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Aims of the study

The aim of the study was to research photochendegtadation of phenyl-urea pesticide,
chlorotoluron, by UV radiation; to find out if cdyais by ferric ions is possible. Next target

was to determinate products of degradation andtalstudy kinetics of the reactions.



Introduction

The application of herbicides on agricultural sasla well established effective
practice to control weed growth. Another area ablugde application is roads and railways
where herbicides are used to maintain the qualitietrack and a safe working environment
for the railway personnel (Torstenson, 2001).

Among herbicides, phenyl-urea derivatives repreagirominent group of herbicides.
Since their discovery in the early 1950s, the war@éd amount of this herbicide group have
increased markedly.

Slow biodegradation of these substances (Khadtai,e1999; Tomlin, 2003)
together with washing and leaching processes le#ukeir passing to surface and ground
waters.

The pollution of waters by herbicides and theirgogducts is a topic of considerable
environmental interest owing to the increasing nends pesticide detection in monitoring
studies in aquatic systems conducted in many afeghe world, especially US (Barbash et
al., 2001; Godfrey, 1995) and Europe — Germanyk@_ et al., 1992), Great Britain (Drage et
al., 1998), Greece (Albanis et al., 1998) and Sf@arabias-Martinez et al., 2000; Carabias-
Martinez et al., 2003b).

In several studies, the highest values detectectar samples — up to 1.8/l (Carabias-
Martinez et al., 2000; Carabias-Martinez et al026- were found for chlorotoluron, one of
the phenylurea family derivatives.

Chlorotoluron is a selective herbicide firstly ref@al in 1969 (Tomlin, 2003). The
formula of chlorotoluron is shown in Fig. 1. Chlosturon is effective both as a residual soil-
acting herbicide and a contact foliar spray agagesininating grass and broad leaved weeds

in many crops, mainly cereals.
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Fig. 1: Formula of chlorotoluron.



Chlorotoluron, as generally most of the phenylyesticides, exhibit a great
persistence when applied on soil 30 — 40 dayseaerd greater when leached into water,
more than 200 days (Tomlin, 2003).

Biotransformation of chlorotoluron by soil microargsms (bacterial and fungi) was
reported by several authors (Khadrani et al., 19®der et al., 2002; Bolte et al., 2004). It
was shown, that the resistance to the attack afomiganisms is connected with the presence
of chlorine atom on the aromatic ring; the majograelation pathway proceeds through
hydroxylation of the methyl groups.

Biodegradation by some bacterial strains leadeeddrmation of very toxic
substituted anilines, so the transformation yielimpounds even more toxic than the parent
herbicide molecule (Tixier et al., 2002; Bolte bt 2004).

Chlorotoluron was shown to be degraded by lighh&presence of iron (I11) oxides
(Bolte et al., 2004) or iron (Ill) aquacomplexe®Rin et al., 2003), by reactive oxygen
species such as hydroxyl radicals induced photoadiyin the photo-Fenton processes
(Benitez et al., 2007), or in the photocatalytiaatons on semiconductors (Lhomme et al.,
2005; Haque et al., 2006).

Photochemical behavior of chlorotoluron was studieder various conditions.

Tixier et al. (2000) studied chlorotoluron photatyby wavelengths lower than 300 nm (254,
280 nm) in aqueous solutions and photodegradafiarnlorotoluron dispersed on sand (by
290 — 310 nm light). Some products of degradatierevidentified (see Fig. 2 and Fig. 3).
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Fig. 2: Product of photodegradation of chlorototundentified in water by Tixier et al.
(2000).
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Fig. 3: Products of photodegradation of chlorotofuidentified on sand by Tixier et al.
(2000).
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In water, the substitution of chloride atom by aioxyl group occurs (Fig. 2), while on sand
the side chain is degraded (Fig. 3)

Lhomme et al. (2005) studied the degradation obrciibluron in photocatalytic
process using Ti©®semiconductor as catalyst and irradiation by Uyhtli(365 nm). The
influence of parameters such as adsorption capaeitial concentration of chlorotoluron and
TiO, forms (coated or in suspension) was investigaled. results showed the importance of
operational conditions and reactor geometry on degradation rate. The analysis of
intermediates and products suggested that theioadmtgins as a hydroxyl radical attack on
the phenyl ring and methyl groups of the chloratofubefore the opening of the aromatic
ring.

