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"Chemistryy is everywhere". With this slogan on a poster in the chemistry classroom, my 
felloww high school students and me were taught how beneficial chemical products are in all 
aspectss of everyday life. Indeed, it would be difficult to imagine our society without the 
conveniencess that the chemical industry has developed and provided. 
However,, the slogan also has a less profitable side, as "everywhere" potentially harmful 
chemicalss are present in the environment, resulting in adverse effects on organisms in 
numerouss cases. Fortunately, with the scientific advances in chemistry also came the 
possibilitiess to study the occurrence and behaviour of these contaminants in detail, in order 
too describe and hopefully solve the current environmental problems/issues. 
Inn 1948, dr Paul Muller received the Nobel prize in physiology & medicine for his 
discoveryy of the extremely effective insecticide DDT (dichlorodiphenyl trichloroethane), 
whichh was applied worldwide in enormous amounts in agriculture, sprays for human use, 
householdd products and cloth impregnation [7]. Two decades later, the product was banned, 
ass it had become clear that DDT is also extremely toxic to higher organisms, was widely 
distributedd in the environment and was responsible for the disappearance of many bird and 
fishh populations. With this discovery, the scientific investigation of specific contaminants 
releasedd into the environment began. Since then many contaminants have been identified 
andd studied in detail, and regulatory actions have been taken. However, our knowledge of 
contaminantss in the environment is far from complete. As an example, currently the 
chemicall  identity of less than 5% of the organic material in wastewater treatment plant 
effluentss is known [2],  New types of contaminants as well as new adverse effects on the 
environmentt are still discovered regularly. 

Connectedd to this is an ongoing discussion on the definition of "pollution" and the desired 
regulatoryy actions. Regrettably, this discussion is often driven by feelings and emotions, 
insteadd of facts and figures. A widespread opinion is that the ultimate goal should be to 
reducee concentrations of contaminants to levels as they were in the 'natural' pre-
industrializedd situation. However, it has become clear that with 6 billion people on the 
planet,, this will never be achieved. The role of environmental chemistry in this discussion is 
too provide facts and figures, and that is what this thesis aims to do. 

Developmen tt  of environmenta l analysi s 

Thee earliest examples of the quantitative analysis of substances in water are the 
measurementss of the total salt contents of sea water by Robert Boyle (1627-1691) [3].  This 
analysiss was possible because only a simple balance was needed to weigh these relatively 
highh concentrations (g L"1 range). Later, Antoine Lavoisier (1743-1794) quantified the 
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differentt salts in sea water by fractionated crystallization and the dissolution of salts in 
differentt solvents. 
Inn 1855, Michael Faraday reported on the pollution of the river Thames by describing its 
badd smell and pale brown colour [4].  To test the opacity of the water, he dropped pieces of 
whitee paper in the water, and observed that they were indistinguishable before they had sunk 
ann inch below the surface. 
Itt was not until the beginning of the 20th century that oxygen and nutrient concentrations in 
waterr could be measured quantitatively by titration and the use of UV spectrophotometers, 
att concentrations in the mg to jig per liter range. 
Severall  decades later, oil mixtures could be characterized by Infra Red spectroscopy and gas 
chromatographyy methods. With the development of gas chromatography - mass 
spectrometryy (GC-MS) methods in the 1970s, low concentrations (ng L"1) of 
polychlorinatedd biphenyls (PCBs) and polycyclic aromatic hydrocarbons (PAHs) could be 
detected.. A further improvement of this technique was the introduction of capillary GC-MS, 
whichh made it possible to separate and quantify individual PCB congeners. 
Sincee the 1990s, it has become possible to also analyze more polar compounds in detail with 
thee development of liquid chromatography - mass spectrometry (LC-MS). Current 
environmentall  research often focuses on the quantification of polar pesticides and 
pharmaceuticalss in the environment. 
Fromm this brief overview, it is evident that the type of environmental research which is 
performedd is strongly determined by the state of the art of analytical chemistry. 

Anotherr type of polar compounds which can be analyzed in detail since the recent advances 
inn LC-MS techniques are surfactants. One group of surfactants which currently gets much 
attentionn by environmental scientists consists of the alkylphenol ethoxylates (APEO). These 
compoundss form the subject of this thesis. Their environmental behaviour and possible 
effectss on organisms differ in several important aspects from 'classical' contaminants. 

Surfactant s s 

Alkylphenoll  ethoxylates are surfactants (surface active agents). The key characteristic of 
surfactantss is that the molecules consist of a hydrophobic and a hydrophilic part. The 
hydrophobicc part is usually an alkyl or alkylaryl chain, while a large variation exists in the 
identityy of the hydrophilic part. 
Surfactantss are classified according to the charge of their polar head group into anionic, 
cationic,, nonionic and amphoteric. Amphoteric surfactants are both positively and 
negativelyy charged. Some examples of these surfactant classes are shown in figure 1.1. 
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Duee to the amphiphilic nature of surfactants, they have a tendency to accumulate at 

interfacess such as the air-water or oil-water interface. During this process, the hydrophilic 

headd group wil l orient itself towards the aqueous phase, with the hydrophobic moiety 

projectedd into the air or oil. As a result, the surface tension between the two phases wil l 

decrease,, thereby facilitating the contact between and mixing of the two phases. This 

principlee underlies the many applications of surfactants: mainly as cleaning agents, but also 

ass emulsifiers in e.g. paints, oils or spray additives in pesticides [5]. 

b) ) 

„COO"" Na+ 

c) ) d) ) 
,0(CH2CH20)nH H 

HH 7 x o 

Figuree 1.1: Examples of surfactant structures of the four classes: a) linear alkylbenzene 
sulfonatess (LAS, anionic), b) soap (anionic), c) alcohol ethoxylates (nonionic), d) ditallow 
dimethyll ammonium chloride (DTDMAC, cationic), e) cocamidopropyl betaine (amphoteric). 

HistoryHistory of surfactants 

Surfactantss have been known since ancient times, and the first recorded accounts of the use 

off  soap-like materials were on Sumerian clay tablets dating back to 2500 B.C. [<$]. The word 

'soap'' originates from ancient Roman legends, which tell of Mount Sapo, on which animals 

weree sacrificially burned. Animal fat and wood ashes washed from the altars into the river 

Tiber,, and people noticed that at this location in the river their wash became cleaner with 

lesss effort. Soap became quite popular, as demonstrated by a full-scale soap factory, 

includingg finished soap bars, excavated at Pompeii. During the Middle Ages, the interest in 

soapp declined, but by the 17th century, soap had been rediscovered and was heavily taxed as 

aa luxury product. 

