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In recent years, the concentrations of phenylm.ea herbicides (e.g. isoproturon, 
diuron) detected in rivers and lakes have attracted public awareness beca~~se 

they frequently exceeded the quality goals for surface waters in Switzerland and 
Germany. Nevertheless, the application of these pesticides yields high benefits 
(e.g. efficient production of food). Therefore, in order to take further advantage 
of the be&its with minimum harm to the environment, the fate of these 
compounds has to be known in more detail. The major goal of this work was to 
increase our current knowledge of the input and fate of phenylurea herbicides in 
natural quatic systems, particularly in surface waters. 

In a first step, a new analytical procedure was developed that allowed the 
ultratrace level detection of phenylurea herbicides (PUHs) and some of their 
metabolites in natural waters. A major improvement compared to reported GC 
methods was achieved by the use of solid phase micro extraction (SPME) as an 
injection tool for the enriched and derivatized samples into the CC/MS. Limits 
of detection were between 0.3 and 1 .O rig/I,, for the parent compounds. Standard 
deviations below 10% were achieved for samples over 4 rig/I,, in very different 
matrices including Nanopure water, lake water, and waste water treatment plant 
effluent. The chromatographic performance was stable over a large number of 
measurements even with dirty samples from waste water treatment plant 
effluent. 

For an accurate prediction of the fate of PUHs in surface waters (e.g. in a lake), 
there is a lack of data on the photodegradation. Therefore, indirect and direct 
photolysis of PUHs in aquatic systems were studied in the laboratory with 
special emphasis on the two most widely used PUHs, i.e. diuron and 
isoproturon. These experiments revealed that IYJHs were significantly degraded 
by indirect photochemical processes in natural waters. The degradation was 
faster for PUHs with a high electron-density in the phenyl ring. Oxidation by 
excited aromatic triplets of dissolved natural organic lnatter (“DOM*) was 
postulated to be the major transformation mechanism, The calculated rate 
constants for photosensitized transformation (isoproturon: 0.066 hW’, diuron: 
0.013 hW’; near surface, clear-sky, mid-summer in water from Lake Greifensee) 
correlated well with experimental values obtained in sunlight irradiation 
experiments (isoproturon: 0.058 -- 0.070 h’? diuron: 0.013 h-l). The rate 
constants for direct photolysis of isoproturon and diuron were a factor of ten 
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and two lower, respectively, as compared to indirect photolysis. To verify these 
rate constants in a real environmental system, a field study was performed in 
Lake Greifensee (Switzerland). A mass balance based on measured input and 
output revealed that an elimination process takes place in the epilimnion of the 
lake. This elimination corresponded well with the predicted elimination by 
indirect photolysis. Moreover, it could be concluded that the biological 
degradation of isoproturon and diuron was negligible as compared to indirect 
photolysis. 

In the last part of this work, the relevance of waste water treatment plants 
(WWTP) as sources for pesticides in surf:‘ace waters was compared with the 
importance of diffuse sources in the catchment area of Lake Greifensee. 
Phenylurea herbicides as well as other important pesticides were determined in 
the effluent of all WWTPs in the catchment of Lake Greifensee. Hereby, 
concentrations exceeding 1. pg/L were frequently measured. However, only 
18% of the total isoproturon load to Lake Greifensee originated from WWTPs, 
the remainder input originated from diffuse sources. Elevated concentrations of 
isoproturon in WWTPs were mainly caused by farmers who did not comply 
with ‘good agricultural practice’. Therefore, an improved training of farmers is 
proposed to reduce this input. Diuron, which is rarely used for agricultural 
purposes in the catchment of Lake Greifensee, originated to more than 50% 
from WWTPs. The origin of diuron in WWTPs is its use in urban areas as 
algicide in outdoor paints and possibly (although illegally in Switzerland) its 
application as total herbicide on streets and road embanktnents. The result of 
other pesticides confirmed that WWTPs are only a minor source of pure 
agricultural pesticides (e .g. atrazine, metolachlor) in the catchment area of Lake 
Greifensee, and that they were the most important pathway for multipurpose 
pesticides (e.g. mecoprop). 
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111 den letzten zehn Jahren habell erhiihte Konzentrationen von 
Phenylharnstoffherbiziden (PHHs) in Fliissen und Seen in der <>ffentlichkeit fiil 
Auf&en gesorgt. In Deutschland Lund in der Schweiz lagen die 
Konzcntrationen iiber den Qualit2itszielen fiir Oberl~chellgew~~sseT. 
Andererseits ergeben sich aus cler Anwendun, 0 dieser Verbindungen grosse 
volkswirtschaftliche Nutzen (u.a. effiziente Produktion von Nahr~mgsmitteln). 
lJm dime positiven Eigenschaften such zukiinftig zu nutzen, ohne die 
Gew&serqualit%t ZLI beeintCichtigen, ist es wichtig, das Schicksal dieser 
Substanzen in Gew&ern genauer ZL~ verstehen. Das haupts$chliche Ziel dieser 
Arbeit war es deshalb, einen Beitrag zum Versttindnis der Eintragswege von 
PHHs in Oberfl&%engew&er und der dort stattfindenden Eliminationsprozesse 
ZLI leisten. 

Zu diesem Zweck wurde eine neue spurenanalytische Methode zur l3estimnung 
der wichtigsten PHHs und bekannter Metaboliten in natiirlichen W2issern 
entwickelt. Einen grossen Fortschritt gegeniiber friiheren Methoden ergab die 
Verwendung von Festphasenmikroextraktion (SPME) als Injektionsmethode i’iir 
die angereicherten und derivatisierten Proben in einen Gaschrom~tographen, 
welcher mit einem Massenspektrotneter (GUMS) gekoppelt war. Die 
Nachweisgrenzen lageu zwischen 0.3 und 1 .O rig/L fiir die Muttersubstanzen 
und etwas hiiher fiir die Metaboliten (0.3 bis 4.2 ng/L). Die 
Standardabweichung fiir verschiedenste Probenarten (Reinstwasser, Seewasser 
und geklgrtes Abwasser) nlit einern Gehalt von 4 rig/L war kleiner als 10%. Die 
gute chronmtographische Trennung der Substanzen blieb such iiber lange 
Messserien von ‘schmutzigen’ Proben erhalten. 

Fiir eine gute Vorhersage des Abbauverhaltens von PHHs in natiirlichen 
Gew&sern (z.B. in einem See) fehlen vor allem Daten iiber photochemische 
Abbauprozesse. Deshalb wurde die direkte und indirekte Photolyse von PHHs 
in aquatischen Systemen in1 Labor untersucht. Diese Experimnente zeigten, class 
die PHHs rasch durch indirekte photolytische Prozesse abgebaut werden. Der 
Abbau war schneller fiir PHHs mit einer hohen Elektronendichte im Phenlyring. 
Als AbbauInechanis~llus komte au-fgrund verschiedener Indizien eine Oxidation 
durch photochcmisch angeregtes natiirliches organisches Material postuliert 
werden. Die berechnete Abbaurate pseudo-erster Ordnung betrug fiir diesen 
Prozess 0.066 11“ fiir Isoproturon ~rnci 0.013 h-’ fiir Diuron (Rate fiir 
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Ober&ichenschicht (wenige Millimeter) zur Mittagszeit an einem schiinen 
Sommertag in Mitteleuropa in Greifenseewasser). Diese Raten konnten in 
Experimenten mit natiirlichem Sonnenlicht best;itigt werden. Die Abbauraten 
durch direkte Photolyse in der Oberfl%chenschicht waren iir Isoproturon einen 
Faktor zehn und fiir Diuron einen Faktor zwei langsamer als jene der indirekten 
Photolyse. Die Giiltigkeit dieser Abbauraten fiir reale Umweltsysteme konnte in 
einer Feldstudie im Greifensee beststigt werden. Anhand einer Massenbilanz 
fiir Isoproturon und Diuron konnte fiir das Epilimnion im Sommer eine 
Elimination bestimmt werden, welche mit der vorausgesagten Elimination 
durch indirekte Photolyse iibereinstimmte. Im weiteren konnte damit gezeigt 
werden, dass der mikrobielle Abbau dieser beiden Substanzen im Grei-fensee 
sehr langsam ist (Halbwertszeit > 100 Tage). 

Die Bedeutung van Kliiranlagen als Quelle fiir Pestizide in 
OberfT%chengew&sern wurde im Einzugsgebiet des Greifensees mit der 
Bedeutung von diffusen Quellen verglichen (Oberfl&henabluss von Feldern 
etc.). PHHs und weitere wichtige Pestizide wurden im gekltirten Abwasser von 
neunzehn Abwasserreinigungsanlagen (ARA) bestimmt. Dabei wurden o-ft 
Konzentrationswerte von iiber 1 ,ug/L gemessen. Die erhiihten Konzentrationen 
von Isoproturon in den AuslZufen der Klfiranlagen wurden haupts~chlich durch 
Landwirte verursacht, welche bei der Anwendung von Pestiziden nicht alle 
Regeln der ‘guten landwirtschaftlichen Praxis’ beriicksichtigten. Deshalb ist es 
wichtig, die Landwirte zukiinftig noch mehr als bisher, fiir die Einhaltung der 
wichtigsten Verhaltensregeln zur Vermeidung von Pestizideintrtigen in 
Oberfltichengew5sser ZLI motivieren. Diuron wird im Einzugsgebiet des 
Greifensees kaum in der Landwirtschaft eingesetzt, hingegen gibt es 
verschiedene Applikationen im Siedlungsraum. Daher ist es nicht erstaunlich, 
dass Diuron zu iiber 50% via Kl8ranlagen in den Greifensee eingetragen wurde. 
Applikationen im Siedlungsraum kiinnen somit ZLI relevanten Belastungen der 
Gew&ser -fiihren. Die Resultate der anderen gemessenen Pestizide bestgtigen, 
dass rein landwirtschaftlich eingesetzte Substanzen (z.B. Atrazin, Metolachlor) 
zu einem kleinen, aber nicht vernachl&igbaren, Anteil iiber Kltiranlagen in den 
Greifensee gelangen und dass die Verwendung von Pestiziden im 
Siedlungsraum ZLI bedeutenden Eintrsgen via ARAs fiihren kann (z.B. 
Mecoprop). 
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“Water is life”. This basic yet profound truth eluded public awareness in the last 
century. As the population increased and industrialization took hold, the 
demand for water kept risin g while the quality continued to deteriorate. Today, 
there is a common sense that a sustainable use of the earth’s most important 
natural resource is an important key for a peaceful future in a sound 
environment. 

Pesticides, such as the widely applied phenylurea herbicides isoproturon and 
diuron, are one of the many classes of anthropogenic chemicals that harm the 
quality of water. On the other hand, pesticides are essential for the efficient 
production of food for the world’s increasing population. Therefore, to take use 
of the undoubted benefits of pesticides, without deteriorating the quality of 
water, detailed knowledge on the fate and transport of these compounds in the 
environment is imperative. 



-12- Introduction 

The sustainable use of pesticides is also of current interest in Switzerland since 
a major goal of the new Swiss agricultural policy is the promotion of an 
ecologically more sound food production. The sustainable LISA of pesticides is 
thereby an important aspect. Therefore, the Swiss government has launched an 
extensive project [[I:] aimed to: 

Monitor the long-term trend o-f pesticide input into surface waters. 

* Increase the current knowledge on the importance of different sources for 
pesticide contamination of surface waters. 

Adopt scientifically based measures to reduce these inputs. 

These objectives are pursued by investigations of lakes and their catchment 
areas in conlbination with the use of results from laboratory and field plot 
experiments, e.g. 121. Lakes integrate all inputs from a catchment and are thus 
perfectly suited to monitor the long-term trend of pesticide input into surface 
waters, provided that the processes governing the fate of the compound of 
interest in the lake are known and can be quantified [I311. For this purpose, the 
physical-chemical properties and reactivities of a given compound have to 
determined or estimated (e.g., [[2,4:]). This information has to be complemented 
and verified with results obtained in field studies. For example, IJlrich et al. [S] 
studied the input and fate of atrazine in Lake Grei-fensee and found that this 
compound is nearly not degraded. This result was not predictable from the (to 
some extent) contradictory data reported in the literature. 

Moreover, to adopt eff’icient measures it is crucial to study the importance of 
different pesticide sources on regional scales, as has been shown for example by 
See1 et al. [6,71. They reported that in the catchment of the River Nidda in 
Germany 60 to 70% of the pesticides in surface waters originated from waste 
water treatment plants, a findin g that could not have been anticipated -from any 
laboratory study. They postulated that farmers who did not perfectly comply 
with ‘good agricultural practice’ were responsible for this high input from waste 
water treatment plants. I_Jnfortunately, considerin, 0 the different characteristics 
of the agriculture in the catchment of the River Nidda and Switzerland 
(agricultural practice? typical soils, rain intensity). the importance of these 
inputs in Switzerland can not be predicted. Moreover, there is a general lack of 
knowledge about the contribution of urban pesticide applications to the input of 
pesticides through waste water treatment plants. 
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agriculture application in urban areas 

house 
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sewerage 
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The objectives (see Figure 3-1) of the project of the Swiss government are 
pursued in different subprojects, which are linked with each other. The 
evolution of the pesticide market and pesticide applications are assessed by a 
random based questioning of farmers about their pesticide use and by 
evaluation of sells data provided by ma.jor Swiss agrochemical companies. The 
input of important pesticides (e.g., phenylurea herbicides, triazines, 
phenoxyalkanoic acids, acetanilidcs) into surface waters are monitored in the 
catchments areas of five lakes. The fate of these compounds in lakes is already 
predictable for triazines and is currently studied for phenoxyalkanoic acids and 
acetanilides. Within a further subproject, researchers try to quantify the 
importance of different hydrological pathways for pesticide transport from 
fields into surface waters. 