Haque et al. (2006) studied the photocatalytic aeggion of chlorotoluron in aqueous
suspensions of titanium dioxide irradiated by lighB20 nm under variety of conditions such
as type of TiQ, catalyst concentration, substrate concentratph, temperature, and in
presence of different electron acceptors such adrolggn peroxide (¥D,), potassium
persulfate (KS;Og), and potassium bromate (KBglCbeside molecular oxygen. They found
out that using Ti@as a catalyst was pH dependent (reaction was sliowadkaline pH) and
that electron acceptors enhanced reaction rate mtst efficacious was potassium bromate
(enhanced reaction rate from 1.299 mbhin x 10° up to 1.642 moltmin™ x 10°). They
described three possible degradation pathway afratdluron - (1) substitution of chloride
ion by hydroxy group on aromatic ring, (2) demegtigin of N group on beside chain, (3)
from chlorotoluron arise 3-chloro-4-methylalanine.

Amorisco et al. (2006) studied photocatalytic degteon of chlorotoluron by
UV/TiO, (240 nm) and they discovered following degradaponcesses: (1) substitution of
chloride ion by hydroxy group on aromatic ring, €ibstitution of methyl group by hydroxy

group on aromatic ring, (3) demethylation of N gr@mn beside chain.



Photoinitiated degradation of chlorotoluron in thagresence of iron (llIl)
aguacomplexes has been investigated under irradiati365 nm by Poulain et al. (2003) and
at 254 nm by Benitez et al. (2007). Poulain e{2003) studied degradation of chlorotoluron
in mixture with ferric ions at various oxygen contrations and in the presence of 2-
propanol. They used 2-propanol as a hydroxyl rdsliseavenger and they found out that the
higher concentration of oxygen in the reaction om&tthe higher reaction rate. They also
described degradation products presented in Fig. 4.
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Fig. 4: Degradation products discovered by Powaial. (2003).

Benitez et al. (2007) studied degradation of chtwuwon with the use of Fe(ll) in mixture
with H,O, (so-called photo-Fenton system) in various come#ions. They achieved
degradation rate 7.5 mots™.

Benitez et al. (2006) studied photochemical dedradaof phenyl-urea herbicides
(linuron, chlorotoluron, diuron, isoproturon) by Ukfadiation (254 nm) and UV combined
with H,O,in two various concentrations (1 x i and 5 x 1G M) in different conditions as
pH and temperature. They found out that reactioa slawer in alkaline pH values and in
lower temperatures. The reaction best proceedetyusv/ H0, (5 x 10° M). They also
tested influence of solvent (ultra-pure water, mahevater, groundwater and lake water) on
the reaction, and found out that the degradatios faatest in ultra-pure water. They used

tert-butyl alcohol as a scavenger of hydroxyl radieadd the reaction was almost stopped.



Analyses of phenyl-urea pesticides are usuallyiedhiout by using chromatographic
methods. High performance liquid chromatography lEPis often used for phenyl-urea
pesticides separation (Carabiaz-Martinez et a0220in et al., 2003; Goger et al., 2001), UV
or mass spectrometry is used for detection (Cazaldiartinez et al., 2004). Since European
limits for pesticides concentration are @gd/l - for a mixture of pesticides 0/l (Council
Directive, 1998), pre-concentration of samples fi®ero necessary (Gerecke et al., 2001;
Carabiaz-Martinez et al., 2003a; Carabias-Martigteal., 2003b; Carabiaz-Martinez et al.,
2004; Lin et al., 2003).

In the presented thesis, | investigated phototeitiadegradation of chlorotoluron in
homogenous aquatic media under UV irradiation.utigd direct photolysis, influence of
metal (iron IIl) ions on the reaction and photostziag effect of several humic samples.