12 2 



GeneralGeneral introduction 

Untill  the beginning of the 20th century, soap was produced by the saponification process 
usingg as raw materials animal fat or olive oil together with lye or later soda. Food shortages 
inn the World Wars urged the need for other ways of producing cleaning agents, and in the 
1930s,, the first petrochemical-based synthetic detergents were developed in the form of 
alkylbenzenee sulfonates. By the 1950s, sales of the synthetic detergents had surpassed those 
off  soap [7]. 

EnvironmentalEnvironmental problems 
Environmentall  problems with surfactants were recognized relatively early in the history of 
environmentall  chemistry. This is not surprising, as the detection of this problem did not 
requiree any sophisticated equipment. During the 1950s and 1960s, treatment ponds in 
wastewaterr treatment plants and many rivers and streams receiving wastewaters were 
coveredd by huge layers of foam, caused mainly by the large concentrations of alkylbenzene 
sulfonatee surfactants with highly branched alkyl chains. After the substitution of these 
surfactantss by isomers with a linear alkyl chain (LAS, see figure 1.1a) which are more easily 
biodegradable,, the foaming problem was largely solved [7]. 
Anotherr historic problem related to surfactants was their contribution to eutrophication due 
too the phosphates which were added to synthetic detergent products as builders (to improve 
waterr softening and maintaining an alkaline pH). The phosphates were banned, and replaced 
byy more environmentally benign components such as nitrilotriacetic acid (NTA) and 
zeolitess [5]. 
Manyy of the changes in detergent product formulations in favour of the environment were 
carriedd out voluntarily by detergent manufacturers, as especially in this branch of industry 
publicc opinion and acceptance are important economical factors. 
Inn 3 rd world countries, few of the above mentioned improvements in surfactant formulations 
havee been carried out, due to economical and political reasons [7]. This is illustrated by the 
recentt detection of high concentrations of branched alkylbenzene sulfonates in Philippinian 
(maximumm 75 fig L ') and Costa Rican surface waters (maximum 350 fig L") [8, 9]. 

Alkylpheno ll  ethoxylate s 

Thee surfactant group investigated in this thesis consists of the alkylphenol ethoxylates 
(APEO,, see figure 1.2a). This surfactant group belongs to the class of nonionic surfactants. 
Currently,, APEO are probably the most controversial of all surfactants. Demands for a 
completee ban of these products by environmental organizations are countered by industry 
withh statements that many of the harmful effects attributed to APEO are not scientifically 
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proven.. (Greenpeace: '"Gender bending" chemicals found in children's bodies and 
consumerr products' [70] versus the European Council for Alkylphenols and Derivatives (a 
sectorr group of CEFIC): 'Nonylphenols and endocrine effects: risks not substantiated' [11]). 
Besidess the considerable toxicity of these surfactants themselves, the environmental 
relevancee of APEO lies especially with some of their possible metabolites. The metabolites 
octylphenoll  (OP) and nonylphenol (NP), and to a lesser extent A9PEOi and A9PE02, are 
relativelyy persistent and have been shown to cause endocrine disruption in laboratory tests 
(adversee effects on the sexual development or reproductive systems of organisms) [12, 13]. 
Evenn when endocrine disruption is not considered, metabolites of APEO are 
environmentallyy relevant, as a recent risk assessment of these compound groups as a whole 
inn Swiss surface waters demonstrated [14]. In that study, the toxicity of the mixture of 
APEOO and metabolites was estimated under the assumption of concentration addition 
(similarr modes of action). A comparison of predicted environmental concentrations (PEC) 
andd predicted no effect concentrations (PNEC) showed that although for the individual 
componentss the PEC values did not exceed the corresponding PNEC values, the PEC/PNEC 
ratioo for the complete mixture was higher than 1. Therefore, APEO together with their 
metabolitess must be considered potentially harmful. Interestingly, the metabolites accounted 
forr 89% of the overall risk [14]. 

a)) b) 

H(OCH2CH2)nO O 

Figuree 1.2: Structures of a) the alkylphenol ethoxylate (APEO) surfactant and b) the APEO 
metabolitee nonylphenol (NP). The ethoxylate chain of APEO can have one to about 20 units 
(n=1-20),, while the alkyl chain can be a nonyl or octyl chain. In both figures only one alkyl 
isomerr is shown, but many are possible. Commercial APEO always exists of a mixture of 
manyy ethoxylate oligomers and alkyl isomers. 

AA voluntary ban of APEO in household products began in Europe in 1995 [75]. The 
replacementt in industrial applications is proceeding slowly, mainly because of the excellent 
performancee and low production costs of APEO. Recently (July 2003), the European 
Commissionn published a Marketing and Use Directive that restricts the major uses of NP 
andd APEO. The Directive states that NP and APEO "may not be placed on the market or 
usedd as a substance or constituent of preparations in concentrations equal to or higher than 
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0.1%% by mass" in a number of applications in which APEO and NP may end up in 
wastewaterr [16]. 
Noo regulatory action on the restriction of APEO usage has been taken in the USA. 

ProductionProduction and application of APEO 
Thee raw materials for the industrial production of APEO are an alkylphenol and ethylene 
oxide.. The alkylphenol mainly used is nonylphenol (~80%), and to a lesser extent 
octylphenol.. Nonylphenol (see figure 1.2b) is produced by the alkylation of phenol using 
nonenee (tripropylene), which is a highly branched olefin [7]. In the base-catalyzed addition 
off  ethylene oxide to the alkylphenol, a range of ethylene oxide derivatives can be produced, 
withh different numbers of ethoxylate units, depending on the desired properties of the final 
APEOO product [7].  The final product will be a complex mixture of branched alkyl chain 
isomerss and ethoxylate chain lengths. This complexity often has a favorable influence on 
thee effectiveness of the product (as the different components can have synergistic effects) 
[5],, but also complicates their chemical analysis. In addition, environmental risk assessment 
iss complicated as different oligomers have different toxicities and environmental behaviour. 
Amongg the nonionic surfactants, APEO hold a second place in production volumes, after 
thee alcohol ethoxylates (see figure 1.1c). The annual global production of APEO is 
estimatedd to be 700 000 tons. APEO consumption in Western Europe was around 90 000 
tonness in 1998 [7]. In the Netherlands, no production of APEO takes place, but the annual 
consumptionn is estimated around 1500 tonnes [17]. 

