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ChapterChapter 1 

"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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GeneralGeneral introduction 

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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ChapterChapter 1 

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. 
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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. . 
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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. 
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Abstrac t t 

Thee analysis of alkylphenol ethoxylate (A9PEOn) surfactants with LC-ESI-MS was 
investigatedd in a detailed study of the formation of different types of adducts. Part of the 
observationss were explained by calculating their relative stabilities using molecular 
dynamicss techniques. 
Strongg differences in adduct formation behaviour were found for different oligomers. 
Besidee the common sodium adducts, surfactant dimer adducts [2xA9PEO]!2-i-Na]+, adducts 
includingg a solvent molecule [A9PEOi2+MeOH+Na]+ and doubly charged adducts 
[A9PEO>,, ,+2xNa]2+ were found. 
Molecularr dynamics calculations showed that the A9PEOn molecule wraps itself around the 
complexingg sodium ion in a way that negative electronic charges on oxygen have optimum 
electrostaticc interaction with this ion. Van der Waals interactions between alkyl chains are 
off  less importance for the stability of these adducts. Both [2xA9PE02,5+Na]+ dimer and 
[A9PEC>2,5+Na]++ monomer adducts turned out to be stable from an energetic point of view 
withh adducts of A9PEOs being more stable than adducts of A9PE02. Only for the monomer 
adductt the latter is in accordance with experimental observations. 

Consequencess of the formation of several adducts per A9PEOn oligomer for the quantitative 
analysiss of environmental samples were evaluated. In clean samples, it was found that the 
presencee of short chain A9PEO]  2 can cause an overestimation of long-chain A9PEO>2. In 
reall  environmental extracts, other processes like matrix effects have a stronger influence on 
thee quantitative result, and therefore no significant influence of adduct formation processes 
couldd be observed. However, inclusion of [A9PEOi;2+MeOH+Na]+ adduct signals does 
improvee the detection limits of these two oligomers. 
Correctt quantitative results are obtained when A9PEO1 and A9PE02 are quantified 
separately,, and longer oligomers with a molar calibration followed by correction of the 
averagee molar weight of the A9PEO>2 in the sample. 

2.1.. Introductio n 

Liquid-chromatographyy - mass spectrometry (LC-MS) has in recent years become the 
preferredd analytical instrument for analyzing relatively polar organic molecules. The reasons 
forr this development are the high amount of information and low detection limits which can 
bee obtained with this technique, as well as decreasing prices of the instrumentation. An 
importantt additional advantage of LC-MS compared to GC-MS is that there is no need to 
derivatizee the often non-volatile analytes in LC-MS applications. 
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Forr nonionic surfactants, the trend is no different, and it is becoming increasingly difficult 
too find any recent publication in which LC-MS has not been applied. Alkylphenol 
ethoxylatess (APEOn) are one of the principal groups of nonionic surfactants, and their 
environmentall  relevance lies in the aquatic toxicity, in the estrogenic activity caused by 
somee of their metabolites, and in the large amounts in which APEOn are still being 
produced.. APEOn consist of many alkyl (mainly nonyl, A9PEOn) isomers and ethoxylate 
oligomers,, which makes the analysis of even standards rather complicated. Several aspects 
off  LC-MS analysis of A9PEOn have been described in detail in recent studies [1-4]. When 
differentt studies using LC-MS analysis of A9PEOn are compared, the variety in methods 
appliedd is enormous. The variety of LC-MS methods makes the comparison of analytical 
resultss difficult and may even lead to systematic errors [5]. This diversity could be 
consideredd as the main drawback of LC-MS compared to GC-MS, as methods for the latter 
techniquee are much more comparable. 

Reversedd phase Cig is most often used, as the solvents used with this stationary phase are 
polarr and have a high dielectric constant, which facilitates electrospray ionization. The fact 
thatt surfactants with an equal alkyl chain length elute simultaneously in reversed phase LC 
iss considered an advantage by most scientists, as it facilitates peak integration. Other 
scientistss prefer to use normal phase columns (in which all ethoxylate oligomers are 
separated),, to have a more reliable identification of every separate ethoxymer [2]. 
Thee LC-MS interface applied can be either the electrospray ionization (ESI) interface or the 
Atmosphericc Pressure Chemical Ionization (APCI) interface, although the use of the latter is 
onlyy reported sporadically in literature. For nonionic surfactants, the ionization mode is 
alwayss positive. Adduct ions detected depend on the mobile phase buffers used, and involve 
usuallyy sodium [2,3] or ammonium [6,7]. 

Responsess in LC-ESI-MS analysis vary between individual A9PEOn oligomers, with the 
shortt chain A9PEOi2 adducts having a relatively low response. For this reason, there is an 
ongoingg discussion on the validity of quantitative analysis of environmental samples in 
whichh the standard composition is not equal to the A9PEOn mixture in the sample (which is 
usuallyy the case). The analysis is further complicated by the formation of various types of 
adductss in the LC-MS interface. In most studies, only single metal adducts are selected in 
thee selected ion monitoring (SIM) analysis, whereas other adducts are formed as well. 
Severall  aspects of the adduct formation processes occurring in the LC-MS analysis of 
A9PEOO have been discussed in literature, such as the formation of the doubly charged 
adductss [A9PEOn+2xNa]2+ [2,3,7,8], or dimer adducts [2*A 9PEOn+Na]+ [9].  However, no 
systematicc study providing an overview of these processes and determining the influence of 
LC-MSS conditions has been reported so far. 

Inn low resolution mass spectrometry, no distinction can be made between dimer adducts and 
somee longer A9PEOn oligomer monomer adducts, as their m/z value is equal, e.g. both 
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[2xA9PE02+Na]++ and [A 9PE09+Na]+ have m/z=639. A similar observation is made for 

[A 9PEOn+2xNa]2++ adducts, which have an m/z equal to either short-chain [A 9PEOn+Na]+ or 

[A 9PEOn+H]+,, e.g. both [A9PEOi5+2><Na]2+ and [A 9PE05+Na]+ have m/z=463. Evidently, 

thiss complicates their identification in RP-LC-MS, when all ethoxylates elute 

simultaneously. . 

Molecularr modeling calculations may provide a theoretical tool to explain the observed 

adductt formation behaviour of compounds in LC-MS. A number of studies in this field have 

beenn successfully performed in recent years, showing a good complementarity of LC-ESI-

MSS analysis and molecular modeling in the study of the stability of organic molecule -

alkalii  metal complexes [10-12]. Hofmeister et al. provided experimental and theoretical 

prooff  (using molecular mechanics calculations) that during mass spectrometry ionization, 

alkalii  metals tend to coordinate with several oxygen atoms in one molecule [13]. Studies on 

crownn ethers gave similar results [10, 14, 15]. 

Severall  molecular modeling studies on surfactants can be found in literature. All of these 

studiess focus on the application of surfactants as emulsifier/dispersant, and therefore study 

theirr behaviour at interfaces, expressed by parameters like the molecular conformation at the 

interfacee [16], interfacial energy [17] alkane-water partitioning coefficients [18], molecular 

interfaciall  area [19] and micel formation mechanisms [20]. Only one study is known in 

whichh molecular modeling is applied to A9PEOn. In that study, physical parameters such as 

dipolee moment and molecular area at interfaces were determined by molecular mechanics 

andd molecular dynamics [19]. 

Objectives Objectives 

Thiss research aims to describe and explain the main adduct formation processes of A9PEOn 

inn LC-ESI-MS analysis. The study wil l mainly focus on the electrospray interface and 

reversedd phase LC column, but a number of deviations from this base method is 

investigated,, including different buffers, solvents and column types. 

Ann attempt is made to explain some of the adduct formation processes by molecular 

modelingg calculations. The main theoretical, molecular dynamics, objective is a preliminary 

studyy of the relative stabilities of [2xA9E02,5+Na]+ dimer and [A9E02,5+Na]+ monomer 

adductss from an energetic point of view. In addition we would like to obtain insight in the 

three-dimensionall  structure of the adducts. 

Thee consequences of the observed adduct signals for the detection and quantification of 

A 9PEOnn in environmental samples are evaluated by analyzing and quantifying samples 

usingg several combinations of adduct signals. Finally, the influence of the use of different 

A 9PEOnn calibration standard mixtures on the quantitative result is determined. 
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2.2.. Experimenta l sectio n 

Thee LC-MS instrument used was a Thermoquest Navigator aQa single quadrupole system 
withh an electrospray (ESI) interface. Two LC-columns were used: a reversed phase 
Lichrospherr RP-C18 column (dimensions 125x2 mm, 3(im) and a normal phase Hypersil 
NH22 column (dimensions 100x2 mm, 3um), both from Phenomenex, Torrance, USA. 

Chemicals Chemicals 
HPLC-gradee methanol and acetonitrile were used (Rathburn, Walkerburn, Scotland). 
Nanopuree water was produced with a Barnstead D4742 ultrapure water system. Sodium 
acetatee and potassium acetate (p.a.) were purchased from Baker (Deventer, NL) and 
ammoniumm acetate from Merck (Amsterdam, NL). Pure A9PEO] and A9PE02 standards 
weree synthesized by dr. F. Ventura of AGBAR, Barcelona. Technical mixtures of on 
averagee A9PEOi0 (with an ethoxylate range of 3 to 16 units, mixture II), A9PEO4 (ethoxylate 
rangee of 2 to 9, mixture IV), A9PE02 (ethoxylate range of 1 to 5, mixture V) and A8PEOg 

(ethoxylatee range of 3 to 17) were provided by Shell Amsterdam, The Netherlands, and ICI, 
Wilton,, UK. The exact oligomer distributions of the A9PEOn mixtures are shown in table 
2.1.. Pure A9PE02 and NP standards containing 13C labeled aromatic rings were purchased 
fromm Cambridge Isotope Laboratories, Andover, USA. 

LC-MSLC-MS Approach 
Ass our interest lies mainly in the processes occurring during the LC-MS analysis of 
environmentall  samples, our approach deviated somewhat from earlier studies on the 
formationn and stability of adducts in LC-ESI-MS. Our approach focused on the phenomena 
occurringg at low analyte concentrations of around 106 M with a high excess of metal ions 
(10"44 M). Most attention was paid to the formation of adducts containing sodium in the 
electrosprayy interface using a reversed phase LC-column. The ionization voltage was set to 
+4.00 kV, and a cone voltage of 20 V was used. 
Inn this "base method", the mobile phases consisted of pure methanol (A) and water-
methanoll  3:1 (v:v) containing 0.1 mM sodium acetate (B). This method was previously 
describedd by Jonkers et al. [21], A fast LC gradient elution was used for the adduct 
formationn studies: starting at 60% A for two minutes, the mobile phase was brought to 
100%% A in 9 minutes, where it was kept for 10 minutes, before returning to the starting 
compositionn in one minute and equilibrating for 8 minutes. 

AA programmable valve was inserted between the column and the interface, diverting the 
mobilee phase away from the interface during the first 2 and the last 9 minutes of each run. 
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Inn this way, precipitation of the buffer in the interface was strongly reduced. Diverting the 

mobilee phase away from the interface did not compromise the stability of the signals. 

Fulll  scan analyses (m/z range 100-1100) were performed on pure standards of A9PEO1 and 

A9PEO2,, and the technical A9PEO„ mixtures mentioned above. In addition, for several 

adductss the stability was studied by determining the effect of increased cone voltages on the 

signall  intensity. 

First,, the adduct formation using the base method was studied in detail. Then, several 

parameterss in this method were varied systematically (keeping all other parameters 

unchanged)) to investigate the effect on the type of adducts detected. The following 

parameterss were changed: 

-- the sodium acetate (NaAc) buffer was changed to ammonium acetate (NH4Ac) (2 mM), 

potassiumm acetate (0.1 mM) or an equimolar mixture of ammonium, potassium and sodium 

acetatee (all 0.1 mM) 

-- the mobile phase solvent was changed from methanol to acetonitrile 

-- the column was changed to a normal phase NH2-column, using a mobile phase of 

hexane/isopropanoll  98/2 (A) and isopropanol/water 97/3 with NaAc (0.1 mM) (B). A 

gradientt was applied which started at 99% A for 8 minutes, then decreased to 55% A in 18 

minutess and further to 1% A in 2 minutes. 

-- the electrospray ionization mode was changed from positive to negative (-4.0 kV) 

-- the LC-MS interface was changed from ESI to APCI (positive ionization, +4.0 kV corona 

voltage) ) 

MolecularMolecular modeling approach 

AA preliminary theoretical study was performed in which molecular dynamics was applied in 

orderr to explain some of the phenomena occurring in the ESI ionization of A9PEOn. First, 

relativee stabilities of the observed adducts were calculated and used to explain the formation 

off  dimer adducts [2><A9PEOn+Na]+. Next, the calculated relative stabilities of these dimer 

adductss were compared for the short chain and longer chain oligomers A9PE02 and 

A 9PE05. . 

Too investigate the influence of the type of alkyl isomer on adduct stability, all calculations 

weree done for two types of alkyl chains of the A9PEOn molecules. Two structurally extreme 

isomerss were chosen: linear nonyl-1 (denoted by N later on) and the maximally branched 

2,2,4,4-tetramethylpentyl-33 (denoted by T). In reality, A9PEOn mixtures exist of at least 23 

alkyll  isomers, of which the degrees of branching are somewhere in between the two 

structuress chosen [22, 23]. 

Thee calculated stabilities of the lowest energy conformers should reflect the observed 

signalss in LC-MS, while the three-dimensional conformation can give insight into the types 
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off  interaction which are responsible for the observed phenomena, i.e. van der Waals 
interactionn between alkyl chains or Coulomb interactions in the polar part of the molecule. 
Relativee stabilities of adducts were calculated by subtracting the energy (E in kcal/mol) of 
thee reagents from the energy of the adduct product according to the following equations: 

EE (formation of dimer adduct) = E ([2*A 9PEOn+Na]+ ) - 2*E (A9PEOn) - E (Na+) (la) 

EE (formation of monomer adduct) = E ([A9PEOn+Na]+ ) - E (A9PEOn) - E (Na+) (1 b) 

wheree n=2 or 5. 
Thee molecular dynamics method for the calculation of energy was a slightly modified 
versionn of a procedure previously described by our group [24]. The details of this 
modificationn will be described elsewhere. Essential characteristics included the use of the 
Amber966 force field for the calculation of bond stretching, angle bending and torsional 
interactionss and nonbonded interactions within and between molecules. Electrostatic 
interactionn was calculated from PM3 generated quantum mechanical atomic charges. The 
chargee on the sodium ion was +0.862 as determined by fit  to the experimental value of the 
enthalpyy of hydration of the sodium ion, and neutral organic (parts of the) molecules were 
assumed.. Hydrogen bonding was neglected. E(Na+) = 0 in this approach. Molecules were 
placedd in cubic boxes with an edge of 23 A. Switched inner/outer summation cut off 
distancess of 5/9 A were applied in combination with scaling factors of 1.58 as determined 
elsewheree [25]. 

Priorr to full molecular dynamics runs cyclic annealing took place (three cycles with 8, 4 and 
88 ps as heating, run and cooling periods, respectively). Starting structures were obtained by 
sketchingg in 2D followed by 3D model building, geometrical optimization in PM3 (see 
above)) and Amber96. Full molecular dynamics runs at 300 K and 495 K were carried out 
withh heating from 0 K to these temperatures during 16 ps followed by 144 ps equilibration 
pluss run times and cooling down to 0 K in 8 ps with time steps of 0.0008 ps. 0 K energy 
valuess were considered to be equal to the lowest geometrically optimized values obtained. 
Representativee structures of reagents and adducts were saved. 

Priorr to its application the method was validated by calculation of the energy of 
vaporizationn of methanol, n-nonane, 2,2,4,4,-tetramethylpentane, phenetole and 
ethyleneglycoll  monoethylether. These compounds contain all types of atoms also present in 
A9PEOn.. Experimental values were reproduced within 0.3 kcal/mol. 

ComparisonComparison of quantification methods 
Inn order to further evaluate the results obtained regarding the formation of different A9PEOn 

adducts,, the consequences for the quantitative determination of A9PEOn in environmental 
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sampless were investigated. To that end, both distilled water (blanks) and extracts from field 
sampless were spiked with known amounts of several types of A9PEOn mixtures. These 
amountss were then quantitatively determined selecting and comparing different 
(combinationss of) adducts for the calibration. 
Blankss were spiked with one of four different mixtures: 
-- a mixture of pure A9PEO1 and A9PE02 (mixture I) 
-- an industrial standard containing a mixture of nonyl isomers with an average ethoxylate 
chainn length of 10 units (range A9PEO3.16, mixture II) 
-- a mixture of pure A9PEO1, A9PEO2 and A9PEO3.16 (mixture III ) 
-- an industrial standard containing a mixture of nonyl isomers with an average ethoxylate 
chainn length of 4 units (range A9PEO2-9, mixture IV) 
Al ll  mixtures were spiked in amounts of 200 ng to approximately 1 mL. Four replicates were 
preparedd for each A9PEOn mixture. 

Thee sediment and water samples used for spiking had been collected in the Dutch coastal 
areaa and the Rhine and Scheldt estuaries (The Netherlands). For the 6 water samples, 
dissolvedd organic carbon varied from 1.5 to 2.9 mg L"1. In the 6 sediment samples, the 
organicc carbon content ranged from 0.09 to 1.5%, with fractions of sediment particles 
smallerr than 63um (clay/silt fraction) between 0.01 and 0.35. The samples had been pre-
treatedd using Soxhlet and SPE according to methods described earlier [21]. 
Thee extracts were split, and to one part the spike was added. Three different A9PEOn 

mixturess were tested: mixture I, II and III (see above). Each A9PEOn mixture was spiked to 
twoo water and two sediment extracts, in amounts of 200 ng. 

Too all calibration standards, spiked blanks and extracts used in the quantification tests, I3C-
A9PEO22 was added as internal standard, to correct for matrix effects or fluctuations in LC-
MSS sensitivity. 
Thee concentrations of the A9PEOn in all spiked blanks, spiked and non-spiked extracts were 
determinedd using our base method. However, the LC gradient was slower than in the adduct 
formationn studies described above to improve separation of analytes and interferences, with 
runss of 45 minutes, as reported in Jonkers et al. [21]. The selected ion monitoring mode was 
used,, selecting m/z values of all possible monomer, dimer, disodium and solvent adducts 
(describedd in the LC-MS results section) for detection. 
8-pointt calibration curves were used for the standards A9PEO[, A9PE02, A9PE03_i6 

(mixturee II), A9PEO2-9 (mixture IV) and A9PEOU5 (mixture V). For A9PEOh A9PE02 and 
mixturee II, several calibration curves were constructed, using either the mono sodium 
adductt signals, or the sum of monomer, dimer and solvent adducts. 

36 6 



AdductAdduct formation ofnonylphenol ethoxylates in LC-ESI-MS 

Inn addition, a comparison was made of the quantification of samples using calibration 
curvess of the different A9PEOn mixtures II, IV and V, both on a molar and on mass basis. 
Thee summation of the mono and disodium adduct signals was used for this quantification. 
Eachh test sample was analyzed in duplicate. 

Tablee 2.1: Oligomer distributions in AgPEOn standard mixtures used for quantifications, 

expressedd as molar fractions. 

oligomer r 

A9PE01 1 

A9PE02 2 

A9PE03 3 

A9PEO4 4 

A9PE05 5 

A9PE06 6 

A9PE07 7 

A9PE08 8 

A9PE09 9 

A9PEO10 0 

AgPEOn n 

A9PE012 2 

A9PE013 3 

A9PE014 4 

A9PE015 5 

A9PE016 6 

standardd mixture 

A9PE03.166 (II) 
0.001 1 

0.005 5 

0.02 2 

0.07 7 

0.08 8 

0.08 8 

0.11 1 

0.12 2 

0.12 2 

0.11 1 

0.09 9 

0.08 8 

0.06 6 

0.03 3 

0.02 2 

0.01 1 

A9PE02.99 (IV) 

0.003 3 

0.15 5 

0.19 9 

0.26 6 

0.15 5 

0.09 9 

0.07 7 

0.04 4 

0.02 2 

0.008 8 

0.003 3 

0.003 3 

0.001 1 

0 0 

0 0 

0 0 

A9PE01.55 (V) 
0.15 5 

0.41 1 

0.28 8 

0.13 3 

0.03 3 

0.006 6 

0.002 2 

0.001 1 

0 0 

0 0 

0 0 

0 0 

0 0 

0 0 

0 0 

0 0 
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2.3.. Result s 

2.3.1.2.3.1. LC-MS results 

AdductAdduct formation in the base LC-ESI-MS method. 
Inn our base LC-ESI-MS method, several pronounced series of adducts were observed. 
Exampless of mass spectra of mixture I and II are shown in figure 2.1. For most A9PEOn 

oligomers,, additional signals were observed besides the sodium adduct. The signals with 
normalizedd abundances are given in table 2.2, showing the remarkable differences in 
ionizationn behaviour for this so-called "homologous series" of oligomers. In table 2.3, an 
overvieww is given of all m/z values for A9PEOn detected in all methods tested in this study. 
Forr short chain A9PEOn only, signals corresponding to methanol-sodium 
[A9PEOn+MeOH+Na]++ and dimer adducts [2xA9PEOn+Na]+ were observed. Especially the 
[A9PEOi+MeOH+Na]++ signal is relevant, as it has a higher abundance than [A9PEO]+Na]+. 
Overlookingg this adduct may be an explanation why many studies from literature reported a 
veryy low response for this oligomer [7, 26-28]. [A9PEO,,2+MeOH+Na]+/ [A9PEOU2+Na]+ 

signall  intensity ratios were on average 6.0 (A9PEOi) and 0.19 (A9PE02) and remain 
constantt with increasing A9PEOn concentration. 

Figuree 2.2 shows that the relative abundance of the [2xA9PEOn+Na]+ adduct is 
concentrationn dependent. The [A9PEOn+A9PEOn+i+Na]+ adduct signal (n= 1 or 2) of two 
differentt short chain oligomers was also detected (m/z 595 and 683), albeit at lower 
intensityy than the homogeneous dimer adducts. For longer oligomers, neither 
[2xA9PEO>3+Na]++ nor [A9PEO>2+MeOH+Na]+ signals were detected. 

Tablee 2.2: Normalized signal intensities of the adducts of several A9PEOn for the base method, 
expressedd as percentages of the most abundant signal. Average signals of concentrations 
fromm 0.5 to 10 ug ml / 1 are shown. 

oligomer oligomer 

A9PEO! ! 

A9PEO2 2 

A9PE03 3 

A9PEO10 0 

A9PE012 2 

A9PE014 4 

A9PEO16 6 

[A9PEOn+NH4r r 

0.6 6 

3 3 

2 2 

7 7 

7 7 

6 6 

4 4 

[A9PEOn+Na]+ + 

17 7 

100 100 

100 0 

100 0 

100 0 

100 100 

48 8 

[A9PEOn+ + 
MeOH+Na]+ + 

100 0 

19 9 

0 0 

0 0 

0 0 

0 0 

0 0 

[2xA9PEOn+Na]+ + 

12 2 

31 1 

4 4 

0 0 

0 0 

0 0 

0 0 

[A9PEOn+2*Na]2+ + 

0 0 

0 0 

0 0 

0 0 

13 3 

74 4 

100 0 
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250 0 300 0 350 0 400 0 4500 50 0 

m/z z 
550 0 600 0 650 0 700 0 

Figuree 2.1: Mass spectra of two A9PEOn mixtures using full scan positive ES ionization 
(reversedd phase column, with MeOH and NaAc in the mobile phase): a) spectrum of a 
A9PEO3-166 mixture (mixture II). Only for even-numbered A9PEOn, the [A9PEOn+2xNa]2+ signals 
cann be observed separately, b) spectrum of a A9PE01 2 mixture (mixture I). Besides sodium 
adducts,, dimer adducts and adducts containing a solvent molecule are visible. 
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Forr A9PE012 and longer, disodium adducts [A 9PEO>n+2xNa]2+ were observed besides the 

commonn [A 9PEOn+Na]+ signals. The ratios of [A 9PEOn+2xNa]2+/[A 9PEOn+Na]+ are 

difficul tt to determine, as the m/z values of short chain [A 9PEOn+Na]+ and [A 9PEOn+H]+ 

happenn to be equal to those of long chain [A9PEOn+2><Na]2+. For example, the 

[A 9PEO,3+2xNa]2++ adduct has an m/z equal to that of [A 9PE04+Na]+ (m/z 419). However, 

inn analyses using a normal phase column, it was found that the proton adduct of A9PEO is 

nott formed (see section Variation of stationary phase, p. 44), and therefore the 

[A 9PEOn+2xNa]277 [A 9PEOn+Na]+ signal intensity ratios of even-numbered long chain 

A 9PEOnn can be obtained. The [A 9PEOn+2xNa]2+ adduct increases in importance with 

increasingg ethoxylate chain length, while with increasing A9PEOn concentration, the ratio 

tendss to decrease (see figure 2.3). 

Tablee 2.3: Overview of A9PEOn signals detected and their identities for different LC-MS 
methods.. MeOH and ACN signify: only occurring with methanol or acetonitrile in the mobile 
phase,, respectively. 

m/zz value 

287,, 331,375,+ nx44 

282,, 326, 370, + nx44 

551,639,727 7 

595 5 

397,419,4411 + nx22 

413 3 

319,, 363 

328,372,416 6 

495,, 577 

323,367,, 411,+nx44 

263,307,, 351, +nx44 

265,, 309, 353, + nx44 

297,, 341 

Identity y 

[A9PEOi,2,3etc+Na]+ + 

[A9PE01,2,3e,c+NH4]
+ + 

[2xA9PE01i2,3+Na]+ + 

[A9PEOi+A9PE02+Na]+ + 

[A9PEOi2,i3,14etc+2xNa]2+ + 

[A9PE02+NaAc+Na]+ + 

[A9PEOi,2+MeOH+Na]+ + 

[A9PEOi,2,3+ACN+Na]+ + 

[A9PE02+2,3xx NaAc+Na]+ 

[A9pEOi,2,3etc+Acl" " 

[AgPEOuaetc-HT T 

[A9PEOi,2,3etc+Hr r 

[A9PEOi,2+MeOH+H]+ + 

LC-MSS conditions 

ESI+ + 

ESI+ + 

ESI+ + 

ESI+ + 

ESI+ + 

ESI+ + 

ESI++ (MeOH) 

ESI++ (ACN) 

ESI++ (ACN) 

ESI--

ESI--

APCI+ + 

APCI+ + 
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Figuree 2.2: Ratios of [2xA9PEOn+Na]+/[A9PEOn+Na]+ adduct signal intensities for short chain 
AgPEOpp at five surfactant concentrations, using the base LC-ESI-MS method. The relative 
abundancee of dimer adducts increases with increasing surfactant concentration. 

APE0111 APE01 2 APE01 3 APE01 4 APE01 5 APE01 6 APE01 7 

Figuree 2.3: Ratios of [APEOn+2xNa]2+/[APEOn+Na]+ adduct signal intensities for long chain 
A8PEOnn and AgPEOn at three surfactant concentrations, using the base method. * indicates 
thatt the ratio could not be determined, due to overlapping signals of [A9PE0i3i5,i7+2xNa]2+ 

andd short chain [A9PEC,4,5i6+Na]+. 
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Forr the octylphenol ethoxylate surfactants (A8PEOn), the problem of overlapping m/z values 

doess not occur. Analysis of a standard mixture of A8PE03_i7 resulted in ratios of 

[A 8PEOn+2xNa]2+/[A 8PEOn+Na]++ shown in figure 2.3. Analogous to A9PEOn, for A8PEOn 

ann increase of this ratio with increasing ethoxylate chain length is observed. 

Att higher cone voltages, the signal intensities of [2xA9PEOn+Na]+ and [A9PEOn+2><Na]2+ 

dropp more sharply than [A9PEOn+Na]+, indicating that dimer and disodium complexes are 

significantlyy less stable than the mono sodium adducts (see figure 2.4). The signal 

intensitiess of [A 9PEOn+MeOH+Na]+ and [A 9PEOn+Na]+ decrease to the same extent at 

higherr cone voltages (their ratio remains constant in figure 2.4), indicating these adducts are 

off  comparable stability. 

AA closer inspection of the background signal revealed that much of this signal can be 

attributedd to constantly eluting clusters of buffer ions [«xNaAc+Na]+ (m/z 269, 351, 597, 

6799 for «=3,4,7,8). 

c c 

'3> > 

a> > 

'm m 
£ £ 
o o 
c c 

1.6 6 

1.2 2 

0.8 8 

0.4 4 

0.0 0 
10 0 20 0 300 40 

conee voltag e 
50 0 60 0 70 0 

Figuree 2.4: Signal ratios of disodium, dimer or solvent adducts and their corresponding mono 
sodiumm adducts at different cone (fragmentation) voltages. : [A9PEOi6+2xNa]2+/ 
[A9PE016+Na]+;; o; [A9PEOi4+2xNa]2+/ [A9PE014+Na]+; +: [2xA9PE02+Na]+/ [A9PE02+Na]+; K 
[A9PE02+MeOH+Na]+// [A9PE02+Na]+ (ESI+ mode, with MeOH and NaAc in mobile phase). All 
disodiumm and dimer adducts are less stable than the sodium adduct at increasing voltages, 
whilee the solvent adduct remains equally stable. 
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InfluenceInfluence of the mobile phase buffer composition on adduct formation 

InIn general, when the NaAc buffer in the mobile phase was replaced by a NH4Ac or KAc 

buffer,, the adduct types observed were similar to those of the base method (with Na 

replacedd by NH4 or K). It has been mentioned (although not demonstrated) before in 

literaturee that the cation in [A 9PEOn+NH4]
+ adducts is less tightly bound than in 

[A 9PEOn+Na]++ adducts [7]. The relatively low stability of ammonium adducts is confirmed 

inn the present study by the relatively high abundance of sodium adducts despite an 

ammoniumm acetate buffer concentration of 2 mM. For both the ammonium acetate and 

potassiumm acetate buffers, [A 9PEOn+Na]+/ [A 9PEOn+NH4 or K] + ratios were highest for the 

A9PEO33 oligomer (0.39 and 0.14, respectively). 

Similarr to the analyses using the base method, for short A 9PEO^ oligomers the dimer 

adductss [2xA9PEOn+NH4]
+ and [2xA9PEOn+K] + and for long A9PEO>13 oligomers the 

doublyy charged [A 9PEOn+2xNH4]
2+ and [A 9PEOn+2*K] 2+ signals were observed when 

usingg the ammonium or potassium buffer, respectively. Relative abundances of dimer and 

doublyy charged adducts were somewhat lower than in the base method, but showed the 

samee dependence on concentration and ethoxylate chain length. However, no adducts 

includingg a methanol molecule were observed for either buffer. 

Too compare the metal preference of A9PEOn during adduct formation, equimolar amounts of 

thee three buffers NaAc, NH4Ac and KAc were added to the mobile phase (0.1 mM of each). 

Thee results showed that for all oligomers, the potassium adduct [A 9PEOn+K] + gave a more 

abundantt signal than [A 9PEOn+Na]+ and [A 9PEOn+NH4]
+. The ratio of the sodium or 

ammoniumm and the potassium adduct signals [A9PEOn+Na or NH4]
+/ [A 9PEOn+K] + was 

highestt for the A9PE04 oligomer (0.28 for sodium and 0.19 for ammonium). 

InfluenceInfluence of the organic modifier on adduct formation 

Whenn the organic modifier in the mobile phase was substituted by acetonitrile (ACN) using 

aa NaAc buffer, disodium and dimer adducts were formed similar to the base method. 

Adductss including a solvent molecule were formed as well, with the [A9PEO],2+ACN+Na]+ 

adductt abundances being higher than those of [A9PEO]  2+Na]+. 

InIn addition, a significant series of signals with m/z = 413, 495, 577 and 659 (m/z = 

413+«x82)) were observed for short A9PEOn oligomers. Two types of adducts could be 

responsiblee for this: [A 9PE02+2xACN+Na]+ or [A 9PE02+NaAc+Na]+ (for m/z 413). 

Signalss with m/z values corresponding to A9PEOn adducts containing 3 or 5 acetonitrile 

moleculess were not observed, which would mean that acetonitrile would only cluster to an 

A9PEOnn adduct in pairs of two, which seems unlikely. Additional analyses were performed 

withh ammonium acetate and acetonitrile in the mobile phase, but neither the signals of 

[A 9PE02+2xACN+NH4]
++ (m/z = 408) nor [A 9PE02+NH4Ac+NH4]

+ (m/z = 403) were 

observed,, and therefore no additional clues were obtained for the identity of the previously 
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mentionedd sodium adducts of m/z 413+^x82. However, after a closer inspection of mass 

spectraa of A9PE02 obtained with the base method, a small trace of the signal with m/z 413 

wass found, confirming its identity as [A 9PE02+NaAc+Na]+. Therefore, we conclude that the 

seriess of signals with m/z = 413+n><82 belong to [A 9PE02+«xNaAc+Na]+ adducts with n=\-

4.. The [A 9PE02+wxNaAc+Na]+ adduct ions were relatively unstable, as their signal 

decreasedd steeply with increasing cone voltage. 

AA peculiar detail was found in the elution order of the A9PEOn oligomers from the Cjg-

column.. All A9PEOn eluted almost simultaneously as one broad peak of about 2.5 minutes, 

butt with methanol as modifier, short oligomers eluted slightly earlier than long oligomers 

(withh 10-15 seconds between the apexes of consecutive oligomers), while with ACN as 

mobilee phase, this was reversed. Probably, with ACN in the mobile phase, Ci8-chains of the 

stationaryy phase are oriented more linearly and orderly, optimizing the hydrophobic 

interactionss with the analytes, and causing the most apolar oligomer (A9PEO|) to elute last. 

Withh methanol, hydrophilic interaction between the analytes and the stationary phase has 

slightlyy more influence. In both situations, all A9PEO could be integrated as one broad peak. 

VariationVariation of the stationary phase 

Whenn using a normal phase NH2-column, with an appropriate normal phase mobile phase 

(hexane/isopropanol/water),, the observed adducts are similar to those of the base method. 

Bothh dimer and disodium adducts are formed. However, no adducts containing a solvent 

moleculee are observed. 

Ass the different A9PEO„ oligomers are chromatographically separated in normal phase 

analysis,, it was possible to distinguish between e.g. [A 9PEOi3+2xNa]2+ and [A 9PE04+Na]+ 

(m/zz = 419), and therefore ratios of [A 9PEOn+2xNa]2+/[A 9PEOn+Na]+ signal intensity could 

bee determined reliably. These ratios, measured in a sample with a concentration of 15 ug 

mL"11 increased from 0.01 (A9PEOn) to 0.87 (A9PEO!6), which is similar to those observed 

inn reversed phase analysis at high concentrations (for A9PEOi2, A9PEOi4 and A9PEO,6). 

ESIESI in negative mode and APCI in positive mode 

Twoo additional analytical methods were tested, which wil l be discussed only briefly. In one 

methodd negative ionization was used with the ESI interface, and in the other method APCI 

wass applied in the positive mode. 

Thee main signals for A9PEOn in negative ionization were found to correspond to the acetate 

adductss [A9PEOn+CH3COO]~, and to a minor extent deprotonated [A9PEOn-H]" ions were 

alsoo formed. The acetate adducts were relatively unstable, as their signals dropped sharply 

att higher cone voltages. The detection limits were 4 to 50 times higher for [A9PEOn+Ac]~ 

thann for the A9PEOn adducts of the base method, and therefore the practical utility of this 

methodd is limited. 
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Thee main difference between the APCI+ method and the base method was that with APCI 
mainlyy proton adducts were formed. Sodium adducts were of less importance (despite the 
presencee of a sodium acetate buffer). For A9PE02, the most abundant signal was the 
methanol-protonn adduct [A9PE02+MeOH+H]+, while the abundance of the 
[A9PEO,+MeOH+H]++ adduct was relatively low. 

2.3.2.2.3.2. Molecular Dynamics results 

Calculatedd formation energies of monomer and dimer adducts of the two alkyl isomers of 
A9PEO22 and A9PEO5 using equations (la) and (lb) are presented in table 2.4. Uncertainties 
inn the calculated energies amount to about 3 (at 0 K), 1 (at 300 K) or 2 (at 495 K) kcal mol1 

att maximum. In all cases adduct formation energies are negative and the adducts are stable 
withh respect to the reagents. In view of the uncertainties in the calculations no difference 
wass found for the adduct formation energies of nonyl-1 and 2,2,4,4-tetramethylpentyl-3 
isomers.. Taking into account the higher uncertainties in the 0 K results, no significant 
differencess in adduct formation energies are found between 0 and 300 K for all but one 
calculations.. A comparison between the results for 300 and 495 K shows that adduct 
formationn energies become less negative at higher temperature. Finally, the 0 K results 
showw that the major contribution to the total energy of adduct formation originates from the 
electrostaticc interaction, whereas the van der Waals contribution (Etota] - Eeiec) is much less 
negativee (all dimer adducts) or even positive (all monomer adducts). 

Tablee 2.4: Adduct formation energies (Etotai) of sodiated nonyl-1- (N) and 2,2,4,4-
tetramethylpentyll (T) phenol ethoxylates at various temperatures calculated by molecular 
dynamics.. For 0 K also the electrostatic contribution is given (Eeiec)- Energies are in kcal/mol. 

Adduct t 

[2xNPE02+Nal+ + 

[2*TPE02+Na]+ + 

[2xNPE05+Na]+ + 

[2xTPE05+Na]+ + 

[NPE02+Na]+ + 

[TPE02+Na]+ + 

[NPE05+Na]+ + 

P"PE05+Na]+ + 

OK K 

Etotall telec 

-39.11 -31.9 

-37.77 -32.3 

-53.99 -43.9 

-53.33 -43.4 

-12.55 -17.5 

-13.44 -16.2 

-31.33 -33.5 

-28.77 -32.5 

3000 K 

Etotal l 

-41.9 9 

-31.2 2 

-56.2 2 

-54.4 4 

-14.5 5 

-12.7 7 

-28.1 1 

-30.6 6 

4955 K 

Etotal l 

-26.3 3 

-26.3 3 

-49.0 0 

-45.6 6 

-9.2 2 

-10.2 2 

-27.2 2 

-23.9 9 
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A9PEO55 adducts invariably are more stable than the corresponding A9PE02 adducts. For the 
monomerr adducts, this is in accordance with LC-MS results, which show that short chain 
AgPEO,, 2 have a considerably higher detection limit than longer A9PEO>2, which apparently 
iss caused by the relative instability of the adducts. However, for the dimer adducts the 
calculationss are not in accordance with the observed adducts. First, the calculations suggest 
thatt the [2*A 9PE02+Na]+ dimer adduct is more stable than the [A9PE02+Na]+ monomer, 
whilee the adduct intensities observed in LC-ESI-MS are higher for the monomer than for the 
dimerr adduct (see table 2.2). Next, the [2xA9PE05+Na]+ dimer is calculated to be more 
stablee than the [2xA9PE02+Na]+ dimer, while in LC-ESI-MS the latter dimer adduct is 
observedd and the former not at all. It is clear that a direct correlation between calculated 
stabilityy and observed signal intensity cannot be made for these compounds. 