The aim of the study was to describe kinetic ottarsstics of the reactions, to identify
some of the products and evaluate the importang@hatochemical degradation as a natural

degradation pathway in the aquatic environment.



Material and Methods
Chemicals

Chlorotoluron (3-(3-chloro-4-methylphenyl)-1-1-dithglurea), purity 99.0 %, was
obtained from Dr Ehrenstorfer (Germany). Three $ypé stock solutions of chlorotoluron
were prepare: a) 5 mg of Chlorotoluron in 500 mivatter was stirred for 12 hours; b) 5 mg
of chlorotoluron was diluted in 5ml of methanol k&, HPLC grade) and diluted with water
up to 100 ml; ¢) 5 mg of chlorotoluron was dilui@ed100 ml of methanol. Deionized water
was prepared by Filtr Premier CDP 6920 (USA). ReC6HO purchased from Lachema.
Chemicals for actinometry (iron (lll) sulphate hgtd, 1,10-phenantroline monohydrate,
sodium acetate, potassium oxalate monohydratejnglycH,SO, and HO, were purchased

from Sigma.

Methods
UV/VIS absorption spectra were measured by UV/\i8csrophotometer Shimadzu,
UV 1601, with UV Probe software.

Irradiation was carried out in a photochemical teaRayonet RPR 100 equipped
with RPR 3000 A lamps (254 — 350 nm, maximum isiirB00 nm). Chlorotoluron was
irradiated in either glass or quartz cuvettes @tas/ettes were used when filtered radiation —
A > 300 nm was needed). Irradiation was performe®@o resp. 180 minutes.

Actinometry measurement: Actinometry was carrietlameording to Murov et al.
(1993) using an optically thick solution of potassiferrioxalate.
Potassium ferrioxalate actinometry is based ondhetion:

2Fe* + G024 ™o 2 Fé + 2CQ 1)

The amount of ferrous ions produced during irradietvas measured via
spectrophotometric determination of its 1,10-pim&@dine complex at 510 nm. (Ferric ions
form only a week complex with 1,10-phenantrolinaakhs transparent at 510 nm).

The following solutions were prepared for actinoryet

A-0.2 M Fe(SQy)s: 10 g Fe(SOy)3 . n HO + 5.5 ml conc. k5O, was dissolved and diluted
with double deionized water to the final volumel6D ml. 0.3 g of glycine was added,;
B-1.2 M (COOK): 22 g (COOK}) was dissolved in deionized water and dilutecheofinal

volume of 100 ml;



C - buffer solution: 8.2 g of sodium acetate mllconc. HSO, dissolved and diluted with
deionized water to the final volume of 100 ml,
D — phenantroline: 0.2 % solution of 1,10-phenalime monohydrate in deionized water.

When actinometer solution was needed, 5 ml of #€36y); solution and 5 mL of
the (COOK) solution was mixed in a 100 ml volumetric flaskdamas diluted to the mark
with water. The stock solutions have a shelf lif@loout one month.

Intensity measurement:

a) avolume of the KFe(GQ,)3 solution equal to that of the sample to be irrdiavas
put into reaction vessels (all steps describetienprocedure of intensity
measurements had to be carried out in the dankaer the dim red light);

b) the ferrioxalate solution was irradiated in apprafgr cuvette for an appropriate period
of time — it had to be determined experimentatly give, after working-up the
sample, an absorbance between 0.2 - 1.8; for Hutioa vessel used in this work the
suitable time interval was 5 — 30 seconds and 40 seconds for quartz and glass
cuvette, respectively;

c) an aliquot (1 ml) of irradiated solution was trarséd into a flask with 2 ml of 1,10-
phenantroline solution (solution D) and 0.5 ml affer solution (solution C);10 ml of
water was added and the solution was gently mixed,;

d) ablank sample was prepared by using o non-atadivolume of actinometer equal
to the aliquot of irradiated solution withdrawn;

e) absorbance of the solutions (irradiated and nadiated) was measured at 510 nm
and the difference was taken; absorbance of thiklslaould be checked to test the
quality of the actinometer solution — if an absort®Evalue greater than A = 0.06 is

obtained for the blank, a new solution should lepared).