Ass the production of APEO containing a nonyl group (A9PEO) is about 10 times higher than 
thatt of APEO having an octyl group (A8PEO), the research described in this thesis focused 
onlyy on A9PEO. Several reports confirm that environmental levels of A8PEO are at least an 
orderr of magnitude below those of A9PEO [18, 19]. 
APEOO are extremely effective products in a wide range of applications. The main 
applicationn of APEO is as industrial and institutional (30%) or household (15% worldwide, 
butt less in the Netherlands) cleaning agent [6, 20]. The remaining APEO is used in many 
industriall  applications, e.g. as wetting agents, dispersants, emulsifiers, solubilizers, foaming 
agentss and polymer stabilizers [20]. 

PhysicochemicalPhysicochemical properties 
Tablee 1.1 reports some physicochemical properties of A9PEO and the metabolite NP. 
Comparedd to 'classical' environmental contaminants such as PCB or PAH (two examples 
aree listed in table 1.1), APEO are more water soluble and less volatile. With increasing 
ethoxylatee chain lengths, the polarity of the molecule increases, resulting in (slightly) lower 
KoWW values and vapour pressures and higher solubilities. 
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Tablee 1.1: Physicochemical properties of some A9PEO and NP. Properties of PCB-77 and 
fluoranthenee are given for comparison. 

formula a 

CASS number 

molarr mass 
(g/mole) ) 

logKow w 
waterr solubility 
(mgg L-1) 
meltingg point 

CO O 
vapour r 
pressuree (Pa) 
Henry'ss law 
constant t 
(Paa m3 mole'1) 

compoundd studied in this thesis 

NP P 
C15H24O1 1 

84852-15-3 3 
(branched) ) 
25154-52-3 3 
(linear) ) 

220.56 6 

4.55 a 

4.99 b 

422 b 

0.0133 b 

0.66 b 

AsPEO, , 

C17H28O2 2 

9016-45-9 9 

264.41 1 

4.22 a 

3.00 c 

116.2b b 

2.4-10'55 b 

0.0177 b 

A9PE02 2 

C19H32O3 3 

27176-93-8 8 

308.47 7 

4.22 a 

3.44 c 

140.22 b 

1.2-1066 b 

0.00033 b 

A9PE03 3 

C21H36O4 4 

27176-95-0 0 

352.52 2 

4.22 a 

5.99 c 

168.88 b 

5.2-10"88 b 

4.03-10"66 b 

'classical'' contaminant 

PCB-77d d 

C12H6CI4 4 

32598-13-3 3 

291.99 9 

6.6 6 

0.0018 8 

180 0 

0.0014 4 

9.5 5 

fluoranthene6 6 

C16H10 0 

206-44-0 0 

202.26 6 

5.2 2 

0.26 6 

111 1 

0.007 7 

5.5 5 

'== data from [21]; b= data from [22]; c= data from [23]; d= data from [24]; e= data from [25]. 

ToxicityToxicity and bioaccumulation ofAPEO 

Dataa on toxicity show that NP and APEO are acutely and chronically toxic in laboratory 

testss [26]. Acute toxicity ofAPEO and NP proceeds by the general narcosis mode of action. 

Forr NP, 96-h LC50 values are reported for different fish species ranging from 17 to 3000 \ig 

L'\L'\ with most values between 100 and 300 (ig L*1 (see figure 1.3) [27]. Short chain 

A9PEO1.44 show acute toxicities with LC50 values in the range of 148-3000 u.g L"1, and 

toxicityy steadily decreases for longer chain oligomers [27]. Overall, the toxicity data show 

thatt NP and APEO must be classified as very toxic to aquatic organisms [6]. 

Thee ability of NP and APEO to bioaccumulate in aquatic biota is low to moderate [27]. 

Bioconcentrationn factors in mussels and fish range from 0.9 to 3400 (NP), 1 to 170 

(A9PEOOO and 2 to 100 (A9PE02) [22, 27]. 

EndocrineEndocrine disruption 

Inn addition to the narcotic type of toxicity, some of these compounds have other effects on 

organismss in the form of endocrine disruption. They have been shown to mimic the female 

sexx hormone 17fi-estradiol, and are able to bind directly to the estrogen receptor [12, 22, 

27].27]. The APEO metabolite mainly responsible for this effect is nonylphenol, and to a lesser 
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extentt A9PEO1 and A9PE02 [13], Which of the nonyl isomers in the industrial nonylphenol 

mixturee actually causes the endocrine disruption is not yet known. 

Thee endocrine disruptor effects of NP were discovered by accident by Soto et al. (1991), 

whenn NP leaking from polystyrene centrifuge tubes caused proliferation of human estrogen 

sensitivee MCF-7 breast tumor cells [28]. Since then, many in vitro and in vivo studies have 

shownn NP and A9PEOi+2 to produce estrogenic responses, in the form of e.g. luciferase 

reporterr gene expression in the ER-CALUX assay [29], induction of the production of 

vitellogeninn (a fish egg protein, only produced in large amounts by female fish) in male 

troutt [12], and inhibition of testicular growth in trout [30]. In comparative tests, NP was 

foundd to be 104 to 105 times less potent than 17B-estradiol [27]. The estrogenic activity of 

A9PEO11 and A9PE02i s 105 to 106 times lower than 1713-estradiol [13, 27]. A9PEO oligomers 

withh ethoxylate chains longer than 2 units were shown not to cause endocrine disrupting 

effectss [12, 31]. 

Endocrinee disrupting effects occur at lower concentrations than the effects of normal acute 

toxicity.. The threshold concentration of NP for the induction of vitellogenin production is 

approximatelyy 10 |j.g L"1 [30]. 

Endocrinee disruption in the field was first discovered in the 1980s by anglers in England 

whoo observed hermaphrodite fish near locations where wastewater treatment plant (WWTP) 

effluentt was discharged. Experiments later showed that vitellogenin levels were highly 

elevatedd in fish which had been caged for 3 weeks near this WWTP outlet [32]. Chemical 

analysiss of the effluent revealed high A9PEO and NP concentrations to be present, however 

otherr chemicals present in the effluent, such as natural and synthetic hormones, were also 

partlyy responsible for the observed estrogenic responses [32]. 