Figuree 2.5: Lowest energy conformers obtained after molecular dynamics of the dimer adducts 
[2xA9PE02+Na]++ and [2xA9PE05+Na]+. Oxygen atoms (small dark) are coordinated around the 
sodiumm atom (large dark). Alkyl chains are relatively far apart and have little interaction with 
eachh other. 
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Accordingg to the Molecular Dynamics calculations, the A9PEOn molecule wraps itself 
aroundd the complexing sodium ion in a way that negative electronic charges on oxygen have 
optimumm electrostatic interaction with this ion. This is the case for both the monomer and 
dimerr adducts. Figure 2.5 shows the 3D orientation of the lowest energy conformations for 
[2xA9PE02+Na]++ and [2xA9PE05+Na]+. The two alkyl moieties are far apart in these 
conformations,, indicating that van der Waals interactions between alkyl moieties are not the 
mainn driving force for the formation of these dimer adducts. 

Tablee 2.5: Influence of the selection of different combinations of adduct signals on the 
quantification.. Results are shown for three A9PEOn mixtures which had been spiked to blanks 
andd to environmental extracts. Quantifications of A9PEO1, A9PE02 and A9PE03.-|6 are 
expressedd as average percentages of the nominal spiked amount quantified in the samples, 
withh standard deviations (n=4 for each spike mixture). (- = not quantified in this mixture). 

quanti--
fication n 
method d 

A A 

B B 

C C 

A A 

B B 

C C 

D D 

E E 

adductt signal(s) used for 
quantification n 

[AgPEOi+Na]* * 

[AgPEO^Naff + 
[AgPECh+MeOH+Naf f 

[AaPEOi+Na]** + 
[AgPECVMeOH+Naff + 
pxAsPEd+Na]* * 
[A9PE02+Na]+ + 

[A9PE02+Na]++ + 
[A9PE02+MeOH+Na]+ + 

[A9PE02+Na]++ + 
[A9PE02+MeOH+Na]++ + 
[2*A9PE02+Na]+ + 

[A9PE03-16+Na]+ + 

[A9PE03.16+Na]++ + 
[A9PE03.i6+2*Na]2+ + 

mixturee spiked to blank 

mixture e 
I I 

97(7) ) 

1011 (2) 

102(1) ) 

99(3) ) 

1011 (3) 

1011 (2) 

--

--

mixture e 
II I 

--

--

--

--

--

--

102(4) ) 

102(4) ) 

mixture e 
III I 

96(5) ) 

1011 (4) 

157(7) ) 

98(2) ) 

98(3) ) 

112(3) ) 

119(3) ) 

118(3) ) 

mixturee spiked to 
environmentall extract 
mixture e 

I I 
104 4 
(11) ) 

88(12) ) 

86(13) ) 

91(1) ) 

90(3) ) 

91(7) ) 

--

--

mixture e 
II I 

--

--

--

--

--

--

79(19) ) 

73(14) ) 

mixture e 
III I 

86(17) ) 

711 (18) 

722 (22) 

82(7) ) 

811 (11) 

90(12) ) 

899 (30) 

844 (29) 
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2.3.3.2.3.3. Influence of adduct and standard selection on quantitative analysis 

QuantificationQuantification of spiked blanks 

Tablee 2.5 presents the results of the quantitative analysis of the spiking experiments. The 

resultss are expressed as percentages of the spiked amounts found in the samples. Columns 3, 

44 and 5 of table 2.5 show that in most cases the amounts of A9PEOn mixtures I II and III 

spikedd to the blanks was recovered quantitatively, independent of the adduct signals 

selectedd for quantification. 

Thee exceptions are the quantification of A9PEO] and A9PE02 in mixture III when using 

quantificationn method C, and A9PE03.i6 in mixture II I when using either method D or E. In 

thesee cases, a considerable overestimation resulted. This can be explained by the 

overlappingg signals of [2><A9PEOi+Na]+ and [A 9PEO?+Na]+ (m/z = 551) and similarly, 

[2xA 9PE02+Na]++ and [A 9PE09+Na]+(m/z = 639). 

LimitsLimits of detection 

Whenn a comparison is made of detection limits using different adduct signals, the most 

significantt difference is observed for A9PEO1. The detection limit improved considerably 

withh the inclusion of the [A 9PEOi+MeOH+Na]+ signal, with a detection limit of 2.2 ng 

injectedd for quantification method A and 0.3 ng injected for method B. A smaller increase in 

sensitivityy was observed for A9PE02 with detection limits of 0.5 ng injected for method A 

andd 0.4 ng injected for method B. For neither A9PEOi nor A9PE02, additional selection of 

thee dimer adducts (method C) further improved the detection limits. For A9PEO>n, no 

differencee in detection limit (1.1 ng injected) was observed between quantification method 

DD and E. 

Tablee 2.6: Comparison of results of quantitative analysis of different A9PEOn spikes added to 
blanks,, based on different calibration standards. Quantifications of A9PEO1-15 are expressed 
ass average percentages of the nominal spiked amount quantified in the samples, with 
standardd deviations (n=4 for each spike mixture). 

calibrationn curve used 

A9PEO3-166 (M) mass 
A9PEO3-166 (II) molar 
A9PE02-99 (IV) mass 
A9PEO2-99 (IV) molar 

A9PEO1-55 (V) mass 
A9PEO1-55 (V) molar 

standardd mixture spiked to blank 

A9PEO3-166 (II) 
100(4) ) 
100(4) ) 
81(3) ) 
113(4) ) 
109(4) ) 
195(7) ) 

A9PEO2-99 (IV) 
135(4) ) 
97(3) ) 
109(3) ) 
109(3) ) 
1466 (4) 
187(5) ) 

AgPEOi,22 (I) 
67(1) ) 
322 (0.2) 
544 (0.3) 
355 (0.2) 
722 (0.4) 
611 (0.4) 
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SelectionSelection of the calibration standard 

Inn table 2.6, a comparison is made of quantifications of A9PEO1.15 in spiked blanks using 

differentt standard mixtures, and calibrating on a molar or mass basis. For the blanks spiked 

withh the A9PEO2-9 mix (mixture IV), an overestimation occurred when quantifying with the 

calibrationn of A9PE03.i6 (mixture II) based on mass. This is at least partly caused by the 

differencee in average molecular weight between the two standard mixtures. The error 

introducedd is around 35%. This error can be considered as a maximum error which may 

occurr when using this calibration based on mass, as the difference between standard and 

samplee oligomer composition is at its maximum here: normally the AQPEOJ and A9PE02 

oligomerss are quantified with 2 separate standards, while AQPECX mixtures with average 

ethoxylatee chain lengths higher than 15 are hardly ever present in environmental samples. 

Alternatively,, when the samples spiked with the A9PEO2-9 mix are quantified using the 

A9PEO3.166 mixture in a calibration on a molar basis, and afterwards the result is multiplied 

byy the correct average molar weight of the A9PEO2-9 mix, a correct quantification is 

obtained.. From this exercise, it can be concluded that the A9PE03.]6 mix can be used for 

quantificationn of all A9PEO>2, as long as molar calibrations are used. 

Resultss of the quantification with a A9PEO].5 mixture (V) on a molar basis show a 

considerablee overestimation for both the spiked mixtures II and IV. This indicates that a 

highh percentage of A9PEOL and A9PEO2 in the calibration standard mixture (like mixture V) 

leadss to increasing deviations in the quantification of A9PEO>2-

Ass the right column of table 2.6 shows, none of the standard mixtures is able to quantify 

correctlyy the spike of A9PEO12 (mixture I). Considerable underestimations are found in all 

cases,, underlining the need for separate quantification of these two oligomers. 

QuantificationQuantification of spiked environmental extracts 

Forr the spiked environmental extracts, the A9PEOn mixtures used for spiking were equal to 

thee calibration mixtures, and therefore no comparison between calibrations on molar and 

masss basis is necessary. For all samples, the percentage of the spiked amount recovered in 

thee sample was determined ((A9PEOn in spiked sample - A9PEOn in non-spiked sample) / 

A9PEOnn spiked). As shown in table 2.5 (right side), most of the results are below 100%, 

indicatingg that in most cases, an underprediction of the spiked amount was found. This 

underpredictionn can probably be attributed to matrix effects for which apparently the 

internall  standard does not correct completely. The large variations in composition of the 

environmentall  samples (e.g. organic carbon content) explains the relatively high standard 

deviationss in the quantifications (10-20%) compared to those of the spiked blanks. Standard 

deviationss are higher for the samples spiked with mixture III , indicating that more 

complicatedd oligomer patterns reduce the reliability of the quantification. 
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Tablee 2.5 shows that for the spiked extracts, neither between methods A, B and C for the 
quantificationn of A9PEO1 and A9PE02 nor between method D and E for the quantification 
off  A9PE03_i6 any significant differences were found. 
Forr quantification method C, the average A9PEO1 and A9PEO2 spikes recovered in the 
sampless spiked with mixture III are not significantly different from those in the samples 
spikedd with mixture I. This indicates that the overlap of the [2xA9PEOu+Na]+ and 
[A9PEO77 9+Na]+ signals has no significant consequences for the quantification in these 
cases.. Possibly, in the environmental samples A9PEO>2 (in combination with the matrix) 
suppressess the A9PEO12 signals, which is not the case in the spiked blanks. 
Onn average, the A9PE03.i6 spike recovered in the samples spiked with mixture III was 
higherr than the spike recovered in the samples spiked with mixture II. However, due to the 
relativelyy large variations between samples, the difference is not significant. This signifies 
thatt in environmental samples, the differences in matrix effects between samples cause 
largerr variations in the quantification of A9PEOn than possible interferences due to the 
presencee of dimer [2xA9PEOi2+Na]+ adduct signals. 

2.4.. Discussio n 

FormationFormation ofadducts in LC-ESI-MS 
Itt must be noted that the formation ofadducts in LC-MS depends not only on their stability, 
butt is also determined by 'macroscopic' factors, such as the design of the interface: e.g. the 
electrosprayy construction type (orthogonal or off-axis) or material of the ESI probe 
(conductingg or non-conducting material) [29,30]. However, several of the adducts 
investigatedd in this work ([A9PEOn+2*Na]2+ and [2xA9PEOn+Na]+) have been reported by 
otherr scientists. Their formation can therefore be considered as generally occurring 
processess in LC-ESI-MS analysis. 

Al ll  investigated LC-MS parameters had some influence on the A9PEOn adduct formation. 
However,, none were able to prevent the formation of additional adducts besides the single 
cationn adducts. An advantage of using NH4AC or KAc as buffer is that solvent adducts 
[A9PEOn+MeOH+NH4/K]++ are eliminated. However, the relatively high Na/NFL; or Na/K 
ratioss still complicate the spectra. Using acetonitrile instead of methanol in the mobile phase 
leadss to even more adduct types than those formed with methanol. Analyzing in the 
negativee ionization mode using acetate adducts for detection results in poorer detection 
limits. . 
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Therefore,, we conclude that in spite of the formation of several types of adducts, the most 
appropriatee LC-ESI-MS conditions for the analysis of A9PEOn are a mobile phase 
compositionn of methanol and water using NaAc as buffer, in positive ionization mode. 
AA possible solution for the formation of di sodium adducts [A9PEOn+2><Na]  + was proposed 
byy Shao et al, who showed that the formation of disodium adducts can be significantly 
reducedd by ramping the cone voltage from 25 to 70 V, instead of using a constant low cone 
voltagee [8]. 

ExplanationExplanation of adduct formation using molecular dynamics calculations 
Thee predicted higher stability of A9PEO5 dimer adducts compared to the A9PE02 dimer 
adductt is not in accordance with the observed LC-MS signal intensities. The higher 
predictedd stability of both A9PEC>2,5 dimer adducts compared to their corresponding 
A9PE02,55 monomer adducts is not in agreement with the observed signal intensities either. 
Lookingg for potential causes on the side of the calculations it must be emphasized that 
entropyy contributions were neglected - as often done in this type of molecular modeling -, 
thoughh these could contribute substantially to stability in the case of the pertinent flexible 
moleculess at 495 K. In addition, major uncertainties remain as a consequence of the neglect 
off  the influence of solvents (water, methanol) on the values of the adduct formation energy. 
Thiss refers both to uncertainties in what actually happens during the formation of the gas-
phasee adduct (the two common theories being the ion evaporation model and the charge 
residuu model) [31] and to uncertainties caused by the neglect of the very high electrostatic 
interactionss to be expected between polar adducts and solvents. Calculations on adduct 
formationn in a solvent surrounding will be included in future molecular dynamics studies. 
Inn addition, the partitioning of analytes between the interior and the surface of an 
electrosprayy droplet may be of influence on the observed signal intensities, as pointed out 
previouslyy by Sherman et al. [32]. In general, apolar analytes tend to have a greater affinity 
forr the surface of the polar solvent droplet, which facilitates their evaporation from the 
droplet.. Possibly, this explains why [2xA9PEOn+Na]+ dimer adduct signals are observed for 
thee relatively apolar A9PEOi,2, and not for longer oligomers. 

Moriwakii  et al. found an influence of the mobile phase composition on the formation of 
A9PEOnn dimer adducts in LC-ESI-MS, using methanol and water with sodium perchlorate. 
Thee ratio of [2xA9PEOn+Na]+/[A9PEOn+Na]+ adduct signal intensities was higher at higher 
waterr percentages. The author suggested from this observation that the formation of the 
[2xA9PEOn+Na]++ complex is driven by van der Waals interactions which are enhanced at 
higherr water percentages. However, from our calculations it is concluded that van der Waals 
interactionss are not very important in these adducts. An alternative explanation for the 
dependencee of adduct formation ratios on water percentage could be that desolvation 
energiess for the sodium atom increase with increasing water percentage. This effect is more 
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pronouncedd for the monomer adduct than for the dimer adduct, as the sodium in the dimer 

adductt is more shielded from solvent molecules than in the monomer adduct. Hence, this 

wouldd lead to an increase in the ratio of [2xA9PEOn+Na]+/[A 9PEOn+Na]+ adduct signal 

intensities.. These differences in desolvation energies were also mentioned as an explanation 

forr the preferential formation of dimer over monomer adducts of several crown ethers in 

LC-ESI-MSS [33]. 

QuantificationQuantification ofA9PEOn in environmental samples 

Al ll  presented results show that A9PEO1 and A9PE02 are the most 'deviating' oligomers in 

termss of the types and responses of adducts formed. It is therefore necessary to quantify 

thesee two oligomers separately with pure standards. Another reason to treat these oligomers 

withh special care is from a toxicological point of view, as these two are the only A9PEOn 

oligomerss which are proven to be weak endocrine disruptors [34]. 

Forr the higher A9PEO>2 oligomers, it has been shown that a reliable quantification can be 

performedd with calibration curves based on molar amounts using an A9PEOn standard 

containingg as littl e of the A9PEOi.2 oligomers as possible, even if the average ethoxylate 

chainn length deviates between samples and the standard mixture. 

Thee selection of adduct signals for quantification is based on detection limits and the 

possiblee interference by other A9PEOn oligomers. For A9PEOi and A9PE02, the detection 

limit ss improved significantly by including the solvent adduct, while inclusion of the dimer 

adductt is not advised, due to the overlap with the signals of [A 9PE07+Na]+ and 

[A 9PE09+Na]\\ For A9PEO>2, the inclusion of signals other than the sodium adduct does not 

leadd to improved detection limits or accuracy, and is therefore not recommended. 

2.5.. Conclusion s 

Inn this paper, the occurrence and consequences of the formation of different types of adducts 

off  A9PEOn in LC-ESI-MS analysis were investigated. Under all LC-MS conditions 

investigatedd several adduct types were present. In clean samples, these additional adducts 

cann lead to overestimations of other A9PEOn oligomer concentrations. However, in actual 

environmentall  extracts the influence of the formation of additional adducts is minor 

comparedd to other influences on the quantitative result such as matrix effects. Judging from 

thesee results, the formation of disodium, dimer and solvent adducts is a complication, but it 

doess not compromise reliable quantification in the environmental analysis of A9PEOn. 
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Inn the choice of calibration standards, it is important to quantify the A9PEO12 oligomers 
separately,, and use a A9PEOn standard containing as little A9PEOi,2 as possible for longer 
oligomers,, while using molar calibrations. 
Explanationn of the formation of the observed adducts by molecular dynamics calculations 
wass partially possible. However, additional factors (both at the molecular and macroscopic 
level)) will have to be taken into account in the calculations before a complete theoretical 
explanationn for all observed types of A9PEOn adducts and their relative intensities can be 
provided. . 
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nnII  scrambled up to the crest of (Primrose "Hill,  the 'Martians' camp was below me. A mighty space it was, and 

scatteredscattered about it, in their overturned machines, were the Martians - dead! — stain after ad man's devices had 

faiCed,faiCed, by the humblest things that god, in his wisdom, had put upon this earth: bacteria. Minute, invisible, 

bacteria.bacteria. (Directly the invaders arrived, and dran  ̂ and fed, our microscopic allies attached them. From that 

momentmoment they were doomed," 

Kg.Kg. Wells - The War of the Worlds (1898) 
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Abstrac t t 

Thee aerobic biodegradation of nonylphenol ethoxylates (A9PEO) was kinetically 
investigatedd in a laboratory scale bioreactor filled with river water, spiked at a concentration 
off  10 mg L"1 of the nonionic surfactants. Analyses of the samples applying liquid 
chromatographyy - electrospray mass spectrometry (LC-ESI-MS) after solid-phase 
enrichmentt revealed a relatively fast primary degradation of A9PEO with >99% degradation 
observedd after 4 days. 
Contraryy to the generally proposed degradation pathway of ethoxylate (EO) chain 
shortening,, it could be shown that the initiating step of the degradation is o>carboxylation of 
thee individual ethoxylate chains: metabolites with long carboxylated EO-chains are 
identifiedd (A9PEC). Further degradation proceeds gradually into short chain carboxylated 
EOO with the most abundant species being A9PE2C. The oxidation of the nonyl chain 
proceedss concomitantly with this degradation, leading to metabolites having both a 
carboxylatedd ethoxylate and alkyl chain of varying lengths (CAPEC). The identity of the 
CAPECC metabolites was confirmed by the fragmentation pattern obtained with LC-ESI-
MS/MS. . 
Bothh A9PEC and CAPEC metabolites are still present in the bioreactor after 31 days. 
Inn the aerobic degradation pathway A9PEO2 is formed only to a minor extent and is even 
furtherr degraded in several days. The endocrine disruptor nonylphenol was not found as a 
metabolitee in this study. 

3.1.. Introductio n 

Alkylphenoll  ethoxylates (APEO) are nonionic surfactants, used in large amounts in 
industriall  and institutional applications. Because of their poor ultimate biodegradability, and 
thee possible environmental hazard of their metabolites, APEO have been replaced in 
householdd applications, mainly by alcohol ethoxylates. However, for industrial applications 
thiss replacement has not been carried out yet, because of the excellent performance of 
APEOO and their low production costs. 
APEO,, which are mainly used in aqueous solutions, reach the environment mainly via waste 
water.. Although after secondary waste water treatment often more than 95% of the APEO is 
removedd [7], they are omnipresent in the environment. Concentrations in river waters and 
marinee sediments at ppb levels are reported [2, 3]. 
Thee biodegradation of A9PEO is generally believed to start with a shortening of the 
ethoxylatee chain, leading to short chain A9PEO containing one or two ethoxylate units. 
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Furtherr transformation proceeds via oxidation of the ethoxylate chain, producing mainly 
alkylphenoxyy ethoxy acetic acid (A9PE2C)' and alkylphenoxy acetic acid (A9PE]C) (figure 
3.1)) [4].  In only a few studies A9PE3C or A9PE4C have been detected in environmental 
sampless [5-8]. To the best of our knowledge, only one paper reports A9PEC with EO chain 
lengthss longer than four units, which were found in treated waste water effluent [9]. 
Littl ee has been reported about the further degradation of A9PEC. In a semi-quantitative 
biodegradationn study by DiCorcia doubly carboxylated metabolites are formed, with both 
thee alkyl and ethoxylate chain oxidized (CAPEC)1 [10] Ding detected CAPEC in waste 
waterr using TSQ GC-MS [77] and river water using ion-trap GC-MS [8]. 
Itt is generally assumed that the endocrine disruptor nonylphenol (NP) is the most persistent 
metabolitee of A9PEO. However, experimental data on the formation of the metabolite NP 
fromm A9PEO is surprisingly scarce, and mostly under anaerobic conditions has NP been 
reportedd to be formed [12, 13]. Only one recent article reports a slight increase in NP 
concentrationn from the aerobic degradation of A9PEO during the composting of wool scour 
effluentt sludge [14]. 

H(OCH,CH2)nO'' H(OCH2CH2)20 /C-CH2-(OCH2CH2)0 
HO O 

A9PEOO (n=1 -20) AgPE02 A9PE2C NP 

Figur ee 3.1: Generally proposed aerobic biodegradation pathway of alkylphenol ethoxylates [4]. 

Studiess on the environmental occurrence of A9PEO degradation products have focused on 
NP,, short chain A9PEO (1 to 3 EO units), AgPEjC and A9PE2C. The presence of these 
metabolitess in the environment has been reported in many studies [2, 4, 6, 9, 15-17]. 
Sincee several aspects of the fate of A9PEO and their metabolites remain unclear, detailed 
studiess providing more insight into the biodegradation processes of these surfactants are 
needed,, especially since several of the possible metabolites, notably NP, A9PEOj and 
A9PE022 have been shown to possess estrogenic activity [18, 19]. 

Thee purpose of this study was to elucidate the aerobic biodegradation route of A9PEO by a 
microbiall  community which is ubiquitous in the aquatic environment, using a laboratory 
scalee bioreactor (LSBR) filled with Rhine river water. LC-ESI-MS and LC-ESI-MS/MS 
weree applied to clarify identity and routes of formation of metabolites [20-22]. 

11 In this thesis, the acronym AyPEiC stands for the oxidized version ofA9PE02. Consequently, when the 
alkylalkyl chain of this compound is also oxidized, the acronym CA9PE2C is used. 
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3.2.. Experimenta l Sectio n 

ReagentsReagents and standards. 

Methanoll  was HPLC-grade (Merck, Darmstadt, Germany) and Milli- Q water was obtained 

fromm a Milli-Q-Plus 185 apparatus. Ammonium acetate (p.a.) was purchased from Merck. 

Technicall  mixtures of on average A9PEO4 (with an ethoxylate range of 2 to 9) and A9PEOi0 

(withh an ethoxylate range of 4 to 15) were provided by Shell Amsterdam. 

Thee pure A9PEO{ , A9PE02, A9PE(C and A9PE2C standards were synthesized by F. Ventura 

off  AGBAR, Barcelona according to Marcomini et al. [23] and characterized by GC-MSj. 

LaboratoryLaboratory scale bioreactor setup. 

Thee applied LSBR consists of a glass column filled with SIRAN carrier material (glass 

beadss of 2-3 mm diameter), and a 10 L storage tank aerated with a membrane pump [24]. 

Waterr taken from the river Rhine is continuously pumped in a closed loop from the tank 

upwardss through the column at a flow rate of 15 mL min"1. Microorganisms ubiquitously 

presentt in river Rhine water settle on the carrier material and form a biofilm [20]. 

Thee device has been successfully used in a number of degradation studies of single organic 

compoundss [24, 25], and the degradation pathways of the surfactants alkylpolyglucosides, 

alkylglucamidess and linear alkylbenzene sulfonates was investigated in detail. [20-22]. 

Twoo LSBR were spiked with two different technical mixtures of A9PEO at concentrations 

off  10 mg L"1 (15 umol L l). In both mixtures, with an average ethoxylate chain length of 4 

andd 10, respectively, also a small amount of octyl- and decylphenol ethoxylates was present. 

Thee exact octyl, nonyl and decyl ratio (as determined by LC-MS) was 2.9, 89.9 and 7.2 % 

respectivelyy for the A9PEO10 standard, and 2.4, 83.9 and 13.7 % for the A9PE04 standard. 

SampleSample treatment. 

Sampless of 110 mL were taken every few hours on the first day, twice on the second day, 

andd almost daily after that to a total number of 33 in 31 days. 

Immediatelyy after sampling, 2 mL of formaldehyde (37% in water/methanol; 90/10) was 

addedd to preserve the samples and then they were stored at 5°C. Al l samples were further 

processedd within three days. 

Tenn mL of the sample was filtered over a 0.45 jam glass fiber filter. The filtrate was 

analyzedd with LC-MS without further treatment to quantify A9PEO at concentrations higher 

than50^igL"\ \ 
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Solid-PhaseSolid-Phase Extraction 

AA SPE method was optimized for the enrichment of A9PEO, A9PEC and NP on a single 

cartridge.. Three solid phase materials and a combination of two materials were tested for 

thiss purpose. Cartridges were filled either with 500 mg of RP-C18, 500 mg of RP-Qg EC, 

3000 mg of Lichrolut EN or a combination of 400 mg of RP-CJ8 and 100 mg of Lichrolut EN 

(alll  from Merck, Germany). 

Sampless were acidified to pH=2 with HC1 (3.5 M) before extraction, to ensure that 

carboxylatedd A9PEO metabolites are in their protonated form. Conditioning of the cartridges 

wass done with 10 mL of methanol and then 10 mL of milli- Q water. Subsequently 100 mL 

off  the unfiltered sample was passed through the column. After drying the cartridges for at 

leastt 30 min by a stream of nitrogen, the elution was performed with 10 mL of methanol. 

Thee extracts were evaporated with nitrogen until dryness, and then 1 mL of methanol/milli-

QQ water 1:1 (v:v) was added. 

Thee recovery was determined for a mixture of NP, A9PE1C, A9PE2C and A9PEO10 in clean 

welll  water, at spiked concentrations of 100, 20, 20 and 5000 \ig L"1, respectively. Well 

waterr was used because while being free of microcontaminants, it has salt and dissolved 

organicc carbon (DOC) concentrations similar to river Rhine water, and therefore the 

determinedd recoveries are more representative for the recoveries of the bioreactor samples. 

Forr all tested compounds, the Cig SPE material provided the best results, with average 

recoveriess (n=5) of 69, 90, 87 and 95% for NP, A9PEiC, A9PE2C and A9PEO10, 

respectively.. Therefore this material was used in further experiments. 

LiquidLiquid Chromatography/ Mass spectrometry 

Thee identification and quantification of A9PEO and metabolites was performed by liquid 

chromatographyy coupled to electrospray mass spectrometry (LC-ESI-MS). 

Thee LC-MS system was a Thermoquest Navigator aQa, equipped with a TSP SCM1000 

Vacuumm Membrane solvent degasser, a TSP P4000 gradient pump and a TSP AS3000 

autosampler. . 

Forr separation a Lichrospher RP-Cjg column (dimensions 125x2 mm, 3\im) was used. The 

twoo mobile phases were pure methanol (A) and water-methanol 3:1 (v:v) containing 2 mM 

ammoniumm acetate (B). Ammonium acetate was used to enforce the formation of A9PEO 

ammoniumm adducts over sodium or proton adducts, and at the same time to improve the 

retentionn behaviour and peak shape of the A9PEC. 

Att a flow rate of 0.25 mL min"1, a gradient elution was performed starting with 10% A. 

Afterr 2 min, A increased linearly in 8 min to 50%. Then A was further increased to 97% in 

211 min, which was kept constant for 12 min. Finally, the composition was brought back to 

thee initial conditions and equilibrated for 9 min. 
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A9PEOO were detected in positive mode, and all metabolites in the negative mode. The probe 

temperaturee was 220 °C, and probe and cone voltages were optimized for NP, A9PEC and 

A9PEO.. The optimal values were: probe voltage -3.8 kV and cone voltage -20 V for NP 

andd A9PEC, and probe voltage +4.0 kV and cone voltage +20 V for A9PEO. 

Forr the quantification of A9PEO10, the total abundance of ammonium adducts of A9PE06 to 

A9PEO133 [M+NH4]
+ were selected, and a quadratic 6-point calibration was used. A9PE02 

couldd be quantified separately with a pure standard. For this quantification a linear 5-point 

calibrationn was used. For the A9PEO10, A9PEO4, A9PEO2 and A9PEO1 standards, the 

detectionn limits were 0.10, 0.15, 0.10 and 9.4 |_ig L ', respectively. 

Thee quantification of metabolites was performed in SIM mode, with the [M-H] ions 

selectedd for NP, A9PEC and CAPEC. Six-point linear calibration curves were prepared for 

thee available standards A9PE1C, A9PE2C and NP. As no standards of the long chain A9PEC 

andd CAPEC were available, their quantification was performed using the A9PE2C 

calibrationn curve, assuming long chain A9PEC and CAPEC have the same molar response 

factorr as A9PE2C. Detection limits of NP, A9PE,C and A9PE2C were 0.8, 0.3 and 0.4 jug L~', 

respectively. . 

LC-ESI-MS/MSLC-ESI-MS/MS conditions. 

Forr identity confirmation of metabolites, a Perkin Elmer Sciex API 365 tandem mass 

spectrometerr LC-ESI-MS/MS with turbo-ionspray interface was used. Product ion scans 

weree obtained in negative ionization mode using both flow injection analysis and LC 

separationn with a Hypersil MOS column (50x2.1 mm, 5 urn). One mass per analysis was 

selectedd to produce a molecular ion using an ionization voltage of -3 kV and an orifice 

voltagee of-15 V at a temperature of 400 °C. In the second mass spectrometer, the molecular 

ionss were fragmented using different fragmentation voltages ranging from -20 to -50 V. 

Forr flow injection analysis, an eluent composition of 70% A was used. 

Thee LC separation was performed starting with 10% A for two min, then increasing A to 

50%% in 3 min, and further increasing to 97% in 7 min. This composition was kept constant 

forr 4 min and finally the mobile phase was returned to the original composition and 

equilibratedd for 6 min. 

3.3.. Result s and Discussio n 

BiodegradationBiodegradation rates 

Thee degradation of both A9PEO mixtures in the LSBR started immediately with no 

observablee lag-phase, indicating that no significant acclimation of the micro-organisms was 
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necessary.. For the A9PEO10 mixture, the half-life was 10 hours, and a nearly complete 

(>99%)) primary degradation was achieved after 100 hours. When comparing the A9PEO 

masss spectra of the samples to the spectrum of the spiked AQPEOLO standard, it was 

observedd that the oligomer distribution does not change significantly during the first 46 

hourss of degradation, whereas the total A9PEO concentration decreases. Only after 76 hours 

thee relative abundance of the shorter ethoxylate chains was found to increase. The 

concentrationn of A9PE02 increased during the experiment, and accumulated to 4 mol % of 

thee initially spiked A9PEO10 concentration. A9PE02 was further degraded rapidly, and had 

disappearedd after 300 hours (see figure 3.2 c). For the A9PEO4 experiment, similar results 

weree obtained. 

Thee fact that no gradual change in A9PEO oligomer distribution towards the shorter 

ethoxymerss was observed during the degradation, is in contradiction with the generally 

acceptedd APEO degradation pathway, which states that the degradation starts with a 

stepwisee shortening of the ethoxylate chain [4].  The formation of short chain A9PE02 

indicatess that ether cleavage of the ethoxylate chain does occur under these well aerated 

conditions,, but only to a minor extent compared to the formation of A9PEC. 

Ass the ESI/MS is relatively insensitive for A9PEO1 compared to A9PE02 (LOD of 9.4 and 

0.100 ug L"1, respectively), the possible accumulation of small amounts of A9PEO1 cannot be 

excludedd in these experiments. However, in other studies where A9PEO] was found as a 

metabolite,, this was always at concentrations far below those of A9PE02 [JO, 26]. It is 

importantt to note that no increase in NP concentration was observed during the degradation 

tests.. In the spiked APEO standards, traces of NP are initially present already, and no 

changee in its concentration (slightly above the LOD) was observed during the whole 

experiment.. This is in agreement with previous reports, which state that no NP is formed 

underr aerobic conditions [4, 10]. However, it cannot be ruled out that NP may be formed 

andd removed (by sorption or degradation) at similar rates. 

FormationFormation of carboxylated metabolites 

Usingg LC-MS in negative full scan mode, the nonylphenoxy ethoxy acetic acids (A9PEC) 

weree identified as the first main group of metabolites, which were formed immediately after 

startingg the biodegradation experiment. 

Thee identity of A9PEjC and A9PE2C was confirmed by standards. For the higher ethoxylates 

thee identification is based on molecular mass [M-H] " and retention time. Al l A9PEC are 

elutingg adjacent to each other within a small retention time interval of about 5 min, starting 

withh A9PEiC. Only A9PE]C and A9PE2C are completely separated. The co-oxidation of the 

spikedd A9PEO10 mixture led to the formation of A9PE!C to A9PE|5C with an average 

ethoxycarboxylatee chain length of nine (Figure 3.3). 
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Figur ee 3.2: Follow-up of A9PEC and A9PE02 formation during the bioreactor experiment 

spikedd with A9PEO10. a) Long-chain A9PEC; b) mid-chain A9PEC; c) A9PE2C and A9PEQ2. 

Figuree 3.2a shows the accumulation of long-chain A9PEC, with A9PE6C to A9PEUC as the 
mostt abundant species initially. A9PEi5C is the highest oligomer observed, present in trace 
amounts.. Concomitant with the biodegradation of the longer chain A9PEC, the 
concentrationss of the mid- to short chain A9PEC (A9PE]C to A9PE5C) increased (figure 3.2b 
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andd c). A9PE3C and A9PE2C were formed as the most abundant species, with A9PE2C 

reachingg a maximum concentration of 2.2 umol L~' (15% of the originally spiked A9PEO 

molarr concentration), before being further degraded. The behaviour of A9PE,C, which is 

alsoo commercially produced as a corrosion inhibitor, deviates from the others, as it is further 

degradedd much faster than the other short chain A9PEC. The exposure and subsequent 

degradationn rate of A9PE]C in the environment might be higher than that of A9PE2C, for 

whichh the actual concentrations are usually higher [2].  The shorter chain A9PEC (A9PE2_5C) 

weree still present after 700 hours, amounting to a total concentration of 0.5 mol % of the 

concentrationn spiked initially. This relative persistence is in agreement with previous 

findings,findings, in which short chain A9PEC were found in wastewater effluents and river water, 

oftenn in higher concentrations than A9PEO [10, 17]. Also, the formation of A9PE2C as the 

majorr metabolite of A9PEO is consistent with other laboratory biodegradation studies [10, 

26]26] as well as A9PEO metabolite monitoring studies [2, 4]. 
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Figur ee 3.3: LC-ESI-MS SIM spectrum showing the distribution of A9PEC from A9PE1C to 
A9PE15CC at t=49 hrs: 1= A9PE1C, 2= A9PE2C, 3= A9PE3C etc. 

However,, the observed degradation rates of A9PEO as well as the formation and elimination 

ratess of A9PEC are higher than those found in other laboratory studies. In a biodegradation 

studyy according to OECD 301B, A9PE2C started to form after a lag-phase of 6 days, and 

wass still present at half its peak concentration after 80 days [10]. Staples et al. reported half-
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livess of A9PEC of 12-22 days using the same protocol, but determining C02 formation 

insteadd of using LC-MS analysis [27]. In a static die-away test of A9PEO in estuarine water 

samples,, A9PE2C started to form after 12 days, and was still increasing after 90 days [26]. 

Differentt experimental conditions can account for these differences in degradation rates: in 

thee OECD protocol, a medium with nutrients is inoculated with a small volume of sewage 

treatmentt plant effluent or sludge, indicating a small initial microbial population, which 

requiress longer acclimation times. In the estuarine test, the water salinity (18-33%o) can 

explainn a slower degradation rate. 

Thee high degradation rates observed in the present study are an indication that populations 

off  pre-acclimated APEO-degrading bacteria are present in river Rhine water, resulting from 

aa continuous exposure to APEO of the microbial community in this river. 

ConfirmationConfirmation of metabolite identity using LC-ESI-MS/MS. 

Duringg the degradation of APEO, many other compounds are found to accumulate and later 

disappearr again from the bioreactor. Groups of closely eluting compounds can be identified 

ass ethoxylate homologue series, with mass differences of one ethoxylate unit (m/z=44). In 

parallel,, groups of alkyl homologues can be recognized, eluting some minutes after each 

other,, with mass differences of one methylene group (m/z=14) (figure 3.4). 

However,, unequivocal identification of these accumulating compounds cannot be performed 

byy LC-MS only, since when solely molecular ion masses are available, these can still be 

attributedd to different groups of homologues. For example, the ethoxylate homologues of 

A8PECC have the same molecular mass as CA9PEC homologues (having an alkyl chain of 

ninee carbons, and both the alkyl and ethoxylate chain oxidized to an acid), with e.g. 

CAnPEmCC corresponding to An_iPEm+]C. 

Inn figure 3.5, the mass spectrum of the A9PE2C standard at high cone voltage (-80 V) is 

shown.. The losses of C02 (m/z 44) and CH2-0-CH2-COO (m/z 88) are characteristical. For 

bothh the A9pE]C and A9PE2C standards, the nonylphenoxy fragment (m/z 219) is observed. 

Furtherr fragmentation of the alkyl chain leads to alkenephenoxy fragments (m/z 203, 189, 

175,, 161, 147 and 133). 

Unfortunately,, at high cone voltages, the signal intensity of both the molecular ion and the 

fragmentss is very low and therefore many metabolites could not be detected in the samples 

underr these conditions. Moreover, since some metabolites are partially co-eluting and 

therebyy complicating the assignment of the individual fragments to a molecule, LC-ESI-

MS/MSS was used for an unequivocal assignment. 
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Figur ee 3.4: Extracted Ion chromatograms showing the CAPEC in a bioreactor sample taken 
afterr 192 hours. 
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Figur ee 3.5: Mass spectrum of A9PE2C at cone voltage -80V. 