The main objective of this dissertation was to contribute to the pro.ject of the 
Swiss government by performin g studies on phenylurea herbicides (PIIJHs, see 
Table 3-.l), which are very important pesticides in Switzerland as well as in 
many countries of the European community (EC), and for which many 
questions raised above have not yet been answered. To date, the fate of PUHs in 
aquatic systems has not been investigated in large-scale field studies. 
Furthermore, rather little is kt~mm about the relevant elimination processes of 
PUHs in surface waters, in particular, photochemical and microbial 
transfi>rmation, although there is some evidence that such compounds may be 
transformed by photosensitized reactions including natural organic mater 
constituents [8-lo:]. Thus, the fate of PUHs is not yet accurately predictable, 
and, therefore, their input into a lake from its catchment cannot be calculated by 
the determination of the concentrations in the lake (see above). 

annual European >I 000 tones y“ > 500 tones y-’ > 500 tones y-’ 

consumption [ 1 l] 

major applications weed control in cereal vegetation control in weed control in cereal 
CSOpS mban aseas> crops 

antifouling in paints 
and conti n QS --.ll---- ..-. - ._l__l__.___l._l_.__ “l,l”__l_l._,l___ll_~~~,~~” _-,- “l__l-~._______ .a.-- ---- 
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Furthermore, PUHs are well suited as probe compounds for studying the 
relative importance of different sources for pesticide coutarninatiou of surface 
waters, because on one hand they are widely applied for agricultural purposes 
and on the other hand they are also used in urban areas (see Table 3-l). 
Therefore, the present dissertation sought: 

1) To establish a sensitive and specific analytical method that allows the 
routine determination of the most important PUHs (isoproturon, diuron and 
cl~lorotoluron) in natural waters at the low rig/L coucentration level 
(Chapter 2). 

2) To quantify the elimination of P1JHs in surface waters, in particular, in lakes. 
Special emphasis was given to their photosensitized transformation by 
dissolved natural organic matter (Chapter 3). 

3) To detertniue the importance of wastewater treatment plants as sources of 
pesticides in surface waters and to propose efficient measures for the 
elimination of this source (Chapter 4). 
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oncentrations 

erivatization, a 

A novel analytical procedure is presented which allows the ultratrace level 
determination of phenylurea herbicides (PUHs) and metabolites in natural 
waters. The major improvement compared to reported G(I methods is achieved 
by the use of solid phase micro extraction (SPME) for injecting the enriched 
and derivatized samples into the GC/MS. 

The samples were enriched by solid phase extraction (SIX) on Carbopack 
cartridges and alkylated to yield thermostable products with iodoethane and 
soclium hydride. After derivatization, the aq~~eous samples were extracted and 
injected by SPME. The use of iodoethane instead of iodomethane allowed the 
differentiation between parent compounds ancl the N-demethylated metabolites. 
Limits of detection were between 0.3 and 1.0 I@, for the parent compounds. 
Standard deviations below 10% were achieved for samples containing more 
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than 4 rig/L in very different matrices including Nanopure water, lake water, 
and waste water treatment plant (WWTP) effluent. Moreover, the N- 
demethylated metabolite of isoproturon and chlorotoluron as well as the para- 
hydroxylated metabolite of dim-on could be quantified with the same procedure. 
L&its of detection of the metabolites were between 0.3 and 4.2 rig/L.. The 
presence of further metabolites was assessed qualitatively. Chromatography was 
stable over a large number of measurements even with dirty samples from 
WWTP effluent. The precision and sensitivity o-f the developed analytical 
method allowed the investigation of the fate of PUHs in lakes, their degradation 
during drinking water treatment, and their transport within the North Sea. 

INTRODUCTl[ON 

Phenylurea herbicides (KJHs) such as diuron, isoproturon, and chlorotoiuron 
are used in large quantities [. 1 I ] for various pLn-poses, -for example: as herbicides 
in cereal crops (isoproturon and chlorotoluron), as total herbicides in agriculture 
or in settlements (diuron) 1121, and as algicides in paintings and coatings 
(diuron) 1131. Since their degradation is rather slow in the environment [ 141, 
they are frequently detected at concentrations above 100 rig/L in surface waters 
[15]. That means above the European drinking water limit [:16] often used as a 
quality standard of natural waters. In order to implement efficient measures to 
reduce the contents of these pesticides in natural waters, detailed studies about 
the sources, transport, and degradation are required. A prerequisite -for suc11 

studies is a precise and sensitive analytical method. 

Many trace analytical methods for PlJHs have been published to date using 
various techniques (reviewed in refs. [17-201). P‘IJHs are enriched with 
excellent recoveries by on- or of-y-line SPE with different SPE materials or by 
liquid-liquid extraction. SPE followed by HPLCKJV or HPLC/DAD is currently 
the most common method to quantify concentrations above 50 ng/L,. For 
GUMS methods, the limits of detection (LD) are between 10 and 50 rig/L [6,21- 
24]. Recently, several LC/MS/(MS) methods have been published with LD in 
the range of 0.3 to 10 rig/L [2S-301. The greatest advantages of GUMS tnethods 
over LC/MS methods are the better separation on the GC col~~mn and the higher 
reproducibility of the ionization in the MS. Meanwhile, they require a 
derivatization step to prevent the degradation of the thermolabile PTJHs in hot 
injectors and in GC columns. For this purpose, alkylation by iodomethane 
together with NaH as strong base and acetylation by heptafluorobutyric 
anhydride (HFBA) are often used. However, they have both two major 
drawbacks. First, tinle-consunling treatment is needed after the clerivatization 
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procedures to transfer the sample into a suitable GC solvent. Second, with 
normal GC injection techniques only a very small volume of 1 to 2 ~1 and, 
therefore, only a small fraction of the final extract can be analyzed (Figure 4-1). 
A large fraction of the sample may only be transferred to the GC by the nse of a 
large volume injector. However? Charr&eur et al. 13 I] encountered 
chromatographic problems when applyin, 0 this technique with the acetylated 
derivatives. 

In this chapter, we describe a new approach that eliminates these two major 
drawbacks of the GCYMS procedures. By usin g solid phase micro extraction 
(SPME) as an injection tool for enriched and derivatized samples, the time 
required for the whole sample workup is reduced. Furthermore, an increased 
amount of target molecules is transferred to the column compared with 
traditional injection techniques. The whole tnethod consists of enrichment on 
Carbopack adapted from di Corcia et al. [32:] and Berg et al. [33]. followed by 
an alkylation with iodoethane and sodium hydride adapted and improved from 
three publications [6,2 1,221. Then the aqueous solution from the derivatization 
was directly extracted by a polyacrylate SPME-fiber and desorbed into the GC. 
This chapter describes the developed steps of the analytical procedure after the 
derivatization LIP to the SPME injection. Moreover, the analysis of samples 
from a lake, from the North Sea, and from di-fferent steps of a drinking water 
treatment plant demonstrated that the method is suitable for monitoring and 
studying the fate o-f PUHs in the environment. 

EXPERIMENTAL SECTION 

Chemicals. Diuron, isoproturon, and chlorotoluron (see Table 4- 1 for chemical 
structure of PUHs and metabolites) were obtained from Riedel-de-Ha&l (Seelze, 
Germany). All N-dealkylated metabolites as well as all isotope labeled 
compound were purchased from Dr. Ehrensdorfer Laboratory (Augsburg, 
Germany). The formamide derivatives and the para-hydroxylated dim-on were 
prepared according to Tixier et al. [34]. Dry sodium hydride (NaH), 95%, was 
purchased from Aldrich (Milwaukee, WI, USA). Dimethylsulfoxide (DMSO), 
puriss. dried over molecular sieve, and iodoethane, puriss., were obtained from 
Fluka AG (Buchs, Switzerland). Nitrogen and Helium gas were supplied by 
Carbagas (Riimlang, Switzerland). Deionized water was ftlrther purified with a 
Nanopure water purification device (NANOpure 4, Skan, Basle, Switzerland). 
All other chemicals were either from Fluka (Buchs, Switzerland) or from Merck 
(Darmstadt, Germany). 
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I Common Procedure Pre; sented Prbdeduik >>‘, 

I Derivatization I 

2% Transfer 

Sampling and Sample Preparation. All water samples were collected in 1 L 
glass bottles and immediately filtered in the laboratory with the high pressure 
filtratiou equipment MD142-5-3 (Schleicher & Schuell, Germauy) using 
cellulose nitrate filters NC 55 (pore size 0.45 ,tun, diameter 142 mn; Schleicher 
& Schuell, Germany). After filtration, the samples were kept in the dark at 4 “C. 

Before SPE extraction, water samples were allowed to reach room temperature. 
They were spiked with a mixture of internal standards. For calibrations with 
Nanopure water and standard additions to matrix samples, a mixture of all 
aualytes was added. Samples were shaken vigorously after spiking. 



Table 4-l Investigated pesticides: Structures, Ions Mmitored, azd Retention Times. 

common name abbreviation KJPAC 

analytes 
parent compounds 

isoproturon IPU 
chlorotoluron CT 
di uson DIU 

metabol i tes 
DMIPU 
DMCT 
di u-OH-(p) 

internal standards 

dG-isoproturon 
~~,-cll~~~~~~~~~u~on 

dG-dim-on 
further ln~t~b~)lit~s~ 

3-(4-isopropylphenyl)- l-l-dimethylurea -CH(CH; j2 -1-I -CHj -CH3 234,72 21.86 
3-(3-chloro-Ii-tolyl)-l- l-dimethylurea -CH? -Cl -CHj -CH3 240,242 23.37 
3-(3,4-dichlorophcnylj-l- l-dimethylurea -CI -Cl -CH; -CI& 260,262 26.43 

3-(4-isopropylphenyl j-l -methylurea -CH(CH& -H -CH? -H 248,162 22.75 
3-(3-chloro-I,-tolyl)-l-methylurea -=h -Cl 4x; -IT 254,256 24.36 
3-(3-chloro-4-hydroxyphenyl)- I- l-dimethylurca -OH -CI -CF& 4X; 270,272 30.66 

3-(4-isopropylphenyl)-l- I-ditrideuteromethylurea -CH(CH;)~ -1-I -CDI; -CD; 240,225 21.77 
3-(3-chloro-p-tolyl)- I- l.-ditrideuteroI~et~lylurea -CH; -Cl -CD3 -CD; 246,248 23.26 
3-~3,4-dichlorophenyl)-1-I-dit~-ideuteromethylurea -Cl -Cl -CD3 -CD3 266,268 26.43 

4-isopropylphenylurea -CH(CH& -H -H -H 162,262 
3-(4-isopropylphenyl~-~-folmy~-l-methyl-uI-ea XI-13 -Cl -CHI; -CHO -d 
3-chloro-p-tolylurea -CH-, -Cl -H -H 268,270 
3-(3,4-di~hlorophenyl}-l-methylurea -Cl -CI -CH3 -H 274,276 
3,4-dichlorophenylurea -Cl -CL -H -H 288,290 
3-(3,4-dichlorophenyl)-l-formyl-l-methyl-urea 43 -Cl -CH3 -CHO -d 

23.20 
Cl 

24.80 
27.66 
28.13 
d 

a bold number, mass used for quantification, other mass used for confirmation. 
’ temperature program for SPME injection. 
’ metabolites which could be determined qualitatively (see text). 
d converted to cot-responding demethylated metabolite during derivatization (see text). 
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Solid Phase Extraction. SPE was carried out according to di Corcia et al. and 
Berg et al. [32,33]. Di Corcia et al. reported excellent recoveries around 100% 
on Carbopack B for PIJHs. Briefly, the Carhopack cartridges (Envi-Carb 
(Carbopack B), 2.50 m,, ~7 Supelco, Bellafonte, CA, IJSA) were conditioned with 
8 mL of methylene chloride/~~~ethanol (80:20, v/v), 4 mL of methanol, 20 mL of 
ascorbic acid solution (10 g/L, in Nanopure water acidified with HCI to pH 2), 
and 10 mL of Nanopure water, Samples (IL) were then drawn through the 
cartridges at a flow rate of ca. 1.5 mL/min. Thereafter, the solid phase was 
washed with 0.5 tnL of methanol and air dried under vacuum for 30 min. to 
remove as much water as possible. Elation was performed with 1 mL, of 
methanol and 6 mL of methylene chloride/methanol (80:20, v/v) into conical 
glass vials (7.5 mL, Supelco, Bellafonte, CA, IJSA). Then 0.15 u~L of DMSO 
was added and the methylene chloride/methanol mixture was carefLllly 
evaporated under a gentle stream of nitrogen at room temperature until the 
volume was about two milliliters. The volume was further reduced to 0.15 mnL 
(of DMSO) at 60 “C for approximately 20 minutes. The derivatization and 
subsequent processing o-f the samples are described in the ‘Results & 
Discussion’ section of this chapter. 

Samples, which finally were introduced to the GC by liqid injection, were 
processed as follows after derivatization. The reaction was stopped by adding 
5 mL water containing 0.5 M phosphate buffer (pH 7). These solutions were 
transferred to 20 mL vials and the conical vials were rinsed twice with 4 mL, o-f 
the stopping solution. Then, 1 ml, of hexane was added and the samples wese 
vigorously shaken for 2 minutes. The samples were placed at -20 “C over night 
and subsequently the liquid he,xane phase was collected. Finally, the hexane 
was concentrated to 100 - 150 ,uL under a gentle stream of nitrogen. 