EnvironmentalEnvironmental occurrence 

Ass surfactants are mostly used in aqueous solutions, in the developed world their main route 

too the environment is via wastewater treatment plants. Removal efficiencies of APEO in 

thesee plants have been estimated in the range 47-99%, and are generally above 90% [20]. In 

thee Netherlands, an estimated 500 tonnes per year end up in wastewater [17]. Another 

relevantt route of APEO to the environment is their direct discharge into surface waters after 

applicationn in crop protection agents [17]. 

Thee environmental behaviour of APEO differs from 'classical' contaminants because of the 

amphiphilicc nature of surfactants. As a consequence of their affinity for both hydrophobic 

andd hydrophilic phases, they are detected in significant concentrations in both water and 

sediment.. Due to the low volatility of APEO, air is considered as a less relevant 

environmentall  compartment for these compounds. For the more volatile metabolite NP, 

somee studies exist in which NP was detected in air at maximum concentrations of 81 ng m"3 

[33,[33, 34]. 
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Figuree 1.3: Maximum observed dissolved concentrations of APEO and NP in water samples of 
wastewaterr treatment plant effluents, freshwater and marine/estuarine water from different 
studies,, taken from the review by Bennie [39]. In addition, LC50 acute toxicity values for 
differentt organisms are shown, taken from the review by Servos [27]. ED = threshold 
concentrationn above which endocrine disrupting effects can occur, taken from [27, 30]; MPC = 
proposedd maximum permissible concentration (MPC1 = value for A9PE03-8; MPC2 = value for 
A9PE01i2). . 
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Inn the literature, concentration ranges of A9PEO in wastewater effluents in Western Europe 
andd the US of <0.1 to 369 fig L"1 are reported [20]. Sewage sludge sometimes contains high 
concentrationss of especially short chain A9PEO and NP, with reported concentrations of 
bothh A9PEO and NP up to around 2500 fig g"1 [35-37]. 
Inn surface waters, maximum reported concentrations amount to 70 fig L" (A9PEO) and 180 
jigg L"! (NP) [38]. In general, surface water concentrations of A9PEO are lower in 
Northwest-Europee than in southern Europe and the USA [38]. In the few data available for 
thee Netherlands and Germany, A9PEO concentrations are typically below 1 fig L"1 [38]. 
Thee occurrence of APEO in sediments has been reported in concentrations up to 45 and 72 
figg g"1 for A9PEO and NP, respectively [38]. 
Inn figure 1.3, environmental concentration ranges are shown of A9PEO and NP in several 
typess of water. Maximum dissolved concentrations of a number of studies from literature 
aree indicated [38-40]. In addition, the concentration ranges are given at which acute toxic 
effectss are observed (LC50 values) [27]. The figure shows that only in wastewater treatment 
plantt (WWTP) effluents APEO concentrations sometimes exceed threshold values for 
endocrinee disruption (ED in the figures) and acute toxic effects. NP in both WWTP 
effluentss and surface waters is sometimes present at concentrations which can cause 
endocrinee disruption and acute toxic effects. In addition, maximum permissible 
concentrationss (MPC) are indicated in the figures, as calculated by the National Institute of 
Publicc Health and the Environment (RIVM) for the Netherlands [22]. It can be concluded 
thatt these values are regularly exceeded in various fresh and saline surface waters. 

BiodegradationBiodegradation ofA9PEO 
Biodegradationn is the main process by which A9PEO disappear from the environment (as for 
mostt organic contaminants), but also the process by which metabolites more harmful than 
thee surfactant itself may be formed. 
Althoughh primary degradation in water occurs relatively fast for A9PEO, the metabolites 
whichh are formed are more persistent. Degradation of A9PEO in the anaerobic environment, 
suchh as in sediments, proceeds slowly [41, 42]. 
Completee scientific agreement on the exact A9PEO degradation routes does not yet exist, 
andd several mechanisms have been proposed. These routes include nonoxidative and 
oxidativee hydrolytic degradation mechanisms, leading to short-chain A9PEO12, nonylphenol 
(NP)) and intermediates with an oxidized terminal ethoxylate group (alkylphenoxy ethoxy 
aceticc acids, A9PEC). Little has been reported on the further degradation of these 
intermediates. . 
Surprisingly,, for the formation of NP out of A9PEO only indirect proof is available. Only 
onee publication is known which reports an actual slight increase in NP concentration during 
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A9PEOO degradation [43]. Generally, NP is believed to be formed only under anaerobic 

conditionss [36, 44]. 

Sorption Sorption 

Especiallyy the more hydrophobic short-chain A9PEO oligomers and NP are prone to 

sorptionn to suspended particulate material and sediment. Organic carbon normalized 

partitionn coefficients between suspended material and water (logKoC) in the field have been 

reportedd in the ranges 5.4-6.0 (NP), 5.5-5.6 (AQPEOJ), 5.2-6.4 (A9PE02) and 4.9 (A9PEO3) 

[18,[18, 45]. 

AnalyticalAnalytical chemistry ofA9PEO 

AA variety of sample pretreatment methods are available for the extraction of A9PEO from 

environmentall  matrices. For water samples, the method most often used is solid phase 

extractionn (SPE) using C8, C] 8 or graphitised carbon black materials, but other methods like 

Solidd Phase Microextraction (SPME) and liquid-liquid extraction (LLE) have also been 

reportedd [46-49]. As degradation of A9PEO in water samples is known to occur relatively 

easily,, it is essential to process water samples as quickly as possible, even if preservation 

agentss have been added to the sample. The extraction of A9PEO from solid matrices can be 

performedd by Soxhlet extraction, sonication, accelerated solvent extraction (ASE), or 

supercriticall  fluid extraction (SFE) [46, 48, 50-52]. The raw extract from the solid matrix is 

usuallyy cleaned up using SPE, silica or alumina columns [50]. 

Althoughh high extraction recoveries can be obtained with these methods, they are often not 

veryy substance specific. This results in interferences ending up in the final extract, and calls 

forr sophisticated analytical methods for the detection and quantification of A9PEO in these 

samples. . 

Althoughh NP and the shortest A9PEO12 oligomers can be analyzed by gas chromatography 

(GC),, the longer A9PEO are not volatile enough for this method and therefore the preferred 

separationn technique is liquid chromatography (LC). Usually, a reversed phase LC column 

(mostlyy C]8) is applied for A9PEO analysis, on which all A9PEO ethoxylate oligomers elute 

ass a single, relatively broad peak. This facilitates the quantification of total A9PEO 

concentrations.. Alternatively, the application of a normal phase LC column results in 

separationn of the different ethoxylate oligomers, providing insight into the A9PEO oligomer 

distributionn present in the sample. 