Calculation of light intensity (1):

From the values given by Murov (1993), the appmtperguantum yield for ferrous
production was chosen (for our calculation the gatd = 1.24 x 10 ein min).

Using the absorbance (A) obtained, the intensfily €instein/min) was calculated by

the following equation:

= (AV 2V3)/(stI)ktV1) (2)

where



A — Absorbance (at 510 nm) of irradiated actinomstdution corrected for absorption of
blank

d — Path lenght (in cm) of absortion cell used Easurement of A

¢ — Extinction coefficient of ferrous 1,10-phenamniime complex at 510 nm (~1.11 x%10
Lmol™*cm?)

@, — quantum vyield of ferrous production at waveléngftlight used

V1 — Volume (in mililiters) of irradiated actinometgolution withdraw

V, — Volume (in liters) of actinometer irradiated

V3 — Volume (in mililiters) of volumetric flask usddr dilution of irradiated aliquot (10 mL)
t — irradiated time in minutes.

The obtained values of light intensity are 1.220% &instein/min and 7.1x 10
enstein/min for quartz and glass cuvette, resmleuthe experimental condition used in the
study.

HPLC was performed by the use of high pressure pGomstaMetric 3200 (Thermo
Separation Products), UV detector Delta Chrom UMID Z2Watrex) and the C18 column
Reprosil 100, 250 x 4 mm, filled with 5um particl&he detector was set at 245 nm. The
mobile phase was methanol-water (60:40, v/v). Tlbe frate was 1mL/min. The volume
injected was 20 pl by the injector Rheodyne 77d%ie mobile phase was degassed by
ultrasound Kraintex 941 44 HUL (Slovakia). The aheiographic station equipped with

program CSW 1.7 was used to evaluation of the néthdata.

HPLC/MS conditions

Analyses were performed on LCQ quadrupole linear iap mass spectrometer
(Thermo Electron Corp., U.S.A.) in ESI ionizatiorode. For chromatographic separation,
reversed phase column Synergy Hydro RP80A 150x1dum) particle size was used.
Column temperature was set at 30°C. Mobile phaSés snethanol in water (with 10mM

ammonium acetate buffer) and flow rate 50u I/min.

lon chromatography

lon chromatography was performed by (DIONEX IC 286)h 10 mM KOH as an
eluent (eluent generator EG 40), column lon PacklA2 mm diameter, injection volume 8
and 10 pl. Data were evaluated by chromatograpfievare Chromeleon 6.20.



Total organic carbon measurement

Total organic carbon (TOC) was measured by TOCyaralShimadzu model TOC
5000 A, in which organic compounds are chemicalidiazed (mixture of sulfuric acid and
hydrogen peroxide), combusted by heat (Pt catahg@, °C); the resulted CQvas detected
by IR detector.

Reaction kinetics

For kinetic analysis, first-order reaction rate mioahd model for consecutive
reactions were adopted from Chang (2005). Reacéitenconstants were obtained by using
the first-order decay equation

Al = Al 3)

where [A] represents the concentration of chlongtmh at the time t, [A]is the initial
concentration of chlorotoluron, k is the first-ordeaction rate constant. When In [A] os
plotted against irradiation time t, slope of theugght line gives the value —k.

In the intermediates and product analysis, | usedcbnsecutive reaction model for
evaluation of the main intermediate degradatioae canstant. In consecutive reaction
described by the scheme

| ka
Afph 4)

where A is a reactant, B is an intermediate angl &€product, and;kand k are the rate
constants of respective reactions, the time caofrsencentration B depends on the ratio k
Ko.