SPME, GC, and MS: Instruments and Settings. The GUMS system 
consisted of a HRGC 8060, a MD 800 mass spectrometer (Fisons Instruments, 
Beverly, MA, uSA), and a Combi PAL autosampler (CTC Analytics, Zwingen, 
Switzerland). SPME extraction of 3 mL of the derivatized sample was done 
during 50 minutes at 50 “C with a polyacrylate coated fiber (85 ,LU~ film 
thickness) from Supelco (Bellnfonte, PA, LISA). The fibers were conditioned 
according to the manufacturers instructions and were replaced after ca. SO 
injections. During extraction. the fiber was rotated in the sample at 250 rounds 
per minute by the Combi PAL auto-sampler, changing the direction of rotation 
evesy five seconds. Desorption in the split/splitless injector was performed 
with closed split valves during 6 minutes at 280 “C. Liquid injection was 
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performed with a split/splitless injector at a temperature of 250 “C. The 
injection volume was 2 ,LLI, and splitless time was 1.S min. A fused silica 
co1~m11~ DB17-MS (i.d.=O.25 mm, 1=30 m, df = 0.25 pm ) from J&W (Folsom, 
CA, TJSA) was used for gas chromatography together with a deactivated pre- 
column (2.5 m, 0.32 mm i.d.) and a transfer capillary (1.5 m? 0.18 mm i.d.). 

The GC oven was programmed as follows: 6 min at 60 OC (1.5 min for liquid 
injection), first ramp 1 2 OWnin to 170 “C, second ramp 2 “C/min to 206 “C, 
third ramp 20 “C&in to 290 “C, 2 min at 290 ‘C. The (X/MS interface 
temperature was kept at 295 ‘C ancl the ion source at 220 “C. 

The mass spectrometer was run in the positive electron impact mode at 70 eV. 
Single ion monitoring (SIM) was used to identify the compounds (m/z: see 
Table 4-1). Dwell times varied from 0.06 to 0.2 ms depending on the selected 
masses for each compound and the amount of compounds in each SIM window. 
Manual tuning with a reference gas was performed before each series, aimed at 
n~aximum sensitivity and unit mass resolution. 

Calculations, Quantification, and Confirmation Criteria. Il,D were calculated 
according to the method described in DIN 32645 [3S], which uses calibration 
data (standard addition) of low amounts of compounds to estimate the I.+ 

Environmental samples were quantified by usin g calibration data of spiked 
nanopure samples, which were processed at the same time as the samples. 
Calibrations were done by linear regression of the ratio between the signals of a 
compound aud the correspondin g internal standard (isotope labeled parent 
compound) versus the ratio of the spiked amounts of a compound and the 
internal standard. For every compound, two ions were acquired with the MS 
and evaluated separately. The mass with the best signal to noise ratio was taken 
as quantification ion, Confirmation was positive, if the result of the 
confirmation ion was within t- 20% of the quantification ion. In addition, the 
difference of the retention times between the analyte and the internal standard in 
a sample had to be within -c- 1 second of the difference of the retention times 
found in standard samples. 
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Table 4-2 Parameters Irzfluencirzg the Distribution between the Derivutization Solutim arzd the SPME Fiber 1’36,371. 

parameter theoretical influence on the fraction of derivatized PUB on the 
fiber 

comment selected 
parameter 

fiber materiaf 

salt 
concentration 

part of the 

derivatization 
solution that is 
used for one 
SPME 
extraction 
agitation 

extraction 
temperature 

extraction time 

equilibrium 
partitioning 

+‘ 

‘. 

i: 

time to approach 
equilibrium 
time to approach 
equilibrium ck 
equilibrium 
partitioning 
time to approach 

Apolar fibers are suited for apolar 
compounds - polar fibers are suited for more 
polar compounds. 
Aqueous activity coefficient increases 
exponentially with increasing NaCl 
concentration. Therefore, the partitioning 
constant increases exponentially with 
increasing salt concentration. 
Aqueous activity coefficient decreases with 
increasing content of organic co-solvent 138 1, 
Increasing volume of the stopping solution 
dilutes the solution and hence decreases the 
fraction on the fiber, but decreases as well 
the concentration of the co-solvent DMSO. 

Stirring enhances the transfer of the 
molecules from solution to fiber. 
Increasing temperature decreases time to 
reach partitioning. The equilibrium 
partitioning itself is decreased by increasing 
temperature. 
Difference to equilibrium partitioning 
decreases exponentially with time. more than 80%. 

Polyacrylate fibers (PA) efficiently 
extract compounds with properties similar 
to PUHs 1371. 
Selected concentrations should be close to 
saturation. 

PA fiber 

5 M NaCl and 
0.5 3.4 
Phosphate 
buffer (pH 7) 

0.3 nti, of DMSO arc required for the 
derivatization procedure. 6 mL of 
stoppiilg solution are needed (to add 
sufficient phosphate buffer) to ncutralizc: 
the NaH. At 5% of DMSO the decrease of 
the aqueous activity coefficient is 
expected to be lower than two [38,39]. 
Two independent measurements have to 
be possible. 

5% DMSO in 
6.3 ml, (6 nL 
stopping 
solution and 0.3 
[XL DMSO j 

ca. % (i.e. 3 mL 
out of 6.3 mL) 

Maximum frequency of autosampler is 
250 rounds per minute. 
Selected parameter has to be a 
compromise between the two effects. 

250 rounds per 
minute 
50 “C 

Equilibrium should be approached to 50 minutes 
equilibrium 
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RESUIXS AND DISCUSSION 

Derivatization and Preparation of the Extract for SPME. After SPE and 
solvent reduction, the P‘TJHs were derivatized by adding SO ,uL of iodoethane 
immediately followed by 150 ,L~L DMSO containing 0.03 g NaH. The LEX of 

iodoethane instead of iodomethane, as described by [6,2 1,221, allowed the 
differentiation between parent compounds and the N-demethylated metabolites. 
After 10 minutes, the reaction was stopped with addition of 6 mL water 
containing 0.5 M phosphate buffer (pH 7) and 5 M sodium chloride (discussion 
of volume and salt concentrations see below ‘SPME injection?). The excess 
iodoethane built a second phase in the derivatization solution, which was 
visible as suspended small droplets directly after buffer addition and later as 
bigger droplets at the bottom of the vessel. However, this second phase of 
iodoethane was destroyed by nucleophilic substitution of iodine by chlorine 
within 60 hours under continuous stirring. The resulting chloroethane did not 
form a visible second phase. Adsorption on te-flon stirring bars was tested by 
exposing 6 rnL derivatization solution to a large tef’lon surface (three bars, 40 
mm x 8 mm). A loss of 5% to 10% was observed for the parent compounds and 
between 5% and 35% for the metabolites, which are less polar than parents after 
derivatization. Therefore, handmade stirring bars with a glass surface were used 
to avoid adsorption. 

SPME Injection. The distribution of the compounds between the derivatization 
solution and the SPME fiber can be described by equation (2-l) [36]. The 
fraction on the fiber increases with increasing partitioning coefficient (Klfibcl/sPME 
solution) d 1 an vo ume of the fiber (V,,,,.) and decreasing extraction volume (VspME 
solLltion 3 ) which may be only a part of the whole derivatization solution 
Wdcrivatizalion solution)* 

Table 4-2 lists and discusses important parameters that influence the 
distribution of the compomlds, A set of parameters that yields a high fraction on 
the fiber was evaluated based on literature and theoretical considerations. In 
addition to these general criteria, the following two conditions were considered 
and respected. More phosphate than sodium hydride had to be added to assure a 
neutral pH and two independent measurements of each sample had to be 
possible. 



-26- Chapter 2 

Partitioniug Coefficient and Transferred Amount. The partitioning 
coefficients between the derivatization solution and the fiber (Kfi,>cr/sl)ME sol\ltion) 
were measured to be between 2000 and 2 100 for the parent compounds under 
the given extraction conditions. The determination of Kf.ibel,sPMB solution was done 
according to the method of Urruty et al. [4Ol, which uses the exponentially 
decreasing signal of a repeatedly extracted sample (see eqs. 2-2 to 2-4 and 
Figure 4-2) to calculate the partitionin g coefficient. inserting this partitioning 
coefficient into equation (2- 1) reveals that 13% of the parent compounds were 
transferred to the fiber (V&,WE ,snlirtior) = 3 mL, I’fiioCS,. = 0.52 FL, V . . clcl ~vatmlmtl solution = 

6.3 mL). 

12345678910 
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IO 20 30 40 

injection 

Chromatography. Figure 4-4 presents chromatogram of all quantification 
ions in different matrices using SPME. Chemical interferences increased from 
nanopure water (see Figure 4-4a) to lake water (b) and .further to WWTP 
effluent (c) leading to increasingly noisy base lines. 

This chemical noise rarely causes failures of identification based on the criteria 
mentioned above in the case of river and lake water samples. In contrast, low 
results of WWTP effluents (i.e. < 20 rig/L)) often had to be rejected. 

Figure 4-3 reveals that the chromatography was stable over the extraction and 
ill-jection of 40 identical dirty environmental samples. The ratio o-f the peak 
areas of diuron (m/z 262) and d(,-diuron (m/z 268) remained constant over the 
whole series (cs = 0.6%). Therefore, quantification was independent on sample 
number and order. However, the absolute peak area decreased slightly over 
time, most probably due to aging of the fiber. To avoid a significant loss in 
sensitivity, a new fiber was used after about 50 injections. Symmetry and shape 
of the peaks were also unaffected by sample number (see ). Obviously, no 
compound that causes a deterioration of the chron~atographic system was 
itljected. The positive effect of SPINE is that only the hydrophobic fraction of 
the extract is injected onto the colu~m. The advantages of such a second 
partitioning between water and an organic phase were recently also described 
by Vandecasteele et al. 14 1.1, 
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Detection Limit, Quantification Limit, and Reproducibility. For the SPME 
injection method, the Ln for Nanopure water, lake water, and WWTP effluent 
were between 0.3 and 1.0 rig/L (see Table 4-3). These values were in the same 
order of magnitude as those obtained usin, (7 the most sensitive LC/MS/MS 
method. These data were confirmed by standard deviations lower than ‘10% for 
multiple extracted samples at a level of 4 II& Usiug the liquid injection 
method, the Lt-, were around 7 times higher. This difference teflects the 
increased fractioti of the total analyte molecules that was transferred to the 
detector (i.e. 13% with SPME (36% of half (splitted) the derivatization solution 
with duplicate injection) compared to 2% for liquid injection [2 FL of 100 -150 
PLN * 

Calibration and Quautification. Coefficient of’ determination (1’) for standard 
additions were all higher than 0.99 for both methods and all matrices. The 
slopes of the regressions were equa.1 for the three different matrices (Table 3). 
Therefore, it was possible to LISA calibrations with spiked Nanopure water for 
the quantification of natural waters. 

Metabolites. The results for the metabolites differed largely in quality. For 
DMTPU, DMCT, and diu-OH-(p) a good performance was found (Table 3). Tn 
contrast, the other metabolites could not be quantified due to scatter in the data. 
However, it was still possible to qualitatively identify these metabolites. 
Furthermore, during derivatization the formamide intermediates were found to 
be converted to the same product as the respective demethylated metabolite. 
Therefore, when analyzing real samples, the result for the demethylated 
metabolite represented always the SL~I of the demethylated and the formamide 
derivative. 
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Table 4-3 Limits of Detection (LD), Stan&u-d Deviations (0) and Resporzse Ratios of PUHs iu Diflererzt Matrices. 

IPU 0.3 0.3 0.3 0. I 0.008 0.08 1 .oo 0.02 1 .o I o.ot 2.5 3.5 2.1 

CT 0.5 0.5 1 .o 0.06 0.2 0.3 0.99 0.02 0.09 0.02 3.2 1.9 3.3 

DLU 0.3 0.3 0.5 0.05 0.04 0.05 1.03 0.02 0.99 0.02 3.0 2.4 1.2 

DlMIPU 2.4 2.0 4.2 0.2 1.3 0.1 0.9 

DMCT 2.2 2.2 2.0 6.0 5.9 5.4 0.85 

diu-OH-(p) 1.2 0.9 0.3 0.2 0.4 0.1 1.01 
” Derived from standard addition of 0,2,4,6, 8, and 10 nzni. 
’ Derived fi-om standard addition of 0, IO, 20, 30,40, and SO rig/L 

0.11 0.7 0.17 28.7 10.0 4.6 

0.11 0.7 0.1 6.6 1.7 9.2 

0.06 1.09 0.04 6.0 3.6 3.2 
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Performance of the Method: Illustrative Examples. The useirhless of the 
presented procedure for monitoring the concentrations of PUHs and studying 
their fate in the aquatic environment is illustrated with samples from two 
environmental systems and one technical system. The results obtained are vesy 
consistent and reasonable. Figure 4-S shows a vertical concentration profile 
from Lake Murtensee (Switzerland). Due to the sharp density gradient at around 
9 rn, the upper lake compartment (epilimnion) and the lower compartment 
(hypolimniotl) can be considered theoretically as separated but well mixed 
boxes [S). In fact, concentrations between 1 m and 5 UI~ as well as between 12 
m and 40 m were nearly the same. Detailed results on the fate of PUHs in lakes 
are presented in Chapter 3, 

concentration [ng/L] 

0 20 40 60 80 100 



-32- Analytical Method 

isoproturon chlorotoluron diuron diu-OH-(p) 

[ng/L,] 

Lake Murtenscc 30 nib 

drinking water trentmcnt plant - before l‘irst 
treatmcn t 

after first ozonation - ozone dose 0.7 mg/L 

after second ozonation - ozone dose 0.8 trig/L 

first filtration (sand, carbon) 

second filtration (carbon) 
a Sa~nples collected July 17, 2000. 
’ Samples collected July 21, 2000. 

