,
O, has an important rate effect, whereas the influence
of H,O, is moderate. The authors hypothesize a me-
chanism involving a combination of oxidation by photo-
catalytically generated HO' radicals and subsequent
oxidation of photo-intermediates by 'O, formed by dye
sensitization.™

The photocatalytic degradation of atrazine by TiO,
(Degussa-P25 and anatase), ZnO, SrTiO;, ZnS, Fe,03
and FeTiO3 and by five kinds of environmental particles
(sand, soot, dust, volcanic ash and fly ash) was studied.
Particle suspensions were irradiated in a sun simulator
containing dissolved atrazine. The photodegradation
follows first-order kinetics, in agreement with the
Langmuir-Hinshelwood model. The photocatalytic rate
constant for TiO, and the corresponding adsorption
equilibrium constant are given by the authors (in unusual
units) as 0.416 gl "min~" and 1.88 ug ', respectively.
TiO, and ZnO induce a fast photocatalytic degradation of
atrazine, with k= (27-327) x 10 > min~'. The degrada-

Copyright © 2004 John Wiley & Sons, Ltd.

tion rates detected upon irradiation of other Ti-, Zn- or
Fe-containing minerals were orders of magnitude
lower, with k=(0.15-0.70) x 10 *min~!, but faster
than direct photolysis without particles, which showed
k=0.10 x 10 >min"'. Environmental particle samples
showed no photocatalytic activity, with k= (0.07—
0.16) x 10> min~". The rate of direct photodegradation
of atrazine is affected by the pH of the medium,
k=(1.340.1) x 102 min~! at pH 5.5, one order of
magnitude slower at pH 7.6. It is not clear, however,
whether the observed rate enhancement of the photolysis
rate may be due to the pH or just to ionic strength effects.
Since the degradation of atrazine by irradiated particles
was faster in unbuffered than in buffered suspensions (pH
7.6), the authors hypothesize that atrazine competes with
buffer components for active adsorption sites of the
particles. However, the effect of pH on the overall charge
of the catalyst was not taken into account, although it
significantly affects the adsorption equilibria.*

The photodegradation of atrazine in homogeneous
solutions of Fe(ClOy4); and heterogeneous suspensions
of TiO, was investigated, in both cases under various
conditions of acidity and ageing of the solutions. Hydro-
lysis and oligomerization in aqueous solutions of
Fe(ClO,4); strongly affect the kinetics of photodegrada-
tion, the initial reaction rates decreasing with time, which
is interpreted in terms of reduction in the content of the
photoactive complex [Fe(OH)(HQO)S]”. The observed
rates of photodegradation with fresh Fe(ClO,4);3 solutions
and aqueous TiO, slurries were similar. The rates of
photodegradation of intermediate 2-chloro-4-ethyla-
mino-6-aminotriazine and 2-chloro-4-isopropylamino-6-
aminotriazine are similar to that for atrazine.”®

The photocatalytic degradation of two triazine-con-
taining azo dyes, Procion Red MX-5B and Reactive
Brilliant Red K-2G, in aqueous TiO, dispersions verified
decolorization and desulfuration at almost the same rate
in the first step of photo-oxidation. The substituents
attached to the naphthalene of the dye were hydroxylated
more easily than those linked to the triazine. Cyanuric
acid was characterized as one of the final products for
both azo dyes, and it was not further decomposed.>’

Degradation by reaction with photochemically
produced hydroxyl radical (HO®)

The aqueous photodegradation rates of atrazine, ame-
tryne, prometon and prometryne are enhanced on addi-
tion of ferric perchlorate or ferric sulphate. HO®, derived
from the photoreaction of the complex Fe(OH)*", is
suggested as the active reactant. The reaction rate de-
creases in the absence of O,. It increases with added iron
and decreases in natural water, implying that some
dissolved constituents of natural waters have a retarding
effect on the photodegradation, possibly by competition
for the HO" radicals.*