Forr 17 compounds that were found to accumulate a product ion scan was performed, using 
fragmentationn voltages of-20, -35 and -50 V in Quadrupole 2 for every compound. The key 
fragmentt for identification of these metabolites is the (possibly carboxylated) alkylphenoxy 
fragmentt having the highest mass. Nine of these compounds were confirmed to be CAPEC 
metabolites.. In figure 3.6, examples are given of the fragmentation patterns of some of the 
compoundss which were positively identified as CAPEC. In addition to the carboxy-
alkylphenoxyy fragment, typical fragments are observed where the carboxy-alkylphenoxy 
fragmentt has additionally lost a C02- or an acetic acid group, in the case of CA5PEi_2C 
leadingg to fragments of m/z 149 and 133. 

Off  all the compounds scanned with LC-ESI-MS/MS, only CAPEC with one or two 
ethoxylatee units could be identified positively. Possible metabolites with an oxidated alkyl 
chainn and an intact ethoxylate chain (CAPE), as proposed by DiCorcia et al. [10], were not 
detectedd in this experiment. 
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Figuree 3.6: MS-MS fragmentation patterns of some CAPEC (negative ionization mode): a) 
CA9PE2C,, b) CA5PE2C and c) CASPETC. The exact branching of the alkyl chain is unknown; 
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Figuree 3.4 shows ion extraction chromatograms of these metabolites. All CAPEC with a 
phenoxyy acetic acid or a phenoxyethoxy acetic acid moiety and alkyl chains of five to nine 
carbonn atoms (CA5_9PE1_2C) were found, with the exception of CA9PE]C. A compound with 
aa mass corresponding to CA9PE,C is accumulating during the experiment, but in the LC-
MS/MSS spectrum, the typical carboxy alkylphenoxy fragment (m/z 249) is absent. A 
fragmentt of m/z 205 is present in the spectrum, which could either originate from the 
carboxyy alkylphenoxy fragment having lost C02, or from the alkylphenoxy fragment of 
A8PE2C.. The retention time does not allow to distinguish between CA9PEiC or AgPE2C, as 
thee compound is eluting between CA8PE|C and A9PE2C. The presence of both CA9PE1C 
andd A8PE2C can be expected, with A8PE2C originating from the A8PEO which were present 
ass minor impurities in the spiking standard. Therefore coelution of these compounds may be 
possible.. An attempt to optimize the LC gradient regarding the separation of these 
compoundss was unsuccessful. 
Thee accumulation and further degradation of the positively identified CAPEC during the 
experimentt is shown in figure 3.7. Some uncertainty exists in the quantification of the 
variouss CAPEC, as all CAPEC are assumed to have the same molar response as A9PE2C. 
Alll  CAPEC start to form simultaneously at 46 hours, and have disappeared almost 
completelyy after 500 hours. CA9PE2C is formed in concentrations about one order of 
magnitudee higher than all the other CA5.8PEC. A plausible pathway for the further 
transformationn of these CAPEC would be (3-oxidation of the alkyl chain, shortening it by 
twoo carbon atoms at a time. Since different alkyl chain lengths were present in the initially 
spikedd APEO standard, this hypothesis cannot be confirmed. 

MassMass balance 
Althoughh there is some uncertainty in the quantitative results for most metabolites because 
off  a lack of standards, it is clear from table 3.1 that a complete mass balance cannot be 
made.. During the first stage of the experiment (i.e. <50 h), the long-chain A9PEC were 
prevailing.. After several days, the mass balance was dominated by the metabolite A9PE2C, 
ass it was present at concentrations one order of magnitude higher than other metabolites. 
Thee reason for the incomplete mass balance is unclear. Possibly other metabolites, not 
detectedd by LC-MS were formed, or a large fraction of the AP9EO10 was completely 
mineralized,, without the accumulation of metabolites. 
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Figur ee 3.7: Formation and subsequent degradation of CAPEC in the LSBR: a) CA9PE2C and 

b)) CA5-8PEiC and CA5-8PE2C (nmol L"1). 

sampling g 
timee (days) 

2 2 

11 1 

percentagee of 
disappearedd APEO 
detectedd as 
metabolitess [%] 

3.9 9 

19 9 

fractionn of total detected metabolite concentration 
forr separate metabolite groups 

A 9 PE0 2 2 

0.16 6 

0.01 1 

A9PE2C C 

0.03 3 

0.75 5 

A9PE3CC -A9PE15C 

0.81 1 

0.19 9 

CAPEC C 

<0.01 1 

0.05 5 

Tablee 3.1: Mass balance at different sampling times, expressed as the molar percentage of 
transformedd A9PEO that was found as metabolites in the bioreactor samples of the A9PEO10 
experiment.. The relative contribution of different metabolite groups is also shown. 
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BiodegradationBiodegradation pathway 

Accordingg to the present results, the aerobic biodegradation of A9PEO can be divided into 

threee processes (figure 3.8). The first process is a rapid co-oxidation of the ethoxylate chain, 

whichh occurs without any observable lag-time. The next process occurs more slowly, in 

whichh the long-chain A9PEC are degraded to short chain A9PEC, mainly A9PE2C. The third 

processs is the oxidation of the alkyl chain, which starts as soon as A9PE2C is being formed. 

Thee formation of A9PE02 appears to be a minor degradation pathway under the tested 

aerobicc conditions. The reported presence of A9PE02 in the environment is likely to be 

causedd mainly by anaerobic degradation processes. 
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Figur ee 3.8: Newly proposed aerobic biodegradation pathway of alkylphenol ethoxylates. Step 
(I)) is rapid, steps (II) and (III) proceed more slowly. The exact branching of the alkyl chain is 
unknown;; the alkyl isomer shown here is just one of several possibilities. 

Takingg into account that (i) these experiments were performed using a freshwater microbial 

populationn which is omnipresent in the environment, (ii ) the above cited abundance of 

A9PEOO in effluents and sediments, and (iii ) the rapid formation of long chain A9PEC, it can 

bee expected that the latter are present in relevant concentrations in many fresh water 

environments.. In addition, short chain metabolites were still present at the end of the 

experiment,, reflecting their relative persistence. Therefore, in future monitoring studies of 

A9PEOO and their metabolites, both short and long chain metabolites should be included. 

Thee present study reveals that formation in aerobic circumstances does not seem a likely 

sourcee for the occurrence of NP in the environment. However, the formation of NP in 

'seeminglyy aerobic environmental compartments' cannot be ruled out completely, as 

anaerobicc conditions in these compartments may occur locally in for example suspended 

particles.. The A9PEO transformation processes under anaerobic conditions should be 

investigatedd further, and other sources of NP could be considered. 
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4.1.. Introductio n 

Whereass the occurrence of surfactants in wastewaters and freshwater has received 

substantiall  interest over the last decade, and thus become fairly well documented, the 

amountt of data on surfactants in estuarine or marine waters remains quite limited. However, 

itt has become clear that the knowledge of the behaviour of surfactants in fresh water cannot 

bee easily extrapolated to saline waters [1],  as both microbial activities and partition 

coefficientss may vary strongly between the two environments. 

Inn this chapter the data available for nonionic surfactants in estuarine and marine 

environmentss are reviewed and discussed. The available information is confined almost 

exclusivelyy to the surfactants of the alkylphenol ethoxylates (APEO) type, and their 

metabolites.. For other nonionic surfactants there are hardly any data available for the marine 

environment.. The APEO metabolites reviewed here include the short-chain ethoxylates 

A9PEOii  and A9PEO2, resulting from deethoxylation, as well as the nonylphenoxy ethoxy 

carboxylatess (A9PEC) resulting from oxidation. These are all formed during aerobic 

biodegradationn processes. Also nonylphenol (NP) wil l be reviewed, which may be formed 

duringg anaerobic degradation. 

Thee available information has been grouped according to the obvious aqueous 

compartmentss (dissolved, particulate, biota), and includes some relevant atmospheric data. 

Inn addition a division into geographical areas has been used when trying to group the data. 

Biodegradationn is discussed as a key phenomenon in the (differences between marine and 

freshwater)) occurrence and fate of nonionic surfactants. Finally, conclusions are drawn with 

regardd to the marine fate of these compounds. 

4.2.. Nonioni c surfactant s in salin e water s 

AlkylphenolAlkylphenol derivatives in the Mediterranean Sea 

Thee behaviour of lipophilic metabolites of A9PEO in the Venice lagoon, Italy, was studied 

inn detail by Marcomini et al [2, 3]. Salinity in this estuary is in the range of 25-35 %o, and 

bothh industrial and domestic waste water is discharged into the lagoon. Water samples were 

analysedd by high performance liquid chromatography with fluorescence detection (HPLC-

Flu)) [2]. 

Inn an early study, rather high APEO concentrations have been found: 0.20, 0.73, 1.1 and 

17.55 jag L"1 for NP, A9PEO1, A9PE02 and A9PE03_i3, respectively [3].  In a second study, 

A9PEOO concentrations in water were reported in the range of 0.6-4.5 (ig L"1, with average 

ethoxylatee chain lengths of 5-10 units [2]. The highest values were systematically found 
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nearr an industrial wastewater discharge. The sum of the lipophilic metabolites NP + 
A9PEO11 + A9PEO2 never exceeded 10% of total A9PEO, reflecting an ineffective 

wastewaterr treatment. 
Inn a later study by the same group, the carboxylated metabolites were also included in the 
analysiss [4].  This time, water samples were taken in the Venice lagoon as well as in the 
Adriaticc Sea and in a river reaching the estuary. 
A9PEOO concentrations in the lagoon were found to range between 0.6 and 6.8 (ig L" , while 
inn the river this range was 14-62 ug L"1. For A9PEC, the concentration ranges were 0.3-6.2 
andd 7.3-225 p.g L ' in the lagoon and the river, respectively. Metabolites to surfactant ratios 
A9PEC/A9PEOO amounted to 2-3, and 0.5 in the river and the lagoon, respectively. 
Therefore,, it was suggested that the main biodegradation mechanisms are different for the 
estuaryy and the river. In the estuary, the hydrolytic biodegradation mechanism (hydrolytic 
shorteningg of the ethoxylate chain) is thought to prevail over the oxidative-hydrolytic 
mechanismm (first an oxidation of the terminal hydroxylic group, then shortening of the 
ethoxylatee chain), leading to a faster disappearance of A9PEC from the estuary. 
Spatiall  distributions of A9PEO and A9PEC were found to be rather homogeneous 
throughoutt the lagoon and the sea samples. However, elevated concentrations were present 
inn samples taken near an industrial area and near a shipyard. 
AA seasonal dependence of water concentrations was observed, with winter concentrations of 
bothh surfactants and metabolites more than 2 times higher than those in summer. This was 
ascribedd to increased biodegradation at temperatures >20°C. NP concentrations were below 
thee detection limit in all water samples. 

Ann extensive study of the behaviour of A9PEO and their nonionic metabolites was 
performedd in the Krka estuary in Croatia, which revealed some interesting features 
involvingg the vertical stratification of the water column [5]. 
Thiss stratified estuary has a depth of 40 m, with an upper fresh or brackish water layer of 
0.2-44 m, depending on the river flow. The main source of pollution is untreated municipal 
wastewater,, which is discharged into the estuary. Water samples were collected at different 
distancess from these sewage outlets, at two water depths: from the fresh and the marine 
waterr layers. Furthermore, at one location, a vertical profile of the water column was made, 
includingg a sample of the water microsurface layer. Total A9PEOn, and individual A9PEO,, 
A9PEO22 and NP concentrations were determined with normal phase HPLC-Flu analysis. 
Inn the wastewater, an average ethoxylate chain length of 10 was found, with total A9PEOn 

concentrationss of 500 ug L"1 [5]. Of these A9PEOn, 6-60% was sorbed onto suspended 
solids.. One likely removal process of A9PEOn from the estuarine water column is therefore 
sedimentationn of suspended particulate material. However, no sediments were analysed to 
testt this hypothesis. 
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Dissolvedd concentrations ofA9PEOn were high at 1 m from the sewage outlet (8.5-89 ug 

L""  ), but decreased to below 1 ug L"1 at 25 m distance, while further concentration decrease 

wass slow. Concentration ranges of NP, A9PEO, and A9PE02 were <0.02-1.2, <0.02-0.44 

andd O.020-0.3 ug L" \ respectively [6].  The NP and A9PEOi+2 concentrations represent 3-

4%% of the total surfactant-derived nonylphenolic compounds, which is considerably less 

thann for situations where wastewater is treated before discharge into natural water (with 

valuess of usually more than 30% [7]). 

Thee concentrations of both parent surfactant and lipophilic metabolites decreased sharply 

withh increasing distance from the sewage outlet. At a distance of 100 m, the concentrations 

hadd all dropped to below 0.5 and 0.1 ug L"1 for A9PEOn and metabolites, respectively. The 

decreasee was mainly explained by an efficient dilution. The concentrations were 

significantlyy higher near the water surface, as a consequence of the waste water plume 

spreadingg primarily in the upper freshwater layer, while leaving the saline layer less 

affected. . 

Whenn going downstream in the estuary, a small increase in A9PEO] and A9PE02 

concentrationss was observed, indicating that biodegradation is likely to occur. However, the 

extentt of biodegradation was not as significant as in some fresh water systems. It was 

concludedd that biodegradation plays only a limited role in the fate of A9PEO in the estuary 

[5]. . 

salinityy (%o) 
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Figuree 4.1: Change in dissolved concentrations of A9PEO and NP with depth in a haloclinic 
waterbodyy (adapted from Kvestak and Ahel [6]). 
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Ann interesting vertical profile of the metabolite concentrations was observed: the 
compoundss showed a tendency to accumulate at the two-phase boundaries of air- freshwater 
andd freshwater - saline water (the halocline). Thus, concentration maxima were observed at 
depthss of 0 and 2 m (see figure 4.1) [6\. The observed distribution may result from either the 
physicochemicall  properties of these compounds (surface activity and hydrophobicity), or 
theirr formation at the interface due to increased biological activity. For the parent 
surfactants,, a similar but less pronounced vertical distribution pattern was observed (with 
maximaa at 0 and 2 m of 17 and 9 fig L"1, respectively) [5]. 

Inn seawater near Barcelona, an A9PEO concentration of 0.85 ug L"1 was found, using gas 
chromatographyy - mass spectrometry (GC-MS) analysis. No A9PEO were detected in the 
particulatee phase of the samples [8]. 
Inn a more recent study in the same area, A9PEO water concentrations of 0.2-4.8 ug L 
weree found using LC-MS analysis. In the same study, other coastal areas of Spain showed a 
maximumm concentration of 11 ug L"1 at a site that receives high amounts of industrial and 
domesticc wastewater. For NP a concentration range of <0.15-4.1 ug L"1 was reported, and 
A9PE]CC were below detection limits (0.19 ug L"1) in all samples [9]. 
Veryy high A9PEO concentrations in coastal water were reported from Israel. At 10 locations 
alongg the coast water samples were collected, all near the mouth of a river or stream. 
Sampless were taken 2-3 m from the shoreline. With reversed phase HPLC, total A9PEO 
concentrationss were determined. The levels varied from 4.2 to as much as 25 ug L" , while 
concentrationss in the rivers themselves were in the range of 12.5-75 ug L" . In samples 
takenn further offshore (between 50 and 150 km), concentrations had decreased to <1.0-2.6 
ugg L"1. In all samples, the longer oligomers (around 10 ethoxylate units) were most 
abundant.. Unfortunately, as very little analytical details were reported, the validity of the 
resultss cannot be completely established [10]. 

AlkylphenolAlkylphenol derivatives in the North Sea and UK coastal waters 
Blackburnn and Waldock [11] undertook a survey of dissolved concentrations of 
alkylphenolss (APs) in rivers and estuaries in England and Wales. Locations were selected to 
representt a wide range of possible AP inputs, from both agricultural and industrial sources. 
Forr all samples, both filtered and unfiltered water were treated, to determine both the 
dissolvedd and the total extractable APs by GC-MS. 
Riverr concentrations were generally in the range of <0.2-12 ug L"1 total extractable NP, with 
onee exceptional river (the Aire river) containing 180 ug L"1, located in an area with heavy 
textilee industry. Estuarine levels were generally one order of magnitude lower, with total 
extractablee NP concentrations in the range of <0.08-0.32 ug L'1. In over 80% of the 
estuarinee samples, total NP concentrations were below 0.1 ug L"1. However, in the Tees 
estuaryy (unrelated to the Aire river) exceptionally high values were found, with a total 
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extractablee NP concentration of 5.2 ug L'and an octylphenol (OP) concentration of 13 ug 
L'L' . This is the only estuarine site where OP was present above the detection limit of 0.1 ug 
L""  . The values can be explained by the industrial activities taking place near the estuary: a 
roadd tanker cleaning facility, and the major UK production facility for A9PEO. 
AA comparison between the dissolved and total concentrations revealed that at very high 
concentrations,, the majority of NP is present in the particulate phase, while at lower 
concentrationss (<20 ug L"1), the greater part appears to be in solution. 
AA subsequent study in the same areas also included biological samples [12]. Again, the Aire 
riverr contained the highest concentrations, with total extractable NP+A9PEO,+2 

concentrationss of 15-76 \i% L"1. In many samples of this river, levels exceed the no observed 
effectt concentration (NOEC) for vitellogenin induction in trout (5-20 ug L"1). However, in 
mostt samples of the other investigated rivers levels were <1 ug L"1. OP levels were 
invariablyy below 0.5 ug L"1. 
Inn the UK estuaries, NP and APEO were only detected in two out of the nine investigated 
areas.. The highest estuarine dissolved concentrations were found in the Tees estuary, as was 
thee case in the preceding study. The majority of these APEO were present in the particulate 
phasee (>75%). 
Concentrationss increased from <0.2 to 5.8 ug L"1 for NP and from <0.6 to 76 u-g L"1 for 
A9PEO]+22 when going downstream in the estuary, indicative of the input of APEO directly 
intoo the estuary by industrial activities in the area. These results demonstrate that although 
inn most riverine and estuarine environments NP and AgPEOj+2 concentrations are below the 
thresholdd to affect the investigated fish species, local concentrations in areas directly 
impactedd by industrial effluents can reach concentrations far above NOEC levels. 
AA clear indication of A9PEO biodegradation in estuarine waters was found in the Scheldt 
estuaryy in The Netherlands [73]. In water samples with salinities ranging from 0.5 to 35%o, 
A9PEOO and the carboxylated metabolites A9PEC were analysed using LC-electrospray 
(ESI)-MS.. Upstream in the estuary, A9PEO concentrations of 2.3 ug L"1 were found, while 
thee total A9PEC concentration was much higher: 12 ug L"1. When going downstream in the 
estuary,, A9PEO concentrations decreased rapidly, while the A9PEC concentration decreased 
muchh more slowly, suggesting the formation of the latter out of the former compounds. 
A9PEOO oligomer distributions remained constant throughout the estuary. These results 
indicatee that in contrast to the Venice lagoon, Italy [4],  in the Scheldt estuary the oxidative-
hydrolyticc biodegradation mechanism predominates over the hydrolytic mechanism. At the 
mouthh of the estuary, A9PEO and A9PEC concentrations were 0.04 and 0.09 ug L"1, 
respectively.. The NP concentrations decreased from 0.9 upstream to 0.04 jug L"1 at the 
mouthh of the estuary. 
AA survey of Dutch coastal waters was carried out in spring, summer and autumn of 1999 
[14][14]  using normal and reversed HPLC-Flu. In general, dissolved concentrations in surface 
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waterss appeared to be below the limit of quantification (-0.5 ug L"1). Interestingly, the 

exceptionss were found in summer in the Western Scheldt and the Rhine/Meuse estuaries, 

whenn levels ranged between 2 and 3 ug L~'. At the same locations in these estuaries sampled 

inn spring and autumn concentrations were below quantification limits. Elevated summer 

concentrationss may be caused by reduced water flows and by seasonal increase in detergent 

use. . 

AlkylphenolAlkylphenol derivatives at the Atlantic coast, USA 

AA study by Ferguson et al. focused on the fate of short-chain A9PEO and AgPEO (1-3 

ethoxylatee units) and AP in the Jamaica Bay estuary in New York, USA [75]. This study 

alsoo included halogenated APs, which can be formed during wastewater chlorination 

treatment.. The largest input of freshwater into the bay is biologically treated wastewater, 

whichh has a residence time in the bay of approximately 35 days. 

Waterr samples were analysed by reversed phase LC-ESI-MS. Concentrations of 0.08-0.42 

andd 0.16-0.94 fxg L"1 were determined for NP and A9PEOU3, respectively. Concentration 

levelss of A8PEO were lower by more than an order of magnitude, and halogenated APs 

weree not detected in the water. The APEO metabolites showed a strong correlation with the 

sewagee tracer silver, indicating a wastewater source of these compounds. 

Althoughh there is only a limited salinity gradient in the Jamaica Bay estuary (from 25 to 

31%o),, it was shown that the ratio A9PEO1.3/NP decreased with salinity, indicating that 

degradationn occurs in the water (at a faster rate than possible volatilisation of NP). The total 

A9PEO0-33 concentration was, in general, higher at lower salinities. These trends were not 

observedd for A8PEO, and it was suggested that A8PEO sources other than wastewater are 

present,, possibly transporting AgPEO into the bay from the marine side. 

APEOO concentrations in suspended particulate material samples were similar to the 

concentrationss in sediments. From these values, in situ organic carbon corrected SPM/water 

distributionn coefficients (log KoC) were calculated. For the separate ethoxymers NP, 

A9PEO,,, A9PEO2, A9PEO3 and OP, log K^ values of 5.4, 5.5, 5.2, 4.9 and 5.2, respectively, 

weree calculated. 

Inn another estuary near New York, namely the Hudson estuary, NP was analysed by GC-

MS.. Dissolved concentrations ranged from 0.012 to 0.094 u,g L"1, while the concentrations 

off  NP in the particulate phase of the water amounted to between 0.45 and 4.0 \ig g'1 [16\. 

OtherOther nonionic surfactants in the Mediterranean Sea 

Dataa on the marine occurrence of nonionic surfactants other than APEO are very limited. 

Petrovicc et al. reported alcohol ethoxylates (AEO) concentrations along the coast of Spain 

off  <0.1-15 ug L~' and coconut diethanol amide (CDA) concentrations of <0.05-24 jig L ', 
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thee highest concentrations present at sites receiving high amounts of industrial and domestic 

wastee water [9]. 

Thee only study available on metabolites of AEO was performed by Crescenzi et al. [17]. 

Thee initial biodegradation of AEO occurs by cleavage at the ether bridge between the alkyl 

andd ethoxylate chain, resulting in polyethylene glycols (PEG) and alcohols. In consecutive 

oxidationn steps, the PEG chains are shortened and mono- and dicarboxylated metabolites 

(MCPEGG and DCPEG, respectively) are formed. 

Thee PEG, MCPEG, DCPEG metabolites were monitored in marine, estuarine, river and 

wastewaterr near and in the Italian river Tiber. Water samples were analysed by LC-ESI-MS 

analysis.. Suspended particulate material (SPM) was also analysed, but none of the 

metabolitess were detected in this matrix. 

Inn the river water, PEG ranging from 6 to 20 ethoxylate units (average of 12 units) were 

foundd at 23 ug L"'. The MCPEG (6-13 units) and DCPEG (4-20 units) were present at 1 and 

77 jig L ', respectively. In the estuarine zone, total PEG concentrations of around 68 ug L"1 

weree found at a salinity of 1.3 %o, decreasing to 0.5 ug L"1 at a salinity of 36 %o. The average 

PEGG chain length decreased slightly from 11 at salinity 1.3 to 8 at salinity 36 %o. DCPEG 

weree present at higher concentrations than MCPEG, and increasingly dominated the 

MCPEGG at higher salinities. Total concentrations for MCPEG and DCPEG were 2.1 and 8.1 

u.gg L"1 respectively at salinity 1.3, decreasing to <0.1 and 0.7 at salinity 36 %o. 

Thee data suggest that in a saline medium the biodegradation of PEG continues and that the 

mainn biodegradation mechanism is simultaneous oxidation of both ends of the PEG chain, 

leadingg to the predominating presence of the dicarboxylated DCPEG metabolites. 

Ann overview of nonionic surfactant concentrations in saline waters can be found in table 

4.1. . 

4.3.. Nonioni c surfactant s in estuarin e and marin e sediment s 

Thee effect of salinity on sediment-water partition coefficients of surfactants is still a matter 

off  scientific debate. Increase in salt concentration can lead to salting-out effects, increasing 

sorptionn coefficients, but alternatively, addition of certain electrolytes can decrease sorption 

off  the polar part of the surfactant by blocking sorption sites in some fashion [18]. In a recent 

study,, increasing salt concentrations were found to slightly increase sorption for the AEO 

A, 3E03,, while for A13E09 a small decrease was found [19]. Other parameters, like sediment 

propertiess [20] and the alkyl and the ethoxylate chain lengths of the surfactant [21] have a 

moree significant influence on the sorption coefficient. 

Inn table 4.2, concentrations of nonionic surfactants in estuarine and marine sediments are 

listed. . 
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Tablee 4.1: Reported concentrations of nonionic surfactants and their metabolites in marine and 
estuarinee waters. 

samplingsampling area 

Venicee lagoon (Italy) 

Venicee lagoon (Italy) 

Venicee lagoon (Italy) 

Barcelonaa (Spain) 

Krkaa estuary 
(Croatia) ) 

Krkaa estuary 
(Croatia) ) 

Englishh estuaries 

Englishh estuaries 

Hudsonn estuary 
(USA) ) 

Hudsonn estuary 
(USA) ) 

Jamaicaa Bay (USA) 

Israelii coast 

Scheldtt estuary (The 
Netherlands) ) 

compartment compartment 

estuarinee water 

estuarinee water 

estuarinee + river water 

estuarinee water 

riverr water 

marinee water 

marinee suspended matter 

estuarinee water 

brackishh estuarine water 
layer r 

salinee estuarine water 
layer r 

estuarinee water 

estuarinee water 

estuarinee water 

estuarinee suspended 
matter r 

estuarinee water, dissolved 

estuarinee water, 
particulatee phase 

estuarinee water 

marinee water 

estuarinee water 

compounds compounds 
analysed analysed 

NP P 

A9PEO1 1 

A 9PE0 2 2 

A9PE03- i3 3 

A9PEOi.14 4 

NP P 

A9PEOi+2 2 

A9PEn2C C 

A9PE01 + 2 2 

A9PE1+2C C 

AgPEOo-6 6 

AgPEOo-6 6 

NP P 

A g P E d d 

A 9PE0 2 2 

AgPEO^a a 

A9PE03.18 8 

NP P 

OP P 

NP P 

A9PE01 + 2 2 

NP P 

NP P 

NP P 

NP P 

NP P 

A9PEO1.3 3 

OP P 

AsPEOsa a 

halogenatedd NP 

AgPEOi-16 6 

A9PEOM2 2 

AgPE^C C 

NP P 

concentration concentration 
(ugL(ugL11) ) 

0.20 0 

0.73 3 

1.1 1 

17.5 5 

0.6-4.5 5 

<0.2 2 

0.6-6.8 8 

0.3-6.2 2 

14-62 2 

7.3-225 5 

0.855 ug 

n.d. . 

<0.02-1.20 0 

<0.02-0.44 4 

O.020-1.30 0 

1.1-6 6 

0.1-0.7 7 

<0.08-5.2 2 

<0.1-13 3 

0 .2 -5 .8 8 

0 . 6 - 7 6 6 

0.012-0.095 5 

0.0026-0.022 2 

0.012-0.094 4 

0.0026-0.0039 9 

0.077-0.416 6 

0.158-0.942 2 

0.0016-0.0083 3 

0.0055-0.034 4 

n.d. . 

<< 1.0-25 

0.04-2.3 3 

0.09-12 2 

0.04-0.9 9 

ref. ref. 

[3] [3] 

[2] [2] 

[4] ] 

[8] ] 

[6] ] 

[5] ] 

[11] [11] 

[12] [12] 

[34] [34] 

[16] [16] 

[15] [15] 

[10] [10] 

[13] [13] 
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Tablee 4.1 (continued) 
samplingsampling area 

[Scheldtt (NL) 

Rhine// Meuse at 
Haringvliett (NL) 

Rhine// Meuse at 
Maassluiss (NL) 

Tiberr estuary (Italy) 

Elbee (Germany) 

Elbee & Wesser 
estuariess (Germany) 

Coastt of Spain 

compartment compartment 

estuarinee water 

estuarinee water 

estuarinee water 

estuarinee water 

estuarinee water 

estuarinee water 

coastall water 

compounds compounds 
analysed analysed 

NPEOMO O 

NP P 

NPEOmo o 

N P E O M O O 

PEG4.21 1 

MCPEG4-18 8 

DCPEG4.18 8 

NP P 

AgPEO! ! 

A9PE02 2 

NP P 

A9PEO>2 2 

AE AE 

CDA A 

A9PEO O 

NP P 

AgP^C C 

concentration concentration 
(ML'(ML'11) ) 
2.0-2.5 5 
2.0 0 

2.7 7 

2.6 6 

0.5-68 8 

<0.05-2.1 1 

0.8-8.1 1 

0.0087-0.084 4 

0.01-0.111 1 

0.0024-0.024 4 

0.033 3 

<0.005 5 

<0.1-15 5 
<0.05-24 4 

0.2-11 1 

0.15-4.1 1 

<0.1 1 

ref. ref. 

[14] [14] 

[14] [14] 

[14] [14] 

[17] [17] 

[22] [22] 

[23] [23] 

[9] [9] 

n.d.. = not detected 

Tablee 4.2: Reported concentrations of nonionic surfactants and their metabolites in marine and 

estuarinee sediments. 

samplingsampling area 

Venicee lagoon (Italy) 

Californiaa (USA) 

Barcelonaa (Spain) 

Barcelonaa (Spain) 

Nilee estuary (Egypt) 

compartment compartment 

estuarinee sediment 

resuspendedd estuarine 
sediment t 

marinee sediment 

marinee sediment 

marinee sediment 

estuarinee sediment 

compounds compounds 
analysed analysed 

NP P 

A-JPEOT T 

A9PE02 2 

NP P 

AgPEO! ! 

A9PE02 2 

NP P 

AflPEd d 

A9PE02 2 

NP P 

A9PEO0-6 6 

NP P 

concentration concentration 
flufffluff 91) 
0.005-0.044 a) 

0.009-0.088 a) 

0.003-0.022 a) 

<0.1-5.6a) ) 

0.2-6.66 a) 

<0.1-1.5a) ) 

<0.002 2 

<0.002 2 

<0.002 2 

0.006-0.07 7 

6.6 6 

0.019-0.044 4 

ref. ref. 

[2] [2] 

[32] [32] 

[24] [24] 

[8] [8] 
[24] [24] 
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Tablee 4.2 {continued) 

samplingsampling area 

Englishh estuaries 

Englishh estuaries 

UKK estuaries 

Germann estuaries 

S-NN orway/W-Swed en 
estuaries s 

French/Belgian/Dutch h 
Northh Sea coast 

Dutchh coast 

Tokyoo Bay (Japan) 

Straitt of Georgia 
(Canada) ) 

Jamaicaa Bay (USA) 

Scheldtt estuary 

(Thee Netherlands) 

Elbee estuary 
(Germany) ) 

Coastt of Spain 

compartment compartment 

estuarinee sediment 

estuarinee sediment 

estuarinee sediment 

estuarinee sediment 

estuarinee sediment 

estuarinee sediment 

estuarinee sediment 

estuarinee sediment 

estuarinee sediment 

estuarinee sediment 

estuarinee sediment 

estuarinee sediment 

marinee and harbour 
sediment t 

compounds compounds 
analysed analysed 

NP P 

A9PE01 + 2 2 

OP P 

NP P 

A g P E d d 

AgPECva a 

AgPECh.3 3 

A9PEOi-3 3 

AgPECM.3 3 

AgPEO^o o 

NP P 

OP P 

A g P E ^ ^ 

AgPEO^g g 

AgPEOo.3 3 

AaPEOo-3 3 

halogenatedd NP 

A 9 P E 0 M 2 2 

NP P 

NP P 

A g P E d d 

A 9PE0 2 2 

AE E 

CDA A 

AgPEO O 

NP P 

concentration concentration 
(ugg(ugg11) ) 

<0.1-1.7 7 

<0.5-3.6 6 

0.002-0.3400 a) 

0.03-9.055 a). 

0.16-3.977 a) 

0.02-0.400 a) 

0.03-0.122 a) 

0.03-0.155 a) 

0.02-0.311 a) 

0.04-0.255 a) 

0.12-0.644 a) 

0.006-0.011 a) 

0.033 a) 

0.300-3.0 0 

0.05-30 0 

<0.005-0.09 9 

<0.001-0.027 7 

<0.0003-0.2400 a) 

0.0003-1.0800 a) 

0.370-0.4800 a) 

0.750-0.8900 a) 

0.970-1.1500 a) 

0.037-1.30 0 

0.030-2.70 0 

0.010-0.620 0 

O.010-1.050 0 

ref. ref. 

[12] [12] 

[26\ [26\ 

[25\ [25\ 

[25\ [25\ 

[25\ [25\ 

[25\ [25\ 

[14] [14] 

[27] [27] 

[30] [30] 

[15] [15] 

[13] [13] 

[22] [22] 

[9] [9] 

n.d.n.d. = not detected 
a}a} calculated for dry weight 
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MediterraneanMediterranean Sea 

Thee environmental occurrence of the short A9PEO oligomers in several types of sediments 

wass studied in the Venice lagoon [2]. A distinction was made between sediments covered 

withh a layer of macroalgae (which are blooming massively in spring-summer), and 

sedimentss free of macroalgae. 

AA special device was used to collect artificially resuspended sediment. In this device, the 

sedimentt was placed in a tube with overlying water. An oscillating grid placed in the water 

abovee the sediment caused a steady state resuspension equilibrium, under the same 

conditionss as typically generated by winds and currents in the lagoon. This overlying water 

wass then filtered, and the resuspended material analysed. 

Concentrationss of NP + A9PEO|+2 in sediments varied from 0.018 to 0.129 ug g"1 (dry 

weight).. However, in the sediments covered with a layer of macroalgae biomass, 3-10 times 

higherr concentrations were found. Concentrations in 10 samples of the macroalgae 

themselvess were 0.25 5 u.g g"1 dry weight. 

AA strong seasonal dependence of the lipophilic metabolites concentration in resuspended 

materiall  was observed: from an average of 5.8-6.7 to 0.5-1.0 ug g"1 dry weight in February 

andd July, respectively. Concentrations of A9PEO in resuspended material were higher by 

onee order of magnitude than in the sediment. These concentration ratios were also observed 

forr polychlorinated biphenyls in the same sediment and resuspended material, while these 

compoundss are assumed to be hardly affected by biodegradation. Consequently, for A9PEO 

thesee concentration ratios were attributed to dilution during sedimentation rather than to 

biodegradationn in the sediment. 

Bothh the NP + A9PEOi+2 concentrations in sediment with and without overlying macroalgae 

andd the increased concentrations in resuspended material during the algal bloom showed the 

importantt role played by algae in the environmental fate of A9PEO. 

InIn a later study in the Venice lagoon, a dated sediment core was analysed [4].  Seven 

separatee layers were analysed, dating from 1972 back to 1910. 

Whenn analysing back to the 1950s, A9PEOj and A9PE02 decrease four and three-fold 

respectively,, while NP decreases only two-fold. This is an indirect sign of the non-oxidative 

(anaerobic)) biodegradation of A9PE01+2 to NP. From 1950 to 1920, surprisingly, an 

increasee of NP was observed. This was ascribed to post-depositional vertical transport 

throughh the sediment layer caused by pore-water diffusion. 

Fromm a comparison of calculated sedimentary annual fluxes of A9PEO (48 ng cm"2), the area 

off  the lagoon and the annual loading of A9PEO into the lagoon, it was estimated that 

sedimentationn contributes less than 0.1% to the total removal of A9PEO from the estuary, 

andd this process is therefore negligible compared to biodegradation. 

Chalauxx et al. investigated dumped sewage sludge and marine sediments near Barcelona, 

withh GC-MS analysis [24]. In the sludge, NP concentrations were similar to the previous 
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work:: 20-350 ug g"1. NP was found in the marine sediments in the range of 0.006-0.069 ug 

g"1.. In the same area, A9PEO sediment concentrations of 6.6 jig g"1 were found, using GC-

MSS analysis [8]. 

Moree recently, Petrovic et al. [9]  reported NP concentrations in sediments of <0.01-0.45 jig 

g"11 at the coast of Barcelona, using LC-MS analysis. Other sites along the Spanish coast 

showedd a maximum NP concentration of 1.05 ug g"1 at a site in the proximity of the outflow 

off  partially untreated wastewater. AEOs were detected between 0.037 ad 1.30 ug g" , and 

curiously,, the supposedly easily biodegradable CDAs were detected in all sediment 

samples,, in the range of 0.03-2.71 ug g" . 

Chalauxx et al. reported NP concentrations in sediments from the Nile estuary of 0.044 \ig g"1 

NPP [24]. 

NorthNorth Sea and UK coastal waters 

Dee Voogt et al. [25] analysed marine and estuarine sediments from 22 sites in northwestern 

Europee (extending from Ireland and France to Norway and Sweden) by HPLC-Flu. NP, OP, 

A9PEOO and A8PEO concentration ranges of 0.1-17, <LOD-2, 12-400 and 0.2-16 ng g"1 dry 

weightt were found, respectively. The highest levels were found in the estuaries of the rivers 

Seine,, Mersey, Rhine/Meuse, Weser and Elbe. 

Off  nine estuaries investigated in England by Blackburn et al, only the sediments from the 

highlyy industrialised Tees estuary contained detectable concentrations of NP and A9PEOi+2 

[12].[12].  In this estuary, also the highest APEO metabolite concentrations in water were found. 

GC-MSS analysis showed maximum concentrations in sediments of 1.7 jig g" NP and 3.6 |ig 

g"11 A9PEO,+2. 

Lyee et al. [26] found higher NP concentrations in sediment from the same Tees estuary. The 

maximumm NP level found by GC-FID analysis was 9.05 ug g~', upstream of the estuary, and 

thenn a clear decreasing trend was observed down to 1.60 ug g" at the mouth of the estuary. 

AA similar pattern was found for A9PEO1 (from 3.97 to 0.120 jj,g g"1 downstream) and OP 

(fromm 0.34 to 0.03 (ig g"1). This trend is somewhat surprising, as Blackburn et al. reported 

waterr concentrations of NP and A9PEO]+2 increasing by factors of 30-126 when going 

downstreamm in the Tees estuary in the preceding study [12]. In another English estuary, 

concentrationn ranges of 0.03-0.080, 0.16-1.40 and 0.002-0.020 ug g1 for NP, A9PEO! and 

OPP were found, respectively [26]. 