Classically,, for the analysis of surfactants this chromatographic method was most often 

coupledd to fluorescence detection (LC-Flu). In recent years, this detection method has been 

replacedd gradually by mass spectrometric detection (LC-MS), which has opened whole new 

fieldss of research on surfactants. With LC-MS analysis, a high reliability of identification, 
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loww limits of detection and detailed information on the exact composition of the A9PEO 

mixturee can be obtained. 

Thee LC-MS interface most often applied in the analysis of A9PEO is electrospray ionization 

(ESI),, a soft ionization technique, which is especially suitable for highly polar analytes. 

Duringg ESI ionization in positive ionization mode, adduct ions including a sodium, 

ammoniumm or proton ion are formed, depending on the mobile phase buffer used. Negative 

ionizationn mostly results in deprotonated (quasi-)molecular ions. In addition, cluster ions or 

multiplyy charged ions can be formed. Another LC-MS interface which is frequently applied 

inn the analysis of A9PEO is atmospheric pressure chemical ionization (APCI). 

Forr even more detailed studies, tandem mass spectrometry (LC-MS/MS) is a powerful tool 

inn the identification of unknown analytes such as surfactant metabolites, as the fragments 

obtainedd in the MS provide detailed information on the molecular structure of the analyte 

[53]. [53]. 
Somee challenges still remain in the LC-MS analysis of A9PEO, which are related to the 

effectt of the sample matrix on the sensitivity of the system, and the formation of doubly 

chargedd or dimer surfactant adducts in the electrospray interface. 

InIn the research described in this thesis, most analyses were performed using an LC-MS 

systemm equipped with an electrospray interface and a reversed phase Ci8 LC-column. In one 

studyy (chapter 3), additional analyses were done using LC-MS/MS. 

WhyWhy investigate A9PEO? 

Ass described above, the presence of A9PEO and their metabolites in the aquatic 

environmentt can have serious consequences for organisms living there. They have a 

relativelyy high toxicity, and especially their endocrine disrupting effects have raised public 

concern.. With their high production volumes and wide applications, the emission of A9PEO 

too the environment is considerable. A number of publications exist which show that MPC 

valuess are sometimes exceeded in the aquatic environment. Therefore, the environmental 

behaviourr of these compounds must be investigated in detail, in order to be able to take 

appropriatee regulatory action to reduce the emission of APEO to the environment. 

Ass explained earlier in this chapter, only since the recent development of sophisticated LC-

MSS methods this detailed investigation of polar contaminants such as surfactants has 

becomee possible. The identification and quantification of these compounds in 

environmentall  samples is quite complicated, and the development of LC-MS(/MS) 

techniquess provide the analytical chemist with many possibilities as well as problems. 

Furtherr development and optimization of these analytical methods is a challenging scientific 

task. . 

21 1 



ChapterChapter 1 

Inn addition, there is a need for more detailed investigations into the exact biodegradation 
processess by which possibly harmful metabolites may be formed out of A9PEO. The 
environmentall  occurrence of these metabolites must be assessed. 
Althoughh in some other countries the occurrence of APEO and metabolites has been 
investigated,, no detailed studies exist yet for Dutch estuarine and marine waters. Local 
endocrinee disrupting effects have been observed in Dutch waters, and could in some cases 
bee related to specific contaminants, such as the reproductive failure (imposex) in marine 
snails,, caused by tributyltin compounds (TBT) [54]. A National Survey of Estrogenic 
Substancess (Dutch: Landelijk Onderzoek Oestrogene Stoffen, LOES) in fresh and marine 
waterss of the Netherlands revealed that among the investigated endocrine disrupters 
(includingg phthalates, bisphenol-A, brominated flame retardants, natural and synthetic 
estrogenicc hormones) the hormones, the alkylphenols and alkylphenol ethoxylates were the 
mainn compound groups responsible for the endocrine disrupting effects observed in the 
environmentt during the study [19]. 

Theree is a wide international interest in the occurrence and risks of A9PEO in freshwater and 
marinee environments. In a number of national and international activities, the environmental 
riskss and uncertainties concerning alkylphenol ethoxylates and alkylphenols are recognized 
andd discussed. An important example is the Water Framework Directive of the European 
Union,, in which nonylphenol appears on the list of 33 priority substances which represent a 
significantt risk to or via the aquatic environment at the European Community level [55]. 
Thee Danish Environmental Protection Agency issued a List of Undesirable Substances in 
2000,, in which a high priority was assigned to special action on alkylphenols and APEO 
[56].[56].  In large surveys in the United Kingdom, besides natural and synthetic hormones, 
alkylphenolss were identified as causal agents for endocrine disruption observed in small 
streamss [57]. In several countries, including Germany, Sweden, Switzerland and Italy a ban 
off  A9PEO in certain applications is currently in progress [17]. Nonylphenol and APEO 
appearr also on the List of Chemicals for Priority Action of the OSPAR Commission. This 
commissionn is currently taking initiatives aimed at reducing discharges of hazardous 
substancess which reach, or could reach, the marine environment, with the goal to reduce 
theirr presence in marine areas to concentrations close to zero before 2020 [58]. 

Project ss involve d 

Thee research in this thesis was performed within the framework of three projects. The first 
projectt was funded by the European Union (Environment & Climate program), and was 
calledd "Priority surfactants and their toxic metabolites in waste effluent discharges: an 
integratedd study" (PRISTINE, ENV4-CT97-0494). The project combined researchers from 
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Spain,, Germany and The Netherlands in the field of analytical environmental chemistry, 
toxicology,, industry specialized in wastewater treatment and industry producing surfactants. 
Thee objective of this project was to improve the understanding of the fate of a wide range of 
surfactantss in wastewater treatment plants and receiving surface waters. This involved the 
developmentt of analytical methodology, performance of degradation studies and 
toxicologicall  tests, as well as field studies. 
Thee other two projects involved in this work were joint studies between the Dutch National 
Institutee for Coastal and Marine Management (RIKZ) and University of Amsterdam (UvA-
MTC)) named "Nonionic surfactants and their transformation products in the Dutch coastal 
zonee and North Sea: determination, fate and risk assessment" (SURTRANS) and "Modeling 
nonionicc surfactants in Dutch estuaries" (MONOS). The aims of the SURTRANS project 
weree to measure A9PEO and its metabolites in the Dutch coastal waters, estimate the 
environmentall  load of A9PEO to the Dutch coastal zone, determine their transformation 
ratess along the salinity gradients in Dutch estuaries, and assess the ecotoxicological risks of 
A9PEOO in these environments. In the MONOS project, the main objective was the 
implementationn of a hydrodynamic fate model to describe and explain the behaviour of 
A9PEOO and its metabolites in the Scheldt and Rhine estuaries. 