95.4 13.1 20.2 <0.9 

97.5 13.3 19.9 co.9 

1l.S 4.5 13.1 2.4 

0.7 0.9 2.7 5.4 

CO.3 CO.5 0.7 1.4 

<O.? CO.5 <0.3 co.9 

As a second illustration of the analytical perfornmnce, samples from a drinking 
water treatment plant (Mm-ten, Switzerland) are presented in Table 4-4. This 
plant purifies water from the same lake mentioned above. The water is treated 
twice with an ozone dosage of approxinlately 0.7 mg/I.,. The concentration at 
the entry of the plant is equal to the concentration of the lake at the depth, in 
which the water is collected (35111). During ozone treatment, all three 
compounds were readily degraded, with isoproturon showing the highest 
apparent degradation rate followed by chlorotoluron and diuron. This order is in 
agreement with the different second order rate constants for reaction with ozone 
[42]. Diu-OH-(p) was found as an degradation intermediate. The third example 
illustrates the possibility to trace the transport of the compounds to remote areas 
such as the North Sea. Sampling locations and results are presented in Figure 
4-6. Note the good agreement between samples analyzed in duplicate and the 
decrease of concentrations with increasing distance from the coast. 

CONCLUSION 

SPME as an injection tool for the analysis of enriched and derivatized 
phenylurea herbicide in water samples proved to be an excellent method to 
routinely and precisely determine concentrations down to below 1 rig/L in 
natural waters. We think that SPME could also be a good GC injection method 
for ultratrace level analysis of other compounds in enriched samples (i.e. 
triazines, neutral pharmaceuticals etc.). However, chemical noise is a limiting 
factor, when working with complex matrices, This problem could be reduced by 
the use of high-resolution mass spectrometry or tandem MS systems. 
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0 0.5 

isoproturon 
[ng/L] .l”“,, “ 

3.7 / 3.6 

4.1 / 3.9 4.0 / 3.4 

* 0.5 

SO/ 4.8 TV 
13.6 o 

Ham bu:g 

1 

@ CO.3 

diuron 
b-a-1 

North Sea, German Bay 
8.0 17.2 ’ 

5.1 14.5 * 11.3 / 11 .I 

2.01 11.8@ 
56.2 e 

Ham bu!g 

chlorotoluron 
P-CM--l 

2.8 12.5 

1.7 I 1.7 @2.9/ 3.1 

2.8 / 2.6 * 
9.4 0 

Hambuyg 
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Phenylurea herbicides (PUHs), s~~cll as isoproturon and diuron (for structures 
see Table 5-l), are used in large quantities for various purposes, or example, as 
systemic herbicide in cereal crops (isoproturon), as total herbicide in urban 
areas (diuron), or as algicidc in paints and coatings (diuron). PUHs are 
frequently detected in surface waters at concentrations above 100 ng L-’ which 
is above the European drinkin g water limit [I 61 often taken as a quality 
standard for natural waters. Therefore. in Switzerland programs have been 
initiated to reduce the input of PlJHs and of other pesticides into surface waters 
Cl]. However, for the identification of the major sources of a given compound 
and for elucidatiIig the success of measures taken to reduce these sources, these 
inputs must be quantified. 
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It has been demonstrated in earlier work using atrazine as model compound [3], 
that the input of a giveu pesticide into a lake can be determined from time series 
of vertical concentration profiles, provided that all processes lcadiug to 
elimination of the compound in the water colunm of the lake can be quantified. 
Considering the physical-chemical properties and reactivities of P‘CJHs (see 
Table S-2), it can be assumed that sedimentation, gas exchange and abiotic 
hydrolysis should not be relevant processes (see [5] for calculations). 
Furthermore, because P‘CJH absorb light only very weakly above 300 ntn and 
exhibit only moderate quantum yields (see Table S-2), direct photolysis is also 
predicted to be o-f minor importance (see below). This leaves microbial 
degradation and indirect photolysis (“photosensitized” transformation) as 
remaining potential removal n~echanisnis for PIJHs in surf&e wat-ers. 
Therefore, in the work addressed in this chapter, the photosensitized 
transformation o-f P‘T_JHs has been studied in more details using IPIJ and diuron 
as model compounds. 

Photosensitized transformatious of organic chemicals in surface waters are 
mostly initiated through light absorption by chrornophores present in dissolved 
organic material (DOM) or by nitrate and the subsequent formation of reactive 
species. The occurrence of several reactive photooxidants, including the 
hydroxyl radical, the carbonate radical, singlet molecular oxygen and solvatecl 
electrons, has been documented and photostationary steady-state concentrations 
of these species have been measured or calculated [43,44]. Recently, details of 
the fast photooxidation of phenols by short-lived triplet states of DOM (“DOM*) 
have also been reported [45]. It was postulated that “DOM* reacts with phenols 
by electron abstraction or hydrogen transfer. These transformation mechanisms 
were also suggested for three PIJHs (fenuron, tnonuron, and diuron) based on 
irradiation experiments with humic acids at 365 nnl [S,C,]. HoweverY to date, 
these reactions have not been quantified for any PUH and, therefore, the 
environniental significance of this process is not yet clear, 

In this paper, we report results of laboratory and field measurements aimed to 
characterize and to quantify DOM-mediated l~hototransfo~lnation of PlJHs in 
sunlit m-face waters. The major goals of this study were (i) to check the 
hypothesis that in nitrate-poor surface waters photosensitized transformation of 
PUHs occurs primarily by reaction with excited triplet states of DOM 
constituents, (ii) to establish a model for prediction of photosensitized 
transf’ormation of P‘cJHs in lakes, and (iii) to validate this model by field 
measurements. To this end, photo- and sunlight irradiation experiments using 
aqueous solutions of Suwannee River fulvic acid (SRFA), as well as water from 
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Greifensee (a small eutrophic lake in Switzerland) were carried out in the 
laboratory with IPIlJ and diuron as model PI1JHs. The results of these laboratory 
experiments together with the program GCSOZ,AR [46] (which allows to 
calculate the solar irradiation) served to quantify sensitized pl’ototransfon~latioIl 
of the two cornpouuds in the water colmnu of Lake Grei-fensee. A one- 
dimensional vertical transport- and mixing model including flushing and 
sensitized photolysis as sole elimination processes was then used to simulate 
‘LPU and diuron concentration profiles in Greifensee. Comparison of simulated 
and actually measured concentration profiles enabled to validate the approach 
taken to quantify DOM-mediated phototransforlllatioa of PUHs in surface 
waters, as well as to assess the relative importance of this process for the fate of 
such compounds in lakes. 

substituent Haumett constant ” kol:,,,,, I’ 
compouncl rlcLc -RI -R2 R* q,+ -4 Gil i?1-‘1 ---..~..“---------. --_ z_ __.o,,‘- chl.,” ,__, ----_-l 
metoxuron 

CGA 34433 

CGA 16519 

isoproturon 

CGA 17767 

CGA 17093 

fenuron 

chlorotohmn 

CGA 18414 

fluorneturon 

1 -OCH_; -Cl 

2 3,4-cycl ohexyl 

3 -CH2CH; -H 

4 -CH(CH& -'E-I 

5 -CH( CI-I?): -H 

6 -C(CH& -11 

7 -H -H 

8 -CH.? -Cl 

9 -CH(CH-,), -Cl 

10 -H -cl?- 

-CH3 

-CH; 

-CH? 

-aI3 

-CH:CHT 

-CH; 

-CH:: 

-013 

-CH?CH; 

-CH; 

-0.78 0.37 -0.41 0.63 

-0.30" -0.07" -0.37 0.52 

-0.30 0 -0.30 0.47 

-0.28 0 -0.28 0.44 

-0.28 0 -0.28 0.32 

-0.26 0 -0% 0.31 

0 0 0 0.18 

-0.3 1 0.37 O.OG 0.22 

-0.28 0.37 0.09 O.lG 

0 0.43 0.43 0.051 

cliuron 11 -Cl -Cl -CH: 0.11 0.37 0.45 0.055 
" Ref. [47] ' SRFA: 2.5 mgC L-‘, h >320 nm. ’ Numbers in Figure 5-4. ‘I Hammett constant for 
3,4-cyclohexyl assumed to comspond to -RI= -IQ = -CIIzCI-fj. 
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Table 5-2 Rclevmt Compound Properties Required fbr the Assessment qf the 
Elzvi7-orln7erltcrl Forte cflsoproturon (IPU) md Dilrron. All Data at 25°C. 

property symbol units IPU diuron reference --- -...-___.- ._----.-.. -“--- ~..-.--.-.--~. 
vapor pressure 

water solubility 

air-water partition 
constant 

octanol-water partition 
constant 

nat. org. matter- water 
partition constant 

decadic molar extinction 
coefficient 

quan turn yiel cl for dir-cc t 
photolysis 

second-order rate 
constant for 

reaction with I-10. 

reaction with COAX * 

reaction with ‘02 

pseudo-first order 

r(h) 

- 3 x 10‘” - 1 x IO‘” 141 
3.0 x NJ 2,s x lO’J E4] 

- 4 x es - 2 x ](p I41 

- 3 x IO2 - 4.4 x 10” I41 

- 2 x 10” - 3.5 x IO2 141 

see footnote a this work 

4.5 x lo-’ lJ I .4 x 10-2c [48], [49] 

j '7 x 10" L .I 4.6 X IO9 

3 x lo7 0.8 x IO7 

not reported 

< 1 x w9 < 1 x 10-O 
hydrolysis rate constant -. -..--~--~--..-- -- ..-.l.“.-.“““--_..-~- 
” E~,,~,/ ~~~i,,,.~,, [.m” (moi compounclY’)]: h=297.5: 8.U 46; h-300: 6.0/ 30.2; h-305: 4.6/ 9.6; 
h=310: 3.4127; h-320: 2.410.7; h=330: 2.0/ 0.5; h=340: 1.6/ 0.4; h-350: I.31 <0.4; k--360: 
1..1/ <0.44; h=370: o.c)/ <0.4: h=380: 0.6/ co.4: h=390: 0.4/ <0,4. 
b measured at 275 nm, G? (- 250 nni) is 3 factor often higher [48,_‘;2,53] 
’ measured at 296 nmF Ct, (354 nm) = 0.02 [49-j 

EXPERIMENTAL SECTION 

Chemicals and ItlIaterials. The following chemicals were of the purest grade 
available from conm~~~~ conm~ercial sources (exceptions are noted) and were 
used as received (see Table 5-l for the chemical structures of the phenylurea 
~on~pounds). Probe ~mlecules: isoproturon (IPU), diuron. 2,4,6-tin~etl~ylpl~eno~l 
(TMP), clllorotoluron, fenuron, metoxmon, and fluonneturon, CGA 16.5 19, CGA 
17092, CGA 17667, CGA 18414, and CGA 24482 were gifts from Novartis 
AG, Basle, Switzerland. Sensitizer: 3 ‘-methoxyacetophenone (3 ‘-MAP); 
Suwa~mx River fulvic acid (SRFA, type ‘standard’); Greifensee water (GSW) 
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for photochemical experiments was collected at a depth of 1 m in the middle of 
the lake and had the following chemical properties: .June 21, 1999: pH =I 8.6, 
[DOC] = 3.6 mgc u’, a&<;,,,,,) = 1.04 111“: July 19, 1999: pH = 8.8, [DOC] = 3.9 
mgc L-‘? i-l@ 3G0,,nr) = 0.83 111’; August 18, 2000: pH = 8.6? [DOC] = 3.7 mgC L”, 
n(hihhl,,,,) =I 0.78 11i’. Actinometers: valerophenone; 4-nitroanisole with pyridine. 
Deionized water was further purified with a Nanopure water purification device 
(NANOpure 4, Skan, Basle, Switzerland). Distilled heavy water (DIO) (D-atom 
purity: 99.5%) was obtained from the Paul Scherrer Tnstitute, Villigen- 
Wiirenlingen, Switzerland, Chemicals for trace analytical methods are listed in 
chapter 2. IJV/VIS spectra were recorded with a Kontron Instruments 1Jvikon 
930 spectrophotometer, usin, 0 cuvettes with quartz windows and a pathlength of 
10 cm. 

Photoirradiations. The setup for l~hotoi~~~~diatiotl experiments in the laboratory 
and the setup for sunlight irradiation experiments are described in detail 
elsewhere [45,54]. Photoirracliatiotls in the laboratory were carried out using a 
~~lerry-go-.roulld photoreactor (MCJRR) DEMA (Hans Mangels GmbH, 
Borllileim-Roisdorf? Germany) Model 125, equipped with a 700-W Hanau 
TQ7 18 medium pressure mercury lamp. Laboratory irradiation experiments 
were carried out using a 320 nm cutoff filter, except for the determination of 
quantum yield coefficients, f(h) (see below), for which a 366 nm and 313 nm 
band-pass filters were used to obtain monochromatic light. Chemical 
actinometry was used for the determination of the photon flux during 
monochromatic irradiation experiments (Valerophenone [:SS] at 3 13 nm; 

PNA/pyridine [56] at 366 nm and sunlight irradiation). The photon flux using 
band-pass filters was 5.3 x 10‘” einstein me” se’ at 366 nm and 1.1 x IO-” einstein 
mw2 s-l at 313 mn, respectively. Sunlight irradiations were performed in quartz 
tubes, which were mounted in a bath of deionized water. The temperature in all 
irradiation experiments was kept at 25.0 3~ 0.5 “C. Sample solutions (except 
GSW) were buffered at pH 8.0 with phosphate (10 mM [PO,‘:],,:). The 
concentrations of parent compounds in samples from irradiation experiments 
were analyzed by reverse-phase high-performance liquid chromatography 
(HPLC) using a Gynkotek M480 gradient pump and a Gynkotek 340 DAD- 
detector. The samples were eluted isocratically through a 150 x 3 mm ‘Pestizid 
4’ C- 18 col~mm from Grom GmbH, Herrenbergh-Kayh, Germany. 