InIn general, the sediment levels reported by De Voogt et al. [25], Lye et al. [26] and 

Blackburnn et al. [12] for UK estuaries are in reasonable agreement. 

Jonkerss et al. used LC-ESI-MS to analyse sediments from the Scheldt estuary, The 

Netherlandss [13]. Concentrations in sediments ranged from <0.0003 to 0.242 and from 

O.00033 to 1.080 ug g"1 dry weight for A9PEO and NP, respectively. The highest 
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concentrationss were found near an industrial area and a commercial harbour. In most 

sediments,, no A9PEC were found. 

Inn a Dutch survey conducted in 1999 [14], A9PEO and NP were found to be present at 

detectablee levels in most (42 out of 54) sediment and suspended particulate material (SPM) 

sampless collected, whereas A8PEO and OP levels were below the limits of detection. Figure 

4.22 shows mean concentrations of A9PEO and NP in SPM and sediments from freshwater 

andd marine waters, normalized to organic carbon. These are the means calculated from all 

sampless analyzed in the Dutch survey, including freshwater sediments. Marine SPM 

generallyy contained higher levels of A9PEO (from <0.01 to 3.5 ug g~' dry wt.) than marine 

sedimentss (<0.01 - 0.3 ug g"1). A similar trend was found for NP, with levels between <0.01 

andd 4 ug g" in SPM and <0.01 - 0.3 ug g"1 in sediments. For A9PEO the difference between 

concentrationss in SPM and sediment was much bigger, however, than for NP, as can be seen 

inn figure 4.2. This is probably due to relatively rapid biodegradation of the A9PEO sorbed to 

SPM. . 

Figuree 4.2: Mean concentrations of IA9PEO and NP in sediments and suspended particulate 
materiall collected in freshwater in The Netherlands and marine water from the Dutch coastal 
zonee of the North Sea. For further explanation, see text (source: De Voogt et al. [14]). 
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Levelss in SPM tended to decrease along the Dutch coast in a northerly direction with 

increasingg distance from the main (Rhine/Meuse and Scheldt) estuaries. Locally in the 

Westernn Scheldt estuary near the same industrial area mentioned in the preceding paragraph, 

levelss in SPM up to 22 ug A9PEO g"1 were reported. 

AA comparison of Rhine, Meuse and Scheldt estuaries revealed that in the Rhine estuary, 

withh its relatively short residence times of the water, concentrations in estuarine SPM were 

similarr to or higher than those upstream (concentration ratios estuarine/freshwater >1), 

whereass in Meuse and Scheldt estuaries with longer residence times of the water, particulate 

matterr concentrations of A9PEO are much lower than in samples collected upstream (ratios 

<1,, see figure 4.3). For NP this phenomenon is also observed, although it is less pronounced 

(seee figure 4.3). Probably, in estuaries with long residence times biodegradation is likely to 

affectt the A9PEO concentrations to a larger extent than in those estuaries with short 

residencee times. In sediments from the same rivers a similar trend in ratios appeared to be 

presentt (data not shown) although the number of samples collected was much less in this 

case. . 
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Figuree 4.3: Ratios of estuarine relative to freshwater concentrations in SPM of AgPEO and NP 
observedd in the Dutch rivers Scheldt, Meuse and Rhine. Ce = concentration in estuarine SPM; 
Cff = concentration in freshwater SPM. Each value represents the ratio of the means of three 
sampless taken at salinity 0 and three samples taken at salinity >30%o (source: de Voogt et al. 
[14]). [14]). 
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PacificPacific Ocean 

Severall  studies have been performed on the fate of APEO in rivers flowing to Tokyo Bay, 

Japan,, and in the bay itself [27, 28]. Tokyo Bay receives vast amounts of treated and 

untreatedd domestic and industrial wastewater. 

Inn the rivers, high concentrations of NP in sediment were observed [27] over relative long 

stretchess of about 10 km downstream from a sewage effluent discharge point (compared to 

elevatedd concentrations over a stretch of only 1 km length in a similar study conducted in 

thee Detroit river [29]). Due to the tidal current the horizontal mixing of surface sediments is 

possiblyy more extensive than in nontidal areas [27]. 

Concentrationss in Tokyo Bay sediments were about one order of magnitude less than those 

inn the river sediments: 0.12-0.64, 0.006-0.01 and 0.03 (ig g"1 dry weight for NP, OP and 

A9PEOi,, respectively. A seaward concentration decrease in the estuary was observed [27]. 

Inn a dated sediment core from Tokyo bay (going back to 1950), NP concentrations showed a 

clearr maximum (0.53 [ig g"1) in the sediment layer deposited in the mid-1970s [27], around 

thee time when legal regulations on industrial wastes were first implemented (although NP 

productionn has been ever increasing). The NP isomer composition was fairly constant in 

standardd mixtures and all environmental compartments, including the layers of a dated 

sediment,, indicating that the reactions occurring are not isomer selective. 

Inn the Strait of Georgia, Canada, a study was performed on the fate of A9PEO in marine 

sedimentss [30]. Box core sediment samples were collected in a region heavily impacted by 

twoo municipal wastewater effluents. The sewage only receives primary treatment, which is 

clearlyy reflected in the results of this study. 

Normall  phase LC-ESI-MS was used for analysis. In a previous work by the same authors, 

ann interesting comparison had been made between LC-Flu, LC-UV and LC-ESI-MS 

analysiss of the same (spiked and unspiked) marine sediments [31]. The concentrations 

measuredd by LC-Flu and LC-UV were consistently higher by about a factor of two than 

concentrationss analysed by LC-ESI-MS (however, with LC-UV analysis, for the unspiked 

sedimentss concentrations were all below the detection limit) . This was attributed to the 

limitedd specificity of the LC-Flu and UV techniques. 

Inn the Strait of Georgia study, surface sediment concentrations in the vicinity of the effluent 

averagedd 1.5 fig g" , with maximum concentrations of approximately 3 jxg g"1. At 20 km 

distancee from the outfall, the concentration had dropped to 0.30 \ig g"1 [30]. 

Thee ethoxymer distribution observed in the sediments was different from most other 

patternss reported in literature. Although A9PEO1 and A9PE02 had the highest abundance, 

moree than half of the total A9PEO had ethoxylate chains of more than 2 units. A second 

maximumm was observed at around 9 ethoxylate units, which is the same maximum as for 

somee commercial A9PEO products. The authors suggested that analyses that have not 
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incorporatedd the longer oligomers in the past might have underestimated A9PEO 

concentrationss by a factor of two. 

Somee of the sediment cores were vertically sectioned and dated. Surprisingly, when going 

downn in the sediments, no concentration decrease with depth was observed, and also the 

ethoxylatee distribution remains the same. These results clearly show the lack of 

biodegradationn once the A9PEO have reached the marine sediment. Half-lif e values have 

beenn estimated to be more than 60 years. Although the observation that A9PEO1 and 

A9PEO22 exhibited a higher relative abundance than in commercial products points to some 

degradation,, the lack of change in distribution in the sediment depth profiles indicates that 

thesee metabolites are formed prior to entering the sediments, e.g. in the municipal 

wastewaterr treatment plant. 

Despitee this lack of degradation, the environmental significance of these compounds may be 

onlyy minor, if preservation is accomplished by irreversible sorption to the sediments, which 

wouldd render the A9PEO non-bioavailable. 

Surfactantt markers were analysed by Chalaux et al. in marine sediments and sewage sludges 

fromfrom California [32]. The compounds investigated included APEO metabolites A9PEO1, 

A9PEO22 and NP, as well as linear alkylbenzenes (LAB) and trialkylamines (TAM), which 

aree residues of anionic and cationic surfactants, respectively. Sediment cores were collected 

upp to 60 km offshore. 

Withh GC-FID analysis, NP, LAB and TAM were found in the sewage sludge in similar 

concentrationss of 89-420 (xg g"1, while no APEOi+2 were detected. In the marine sediments, 

LA BB and TAM were detected, but all APEO metabolites were below the detection limit of 2 

ngg g"1. The absence of NP in the sediments was attributed to its lower hydrophobicity 

comparedd to LAB and TAM. 

AtlanticAtlantic coast, USA 

Fergusonn et al. used reversed phase LC-ESI-MS to analyse short-chain A9PEO and A8PEO 

(11 -3 ethoxylate units), APs and halogenated APs in sediments of Jamaica Bay estuary in 

Neww York [15]. 

Thee concentration range of total A9PEO0.3 observed in sediments was 0.05-30 [ig g ', while 

A8PEOO were found at much lower concentrations of 0.0045-0.289 ug g"1. This reflects the 

higherr production and consumption of A9PEO compared to A8PEO. 

Thee sediment concentrations were roughly correlated to the organic carbon content of the 

sediments,, and the organic carbon normalised concentrations did not vary much throughout 

thee basin. Only near one wastewater discharge, exceptionally high concentrations were 

found. . 

Thee ethoxymers distribution appeared similar in all sediments, with A9PEO1 the dominant 

ethoxymer,, and smaller but significant contributions of NP and A9PEO2. A9PEO3 
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representedd less than 10% of the total concentration. For one sample, longer ethoxymers (4-
15)) were analysed, and these oligomers contributed only 8.5% to the total IAPEO. As it has 
beenn reported previously [30] that APEO degradation in anaerobic environments is very 
slow,, it is assumed that this APEO profile in the sediments (which are mostly anoxic, due to 
theirr high organic carbon content) is the result of degradation before the deposition, mainly 
duringg the biological wastewater treatment. 
Chlorinatedd and brominated NPs were found in many sediment samples in the bay, with a 
maximumm concentration detected of 0.027 ug g"1 [15], Their concentrations contributed less 
thann 1% to the total A9PEO metabolites, and therefore they are likely to be of little 
ecotoxicologicall  concern. 
Basedd on these monitoring results and some estimations of volatilisation and sediment 
buriall  rates, Ferguson et al. concluded that the estuarine fate of APEO metabolites in 
Jamaicaa Bay is determined mainly by sorption processes, degradation in the water, and 
advectivee transport out of the estuary [75]. 

4.4.. Alkylpheno l ethoxylate s in estuarin e and marin e biot a 

Veryy few data are available for concentrations of nonionic surfactants in biota. This is partly 
duee to difficulties encountered in the analysis of these compounds in biological tissues [33]. 
Thee data reported in the literature for APEOs are shown in table 4.3. 
Bioconcentrationn factors (BCF) were determined in fish samples collected in the field as 
welll  as in experimentally exposed fish in a survey conducted in the UK [72]. The 
experimentall  BCF of NP was between 90 and 125, suggesting a moderate accumulation in 
rainboww trout muscle. Environmental BCF values for NP in fish muscle (for gudgeon, roach 
andd chub) were between 10 and 50. For A9PEOi+2, a maximum BCF of 475 in chub liver 
wass determined. A series of North Sea fish samples taken offshore contained no detectable 
APEOO metabolites in liver or muscle tissue. 
Inn another study on the Tees estuary, flounder fish tissue concentrations were reported in the 
rangee of 0.030-0.180 jig A9PEO g"1 wet weight, while A9PEO1 was not detected. In another 
estuary,, NP was detected in 3 out of 6 fish tissues at levels of between 0.005 and 0.055 ug g" 
11 wet weight. AgPEOj was observed in 5 out of 6 samples in the range of 0.190-0.240 \ig g"1 

wett weight. OP was found in only one fish sample (0.017 ug g"1) [26]. 
Inn a Dutch survey, APEO and NP were determined in samples of Blue mussel and flounder 
fromm the North Sea and adjacent coastal waters [14]. Levels were generally (in 85% of the 
211 composite samples taken) below the limit of detection 0.09 |ig ZAPEO g"1 (fresh 
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weight),, and maximum levels of 0.5 ug SAPEO g"1 and 0.12 Lig NP g"1 in flounder were 

observed. . 

Tablee 4.3: Reported concentrations of nonionic surfactants and their metabolites in marine and 

estuarinee biota. 

samplingsampling area 

Venicee lagoon (Italy) 

Englishh estuaries 

Englishh estuaries 

Dutchh coastal zone 

compartment compartment 

macroalgae e 

marinee fish 

estuarinee fish 

bluee mussel 

flounder r 

compounds compounds 
analysed analysed 

NPP + A9PE01+2 

NP P 

A9PE01+2 2 

NP P 

A-JPEOT T 

A 9 PEOI + 2 2 

A9PE01+2 2 

concentration concentration 
fagfag  9'1) 
0.255 a) 

<0.1 1 

<0.5 5 

0.005-0.1800 b) 

n.d.. -0.240 b) 

<0.099 b) 

O.04-0.55 b) 

reference reference 

[2] [2] 
[12] [12] 

[26] [26] 

[14] [14] 

n.d.. = not detected 
a)) calculated for dry weight 
b)) calculated for wet weight 

4.5.. Alkylphenol s in estuarin e and marin e atmosphere s 

Thee first scientists to investigate the coastal atmospheric presence of APs were Van Ry and 
Dachs,, in a study conducted in the Hudson river estuary (USA). GC-MS analyses showed 
thatt atmospheric NP isomer mixtures have a similar composition as technical mixtures, with 
relativelyy high total concentrations in the range of 0.0002-0.069 ug m~3 in the gas phase, and 
0.0001-0.0511 ug m"3 in the aerosol phase. These concentrations are higher than those of 
polycyclicc aromatic hydrocarbons and up to two orders of magnitude higher than 
polychlorinatedd biphenyls concentrations in impacted urban-industrial areas [34]. 
Meann NP concentrations in the water phase were 0.048 Lig L"1, and the air-water exchange 
wass quantified by calculating the NP fugacities in both phases. The ratio of the fugacities 
(fwater/fgas=Cwater*H/Cgas*RT)) was always higher than one, indicating that a net volatilisation 
fromfrom estuarine waters is a source of NP to the atmosphere. 
Consideringg that the reported NP water concentrations are below most values reported in the 
literature,, the atmospheric presence of NP must be ubiquitous in coastal regions where 
APEOO and NP are discharged into surface waters. 
Inn a subsequent study [16] at the same three sampling sites, in the gas phase maximum 
concentrationss of 0.081 and 0.0025 jig m"3 were measured for NP and OP, respectively. 
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Maximumm aerosol concentrations amounted to 0.051 and 0.00063 ug m"3, for NP and OP. 

Apparently,, also in the atmosphere OP is less abundant than NP. 

Thee AP concentrations in air are temperature dependent: temperature explained 40-62% of 

thee variability in the log gas phase NP and OP concentrations. Concentrations were 

significantlyy higher in summer than in winter. A study of the influence of wind direction on 

concentrationn showed that local sources of APs were more important than long-range 

atmosphericc transport. 

Thee similar gas-phase NP concentrations for the three sites indicate that NP sources may be 

ubiquitouss in the region. Suggested sources are volatilisation from the estuary, but also from 

land-appliedd sources, e.g. adjuvants in agricultural products. 

Too assess the relative importance of the volatilisation removal process of APs from 

estuarinee water, Van Ry et di. constructed a box model to estimate the input and removal 

fluxess for the Hudson estuary. Inputs of NPs to the bay are advection by the Hudson river 

andd air-water exchange (atmospheric deposition, absorption). Removal processes are 

advectionn out, volatilisation, sedimentation and biodegradation. Most of these processes 

couldd be estimated; only the biodegradation rate was obtained indirectly by closing the mass 

balance.. The calculations reveal that volatilisation is the most important removal process 

fromm the estuary, accounting for 37% of the removal. Degradation and advection out of the 

estuaryy account for 24 and 29% of the total removal. However, the actual importance of 

degradationn is quite uncertain, as no real environmental data were used to quantify this 

process.. The residence time of NP in the Hudson estuary, as calculated from the box model, 

iss 9 days, while the residence time of the water in the estuary is 35 days [16]. 

Inn table 4.4, concentrations of APs in estuarine atmospheres reported in the literature are 

listed. . 

Tablee 4.4: Reported concentrations of nonionic surfactants and their metabolites in marine and 
estuarinee atmospheric samples. 

samplingsampling area 

Hudsonn estuary 
(USA) ) 

Hudsonn estuary 
(USA) ) 

compartment compartment 

estuarinee atmosphere, 
gass phase 

estuarinee atmosphere, 
aerosoll phase 

estuarinee atmosphere, 
gass phase 

estuarinee atmosphere, 
aerosoll phase 

compounds compounds 
analysed analysed 

NP P 

NP P 

NP P 

OP P 

NP P 

OP P 

concentration concentration 
(ng(ng m3) 

0.2-69 9 

0.1-51 1 

n.d.-81 1 

n.d.-2.5 5 

0.02-51 1 

n.d.-0.63 3 

reference reference 

[32] [32] 

[16\ [16\ 

n.d.. = not detected 
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4.6.. Biodegradatio n of nonioni c surfactant s in estuarin e and marin e 
environment s s 

Ann important process in which surfactants are removed from the aqueous environment is 
biodegradation.. Whereas surfactant biodegradation in freshwater is in general quite fast, the 
degradationn processes occur usually slower in saline waters [I,  35]. However, one study 
reportedd that the biodegradation of A9PEO was faster in sea water than in freshwater: in 50 
days,, primary biodegradation was 33-36% in pond water and 95% in sea water [36]. 
Kvestakk and Ahel investigated the biotransformation kinetics of A9PEOn in the Krka estuary 
inn Croatia [37]. Static die-away tests were performed with autochthonous bacterial cultures 
originatingg from the two compartments of the stratified estuary: the upper fresh/brackish 
waterr layer and the lower saline water layer. Experiments were performed at three different 
temperatures,, and at two concentrations. Samples were taken daily and all separate 
ethoxylatess (1-16) were quantified by normal phase HPLC-Flu analysis. No other 
metabolitess were analysed. 
Itt was found that three factors affect the biotransformation rates of A9PEOn: the origin of the 
bacteriall  culture, temperature, and the initial concentration of A9PEOn. Biotransformation 
kineticss of mixed bacterial cultures from the brackish water layer were faster than those 
fromm the saline water layer. Rate constants (based on first order kinetics) for the brackish 
waterr cultures were 1.5-8.5 times larger than those for the saline water layer at 22.5°C. At 
lowerr temperatures, rate constants were smaller, and the difference between brackish and 
salinee water was less pronounced. For A9PEO the calculated half-lives were 23-69 days in 
winterr (13°C) and 2.5-35 days in summer (22.5°C). 
Ass it was shown before that the wastewater plume spreads mainly in the upper 
fresh/brackishh layer of the estuary [6],  the difference between biotransformation rates in the 
twoo water layers was explained by a better pre-adaptation of the brackish water bacteria to 
A9PEOO in their natural habitat, due to higher pre-exposures. It seems that the bacterial 
populationss in these two physically very close habitats are quite different. 
Inn addition to the origin of the bacterial cultures and the temperature, biotransformation 
kineticss were also influenced by the initial concentration of A9PEOn. At 0.1 mg L" , the lag 
phasee was shorter and the transformation rate was higher than at 1 mg L ', suggesting an 
inhibitoryy effect on the biotransformation activity of estuarine bacteria. However, actual 
A9PEOnn concentrations in estuaries were at least an order of magnitude below these 
experimentall  concentrations. Therefore, environmental concentrations should not be 
regardedd as a limiting factor for an efficient biodegradation. 
Thee transformation of the longer oligomers was faster than for the shorter oligomers. The 
shortestt oligomers were actually formed during the experiment, with the strongest 
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concentrationn increase for A9PEO2. Other metabolites were probably also formed, but were 

nott detected with these analytical methods. No increase in NP concentration was found in 

thesee experiments. 

Staticc die-away tests were performed by Potter et al. with an A9PE07_24 mixture in water 

fromm a vertically well-mixed estuary in Florida (USA) [38]. Lag times of 0-12 days were 

observed,, and after 4-24 days, primary degradation was complete. These rates are similar to 

thee ones reported by Kvestak and Ahel [6].  It is likely that the micro-organisms in these 

experimentss were pre-acclimated to biodegrade nonionic surfactants, as a municipal sewage 

treatmentt plant discharge is present a few kilometers upstream. 

Thee first important metabolite that was formed was A9PE02, which was further degraded 

afterr several tens of days, leading to an increase of A9PE2C. A9PE2C was found to be quite 

persistent,, and was still present at the end of the experiment (after 183 days) at 23-76% of 

thee initial APEO concentration. To a lesser extent the concentration of A9PE]C also 

increasedd during the experiment, while A9PEO| was detected only in trace amounts. The 

completelyy deethoxylated NP was not detected at all. 

Too further investigate the recalcitrance of A9PE2C, the water at the end of the experiments 

wass mixed with freshly collected estuarine water. In three of five experiments, degradation 

off  the residual A9PE2C started at day 20 and concentrations had dropped by 50% after 32 

days. . 

Inn another study, the biodegradation rates of NP were determined in sea water from an 

unpollutedd area in Sweden [39].  14C-labeled NP was used, and biodegradation was followed 

byy measuring the labelled 14C02 that was formed. Initially the degradation of NP was slow, 

butt after an adaptation period of 4 weeks, the degradation rate increased. A half-life of 58 

dayss was observed. 

Whenn sediment was present in the flask, the initial degradation rate was already high (1.2% 

off  NP degraded per day), and did not increase. The larger microbial community in the 

sedimentt can probably explain the initial rate, and the lack of increase is probably due to the 

richerr supply of other carbon sources. 

Inn separate experiments where sediment was present, nitrogen was bubbled through the 

waterr before starting the test, resulting in very low concentrations of oxygen. The 

degradationn rate was reduced by half compared to oxygen-rich experiment with sediment. 

Nguyenn and Sigoillot [40] investigated the bacterial communities degrading APEO in 

marinee waters. A bacterial community was selected from coastal sea water in France, which 

iss intermittently polluted by urban sewage. After 30 days of incubation with A9PE09.io, the 

residuall  APEO concentration was 0.97%, as determined by liquid/liquid extraction with 

CHCI33 and analysis by HPLC-UV. IR spectroscopy was used to determine the ethoxylate 

chainn lengths in the extracts, and A9PE02 was identified as the main metabolite. However, 

96 6 



NonionicNonionic surfactants in marine and estuarine environments: a literature review 

withh more sophisticated analytical extraction techniques other metabolites might have been 

foundd as well. 

Fromm the bacterial cultures, which were enriched on A9PEO, 25 strains were isolated. With 

thesee isolated strains, further degradation experiments revealed that none of the pure 

culturess was able to degrade A9PEO completely by itself. However, four strains were able to 

initiatee the degradation of A9PEO]0, giving A9PEO3.5 as end products. These strains were of 

thee Pseudomonas genus and of marine origin. Another strain degraded A9PEO5, and one 

degradedd A9PEO3, both with A9PE02 as end product. None of the strains could degrade 

A 9PE02,A 9PE01orNP. . 

Al ll  the strains involved in APEO degradation were of marine origin (i.e. strains requiring 

sodium).. It seems that in the marine environment, the role of fresh water strains originating 

fromm sewage is negligible. 

4.7.. Conclusion : Fate of nonioni c surfactant s in estuarin e and 
marin ee environment s 

Severall  important processes influencing the fate of nonionic surfactants and their 

metabolitess in saline waters have been investigated in recent years. Although the knowledge 

off  their estuarine and marine fate is far from complete, some general conclusions can be 

drawnn for APEO. 

Dissolvedd concentrations of nonionic surfactant in estuaries are lower than those found in 

rivers,, with reported differences of around one order of magnitude [4, 11, 27]. However, in 

somee cases local sources in the estuary are the cause of high surfactant levels [9, 11]. 

Concentrationss of octylphenol ethoxylates usually amount to levels about one order of 

magnitudee below those of the NP derivatives, reflecting the production volumes of both 

classess of compounds. 

Surfactantt loadings from estuaries to marine environments are in most cases very low. 

Inn stratified estuaries, surfactants tend to accumulate at the phase boundaries air-water and 

fresh-salinee water, leading to a complex vertical distribution pattern in the water column [5, 

6]. 6]. 

Biodegradationn processes are of high importance in saline waters, although degradation 

ratess may be lower than in freshwater environments. The dissolved concentrations of the 

shorterr A9PEO oligomers, the carboxylated A9PEC, and the AEO metabolites PEG, 

MCPEGG and DCPEG are in many cases higher than those of the surfactant itself. A9PE2C 

andd A9PEO2 are found as the most recalcitrant A9PEO metabolites [13, 38]. Biodegradation 
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iss highly dependent of the residence time of the water in estuaries. With longer residence 

times,, biodegradation wil l be more extensive. 

Surfactantss have been reported to accumulate in macro-algae. This may lead to higher 

APEOO concentrations in the top layer of the sediment, when, due to decomposing algae, the 

sedimentt is covered with a layer of degrading biomass [2]. 

Isomerr selective reactions do not occur in the various environmental processes in estuaries, 

andd therefore the fate analysis of NP and APEO can be expressed in terms of the sum of all 

alkyll  isomers [27]. 

Sorptionn of APEO to sediments does occur, and once the surfactants have entered the 

sediment,, further degradation wil l be very slow [30]. In general, once buried in sediments, 

ethoxymerr (APEO) and isomer (AP, APEO) distributions probably do not change 

substantiallyy anymore. 

Inn particular for the relatively volatile APs, volatilisation can be a significant process of 

removall  from the water column [16, 34]. A model study showed that volatilisation of NP 

wass in fact a more important removal process than degradation and advection out of the 

estuaryy [16]. The estuarine fate of short-chain APEO metabolites in estuaries is determined 

mainlyy by sorption processes, degradation in the water, and advective transport out of the 

estuaryy [75]. 

Inn conclusion, the processes dominating the environmental fate of nonionic surfactants in 

estuariess are biodegradation in the water column, sorption/sedimentation and volatilisation, 

togetherr with the dynamics of the estuary, in particular water residence times. 
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Abstrac t t 

Thee environmental behaviour of nonylphenol ethoxylates (A9PEO) and their metabolites 

wass investigated in field studies in the two Dutch estuaries Western Scheldt and the Rhine 

estuary. . 

Usingg liquid chromatography - electrospray mass spectrometry (LC-ESI-MS) analysis after 

solid-phasee extraction, A9PEO, nonylphenol (NP) and the carboxylated metabolites 

(A9PEC)) were determined in surface water and sediments. Maximum dissolved 

concentrationss of 2.3, 0.9 and 8.1 ug L"1, respectively, were found. In sediments, maximum 

concentrationss of 242 and 1080 ng g"1 for A9PEO and NP were observed. In almost half of 

thee sediment samples, concentrations of A9PEC in sediments were below the detection limit . 

Occasionallyy relatively high values were observed, with a maximum of 239 ng g"1. 

Metabolitess of the carboxy alkylphenoxy ethoxy acetic acids (CAPEC) type could not be 

detectedd in any of the sediment or water samples. 

Inn the Scheldt estuary, dissolved concentration profiles showed non-conservative behaviour 

forr all detected compound groups. While A9PEO and NP concentrations strongly decreased 

alongg the salinity gradient, this decrease was weaker for the A9PEC metabolites. The 

increasingg concentration ratio of A9PEC/A9PEO clearly illustrates the important role that 

aerobicc biodegradation plays in the estuarine fate of these compounds. It is concluded that 

thee oxidative hydrolytic degradation pathway is the main degradation route in this non-

stratifiedd estuary. 

Att high salinities, where concentrations drop to background levels of around 50 ng L"1, this 

ratioo decreases to about unity. Simple model calculations show that this can be explained if 

continuouss diffuse discharges (e.g. from the intensive shipping in the estuary) are assumed. 

Forr the stratified Rhine estuary the water concentration profiles are less pronounced, 

possiblyy due to more complicated and turbulent water flows and point sources from the 

Rotterdamm harbours. 

5.1.. Introductio n 

Alkylphenoll  ethoxylates (APEO) are the most intensely discussed group of surfactants of 

recentt years. Although they have been replaced in many products, no reports of an actual 

decreasee in production are available yet, and even new fields of application have recently 

beenn reported [/] . 

104 4 



FateFate of nonvlphenol ethoxylates and their metabolites in Dutch estuaries 

Onee of the main nonionic surfactant groups produced since the 1950s, they pose a possible 

threatt to the environment, as they have been shown to partially survive waste water 

treatmentt [2],  and are omnipresent in the environment [3-5]. 

Environmentall  interest in APEO is mainly focused on the possible metabolites of these 

compounds,, as some of them (nonylphenol (NP), octylphenol (OP), A9PEO| and A9PE02) 

havee been shown to be weak endocrine disruptors [6].  Several biodegradation pathways of 

A9PEOO have been described in literature. Figure 5.1 shows the main aerobic biodegradation 

pathwayy as previously reported from our laboratory studies [7]. Another possible pathway 

iss a hydrolytic shortening of the ethoxylate chain, leading to A9PE02 and A9PEO1 [8].  NP 

iss believed to be formed only under anaerobic conditions [9, 10]. 
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Figuree 5.1: The main aerobic biodegradation pathway of alkylphenol ethoxylates [7]. 

Althoughh a substantial amount of data is available on the occurrence of APEO in 

freshwaterr environments, the literature on their occurrence and behaviour in estuarine 

environmentss is rather limited. Concentrations of APEO are reported between <20 and 

25,0000 ng L"1 in estuarine and marine waters and <2-30,000 ng g~' in marine sediments [11-

19].19]. It has been shown that in stratified estuaries, biodegradation rates are up to 8.5 times 

higherr in the upper brackish water layer than in the lower saline layer [20]. In estuarine 

sediments,, the persistence of APEO and NP can be very high, with reported half-lives of 60 

yearss [21]. The occurrence of APEO and metabolites in the marine environment has been 

reviewedd in detail recently [22]. 

Thee only data on the metabolites alkylphenoxy ethoxy acetic acids (APEC) in estuarine 

environmentss were reported for the Venice lagoon (Italy), with an A9PEC concentration 

rangee of 300-6200 ng L~' [23]. A9PEC/A9PEO concentration ratios of 0.5 in the lagoon and 

2-33 in the main river reaching this lagoon were observed. The authors concluded that the 

mainn biodegradation mechanisms are different for the estuary and the river. In the estuary, 

thee hydrolytic biodegradation mechanism was suggested to prevail over the hydrolytic-

oxidativee mechanism, because the formation of A9PEC was observed to be only a minor 

pathwayy [23]. 
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Thee aim of the field study reported in this paper was to identify and quantify the most 

importantt metabolites of A9PEO in two highly industrialized estuarine environments using 

recentlyy developed LC-MS methods [7], Trends in the concentration ratios of metabolites 

andd surfactants along the estuaries are explained using the aerobic biodegradation pathway 

ass inferred from laboratory experiments [7]. 

5.2.. Experimenta l Sectio n 

StudyStudy Areas. 

Thee Rhine estuary reaches the North Sea after passing the harbours of Rotterdam (see map 

inn figure 5.2a). The freshwater flow is around 1000 m3 s~' with a residence time in the 

estuaryy of one to three days. The water column is vertically stratified. The whole area is 

heavilyy industrialized, and has intensive shipping traffic. About 50-60% of the terrestrial 

particulatee matter entering the estuary is retained there. Heavy dredging activities and strong 

tidall  currents in the estuary result in a well-mixed surface sediment layer [24]. 

Thee other investigated estuarine area is the Western Scheldt estuary, which stretches over a 

distancee of 100 km from the Belgian city of Antwerp to the North Sea, crossing some highly 

industrializedd areas (see figure 5.2b). It is a tide-governed estuary with a low fresh water 

inputt from the Scheldt river of on average 104 m3 s '. The tidal wave corresponds to an 

averagee difference of 3.8 m between high and low tide in Vlissingen and 5.0 m at Antwerp. 

Otherr sources of fresh water are the canal Gent-Terneuzen (15m3s"! ) and the drain canal at 

Bathh (11m3 s"1). The harbour areas of Antwerp and Vlissingen are the main sources of 

industriall  wastewater, while the estuary also receives both treated and untreated domestic 

wastewaterr [25]. 

Thee water in the estuary is vertically well-mixed and has a relatively high residence time of 

twoo to three months. 

Terrestriall  particulate matter entering the estuary is retained there for about 90% [25]. The 

shippingg channel of the narrow estuary is heavily dredged, and the dredging material is 

dumpedd elsewhere in the estuary. Vertical profiles of Al and other metals in sediment cores 

havee indicated that the surface layer down to 30 cm is heavily disturbed [26]. 
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Figuree 5.2: Maps of the two investigated regions: the Rhine estuary (A), and the Scheldt 
estuaryy (B), The Netherlands, showing the sediment sampling points (R and S). 

ReagentsReagents and standards. 
Sep-Pakk Ci8-SPE cartridges (500 mg) from Waters were used for extraction of water 
samples.. Nanopure water was obtained from a Barnstead D4742 ultrapure water system and 
wass subsequently further purified by sub-boiling. Methanol was HPLC-grade (Rathburn, 
Walkerburn,, Scotland). Ammonium acetate (p.a.) and sodium acetate were purchased from 
Merckk (Amsterdam, NL) and Baker (Deventer, NL), respectively. The A9PE02 and NP 
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standardss used as internal standards (containing 13C labeled aromatic rings) were purchased 

fromfrom Cambridge Isotope Laboratories, Andover, USA. Pure A9PEO1, A9PE02, A9PE]C and 

A9PE2CC standards were synthesized by F. Ventura of AGBAR, Barcelona and characterized 

byy GC-MS. Technical mixtures of on average A9PEOio(with an ethoxylate range of 4 to 15) 

weree provided by Shell Amsterdam. 

SamplingSampling campaign. 

Bothh sampling campaigns were conducted in November 1999 in the Scheldt and Rhine 

estuariess with research vessels of the Dutch Ministry of Transport, Public Works and Water 

Managementt (RIKZ). Surface sediments were collected using a box core sampler (average 

boxx core depth 30 cm). At each location, three box cores were taken and the complete cores 

weree mixed, to ensure that the sample was representative of the location (see figure 5.2). 

Waterr samples were taken from the water surface (at a depth of approximately 0.5 m) using 

aa stainless steel bucket. Water sampling was performed along the salinity gradient, at 

salinityy intervals of 2%o (except in the coastal part of the Rhine estuary, where the salinity 

decreasedd too rapidly). Therefore, water samples were collected at different locations than 

thee sediment samples. Water salinity, pH, temperature, turbidity, and oxygen concentration 

weree monitored on-line during sampling. 

Too avoid any chance of conservation problems, the water samples were treated immediately 

afterr sampling in the laboratory on board the vessel. Sediment subsamples taken from the 

mixedd cores were stored immediately after sampling at -20 °C. 

Thee sediments were characterized by organic carbon content, particle size and C/ C and 
15N/I4NN stable isotope ratios (S13C and 515N, respectively) using an element analyzer and 

isotopee ratio - mass spectrometry (IR-MS). The isotope ratios give an indication of the 

originn of the sediment, as both ratios are lower for sediment from terrestrial origin than for 

sedimentt from marine origin. 

SampleSample treatment 

Samplee treatment procedures were modified from previously described methods [7,18]. 

Onee L of water sample was filtered using a GF/C glass fiber filter. The filters (suspended 

particulatee material (SPM) samples) were then stored at -20 °C, and extracted using the 

samee methods as for the sediments. Filtered water was immediately acidified to pH=2 with 

HC11 and extracted using Solid-Phase Extraction (SPE). Ci8-SPE cartridges were conditioned 

withh 10 mL of methanol and then 10 mL of nanopure water. Subsequently the cartridge was 

loadedd with 500 mL sample. The cartridge was then dried by a stream of nitrogen, and 

elutedd with 10 mL of methanol. The extract was then evaporated with nitrogen until 

dryness,, and redissolved in 1 mL of methanol/nanopure water 1:1 (v:v). Finally, the extract 

wass filtered through a 0.2 jam Acrodisk filter. 
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Sedimentt samples were extracted using a Soxhlet device, which was prerinsed by refluxing 
methanoll  for 5 hours. 9-25 g of wet sediment was extracted overnight with 250 mL of basic 
methanol.. The extract was concentrated to 15 mL, then 80 mL of nanopure water was added 
andd this mixture was acidified to pH=2. To purify the extract, it was passed over a Ci8-SPE 
cartridgee as described above. 
Alll  extracts were analyzed using reversed phase liquid chromatography coupled to 
electrosprayy mass spectrometry detection (LC-ESI-MS), as described previously [7]. A 
Thermoquestt Navigator LC-MS system was used with a Lichrospher RP-Ci8 column 
(dimensionss 125 x 2 mm, 3um) and a mobile phase flow rate of 0.25 mL min"1. The mobile 
phasee was made up of a mixture of pure methanol (A) and a water-methanol 3:1 (v.v) buffer 
(B).. For the detection of the ethoxylates, positive ionization was used with a sodium acetate 
bufferr (0.1 mM), while all metabolites were analyzed in negative ionization mode, using an 
ammoniumm acetate buffer (2 mM). 
Alll  analyses were performed in SIM mode, using the deprotonated molecular ions of NP, 
A9PECC and CAPEC during negative ionization, and the sodium adducts of A9PEO in 
positivee mode. For A9PEOi, the mass of the [A9PEO,+methanol+Na]+ adduct (m/z = 319) 
wass also selected. The electrospray interface was set at a probe temperature of 220 °C, and 
probee and cone voltages of-3.8 kV and -20 V in negative ionization mode, and +4.0 kV 
andd +20 V in positive ionization mode, respectively. 
Inn all samples, A9PEO, and A9PE02 were quantified separately with pure standards, and the 
longerr oligomers were quantified using a commercial mixture of on average 10 ethoxylate 
unitss (and with A9PEOi and A9PE02 below 0.5%). This standardized way of quantifying 
A9PEO>22 with always the same A9PEO]0 mixture has the obvious advantage that 
calculationss are simplified and reproducibility is improved. However, in some cases an error 
mayy be introduced, when the average ethoxylate chain length in the sample is much lower 
thann that of the standard, leading to an overestimation of the concentration. The maximum 
errorr introduced for A9PEO>2 concentrations is around 30% for some of the present samples. 
NP,, A9PEiC and A9PE2C were quantified using pure standards, and for higher A9PEC, the 
A9PE2CC calibration was used, assuming the response of A9PE>2C to be equal to that of 
A9PE2C.. It can be expected that the actual response of A9PE>2C is somewhat lower than 
A9PE2C,, as the response of A9PE2C is also lower than that of A9PE,C. This would lead to an 
underestimationn of the A9PE>2C concentrations. However, for A9PEO the differences in 
responsee between consecutive oligomers tend to decrease with increasing chain length, 
whichh is probably not different for A9PEC. 