If the rate of intermediate formation is equalt®decay, that is ifk= k;, the time courses of

the reactant and the intermediate are represegtdtklrurves as in Fig. 5.
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Conceniration

Fig. 5: Time course of intermediate concentratmmkf = k; in a consecutive reaction.
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Results
Chlorotoluron absorbs electromagnetic radiatiowavelengths shorter than 305 nm
(see Fig. 6).

chlorotorluron
chlor+Fe(lll) - mal. ratio 1:2

Absorbance

O T T - T

250 300 350 400

wavelength (nm)

Fig. 6: Absorbance of chlorotoluron concentratiathvand without addition of Fe (lll).

Addition of ferric ions to the chlorotoluron soloti causes an increase of absorption
and broadening of the absorbed wavelengths rangeGf The absorption spectrum of the
Fe(lll) — chlorotoluron complex shows absorptionta@B@75 nm, and the absorption maximum
is 5 times higher than with chlorotoluron alone.

Irradiation of chlorotoluron (without any metal ®added) by the radiation of

wavelengths shorter than 300 nm leads to chloraioldegradation (Fig. 7).
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Fig. 7: UV degradation of chlorotoluron (withoutgs filter).

Almost all the substrate is degraded in 90 minofegadiation. The first-order
reaction rate constant for the reaction is 0.036"mi

If glass filter is used to cut off the environmdiytarelevant short-wavelength
radiation (under 290 nm), almost no reaction iseoled (first-order reaction rate constant is
0.001 mint), since the incident light is not absorbed bycdhlerotoluron molecules.

As shown in Fig. 6, chlorotoluron form a complexiwierric ions which absorbs high-
energy solar radiation. | studied therefore whetherferric ions could affect the reaction.

Results are summarized in Table 1.

addition of Fe (lll) | molar ratio (clt:Fe) |k (min™)
without 0.001
8.9 x 10™ mol/l 2:1 0.001
4.45 x 10™ mol/l 1:2 0.003
8.9 x 10™ mol/l 1:4.5 0.003

Table 1: Influence of quantity of additional Fd)to the rate of the reaction (used glass
filter).

It is obvious that irradiation of the substrateldayger wavelength (glass filter was
used in the experiments) leads only to insignifi¢aarease of the reaction rate, even if ferric

ions : chlorotoluron molar ration was 4.5 : 1.
13



Since ferrous ions (not ferric ones) are usuakydatalytically active form, | tested in
the next step whether the ferric ions were reddcddrrous ones during irradiation; the result
of the experiment showed that all ferric ions we@duced within five minutes from the start
of irradiation.

When absorption spectrum of chlorotoluron plusdesrions was measured, | found
out that it is identical to the absorption spectminghlorotoluron at the same concentration. It
suggests that the reaction mixture of chlorotolusatih added ferric ions, where ferric ions
are quickly reduced under irradiation, cannot abs$le incident radiation and thus the
reaction cannot proceed.

Fig. 8 shows degradation of chlorotoluron by thélianed light with and without
addition of ferric ions (glass filter was not usedhis case).

12
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100

irradiation time (min)

Fig. 8: UV degradation of chlorotoluron without mgifilter and with or without addition of
Fe (11).

Reaction rate with the addition of ferric ions blig decreases (k = 0.025 rifinin
comparison with the reaction mixture without feidas added (k = 0.036 nifj

The influence of pH on the reaction (with unfiltédgght) was tested in a broad range
of pH values. Fig. 9 shows the chlorotoluron degtiaeh under the highest and lowest pH

values used in the experiment, i.e. pH = 2.0 angdH.0, resp.
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Fig. 9: Influence of pH to degradation of chlorot@n (without glass filter).

As can be seen, the reaction proceeds at the saenmithe strongly alkaline and strongly
acidic solutions.

Chlorotoluron, as a compound of low polarity, isialéy dissolved in small amount of
methanol before dilution with water to the finahcentration. Since methanol may affect
photochemical reactions, | wanted to find out weethe methanol could have an effect on
the chlorotoluron degradation. | carried out anegxpent with three chlorotoluron solutions:
a) chlorotoluron dissolved in methanol; b) chlofaton dissolved in a mixture methanol-
water (methanol : water =5 : 95, v/v); c¢) chlotaton dissolved in Milli-Q water. The first-

order reaction rate constant for the three reastawa given in Table 2.

solvent k (min™)
water 0.065

methanol/water | 0.036
methanol 0.012

Table 2: First-order rate constants for chlorotmfudegradation in solvents with different

content of methanol.