Analysis of Experimental Data Pseudo first-order rate constants, kc,b,s, were 
obtained by linear regression of logarithmic concentration values determined as 
a function o-f time (eq. 3- 1). 
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(3-1) 

The WLlLE of ko~s was corrected for inner filter effects [always <5%? except (- 
40%) for samples containing 10 mgC L“ DOC ,sRFn]. This corrected value is in 
the following referred to as near-surface rate constant, denoted as koobs. 

The observed rate constant, k”,o,s, reflects the sum of the rate constants -for direct 
photolysis, l<Ol’,i/irc,cr+ and for photosensitized transformation, kol-‘,so,s, which itself 
is a composite of the reaction with various reactive photooxidants: 

where [Ox]‘,, is the steady state concentration of oxidant, j = e.g., HO*, ‘02, 
3DOM*, etc. . . 

Prediction of Rate Constants for Photochemical Transformations Under 
Natural Sunlight. The near-surface rate constant for direct photolysis can be 
described by eq. 3-3, where E(A) is the decadic molar extinction coefficient of 
the compound [m’ (mol compoundW’)], Q(h) is the reaction quantum yield (mol 
compound einsteinY’), and dI(h)ldk the irradiation spectrum (einstein 111~” se’ 
iim-I). 

(3-3) 

The kinetics of photosensitized transformation by “DOM* can be expressed by 
the pseudo first order rate constant k’F),sc,,l,s (ccl. 3-4), where cl(h) (=I &l,o&) 
[IDOC]) is the specific absorbance (mm’). ,f(h) is the quantum yield coefficient 
(einstein-’ ml) and dI(k)/dk the broadband irradiation spectrum (einstein me2 se1 
nm-I). The quantum yield coefficient <f(h) reflects the efficiency by which light 
absorption by DOM leads to the transformation of the compound of interest. For 
a more detailed description of,fZA) see 14.51. 

(3-4) 

Calculation of rate constants for photochemical transformations under natural 
sunlight were performed with the computer program GCSOLAR [46], which 
calculates photochemical rate constants by numerical integration over time, 
depth and the terrestrial sunlight spectra for a specified compound in a water 
body at a given location assuming a perfect clear sky. Photochemical properties 
of PIIJHs and PNA [f(h), E(A), and CD(h)], the absorption spectra of Gi-eifensee 
water [n(k)]? ephemeride values 1571 for Diibendorf, Switzerland (47’24’ N / 
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8”37’ E), and actual data on the ozone layer thickness [58] were entered for each 
day of the simulation period. Rate constants were calculated either for surface 
conditions to compare with sunlight irradiation experiments or f’or a well-mixed 
box of 3 m thickness for implementation into the lake model. The calculated 
values were further corrected with the actual values of the sun’s radius vector 
(r,) and by the ratio between the daily averaged measured global radiation at 
Diibendorf (W ,l,ellsu,.c& Switzerland and the daily averaged theoretical global 
radiation ( W,~,L\oT). ): eq. 3-5 illustrates the calculation of the rate constant fat 
photosensitized transformation of IPU and diuron in the epilimnion (average 
depth 3 m) of Lake Greifensee, which was included in the lake model (the 
numerical calculation of the integral was performed by using GCSOLAR). 

Field Site, Lake Greifensee (see Table 5-3) for important characteristic data) is 
a eutrophic small lake located 10 km east of Ziirich, Switzerland (47’21’ ‘N / 
8”41’ E). Lake Greifensee is a holomitic lake with regular overturn in winter 
(December-March). The two major tributaries Aa and Aabach contribute more 
than 70% of the total inflow, and the lake has only one outflow (River Glatt). 
Finally, the effluents of three wastewater treatment plats (WWTPs) are 
discarded directly into the Lake (a more detailed description of the lake and of 
its catchment is given in [5]. 

Sampling Program and Analytical Procedure. Between February and August 
1999, an intensive sampling program was conducted. In monthly intervals, lake 
water samples at different depths above the deepest point were collected using a 
Niskin bottle, from which the water was transferred to 1-L glass bottles. The 
two main tributaries Aa and Aabach as well as the effluents of the three 
WWTPs were sampled. continuously using flow-proportional -fixed sampling 
devices. The water was collected twice a week and samples from WWTPs were 
filtrated immediately (0.45 lun, cellulose nitrate filter, Sartorius, Goettingen, 
Germany) after collection to reduce biological activity. Samples were stored 
until analysis (no longer than three weeks after collection) at 4O C in the dark. 
IPU and diuron were analyzed usin g the method described in Chapter 2 using 
the liquid injection technique. In brief, filterecl samples (II.,), spiked with 
isotope labeled TP‘CJ and diuron as internal standards, were enriched by solid- 
phase extraction, To prevent thermal degradation of the PUHs in the GC, the 
samples were alkylated with iodoethane ancl sodium hydride. After 
derivatization, the analytes were extracted by liquid-liquid extraction with 
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hexane. Analyses were carried out on a GC/MS system, which consisted of a 
HRGC 8060, a MD 800 mass spectrometer (Fisons Instruments, Beverly, MA, 
USA), and a Conlbi Pal autosampler (CTC Analytics, Zwingen Switzerland). 
Detection limits with this method for IPU and diuron are between 1 .2 and 3.0 
ng L“ for lake water and for wastewater effluents, respectively. 

Lake Model. Vertical concentration profiles were simulated using the computer 
software AQIJASIM 1591, which allows one to construct mathematical models 
for describing the dynamic behavior of chemicals in aquatic systems (e.g. 
lakes). Briefly, Lake Greifensee was described with 31 horizontal boxes of 1 m 
thickness and a surface box with variable thickness (0.5 m - 1.5 171). Complete 
horizontal mixing was assumed at each depth. In contrast? vertical mixing was 
explicitly described as a turbulent diffusion process with time- and depth- 
dependent diffusion coefficients, which were calibrated by means of vertical 
temperature profiles. Vertical profiles of IPT_J and diuron were calculated with 
measured input mass fluxes and with or without including photosensitized 
transformation processes. Note that in this case the vertical shape of any 
simulated profile is determined by independently measured data. It is not fitted 
and serves therefore as a good criterion for the validity of model assumptions. 
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Lake Morphology 

volume (m’) 

XCXl 

surface (1x2) 

10 m (ni’) 

20 m (m2) 

30 1-n (Id) 

max depth (m) 

mean depth (In) 

Lake Hydraulics 

mean rcsiclence time of water (d) 

average through flow of water (m’ cl-‘) 

average epilimnion depth (summer) (‘~1) 

Other Pnrametcrs 

range of pH 

range of concentration of DOC (mgC I,“) 

particle concentration in water column (max value) (mg, I,-‘) 

range of average settling velocity of particles, (m d‘l) 

fraction of organic carbon in particles 

Catchment Area 

1.5 x 10” 

8.5 x 10” 

6.6 x 10” 

3.5 x lo6 

1.0 x 10” 

32 

17.8 

408 

3.7 x 10’ 

5 

7-9 

3-4 

5 

0.5-2.5 

0.4 

cereal crops (sllotved agricultural application of IIW) (km2) 15.5 

estimated IPU application 1098 (kg)” 750 

vineyards, fruits and asparagus (allowed agricultural application of diuron) (km”) < 0.1 
estimated diuron application 199s (kg)” 11011 

total catchment area (km’) 160 

inhabitants in catchment area I00,000 .- -- --..---.“l.-------- 
a refs. [S,CiO], ” [6 I] 
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RESULTS AND DISCUSSION 

Figure 5- 1 gives an illustrative example of the type of experimental data 
obtained when irradiating a solution of one PIJH (in this case IP1.1) in the 
presence and absence of natural organic matter in the MCJRR. As is evident, in 
both cases, the reaction followed pseudo-first order kinetics and proceeded 
significantly faster in the SRFA containin, 0 solution (23 mgC IL’) as compared 
to Nanopure water, the later reflecting the contribution of direct photolysis. 

0 
Hence, the first-order rate constant for photosensitized transformations, 1~ p,se,Ls 
(eq. 3-C), iii samples containin, 0 sensitizers (i.e. SRFA, Greifensee water or 3’- 
1~letlloxyacetophenone) was calculated by the difference of the two rate 
c011sta11ts: 

kkw = kks - Gs. Nnrwpwr (3-6) 

time [min.] 

0 60 120 180 240 
0.0 

- -0.5 
ET- 
4 

o- 
‘&- -1.0 
o- 
tz: - 

-1.5 

ohs, Nanopure = 0.03 + 0.002 h-’ 
r* = 0.992 

A SRFA 

0 Nanopure water 

dark control k” ohs = 0.47 t- 0.0 
r* = 0.990 
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The kop,,.c,l.\ value thus obtained for IPU as well for a series of other PUHs 
determined under identical experimental. conditions are sunmarized in Table 
S-l. We will discuss these data later after evaluating the photosensitized 
reactions responsible for the transformation of the PUHs in somewhat more 
detail using IPLJ as model compound. 

Influence of [IlOCl on kO1>q,crt,r. Figure S-2 shows that in the range of DOC 
values considered k’,bs was linearly related to the SRFA concentration. An 
interesting and important findin, 0 is that a virtually identical specific DOM 
reactivity was found for SRFA and for the dissolved natural organic matter 
present in Greifensee water (GSW), A similar result was already obtained in an 
earlier study on the photosensitized trans-formation of phenolic compounds 
including 2,4,(j-tri~~ethylpl~e~lol (TMP, see t-ef [451 and below). Note that 
because of their low steady-state concentrations in irradiated GSW, the 
contributions of primarily non-DOM derived reactive photooxidants including 
HO. and CO;- ’ to k“tT,,sl,rl are expected to be of negligible importance (see 
below). Hence, the most likely involved species in the photosensitized 
transformation of IPU in the SRFA as well as in the GSW system are ‘02 and 
other DOM-derived photooxidants, including ‘DOM*. 

0.8 1 
0.6 -1 

1 
cm33 

photolysis ---...- ,,~ : i ; in, 

012 3 4 
[DOC] [mgC L“] 

‘02 versus “I)ONT*, In order to assess the contribution of the reaction with ‘02 
to the overall transfornmtion of IPIJ. experiments with SRFA were conducted in 
90% 1120 (which is a weaker quencher for ‘0: as compared to H,O), as well as 
in Hz0 in the presence of azide (3 mM, which is a strong quencher for ‘02). In 
both cases, the k0i~,sc3,1,s values obtained for IPU were not significantly different 
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from the values obtained for the Hz0 system containing only SRFA, This 
clearly indicates that ‘02 is not an important photooxidant in these systems, 
which leaves “DOM* and other DOM-derived photooxidants as the only tnajor 
reactants. To ftnther corroborate this hypothesis, irradiation experiments with 
3’-methoxyacetophenone (3’-MAP, 76 HIM) as sensitizer? which has been used 
before as surrogate for DOM constituents that can form excited triplet states, 
were carried out with IPIT and TMP. In this system, TPIJ reacted about a factor 
of -five more slowly as compared to the very reactive TMP. Similar relative 
reactivities -for the two compounds were also observed in experiments with 
SRFA and GSW (see below), which is an indicator that “DOMV species are 
possibly the prevailing photooxidants for P‘LJH transformation in the systems 
considered. 

* e 

Influence of PUH concentration on koIJ,,s,,,,x. Another important aspect of P‘CJH 
transformation in the systems considered is the concentration dependence of 
k:‘P.sm. For the more reactive phenols, including TMP, Canonica and 
Freiburghaus found a 2-3 times greater k’lD,,ie,,,Y values at low (i.e. 0.1 PM) as 
compared to high (i.e., 5 ,uM) initial phenol concentrations. As an explanation, 
the authors hypothesized that the vesy reactive phenols are transformed by 
DOM-derived photooxidants species of different lifetimes. As is shown by 
Figure 5-3 no squat concentration dependence of ~~~~~~~~~~~ was observed for IPU, 
which is one of the most reactive PIJHs investigated (Treble S-1). Hence, for 
PUHs that re,act more slowly as compared to electron-rich phenols, koJ~,,,,,, 
values determined at low pnM- concentrations should also be applicable at nM 
concentrations, as encountered in natural waters (set below). Before we turn to 
the trans.formation of PUHs under sunlight in natural waters, a few remarks on 
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structure-reactivities and on the possible initial reaction step of DOM-mediated 
phototransformation of PUHs should be made, and the determination o-f 
qxu~tum yield coefficients,,f(k)? should be addressed. 