Alll  quantitations were done using 8-point quadratic calibration curves. Peak areas of sample 
extractss were always in the lower (linear) part of the calibration curves, and therefore the 
slightt deviation from linearity of the calibration curve observed at higher concentrations will 
havee no significant influence on the result. 
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Noo standards of the CAPEC metabolites were available, and therefore a qualitative 

identificationn was performed using extracts from our biodegradation experiments as a 

reference,, in which CAPEC were identified using LC-ESI-MS/MS [7]. 

QualityQuality control 

AA correction was made for variations in sensitivity of the LC-MS by adding A9PE02 and NP 

isotopess with C-labeled aromatic rings as internal standards to the extracts prior to 

injection.. In these internal standards, the alkyl chain is linear, and therefore the internal 

standardss have a slightly longer retention time than the branched A9PEO and NP analytes. 

Sedimentt samples were extracted in batches of 4, all containing either a procedural blank or 

aa spiked sediment. Sediments were spiked at environmental levels: for each compound, 3 u.g 

weree added, resulting in spiking concentrations between 100 and 200 ng g"1 (wet weight). 

Thee average recoveries and standard deviations calculated from the spiked sediments were 

,, 0 and 44+14% for A9PEO, NP and A9PEC, respectively. For the relatively 

volatilee nonylphenol, recovery loss probably occurs mainly during the evaporation of the 

extract.. Relatively low NP recoveries compared to A9PEO have been reported before in 

literaturee [27, 28]. 

Forr the polar A9PEC metabolites, the SPE clean up step is a probable cause of recovery loss, 

ass part of the analyte may remain in the methanol/water during the loading of the cartridge. 

Thee low recoveries of A9PEC from sediments inevitably led to higher variations in 

recovery,, and therefore these results could suffer from some inaccuracy. 

Forr water samples, average recoveries and standard deviations (n=5) were obtained of 

,, , 4 and % for A9PEO10, A9PE,C, A9PE2C and NP, respectively. 

Detectionn limits in water for A9PEO,, A9PE02, A9PE03.]5, NP and A9PEC were 15, 6, 30, 

111 and 13 ng L"1, respectively. 

5.3.. Result s and Discussio n 

ConcentrationsConcentrations in sediments of the Scheldt and Rhine estuaries 

Duringg LC-ESI-MS analysis, A9PEO, behaves differently from the higher oligomers. The 

[A 9PEOj+Na]++ signal intensity is relatively low, but during the analysis of the pure A9PEOi 

standardd we observed an additional, more abundant signal at m/z 319, corresponding to a 

[A 9PEO,+methanol+Na]++ adduct. A constant 319/287 ratio of 2 is observed. By selecting 

bothh masses in the SIM analysis, satisfactory detection limits are obtained. The 

[A 9PEO]+methanol+Na]++ adduct is only observed at low source voltages. 
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Inn the estuarine sediments, recovery corrected concentrations of A9PEO and NP in both 
estuariess vary from <LOD to 1000 ng/g dry weight, as shown in table 5.1. These values are 
consistentt with literature data reported for these compounds in estuarine sediments (see 
introduction,, section 5.1). For the Scheldt estuary, the highest concentrations of A9PEO and 
NPP are found in sediments from the vicinity of the industrial areas of Antwerp and 
Vlissingen.. This illustrates the importance of local industrial sources for these compounds. 
However,, in water no concentration increase is observed near these industrial areas (see 
figuree 5.4). This could indicate that the A9PEO and NP concentrations found in the 
sedimentss are not caused by recent emissions. This would be in agreement with the results 
off  Shang et al., who demonstrated that A9PEO and NP can be very persistent in estuarine 
sedimentss [21]. 

Tablee 5.1: Concentrations of A9PEO, NP and A9PEC in sediments of the Rhine (R) and 
Scheldtt (S) estuaries, corresponding to the locations in figure 5.2. 

location location 

R1 1 
R2 2 
R3 3 
R4 4 
R5 5 
R6 6 
R7 7 
R8 8 
S1 1 
S2 2 
S3 3 
S4 4 
S5 5 
S6 6 
S7 7 
S8 8 
S9 9 
S10 0 

organic organic 
carbon carbon 
content content 
(%) (%) 
0.6 6 
0.34 4 
<0.05 5 
0.48 8 
0.65 5 
2.1 1 
0.09 9 
0.23 3 
1.4 4 
0.47 7 
0.75 5 
0.21 1 
0.05 5 
0.09 9 
0.05 5 
0.19 9 
<0.05 5 
1.7 7 

concentrationconcentration (ng g'1 dry weight) 

AA99PE0PE01 1 

<1.3 3 
4.3 3 
6.6 6 

11.2 2 
19.8 8 
34.6 6 
6.0 0 
2.4 4 

16.1 1 
<1.3 3 
14.9 9 
<1.3 3 

7.3 3 
13.0 0 
<1.3 3 

6.8 8 
<1.3 3 
17.1 1 

AA99PE0PE02 2 

3.6 6 
5.5 5 
2.9 9 

19.2 2 
31.5 5 
29.1 1 

5.2 2 
2.2 2 
5.7 7 

<0.3 3 
17.3 3 
0.39 9 

1.0 0 
1.9 9 

<0.3 3 
3.9 9 

<0.3 3 
26.2 2 

A9PEO3-15 A9PEO3-15 

63.5 5 
71.8 8 
12.5 5 

183.1 1 
247.3 3 
61.0 0 
32.3 3 
54.2 2 
51.5 5 
<0.6 6 

115.5 5 
<0.6 6 
7.0 0 
2.2 2 
1.7 7 

15.1 1 
0.92 2 

198.9 9 

NP NP 

8.9 9 
11.0 0 

1.5 5 
20.9 9 
59.5 5 
92.2 2 
12.5 5 
10.1 1 

22 2 
<0.4 4 

24 4 
3.9 9 
11 1 
22 2 
3.1 1 
28 8 
0.9 9 

1080 0 

total total 
AgPEC AgPEC 

<0.3 3 
<0.3 3 

7.2 2 
10 0 
21 1 

185 5 
2.9 9 
0.9 9 

<0.3 3 
<0.3 3 
239 9 

<0.3 3 
<0.3 3 
<0.3 3 

22 2 
20 0 

<0.3 3 
65 5 
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Thee A9PEO oligomer distribution patterns in sediments from both estuaries are different: 

whilee in the Scheldt estuary all sediments show the same distribution around an ethoxylate 

chainn length of 3, in the Rhine estuary the average ethoxylate chain lengths vary from 

aroundd 2 to around 9. The higher average ethoxylate chain lengths in the Rhine estuary 

reflectt more recent discharges, or discharges of less treated wastewater. Possibly, local 

industriess in the Rhine estuary use different A9PEO formulations. These results are a 

confirmationn of earlier findings in this area [18]. 

InIn both estuaries, no gradient in sediment concentrations of A9PEO or NP is observed when 

goingg from the freshwater to the marine environment. 

Stablee isotope ratios in sediments from the Rhine estuary show a clear gradient. The 513C 

valuess decrease from -23.7%o in marine sediment to -29.8%o in the most terrestrial 

sediment,, and 5l5N values decrease from 8.5%o to 4.7%o going from marine to terrestrial 

sediment.. In the Scheldt estuary, 513C values slightly decrease from -25.1%o to -29.0%o 

fromm marine to terrestrial sediments, while 515N strongly varied in the estuary between 3.2 

andd 10.5%o. 

Neitherr the 513C nor the 5I5N isotope ratios in the sediments correlate well with the A9PEO 

orr NP concentrations. This suggests that the A9PEO contaminated sediment is neither from 

terrestriall  nor marine origin, but rather that the sorption of A9PEO has occurred in situ. 

Organicc carbon normalized concentrations do not give better correlations with isotope ratios 

orr location along the estuary. 

Ass shown in table 5.1, organic carbon contents of the sediments vary from <0.05 to 2.1%, 

withh median values of 0.09% for the Scheldt and 0.34% for the Rhine estuary. The 

percentagee of particles in the size range 16-2000 um was between 38 and 96%, with median 

valuess of 81.8% and 81.6% for the Scheldt and Rhine estuaries, respectively. This indicates 

thatt the sediment samples consist mainly of sand. 

Inn both estuaries, sediment concentrations tend to increase with increasing organic carbon 

contentt of the sediment, with correlation coefficients of 0.84 and 0.71 for A9PEO and NP in 

thee Scheldt estuary, and 0.42 and 0.91 for A9PEO and NP in the Rhine estuary. This 

indicatess that organic carbon present in sediments is an important factor for sorption of 

surfactants,, similar to non- and slightly polar organics. 

Thee concentrations of A9PEC metabolites are below detection limits in about half the 

numberr of sediment samples, which can be explained by the hydrophilic nature of these 

compounds.. However, the relevance of A9PEC in sediments cannot be completely neglected 

ass at three locations, A9PEC are present at higher concentrations than NP or A9PEO. The 

twoo sediments from near industrial areas show relatively high A9PEC concentrations, 

consistentt with A9PEO and NP levels. As the low recoveries of the A9PEC extraction from 
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sedimentt lead to higher variations in recovery, these quantitative results should be treated 

withh some caution. 

DissolvedDissolved concentrations in the Rhine estuary 

Inn figure 5.3 the dissolved concentrations of A9PEO and metabolites are plotted against 

salinityy in the Rhine estuary. In contrast to some of the sediments in this estuary, only short-

chainn A9PEO species are found in the water samples, with an average ethoxylate chain 

lengthh of 3. 

Alongg the salinity gradient, which ranges from 0.2%o at location R8 to 19.0%o at the North 

Seaa (Rl, see figure 5.2), a slightly decreasing trend can be observed, although both A9PEO 

andd metabolite concentrations fluctuate along this estuary. A variable load into the estuary 

duee to fluctuating river concentrations is one possible explanation of this observation. 

Anotherr possible reason for the observed variations are the probable local sources of A9PEO 

inn the Rotterdam harbours. Further monitoring and model studies wil l be performed to 

explainn these phenomena. 

Figuree 5.3: Dissolved concentrations of A9PEO, NP and A9PEC along the salinity gradient in 
thee Rhine estuary.  = total A9PEO;  = NP;  = AgPEiC; x = A9PE2C; A = A9PE3C; 
00 = A9PE4.7C. NS = North Sea end of the estuary. 
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Tablee 5.2: Water bulk parameters and dissolved concentrations of AgPEO, NP and AgPEC in 
thee Rhine (R) and Scheldt (S) estuaries. 

salinity y 
(%.) ) 

tempe--
rature e 

) ) 
PH H 

oxygen n 
concen--
tration n 
(mgg L-1) 

suspended d 
particulate e 
material l 
(mgg L-1) 

A9PEOi+2 2 

(ngg L-1) 
AgPE03-15 5 
(ngg L"1) 

NP P 
(ngg L-1) 

AgPEC C 
(ngg L1) 

Rhinee estuary 

0.2 2 

1.8 8 

4.1 1 

5.5 5 

6.9 9 

9.4 4 

9.8 8 

19.0 0 

8.0 0 

8.2 2 

8.4 4 

8.4 4 

8.4 4 

8.5 5 

8.6 6 

9.0 0 

8.3 3 
8.4 4 

8.3 3 

8.4 4 

8.3 3 

8.3 3 

8.3 3 
8.4 4 

9.4 4 

9.6 9.6 

9.1 1 

9.5 5 

9.4 4 

9.5 5 
9.7 7 

9.2 2 

29 9 

12 2 

13 3 

14 4 

21 1 

15 5 
11 1 

7 7 

67 7 

471 1 

364 4 

227 7 

403 3 

386 6 

391 1 
54 4 

263 3 

398 8 

295 5 

189 9 

269 9 

274 4 

332 2 

164 4 

90 0 

63 3 

86 6 

88 8 

147 7 

82 2 

49 9 

31 1 

1401 1401 
1524 4 

1283 3 

1139 9 

1401 1 

1665 5 

1541 1 

645 5 

Scheldtt estuary 

1.5 5 

6.0 0 

8.8 8 

12.1 1 

14.9 9 

17.7 7 

20.9 9 

24.0 0 

26.3 3 

29.8 8 
32.2 2 

8.9 9 

9.8 8 

10.3 3 

10.7 7 

9.8 8 

8.9 9 

8.9 9 

9 9 

9.3 3 

9.4 4 

8.8 8 

7.4 4 

7.3 3 

7.4 4 

7.6 6 
7.7 7 

7.7 7 

7.8 8 

7.8 8 

7.8 8 

7.8 8 

7.8 8 

0.61 1 

3.1 1 

5.3 5.3 

7.3 3 

8.5 5 

9.1 1 

9.3 9.3 

9.2 2 

8.9 9 

8.7 7 

9.0 0 

10 0 

18 8 

19 9 

24 4 

22 2 

23 3 
27 7 

27 7 

11 1 

9 9 

33 3 

1029 1029 

491 1 

222 2 

164 4 

92 2 

65 5 

34 4 

13 3 

19 9 

6.6 6 

4.6 6 

1274 4 

587 7 

327 7 

190 0 

96 6 

73 3 

48 8 

28 8 

65 5 

42 2 

37 7 

934 4 

588 8 

244 4 

240 0 

90 0 

129 9 

58 8 

58 8 

49 9 

35 5 

35 5 

10879 9 

8607 7 

6009 9 

5578 8 

3777 7 

2830 0 

2337 7 

1668 8 

1396 6 

325 5 

95 5 

canall Gent-Terneuzen 

4 4 50 0 154 4 318 8 8077 7 

Thee high water flow explains the apparent lack of biodegradation in this region, as the water 
residencee time of only several days is too short for any significant biodegradation to occur. 
Ratioss of A9PEC/A9PEO are between 1.8 and 4.3 throughout the estuary, while NP/A9PEO 
ratioss vary between 0.1 and 0.3. No clear gradient is observed for these ratios through the 
estuary. . 
Fromm the analysis of the suspended particulate material samples (SPM), average sorbed 
concentrationss were calculated of 18 jig g"' for A9PEO and 4.6 u.g g"1 for NP. Average 
organicc carbon normalized observed partition coefficient values were determined using the 
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formulaa Koc= [SPM]/(f0C*  [water]) in which [SPM] is the concentration in SPM, foc is the 

fractionn organic carbon in the SPM sample and [water] is the dissolved water concentration. 

Averagee logKoC values and standard deviations were determined of 3 for A9PEO and 

66 for NP. 

10.0 0 

o> > 

c c 
o o 

i _ _ 

c c 
<Ü <Ü o o c c o o o o 

1.0 0 

0.1 1 

0.0 0 

0.... "  - v v 

. . 

0. 0. 

--
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''M ''M 

X X 

0 0 10 0 20 0 
salinit yy  (%o) 

30 0 

Figuree 5.4: Dissolved concentrations of AgPEO, NP and AgPEC along the salinity gradient in 
thee Scheldt estuary (logarithmic scale).  = total A9PEO;  = NP;  = AgPEiC; x = A9PE2C; A 
== A9PE3C; 0 = A9PE5C; - = theoretical plot of a compound behaving conservatively. NS = North 
Seaa end of the estuary. 

DissolvedDissolved concentrations in the Scheldt estuary 

Figuree 5.4 shows the concentrations of A9PEO, A9PEC and NP along the salinity gradient in 

thee Scheldt estuary, starting at a salinity of 2 near Antwerp to salinity 32 at the North Sea. 

Muchh more clearly than in the Rhine estuary, a strong gradient can be observed in dissolved 

concentrationss of A9PEO when going downstream in the estuary, decreasing from 2300 to 

411 ng L~'. Figure 5.4 shows that the behaviour of A9PEO is nonconservative, as the 

concentrationn decrease is faster than linear along the salinity gradient (note the log scale of 

thee concentration). This suggests that in addition to simple dilution of the river water, 
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removall  processes like biodegradation or sorption play a significant role in the area. The 

ethoxylatee distribution of the A9PEO is rather constant throughout the estuary, with a 

maximumm around A9PE03. The ethoxylate distribution pattern is virtually equivalent in 

sampless of sediment and water from this area. 

Thee concentration profile of NP along the salinity gradient shows non-conservative 

behaviourr very similar to that of A9PEO. 

Thee presence of the long-chain A9PE3.8C is especially interesting, as it is the first time that 

thesee specific oligomers are reported to be present in the estuarine environment. The 

longest-chainn APE>4C were only present in the upper part of the estuary, as well as in the 

canall  Gent-Terneuzen (see figure 5.2). A chromatogram showing long-chain A9PEC in a 

waterr sample taken near Antwerp is shown in figure 5.5. 

10CH H 

100-, , 

A9PE7CC , . 
99 ' m/z=f 

AgPEgCC m/z=497 

ii  i i i i i 
255 27 29 

Figuree 5.5: LC-MS chromatogram (negative SIM) showing both short- and long-chain AgPEC 

inn estuarine water near Antwerp. 
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Onlyy very few reports are available on A9PEC in estuaries. Marcomini found A9PEC 
concentrationn ranges in the Venice lagoon similar to those found in the present study, but it 
iss unclear which ethoxylate chain lengths were present [23]. Short-chain A9PEC are also 
mentionedd qualitatively to be present in Jamaica Bay, New York, USA [75]. 
Inn the Scheldt estuary, the A9PEC metabolites are present at higher dissolved concentrations 
thann the A9PEO, and their concentration decrease along the salinity gradient is much slower. 
Thiss difference is illustrated in figure 5.6, in which ratios in dissolved concentrations of 
metabolitee over total surfactant are shown. The A9PEC/A9PEO ratio strongly increases from 
55 at salinity 2 to 43 at salinity 24. A likely explanation for this increase is estuarine 
formationn of A9PEC out of A9PEO. 

Figuree 5.6: A9PEC/A9PEO, AgPEC^/AgPEOtcai and NP/A9PEO water concentration ratios in the 

Scheldtt estuary.  = total A9PEC / total A9PEO;  = NP / total A9PEO; 

 = A9PEO2 / total A9PEO. 

Anotherr explanation for the observed trends can be selective removal of A9PEO and NP by 
sorptionn to suspended particulate material (SPM), while negligible sorption of A9PEC may 
occur.. Analysis of the SPM samples did indeed show higher observed SPM-water partition 
coefficientss for A9PEO and NP than for A9PEC. In many SPM samples, no A9PEC were 
detected,, but for the five samples in which A9PEC concentrations were above detection 
limit,, an average organic carbon normalized logK^ and standard deviation of 5 was 
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calculated.. A9PEO and NP were detected in all SPM samples, and show a slightly 

decreasingg trend from 28 ug/g upstream to 0.7 ug/g downstream, while the concentration of 

SPMM in the water slightly increases. Both A9PEO and NP showed the same average logKoC 

off  5.9+0.6. No clear trend can be observed in the logKoC values along the estuary, indicating 

thatt sorption does not increase significantly, and no salting out effects are observed. The 

averagee logK^. values in the Scheldt estuary are similar to those determined for the Rhine 

estuary,, which implies that this partitioning behaviour does not necessarily cause the strong 

concentrationn decrease observed in the Scheldt estuary. 

Whenn both the dissolved A9PEO and the fraction sorbed to SPM are added to obtain 

calculatedd total concentrations for the water column, the trends as shown in figure 5.4 do 

nott change significantly. The thus observed decrease of this total A9PEO concentration is 

stilll  steeper than conservative. This proves that removal processes other than sorption are 

occurringg simultaneously. The steeper concentration decrease of A9PE5C compared to the 

lowerr A9PEi_3C (see figure 5.4) is an additional indication that the main removal process in 

thiss estuary is biodegradation. 

1000000 0 

500 0 1000 0 

timee (hours) 

1500 0 

Figuree 5.7: Theoretical concentration ratios of A9PEC/A9PEO during the biodegradation of 
A9PEOO assuming consecutive first order reactions.  = A9PEC/A9PEO without a baseline 
concentrationn of both compounds;  = A9PEC/A9PEO with a baseline concentration of both 
compounds.. Note that both plots have different scales. 
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Thee decrease of the A9PEC/A9PEO ratio at salinities higher than 25 seems illogical at first 
sight,, as one would expect that the ratio would further increase if the degradation reactions 
proceed.. However, when one assumes a very low, constant input of A9PEO all along the 
estuary,, by diffuse sources such as from the tanker cleaning of ships, the resulting low 
'baseline'' concentration would explain why at very low A9PEO and A9PEC concentrations 
thee ratio would drop. Due to e.g. the intensive shipping traffic to and from Antwerp it is not 
unlikelyy that this baseline level may be present. The influence of a baseline concentration 
cann be illustrated by simple model calculations, as shown in figure 5.7. Here a theoretical 
plott of the metabolite/ substrate concentration ratio versus time is shown. The assumption is 
madee that both surfactant and metabolite are (further) degraded following consecutive first 
orderr reactions [29]. Two plots are made: one showing the ratios when no baseline 
concentrationn is present, and the other showing the situation when a very low concentration 
off  both substrate and metabolite is added to the results of the concentration equations. In the 
examplee shown, the A9PEO starting concentration is the actual dissolved concentration at 
Antwerpp (2300 ng L"1), and a baseline concentration of 10 ng L"1 A9PEO and A9PEC is 
chosen,, assuming first order rate constants of 0.01 and 0.003 h"1 for the formation and 
degradationn of A9PEC, respectively. These rates are optimized values, chosen so that the 
maximumm ratio reached in the example corresponds to the actual maximum ratio observed 
inn the estuary, on a time scale comparable to the freshwater residence time in the estuary. 
Ass can be seen from figure 5.6, neither the AgPECVAgPEOtMai nor the NP/A9PEO(0tai ratio 
showw any significant increase when going downstream in the estuary. This observation 
indicatess that it is unlikely that A9PE02 or NP are formed out of A9PEO in this region. The 
mainn degradation route of A9PEO in the estuary is direct oxidation of the terminal 
ethoxylatee group, followed by shortening of the ethoxylate chain. This is an important field 
confirmationn of a previously proposed biodegradation route inferred from experimental 
laboratoryy work [7]. 

Marcominii  et al. [23] found an average A9PEC/A9PEO ratio of only 0.5 in the Venice 
lagoon,, and suggested that the oxidative-hydrolytic degradation was of less importance in 
thee estuarine environment than in freshwater. However, no NP was found in the lagoon 
water,, and A9PE02/A9PEOtotai ratios were not given, which makes it difficult to compare the 
importancee of the oxidative and non-oxidative routes [23]. 

Thee explanation of the A9PEC/A9PEO ratio gradient in the Scheldt estuary is somewhat 
complicatedd by the fact that near the location with the highest A9PEC/A9PEO ratio, a canal 
dischargess its freshwater into the estuary. The canal Gent-Terneuzen (see map in figure 
5.2b)) was found to contain a high dissolved total A9PEC concentration of 9270 ng L ', with 
ann A9PEC/A9PEO ratio of 43. This water input will have some contribution to the ratio 
gradient,, as this water with its high metabolite concentrations will spread in both directions 
inn the estuary. However, as the water discharge from the canal is about 7 times less than the 
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freshwaterr flow in the estuary, it can only partially explain the concentrations observed in 

thee estuary, and it can certainly not explain the different shapes of the A9PEO and A9PEC 

concentrationn profiles along the salinity gradient (A9PEO decreasing very rapidly and 

A9PECC decreasing more slowly). 

Inn all samples, CA5.9PE1.2C metabolites were analyzed (this notation signifies alkyl chains 

off  5 to 9 carbons, including the oxidized one, and 1 to 2 ethoxylate units, including the 

oxidizedd one). Although in some water samples series of peaks of the correct masses were 

observed,, the retention times deviated too much from the reference extracts (several 

minutes)) to allow a positive identification. In our previous laboratory degradation 

experimentss with spiked Rhine river water, the observed CAPEC concentrations reached a 

maximumm around a level corresponding to 5% of the A9PEC concentrations. If this ratio 

wouldd be similar in the present environmental samples, this would correspond to values well 

abovee the detection limit . Apparently, the CAPEC metabolites are more quickly (further) 

degradedd in these estuaries than under laboratory conditions. The present results do not 

confirmm the recent findings of DiCorcia, who reported CAPEC as the main A9PEO 

metabolitess in Italian sewage effluents [30]. 

Concentrationss of AgPEO are below the detection limit (< 31 ng L"1) in all samples. This 

findingg can be explained by the consumption figures for A8PEO, which are generally 10 

timess lower than those of A9PEO [18, 31]. Reported surface water concentrations of A8PEO 

aree usually also one order of magnitude lower than for A9PEO. A recent survey conducted 

inn Dutch estuarine waters concluded similarly about dissolved concentrations of A8PEO 

[32].[32].  Ferguson reported maximum AgPEÔ  concentrations of 34 ng L~' [75]. 

Thee present study shows that the Scheldt estuary has an efficient self-cleaning capacity 

concerningg alkylphenol ethoxylates, in which aerobic biodegradation is of principal 

importance.. We conclude that the oxidative hydrolytic degradation pathway is the main 

degradationn route in the vertically well-mixed Scheldt estuary. Sorption is less important for 

thee fate of A9PEO in the water column than degradation. The influence of local sources of 

AP9EOO on their fate in the water column of the Scheldt is also limited. Our future efforts 

employingg estuarine fate models wil l investigate the contributions of the different processes 

moree quantitatively. 

Forr stratified estuaries with relatively high water flows like the Rhine estuary, general 

trendss are difficult to distinguish. In the latter type of estuaries, more elaborate sampling 

strategiess including sampling at different depths should be conducted for accurate 

descriptionss of such systems. 
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Abstrac t t 

Resultss are presented of a field study in the Dutch coastal zone of the North Sea on the 
environmentall  fate of nonylphenol ethoxylates (A9PEO). The goal of this field study was to 
determinee the sources of these nonionic surfactants to the Dutch coastal zone, and their 
subsequentt fate. 
Surfacee waters, sediments and suspended particulate material were analyzed on A9PEO, 
nonylphenoll  (NP) and the carboxylated metabolites (A9PEC), using Soxhlet extraction, 
Solidd Phase Extraction and liquid chromatography - electrospray ionization mass 
spectrometryy (LC-ESI-MS). 
Unusuallyy high dissolved concentrations of A9PEO were observed in a number of offshore 
samples.. Maximum dissolved concentrations of 36, 1.7 and 0.63 |j.g L"1 were observed, 
respectively,, for A9PEO, NP and A9PEC. Dissolved concentrations of A9PEO at the water 
surfacee were roughly one order of magnitude higher than several meters below the surface. 
Inn sediments, maximum concentrations of 277 and 86 ng g~l for A9PEO and NP were 
observed,, whereas A9PEC were only found sporadically. Relatively high concentrations of 
A9PEOO and NP were observed in sediments near the shore, which decreased until below 50 
ngg g"1 d.w. at about 10 km offshore. In the sediments, mainly the short chain A9PEOu3 are 
detected,, indicating that extensive biodegradation has occurred. 
Bothh the oxidative and non-oxidative hydrolytic biodegradation mechanisms occur in the 
Dutchh coastal zone, although the oxidative route is less important than in the adjacent 
Scheldtt and Rhine estuaries. 
Moree than 25% of the A9PEO present in marine water is sorbed to suspended particulate 
material. . 
Thee main sources of A9PEO in sediments in the Dutch coastal zone were identified as the 
Rhinee and Scheldt estuaries, dump sites for harbour dredge and in some cases production 
platforms.. For the water phase, the most likely sources of A9PEO seem to be discharges 
fromm ships at open sea. 

6.1.. Introductio n 

Alongg the North Sea, some of the most densely populated and industrialized regions in the 
worldd are situated, including the Scheldt, Rhine Meuse, Elbe and Thames basins. The North 
Seaa has some of the most crowded shipping routes (to the harbours of Rotterdam, Antwerp 
andd Hamburg) as well as one of the world's most intensive fisheries. Understandably, 
pollutionn of the North Sea has been of major environmental concern for decades. 
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Generally,, river discharges of the major contaminants to the North Sea have decreased over 

thee last decade [/] . In addition, measures such as the cessation of sewage sludge dumping 

havee resulted in decreasing concentrations of PAH and PCB [2, 3]. These phenomena 

logicallyy shift the attention slightly towards other sources of contaminants, e.g. compounds 

whichh are used in shipping and offshore industry. Surfactants (surface active agents) belong 

too this type of compounds. 

Onee of the main nonionic surfactant groups consists of the alkylphenol ethoxylates (APEO), 

whichh are used in e.g. the textile and paper industry, and are present in many types of 

products,, such as cleaning agents, paints and pesticides. APEO have an annual global 

productionn of around 700,000 tons [4].  Especially this surfactant group is environmentally 

relevant,, as some of their possible metabolites (nonylphenol (NP), A9PEO1 and A9PE02, see 

figuree 6.1) are weak endocrine disruptors [5, 6]. Recently, NP was identified as a major 

contributorr to endocrine disrupting effects observed in the Dutch aquatic environment, in a 

largee study including analysis of phthalates, bisphenol-A, brominated flame retardants and 

estrogenicc hormones [7]. 
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Figuree 6.1: Biodegradation routes of AgPEO: the oxidative hydrolytic pathway (A) and the non-
oxidativee hydrolytic pathway (B). 
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Althoughh a reasonable amount of data is now available on the occurrence of APEO in fresh 

waterss of Europe, North America and Asia [8, 9], the knowledge about their subsequent fate 

inn saline waters is still limited. 

Typicall  estuarine and marine maximum concentrations reported in literature are around 1 jag 

L"11 [10-12] with occasional maximum values around 10 u.g L"1 in Spain [13] and 25 (ig L" 

inn Israel [14]. In general, A9PEO concentrations in saline environments are found to be 

roughlyy one order of magnitude lower than those in fresh water [15-17], 

AA study on NP and A9PEO in British estuaries reaching the North Sea showed that in over 

80%% of the estuarine water samples, total NP concentrations were below 0.1 ug L" . 

However,, in some cases exceptionally high concentrations were found due to local sources 

[15].[15].  In a field study performed near the mouth of the river Elbe and the German Bight of 

thee North Sea, maximum dissolved estuarine concentrations of 84 ng L" for NP and 135 ng 

L~'' for A9PEO12 were reported, and maximum concentrations of NP and A9PEO12 in marine 

waterr amounted to 63 and 32 ng L"1, respectively [18]. Another publication reports lower 

concentrationss of NP and A9PEO in the same region, with maximum dissolved NP 

concentrationss of 33 ng L"1 in the estuary and below 1 ng L"1 in the North Sea, while A9PEO 

concentrationss were all below 10 ng L" [19]. 

Studiess on sorption of A9PEO to marine sediments have shown that once the surfactants 

havee entered the sediment, further degradation wil l be very slow, and the ethoxymer 

distributionn does not change substantially anymore [20]. 

Dee Voogt et al. reported concentrations of 20-400 ng g"1 dry weight (d.w.) for A9PEO].3 in 

estuarinee sediments from several countries along the North Sea [21]. In the German Bight of 

thee North Sea, maximum concentrations of NP in sediment were 153 ng g" d.w. near the 

coast,, and 55 ng g"1 at open sea. A9PEO concentrations were below 10 ng g" in all sediment 

sampless [19]. Lye et al. observed high maximum NP and A9PEO] concentrations in British 

estuarinee sediment of 9050 and 3970 ng g"1, respectively [22]. North Sea fish samples taken 

offf  shore did not contain detectable levels of APEO metabolites in liver or muscle tissue 

[22,[22, 23]. Recently, Jonkers and De Voogt reviewed the occurrence of A9PEO and 

metabolitess in the estuarine and marine environment [24]. 

Forr the Netherlands, recently Maximum Permissible Concentrations (MPC) in water and 

sedimentss have been proposed of 0.12 (xg L~' and 0.15 ug g"1 d.w. for A9PEO],2 and 0.33 Lxg 

L~'' and 0.105 ug g"1 d.w. for NP [25]. From the field data available in literature, it is 

concludedd that these MPC are exceeded at several locations. 

Althoughh the biodegradation of A9PEOn is a matter of ongoing scientific debate, it is 

generallyy believed that two degradation routes are possible (see figure 6.1). In the oxidative-

hydrolyticc route, an o>-oxidation of the ethoxylate chain produces alkylphenoxy ethoxy 

aceticc acids (A9PEC), which is followed by a stepwise shortening of the ethoxylate chain. 

Then,, the alkyl chain is oxidized, leading to doubly carboxylated metabolites (CAPEC) [26, 
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27].27]. This degradation route occurs only under aerobic conditions. In the nonoxidative 
hydrolyticc route, the first step is a shortening of the ethoxylate chain, leading to A9PEO2 and 
A9PEO(.. Under aerobic conditions, these compounds can be oxidized to form A9PEC, and 
underr anaerobic conditions, NP may be formed [28, 29]. 

Thee present study focuses on the environmental fate of A9PEO and its metabolites in the 
Dutchh coastal zone. The main objective was to study the occurrence of these compounds in 
marinee water, suspended particulate material (SPM) and sediments, using sophisticated LC-
MSS methods. In addition, a detailed comparison was made of different marine water 
samplingg techniques. To our knowledge, no previous publications exist which 
comprehensivelyy study A9PEO and all their metabolites in the three marine compartments. 
Withh the results, the main sources and routes of A9PEO to the Dutch coastal zone of the 
Northh Sea could be assessed. The analysis of A9PEO metabolites gives insight into 
biodegradationn processes occurring in this area, while sorption processes could be 
quantifiedd from the analysis of suspended particulate material. 

6.2.. Experimenta l Sectio n 

StudyStudy area 
Thee semi-enclosed, epi-continental North Sea is relatively shallow, with an average depth of 
900 m. The highly developed industry and agriculture in its watershed produce a large load of 
contaminantss and nutrients which are transported to the North Sea. In addition, the North 
Seaa is a major navigation route to some of the world's biggest harbours: Rotterdam, 
Antwerpp and Hamburg. Oil and gas exploitation in the North Sea results in the presence of 
overr 500 production platforms in the North Sea [3].  Flushing time for the entire North Sea 
wass estimated at one year to 500 days [30]. 
Inn this study, the Dutch coastal zone in the Southern Bight of the North Sea was 
investigated.. Most water in this section of the North Sea is flowing in from the English 
Channel,, resulting in a south-north net water current. Total run-off of freshwater into the 
Southernn Bight from the Netherlands and Belgium (Scheldt, Meuse, Rhine and Dutch 
Waddenn Sea) is estimated to be 91 km3 per year [3]. 
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Figuree 6.2: Study area: the Dutch coastal zone. Sampling locations are shown along transects 
fromm anticipated A9PEO sources: 2 platforms (P), Wadden Sea (W), North Sea canal (N), 
Scheveningenn waste water discharge (SW), Rhine (R), Haringvliet (H) Scheldt estuary (SE). 
Locationss D1 and D2 are harbour dredge dump sites. The dotted lines indicate the main 
shippingg routes. 

SamplingSampling campaigns 

Twoo sampling campaigns were carried out in the Dutch coastal zone of the North Sea in 

Novemberr 1999 and June 2000, with the research ship Mitra of the Directorate North Sea of 

thee Dutch Ministry of Transport, Public Works and Water Management. 

Samplingg locations at the North Sea were chosen with the aim to trace possible important 

sourcess and the fate of A9PEO and metabolites in the Dutch coastal zone (see figure 6.2). In 

mostt marine field studies on A9PEO reported in the literature, fresh water sources and 

harbourss are considered the main sources of surfactants to the marine environment, and 

consequentlyy the sampling locations are limited to only several miles off shore. In the 

presentt study, other possible sources were specifically included in the sampling strategy, 
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namelyy production platforms and shipping. As a consequence, sampling locations further 
offf  shore were included. 
Sampless were collected in a series of transects, starting at the following suspected sources 
(seee figure 6.2): the mouth of the Scheldt estuary, the two exits of the Rhine (Nieuwe 
Waterwegg and Haringvliet), the Scheveningen waste water effluent pipe, the mouth of the 
Northh Sea canal, the entrance of the Wadden Sea as well as two production platforms. 
Finally,, samples were taken at two coastal dumping sites for harbour dredge. 
Sampless of surface sediments were collected using a box core sampler, with average box 
coree depths of 30 cm. From the work of Laane et al it was concluded that no vertical 
concentrationn gradients are present in the top 30 cm of the sediments in the study area [2]. 
Too ensure that the samples obtained were representative of the location, three box cores 
weree collected at each location and the complete cores were mixed. 

Duringg the campaign of 1999, the water samples were taken from the water surface (at a 
depthh of approximately 0.5 m) using a stainless steel bucket. In the campaign of 2000, water 
sampless were taken at approximately 3 m depth, using a sampling torpedo. Both water and 
sedimentt samples were taken at each location. 
Initiall  biodegradation of A9PEO is known to occur easily in some aqueous matrices [27], To 
avoidd any chance of changes in their integrity, all water samples were treated immediately 
afterr sampling on board the ship, thereby avoiding any potential conservation problems. 
Fromm the mixed sediment cores, subsamples of approximately 150 g were taken and stored 
immediatelyy after sampling at -20 °C. 
Characterizationn of the surface sediments was done by determining the organic carbon 
content,, grain size distribution (fraction of particles smaller than 63 jam) and water content. 
Inn addition, the 13C/12C stable isotope ratios (S13C) of the organic matter were determined 
usingg an element analyzer and isotope ratio - mass spectrometry (IR-MS). The stable 
carbonn isotope ratio gives an indication of the origin of the sediment, as this ratio is lower 
forr sediment from terrestrial origin than for sediment from marine origin [31]. For the 
characterizationn of the water samples, the suspended particulate material (SPM), 
chlorophyll-aa and dissolved organic carbon (DOC) concentrations were determined. 
Inn July 2001, an additional sampling trip was performed, in order to make a detailed 
comparisonn between different water sampling techniques, at two locations in the North Sea. 
AA location far (70 km, C1) from and a location close (2 km, C2) to the shore were chosen 
(seee figure 6.2). To this end, water samples were taken with a bucket at six positions around 
thee ship. In addition, a Rosette sampler was used to take three samples at depths of 3 m, at 
halff  the water depth, and at maximum depth, respectively. Another sample was taken using 
thee sampling torpedo at about 3 m depth. Finally, one water sample was taken with a bucket 
fromm a life boat at 300 m from the research ship, resulting in a total of 11 samples per 
location.. Waste water from the research ship was sampled as well. 
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SampleSample treatment 

Samplee treatment procedures were modified from methods published previously (see p. 