The reaction proceeds most readily in the Milli-@ter; reaction is slowed down if

5% methanol is used as a solvent. In 100 % metramnalsolvent, the reaction rate has the

15



lowest value (3-times lower in comparison with wateethanol, and 6-times lower in
comparison with water as a solvent).

In surface natural waters, humic substances maydsent and may affect
photoinitiated reactions. Therefore | tested thikience of humic substances on chlorotoluron
photodegradation. Two humic samples were used&experiments — peat bog water and a

solution of humic acid isolated from upper soildstrhorizon. The results are shown in Fig. 10.

1,1 O peat bog weter
A humic acid from sail

0,9 & pure water

0,7
s}
B 0'5 i

0,3 -

0,1

010 5 10 15 20 25 30
irradiation time (min)

Fig. 10: Degradation of chlorotoluron in the presenf humic acids (unfiltered radiation).

The first-order reaction rate constants are sunzedrin Table 3. We can see that soill
humic acid has a slight influence on chlorotoludegradation rate — the reaction rate slightly
increases (the first-order reaction rate constastthe value 0.070 nifir

Presence of k (min™)

Peat bog water 0.019

Humic acid from soil | 0.070

Pure water 0.065

Table 3: Rate constants of chlorotoluron degradatidhe presence of humic acids

In the presence of the peat bog water, the chlbnaio degradation proceeds
significantly more slowly in comparison with theaotion rate in deionized water.
| focused also on the products of chlorotolurontpblemical degradation.
16



Fig. 11 shows chlorotoluron degradation during 90utes irradiation, its main intermediate

(curve — “main intermediate”) produced by the reac{curve - “chlorotoluron”) and release

of chloride ions (curve — “chloride ions”).

0,9 - A
0,8 - _ }
0,7
0,6
0,5
04 -
0,3
0,2
0,1 -

c/cC

& chlorotoluron
—&— main intermediate
—aA— chloride ions

irrariation time (min)

100

Fig. 11: UV degradation of chlorotoluron, its mairoduct and chlorides release (without

glass filter).

| assumed that the major product shown in HPLC mlatogram was formed in the

process of substitution of chloride atom in theoobioluron molecule by hydroxyl group.

Therefore | tested the reaction mixture for theodde ions presence. The result is presented

in Fig. 11 — curve “chloride ions”; the chloriden®concentration increased in the reaction

mixture with 1 : 1 stoichiometry with respect tdaiotoluron degradation. This shows that

one of the first steps in the degradation is reétgathe chloride ion from aromatic cycle.

Fig. 12 shows a rise of minor intermediates andlpects of the chlorotoluron

degradation. One main and approximately six mimodpcts are generated in the reaction.

17
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Fig. 12: Minor intermediates and products of chlolaron degradation detected by HPLC.

The HPLC analyses show one major intermediate aattias of minor intermediates
and products formed mostly from the first majoemtediate in consecutive reactions (see
Fig. 11 and Fig. 12) — time delay in formation obgucts 3 — 7.

The overall quantum yield of the reaction calcudagecording to the equation 5.
number of degraded chlorotoluron molecules

®= %)

number of incident light quanta

18



Number of incident light quanta was recieved frastirometry (1.2 x 10 ein min') and
number of degraded molecule (1.02 X'L& calculated from HPLC data. The quantum vyield

gained from the initial states of the reaction.igx 10°.
Fig. 13 shows mass spectra of chlorotoluron aflem#éhute irradiation. Peak 213 is

the peak of chlorotoluron molecule. Peak 195 ispsk of the main product where was

substitute chloride ion by OH ion in the parent ecolle.
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Fig. 13: Mass spectra after 90 minute irradiation