Structure-Reactivity Correlation of kof~,,,,,,, for PUHs. In Figure 5-4 the 
decadic logarithms of the k’p_,y~,IIs values determined for eleven PUHs are plotted 
against the corresponding Hammett constants for the substituents of the 
aromatic ring (i.e., -RI, -I<?: see Table 5- 1). As is evident, a reasonable linear 
correlation is found with a slope of - 1.16, indicatitlg that electron-donating 
substituents such as alkyl- or alkoxy-groups increase the reactivity, whereas 
electron-withdrawing substituents such as chlorine or CF3 decrease the 
reactivity. These results are important from two different points of view. First, 
the rather good correlation suggests that all cornpo~mck react by the same initial 
reaction step. Hence, the field data presented later -for the two model 
compounds IPU (no. 4 in Figure 5-4) and diuron (no. 11) should be more or less 
representative for all other PUHs included in Table 5-l. Second, the observed 
dependence of k’l’,sr,,ls on the electronic characteristics of the substituents is 
consistent with the hypothesis that the first step of DOM-mediated 
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phototransformation of PUHs is a one-electron oxidation yielding a PUH 
radical intermediate (that would be stabilized by electrou douatiug substituents, 
see Figure 5-5). Such au initial irreversible one-electron oxidatiou has beeu 
postulated for the oxidation of PITHS by pulse voltametry 1623, for 
photosensitized transformation of fenuron, monu~otl and diuron by hm~1ic acids 
Es:], arid for the photosensitized tratlsformation of phenolic con~pounds by 
“DOM* 1451. 

R2 H+ R2 )- ii- NCR 
-4 

RI RI 

HE 3 

I)etermination of Quantum Yield Coefficients, j’(h), Inspection of eq. 3-4 
shows that for predictiou of /c”~>.,~~,,~,~ values in a given system, the parameters n(h), 
,f(h), and dI(h)lh need to be knowu as a fuuction of wavelength. Whereas for a 
given system, the quantities n(h) aud dI(h)/k can be easily measured and/or 
calculated (e.g., dI(h)lh for solar irradiation with the computer program 
GCSOLAR), it is I~LK~ more difficult to quantify ,f(k), which is both dependent 
on solution composition as well as on the compound of interest. ‘For a giveu 
wavelength,fvalues can be derived from measurements o-f k”lJ,,ri,ir, n(k), and I(k) 
in the MGRR using monochromatic light, Table 5-4 summarizes the .f’ values 
determined in this study for IPI?, diurou, and TMP at 366 utn for the SRFA aud 
GSW system. Note that due to the low light intensity of the experimental setups 
(see experimental section) the determination of j’ values at 3 13 nm was rather 
difficult and therefore, only a value for IPlJ in the SRFA system could be 
obtained. 

The results summarized in Table 5-4 are consistent with results reported by 
Canonica et al. [45] for the photosensitized trausformation of pheuolic 
compounds by SRFA and GSW. First, the ,f value of the photosensitized 
transformation of IPU by SRFA was higher at lower wavelengths. Obviously, 
light absorption at shorter wavelengths yielded more reactive species, that were 
able to react with PlJHs and pheuolic ~~mpo~mds, thau light absorption at 
higher wavelengths. Second, the,fvalues of IP‘CJ, diuron and TMP in GSW were 
significantly higher than in SRFA. Light absorption by GSW resulted iu a more 
efficient transformation than light absorption by SRFA. This phenomenon may 
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he rationalized by the hypothesis that excited states of SRFA are more easily 
deactivated by internal conversions than excited states of Greifensee water 
DOM, because SRFA has a higher aromaticity and in highly aromatic systems 
internal conversion are more likely to occur. Third, similar relative reactivities 
were found for TPLJ, diuron and TMP using SRFA, GS W, and 3 ‘-MAP as 
sensitizers. 

j’+ error I imi t” [einstein-’ m’] 

sensitizer h IPU cli t1ron TMP ‘NIP ” _.~ __...--_ -_-.--~-.lll^-l 
SRFA 366 (3.7 t 1.0) x 10~’ (0.5-F t 0.26) x 10” (34 + 7) x IOn3 (14.4 4 1.3) x 10m3 

SRFA 313 (8.2 4 3.4) x 10’” f (59.1 t 25) x lo-“” 

GSW” 366 (26.2 f 6.9) x 10” (5.54 f 1.31) x lo-? (185 Ifi 36) x NY7 (104 t- 6) x 1o-3 

GSW” 313 66.8 s 1 o-“ ii 13.1 s 10-.7ii (265 + 65) x lo-’ c 

parameter normalised to IP‘CJ parameter 

IPlJ diuron TMP 

SRFA 366 1 

GSW 366 1 

3’-MAP > 320 1 --l-.-.---. 
a Ifi 95% confidential interval. 

0.15 9.4 .f 
0.21 7.1 .f 

4.6 G .TC’,,,C ----^l --. .-.-^.-._.~ .---- 

“ref. [45], GSW buffered to pi?1 8, SRFA other batch than present study 
’ collected August 18, 2000. 
” estimated values: assumptionSof IPlJ and diuron has the same dependence on wavelength in 
GSW as ‘I’MP in fourth column. 
’ values corrected by recently published E(h) of the actinometer valerophcnone. 
f [SRFA] = 10 mgC IL-‘. 
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Determination of Phototransfornlatiotl of PUHs in GSW Irradiated by 
Sunlight. Figure S-6 and Table 5-5 sunmarize the data collected for evaluation 
of the photosensitized tuailsfor.nlation of IPlJ am1 diuron in surface water from 
Lake Greifensee exposed for a given time to smllight. Also included are the 
direct photolysis rate constants for PNA that was used as an actinotneter. From 
these data, several itnportant observations can be made. First, for both 
COIII~OUI~~S, sensitized photolysis was significantly more important as compared 
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to direct photolysis, that is a factor of >lO and >3 for IPlJ and diuron, 
respectively. Second, as shown in Figure 5-6, GSW samples collected at 
different days but irradiated at the same day yielded very similar results with 
respect to IPU and diuron transformation. Finally, exposure of the same GSW 
sample at two different days in July yielded somewhat different kO,l,,i values 
reflecting primarily the differences in light intensity between the two days 
(compare k’,l,,T values of the actinometer PNA in Table S-S). These results 
indicate that for a crude estimation of k”P,se,,s values in Lake Greifensee during 
the time period considered in the field study (see below), the variation in the 
DOM properties with respect to photosensitized transformations of PIJHs may 
be neglected. 

Actinometer GSW N anopure 

date PNA IPU diuron PlJ diuron 

Pp ciil;>cr [minm’~] A-“,, tcllr [min“ 1 ----. k”p ,ir-~,~r [miff 1 ___- ------..-...-L --. 

July 2,99” (47 i: 0.5) x IO-‘” (11.6 i: 0.4) x 10‘” (3.1 rt 0.2) x 10’” (7.75-0.8)x 10” (llzkO.l)x 10.’ 

t2tio cdcilhted irllcasrli~d 1.03 O.S6 0.97 t1.a. :' 11.a. a 

July 27, 99” (42 it 0.3) x 1O-1 (8.9 rt 0.2) x 1o-4 (3.0 i: 0.4) x lo-” (7.3 t 0.5) x 10“ (6.7 Ifr 1.0) x 10.” 

ratio CB~CII~~llfd ~~~~~~~~~~~~~ 1.08 1.04 0.78 n.;t. :’ n.u. ” -.~- ___il___l__________ 
a for detail~calcuiation see experimental section: 

---.-..--.--“-“..- .._.. - 

PNA: k0 P.iiiWl~i. . F(A) and d>(h) from ref. [SC], [@yridine] = I mM. 
IPU and diuron (GSW): k”p,,,,,,: ,f(h) WC text, n(h) mcasurcd. 
IPU and diuron (Nanopure): n.a, not available due to uncertain values of E(k) and @i(h) of 

1PU and diuron, respectively. 
b GSW collected June 2 1, 1999. 
’ Date of experiment July 2, 1999, (11: lo- 17: 10). ‘clear sky’, average measured global 
radiation = 820 IV n? (= 82% of theoretical maximum of 1004 1%’ m’“). 
’ Date of’experiment July 27, 1999, ( lO:OO-16:00), ‘clear sky’, average measured global 
radiation = 727 TV m“ (= 74% of theoretical maximum of 989 W In-‘). 
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calculated or 1neasurect % of khs, GSIV 

rate constant [minml] 
3D(ypf* 10.2 x 1o-4 81 

HO* 0.54 x m4 n 4.3 

coy n 0.48 x l(F” 3.8 

direct photo1 ysi s (kO,,/,,, ~~~~~~~~~~~~~~~ ,,.nicj,.) 0.7s x lo‘J’ 6.2 --l_..ll. ..^ -.-...x .._ - ---.-. II 

Sum OF relevant photochemical processes 12.0 x 1o-4 9s 

k”oh.c, GSW 12.4 x lo’“c LOO I _-_.-_ I ..___ I~.-.-_...-- ------.- -..l.-_.““. -_ 
a estimated surface steady-statu concentration = 3.5 x 10 -I6 [M] (ref. [144]); 
b estimated surface steady-state concentrntion = 2.5 x 10‘14 [VI] (ref. [631); 
’ measured July 3, 1999, see Table 5-5 

Prediction of k’p,serrs in GSVV. Figure S-7 gives the graphical representation of 
the calculation of li”~,,,,,, of IPU for GSW for a clear summer day. This 
illustrative example serves to demonstrate the approach taken for modeling 
sensitized phototransformations of IPlJ and dim-on in the lake. As already 
pointed out above, for a given clay, dI@)ldh can be estimated using the 
computer program GCSOLAR. The n(h) value can be taken fi-om experimental 
data measured in water samples collected at a day as close as possible to the day 
considered. The most difficult and most uncertain parameter is .f@). In this 
study, the wavelength dependence of the .f values of TPIJ and diuron in GSW 
were modeled using the experimentally determined values given in Table 5-4 
and by assumin g a similar exponential dependency as found for-J’(h) of T’MP in 
[45]! Considering this very simplistic approach the agreement between 
calculated k”l),,sc,,,T and measured LY’~~,,,,,,, vahies fi)r the cc-mipo~~nds (‘Table 5-5) is 
amazingly good. Therefore. there is no indication that the contribution of other 
photosensitized processes were higher than the estimated low (i.e. <100/o) 
percentages listed in Table S-6. 
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300 - 350 400 450 
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Figure 5-7 Gi+npliical r.r?I?rr.t~,st>rltntioF2 of the ccrlcdated ~Iema-sw:filct: rate 
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Note that an excellent agreement between calculated and experimented data was 
also obtained for the direct photolysis of PNA, demonstrating that the light 
intensity could be modeled very well with GCSOLAR and the correction for 
cloud covers. Finally, it should be pointed out that calculation of the direct 
photolysis rate of IPU and diuron is very di-fficult for two reasons. First, both 
compounds absorb light only very weakly above 300 nm, and, therefore the r(A) 
values obtained at these wavelengths are not very accurate (see footnote in 
Table S-2). Second, and even more importantly, the quantum yield reported in 
the literature for significantly lower wavelengths (e.g. 250 ml-) may not be 
representative for wavelengths above 300 nrn (see footnote in Table 5-2). 
However, when considering that the contribution of direct photolysis to the 
overall rate of phototransformation is of minor importance already at the surface 
o-f natural waters and that this contribution is fLlrther reduced owing to stronger 
light attenuation in the water column at shorter wavelengths, this process can, 
as a first approximation, be neglected. 
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Iqmt nrld Behavior of IPU and Diuron in Lake Greifensee: 
EqseCnenta1 Data and Model Calculatiom. 

Input and Concentrations in the Lake Greifensee. Figure summarizes the 
time courses of the input and the vertical profiles determined for IPU and 
diuron between February and August 1099. The different use patterns (see 
Chapter 4) of the two compounds are reflected in the somewhat different input 
functions. The input of IPU, which is used exclusively in agriculture and is 
applied only in spring (and to a small extent in autumn), occurred 
predominantly durin, ~7 the rain events in April and the extraordinary heavy rain 
period in May. From the beginnin, 0 of June to the end of the study (mid 
August), no significant input of IPU was observed. For diuron, which is 
primarily used in non-agricultural applications and for which eftluents of waste 
water treatment plants are important souses (see Chapter 4), the input also 
occurred predominantly in May (most probably by discharge o-f untreated waste 
water), but also during the whole study period. Furthermore, compared to TPU 
the amount of diuron introduced into the lake was significantly smaller (i.e. 
factor of three, see cumulative input in Figure 5-8). 

Comparison of the two sets of vertical profiles given in Figure 5-8 shows that 
variations in the concentration were much more pronounced for 1PI.J as 
compared to diuron. Tn February and tMarch, where the lake was not stratified, 
both compounds exhibit about the same concentration (- 10 ng L-‘) throughout 
the lake. After the major input in the first half of May, the concentration o-f IPU 
in the epilimnion increased by about a factor of six, whereas the increase in 
diuron concentration was less than a factor of two (compare profiles 2 and 4 in 
Figure 5-8). The concentrations of the con~pouncls in the hypolimnion remained, 
however, almost unchanged. Obviously, the input of- both IPU and diuron 
occurred primarily into the epilirnnion. In the period after these major inputs, 
the concentration of IPU decreased again quite rapidly, indicating one or 
several substantial removal mechanism(s). In contrast, the concentrations of 
diuron decreased quite slowly, which can be qualitatively rationalized by the 
continuing input (see input function in Figure 5-S) and/or by slower elimination 
from the epilimnion. Note that the formation of the concentration peaks 
observed in the metalimnion can be explained by a decrease in thickness of the 
epilimnion after the large rain event in the first half of May, In fact, the 
formation of such concentration peaks in the absence of any input (as in the 
case for IPU), is a strong indication that eliminatiou occ~us primarily in the 
epiliinnion of the lake. 
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Model Calculations. Since no significant input of TPU occurred after mid May 
Figure 5-8 and considering the substantial elimination of this compound from 
the epilimnion, profiles 4 to 7 can be ideally used to check whether flushing and 
photosensitized transformation are indeed the major removal processes, or 
whether other elimination mechanism including microbial transformation are 
also important. To this end, profiles 5, 6 and 7 in Figure S-8 were simulated 
with the continuous one-dilllensiorlal lake model described in the experimental 

section using profile 4 as starting point. The broken lines show the results of a 
simulation in which the compound was considered to be conservative, that is, 
with flushing being the only removal mechanism. As it is evident, the model 
calculations substantially overpredict the IPILJ concentrations in the epilinulion, 
indicating additional elimination mechanisms, In the second simulation, for 
each day, a time and depth averaged kp,sens value was calculated for an 
epilimnion of 3 m thickness by the program GCSOLAR and included in the 
model (see experimental section). As it can be seen -from Figure 5-8, the match 
between simulation and experimental data is a-tllazingly good, particularly, 
when considering the complex nature of the photochemical processes involving 
DOM constituents as sensitizers. 