Objective ss and outlin e of thi s thesi s 

Thee general objective of this thesis is to extend the knowledge of the possible sources, the 
behaviourr and fate of A9PEO in the aquatic environment. A combination of laboratory 
experiments,, field sampling and modeling studies were applied to achieve this goal. 

Thee main questions asked are: 
 what is the most suitable way to sample and analyze A9PEO in the aquatic environment 
usingg LC-MS techniques? 
 which are the main metabolites of A9PEO and what is their relative persistence in the 
aquaticc environment? 
 which are the possible sources of A9PEO to the Dutch coastal zone? 
 which processes mainly govern the fate of A9PEO in the estuarine environment? 

 do A9PEO form a potential environmental risk to the Dutch coastal zone? 
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Too these aims, A9PEO and their metabolites were investigated in systems of different scales 
rangingg from 10"9 to 105 m in size. 
Att the smallest scale, the behaviour of A9PEO during LC-MS analysis was investigated in 
detaill  (Chapter 2). This involved a study of the types of adduct signals which are formed 
underr different LC-MS conditions, and the calculation of the stabilities of several observed 
A9PEOO adducts with sodium using molecular dynamics. In addition, different ways of 
quantificationn of A9PEO in environmental samples were evaluated. 
Onn a larger scale, the aerobic biological degradation of A9PEO in freshwater was studied in 
laboratoryy experiments using a lab scale bioreactor (Chapter 3). The biodegradation was 
followedd in time and emerging metabolites were identified and quantified using LC-MS and 
LC-MS/MSS techniques. 
Att the ecosystem scale, the existing literature on the occurrence and behaviour of nonionic 
surfactantss and their metabolites in the marine and estuarine environment is reviewed in 
Chapterr 4. 
Chapterr 5 describes the results of sampling campaigns performed in the Scheldt and Rhine 
estuariess in the Netherlands. A9PEO and their metabolites were analyzed in water, 
suspendedd particulate material and sediments. Sorption coefficients were determined, and 
thee biodegradation routes in the field were determined. 
Thee occurrence of A9PEO in the Dutch coastal zone of the North Sea was studied in Chapter 
6.. Two large sampling campaigns in this area were performed with water, suspended 
particulatee material and sediment samples taken along transects starting at suspected sources 
off  A9PEO, such as the main freshwater discharges, production platforms and dump sites for 
harbourr sludge. With these results, the main sources of A9PEO to the Dutch coastal zone 
weree assessed. 
Att the highest scale, the behaviour of A9PEO and their metabolites in estuarine ecosystems 
aree studied in computer simulations (chapter 7). With a hydrodynamic fate model (ECoS3), 
thee main environmental processes determining the fate of A9PEO in the Scheldt and Rhine 
estuariess were assessed, and actual biodegradation rates in the field could be estimated. 
Thee different results of the various laboratory, field and modeling studies are linked in the 
generall  discussion and conclusions in chapter 8. 

24 4 



GeneralGeneral introduction 

Reference s s 

1.. Cadbury, D. 1997. The feminization of nature. Our future at risk. Hamish Hamilton Ltd, London, UK. 

2.. Knepper, T.P. 2002. Mass spectrometric strategies for the analysis of polar industrial chemicals and 
theirr by-products in wastewater and surface water. J. Chromatogr. A 914: 111-121. 

3.. Laane, R.W.P.M. 2003. "Sea of substances"; Pollution: future research needs. In: Wefer, G., Lamy, F., 

Mantoura,, F. (Editors), Marine science frontiers for Europe. Springer-Verlag, Berlin, Germany, 175-

188. . 

4.. Faraday, M. 1855. Letter to the editor. The Times newspaper, London, July 7th, 1855. 

5.. Connell, D.W. 1997. Soaps and detergents. In: Basic concepts of Environmental Chemistry. Lewis 

Publishers,Publishers, New York, USA, 221-240. 

6.. Vollebregt L.H.M. ; Westra, J. 1997. Milieu-effecten van tensiden. Chemiewinkel, University of 
Amsterdam,, Amsterdam, The Netherlands. 

7.. Knepper, T.P.; Berna, J.L. 2003a. Surfactants: properties, production, and environmental aspects. In: 
Knepper,, T.P., Barceló, D. De Voogt, P. (Editors), Analysis and fate of surfactants in the aquatic 
environment.. Elsevier, Amsterdam, The Netherlands, 1-45. 

8.. Eichhorn P.; Flavier  M.E.; Paje MX. ; Knepper  T.P. 2001. Occurrence and fate of linear and 
branchedd alkylbenzenesulfonates and their metabolites in surface waters in the Philippines. Sci. Total 

Environ.Environ. 269: 75-85. 

9.. Jonkers, N.; Ruepert, C; De Voogt, P. 2002. LC-MS analysis of linear and branched alkylbenzene 
sulfonatess and alkylphenol ethoxylates in surface and waste waters from Costa Rica. University of 
Amsterdam,, Department of Environmental & Toxicological Chemistry, internal report. 

10.. Strutt , M. 2003. "Gender bending" chemicals found in children's bodies and consumer products. 
GreenpeaceGreenpeace press release 20th October 2003, http://eu.greenpeace.org/downloads/chem/ 
PRonPyjamas.pdf,, accessed November 18, 2003. 

11.. CEPAD 2000. Nonylphenols and endocrine effects: risks not substantiated. CEP AD press release 

JanuaryJanuary 2000, http://www.cefic.org/cepad/pospap/np-hoimone-final-12-99-a.pdf, accessed November 
18,2003. . 

12.. Jobling, S.; Sumpter, J.P. 1993. Detergent components in sewage effluent are weakly estrogenic to 
fishh - an in-vitro study using rainbow-trout (Oncorhynchus mykiss) hepatocytes. Aquat. Toxicol. 27: 
361-372. . 