J. Phys. Org. Chem. 2005; 18: 148-155



MECHANISM OF PHOTODEGRADATION OF TRIAZINE PESTICIDES 155

Atrazine photodegradation has been studied by both
direct photolysis and nitrate-mediated (A =290 nm) HO
radical processes. The observed first-order rate constants
are (4.0£0.6) x 10 and (2.9+0.2) x 10">h~" for di-
rect and indirect photolysis, respectively. The ratio of
products formed on direct and indirect irradiation suggest
that 2-hydroxyatrazine is not formed through a radical
process, but rather owing to the absorption of light by
atrazine itself (direct photolysis), the rate-determining
step being the dechlorination.®”

The degradation of atrazine was studied using a Fenton
electrochemical system. The degradation takes place by
attack of HO® radicals, produced from reaction of H,O,
with electrochemically generated Fe*". N-Dealkylation
and dechlorination are suggested as the major pathways
of degradation for atrazine.*’

The rate constants for HO® addition (ca 10°mM 's™!)
were below the diffusion control limit, and the influence
of structural parameters was discussed. A pK, ~ 11 has
been estimated for the HO" adducts of triazines.”**'

HO® radicals generated by anodic Fenton treatment
were used to study the degradation of atrazine and seven
of its degradation products: deethylatrazine, deisopropy-
latrazine, diaminochlorotriazine, hydroxyatrazine, de-
sethylhydroxyatrazine, desisopropylatrazine and
ammeline. The degradation of atrazine follows pseudo-
first-order kinetics with a rate constant of 1.95min .
Dealkylation of atrazine is suggested as the preferred
degradation pathway over hydroxylation at C-2 (dechlor-
ination). The ultimate product found is ammeline. Ring
cleavage and mineralization are not detectable.*'

The degradation of atrazine using Fenton’s reagent
showed that the oxidation capabilities of the Fenton
reagent depends on the concentrations of H,O, and
Fe”". The kinetics show a rapid initial decay, followed
by a much slower one. After 5-10min, the reactions
ceased because the Fe>™ and H,0, had been consumed.*?

Acknowledgements

Financial support was provided through research projects
PPQ2000-0449-C02-01 of the Ministerio de Ciencia y
Tecnologia and PGIDTO1PX110306PN of the Xunta de
Galicia. M.LLF. works under contract for the latter project.

REFERENCES

1. Burrows H, Canle L. M, Santaballa JA. J. Photochem. Photobiol.
B 2002; 67: 71-108.
. Pape BE, Zabik J. J. Agric. Food. Chem. 1970; 18: 202-320.
. Pape BE, Zabik J. J. Agric. Food. Chem. 1972; 20: 316-320.
. Le Brun O, Merlet N, Croue JP, Doré M. Sci. Tech. Eau. 1993; 26:
97-101.
5. Barcelo D, Durand G, de Bertrand N, Albaigés J. Sci. Total
Environ. 1993; 132: 283-296.
6. Lai M-S, Jensen JN, Weber AS. Water Environ. Res. 1995; 67:
340-346.

&~ W

Copyright © 2004 John Wiley & Sons, Ltd.

7. Palm WU, Zetzsch C. Int. J. Anal. Chem. 1996; 65: 313-329.

8. Raschke U, Werner G, Wilde H, Stottmeister U. J. Photochem.
Photobiol. A 1998; 115: 191-197.

9. Héquet V, Gonzalez C, Cloirec PL. Water. Res. 2001; 35: 4253—
4260.

10. Okamura H. Chemosphere 2002; 48: 43-50.

11. Okamura H, Aoyama I, Liu D, Maguire J, Pacepavicius GJ, Lau
YL. J. Environ. Sci. Health 1999; B34: 225-238.

12. Evgenidou E, Fytianos K. J. Agric. Food Chem. 2002; 50: 6423—
6427.

13. McMartin DW, Headley JV, Wood BP, Gillies JA. J. Environ. Sci.
Health 2003; B38: 293-303.

14. Lanyi K, Dinya Z. Microchem. J. 2003; 75: 1-14.

15. Canle L. M, Ferniandez MI, Santaballa JA, Steenken S. In
Electronic Conference on Heterocyclic Chemistry (http://www.ch.
ic.ac.uk/ectoc/echet98), Rzepa HS, Kappe O (eds). Imperial
College Press: London, 1998.