In the case of dim-on (Figure S-8 b profiles 4 to 7), the results are almost as 
good as for IPU. Note that inclusion of photochemical transformation in the 
model leads to only a moderate improvement in matching between experimental 
and simulated profiles. This is a consequence of the mwl~ lower photochemical 
trans.formation rates for diuron than for IPlJ. Nevertheless, the results of the 
simulation corroborate the assumption that besides flushing, in the sumtner, 
DOM photosensitized transformation is the most significant elimination 
mechanism for IPU and diuron from the epilimnion of Lake Greifensee. 

Environmental Sign!‘fi’cnrm 

The results of this study are important from several points of view. First, we 
have shown that DOM-mediated phototransformation, most likely by reaction 
with ‘DOM* species, is a significant elimination mechanism for PUHs in sunlit 
surface waters. Second, we have demonstrated that this process can be modeled 
successfully using quantum yield coefficients determined in the laboratory, and 
the program GCSOLAR (including a simple correction algorithm for cloud 
cover) for calculating light intensities. To our knowledge, this is the first study 
in which ?I>OM*-photosensitized transformation of organic pollutants has been 
quantitatively validated in the field. For the lake system investigated, the results 
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also indicate that microbial degradation of IPU and dim-on (and possibly of 
other PIJHs) is not significant at low concentration levels (i.e., < I00 ng L-l). 
Similar observations were already nlade in earlier studies for atrazine in various 
Swiss lakes [3]. Hence, at least for the lake considered in this study, overall 
removal of PIJHs can be quantified. This also means, that. as demonstrated for 
atrazine in earlier studies [5], inputs of P‘LJHs to the lake can be calculated from 
vertical concentration profiles using the lake model discussed above. This is o-f 
great practical relevance, because with a relative small number of 
measurements, important insights can be gained into the magnitude and the time 
course of the input of PUHs to surface waters in the catchment of the lake. 

For a generalization of the results of this study, more knowledge is still needed, 
particularly with respect to the nature and steady-state concentrations of DOM- 
derived photooxidants including ‘DOM‘;: species in surface waters. 
Nevertheless, as shown by Canonica and Freiburghaus [4S] for several different 
surface waters, the concentration of dissolved organic carbon could be used for 
estimating k‘i),,rr,,,c for the DOM-sensitized phototransformation of a series of 
phenolic compounds. Considering the similarity of photosensitized 
transformation found for the two compound classes, similar results should also 
apply for PUHs. T~ILIS, the work presented in this chapter represents another 
important step towards the establishment of a quantitative approach for 
prediction of the rather complex process of photosensitized transformation of 
organic pollutants in natural waters. 
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ABSTRACT 

Concentrations of pesticides in Swiss rivers and lakes frequently exceed the 
Swiss quality goal of O.l/,~g/l, for surface waters. In this study, concentrations of 
various pesticides were measured in the effluents of wastewater treatment plants 
and in two rivers. These measurements revealed that in the catchrnent of I.,ake 
Greifensee? farmers who did not perfectly comply with ‘good agricultural 
practice’ caused 20% of the herbicide load into surface waters. Pesticides, used 
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for additional purposes in urban areas (i.e. protection of materials, conservation 
etc.), entered surface waters up to 75% through waste water treatment plants. 

INTRODUCTION 

In Switzerland ca. 1500 t of pesticides per year are used for agricultural 
p~trposes [64]. In addition, an unknown amount of identical and other pesticides 
are used for non-agricultural purposes, e.g. as herbicides on lawns (mecoprop, 
[65]), as algicides in paints and coatings (dimon, [[ 131) or as root protection 
agents in Oat roof sealings (mnecoprop, [Gb]). The three mentioned applications 
are only illustrative examples. In fact, the actual number of compounds and 
applications is ~ILK~I higher and broader [13]. ln Switzerland, as everywhere in 
the world, a detailed survey of the atm~d consumption and the number of 
different applications of pesticides in urban areas is not available. 

The Swiss quality goal for pesticides in surface waters is <O.l pg/L [67:]. The 
concentrations of herbicides such as atrazine, metolachlor, isoproturon, and 
mecoprop, however frecluently exceed this quality goal [3,5,68-711. Therefore, 
efforts have to be made to reduce the pesticide load into surface waters. 

An efficient reduction of these clcvated concentrations is only possible if the 
sources of pesticides (e.g., handling of pesticides before its application, the 
application itself) and the pesticide pathways into surface waters [[e.g., through 
waste water treatment plants (WWTY)] are known. The different possibilities 
are ilhutrated in Figure 6-l and discussed (i) for pesticides used in agriculture 
and (ii) for pesticides used in urban areas (industrial weed control, material 
protection etc.). 

Agricultural applications of pesticides may, if not performed properly, lead to 
pesticide contamination of rivers and lakes (Figure 6- 1, source ). Critical 
operations are: filling of sprayers, washin, 0 of measuring utilities, disposing of 
packing material, driving with seeping sprayers, cleaning of spraying equipment 
etc... These operations can C~LW an immediate input of pesticides into the 
sewerage, the septic tank or into surface waters. On the other hand, pesticides 
may be deposited onto sealed surfaces (e .g. farmyard) and flushed during the 
next rain fall into the same system (i.e. sewerage, septic tank or surface water). 
Many of the pesticides that are actually applied are not significantly eliminated 
in WWTPs [72-741, and therefore pesticides discarded into the sewerage mostly 
end up in the receivin, (T water. Note that Swiss agricultural farms are rather 
small (ca. 10 to 30 ha = 25 -75 acres), that an average farm field is about one ha 
(ca. 2.5 acres), and that many farmers have their own sprayers. Thus, many 
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applications were performed. However, specialized contractors are also 
professionally applying pesticides. Moreover, pesticides may be introduced into 
the aquatic systems by diffuse surface or subsurface hydrological pathways 
(Figure 4- 1, source 0). 

agriculture application in urban areas 

use sources 

storm water overflow 
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Contamination of surface waters with pesticides used or applied in urban areas 
may be caused by similar processes and operations as discussed above (Figure 
6-1, source O-O). Whoever uses pesticides in urban areas (e.g. gardener) and 
does not work very carefully may cause an input of pesticides into the WWTP 
( e.g. washing of spraying equipment, disposal of unused products etc.). 
Pesticides applied on lawns, streets, places or road embankments are prone to 
be flushed into the sewerage during rain events. The same applies -for pesticides 
that are added to outdoor building materials to prevent biological deterioration. 
Depending on the type of sewer system, combined (household and stormwater 
discharge) or separated (only household) pesticides do pass the WWTP or are 
discharged directly into surface waters. 

The present study, which was motivated by other studies of pesticides in the 
effluents of WWTPs [75,76] and in surface waters, aims to qualitatively and 
quantitatively evaluate this specific so~wce of pesticides in surface waters. For 
this purpose, the effluents o-f nineteen WWTPs and two rivers were sampled. 
These measurements enabled a comparison of the relative importance of 
WWTPs versus diffuse sources on a catchment scale (i.e. Lake Greifensee, see 
below) and a general survey of pesticide concentrations in the effluents of rural 
and urban WWTPs. Finally, the results of the study could be used to propose 
efficient measures for the reduction of pesticide contamination of surface 
waters. 

The first part of the article illustrates with atrazine, which is only used in corn 
production, the sources and transport pathways of an agricultural pesticide. The 
second part illustrates the even more complex situation of a compound 
(mecoprop), which is used in agriculture and in urban areas. Both illustrative 
examples are followed by the presentation of results for fLirther pesticides and 
general discussions. The third part discusses future possibilities to reduce the 
pesticide input into surface water, 

EXPJ3RIMENTAL SECTION 

Description of WWTPs and Sanlpling Program. Table 6-l lists some 
important properties of the 19 WWTPs, from which the effluents were analyzed. 
The eftluents of the WWTPs 1-7, which are all located in the hydrological 
catchment area of l,ake Greifensee, were sampled from March 19> 1999, until 
July 19, 1999 (WWTP 8: May 14? 1999, until July 2, 1999). Daily flow- 
proportional samples were combined to multi-days samples. The effhlents of the 
WWTPs 1 and 8 were sampled a second time from May 1, 2000, to July 3, 
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2000. The effluent of the WWTPs I-XI were flow-proportionally sampled 
during six week between June 1998 and May 1999. The two main tributaries to 
Lake Greifensee (River Aabach and River Aa) were sampled with fixed flow 
proportional devices from March 19, 1999, until July 19, 1999. 
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Catchment Area of’ Lake Greifensee. The total input of pesticides into Lake 
Greifensee was calculated by addition of the cumulative loads of the two main 
tributaries (see above) and the WWTPs 4-6, which release their water either 
directly into the lake or into the two rivers below the river sampling station. The 
input of pesticides into Lake Greifensee by small rivers was uot considered and 
therefore the total input is slightly underestiluated. 
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Table 6-2 Pesticides Studied in this Work and their Applications. 

agricultural applications application i II urban areas 

crop application - 
r3el-i od 

atrazi ne CO171 

metolachlor corn, fodder beet, 
sugar beet, and 

misccl lancous 

April - 
end of JLlllC 

isoproturon cereals mid-March - - 
end of April 

MCPA cereal crops, potatoes, mid-March - la\f,tl 
meadow, pasture end of April 

di azinon little (fruit growing, March - ftui t growing, vegetable culture 
vegetable culture) June 

DEET - insect repellent 

mecoprop (Xi-mecoprop: cereal Mid-March - iI?)-mecoprop: lawn 
cr-ops, fruit growing, Mid June (R,S)-mecoprop: 
meadow, pasture root protection agent in flat roof scalings 

di uron asparagus, fruit end of April - bushes and groves outside of the forest 
growing, vineyards, end of M-ay as algicide: paints and coatings, 

since 1994 no more legally sold as total 
herbicides for streets? places? etc.. 

Analyzed Pesticides. Some of the most important agricultural herbicides in 
Switzerland and other important pesticides, used in urban areas? were analyzed. 
Table 6-2 lists the compounds, their applications and application periods. The 
amount of pesticides applied in the catchment of Lake Greifensee was estimated 
by Keller et al. [cl] based on a random sample survey of farmers. 

Analytical Methods. Several analytical methods were employed, which are 
presented only in a very brief form: samples (11,) were enriched by solid-phase 
extraction (SPE) and subsequently separated and detected with a GUMS 
system. The thermolabile phenylurea herbicides and the acidic phenoxyalkanoic 
acids were derivatized before GC determination (see Bucheli et al. [:78-l and 
Chapter 2). The phenylurea herbicides in the enriched samples from the 
WWTPs I-XI were separated and quantified with a ~IPI,(T1/‘CJV(DAn)-syster~l. III 

addition, in 1999 atrazine was determined irnlllunocllen~ically in 24-h ftow- 

proportional samples from WWTPs l-8, The concentrations of atrazine and 
metolachlor in the samples from WWTPs 1 and 8 during the year 2000 were 
analyzed by SPME in combination with a GUMS system. 
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CONTAMINATION OF SURFACE WATERS BY 
AGRICULTURAL PESTICIDES 

Atrazine as an Illustrative Exanqde. In Switzerland, atrazine is applied 
exclusively in cornfields. Figure 6-2 presents the time co~me of atrazine 
concentrations in the effluent of the WWTP 1 and in the River Aabach. The 
atrazine found in the River Aabach may originate from the et‘tluent of the 
WWTPs 1 and 2 and diffuse sources in the catchment area. The concentration of 
atrazine in the WWTP 1 and in River Aabach was significantly elevated during 
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the m&in application period of atrazine, which was between mid-May and end 
of June. During this period, the concentration of atrazine in River Aabach 
always exceeded the Swiss quality goal of 0.1 l~g/l, for surface waters. 

A closer look at the time course of the atrazine concentration in the WWTP 1 
reveals that several concentration peaks occurred during dry weather periods 
(Figure 6-2, peaks A and B). Similar s&on, ~7 rises in concentration during dry 
weather periods were also observed in the effluent of the WWTP 8 (Figure 6-3, 
peaks A-C). These elevated concentrations cau only be explained as the 
consequence of improper operations of farmers applying atrazine (Figure 6- 1, 
source 0). Within one peak approximately SO g of atuazine were discarded into 
the receiving water. This amount corresponds to ca. 8% of the atrazine 
application rate per hectare in cornfields in Switzerland or about 20 L, residuals 
in the sprayer (assuming a typical concentration of 2.5 g/l.,). Thus, the amount 
of atrazine within one concentration peak can be generated by one fmner, who 
did not work carefully. 