108-110)) [12]. 

Briefly,, total sediment samples were extracted using Soxhlet devices, which were prerinsed 

byy refluxing with methanol for 5 hours. Between 5 and 25 g of wet sediment was extracted 

overnightt with 250 mL of basic methanol, depending on the grain size of the sample. The 

raww extract was concentrated to 15 mL, then 80 mL of nanopure water was added and this 

mixturee was acidified to pH=2. For further clean up, the mixture was passed over a Ci8-SPE 

cartridgee as described below. 

Onee L of water sample was filtered using a GF/C glass fiber filter. The filters (SPM 

samples)) were then stored at -20 °C, and extracted later according to the method for 

sediments.. Filtered water was immediately acidified to pH=2 with HC1 and extracted using 

Solid-Phasee Extraction (SPE). Cig-SPE cartridges were conditioned with 10 mL of methanol 

andd then 10 mL of nanopure water. Subsequently the cartridge was loaded with 500 mL 

waterr sample or with the diluted sediment extract. The cartridge was then dried by a stream 

off  nitrogen, and eluted with 10 mL of methanol. The extract was evaporated with nitrogen 

untill  dryness, and redissolved in 1 mL of methanol/nanopure water 1:1 (v:v). Finally, the 

extractt was filtered through a 0.2 p.m Acrodisk filter. 

LC-MSLC-MS analysis 

Analysiss was performed with reversed phase liquid chromatography coupled to electrospray 

masss spectrometry detection (LC-ESI-MS), using methods described previously [12]. A 

Thermoquestt Navigator LC-MS system was used with a Lichrospher RP-C18 column 

(dimensionss 125 x 2 mm, 3um) and a mobile phase flow rate of 0.25 mL min"1. Gradient 

elutionn was performed with pure methanol (A) and a water-methanol 3:1 (v:v) buffer (B) as 

mobilee phases. The ethoxylates and metabolites were analyzed separately in different runs, 

usingg positive ionization with a sodium acetate buffer (0.1 mM) for the ethoxylates, and 

negativee ionization with an ammonium acetate buffer (2 mM) for all metabolites. A 

potentiall  problem of the use of nonvolatile buffers such as sodium acetate is salt 

precipitationn on the MS entrance cone, leading to decreased sensitivity of the system. This 

problemm was eliminated by inserting a programmable 6-way valve between the LC-column 

andd the MS interface, which diverted the mobile phase from the MS to the waste during the 

firstfirst and the last minutes of the analysis (when buffer concentrations are highest, and no 

compoundss of interest elute). The reproducibility of the signals was not affected by this 

procedure. . 

Al ll  analyses were performed in SIM mode, using the deprotonated molecular ions of NP, 

A9PECC and CAPEC during negative ionization, and the sodium adducts of A9PEO in 

positivee mode. For A9PEO1, an additional mass of the [A 9PEO]+methanol+Na]+ adduct 
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(m/zz = 319) was selected [72]. The probe temperature was set at 220 °C, and probe and cone 
voltagess were +4.0 kV and +20 V in positive ionization mode, and -3.8 kV and -20 V in 
negativee ionization mode, respectively. 
Forr the quantification of A9PEO, and A9PE02, pure standards were available, while the 
higherr oligomers were quantified using a commercial mixture with an average ethoxylate 
chainn length of 10 units (in which A9PEO] or A9PE02 are present below 0.5%). For NP, 
A9PEtCC and A9PE2C, pure standards were used, and for higher A9PE>2C, the A9PE2C 
calibrationn was used, assuming the response of A9PE>2C to be equal to that of A9PE2C. All 
standardss were analyzed in every sequence, from which 8-point quadratic calibration curves 
weree constructed. 
Forr the CAPEC metabolites, only a qualitative identification was possible, as no standards 
aree available. Extracts from previously performed biodegradation experiments, in which 
CAPECC were identified using LC-ESI-MS/MS [27], were used as reference. 
A9PE022 and NP containing l3C-labeled aromatic rings were added as internal standards to 
thee extracts prior to injection, in order to correct for matrix effects or variations in 
sensitivityy of the LC-MS. 

Tablee 6.1: Quality parameters of the analytical method for the determination of A9PEO and 

metabolitess in sediment and water. 

A9PEOi i 

A9PE02 2 

A9PEO315 5 

NP P 

A9PE1C C 

AgPE^C C 

sediment t 

recovery y 
(%)) + STD 

833 1 

833 1 

833 1 

633 0 
444 4 

444 4 

blankk value 
(ng/sample) ) 

0.3 3 

2.2 2 

7.7 7 

14 4 

0 0 

0 0 

detection n 
limitt (ng/g 
dryy weight) 

1.3 3 

0.3 3 

0.6 6 

0.3 3 
0.4 4 

0.3 3 

water r 

recovery y 
(%)) + STD 

955 3 

955 3 

955 3 

699 9 
900 4 

877 4 

blankk value 
(ng/sample) ) 

0 0 

0 0 

0 0 

7 7 

0 0 

0 0 

detection n 

limit t 

(ng/L) ) 

15 5 

6 6 

30 0 

11 1 
13 3 

13 3 

QualityQuality control 
Sedimentt samples were extracted in batches of 4, one of which was either a procedural 
blankk or a spiked sediment. Sediments were spiked with NP, A9PE]+2C and either A9PEOi+2 

orr A9PE03.i5 at environmental levels of 100-200 ng g"1 (wet weight). Recoveries calculated 
fromm these spiked samples could be somewhat higher than for actual environmental 
sediments,, in which the analytes can be bound more strongly to the sediments. The low 
recoveriess of A9PEC from sediments inevitably led to higher variations in recovery, and 
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thereforee these results could suffer from some inaccuracy. The quality parameters of the 

analyticall  method are shown in table 6.1. 

Ass the water samples were extracted on board the sampling ship, water blanks were also 

extractedd on board. Small blank signals were observed for NP in most cases, while for the 

otherr analytes blank signals were mostly absent in both water and sediment. 

Reportedd concentrations have been corrected for both the blank value and recovery (shown 

inn table 6.1). Detection limits were calculated as three times the noise level. 

6.3.. Result s 

6.3.1.6.3.1. AQPEO and metabolites in surface sediments 

AA99PEOPEO concentrations in sediments 

Standardd parameters were determined to characterize each sediment sample (composition, 

origin),, and are shown in tables 6.2 and 6.3. Organic carbon contents of sediments from 

bothh sampling campaigns were generally low (below 0.5% in 80% of the samples), with a 

rangee from below 0.05 to 8.3%. Most sediments were very sandy, as is expressed in the 

mediann value of 0.012 (range 0.002 - 0.57) for the fraction of sediment particles smaller 

thann 63um. Isotope ratios 5l3C ranged from -34.0 to -19.5%o. Both organic carbon content 

andd the particle fraction <63um decreased with distance from the shore, while 513C showed 

noo spatial trend. 

Thee sediments from the campaign of 1999 generally showed low analyte concentrations, 

withh ranges of <1.6-32, 0.6-225 and <0.6-45 ng g"1 dry weight (d.w.) for A 9PEOu, 

A9PEO>22 and NP, respectively. The concentrations are listed in table 6.2. 

Thee highest concentrations were observed at the mouths of the North Sea canal, Haringvliet 

andd Scheldt estuary (see figure 6.3). Relatively high concentrations were also observed in 

alll  four sediments collected along the transect near the K12 production platform. This 10 

kmm long transect did not show a decreasing spatial trend with distance from the platform. In 

contrast,, the sediments sampled near a second platform showed relatively low 

concentrationss in all four sediments. 

Forr both A9PEO and NP, a clear decreasing concentration trend was observed with distance 

fromm the shore. At about 10 km from the shore, sediment concentrations had dropped below 

500 ng g"1 d.w. for both A9PEO and NP, and decreased even further to around the detection 

limits.. In addition, a south to north trend could be distinguished, with higher concentrations 

inn the south, near the mouth of Rhine and Scheldt, and the lower concentrations in the north. 

InIn most sediments (32 out of 39), concentrations of A9PEC were below the limit of 

detection. . 
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Tablee 6.2: Sediment characteristics and concentrations of A9PEO, NP and AgPEC in surface 

sedimentss from the Dutch coastal zone, collected during the campaign of 1999. 

location location 

(see (see 

figure figure 

6.2) 6.2) 

P1 1 

P2 2 

P3 3 

P4 4 

P5 5 

P6 6 

P7 7 

P8 8 

W1 1 

W2 2 

W3 3 

W4 4 

N1 1 

N2 2 

N3 3 

N4 4 

N5 5 

N6 6 

SW1 1 

SW2 2 

SW3 3 

SW4 4 

SW5 5 

R1 1 

R2 2 

R3 3 

D1 1 

H2 2 

H3 3 

H4 4 

H5 5 

H6 6 

H7 7 

SE1 1 

SE2 2 

SE3 3 

SE4 4 

SE5 5 

SE6 6 

organic organic 

carbon carbon 

(%) (%) 

0.3 3 

0.16 6 

0.23 3 

0.41 1 

<0.05 5 

<0.05 5 

<0.05 5 

0.1 1 

<0.05 5 

<0.05 5 

8.3 3 

<0.05 5 

1.4 4 

3.5 5 

0.34 4 

<0.05 5 

<0.05 5 

<0.05 5 

<0.05 5 

<0.05 5 

0.12 2 

0.12 2 

0.06 6 

0.6 6 

0.09 9 

<0.05 5 

0.22 2 

1.9 9 

0.25 5 

0.11 1 

0.09 9 

<0.05 5 

<0.05 5 

0.75 5 

0.47 7 

1.4 4 

0.13 3 

<0.05 5 

0.08 8 

fraction fraction 

<63um <63um 

0.067 7 

0.049 9 

0.059 9 

0.207 7 

0.004 4 

0.002 2 

0.006 6 

0.008 8 

0.002 2 

0.005 5 

0.522 2 

0.006 6 

0.568 8 

0.568 8 

0.034 4 

0.006 6 

0.004 4 

0.008 8 

0.004 4 

0.005 5 

0.021 1 

0.030 0 

0.010 0 

0.078 8 

0.028 8 

0.005 5 

0.042 2 

0.374 4 

0.049 9 

0.014 4 

0.012 2 

0.005 5 

0.003 3 

0.467 7 

0.077 7 

0.445 5 

0.032 2 

0.002 2 

0.003 3 

ÖÖ1313C C 

(%o) (%o) 

-25.7 7 

-26.8 8 

-25.4 4 

-22.7 7 

-31.4 4 

-32.4 4 

-32.6 6 

-22.1 1 

-34.0 0 

-30.3 3 

-29.3 3 

-30.1 1 

-24.3 3 

-27.5 5 

-24.9 9 

-21.4 4 

-28.5 5 

-22.2 2 

-30.8 8 

-29.3 3 

-24.6 6 

-24.4 4 

-22.9 9 

-23.7 7 

-23.6 6 

-31.4 4 

-23.9 9 

-19.5 5 

-25.6 6 

-24.2 2 

-23.2 2 

-28.0 0 

-30.1 1 

-25.1 1 

-29.1 1 

-25.1 1 

-22.1 1 

-31.5 5 

-30.8 8 

AA99PE0PE01 1 

(ng(ng g1 

d.w.) d.w.) 

<1.3 3 

<1.3 3 

20 0 

24 4 

<1.3 3 

<1.3 3 

<1.3 3 

<1.3 3 

<1.3 3 

3.4 4 

16 6 

9.7 7 

<1.3 3 

<1.3 3 

<1.3 3 

<1.3 3 

<1.3 3 

3.8 8 

17 7 

<1.3 3 

<1.3 3 

2.8 8 

7.9 9 

<1.3 3 

<1.3 3 
7.9 9 

6.9 9 

2.0 0 

3.0 0 

4.1 1 

4.0 0 

3.3 3 

5.1 1 

15 5 

<1.3 3 

16 6 

20 0 

3.5 5 

3.1 1 

AA99PE0PE02 2 

(ng(ng g'1 

d.w.) d.w.) 

1.2 2 

<0.3 3 

<0.3 3 

0.5 5 

<0.3 3 

<0.3 3 

0.64 4 

<0.3 3 

0.37 7 

0.62 2 

0.3 3 

0.3 3 

14 4 

<0.3 3 

0.99 9 

0.52 2 

0.42 2 

<0.3 3 

1.6 6 

0.61 1 

2.3 3 

1.7 7 

0.64 4 

3.6 6 

<0.3 3 

<0.3 3 

4.0 0 

3.5 5 

0.99 9 

<0.3 3 

<0.3 3 

<0.3 3 

<0.3 3 

17 7 

<0.3 3 

5.7 7 

2.3 3 

<0.3 3 

<0.3 3 

AA99PE03.PE03.15 15 

(ng(ng g1 

d.w.) d.w.) 

21 1 

18 8 

23 3 

15 5 

1.3 3 

2.2 2 

<0.6 6 

<0.6 6 

<0.6 6 

1.4 4 

2.0 0 

1.7 7 

225 5 

5.1 1 

19 9 

0.88 8 

<0.6 6 

<0.6 6 

4.9 9 

3.6 6 

15 5 

14 4 

2.3 3 

63 3 

7.1 1 

2.8 8 

22 2 

86 6 

7.5 5 

2.6 6 

<0.6 6 

0.84 4 

1.8 8 

115 5 

<0.6 6 

51 1 

7.3 3 

<0.6 6 

<0.6 6 

AgPEOtotal AgPEOtotal 

(ng(ng g1 

d.w.) d.w.) 

22 2 

18 8 

43 3 

40 0 

1.3 3 

2.5 5 

0.64 4 

<0.3 3 

0.37 7 

5.4 4 

18 8 

12 2 

239 9 

5.1 1 

20 0 

1.4 4 

0.42 2 

3.8 8 

23 3 

4.7 7 

19 9 

19 9 

11 1 

67 7 

7.1 1 

11 1 

33 3 

91 1 

11 1 

6.8 8 

4.0 0 

4.2 2 

6.9 9 

147 7 

<0.3 3 

73 3 

30 0 

3.5 5 

3.1 1 

NP NP 

(ng(ng g1 

d.w.) d.w.) 

29 9 

4.9 9 

6.7 7 

23 3 

1.8 8 

2.1 1 

2.6 6 

0.6 6 

3.9 9 

1.8 8 

6.4 4 

1.3 3 

14 4 

4.3 3 

6.3 3 

0.89 9 

3.0 0 

1.0 0 

8.6 6 

<0.6 6 

5.3 3 

3.3 3 

1.1 1 

8.9 9 

2.4 4 

2.7 7 

17 7 

9.6 6 

45 5 

3.9 9 

4.0 0 

1.0 0 

1.4 4 

24 4 

<0.6 6 

22 2 

25 5 

4.2 2 

<0.6 6 

AA99PEC PEC 

total total 

(ng(ng g1 

d.w.) d.w.) 

<0.4 4 

<0.4 4 

<0.4 4 

<0.4 4 

<0.4 4 

<0.4 4 

<0.4 4 

<0.4 4 

<0.4 4 

<0.4 4 

6.8 8 

<0.4 4 

<0.4 4 

<0.4 4 

<0.4 4 

<0.4 4 

<0.4 4 

<0.4 4 

11.1 1 

<0.4 4 

10 0 

2.1 1 

<0.4 4 

<0.4 4 

<0.4 4 

<0.4 4 

38 8 

69 9 

<0.4 4 

<0.4 4 

<0.4 4 

<0.4 4 

<0.4 4 

239 9 

<0.4 4 

<0.4 4 

54 4 

<0.4 4 

<0.4 4 
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Figuree 6.3: Spatial distribution of A9PEO and NP concentrations in surface sediments of the 
Dutchh coastal zone from the campaign of 1999 (ng g"1 d.w.). AgPEO^ and A9PE03.15 are 
shownn separately. Bar length in the legend corresponds to concentration given between 
brackets.. The ~ signifies that the total concentration exceeds the scale used in the figure. In all 
cases,, the A9PEO1-2 / AgPEC^s ratio is shown. 
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SourcesSources and fate of nonylphenol ethoxylates and their metabolites in the Dutch coastal zone 

Tablee 6.3: Sediment characteristics and concentrations of AgPEO, NP and A9PEC in surface 
sedimentss from the Dutch coastal zone, collected during the campaign of 2000. 
location location 

(see (see 

figure figure 

6.2) 6.2) 

W1 1 

W2 2 

W3 3 

W4 4 

N1 a a 

N2 2 

N3 3 

N4 4 

N5 5 

N6 6 

SW1 1 

SW2 2 

SW3 3 

SW4 4 

SW5 5 

R1 1 

R2 2 

R3 3 

D1 1 

D2 2 

H1 a a 

H2 2 

H3 3 

H4 4 

H5 5 

H6 6 

H7 7 

SE1 1 

SE3 3 

SE4 4 

SE5 5 

SE6 6 

organic organic 

carbon carbon 

(%) (%) 

1.7 7 

<0.05 5 

<0.05 5 

<0.05 5 

3.5 5 

1.1 1 

0.05 5 

0.11 1 

<0.05 5 

<0.05 5 

<0.05 5 

<0.05 5 

0.11 1 

0.11 1 

0.07 7 

0.65 5 

0.34 4 

<0.05 5 

0.26 6 

1.7 7 

2.1 1 

1.4 4 

0.14 4 

0.07 7 

0.07 7 

<0.05 5 

<0.05 5 

0.45 5 

0.66 6 

0.14 4 

<0.05 5 

<0.05 5 

fraction fraction 

<63um <63um 

0.015 5 

0.004 4 

0.003 3 

0.005 5 

0.338 8 

0.281 1 

0.009 9 

0.012 2 

0.005 5 

0.005 5 

0.013 3 

0.013 3 

0.020 0 

0.020 0 

0.007 7 

0.252 2 

0.069 9 

0.003 3 

0.032 2 

0.463 3 

0.238 8 

0.411 1 

0.021 1 

0.009 9 

0.006 6 

0.004 4 

0.004 4 

n.d. . 

n.d. . 

n.d. . 

n.d. . 

n.d. . 

ÖÖ1313C C 

(%o) (%o) 

-28.5 5 

-24.6 6 

-26.2 2 

-25.2 2 

-27.6 6 

-25.8 8 

-25.2 2 

-24.9 9 

-24.6 6 

-26.0 0 

-30.0 0 

-25.9 9 

-24.4 4 

-24.5 5 

-23.9 9 

-25.7 7 

-25.6 6 

-35.3 3 

-25.6 6 

-26.1 1 

-27.1 1 

-24.3 3 

-25.2 2 

-25.3 3 

-24.0 0 

-24.3 3 

-24.6 6 

-26.3 3 

-25.2 2 

-24.9 9 

-26.7 7 

-29.7 7 

AgPEO, AgPEO, 

(ng(ng g1 

d.w.) d.w.) 

<1.3 3 

<1.3 3 

<1.3 3 

<1.3 3 

70* * 

<1.3 3 

<1.3 3 

4.6 6 

7.4 4 

<1.3 3 

<1.3 3 

<1.3 3 

8.7 7 

<1.3 3 

<1.3 3 

<1.3 3 

<1.3 3 

<1.3 3 

5.2 2 

6.8 8 

12 2 

<1.3 3 

7.7 7 

2.5 5 

<1.3 3 

<1.3 3 

2.8 8 

2.5 5 

1.5 5 

<1.3 3 

<1.3 3 

<1.3 3 

AgPE0AgPE02 2 

(ng(ng g'1 

d.w.) d.w.) 

7.8 8 

<0.3 3 

0.44 4 

0.32 2 

87* * 

<0.3 3 

0.57 7 

2.8 8 

<0.3 3 

<0.3 3 

1.1 1 

0.90 0 

1.4 4 

3.2 2 

1.0 0 

1.3 3 

1.3 3 

<0.3 3 

2.2 2 

21 1 

7.4 4 

7.6 6 

2.7 7 

0.5 5 

<0.3 3 

<0.3 3 

<0.3 3 

5.3 3 

1.8 8 

2.5 5 

0.65 5 

0.80 0 

AA99PEÖ3.PEÖ3.15 15 

(ng(ng g'1 

d.w.) d.w.) 

<0.6 6 

17 7 

<0.6 6 

9.6 6 

7291* * 

37 7 

9.3 3 

35 5 

<0.6 6 

<0.6 6 

11 1 

9.6 6 

21 1 

21 1 

5.8 8 

27 7 

5.5 5 

0.9 9 

17 7 

249 9 

563 3 

63 3 

8.0 0 

2.9 9 

<0.6 6 

<0.6 6 

<0.6 6 

60 0 

72 2 

9.7 7 

26 6 

0.92 2 

AgPEOAgPEO total 

(ng(ng g'1 

d.w.) d.w.) 

7.8 8 

17 7 

0.44 4 

9.9 9 

7448 8 

37 7 

9.9 9 

42 2 

7.4 4 

<0.3 3 

12 2 

11 1 

31 1 

25 5 

7.0 0 

28 8 

7.0 0 

0.9 9 

24 4 

277 7 

582 2 

71 1 

18 8 

5.9 9 

<0.3 3 

<0.3 3 

2.8 8 

68 8 

75 5 

12 2 

27 7 

2.1 1 

NP NP 

(ng(ng g'1 

d.w.) d.w.) 

12 2 

1.6 6 

0.63 3 

3.4 4 

617* * 

70 0 

3.3 3 

4.7 7 

4.3 3 

0.47 7 

3.0 0 

2.9 9 

3.8 8 

9.3 3 

3.5 5 

19 9 

11 1 

3.7 7 

12 2 

86 6 

84 4 

71 1 

16 6 

2.3 3 

3.0 0 

0.47 7 

0.3 3 

82 2 

6.0 0 

13 3 

3.8 8 

1.5 5 

AgPEC AgPEC 

total total 

(ng(ng g1 

d.w.) d.w.) 

5.1 1 

3.3 3 

<0.4 4 

<0.4 4 

<0.4 4 

<0.4 4 

<0.4 4 

3.7 7 

<0.4 4 

<0.4 4 

8.1 1 

2.3 3 

<0.4 4 

<0.4 4 

<0.4 4 

5.6 6 

118 8 

<0.4 4 

1.6 6 

<0.4 4 

<0.4 4 

27 7 

<0.4 4 

0.4 4 

<0.4 4 

<0.4 4 

<0.4 4 

<0.4 4 

<0.4 4 

<0.4 4 

<0.4 4 

<0.4 4 
aa:: sample taken at the freshwater side of the lock. 

*:*: concentration exceeds Dutch MPC value (the sum of AgPE01 and AgPEÖ2 is considered for 
thethe MPC ofA9PE012) (Van Vlaardingen et at., [25]). 
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Figuree 6.4: Spatial distribution of A9PEO and NP concentrations in surface sediments of the 
Dutchh coastal zone from the campaign of 2000 (ng g"1 d.w.). A9PEO1-2 and A9PE03.15 are 
shownn separately. Bar length in the legend corresponds to concentration given between 
brackets.. The ~ signifies that the total concentration exceeds the scale used in the figure. In all 
cases,, the AgPEO^ / A9PEO3-15 ratio is shown. 
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SourcesSources and fate of nonylphenol ethoxylates and their metabolites in the Dutch coastal zone 

A9PEOO and NP concentrations in sediments collected during the campaign of 2000 were 

similarr to those of 1999, with concentration ranges of <1.6-28 (A9PEO12), <0.6-249 

(A9PEO>2)) and 0.3-86 (NP) ng g"1 d.w.. Concentrations are listed in table 6.3, and the spatial 

distributionn of concentrations is shown in figure 6.4. 

Elevatedd concentrations were found at the mouth of the Scheldt estuary, at a dumping site 

forr harbour dredge and at the fresh water side of the locks at the mouth of Haringvliet. Of 

alll  sediments sampled, the highest concentrations were observed just inside the North Sea 

canall  (at the fresh water side of the locks) at 157 and 7448 ng g"1 d.w. for A9PEO12 and 

A9PEO>2,, and for NP at 617 ng g"1 d.w.. In 10 out of 32 sediments of the campaign of 2000, 

loww concentrations of A9PEC were observed, with one higher concentration of 118 ng g"1 

d.w.. at location R2. 

Whenn concentrations in sediment were normalized to organic carbon content, the spatial 

profiless in the Dutch coastal zone showed a less obvious pattern for both campaigns. As the 

sedimentss further off shore were quite sandy and have lower organic carbon contents than 

thosee close to the shore, the normalized analyte concentrations expressed in ng per g organic 

carbonn showed smaller differences between areas close to and far from the shore. 

EthoxymerEthoxymer distribution patterns in sediments 

Thee A9PEO ethoxylate (EO) distribution pattern provides information on the degree of 

biodegradationn that has occurred. One of the possible degradation mechanisms of A9PEO is 

aa shortening of the EO chain, and therefore an average EO chain length of 1 -3 indicates that 

extensivee biodegradation has occurred, while the presence of longer chains would indicate 

noo or slow degradation. Some caution is necessary, as commercial products vary in average 

EOO chain length between 5 and 25, depending on their application. Therefore, samples 

showingg an average EO length of 7 may already have undergone some biodegradation. 

Averagee EO lengths higher than 12 are seldomly observed in environmental samples. 

InIn North Sea sediments, A9PEO concentrations were sometimes so low that the EO 

distributionn pattern was difficult to distinguish. In general, average EO chain lengths of 1-3 

unitss were present. The EO distribution patterns of the samples of 1999 and 2000 showed 

manyy similarities. In offshore sediments and sediments at the entrance of the Wadden Sea, 

averagee A9PEO chain lengths were low (between 1 and 3). In about 25% of the sediment 

samples,, patterns with higher average EO chain lengths were observed. Higher average EO 

chainn lengths (5 to 10) were observed in both campaigns at the mouths of the North Sea 

canal,, Haringvliet and Scheldt, as well as in all sediments of the Scheveningen transect. 

Thiss was also the case for the sediments near the K12 production platform, and at the 

harbourr dredge dumping sites. In some of these samples, two distribution maxima were 

observedd in the EO patterns: both the original longer chain A9PEO and short chain A9PEO12 

metabolitess were present. An example of this type of EO distribution is shown in figure 6.5. 
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Inn the sediments collected in 1999, this pattern was observed close to the shore (locations 

N l ,, Rl, SE1 and SE3), and at one location near a platform (P3). In 2000, this EO 

distributionn was found along the Scheveningen transect (SW1-SW5). 
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Figuree 6.5: Mass spectrum of surface sediment SW2 (campaign of 2000) analyzed by positive 
LC-ESI-MSS (sodium adducts), showing an AgPEO oligomer distribution with two apexes at 
highh and low ethoxylate chain length. 

6.3.2.6.3.2. AQPEO and metabolites in water 

ConcentrationsConcentrations in marine water 

Thee samples of the campaign of 1999 contained unusually high dissolved A9PEO 

concentrations,, with maximum concentrations of 0.73 and 35 jig L" for A9PEO) 2 and 

A9PEO>2,, respectively. NP and A9PEC were present at concentrations of 1.7 and 0.63 ug 

L"1,, respectively. For A9PEOi2, A9PEO>2 and NP, all concentrations were above the 

detectionn limits, and median concentrations were calculated of 0.13, 2.5 and 0.077 ug L" , 

respectively.. The spatial distribution of these concentrations is presented in figure 6.6, with 

thee exact values listed in table 6.4. 
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Thee highest surfactant concentrations were found in the coastal area adjacent to the Rhine 
estuary,, up until 40 km off shore. Relatively high concentrations were also observed outside 
thee Scheldt estuary, continuing until 70 km from its mouth. As can be seen in figure 6.6, 
mostt of the locations with high dissolved A9PEO concentrations are in or close to the main 
shippingg lanes in the Dutch coastal zone. 
Somee of the water samples collected near the platforms also contained relatively high 
A9PEOO concentrations. The lowest dissolved A9PEO concentrations were observed in the 
north,, in the samples taken at the entrance of the Wadden Sea. 
Inn the campaign of 2000, A9PEO were detected in 26 out of the 30 coastal zone water 
samples,, with maximum concentrations of 0.14 and 0.27 ug L"1 for A9PEO12 and A9PEO>2, 
respectively.. When corresponding locations of 2000 and 1999 are compared, dissolved 
concentrationss of A9PEO were lower in 2000 at all but one locations, often by more than an 
orderr of magnitude. Concentrations of metabolites were relatively low as well, with 
maximumm concentrations of 0.031 (NP) and 0.11 \ig L"1 (A9PEC) in the coastal zone. On the 
freshwaterr side of the locks at the mouth of the North Sea canal, slightly higher metabolite 
concentrationss were observed of 0.042 (NP) and 0.31 ug L"1 (A9PEC). 
Figuree 6.7 shows the spatial distribution of the compounds analyzed in the water phase. The 
exactt concentrations are given in table 6.5. The highest dissolved concentrations in the 2000 
campaignn were observed relatively far off shore, in the North Sea Canal transect (locations 
N4,, N5 and N6). These locations again coincide with the main shipping routes in the North 

Sea. . 
Thee doubly oxidized CAPEC metabolites could not be detected in any of the samples 
collectedd in 1999 or 2000. 

EthoxymerEthoxymer distribution patterns in water 
Alll  water samples of 1999 showed similar ethoxylate patterns with EO chain lengths from 1 
too 10 units present. Relatively high average EO chain lengths of around 5 were observed. 
Thiss pattern indicates a lack of biodegradation, and therefore suggests that these surfactants 
weree recently discharged in this area. 
Inn the campaign of 2000, most marine water samples displayed an EO distribution pattern 
withh an average around 1 or 2 EO units, while the samples just outside Scheveningen, 
Rhine,, Haringvliet and Scheldt showed slightly higher average EO chain lengths. At the 
threee furthest offshore locations of the North Sea canal transect (N4, N5 and N6) in 
summer,, dissolved A9PEO showed a high average EO length of 5, suggesting a surfactant 
sourcee other than the North Sea canal. 
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Tablee 6.4: Concentrations of A9PEO, NP and A9PEC in water samples from the Dutch coastal 
zone,, collected during the campaign of 1999. 

Sample Sample 
name name 

P1 1 
P2 2 
P3 3 
P4 4 
P6 6 
P7 7 
P8 8 
W1 1 
W2 2 
W3 3 
W4 4 
N1 1 
N2 2 
N3 3 
N4 4 
N5 5 
N6 6 
SHa a 

SW1 1 
SW2 2 
SW3 3 
SW4 4 
SW5 5 
R1 1 
R2 2 
R3 3 
D1 1 
H1b b 

H2 2 
H3 3 
H4 4 
H5 5 
H6 6 
H7 7 

SE1 1 
SE2 2 
SE3 3 
SE4 4 
SE5 5 
SE6 6 

AA99PEO, PEO, 
(ML(ML 11) ) 

<0.015 5 
0.030 0 
0.024 4 

0.070* * 
O.015 5 
0.027* * 
<0.015 5 
<0.015 5 
<0.015 5 
<0.015 5 
<0.015 5 
<0.015 5 
<0.015 5 
<0.015 5 
<0.015 5 
<0.015 5 
<0.015 5 

0.11* * 
0.10* * 

0.068* * 
0.064* * 
<0.015 5 

0.11* * 
0.043* * 

0.14* * 
0.033* * 
0.065* * 
0.018 8 

<0.015 5 
<0.015 5 
0.057* * 
0.052* * 
0.095* * 
0.059* * 
0.021* * 
0.094* * 
0.033* * 
0.025* * 
0.022* * 
0.034* * 

AA99PE0PE02 2 

(ML(ML 11) ) 

0.044 4 
0.044 4 
0.049 9 
0.11* * 
0.082 2 
0.17* * 
0.053 3 
0.027 7 
0.013 3 
0.011 1 
0.023 3 
0.031 1 
0.024 4 
0.012 2 
0.021 1 
0.017 7 
0.059 9 
0.24* * 
0.25* * 

0.091* * 
0.066* * 
0.040 0 
0.32* * 
0.24* * 
0.59* * 
0.20* * 
0.25* * 
0.018 8 
0.015 5 
0.013 3 

0.069* * 
0.13* * 
0.24* * 
0.11* * 
0.11* * 
0.47* * 
0.17* * 
0.13* * 
0.20* * 
0.19* * 

AA99PE0PE033..15 15 

(ML'(ML'11) ) 
1.4 4 
1.2 2 
1.4 4 
3.6 6 
2.5 5 

10.9 9 
1.3 3 

0.66 6 
0.50 0 
0.30 0 
0.74 4 

1.2 2 
0.69 9 
0.46 6 
0.69 9 
0.61 1 
3.48 8 
9.0 0 

15.9* * 
2.9 9 
1.3 3 
1.7 7 

33.2* * 
10.4* * 
35.1* * 

7.1 1 
9.7 7 

0.14 4 
0.072 2 
0.069 9 

1.3 3 
4.5 5 

12.3 3 
3.6 6 
2.9 9 

21.4* * 
2.9 9 
2.7 7 
7.1 1 
5.1 1 

AgPEOtotal AgPEOtotal 
(fjgL-(fjgL-11) ) 

1.4 4 
1.3 3 
1.4 4 
3.8 8 
2.6 6 

11.1 1 
1.3 3 

0.69 9 
0.52 2 
0.31 1 
0.76 6 
1.22 2 
0.72 2 
0.47 7 
0.72 2 
0.63 3 
3.54 4 
9.38 8 
16.3 3 
3.1 1 
1.5 5 
1.7 7 

33.6 6 
10.7 7 
35.8 8 

7.3 3 
10.0 0 
0.18 8 

0.087 7 
0.081 1 

1.4 4 
4.7 7 

12.7 7 
3.8 8 
3.0 0 

22.0 0 
3.1 1 
2.9 9 
7.3 3 
5.3 3 

NP NP 

0.14 4 
0.082 2 
0.090 0 

0.24 4 
0.060 0 
0.088 8 
0.052 2 
0.068 8 
0.037 7 
0.058 8 
0.044 4 
0.091 1 
0.093 3 
0.045 5 
0.077 7 
0.075 5 

0.25 5 
0.63* * 
0.94* * 
0.24 4 

0.097 7 
0.084 4 

1.7* * 
0.046 6 
0.062 2 
0.045 5 
0.039 9 
0.12 2 
0.13 3 
0.15 5 
0.13 3 
0.28 8 

0.70* * 
0.26 6 

0.039 9 
0.061 1 
0.040 0 
0.035 5 
0.046 6 
0.047 7 

AgPE.C AgPE.C 
(ML(ML11) ) 

O.013 3 
<0.013 3 
<0.013 3 
<0.013 3 
<0.013 3 

0.013 3 
<0.013 3 

0.013 3 
0.019 9 
0.024 4 
0.031 1 
0.081 1 
0.103 3 

<0.013 3 
<0.013 3 
<0.013 3 
<0.013 3 

0.13 3 
0.14 4 
0.11 1 

0.075 5 
0.026 6 

0.12 2 
0.096 6 
0.091 1 
0.020 0 
0.019 9 

0.40 0 
0.31 1 
0.21 1 

0.098 8 
0.026 6 

<0.013 3 
<0.013 3 

0.12 2 
0.10 0 

0.060 0 
0.036 6 

<0.013 3 
<0.013 3 

AA99PEPE22C C 
(pgt(pgt11) ) 

<0.013 3 
<0.013 3 
<0.013 3 
<0.013 3 
<0.013 3 

0.029 9 
<0.013 3 
<0.013 3 
<0.013 3 
<0.013 3 
<0.013 3 
<0.013 3 

0.11 1 
<0.013 3 
<0.013 3 
<0.013 3 
<0.013 3 

0.17 7 
0.16 6 

0.094 4 
0.015 5 
0.015 5 

0.14 4 
0.083 3 

0.20 0 
0.017 7 
0.038 8 

0.12 2 
0.12 2 

0.067 7 
<0.013 3 
<0.013 3 
<0.013 3 
<0.013 3 

0.082 2 
0.096 6 
0.033 3 
0.020 0 

<0.013 3 
O.013 3 

AA99PEPE>2>2C C 
(ML(ML 11) ) 
<0.013 3 
<0.013 3 
<0.013 3 
<0.013 3 
<0.013 3 

0.18 8 
<0.013 3 
<0.013 3 
<0.013 3 
<0.013 3 
<0.013 3 
<0.013 3 
<0.013 3 
<0.013 3 
O.013 3 
<0.013 3 
<0.013 3 

0.20 0 
0.19 9 

0.082 2 
0.037 7 

<0.013 3 
0.24 4 
0.10 0 
0.34 4 

0.041 1 
0.058 8 
0.099 9 
0.075 5 

<0.013 3 
0.075 5 
0.046 6 
0.055 5 

<0.013 3 
0.055 5 

0.16 6 
0.058 8 
0.033 3 
0.014 4 

<0.013 3 
aa:: sample taken inside harbour;b: sample taken at the freshwater side of the lock. 
*;; concentration exceeds Dutch MPC value (the sum ofA9PEOi and A9PE02 is considered for the 
MPCMPC ofA9PE012) (Van Vlaardingen et a/., [25]). 
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Figuree 6.6: Spatial distribution of A9PEO, NP and A9PEC concentrations in water from the 
campaignn of 1999 (ug L"1). AgPEC^ and A9PE03-15 are shown separately. Bar length in the 
legendd corresponds to concentration given between brackets. The ~ signifies that the total 
concentrationn exceeds the scale used in the figure. In all cases, the A9PEO1-2 / A9PEO3.15 ratio 
iss shown. The dotted lines indicate the main shipping routes. 
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Tablee 6.5: Concentrations of A9PEO, NP and A9PEC in water samples from the Dutch coastal 
zone,, collected during the campaign of 2000. 