13.. Legler, J.; Dennekamp, M.; Vethaak, A.D.; Brouwer, A.; Koeman, J.H.; Van der  Burg, B.; Murk , 
A.J.. 2002. Detection of estrogenic activity in sediment-associated compounds using in vitro reporter 
genee assays. Sci. Total Environ. 293: 69-83. 

14.. Fenner, K.; Kooijman, C; Scheringer, M.; Hungerbühler, K. 2002. Including transformation 
productss into the risk assessment for chemicals: the case of nonylphenol ethoxylate usage in 
Switzerland.. Environ. Sci. Technol. 36: 1147-1154. 

15.. Renner, R. 1997. European bans on surfactant trigger Transatlantic debate. Environ. Sci. Technol. 31: 

316A-320A. . 

16.. Cox, P.; Drys, G. 2003. Directive 2003/53/EC of the European Parliament and of the council. Official 

JournalJournal of the European Communities, 17.7.2003, document L178. 

25 5 

http://eu.greenpeace.org/downloads/chem/
http://www.cefic.org/cepad/pospap/np-hoimone-final-12-99-a.pdf


ChapterChapter 1 

17.. Groshart, C.P.; Okkerman, P.C.; Wassenberg, W.B.A.; Pijnenburg, A.M.C.M . 2001. Chemical 
studyy on alkylphenols. National Institute for Coastal and Marine Management, report RIKZ/2001.029, 
Thee Hague, The Netherlands. 

18.. Ferguson, P. L.; Iden, C. R.; Brownawell, B. J. 2001. Distribution and fate of neutral alkylphenol 
ethoxylatee metabolites in a sewage-impacted urban estuary. Environ. Sci. Technol. 35: 2428-2435. 

19.. Vethaak, A.D.; Rijs, G.B.J.; Schrap, S.M.; Ruiter, H.; Gerritsen, A.; Lahr , J. 2002. Estrogens and 
xeno-estrogenss in the aquatic environment of the Netherlands (LOES). RIZA/RIKZ-report no. 2002.001, 
Thee Hague, The Netherlands. 

20.. Ying, G.G.; Williams, B.; Kookana, R. 2002. Environmental fate of alkylphenols and alkylphenol 
ethoxylatess - a review. Environ. Internat. 28: 215-226. 

21.. Ahel, M.; Giger, W. 1993a. Partitioning of alkylphenols and alkylphenol polyethoxylates between 
waterr and organic solvents. Chemosphere 26: 1471-1478. 

22.. Van Vlaardingen, P.; Posthumus, R.; Traas, T.P. 2003. Environmental risk limits for alkylphenols 
andd alkylphenol ethoxylates. National Institute of Public Health and the Environment, report 
601501019,601501019, Bilthoven, The Netherlands. 

23.. Ahel, M.; Giger, W. 1993b. Aqueous solubility of alkylphenols and alkylphenol polyethoxylates. 
ChemosphereChemosphere 26: 1461-1470. 

24.. Mackay, D.; Shiu, W.Y.; Ma, K.C. 1992a. Illustrated handbook of physical-chemical properties and 
environmentall  fate for organic chemicals, Volume I. Lewis Publishers, Michigan, USA, 455-457. 

25.. Mackay, D.; Shiu, W.Y.; Ma, K.C. 1992b. Illustrated handbook of physical-chemical properties and 
environmentall  fate for organic chemicals, Volume II . Lewis Publishers, Michigan, USA, 172-177. 

26.. Staples, C.A.; Weeks, J.; Hall, J.F.; Naylor, C.G. 1998. Evaluation of aquatic toxicity and 
bioaccumulationn of C8- andC9- alkylphenol ethoxylates. Environ. Toxicol. Chem. 17: 2470-2480. 

27.. Servos, M.R. 1999. Review of the aquatic toxicity, estrogenic responses and bioaccumulation of 
alkylphenolss and alkylphenol polyethoxylates. Water Qual. Res. J. Canada 34: 123-177. 

28.. Soto, A.M.; Justica, H.; Wray, J.W.; Sonnenschein, C. 1991. /J-Nonylphenol: an estrogenic 
xenobioticc released from modified polystyrene. Environ. Health Perspect. 92: 167-173. 

29.. Legler, J.; Van den Brink , C.E.; Brouwer, A.; Murk , A.J.; Van der  Saag, P.T.; Vethaak, A.D.; 
Vann der  Burg, B. 1999. Development of a stably transfected estrogen receptor-mediated luciferase 
reporterr gene assay in the human T47D breast cancer cell line. Toxicol. Sci. 48: 55-66. 

30.. Jobling, S.; Sheahan, D.; Osborne, J.A.; Matthiessen P.; Sumpter, J.P. 1996. Inhibition of testicular 
growthh in rainbow trout {Oncorhynchus mykiss) exposed to estrogenic alkylphenolic chemicals. 
Environ.Environ. Toxicol. Chem. 15: 194-202. 

31.. Routledge E.J.; Sumpter, J.P. 1997. Structural features of alkylphenolic chemicals associated with 
estrogenicc activity. J. Biol. Chem. 272: 3280-3288. 

32.. Purdom, C.E.; Hardiman, P.A.; Bye, V.J.; Eno, N.C.; Tyler, C.R.; Sumpter, J.P. 1994. Estrogenic 
effectss of effluents from sewage treatment works. Chem. Ecol. 8: 275-285. 

33.. Dachs, J.; Van Ry, D.A.; Eisenreich, S.J. 1999. Occurrence of estrogenic nonylphenols in the urban 
andd coastal atmosphere of the lower Hudson River estuary. Environ. Sci. Technol. 33: 2676-2679. 

34.. Van Ry, D.A.; Dachs, J.; Gigliotti , C.L.; Brunciak, P.A.; Nelson, E.D.; Eisenreich, S.J. 2000. 
Atmosphericc seasonal trends and environmental fate of alkylphenols in the lower Hudson River Estuary. 
Environ.Environ. Sci. Technol. 34: 2410-2417. 

26 6 



GeneralGeneral introduction 

35.. Petrovic, M.; Barceló, D. 2003. Concentrations of surfactants in wastewater treatment plants. In: 
Knepper,, T.P., Barceló, D., De Voogt, P. (Editors), Analysis and fate of surfactants in the aquatic 
environment.. Elsevier, Amsterdam, The Netherlands, 655-673. 

36.. Giger, W.; Brunner, P. H.; Schaffner, C. 1984. 4-Nonylphenol in sewage sludge: accumulation of 
toxicc metabolites from nonionic surfactants. Science 225: 623-625. 