Mass spectroscopy provides a supportive evideratetie major intermediate in
chlorotoluron degradation pathway is its hydroxyresive with hydroxyl group at the place

of original chloride atom (Fig. 13).
Analysis of total organic carbon (TOC) contentshia reaction mixture under
irradiation revealed that degradation proceeds@e &3 a final product; after 90 minutes of

irradiation, 19.3 % of chlorotoluron carbon atomsr&/found to be oxidized to carbon

dioxide.
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Discussion:

Chlorotoluron cannot be photochemically degradetighy with wavelengths longer
than 305 nm, i.e. by light naturally occuring a¢ #arth’s surface.

Studies, where chlorotoluron degradation was aelidoy radiation of wavelength
longer than radiation absorbed by the substratdateeatylytic production of the oxidizing
species — e.g. Fenton agent with ferrous ions gddlgen peroxide (Benitez et al., 2007;
Poulain et al., 2003), even in this system, longdiation were needed for a pronounced effect
(7 hours — Poulain et al., 2003).

Ferrous ions themselves have not shown any cataifict, and because they do not
form an absorbing complex, direct excitation wthder wavelength is not possible.

Chlorotoluron forms a complex with ferric ions ahgés complex has a molar
absorption coefficient approx. 1.3 times highethatwavelength of chlorotoluron absorption
maximum; moreover it absorbs radiation in broadege of wavelength, up to 350 nm. Thus
| expected that addition of ferric ions might havpositive effect on the reaction rate.
However, no significant effect was achieved, beedasic ions are quickly and
guantitatively reduced in the reaction mixture #melnon-absorbing Fe(ll) — chlorotoluron
complex arises. The same result was obtained bidzest al. (2007).

With other pesticides, photocatalytic effect ofri@ions (i.e. photochemical
production of a catalytically active form a catdJysas observed, e.g. in case of triazine
herbicide atrazine (Klementova et al., 2000).

Under our conditions the pH has no effect on tlaetien rate. It is in agreement with
the assumption that degradation in our reactiorturexproceeds via direct photolysis after
chlorotoluron excitation (the assumption is supgaiby the first-order reaction kinetics of the
reaction). The same independence on pH was repoyt8enitez et al. (2006) who made
experiments under similar conditions as | did; beamed almost the same degradation rates.
For chlorotoluron in ultrapure water obtained fiostler rate constant 0.070 rififor the
degradation (my result under similar conditionthes first-order rate constant of the value
0.065 mirt).

Haque et al. (2006) observed slightly higher degtiad rates under acidic pH in
degradation of chlorotoluron on TiGheterogeneous catalysis using semiconducters for
producing hydroxyl radicals) using light of 365 ntine rates slowly decreased with increase
in pH (second-order reaction rates lay in the renga 1.653 molfmin™ x 10°for pH = 1.2
to 1.159 mol tmin™ x 10° for pH = 11.2). The effect of pH in heterogeneoatalyst has a
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completely different mechanism from our reactioxtonie, the protons participate in
production of reactive oxygen species froaOHan Q on TiO..

More researchers were trying to achieve chlorotwlutegradation by heterogeneous
catalysis on semiconductors, especially skt even with this effective method long
irradiation times are needed — 8 hours (Parra e2@02), 12 hours (Lhomme et al., 2005).