Sample Sample 

name name 

W1 1 

W2 2 

W3 3 
W4 4 

N1a a 

N2 2 

N3 3 
N4 4 

N5 5 

N6 6 
SW1 1 

SW2 2 

SW3 3 
SW4 4 

SW5 5 
R1 1 

R2 2 
R3 3 

D1 1 

D2 2 
H1a a 

H2 2 

H3 3 
H4 4 

H5 5 

H6 6 
H7 7 

SE1 1 

SE3 3 
SE4 4 

SE5 5 

SE6 6 

AA99PE0PE01 1 

(ML(ML11) ) 

<0.015 5 

0.048 8 
0.046 6 

0.022 2 

0.024 4 

O.015 5 

<0.015 5 
<0.015 5 

O.015 5 
<0.015 5 

0.022 2 

<0.015 5 
0.026 6 

0.052 2 
0.033 3 

0.056 6 
0.11 1 

0.059 9 

0.019* * 

0.030 0 
<0.015 5 

<0.015 5 
<0.015 5 

0.059 9 
0.036 6 

<0.015 5 

0.060 0 

0.049 9 
0.031 1 

0.021 1 

0.051 1 

0.068 8 

AA99PE0PE02 2 

(vgL-(vgL- 11) ) 

<0.006 6 

<0.006 6 

O.006 6 

0.008 8 
0.011 1 

<0.006 6 

<0.006 6 

<0.006 6 
0.011 1 

<0.006 6 
<0.006 6 

<0.006 6 

<0.006 6 
0.008 8 

<0.006 6 
<0.006 6 

<0.006 6 
0.036 6 

0.143* * 
<0.006 6 

0.0063 3 
0.012 2 

<0.006 6 
<0.006 6 

<0.006 6 

<0.006 6 
0.011 1 

0.011 1 

<0.006 6 

0.006 6 

0.015 5 
0.014 4 

AA99PE0PE033.15 .15 

(ML(ML 11) ) 
0.21 1 

<0.030 0 

<0.030 0 

<0.030 0 

0.046 6 

<0.030 0 
<0.030 0 

0.22 2 
0.27 7 

0.23 3 

0.032 2 

<0.030 0 
<0.030 0 

<0.030 0 
<0.030 0 

<0.030 0 
<0.030 0 

0.038 8 
0.12 2 

<0.030 0 
0.039 9 

0.23 3 
0.036 6 

0.030 0 
<0.030 0 

<0.030 0 

O.030 0 

<O.O30 0 
<0.030 0 

0.031 1 

0.042 2 

0.046 6 

AgPEOAgPEO total 

(ug(ug  L-1) 
0.21 1 

0.066 6 

0.046 6 

0.030 0 

0.080 0 
<0.015 5 

<0.015 5 
0.22 2 

0.28 8 

0.23 3 
0.059 9 

<0.015 5 
0.026 6 

0.060 0 

0.036 6 
0.059 9 
0.12 2 

0.13 3 

0.29 9 
0.030 0 

0.050 0 
0.24 4 

0.039 9 
0.091 1 

0.036 6 

O.015 5 
0.071 1 

0.088 8 

0.061 1 
0.057 7 

0.11 1 

0.13 3 

NP NP 

(ML(ML 11) ) 
<0.011 1 

0.025 5 
0.019 9 

0.014 4 

0.042 2 

0.016 6 
0.020 0 

<0.011 1 
<0.011 1 

<0.011 1 

0.016 6 

0.013 3 
0.019 9 
0.012 2 

0.031 1 
0.012 2 

0.018 8 
0.027 7 

0.014 4 

0.019 9 
0.024 4 
0.031 1 

0.019 9 

0.019 9 
<0.011 1 

0.0047 7 

0.015 5 
0.012 2 

O.011 1 

0.014 4 

<0.011 1 

0.016 6 

AgPE.C AgPE.C 

(U9(U9 L-1) 
0.030 0 

0.022 2 

<0.013 3 

0.032 2 
0.14 4 

0.062 2 
0.041 1 

0.046 6 

<0.013 3 
<0.013 3 

0.047 7 

0.054 4 
0.050 0 

0.047 7 
0.042 2 

0.058 8 
0.019 9 

<0.013 3 
0.032 2 

0.028 8 
0.074 4 

0.053 3 

0.025 5 
0.031 1 

0.014 4 

<0.013 3 
<0.013 3 

0.041 1 

0.022 2 
0.021 1 

<0.013 3 

<0.013 3 

AA99PEPE22C C 

(ML'(ML'11) ) 

<0.013 3 

<0.013 3 

<0.013 3 
<0.013 3 

0.10 0 

<0.013 3 
<0.013 3 

<0.013 3 
<0.013 3 

<0.013 3 

<0.013 3 
<0.013 3 

<0.013 3 
O.013 3 

<0.013 3 
0.028 8 

<0.013 3 
<0.013 3 

<0.013 3 

<0.013 3 
0.052 2 
0.031 1 

<0.013 3 

<0.013 3 
<0.013 3 

<0.013 3 

<0.013 3 
0.022 2 

<0.013 3 

<0.013 3 

<0.013 3 

<0.013 3 

AA99PEPE>2>2C C 

(ML(ML 11) ) 
<0.013 3 

<0.013 3 

<0.013 3 
<0.013 3 

0.064 4 

<0.013 3 
<0.013 3 
<0.013 3 

<0.013 3 
<0.013 3 

<0.013 3 

<0.013 3 
<0.013 3 

<0.013 3 

<0.013 3 
<0.013 3 
<0.013 3 

<0.013 3 
<0.013 3 

<0.013 3 
0.042 2 

0.030 0 
<0.013 3 

<0.013 3 
<0.013 3 

<0.013 3 

<0.013 3 

<0.013 3 

<0.013 3 
<0.013 3 

<0.013 3 

<0.013 3 
a;; sample taken at the freshwater side of the lock. 
*:*: concentration exceeds Dutch MPC value (the sum ofAgPEOi and A9PE02 is considered for the 
MPCMPC ofA9PE012) (Van Vlaardingen et at., [25]). 
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Figuree 6.7: Spatial distribution of A9PEO, NP and A9PEC concentrations in water from the 
campaignn of 2000 (ug L"1). A9PEO1-2 and A9PEO3.15 are shown separately. Bar length in the 
legendd corresponds to concentration given between brackets. The dotted lines indicate the 
mainn shipping routes. 
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ComparisonComparison of water sampling techniques 

Inn the 2001 sampling trip, similar ethoxylate and concentration patterns were observed at 

bothh sampling locations (CI and C2). The observed EO distributions varied somewhat from 

samplee to sample, but the prevailing pattern showed an average of 6 EO units. 

Ass shown in table 6.6, a clear difference was observed between samples from different 

samplingg depths, although relatively high standard deviations were obtained. A9PEO 

concentrationss were around one order of magnitude higher in the surface water samples 

takenn with a bucket than in the samples taken at greater depth, with averages of 0.49 and 

0.0444 ug L'\ respectively. Between bucket samples taken at different sides of the ship and 

fromm the lif e boat at 300 m from the ship, no systematic differences in concentrations were 

observed.. A9PEO concentrations in the samples taken with the Rosette sampler invariably 

weree less than in the samples from the surface. 

Inn the sampling trip of 2001, no systematic differences were observed between NP 

concentrationss in surface samples and samples from greater depth. NP concentrations varied 

betweenn 0.028 and 0.082 ug L"1, with an overall average of 0.052 fig L"1. Apparently, the 

surface-activee properties of A9PEO are responsible for an accumulation of A9PEO at the 

waterr surface, while the less surface active NP does not show this effect. 

Averagee A9PEC concentrations in the surface water samples amounted to 0.4 ug L"1, and 

weree on average 5 times lower in the samples from greater depth. However, due to the large 

standardd deviations these differences are not significant. 

Tablee 6.6: Comparison of analyte concentrations in water using different water sampling 
techniques.. For further explanation see paragraph 6.2, p. 131. 

sampling g 
technique e 
used d 

sampling g 
depthh (m) 

concentrationconcentration (fjg L'1) + standard deviation 

AA99PE0PE012 12 AA99PE0PE033..15 15 NP NP AA99PEC PEC 

locationlocation C1 

bucket(n=6) ) 

torpedo o 
Rosettee (n=3) 

lifee boat 

0.5 5 

3 3 
3-27 7 

0.5 5 

0.0733 (0.046) 

0.011 1 

0.0099 (0.002) 

0.033 3 

0.511 (0.38) 
<0.030 0 

O.0300 (0.014) 

0.20 0 

0.0466 (0.008) 
0.031 1 

0.0322 (0.004) 

0.050 0 

0.36(0.41) ) 

<0.013 3 

<0.013 3 
0.022 2 

locationlocation C2 

buckett (n=6) 

torpedo o 

Rosettee (n=3) 

0.5 5 

3 3 

3-10 0 

lifee boat ] 0.5 

0.0566 (0.030) 

0.023 3 

0.0400 (0.053) 

0.064 4 

0.40(0.21) ) 

<0.030 0 

O.0300 (0.009) 

0.27 7 

0.067(0.012) ) 

0.046 6 

0.062(0.013) ) 

0.063 3 

0.511 (0.47) 

0.14 4 

0.0999 (0.070) 

0.203 3 
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Twoo wastewater streams of the research ship were analyzed (normal sink and washing 

machine).. Both contained A9PEO at concentrations of 1.5 jag L"1. In the sample from the 

normall  sink, short ethoxylates were present, while the washing machine water contained 

mainlyy long ethoxylates. The washing machine water contained in addition a high NP 

concentrationn of 3.8 jig L"1. No A9PEC metabolites were detected in the waste water. 

Iff  the waste water of the research ship had had a significant influence on the composition of 

thee bucket water samples, an elevated NP concentration would have to be present. However 

thiss was not the case. The fact that A9PEC were detected in the marine water and not in the 

wastewaterr suggests that the A9PEO in the marine water must have been there long enough 

too allow some biodegradation to occur, and therefore do not originate from the research 

ship. . 

6.3.3.6.3.3. Concentrations in suspended particulate material 

Concentrationss of SPM in the Dutch coastal zone ranged from 2 to 134 mg L"1, with a 

mediann value of 7 mg L"1. 

Analytee concentrations in SPM were around two orders of magnitude higher than those in 

sediments.. In samples of SPM from the campaign of 1999, concentrations ranged from <87 

too 95103 ng g"1 (A9PE01>2), 458 to 247-103 ng g ' (A9PEO>2) and 76 to 127-103 ng g'1 (NP). 

Organicc carbon normalized SPM/water partition coefficients values (log K^) were 

calculatedd for A9PEO and NP. The values calculated for both A9PEO and NP ranged 

betweenn 4.3 and 7.7. Average log KoC values (+ standard deviations) amounted to 5.9  0.4, 

andd 5.4  0.5 and 6.5  0.7 for A9PEO]2, A9PEO>2 and NP, respectively. The average 

contributionss of the analytes sorbed to SPM to the total water concentrations (dissolved + 

sorbed)) were 14% for A9PEO and 52% for NP. Only those results in which both water and 

SPMM showed concentrations above detection limits were used for calculating these average 

values. . 

Inn the samples collected in 2000, A9PEO and NP were observed in 23 and 16 out of 30 filter 

residuess respectively. Concentrations were observed between <87 and 88T03 ng g"1 

(A 9PEO,2),, <40 and 65-103 ng g"1 (A9PEO>2) and <20 and 20-103 ng g' (NP). Average 

contributionss of SPM associated analytes to the total water concentrations (dissolved + 

sorbed)) amounted to 40% for A9PEO and 35% for NP, using only results for which both 

phasess were above detection limits. Clearly, for A9PEO and NP, the sorbed fraction in 

marinee water samples is significant. For both A9PEO and NP, similar ranges of log KoC 

betweenn 4.5 and 7.1 were observed. Average log KQC values (+ standard deviations) 

amountedd to 6.1  0.6, and 5.9  0.9 and 5.7  0.7 for A9PEOi,2, A9PEO>2 and NP, 

respectively. . 
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Althoughh the dissolved concentrations were considerably higher in the campaign of 1999 

thann in 2000, the log Koc values were not significantly different. This suggests that a 

sorptionn equilibrium is established relatively fast for these compounds. 

A9PEOO oligomer distribution patterns in the SPM samples were similar to those of the 

correspondingg water samples: in the campaign of 1999, oligomers with EO chain lengths 

fromm 1 to 10 were present (average 4-5), while in the campaign of 2000, only short chain 

A9PEO1.44 were observed (average 2-3). 

Inn both sampling campaigns, concentrations of A9PEC were below the detection limit in all 

SPMM samples (<20 ng g~'). 

6.3.4.6.3.4. Relationship between analyte concentrations and sample characteristics 

Forr all sediment characteristics, correlation coefficients with analyte concentrations were 

calculated.. Concentrations in sediment correlated strongly with organic carbon content, with 

correlationn coefficients of 0.71 (pO.0001) and 0.64 (p<0.0001) for A9PEO and NP, 

respectivelyy (pooled data of the 1999 and 2000 sampling campaigns). This behaviour is 

observedd for most organic contaminants, where mainly hydrophobic interactions determine 

thee degree of sorption. 

Thee correlation between the fraction of particles <63p.m and organic carbon content (oc%) 

wass strong. This is not surprising, as almost all of the organic carbon of the sediment is 

presentt in the silt and clay fraction. As a consequence, strong correlations between analyte 

concentrationss and the fraction <63 urn were observed as well: r=0.85 (pO.0001) for 

A9PEOtotaii  and 0.66 for NP (p<0.0001). Low correlation coefficients were found between 

analytee concentrations in sediment and carbon stable isotope ratio (513C) for both organic 

carbonn normalized and non normalized concentrations (r<0.3 for each of the analytes). 

Inn the water phase, both dissolved organic carbon and chlorophyll-a concentrations were 

relativelyy low, with concentration ranges of 0.74-4.7 (median 1.2) and 1.0-2.6 (median 1.8) 

mgg DOC L l , and 0.8-3.8 (median 2.0) and 1.3-33.4 (median 8.6) ug chlorophyll-a L"1 in 

duringg the winter (1999) and summer (2000) cruises, respectively. Correlations of dissolved 

analytee concentrations with dissolved organic carbon in both seasons were weak. The 

parameterss chlorophyll-a and phaeopigment-a (a degradation product of chlorophyll-a) both 

indicatee the presence of algae. In both seasons, chlorophyll-a or phaeopigment-a 

concentrationss did not correlate with dissolved analyte concentrations, indicating that the 

presencee of the surfactants was not related to algae. 

Forr the suspended particulate material samples of both seasons, organic carbon contents in 

thee range 2.3-17.0% were observed with a median value of 5.0%. For the A9PEO and NP 

concentrationss in SPM samples, no correlation was found with the organic carbon content of 

thee SPM. When K<j values of A9PEO and NP are compared to organic carbon content of the 
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SPM,, correlations are weak as well. This lack of correlation seems to suggest that the 
bindingg of A9PEO and NP to SPM is not mainly governed by hydrophobic interactions. This 
iss in contrast with the strong correlation found between analyte concentrations and organic 
carbonn content in sediments. 

6.4.. Discussio n 

ComparisonComparison between summer and winter concentrations 
Ass the water samples in the summer campaign (2000) were taken using a different 
techniquee than in the winter campaign of 1999 (surface water with a bucket in the winter 
campaign,, and water from 1.5 m depth taken with the sampling torpedo in the summer 
campaign),, a detailed comparison between the two seasons based on these results is not 
justified. . 
AA comparison of dissolved concentrations in winter and summer for every location 
individuallyy showed that A9PEOU2, A9PEO>2, NP and A9PEC concentrations were on 
averagee respectively a factor 5, 82, 10 and 6 higher in the winter campaign than in the 
summerr campaign (calculated only for locations at which both concentrations were above 
thee detection limit). From the sampling exercise with different sampling techniques (2001) 
itt was found that samples taken from the surface always have A9PEO concentrations higher 
byy about a factor of 10 than water from greater depth. Therefore, the differences in sampling 
depthss are probably mainly accounting for the concentration differences observed between 
19999 and 2000. However, the differences for A9PEO>2 were larger than can be explained by 
thee difference in sampling techniques. In addition, the higher average concentrations of NP 
andd A9PEC in water of 1999 compared to 2000 cannot be explained by the surface-active 
propertiess of the analytes, as no significant differences between concentrations at the surface 
andd at greater depth were found in 2001. 
Onee possible explanation for the high A9PEO>2 concentrations in water is a lower bacterial 
activity,, and therefore lower biodegradation rates during the winter season. Evaporation 
processess which occur to a larger extent in summer than in winter may account for some of 
thee seasonal differences. However, it would then be expected that the differences in 
concentrationn for the more volatile NP would be larger than for A9PEO, which is not the 
case. . 

AA final explanation is that the high dissolved concentrations of 1999 may have been caused 
byy incidental recent discharges of A9PEO. The relatively high average EO chain lengths and 
thee relatively low concentration ratios of metabolites/A9PEO in 1999 compared to 2000 
indicatee a low degree of biodegradation and therefore recent discharges. 
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Forr concentrations in the sediments, a comparison between the seasons shows many 

similarities.. When all locations are compared individually, sediment concentrations of 

A9PEOO and NP are of the same order in both seasons. Maximum concentrations in marine 

sedimentss were observed at the same sampling locations in both seasons (i.e. NI , H2 and 

SE1).. Spatial trends of concentrations in sediments were the same in summer and winter. 

Similarr A9PEO ethoxylate distribution patterns in the sediments and SPM were observed, 

andd in both seasons, A9PEC was only sporadically detected in marine sediments. 

TransformationTransformation routes 

Jonkerss et al. have shown that concentration ratios of metabolite to 'parent' surfactant (M/P) 

cann be used to evaluate biodegradation processes (cf. introduction) in estuarine waters [12]. 

Tablee 6.7 lists three different M/P ratios calculated from the present data for the Dutch 

coastall  zone, as well as the ratios for two Dutch estuaries, taken from Jonkers et al. [12]. 

Fromm these ratios it can be concluded that in particular the formation of A9PEC is different 

inn the estuaries compared to the coastal zone, and that oxidative hydrolytic transformation 

occurss to a much lower extent in marine than in estuarine waters. The smaller differences in 

thee ratios NP/£A9PEO and AgPEO^/EAgPEO between the two systems indicate that 

degradationn via the non-oxidative hydrolytic pathway occurs slightly less in marine than in 

estuarinee environments. 

Tablee 6.7: average ratios of dissolved concentrations of three metabolites to total 'parent' 
A9PEOO in estuarine and marine waters. 

Rhinee + Scheldt 
estuaries3 3 

Dutchh coastal zoneb 

salinity y 
range e 

0 . 5 - 3 0 0 

2 7 - 3 5 5 

NP/ / 
IA9PEO O 

0.67 7 

0.19 9 

AgPEOii 2/ 
IA9PEO O 

0.40 0 

0.28 8 

AgPEC/ / 
ZAgPEO O 

7.7 7 

0.37 7 
a:: data from [12, 24].b : pooled data of 1999 and 2000 (this study). 

Inn one of the few comparable studies, which was performed in the Venice lagoon (Italy), 

similarr results were found. In river water (salinity below 1%0), A9PEC/A9PEO ratios of 2-3 

weree found in that study, while in the lagoon (salinity between 24 and 31%o) lower ratios of 

0.55 were reported [16]. In a field study performed along the Spanish Mediterranean coast, 

A9PE]CC was not detected in any of the samples, although A9PEO were present at several ug 

L"11 [73]. Longer chain A9PEnC were not analyzed in that study. 

Inn the current study, the presence of metabolites in the water phase clearly shows that 

biodegradationn occurs in this compartment. For the sediments, two possible scenarios could 

accountt for the presence of short EO chain A9PEO metabolites. Either biodegradation 
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occurss in the water phase, and afterwards the metabolites settle with precipitating SPM to 

thee sediment, or SPM-bound undegraded A9PEO are deposited and biodegradation takes 

placee in the sediment. The current results do not permit unambiguous conclusions in this 

respect. . 

Thee relatively low average EO chain lengths observed in SPM samples collected at 3 m 

depthh indicate that biodegradation of A9PEO starts in the water/SPM phase. This suggests 

thatt A9PEO].3 in sediments result not from degradation in the sediments but from deposition 

off  SPM-bound A9PEO1.3. Other studies have shown that in marine sediment, further 

degradationn of A9PEO is very slow [20, 32]. 

However,, the presence of two distinct ethoxylate chain length maxima (one at EO = 1 or 2, 

andd one at higher chain length, see figure 6.5) in some of the sediments in our study 

suggestss that non-oxidative hydrolytic degradation is occurring at those locations. The non-

oxidativee hydrolytic mechanism seems to prevail. Although formation of A9PEC 

metabolitess in the sediment cannot be ruled out entirely, the absence of A9PEC in the 

sedimentss strongly suggests that the oxidative-hydrolytic degradation does not occur in this 

(mainlyy anaerobic) compartment. 

ComparisonComparison to literature data 

Thee spatial trend observed for A9PEO and NP concentrations in sediments with decreasing 

concentrationss when going north is in agreement with the general trends in concentrations 

off  organic contaminants observed along the Dutch coast, due to a north-bound net 

transport/advectionn [2].  Concentration ranges of A9PEO and NP in sediments are in 

agreementt with those observed in previous studies in the Dutch coastal zone [7, 21, 33], and 

inn the German Bight of the North Sea [19]. Along the Spanish coast, higher concentrations 

inn sediments were found (in the ranges 10-620 ng g"1 for A9PEO and <10-1000 ng g"1 for 

NP)) [13]. 

Onlyy sporadically, estuarine or marine dissolved concentrations of A9PEO comparable to 

thosee of the current study (1999 values) have been reported. In all those cases, a specific 

pointt source could be identified to account for these high local maxima: a river containing 

highh concentrations of A9PEO [14], a wastewater discharge [13] or industrial activities [15]. 

Spatiall  concentration profiles from those studies (with sharply decreasing concentrations 

withh distance from the point source) differ strongly from the present results, where high 

dissolvedd concentrations are observed in offshore samples in a relatively large area, but not 

inn the main fresh water streams flowing into the coastal zone. 

Inn a field survey on endocrine disruptors (including A9PEO and NP) in the Dutch coastal 

zone,, water samples were taken using stainless steel buckets in the same time period as in 

thee present study (but on different sampling cruises) [7]. In some cases the results of that 

studyy showed unusually high marine A9PEO concentrations up to 87 ug L ' as well (samples 
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collectedd in April 1999). In other marine water samples from that study, concentrations 

weree below 0.18 ug L"1. 

InIn two studies in the German Bight of the North Sea, dissolved concentrations of A9PEO 

weree slightly lower than in the water samples collected in 2000 of the present study [18, 19]. 

Inn those studies, samples were taken at 3 m and 5 m depth, respectively, and therefore no 

comparisonn is possible with the high concentrations at the water surface found in this study. 

Inn the literature, some values for SPM/water distribution coefficients (K^) of A9PEO are 

available.. Ferguson et al. determined field logKoC values in an estuary of 5.4, 5.5, 5.2 and 

4.99 for NP, A9PEO,, A 9PE02 and A9PE03 [11]. In another study, field log KoC values were 

reportedd of 5.9, 5.6 and 6.4 for NP, A9PEO, and A9PE02 [18]. These literature values agree 

welll  with the logKoC values found in the present study. 

Forr the water samples, the lack of correlation between dissolved A9PEO concentrations and 

chlorophyll-aa concentrations is not in agreement with the findings of Marcomini et al. [34]. 

Inn that field study, 3-10 times higher A9PEO concentrations were observed in sediments 

coveredd with algae than in sediments free from algae in the Venice lagoon. 

Concludingly,, the comparison with literature shows that concentrations found in sediments 

andd SPM in this study are comparable to those of other studies, while the dissolved 

concentrationss of the 1999 campaign reported here are higher than those usually found in 

thee marine environment. 

Thee Maximum Permissible Concentrations (MPC, cf. introduction), which were recently 

proposedd for the Netherlands [25] were exceeded in a number of water samples from the 

currentt study (outside the Rhine and Scheldt estuaries in 1999, and at location Dl in 2000, 

cf.. the values with asterisks in tables 6.2-6.5). For sediments, only at location Nl (2000), the 

Dutchh MPC was exceeded. 

SourcesSources ofA9PEO to the Dutch coastal zone 

Althoughh the analyte concentrations and 613C in sediments did not show a high correlation, 

thee spatial trends of decreasing concentrations in sediments with distance from the shore, in 

combinationn with the absence of such a trend for the water phase do suggest a transport of 

particle-boundd analytes of mainly terrestrial origin. 

Evaluationn of the sediment concentration profiles reveals several possible sources of A9PEO 

andd NP to the Dutch coastal zone. The relatively high coastal zone sediment concentrations 

justt outside the Rhine estuary, Scheldt estuary and North Sea canal show that these are all 

sourcess of A9PEO and metabolites to the coastal zone. 

Anotherr significant source is the dumpsite for harbour dredge west of Scheveningen 

(locationn D2, only sampled in the campaign of 2000). At this 'hot spot' the highest 

concentrationss of both A9PEO and NP in coastal zone surface sediment were observed. An 
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evenn higher concentration was observed at location Nl (North Sea canal, inside the locks), 

whichh is considered a freshwater environment hot spot. 

Al ll  of the land-based sources mentioned have only a limited spatial influence, as in all cases 

concentrationss in sediments more than 10 km distance from the shore drop to almost the 

openn sea background level. 

Off  the two platforms investigated, one showed elevated A9PEO and NP concentrations in 

thee surface sediments. Production platforms must therefore be considered as a possible 

sourcee of A9PEO to the North Sea, which can cause elevated A9PEO and NP sediment 

concentrationss at least 10 km downstream of the platform. 

InIn most cases, the sediment samples with elevated A9PEO concentrations mentioned above 

showw average EO chain lengths which are relatively high (5 to 10 EO units). These EO 

patternss confirm that the A9PEO sources are nearby. 

Inn sediments from the entrance of the Wadden Sea, concentrations were only slightly 

elevatedd compared to those from open sea. Apparently, the Wadden Sea does not contribute 

significantlyy to the total load of A9PEO to the Dutch coastal zone. This is in agreement with 

thee fact that the Wadden Sea is a sedimentation area of material transported from the Dutch 

coastall  zone into the Wadden Sea [3].  Likewise, the contribution from the Scheveningen 

sewagee effluent outlet is minor, as sediment concentrations near the outlet were not 

significantlyy higher than those in open sea sediments. 

Inn the water samples of the campaign of 1999, very high concentrations were present at the 

waterr surface of the shipping route to Rotterdam, as well as at the locations furthest off 

shoree from the Scheldt estuary and one location (SE2) in the mouth of the Scheldt estuary 

(seee figure 6.6). Water samples of the North Sea canal and Wadden Sea transects collected 

closerr to the shore but further from the main shipping routes showed lower concentrations. 

AA similar situation is observed in the 2000 campaign, with the highest concentrations in 

waterr samples taken further off shore (locations N4-N6), and in the shipping route to 

Rotterdamm (locations R2, R3, Dl) . These spatial concentration profiles strongly suggest that 

thee main sources of A9PEO to the marine water are at sea and not freshwater or land based. 

Thee intensive shipping activities in the Dutch coastal zone would be a likely source of 

A9PEO. . 

Thee different spatial profiles of concentrations in sediments and water illustrate that the 

dissolvedd A9PEO at the water surface have littl e interaction with the underlying sediments 

inn this area. This is in agreement with the fact that no net sedimentation occurs in the Dutch 

coastall  zone. 

Itt is interesting to note that A9PEO concentrations in coastal water samples taken in 1999 

weree on average one order of magnitude higher than in samples taken inside the Rhine and 

Scheldtt estuaries in the same period (and sampled by the same technique), which did not 

exceedd 0.8 and 2.3 ug L"1 in the respective estuaries [72], Dissolved concentrations in the 
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coastall  zone samples collected in 2000 were on average a factor 2.3 (total A9PEO) and 3.6 

(NP)) lower than estuarine dissolved concentrations found inside the Scheldt and Rhine 

estuaryy in 2000 [35]. 

Iff  shipping is a major source of surfactants to the coastal environment, it seems surprising 

thatt the surfactant concentrations inside the Rhine estuary (leading to the Rotterdam 

harbours)) were lower than dissolved marine concentrations in 1999 [12]. However, ships are 

nott allowed to release their waste water from cargo hold cleaning into the harbours and the 

Rhinee estuary, but are under certain conditions allowed to release this water at open sea. 

Thiss could explain the observed increase in concentrations further off shore. It is known that 

A9PEOO are used in ship cleaning products. Unfortunately, data on exact consumption 

amountss are not available. 

Inn addition to the application of surfactants during cargo hold cleaning, the transported 

productss themselves sometimes contain considerable amounts of A9PEO. It is known that 

certainn types of oil are transported in the form of oil/surfactant/water emulsions, such as the 

Orimulsion®® product. This product contains approximately 0.5% A9PEO, and is transported 

too the Rotterdam harbour at estimated amounts of 2.5 million tonnes per year [36, 37]. In 

somee of the Orimulsion formulations, A9PEO have been replaced recently by alcohol 

ethoxylatess [38]. 

Anotherr possible source of surfactants to the marine environment is their application after 

oill  spills. The use of surfactants as oil spill dispersants is somewhat controversial, and 

reportss on the actual use of this oil remediation method are contradictory. However, in a 

recentt publication the application of oil spill dispersants was reviewed, indicating that this 

methodd is indeed widely used [39]. 

Thee large differences between the present sampling campaigns themselves, and the fact that 

otherr literature data of A9PEO in the North Sea report relatively low concentrations suggests 

thatt the high dissolved concentrations in the 1999 campaign do not reflect the 'normal' 

situationn in this area, but rather represent a temporary 'worst case' situation. This further 

suggestss that the A9PEO do not originate from a constant source like river water, but rather 

fromm an 'incidental' source such as application in ship cargo hold cleaning or as oil spill 

dispersant. . 

Anotherr possible source of A9PEO to the Dutch coastal zone would be the presence of 

A9PEOO in precipitation. A recent publication reports median A9PEO and NP concentrations 

off  91 and 82 ng L ' with maxima of 924 and 256 ng L"1, respectively, in precipitation in the 

Netherlandss [40]. In an earlier study, A9PEO and NP concentrations in rain water from the 

Netherlandss were found to be below the detection limit of 100 ng L"1 (for both A9PEO and 

NP)) [7]. 

AA quantitative estimation of the A9PEO sources to the Dutch coastal zone is given in table 

6.8.. Dissolved concentrations at 3 m depth are used, and the elevated concentrations at the 
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waterr surface are not taken into account. It is interesting to note that the contribution of the 
Scheldtt estuary as a source of A9PEO is relatively low, although A9PEO concentrations in 
thee Scheldt river are relatively high [12]. In addition to the relatively low discharge of the 
Scheldt,, the extensive biodegradation of A9PEO in the Scheldt estuary is mainly responsible 
forr the low flux of A9PEO to the Dutch coastal zone. In the Rhine estuary, the water 
residencee time is too short for significant biodegradation to occur. For the possible 
contributionn of ship cleaning activities to the total load of A9PEO to the Dutch coastal zone, 
aa quantitative estimation cannot be made at this time, as data on the usage of A9PEO on 
shipss are not available. 

Ass a comparison, the estimated annual consumption of A9PEO in the Netherlands was 1500 
tonss per year [41], indicating that about 1% of the A9PEO used in the Netherlands ends up 
inn the Dutch coastal zone. 

Tablee 6.8: Estimated contributions of the freshwater sources of A9PEO to the Dutch coastal 
zone.. Concentrations of the campaign of 2000 are used for the calculations. 

source e 

Wadden n 

Sea a 

Northh Sea 

canal l 

Nieuwe e 

Waterwegg d 

Haringvliet t 

Scheldt t 

estuary y 

deposition n 

(rain) ) 

freshwater r 

discharge e 

(1099 m3 

year'1)a a 

10 0 

2.7 7 

44 4 

22 2 

4.3 3 

8.0h h 

dissolved d 

concen--

tration n 

(ngg L-1) 

66b b 

80c c 

94e e 

50f f 

889 9 

91' ' 

concen--

trationn in 

SPM M 

(ngg g'1) 

3228 8 

6355 5 

5356 6 

10437 7 

3023 3 

--

concentra--

tionn SPM 

inn water 

(mgg L"1) 

17 7 

3 3 

13 3 

4 4 

14 4 

--

dissolved d 

loadd (kg 

year"1) ) 

660 0 

216 6 

4108 8 

1105 5 

378 8 

727 7 

load d 

sorbedd to 

SPMM (kg 

year"1) ) 

549 9 

51 1 

3043 3 

923 3 

182 2 

--

total l 

totall load 

(kgg year"1) 

1209 9 

267 7 

7151 1 

2028 8 

560 0 

727 7 

12-103 3 

a:: discharge data taken from [42]. D: median concentration of W1-W3. c: concentration at 
locationn N1 (freshwater side of the lock). d: this is the main exit of the Rhine estuary e: median 
concentrationn in Rhine estuary, taken from [35].f: concentration at location H1 (freshwater side 
off the lock). 9: concentration at location SE1. h: deposition is calculated for an area of 150*70 
kmm (average rainfall in the Dutch coastal zone is 751 mm year"1).': data taken from [40]. 
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6.5.. Conclusion s 

Thee present results provide several insights into the sources and environmental fate of 
A9PEOO surfactants in the Dutch coastal zone of the North Sea. A9PEO are ubiquitous in the 
Dutchh coastal zone, and are observed in marine water and sediments up to at least 80 km off 
shore.. As there is littl e exchange between those two compartments, the spatial profiles and 
A9PEOO sources differ for sediment and water. 
Inn sediments close to the shore, A9PEO is present in relatively high concentrations, but 
concentrationss decrease sharply with distance from the shore. The Rhine and Scheldt 
estuariess are the main sources of A9PEO in sediments of the Dutch coastal zone. Additional 
sourcess of A9PEO are production platforms and harbour dredge dumping sites. A seasonal 
influencee on sediment concentrations was not observed. 
Whilee in many water samples longer ethoxymers are observed, most sediments contain 
ethoxymerss with an EO chain length between 1 and 3 units. This indicates that 
biodegradationn is a major process occurring in the Dutch coastal zone and that ethoxymers 
withh 1 to 3 EO units are relatively stable intermediates. The A9PEO metabolites A9PEO,, 
A9PEO2,, NP and A9PEC are all detected in the Dutch coastal zone. In the marine as well as 
inn the adjacent estuarine environments, A9PEC are the main metabolites present in the 
dissolvedd phase. However, while in estuarine water A9PEC are more abundant than the 
A9PEO,, in marine water the A9PEO are present at higher concentrations than A9PEC. 
Highh dissolved A9PEO concentrations are sometimes observed in the upper seawater surface 
layerr of 20 cm. The highest dissolved concentrations are observed relatively far off shore. 
Thee most likely sources of these surfactants seem to be discharges from ships at open sea, 
possiblyy due to the use of surfactants to clean cargo holds. 
Inn the marine water column, more than 25% of the A9PEO is sorbed to SPM, and therefore 
thee suspended particulate material is certainly of significance for the marine fate of A9PEO. 
Dissolvedd A9PEO concentrations at the water surface are roughly one order of magnitude 
higherr than several meters below the surface, and therefore in reports on dissolved 
surfactantt concentrations in the environment, it is essential to specify water sampling 
depths.. From a risk evaluation point of view, both the concentrations at and below the water 
surfacee are relevant. 
Furtherr research is necessary to investigate the relevance of shipping activities as a source 
off  surfactants to the marine system. 
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Abstract t 

Thee environmental behaviour of nonylphenol ethoxylates (A9PEO) in the Rhine and Scheldt 

estuariess (The Netherlands) was investigated using a hydrodynamic advection-dispersion 

fatee model (ECoS 3). The model was validated with the results of field studies, in which 

A9PEOO as well as the metabolites nonylphenoxy ethoxy acetic acids (A9PEC) and 

nonylphenoll  (NP) were analyzed in sediment, water and suspended particulate material 

(SPM)) samples using LC-MS methods. 

Maximumm actual concentrations observed in surface sediments were 620, 560 and 1100 ng 

gg ' d.w. for A9PEO, A9PEC and NP, respectively. In the dissolved phase, maximum 

observedd concentrations amounted to 1100 ng L"1 (A9PEO), 6500 ng L"1 (A9PEC) and 960 

ngg L~l (NP). Clear spatial trends were observed for dissolved A9PEO and metabolites in the 

Scheldtt estuary, with decreasing concentrations going downstream. This concentration 

decreasee was steeper than for conservatively behaving compounds. This trend was not 

visiblee in the Rhine estuary. 

Thee fate model was applied to A9PEO and metabolites in both estuaries. Transport of 

chemicalss in the water column was considered as a longitudinal one-dimensional process 

throughh a number of estuary segments. For the Rhine estuary, to cope with the stratification 

observed,, a model structure was chosen consisting of two water layers above each other, 

betweenn which exchange was possible. Sedimentation/erosion processes were included in 

thee model. A biodegradation scheme was incorporated, and rates were adjusted to fit  the 

calculatedd concentration profiles with the actual profiles of both A9PEO and its metabolites. 

Inn this way, field biodegradation rates for A9PEO, A9PEC and NP could be derived, which 

weree in agreement with values from literature. 

Thee measured dissolved concentration profiles as well as salinity and concentrations of 

SPMM could be described successfully by the model. The concentrations calculated in SPM 

andd sediment were of the same order of magnitude as the actual concentrations. 

Inn the Rhine estuary, additional sources of A9PEO had to be included to account for the 

relativelyy high concentrations in the middle of the estuary. The fate model for the Scheldt 

estuaryy could be slightly improved by using salinity dependent biodegradation rates. 

AA sensitivity analysis of the model showed that in the Scheldt estuary, the environmental 

processs with the strongest influence on the dissolved concentration profiles of A9PEO and 

metabolitess is biodegradation. In the Rhine estuary, the water residence time is too short for 

significantt biodegradation to occur, and in this estuary the dissolved concentration profiles 

weree mainly influenced by the additional A9PEO sources. 
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7.1.. Introduction 

Thee nonionic surfactants nonylphenol ethoxylates (A9PEO) receive a lot of scientific 

attention,, because of their excellent surface active properties as well as their potential 

environmentall  risk. With a worldwide production of around 700,000 tons annually, they are 

appliedd in many fields ranging from industrial cleaning agents to paints and pesticides [7]. 

Althoughh the environmental behaviour of A9PEO has been extensively studied in recent 

years,, the environmental risk of these compounds is still a subject of debate. The 

environmentall  concern for these compounds is mainly because of the endocrine disrupting 

effectss of two short chain A9PEO oligomers (A9PEOi and A9PE02) and the metabolite 

nonylphenoll  (NP) [2, 3]. 

Thee environmental presence of A9PEO and NP has been established in both sediment, water 

andd suspended particulate material in freshwater [4],  marine [5, 6] and estuarine 

environmentss [7-70]. Field sorption coefficients show logKoC ranges of 5.4-6.0 (NP) and 

4.9-6.44 (A9PEO) [6, 8, 10]. 
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Figuree 7.1: Biodegradation routes of A9PEO: the oxidative hydrolytic pathway (A) and the non-
oxidativee hydrolytic pathway (B). 