Mai- 

AB 1 2 

Jun-I 
1999 

Jul-I 



-67- Chapter 4 

500 

E 

250 

a) atrazine 
1200 

b) mecoprop 6 

6 800 

8 
400 7 

Elevated conceiitmtions of ah-mine during wet periods co~rld be caused by the 
improper applications mentioned above, however, these concentratiotls could 
also origin from contaminated sealed surfaces. Surface runoff from fields, 
which somehow gets into the sewerage, can not be the reason for these 
concentrations because the atrazine concentration from surface runoff would 
not disappear after one single rain event. In the WWTP 1 and S we observe 
several rain events without elevated pesticide concentrations (Figure 6-2 and 
Figure 6-3, concentration peaks l-2). 

Results similar to those illustrated above were also found in the WWTPs 4 and 
6. On the other hand, despite similar agricultural activities in the catchment of 
the WWTPs 2, 3, 5 and 7 maximum concentrations and loads were significantly 
lower in these WWTPs (Figure 6-k). Therefore, we have to conclude that in 
the catchment area o-f Lake Greifeiisee there were a small number of farmers 
causing input of pesticicles through WWTPs by not complying with ‘good 
agricultural practice’. Nevertheless, in the year 1999, 14% of the total input o-f 
atrazine into Lake Greifensee originated from WWTPs (Figure 6-S), which have 
to be attributed to source 0 in Figure 6- 1. 

Generalization of Results for Agricultural Pesticides. Results similar to those 
obtained for atrazine were determined for metolachlor and isoproturon which, 
like atrazine, were only used in the agricultural sector (Figure 6-6 b, c). 
Concentrations above 1 lug/I., were measured in the effluents of WWTPs and 
concentration peaks were noted during dry weather periods, The total inputs 
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through WWTPs to Lake Greifensee were also quite similar: metolachlor (28%) 
and isoproturon ( 18%) (Figure 6-S). 

The applicability of the conclusions, obtained for agricultural pesticides in the 
catchment of Lake Greifensee, was tested for other regions in Switzerland by 
the analysis of atrazine and isoproturon in the effluents of further eleven 
WWTPs in the canton of Berue (I-XI, Figure 6-6 g and 1-r). Generally, the 
concentratiom of these solely agricultural pesticides were in the same range as 
encountered iu the WWTPs 1-8. Yet, in rare cases, the concentrations were even 
higher, e.g. ARA VII (Lotzwil). These concentrations (bold markers in “Figure 
6-6 g and h) correspond to 0.4 kg per week of atrazine and 1.5 kg per week of 
isoproturon. They are hardly explainable by the sunmation of several small 
incidents. A more likely cause is, for example, the disposal of surplus tank 
fillings that could uot be applied on the fields. Coutamiuation by industrial 
production and/or industrial disposal of pesticides is very unlikely in this very 
rural cornnxmi ty . 
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Comparison with Other Studies. In the catchment area of I.,ake Greifensee 
about 0.15% of atrazine, metolachlor and isoproturon applied entered surface 
waters through WWTPs. As a first approximation, this should prove true for all 
agricultural pesticides in the catchment of Lake Greifensee. Fischer et al. [75] 
reported that in a small German catchment a similar percentage of the applied 
isoproturon (0.2~0.4%) entered surface waters through the WWTP. Due to the 
fact that diffuse sources caused only very little contamination of surface waters 
in this region (i.e. < 0.05% of the isoproturon applied) the input through the 
WWTP was responsible for over 90% of the total load. In the catchment area of 
Lake Greifensee however, the diffuse SOLWC~IS of isoproturon were mucl~ more 
important during 1999 (about O.SS% of the isoproturon applied). Three causes 
may explain this different importance of the diffuse sources. 1) The soils in the 
catchment of Lake Greifensee could be more susceptible to pesticide losses by 
surface and/or subsurface hydrological pathways. 2) The rain intensity during 
and shortly after the isoproturon application was tn~~l~ higher in the catchment 
of Lake Greifensee in the year investigated than in the studied German 
catchment and caused larger transport of pesticides from fields into surface 
waters. 3) In the catchment of Lake Greifensec pesticide input directly from 
sealed farmyards into rivers could be more important than in the studied 
German region, where all (!) farmyards were connected to the sewerage. The 
fact that the highest daily isoproturon load to Lake Greifensee in 1999 occurred 
during an exceptionally rainy periocl three weeks after the main applications 
indicates that the causes 1 and 3 ii are more likely. In addition, this high input 
during this strong rain event indicates that probably the total load of isoproturon 
to Lake Greifensee is dependent on the rain intensity during and shortly after 
the application period, as was reported by Miiller et al. for atrazine [3]. 
Therefore, we postulate that in dry years (1999 was exceptionally wet) the 
relative importance of WWTPs -for the total isoproturon load to Lake Greifensee 
(and other solely agricultural pesticides such as the mentioned atrazine and 
metolachlor) will be higher, because inputs caused by improper operations are 
assumed to be independent of meteorological conditions. 

IlVlPORTANCI3 OF DIFFERENT SOURCES OF PEST 
WITH VARIOUS APPLICATIONS 

Mecoprop as au Illustrative Example. As can be seen from Table G-2 
mecoprop is used for multiple purposes. Therefore, all sources, operations, and 
transport pathways illustrated in Figure 6- 1 may lead to a contamination of 
surface waters. This makes it difficult to evaluate the relevance of each different 
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source and application. However, mecoprop is used in a racemic ratio (1: 1 ratio 
between (R)- and (S)-mecoprop) as a root protection agent in flat roofs whereas 
in all other applications only (R)-mecoprop is used. Therefore, the enantiomeric 
ratio can be employed to distinguish between these sources. Note that due to 
certain microbiological processes involved the enantiomeric ratio is a strong 
indication but not a strong proof of the origin of mecoprop [79,80:/. 

A I II 

a) WWTP 1 
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Figure 6-7 shows the time course of the mecoprop concentration in the WWTP 
1 and in the River Aabach. In contrast to atrazine, there was no special increase 
in concentrations during or shortly after the main agricultural mecoprop 
application period (mid-March until mid-May). A closer look at the 
concentration measurements in t-he effluent of the WWTP 1 reveals :‘our distinct 
peak concentrations of mecoprop. Peaks A and B correspond to almost dry 
periods with s1m11 rain falls at the beginning of the period. However, an 
elevated concentration in the precedent samples was not observed. Furthermore, 
the RSratio higher than two indicates that these inputs are most likely to be 
caused by improper operations by (R)-mecoprop users (e.g., weed control in 
cereal crops or in lawns). The elevated mecoprop concentrations with a R:S- 
ratio of approximately one, marked as peaks I and II in Figure 6-7, correspond 
to rainy days followin g a series of warm and dry days. Bucheli et al. [66] 
reported that leaching of mecoprop is strongest under sucl~ conditions (first rain 
event after a warm and dry period). These facts indicate that the tnecoprop of 
peak I and II (in Figure 6-7) originated from flat roofs. 

Concentrations and R:S-ratios similar to those measured in the effluent of 
WWTP 1, were observed in the WWTPs 1-S with the exception of the WWTPs 
3 alld S. In the effluents of these two WWTPs the mecoprop concentrations 
were significantly lower, which may be explaillecl by the fact that both 
communities have large areas with a separate stormwater drainage system 
(stormwater is directly discharged into the surface waters). Hence, the 
mecoprop from flat roofs cloes not pass through WWTPs. 

In the catchmertt area of L,ake Greifensce approximately G;S% of the mecoprop 
originated from WWTPs and the remaining 35% from diffuse sources. Note that 
the contribution from urban stormwater drainage systems, which may contain 
mecoprop from flat roofs. are considered as diffuse sources. The widely spread 
use of mecoprop is also reflected by a certain correlation between the mecoprop 
through WWTPs and the number of inhabitants in the WWTP catchment 
(Figure 6-4). 

Generalizations of Results - Other Non (Salely) Agricultural Pesticides and 
Additional WWTPs. Other pesticides frequently used in urban areas were 
found in most WWTPs, and as in the case of mecoprop the concentrations did 
not significantly differ between the WWTPs (Figure 6-6 d, f? i, and j), This 
confirms the basic hypothesis that an universal use of pesticides in urban areas 
leads to a universal input of these compounds through WWTPs into surface 
waters. In recent EAWAC studies additional pesticides used for conservation 
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purposes (i.e. Triclosan) and as antifouling agent in paints and coatings (i.e. 
Irgarol ) wet-e detected in the effluents of WWTPs. 

MEASURES TO REDUCE PESTICIDE INPUT TNT 
SURFACE WATERS THROUGH WASTE VVATE 
TREATMENT PLANTS 

Measures in the Agricultural Sector, To prevent pesticide contamination of 
surf‘ace waters by improper operations, applicators of pesticide should avoid 
performing any operations at locations, from which water easily reaches the 
sewerage or a river. The execution of as many operations as possible directly on 
the treated field (e .g. rinsing of spray tank with fresh water) is by far the best 
strategy. Farmers that have livestock may wash the sprayers also at locations, 
draining exclusively into the septic tank. These and other important. instructions 
have previously been published and summarized (e.g. [Sl]). A vesy clear and 
comprehensible compilation aimed to instruct farmers was published by the 
Swiss Society of Chemical Tndustries [S2). 

atrazine metolachlor 
W WTP 1 

atrazine metolachlor 
WWTP 8 
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However, the results presented in this work show that, despite the efforts 
already made, it should be possible to significantly reduce the pesticide 
contamination of surface waters in Switzerland without relevant financial 
consequences for the agricultural sector only by minimizing improper 
operations. Therefore, in April 2000 shortly before the application of herbicides 
on corn fields, a letter containing the most important points of ‘good agricultural 
practice’ for pesticide application was sent to at1 farmers living in the catchtnent 
areas of the WWTPs 1 and 8. In 1999, elevated concentrations of agricultural 
pesticide were found in the effluents of the WWTPs 1 and 8. Figure 6-8 
compares the load of atrazine and metolachlor during the application period of 
herbicides in cornfields between 1999 and 2000. The load was reduced by about 
50% in the WWTP 1 but no reduction was found in the WWTP 8. This result is 
not very encouraging, however, it is possible that the letter was responsible for 
the reduction of 50% in the WWTP 1 and that the load in the WWTP 8 during 
2000 would have been even higher without our letter. Because the ‘natural’ 
variability is not well known (e.g., weather situation, changed input due to use 
of other products) this can not be stated clearly. Therefore, we suggest that the 
awareness of farmers for these problems should be steadily increased by 
improved training in agricultural schools and continuous information. 

In addition, instantaneous measures have to be taken, if, as in the case of the 
WWTP VlI, concentrations are so high that they are acutely toxic for some 
aquatic organisms. Fischer et al. [X3] demonstrated that by an intense, and hence 
expensive, information campaign the pesticide load through WWTPs may be 
reduced significantly. 

Moreover, we suggest a careful evaluation of the connection o-f farmyards to the 
sewerage. Especially, if -farmers stop having cattle and keep up with crop 
farming (a very colnmon trend currently in Switzerland), to prevent input of 
pesticides into the sewerage, it may be a good idea to continue using the septic 
tank as a reservoir to collect the water from the farmyard. 

The Use of Pesticides in Urban Areas may lead to relevant contamination of 
surface waters. However, to make general statements, the number of different 
applications is too large and the kno\vledge is still too low. However, one big 
difference between agricultural pesticides and pesticides used as material 
protection agents in building materials needs to be mentioned. Agricultural 
pesticides must degrade within a few months in the topsoil to avoid problems 
with the next crop. Pesticides, aimed at the inhibition of biological deterioration 
of building materials, should perform their protective effects as long as possible 
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(ca. 25 years). Therefore, huge pesticide reservoirs and potential pesticide 
sources are built in urban areas, which, in view of the very high costs of a 
forced removal of s~zch materials, would not be easily eliminated. 

As a first step, risk assessments slno~~lcl be performed for those applications in 
the material protection sector for which a relevant input into surface waters is 
likely (e.g. compounds that inhibit biodeterioration of construction materials, 
conservation of soaps etc...). Furthermore, efforts should be made to increase 
the awareness of private LIS~~S of pesticides (e ,g, private gardener etc.) to the 
problems caused by improper operations. 
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This dissertation aimed to contribute to the development of an ecologically 
more somd agriculture in Switzerland. The dissertation was embedded in a 
extensive project o.f the Swiss government, which pursues to develop, adopt and 
evaluate scienti-fically based measures to reduce pesticide contamination of 
surface waters. Three major achie\~ements were obtained, which may help to 
attain these goals: 

The relevance of improper operations for the pesticide contamination of 
swfr-tce waters was qwmtified in the catchnleiit of Lake Greifensee. It 
became evident that this relevant source could be significantly lowered by 
improved training and formation of farmers. 

* The degradation of PIJHs in Lake Greifensee was studied and quantified. 
Laboratory and field experiments revealed that PUHs are significantly 
degraded by DQM I”hotoseilsitization in sunlit waters and that biological 
degradation in lakes is rather slow. Based on these results, it should now be 
possible to assess the input of PUHs into a lake just by the means of a series 
of measured vertical concentration profiles and computer simulations. 

* A novel analytical method was developed which allows the routine ultratrace 
level determination of phenylurea herbicides. This method can now be used 
to motlitor the concentration of PUHs in surface waters. 

In addition to the more specific goals of this study, some important general 
scienti-fit results were obtained: 

* The successful quantification of the photosensitized transforlllation of PUHs 
in Lake Greifensec represents another important step towards the 
establishment of a quantitative approach for prediction of the rather complex 
process of photosensitized transforlllation of organic pollutants in natural 
waters. 

* SPME has been shown to be an excellent injection tool for enriched samples 
into a gas chrotnatograpf~. This technique enabled a high transfer of the 
compounds of interest to the detection system without increasing 
chroniatographic problems. 
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