Humic acids may act as sensitizers in photocherpicalesses and they can also
produce hydroxyl radicals. Thus humic acids aresm@red to be a significant mediator of
photochemical degradation of pollutants in naturalers, especially if the pollutants do not
absorb the sun radiation reaching the earth’s®irfss shown in the results, | tested the
chlorotoluron degradation in the presence of twalgiof humic acids — a peat bog water of
high absorbance and a soil humic acid extract.[&onic acid causes a slight increase of
reaction rate. | know that both soil humic acidyesl as peat bog water, (Helekalova, thesis
in prep.) produce hydoxyl radicals (peat bog wateduces approximately two times more
hydroxyl radicals than soil humic acid). These twmnic samples differ significantly in
absorption intensities (for wavelength 250 nm wasasured absorption intensities for peat
bog water Aso= 2.5 and for solution of humic acid# = 0.5) (Helekalova, thesis in prep.).
We can assume that the increase of reaction rakeipresence of soil humic acids is the
consequence of the contributions of both directqlgeis and hydroxyl radical oxidation of
chlorotoluron degradation. The reaction is slowethie sample with peat bog water. It may be
caused by inner filtration, because the sampleatosihighly coloured humic acids. If |
compared influence of humic acids on the photodiggian of atrazine, also a negative effect
on the reaction rate was observed, the reactiorsieager in the presence of humic acids
(Klementova et al., 2003), although different humttds were used in the atrazine study.

Reaction rate of chlorotoluron photodegradationetiels on the type of solvent. If
methanol was part of the solvent, the reactiongeded more slowly. Since methanol was
shown to be able acting as scavenger of hydroxiitais (Haggblom et al. 1993), this might
be the reason for slowing down the reaction. Studfechlorotoluron degradation in the
presence of other alcohols, 2-propanol (Poulaal.eR003) andert-butyl alcohol (Benitez et
al., 2006), support such an assumption.

According to the literature, two major degradatu@thways can be distinguished in
chlorotoluron degradation. In the first one, théodke ion on the aromatic ring is substituted
by a hydroxy group in the first step (Poulain et 2003; Haque et al., 2006; Lhomme et al.

2005) as shown in scheme 1.
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Scheme 1: First step of the chlorotoluron photodedgtion.

On the basis of the information from the literatureuggest possible degradation
steps, such as demethylation of hydroxyderivatmai product of the degradation). Other
possible degradation step is the degradation afdxyderivative up to 3-hydroxo-4-
methylaniline. It means that the degradation prdsess the gradual degradation of the side

chain, as shows the reaction scheme 2.

MH MH /O /NH /O
S
H;C ch

HO NH. .0 HO NHz

l%’
[

M

2 Ha CHg HsC

Scheme 2: Gradual degradation of chlorotolurords shain.

In the second possible pathway, the chlorotolusdirstly demethylated on the N

atom of the side chain, secondly the side chagmadually degraded, as shown in scheme 3.

N =Ny
n NHz
HaC HaC™™ CHg HaC HqlC =

Scheme 3: Second possible degradation pathwaylafotbluron.

Scheme 1 agrees with data reported by Tixier é2800), Haque et al. (2006),
Amorisco et al. (2006), Poulain et al. (2003)algo agrees with my results. Poulain et al.
(2003) determined and identified intermediate diesoe 3. Haque et al. (2006) reported
intermediate and product of scheme 3.

Poulain et al. (2003) achieved total mineralizatfter 25 hours irradiation (they

irradiated chlrotoluron in mixture with Fe(lll) bize light with the wavelength 365 nm) .
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To summarize the results, it does not appear tmatioghemical degradation might be
expected to play a significant role in chlorotolugiegradation in the aquatic environment.
The degradation needs either high-energy UV ramhdtr photolysis or semiconductor
catalyst for heterogeneous catalytic reaction caddition of catalyst plus oxidative species
(Fe + HO,) for oxidation. High-energy UV radiation is notalable in the environment at
the earth surface — i.e. near water body levetsthi® heterogeneous as well as for the
homogeneous catalysis, special catalysts plus txé&dspecies are needed.

Thus — with chlorotoluron — photochemical degramtativill remain only a possibility

for waste water treatment.
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Conclusions

Chlorotoluron is photochemically degradable in hgemeous aqueous solutions if
irradiated by light capable of photolytic splittinfthe molecule. Homogeneous
photocatalysis by ferric ions does not occur inrdection system. Humic substances have not
a pronounced photosensitizing effect in the reactio

Photolysis proceeds via numerous intermediatedjrtestep is a substitution of
chloride ion by hydroxy group; final products o&tphotolysis reaction are carbon dioxide

and water.
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