16. Azenha MEDG, Burrows HD, Canle L. M, Coimbra R, Fernandez
MI, Garcia MV, Rodrigues AE, Santaballa JA, Steenken S. Chem.
Commun. 2003; 112-113.

17. Azenha MEDG, Burrows HD, Canle L. M, Coimbra R, Fernandez
MI, Garcia MV, Peiteado MA, Santaballa JA. J. Phys. Org. Chem.
2003; 16: 498-503.

18. Azenha MEDG, Burrows HD, Canle L. M, Coimbra R, Fernandez
MI, Oliva JM, Santaballa JA, Melo JSd, Serrano-Andrés L.
submitted.

19. Canle L. M, Fernandez MI, Rodriguez S, Santaballa JA, Steenken
S. Presented at the 7th Latin American Conference on Physical
Organic Chemistry (CLAFQO-7), Floriandpolis, Brazil, 2003.

20. Canle L. M, Fernandez MI, Santaballa JA, Steenken S. Presented
at the 15th ITUPAC Congress on Physical Organic Chemistry
(ICPOC-15), Goteborg, Sweden, 2000.

21. Canle L. M, Fernandez MI, Santaballa JA, Steenken S. Presented
at the 7th European Symposium on Organic Reactivity (ESOR-7),
Ulm, Germany, 1999.

22. Burkhard N, Guth JA. Pestic. Sci. 1976; 7: 65-71.

23. Rejto M, Saltzman S, Acher AJ, Muszkat L. J. Agric. Food Chem.
1983; 31: 138-142.

24. Lobedank J, Bellmann E, Bendig J. J. Photochem. Photobiol. A
1997; 108: 89-93.

25. Kawamura K. Chem. Lett. 2003; 32: 832-833.

26. Azenha MEDG, Burrows HD, Canle L. M, Coimbra R, Fernandez
MI, Santaballa JA. Presented at the XIXth National Meeting of the
Portuguese Chemical Society, Coimbra, Portugal, 2004.

27. Pelizzetti E, Maurino V, Minero C, Carlin V, Pramauro E,
Zerbinat O, Tosato ML. Environ. Sci. Technol. 1990; 24: 1559—
1565.

28. Pelizzetti E, Minero C, Carlin V, Vincenti M, Pramauro E, Dolci
M. Chemosphere 1992; 24: 891-910.

29. Minero C, Pelizzetti E, Malato S, Blanco J. Solar Energy 1996;
56: 411-419.

30. Borio O, Gawlik BM, Bellobono IR, Muntau H. Chemosphere
1998; 37: 975-989.

31. Texier I, Ouazzani J, Delaire J, Giannotti C. Tetrahedron 1999;
55: 3401-3412.

32. Héquet V, Cloirec PL, Gonzilez C, Meunier B. Chemosphere
2000; 41: 379-386.

33. Konstantinou IK, Sakellarides TM, Sakkas VA, Albanis TA.
Environ. Sci. Technol. 2001; 35: 398-405.

34. Muszkat L, Feigelson L, Bir L, Muszkat KA. Pest. Manage. Sci.
2002; 58: 1143-1148.

35. Lackhoff M, Niessner R. Environ. Sci. Technol. 2002; 36: 5342—
5347.

36. Krysova H, Jirkovsky J, Krysa J, Mailhot G, Bolte M. Appl. Catal.
B 2003; 40: 1-12.

37. Hu C, Yu JC, Hao ZP, Wong PK. Appl. Catal. B 2003; 42:
47-55.

38. Larson RA, Schlauch MB, Marley KA. J. Agric. Food. Chem.
1991; 39: 2057-2062.

39. Torrents A, Anderson BG, Bilboulian S, Johnson WE,
Hapeman CJ. Environ. Sci. Technol. 1997; 31: 1476-1482.

40. Pratap K, Lemley AT. J. Agric. Food Chem. 1998; 46: 3285-
3291.

41. Saltmiras DA, Lemley AT. Water. Res. 2002; 36: 5113-5119.

42. Chan KH, Chu W. Chemosphere 2003; 51: 305-311.

J. Phys. Org. Chem. 2005; 18: 148-155