37.. De Voogt, P.; Kwast, O.; Hendriks, R.; Jonkers, N. 2000. Alkylphenol ethoxylates and their 
degradationn products in abiotic and biological samples from the environment. Analusis 28: 776-782. 

38.. Knepper, T.P.; Petrovic, M.; De Voogt, P. 2003b. Occurrence of surfactants in surface waters and 
freshwaterr sediments - I. alkylphenol ethoxylates and their degradation products. In: Knepper, T.P., 
Barceló,, D., De Voogt, P. (Editors), Analysis and fate of surfactants in the aquatic environment. 
Elsevier,Elsevier, Amsterdam, The Netherlands, 675-693. 

39.. Bennie, D.T. 1999. Review of the environmental occurrence of alkylphenols and alkylphenol 
ethoxylates.. Water Qual. Res. J. Canada 34: 79-122. 

40.. Jonkers, N.; De Voogt, P. 2003b. Nonionic surfactants in marine and estuarine environments. In: 
Knepper,, T.P., Barceló, D., De Voogt, P. (Editors), Analysis and fate of surfactants in the aquatic 
environment.. Elsevier, Amsterdam, The Netherlands, 719-747. 

41.. Shang, D.Y.; Macdonald, R.W.; Ikonomou, M.G. 1999. Persistence of nonylphenol ethoxylate 
surfactantss and their primary degradation products in sediments from near a municipal outfall in the 
straitt of Georgia, British Columbia, Canada. Environ. Sci. Technol. 33: 1366-1372. 

42.. Ferguson, P. L.; Bopp, R.F.; Chillrud , S.N.; Aller , R.C.; Brownawell, B. J. 2003. Biogeochemistry 
off  nonylphenol ethoxylates in urban estuarine sediments. Environ. Sci. Technol. 37: 3499-3506. 

43.. Jones, F.W.; Westmoreland, D.J. 1998. Degradation of nonylphenol ethoxylates during the 
compostingg of sludges from wool scour effluents. Environ. Sci. Technol. 32: 2623-2627. 

44.. Ejlertsson, J.; Nilsson, M.; Kylin , H.; Bergman, A.; Karlson, L.; Öquist, M.; Svensson, B. 1999. 
Anaerobicc degradation of nonylphenol mono- and diethoxylates in digestor sludge, landfilled municipal 
solidd waste, and landfilled sludge. Environ. Sci. Technol. 33: 301-306. 

45.. Heemken, O.P.; Reincke, H.; Stachel, B.; Theobald, N. 2001. The occurrence of xenoestrogens in the 
Elbee river and the North Sea. Chemosphere 45: 245-259. 

46.. Lee H.B.; Peart, T.E. 1995. Determination of 4-nonylphenol in effluent and sludge from sewage 
treatmentt plants. Anal. Chem. 34: 1976-1980. 

47.. Boyd-Boland, A.A.; Pawliszyn, J.B. 1996. Solid-phase microextraction coupled with high-
performancee liquid chromatography for the determination of alkylphenol ethoxylate surfactants in 
water.. Anal. Chem. 68: 1521-1529. 

48.. Kiewiet, A.T.; De Voogt, P. 1996. Chromatographic tools for analyzing and tracking nonionic 
surfactantss in the aquatic environment. J. Chromatogr. A 733: 185-192. 

49.. Lee H.B. 1999. Review of analytical methods for the determination of nonylphenol and related 
compoundss in environmental samples. Water Qual. Res. J. Canada 34: 3-35. 

50.. Jonkers, N.; De Voogt, P. 2003a. Methods for the sample handling of non-ionic surfactants in sludges 
andd sediments. In: Knepper, T.P., Barceló, D., De Voogt, P. (Editors), Analysis and fate of surfactants 
inn the aquatic environment. Elsevier, Amsterdam, The Netherlands, 415-441. 

27 7 



ChapterChapter 1 

51.. Ferguson, P. L.; Iden, C. R.; Brownawell, B. J. 2000. Analysis of alkylphenol ethoxylate metabolites 
inn the aquatic environment using liquid chromatography-electrospray mass spectrometry. Anal. Chem. 

72:: 4322-4330. 

52.. Bennett, E.R.; Metcalfe, CD. 2000. Distribution of degradation products of alkylphenol ethoxylates 
nearr sewage treatment plants in the lower Great Lakes, North America. Environ. Toxicol. Chem. 19: 
784-792. . 

53.. Eichhorn P.; Knepper  T.P. 2002. Alpha, beta-unsaturated sulfophenylcarboxylates as degradation 
intermediatess of linear alkylbenzenesulfonates: evidence for Omega-oxygenation followed by beta-
oxidationss by liquid chromatography-mass spectrometry. Environ. Toxicol. Chem. 21: 1-8. 

54.. Vethaak, A.D. 1998. Wildlif e and human health risks of endocrine-disrupting compounds, with 
particularr reference to the Netherlands: introduction and overview. In: Vethaak, A.D. Rijs, G.B.J.; Van 
derr Burg, B., Brouwer, B. (Editors), Endocrine-disrupting compounds: wildlif e and human health risks. 
SymposiumSymposium proceedings. The Hague, The Netherlands, 8-14. 

55.. Fontaine, N.; Glavany, J. 2000. Directive 2000/60/EC of the European Parliament and of the council. 
OfficialJournalOfficialJournal of the European Communities, 22.12.2000, document L327. 

56.. Danish Environmental Protection Agency 2000. List of undesirable substances 2000 (LOUS). Danish 
Ministryy of the Environment, Environmental Review Nr. 9, 2000. 

57.. Matthiessen, P.; Allen, Y.; Bamber, S.; Craft , J.; Hurst, M.; Hutchinson, T.; Feist, S.; Katsiadaki, 
I.;;  Kirby , M.; Robinson, C; Scott, S.; Thain, J.; Thomas, K. 2002. The impact of oestrogenic and 
androgenicc contamination on marine organisms in the United Kingdom - summary of the EDMAR 
programme.. Marine Environ. Res., 54: 645-649. 

58.. OSPAR 1998. OSPAR Strategy with regard to Hazardous Substances, reference number: 1998-16, 
www.ospar.org/eng/html/sap/SlTategy_hazardous_substances.htm,, accessed November 20, 2003. 

28 8 

http://www.ospar.org/eng/html/sap/SlTategy_hazardous_substances.htm