163 3 



ChapterChapter 7 

Onee of the uncertainties in the environmental fate of A9PEO is their biodegradation 
behaviour.. Two biodegradation routes are known for these compounds, as shown in figure 
7.1.. In the oxidative-hydrolytic pathway, the main metabolites are the alkylphenoxy ethoxy 
aceticc acids (A9PEC), followed by the doubly oxidized CAPEC metabolites [11, 12]. This 
degradationn route is mainly observed in freshwaters [12]. The nonoxidative hydrolytic 
pathwayy results in short-chain A9PEO and NP. This route is mainly followed in marine 
waterss and sediments. Shang et al. reported that biodegradation rates in marine sediments 
aree extremely slow [IS]. In another study, both short and long chain A9PEO were reported 
inn marine sediments, indicating that biodegradation does occur to some extent in this 
compartmentt [14]. In estuarine environments, biodegradation by both the oxidative and the 
nonoxidativee route have been reported [9, 10]. 

Inn a field study in the Scheldt estuary (The Netherlands), A9PEO concentration profiles 
showedd a faster than conservative concentration decrease during transport through the 
estuaryy [10]. In addition, the ratios of metabolites over surfactant gradually increased when 
goingg downstream, indicating that biodegradation is proceeding in the estuary. However, 
fromfrom those results it is not possible to directly derive field biodegradation rate constants for 
A9PEO,, as it is difficult to quantitatively determine the contribution of dilution, 
biodegradationn and sorption processes. 
Applicationn of an environmental fate model can provide a more quantitative insight into the 
importancee of the different environmental processes which influence the fate of A9PEO in 
estuaries.. To the best of our knowledge, the few fate modeling studies on surfactants in 
literaturee are limited to the anionic linear alkylbenzene sulfonates (LAS) [15, 16]. A generic 
mathematicall  fate model applied to LAS in a Japanese estuary showed that biodegradation 
iss by far the most important removal process in summer, while in winter, biodegradation 
andd sedimentation processes had an equal contribution to the disappearance of LAS from 
thee water column [75]. For Tokyo Bay and Osaka Bay (Japan), two hydraulic mass balance 
modelss were constructed for LAS, showing that the dominating removal processes were 
biodegradationn and tidal transport out of the area [16]. 

Noo previous studies exist in which environmental fate models are applied to nonionic 
surfactants.. Only for the metabolite nonylphenol, a box model using a mass balance 
approachh was constructed for its fate in the Hudson estuary (USA) [17]. 

Inn the present study, a fate model is constructed for A9PEO in the Scheldt and Rhine 
estuaries,, two heavily industrialized areas in the Netherlands (see figure 7.2). This study 
makess use of the ECoS modeling software (version 3.0, Plymouth Marine Laboratory, UK), 
whichh has been applied to several other estuarine systems. In the Tamar estuary (UK), the 
distributionn of Zn and Ni in the dissolved and suspended particulate phase was described 
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[18],[18],  while in the Gironde estuary (France) the distribution of dissolved Cd was modeled 

[19]. [19]. 

R1s-R2s R1s-R2s 
R11-R15 R11-R15 

Figuree 7.2: Map of the study areas Rhine (A) and Scheldt (B) estuary, with sampling locations. 

xx - water 2000, A = sediment 2000, o = water 2002. 

Fatee models for the Scheldt and Rhine estuaries have been used in the past for other 
compounds.. A one-dimensional hydrological model using ECoS3 software was able to 
describee the general movement of water masses in the Scheldt estuary, as well as the 
dissolvedd concentration profiles of a number of pesticides [20]. The model was based on the 
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earlierr SAWES model (Systems Analysis WEstern Scheldt), which was developed by Van 

Gilss et al. [2J]. The SAWES model was used by Zwolsman to describe the concentration 

profiless and speciation of some trace metals in the Scheldt estuary [22]. For the fate 

modelingg of PCB in the Scheldt estuary, a general water quality model named WASP has 

beenn used [23]. According to that model, the distribution of PCB was mainly regulated by 

hydrophobicc sorption and suspended sediment transport. 

Inn the Rhine estuary, hydrological fate models have been used for the study of trace metals, 

benzo[a]pyrenee and oil in harbour sediments [24]. In that study, important contaminant 

sourcess besides the Rhine river itself were industrial discharges for the metals and oil, and 

shippingg activities for benzo[a]pyrene and oil. 

Objective Objective 

Thiss research aims to describe the sources, fate and distribution of A9PEO surfactants and 

theirr metabolites in the two Dutch estuaries Rhine and Scheldt by using a hydrological fate 

model.. New field data is presented which, combined with already published results, were 

usedd for validation of the model. 

AA main objective in this model study was to obtain a quantitative estimate of A9PEO 

biodegradationn rates, as it is difficult to estimate this environmental process directly from 

fieldfield data or laboratory experiments. By fitting the biodegradation rate constants to the 

concentrationn profiles observed for both A9PEO and its metabolites, a quantitative 

estimationn could be made of the biodegradability of these compounds in the field. 

7.2.. Experimenta l Sectio n 

StudyStudy areas 

Thee two investigated areas are both situated in the south of The Netherlands, as shown in 

figuree 7.2. 

Thee first study area is the Western Scheldt estuary, which is 100 km long with a strong 

curvature,, and has a width of 500 m at Antwerp and 6500 m at Vlissingen. The mesotidal 

estuaryy has a freshwater input from the Scheldt river of on average 104 m3 s"1. The water in 

thee estuary has a residence time of two to three months and is vertically well-mixed. An 

additionall  source of freshwater to the estuary is the canal Gent-Terneuzen (on average 15 

m33 s"1). The main industrial areas are the harbours of Antwerp and Vlissingen [25]. 

AA strong exchange of material between sediment and suspended particulate material (SPM) 

occurss in the Scheldt estuary. It is estimated that a sediment surface layer of 0.5 m in the 

entiree estuary is mixed into the water column every 0.5 year [26]. Terrestrial SPM which 
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enterss the Scheldt estuary is retained there for about 90% [25]. The most important 
sedimentationn area is the tidal marshland Saeftinge. The shipping channel of the Scheldt 
estuaryy is heavily dredged, and the dredged material is dumped elsewhere in the estuary. 
Thee other investigated area is the Rhine estuary, which passes the harbours of Rotterdam. 
Thee length of the estuary is 40 km, with an average width of around 500 m. The freshwater 
inputt is around 800 m3 s"1 at the head of the estuary, while halfway the estuary the river 
Oudee Maas provides another large freshwater input of 700 m3 s"1. The residence time of the 
waterr in the estuary is between one and three days, and the water column is vertically 
stratified.. It is estimated that the retention of riverine SPM in the Rhine estuary is about 
50%% (Laane, unpublished results). The whole estuary is heavily industrialized, and has 
intensivee shipping traffic. Due to heavy dredging activities and strong tidal currents in the 
estuary,, the surface sediment layer is well-mixed [27]. 

SamplingSampling strategy 
Twoo sampling campaigns were performed in the Scheldt estuary, in November 1999 and 
Junee 2000. In the Rhine estuary, three sampling campaigns were conducted, in December 
1999,, September 2000, and October 2002. Results of both campaigns of 1999 were 
previouslyy reported [10]. 
Samplingg locations for surface sediments were evenly distributed over the entire estuary 
(seee figure 7.2). Three box cores (average core depth 30 cm) were collected at each location 
andd the complete cores were mixed, in order to obtain a sample representative of the 
location.. Water samples were taken along the salinity gradient, at 2%o salinity intervals 
(monitoredd on-line during the sampling campaigns). As a consequence, water sampling 
locationss are different from those of the sediments. In the Scheldt estuary, additional water, 
SPMM and sediment samples were collected just inside the canal Gent-Terneuzen. 
Waterr sampling techniques were different for the different sampling campaigns. In both 
campaignss of 1999, samples were taken from the water surface (at a depth of approximately 
0.55 m) using a stainless steel bucket. In the campaigns of 2000, a water sampling torpedo 
wass used, which obtained water at 1.5 m depth. 

Forr the 2002 campaign in the Rhine estuary, both sampling techniques were used at each 
samplingg location, with one water sample taken with a bucket from the water surface, a 
secondd sample taken at 1.5 m depth using the sampling torpedo, and a third sample taken at 
thee maximum depth the sampling torpedo could reach (between 2.7 and 6.7 m). The goal of 
thiss extensive sampling was to obtain insight into the vertical distribution of A9PEO in the 
salinityy stratified water column of this estuary. In addition to the samples taken along the 
salinityy gradient, in the 2002 campaign samples were also collected in (locations R27, R29 
andd R30) and between (R26, R28 and R31) the exits of the main harbours of the Rhine 
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estuary,, to investigate the contribution of the harbours to the concentration profiles observed 

inn the estuary. No sediments or SPM samples were collected during that campaign. 

Analysis Analysis 

Thee extraction procedures and LC-MS analysis of the water, SPM and sediment samples 

havee been described in detail elsewhere [10]. 

Briefly,, water samples were filtered and the glass fiber filters were extracted separately. 

Filteredd water was acidified and extracted using Solid-Phase Extraction (SPE) with a Ci8-

SPEE cartridge. Cartridges were eluted with methanol. Water samples were extracted 

immediatelyy on board the sampling ship to avoid any possible conservation problems. 

Sedimentt samples were frozen until further treatment in the laboratory. 

Wett sediment samples and filters (SPM samples) were Soxhlet extracted overnight with 

basicc methanol. The extract was concentrated, nanopure water was added and this mixture 

wass acidified and cleaned up using SPE as described above. 

A9PEO22 and NP labeled with 13C-labeled aromatic rings were added as internal standards. 

Analysiss was performed using reversed phase liquid chromatography coupled to 

electrosprayy mass spectrometry detection, as described previously [10]. Analyses were done 

inn SIM mode, using positive ionization for A9PEO, and negative ionization for A9PEC and 

NP.. The oligomers A9PEO] and A9PE02 were quantified separately with pure standards, 

whilee the longer oligomers were quantified together using a commercial standard mixture of 

onn average 10 ethoxylate units. For NP, A9PEtC and A9PE2C pure standards were available 

(seee structures in figure 7.1), and for longer A9PE>2C oligomers, the calibration of A9PE2C 

wass used [10]. 

FateFate model structure 

Thee field data showed the analytes to be present in relevant concentrations in both the water, 

suspendedd particulate material and sediment compartments. Therefore, all three 

compartmentss are incorporated into the fate model. It is assumed that no atmospheric 

exchangee takes place in the estuaries. For A9PEO (Henry coefficient of 0.0003 Pa.m3 mole"1 

forr A9PEO2) and A9PEC, this seems reasonable. NP (Henry coefficient 0.6 Pa.m3 mole"1) is 

moree volatile, and therefore it cannot be completely ruled out that some atmospheric 

exchangee occurs for this compound [28]. A study of the estuarine fate of alkylphenols in the 

Hudsonn Bay by Van Ry et al. did suggest that atmospheric exchange is a relevant process 

forr NP [17]. However, due to a complete lack of data on the atmospheric presence of NP in 

thee investigated estuaries, this process was not yet incorporated into the model. 

Thee description of the water movement was based on the actual geographies of the estuaries 

andd on actual hydrological data. Exchange processes of analytes between water and SPM 

(sorption)) and of SPM with sediment (sedimentation/erosion) were incorporated. For the 
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stratifiedd Rhine estuary, exchange of dissolved analytes and SPM between the upper and 
lowerr water layer was included as well. In addition, biodegradation was incorporated into 
thee model. 
Forr modeling purposes, A9PEO and their metabolites were divided into the following 
groups:: A9PEO>2, A9PE012, A9PE>2C, A9PEUC and NP. One reason for this division was 
thee fact that the short chain A9PEOU2 are considered as metabolites of the long chain 
A9PEO>22 in the non-oxidative hydrolytic pathway. In addition, it is interesting to consider 
thee fate and behaviour of these two oligomers separately from a toxicological point of view, 
ass these short chain A9PEOi>2 are the only endocrine disrupting oligomers. 
Thee software used in this study is the ECoS 3.0 modeling framework. This software is 
specificallyy designed to model physical, chemical and biological processes in estuaries. The 
schemee in figure 7.3 shows the structure and input parameters of the model. 

fiel dd data : 

concentrationss in water r 
concentrationss in SPM 
concentrationss in sediment 
salinity,, SPM 

calculate calculate 

proces s s 
constants : : 

sorption n 
coefficients s 

hydrodynami c c 
data : : 

JL L 
sea,, river boundary 
concentrations: : 

salinity,, SPM, 
dissolvedd analytes, 
analytess on SPM 

fit fit 

biodegradation n 
rates s 

segmentationn of estuary: 
size,, shape segments 

riverr discharges in time 
additionall water sources 
water,, SPM dispersion 
exchangee of SPM and analyte 
betweenn water layers (Rhine only) 
sedimentation/erosionn rates 

Figuree 7.3: Scheme of the ECoS model, showing the required input data. 
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Optimizationn of the model was first done using the data of the sampling campaign in the 

Scheldtt estuary of 1999, as those results showed the smoothest dissolved concentration 

profiless and were therefore easiest to work with. Then, the model was adjusted to optimize it 

forr the data sets of the other campaigns. 

InIn the ECoS modeling framework, it is necessary to define boundary conditions of the 

modell  space (analyte concentrations, salinity and SPM at the river and open sea end of the 

estuary).. These boundaries were fixed at the actual concentrations measured in the field 

samples.. In order to fit  the data of the different sampling campaigns, the model scenarios 

weree run separately, using boundary concentrations corresponding to the actual 

concentrationss at the time of sampling. It was assumed that the fluctuation of the analyte 

concentrationss at the boundaries is relatively small. 

7.3.. Result s and discussio n 

7.3.17.3.1 Model optimization 

Hydrology Hydrology 

Forr both the Scheldt and Rhine estuary, data on actual freshwater input at the head of the 

estuariess were provided by the Dutch Ministry of Transport, Public Works and Water 

Management.. Ten day average values were used in the Scheldt model, while in the Rhine 

estuaryy 5 day averaged input values were used. For the Rhine estuary, actual data on the 

inputt of the additional freshwater source the river Oude Maas were also incorporated into 

thee model using 5 day average values. In the Scheldt estuary, the additional freshwater input 

off  the canal Gent-Terneuzen was fixed at the average value of 10 m3 s~'. 

Too describe the actual shape of the estuaries, they were divided into a number of segments, 

eachh with their known depth, width and cross-sectional area. Transport of chemicals in the 

waterr column is considered as a longitudinal one-dimensional process described by the 

advection-dispersionn equation proposed by Pritchard [29]. For the derivation of the 

dispersionn coefficients (Kx) between the water segments, the dilution profile of the 

conservativelyy behaving salinity was used. The assumption is made that the salinity gradient 

iss in steady state, that is the advection and dispersion balance each other. With an integrated 

versionn of the advection-dispersion equation, Kx values can be determined for any position 

inn the estuary from the slope of the plot of salinity against distance [20]. 

Thee Scheldt estuary was divided into 19 segments of around 5 km and treated as vertically 

well-mixedd [21, 25]. These data were taken from the study by Steen et al. [20], and were 

originallyy derived from the SAWES model [30]. 
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Thee optimized dispersion coefficients for the segments of the Scheldt estuary ranged from 
866 to 335 m2 s"1, and are in the same range as values reported in literature for this estuary 
[20,[20, 23, 31]. Figure 7.4a shows the calculated salinity curve obtained with this method. 
Whenn the Kx values optimized for the 1999 sampling campaign were used to describe the 
salinityy curve of the 2000 sampling campaign, an acceptable fit  was obtained as well. The 
descriptionn of salinity in time was also modeled correctly, as can be seen in figure 7.4b, 
whichh shows the calculated and actual salinities at three locations in the Scheldt estuary 
overr a period of 700 days. 
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Figuree 7.4: a) Calculated and actual salinity profiles for the Scheldt estuary data of 1999. • = 
actuall salinities; striped line = calculated salinity profile, b) Calculated and actual salinities at 
threee locations in the Scheldt estuary during 700 days (day 1 is January 1s t , 1999). • = actual 
salinityy at x=95 km; full line = calculated salinity at x=95 km; • = actual salinity at x=70 km; 
dottedd line = calculated salinity at x=70 km A= actual salinity at x=37 km; striped line = 
calculatedd salinity at x=37 km. 

Thee segmentation and segment geometries of the Rhine estuary were based on the 
DELWAQQ model [24]. This estuary was divided into 42 segments of approximately 1 km 
lengthh each. The vertical stratification of the water column was incorporated into the model 
byy horizontally dividing all segments of the Rhine estuary into equal surface and bottom 
layers,, between which exchange of matter was possible. 

Ass the field data (see section 3.2.3) showed that the concentrations in the surface layer were 
onn average higher by a factor of 2.5 than in the bottom layer, the exchange between the two 
layerss was programmed to be at equilibrium when this ratio was reached. In addition, as the 
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fieldfield data showed a stronger stratification of analyte concentrations in the saline region, the 

equilibriumm ratio was made salinity dependent. Stratification of A9PEO and NP in an 

estuarinee water column was previously reported for the Krka estuary (Croatia) by Kvestak et 

al.. [7]. 

Waterr dispersion coefficients for the Rhine estuary were again determined from the salinity 

profiless in the estuary. Two separate series of Kx values were optimized, because the salinity 

profiless of the surface and bottom water layers were different. As the salinities in the 

upstreamm part of the estuary were close to 0, in that region moderate Kx values of 250 m2 s"1 

weree chosen. At the saline end of the estuary, for some segments relatively high Kx values 

(upp to 800 m s" ) were necessary to describe the salinity profiles. With moderate Kx values, 

thee modeled salt intrusion would be significantly smaller than observed in the field. A 

comparisonn of the calculated and actual salinities during the 2002 sampling campaign in the 

Rhinee estuary (surface and maximum depth samples only) is shown in figure 7.5. 
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Figuree 7.5: Calculated and actual salinity profiles for the Rhine data of 2002. • = actual 
salinitiess in surface water layer; striped line = calculated salinity profile surface layer; • = 
actuall salinities in bottom water layer; dotted line = calculated salinity profile bottom layer. 

SuspendedSuspended particulate material 

Thee movement of SPM in the horizontal direction was described by advection and 

dispersion,, while for movement in the vertical direction, sedimentation and erosion were 

incorporatedd into the model. 

Downstreamm movement of SPM is the result of advective movement with the water, and 

thereforee increases with water velocity (Uw). A contrary process occurs due to the 
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asymmetryy between the rise and fall of the tide caused by frictional dissipation of tidal 
energy,, causing a more rapid flood and a slower ebb in the estuary, which results in an 
upstreamm transport of SPM. Therefore, the velocity of SPM (Ux,spm) was simulated to 
increasee with water velocity, and decrease with tidal range (R) and salinity (S), according to 
thee equation Ux,spm = a,*Uw - b]*R*S [32]. 
Dispersionn of the SPM (Kx>spm) increased with both water velocity, the tidal range and 
salinity,, via the equation Kxspm = a2*Uw + b2*R*S. 
Withh these equations, a turbidity cloud is present when Ux,spm=0, or when ai*Uw - bL*R*S. 
Thee location of this maximum can be shifted by changing coefficients ai and bi. In the 
Scheldtt estuary model, a, and bi are adjusted so that Ux,spm=0 at x=20 km, as it is known 
fromm literature the turbidity cloud in the Scheldt estuary occurs in that region at average 
riverr discharge [23]. 
Forr the Scheldt estuary, the sedimentation and erosion rates of SPM were fitted to both the 
observedd SPM concentration profile in the estuary and the average analyte concentrations in 
bothh compartments. Exchange of SPM with the surface sediment was estimated by Van 
Maldegemm et al. to be between 0.1 and 1 kg m"2 day"1 for the whole Scheldt estuary [26]. In 
thiss study, a default value of 0.17 kg m"2 day"1 (0.002 g m"2 s"1) was chosen for both 
sedimentationn and erosion. To optimize the fit of the SPM concentration profile, 
sedimentationn or erosion fluxes were adjusted in certain areas of the estuary [26]. According 
too Van Maldegem et ai, the net sedimentation is highest at Saeftinge (x=35-45 km), and 
closee to zero around Antwerp [26]. In the downstream section of the estuary, an area with 
nett resuspension is present. In the current model, the adjusted maximum sedimentation rate 
wass 0.247 kg m"2 day"1 at x=45 km (keeping the local erosion rate at 0.17 kg m" day"), and 
thee maximum erosion rate was 0.251 kg m"2 day"1 at x=60 km (keeping the local 
sedimentationn rate at 0.17 kg m" day' ). 
Inn the Scheldt campaigns of 1999 and 2000, the field data for SPM showed a turbidity cloud 
(relativelyy high SPM concentration) of respectively 27 and 35 mg L"1 around Hansweert 
(x=555 km). In the campaign of 2000 only, a second SPM maximum (127 mg L ') situated 
nearr Antwerp (at the location where the salinity starts to increase, x=15 km) was observed. 
Thee maximum near Antwerp is considered a 'classical' maximum turbidity zone occurring 
becausee the advection and dispersion of SPM are in equilibrium in that region, while the 
otherr SPM maximum occurs due to local net resuspension [26]. 

Thee SPM boundary concentrations in the model were fixed at the values of the actual 
samples.. Consequently, the SPM concentration for the campaign of 1999 at x=0 km was set 
loww (10 mg L"1), resulting in only one SPM maximum at x=55 km, the one near Antwerpen 
beingg absent. Results for the calculated and actual SPM concentrations at the 1999 and 2000 
samplingg days are shown in figure 7.6. Due to the increased sedimentation rate near 
Saeftingee and the increased erosion further downstream used in the model, the resulting 
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calculatedd SPM maximum is not situated at the location where the velocity of SPM (UXjSpm) 
iss 0 (x=20 km) but more downstream (x=55 km). 

Forr the Rhine estuary, an exchange of SPM between the surface and bottom water layer was 
incorporated,, and exchange of SPM between water and sediment was only possible for the 
bottomm layer. For lack of detailed data on sedimentation rates in the Rhine estuary, the SPM 
exchangee rates between both the surface and bottom water layer and the bottom water layer 
andd sediment were taken to be equal to the default exchange rates of SPM between sediment 
andd water in the Scheldt estuary (0.17 kg m"2 day"1). 

300 50 70 90 
distanc ee fro m head (km) 

110 0 

Figuree 7.6: Calculated and actual suspended particulate material concentrations in the Scheldt 
estuaryy at the two sampling times. • = actual SPM concentration 1999; dotted line = calculated 
SPMM concentration 1999; • = actual SPM concentration 2000; striped line = calculated SPM 
concentrationn 2000. 

Biodegradation Biodegradation 

Afterr the hydrology of the estuaries had been modeled, biodegradation processes were 
optimized.. The reason to optimize biodegradation before the sorption processes was that the 
fieldfield data suggested biodegradation to be the main environmental process in the estuary 
[70].. Sorption was neglected in this procedure. 
Inn the fate model, biodegradation is assumed to occur only in the dissolved phase. The 
oxidativee hydrolytic pathway is assumed to be followed, resulting in the following modeled 
degradationn routes: A9PEO>2 -* A9PE>2C -> A9PE12C -+ X; A9PE012 -> A9PEUC -»• X; 
andd NP —> X (X signifies subsequent metabolites, e.g. CAPEC, see figure 7.1 [72]). 
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Biodegradationn rates were adjusted to optimize the fits of the calculated dissolved 
concentrationn profiles of A9PEO and metabolites to the actual profiles. The optimization of 
thee biodegradation rates for A9PEO>2, A9PEOu, NP, A9PE>2C and A9PEUC was performed 
forr the Scheldt data of the 1999 and 2000 sampling campaigns separately. Evidently, the 
ratess for A9PEO must be fitted before A9PEC, as the degradation of the surfactant results in 
formationn of A9PEC, and therefore influences the fit of the subsequent degradation of 
A9PEC.. The optimum biodegradation rates are shown in table 7.1. 
Inn addition to the optimum biodegradation rates, validity intervals were defined, based on 
thee quality of the analytical method for the field samples. After running the model with an 
adjustedd biodegradation rate, for each model segment the percentual deviation between the 
concentrationn calculated with the new scenario and that of the optimum scenario was 
determined.. These values were averaged, and compared to the relative standard deviation of 
thee recovery of the analytical method (14, 5 and 13% for A9PEO, A9PEC and NP, 
respectivelyy [10]. When the former value is lower than the latter, the biodegradation rate lies 
withinn the validity interval. 
Ass an example, when a biodegradation rate of 0.049 is chosen for A9PEO>2 (1999 data, see 
tablee 7.1), the concentrations of the dissolved profile calculated are higher than those 
obtainedd with the optimum biodegradation value (0.061). When for each segment in the 
estuaryy the concentrations are compared with the optimum profile, the differences in 
concentrationss are on average 14%. This value is equal to the relative standard deviation of 
thee recovery of the analytical method for this compound, and therefore this biodegradation 
ratee is defined to be the minimum value of the validity interval. 
Forr A9PEO, the half-life corresponding to the optimum biodegradation rate is 10-11 days 
(19999 data), which lies within the range of values reported in literature (ranging from 1.9 to 
699 days [33-35]). 
Noo metabolites of NP were analyzed in the field studies, and therefore, the biodegradation 
ratess are slightly less reliable than those of A9PEO. Due to the relative volatility of NP 
(comparedd to A9PEO), a portion of the disappearance of NP from the water column may 
havee been caused by volatilization instead of degradation. 
Forr A9PEC and NP, biodegradation rates were smaller during the 1999 campaign, which 
wass performed in winter. Biodegradation rates of A9PEOi,2 were not significantly different 
forr the two campaigns, while biodegradation of A9PEO>2 proceeded more slowly in summer 
thann in winter. Oxygen concentrations did not deviate significantly between the two 
samplingg campaigns (both measured at 1.5 m depth). 
Forr the Rhine estuary model, the same biodegradation rates as optimized for the Scheldt 
campaignn of 1999 were employed. 
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Tablee 7.1: Process constants with validity intervals for the optimum model scenarios of the 
Scheldtt estuary. 

biodegradationbiodegradation rate constant (day1) 

A9PEO>2 2 

A9PEO1.2 2 

A9PE>2C C 

A9PE12C C 

NP P 

19991999 data 

0.0611 (0.049-0.077) 

0.0700 (0.060-0.085) 

0.0177 (0.015-0.019) 

0.0188 (0.016-0.020) 

0.032** (0.024-0.043) 

20002000 data 

0.0000 (0-0.007) 

0.0577 (0.047-0.072) 

0.0300 (0.028-0.033) 

0.0499 (0.046-0.053) 

0.056** (0.046-0.070) 

sorptionsorption coefficient Kd (L kg'1) 

A9PECX2 2 

A 9PE0 1 2 2 

A9PE>2C C 

A9PE12C C 

NP P 

19991999 data 

470000 (18800-89300) 

337000 (10110-67400) 

6455 (0-5160) 

6455 (0-4580) 

249000 (7221-52290) 

20002000 data 

470000 (31500-70500) 

337000 (0-84300) 

6455 (0-10320) 

6455 (0-13545) 

249000 (0-72210) 
*:: this rate includes the possible disappearance from the water 
phasephase by volatilization. For the relatively volatile NP (compared to 
A9PEO),A9PEO), this process may be of significance. 

Sorption Sorption 
Afterr the biodegradation rates of all analytes had been fitted, sorption was introduced into 
thee model. Average distribution coefficients between SPM and water (sorption coefficients, 
Kd)Kd) of the analytes were used as calculated from the analyses of the water and SPM samples 
off both estuaries. The calculated K  ̂values were in agreement with other literature data [6, 
8].8]. As for none of the field data a salinity dependence of the K̂  was observed, no salting out 
effectss were incorporated into the model. Although in most SPM samples A9PEC 
concentrationss were below detection limits, sorption was incorporated in the model for these 
compounds,, with a K̂  value based on the few SPM samples in which A9PEC were detected 
[101 [101 
Resultingg analyte concentrations in SPM and sediment as calculated by the model were of 
thee same order of magnitude as the field data, and therefore no further optimization of 
sorptionn coefficients was performed. Again, validity intervals with minimum and maximum 
sorptionn coefficients were determined (see table 7.1) as described in the previous section 
{Biodegradation,{Biodegradation, p. 174). 
Afterr the introduction of sorption into the model, the biodegradation rates were again 
slightlyy adjusted, as the sorption processes will have some influence on the fit. Degradation 
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ratess had to be slightly increased, as the analytes sorbed to the SPM are 'shielded' from 
degradation. . 

AdditionalAdditional sources 
Too obtain acceptable model fits of the concentration profiles in the Rhine estuary, it was 
necessaryy to incorporate two additional point sources. These were the Oude Maas tributary 
(x=188 km) and a source in the Rotterdam harbour area (x=12 km). Input concentrations 
weree fitted to the concentration profiles in the estuary, as the actual analyte concentrations 
weree unknown for these sources. The values are shown in table 7.2 (see also p. 185-187). A 
recentt report on the analysis of A9PEO in rain water of this region confirms the presence of 
thesee suspected sources [36]. 
Forr the additional water source in the Scheldt estuary (canal Gent-Terneuzen, x=81 km), 
initiallyy the actual A9PEO, A9PEC and NP concentrations were fixed in the model. As a 
finalfinal optimization step, these values were also fitted to the observed concentration profiles 
inn the estuary, and the adjusted concentrations used in the optimum scenario are shown in 
tablee 7.2 (2-10 times the actual concentrations in the canal for the different analytes). 

Tablee 7.2: Final input values of dissolved concentrations and loads of the sources used in the 
optimumm model scenarios for the Scheldt estuary (1999) and Rhine estuary (2002). 

source e Compound d 

A9PEO>2 2 A9PEO1.2 2 A9PE>2C C A9PE1.2CC NP 

ScheldtScheldt estuary 

canall Gent-Terneuzen (ng/L) 

totall input canal Gent-
Terneuzenn (kg/day) 

totall input at head of estuary 
(kg/day) ) 

1540 0 

2.3 3 

11.4 4 

500 0 

0.73 3 

9.3 3 

3350 0 

4.9 9 

14.7 7 

9460 0 

13.9 9 

83.0 0 

640 0 

0.93 3 

8.4 4 

RhineRhine estuary 

Oudee Maas surface layer (ng/L) 

Oudee Maas bottom layer (ng/L) 

totall input Oude Maas (kg/day) 

harbourr surface layer (ng/L) 

harbourr bottom layer (ng/L) 

totall input harbour (kg/day) 

totall input at head of estuary 
(kg/day) ) 

0 0 

0 0 

0 0 

4000 0 

5500 0 

8.2 2 

8.0 0 

0 0 

0 0 

0 0 

800 0 

700 0 

1.3 3 

2.3 3 

0 0 

125 5 

7.6 6 

7700 0 

2800 0 

9.1 1 

16.5 5 

125 5 

525 5 

39.3 3 

10000 0 

8000 0 

15.6 6 

46.8 8 

56 6 

20 0 

4.6 6 

2000 0 

1300 0 

2.9 9 

14.0 0 
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7.3.27.3.2 Comparison to field results 

AA short description of the results of the several sampling campaigns will be given, followed 

byy the comparison of model results and field data. The results of the sampling campaigns of 

19999 (next section) were reported previously by Jonkers et al. (Chapter 5) [JO]. 

SamplingSampling campaigns of J 999 

Thee dissolved concentration profiles in the Scheldt estuary showed a stronger than 

conservativee decrease in A9PEO from Antwerp to Vlissingen, while the A9PEC metabolites 

concentrationn decreased more slowly. The LA9PEC/£A9PEO concentration ratio therefore 

increasedd going downstream, suggesting the formation of A9PEC out of A9PEO in the 

estuary.. The dissolved A9PEC/A9PEO ratio reached a maximum near Terneuzen, followed 

byy a decrease further downstream. The water inside canal Gent-Terneuzen showed a high 

A9PEC/A9PEOO ratio as well. 

Forr the Rhine estuary, the profiles of the water concentrations appeared to be less 

pronounced,, probably due to more complicated water flows and point sources in the 

Rotterdamm harbour area. Dissolved A9PEC/A9PEO ratios were fairly constant with values 

betweenn 2 and 3. These findings indicate that biodegradation is only limited in this estuary, 

whichh is not surprising because of the high water flow and short residence time. Maximum 

dissolvedd estuarine concentrations amounted to of 1.3, 1.0, 0.9 and 8.1 jug L" for A9PEO>2, 

A9PEO,,2,, NP and £A9PEC, respectively. 

Inn sediments, concentrations normalized to the fraction with particle sizes <63um showed a 

maximumm of 4500 (A9PEO>2), 998 (A9PEOu) and 2600 (NP) ng g"!, whereas A9PEC were 

onlyy present sporadically. No gradients were observed for the sediment concentrations. 

Concentrationss in estuarine SPM varied strongly from 690 to 115,000 ng g~' for A9PEO and 

fromm 190 to 30,400 ng g 1 for NP. 

SamplingSampling campaign of 2000 

Thee concentrations of A9PEO, NP and A9PEC observed in the sampling campaign of 2000 

aree listed in tables 7.3 and 7.4. In general, dissolved concentrations were about half of those 

observedd in the first sampling campaigns. The highest dissolved concentrations of A9PEO 

weree observed near Antwerp, with values of 450 ng L"1 for A9PEO>2 and 680 ng L"1 for 

A9PEOi2-- In the Rhine estuary, dissolved A9PEO concentrations were invariably below 250 

ngg L"1. The concentrations of NP observed in water were mostly below the level of 100 ng 

L"1.. Only in the upper Scheldt estuary, dissolved concentrations of NP were higher, with a 

maximumm of 960 ng L"1 near Antwerp. The highest dissolved estuarine ZA9PEC 

concentrationss were found near Antwerp as well. An overall maximum value of 6500 ng L"1 

wass observed inside the canal Gent-Terneuzen. 
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Tablee 7.3: Concentrations of A9PEO and their metabolites measured in surface sediment and 

suspendedd particulate material in the Rhine and Scheldt estuary, 2000. 

Sample Sample 
name name 

organic organic 
carbon carbon 

(%) (%) 

fraction fraction 
<63um <63um 

AA99PE0PE01 1 

(ngig (ngig 
d.w.) d.w.) 

AA99PE0PE02 2 

(ngig (ngig 
d.w.) d.w.) 

AgPEO>AgPEO>2 2 

(ngig (ngig 
d.w.) d.w.) 

NP NP 

(ngig (ngig 
d.w.) d.w.) 

AgPEAgPE1212C C 
total total 

(ngig(ngig d.w.) 

AgPEAgPE>2>2C C 
(ngig(ngig d.w.) 

RhineRhine sediments, 2000 

R1s s 

R2s s 
R3s s 

R4s s 

R5s s 
R6s s 

R7s s 
R8s s 

0.1 5 5 
0.1 7 7 

0.0 6 6 
1. 5 5 

0.4 6 6 

2. 3 3 

0.0 9 9 
0.1 1 1 

0.04 8 8 
0.03 6 6 

0.00 5 5 

0.3 5 5 
0.3 2 2 

0.5 0 0 
0.01 2 2 

0.00 4 4 

<1. 3 3 
<1. 3 3 

<1. 3 3 
8. 7 7 

3. 7 7 

19 9 
<1. 3 3 

3. 5 5 

0. 3 3 
1. 3 3 

1. 4 4 

16 6 
3. 6 6 
25 5 
1. 2 2 

1. 4 4 

3. 9 9 
20 0 
14 4 

121 1 
22 2 

123 3 
26 6 

16 6 

7.1 1 
14 4 

3. 9 9 
124 4 

54 4 

223 3 
16 6 

5. 7 7 

<0. 4 4 
<0. 4 4 

6. 3 3 
<0. 4 4 

<0. 4 4 

<0. 4 4 
15 5 

8. 6 6 

<0. 3 3 
<0. 3 3 

<0. 3 3 

<0. 3 3 
<0. 3 3 

<0. 3 3 
8. 2 2 

2. 5 5 

ScheldtScheldt sediments, 2000 

S1s s 
S2s s 

S3s s 
S4s s 

S5s s 
S6s s 

S7s s 

S8s s 
S9s s 

S10s s 
SCs s 

0. 2 2 
0.1 8 8 
0.0 6 6 

2. 1 1 

0.0 7 7 
<0.0 5 5 

0. 2 2 
0.0 9 9 

2. 9 9 

7. 8 8 
1. 4 4 

0.02 8 8 
0.02 4 4 
0.00 9 9 

0.5 9 9 

0.00 7 7 
0.00 9 9 
0.04 5 5 
0.00 8 8 

0.5 2 2 
0.4 4 4 

0.4 1 1 

<1. 3 3 
<1. 3 3 
<1. 3 3 

33 3 

<1. 3 3 
<1. 3 3 

<1. 3 3 
4. 5 5 

36 6 

5. 3 3 
32 2 

1. 4 4 

0. 6 6 
<0. 3 3 

34 4 

0. 8 8 
1.0 0 

1.5 5 
1.6 6 

32 2 

10 0 
38 8 

19 9 
13 3 

2. 0 0 
554 4 

10 0 
7.1 1 

11 1 
24 4 

332 2 

49 9 
293 3 

11 1 

3. 7 7 
3. 6 6 

1014 4 
3. 2 2 

6. 9 9 

44 4 
--

1057 7 

375 5 
1026 6 

2.1 1 

<0. 4 4 
<0. 4 4 

54 4 

15 5 
3. 3 3 
0. 7 7 

--

<0. 4 4 

70 0 
172 2 

<0. 3 3 
<0. 3 3 

<0. 3 3 
<0. 3 3 

6. 8 8 
2. 7 7 

<0. 3 3 
--

<0. 3 3 
<0. 3 3 
560 0 

RhineRhine SPM, 2000 

R11f f 

R12f f 
R13f f 
R14f f 

R15f f 
R16f f 

R17f f 
R18f f 

1. 3 3 

5. 5 5 
5. 3 3 
5. 0 0 
5. 8 8 

5. 3 3 

5. 0 0 
4. 2 2 

<88 8 

<88 8 
<88 8 
<88 8 
<88 8 

<88 8 

<88 8 
513 3 

264 4 

<19 9 
831 1 
776 6 
960 0 

566 6 

78 8 
97 7 

1576 6 

5205 5 
4840 0 
4227 7 

4548 8 
13605 5 

7616 6 
1965 5 

437 7 

2319 9 
2158 8 
1993 3 
1387 7 

6105 5 

1550 0 
1230 0 

<24 4 
<24 4 

<24 4 

<24 4 
<24 4 

<24 4 

<24 4 
<24 4 

<18 8 

<18 8 
<18 8 

<18 8 

<18 8 
<18 8 

<18 8 
<18 8 

ScheldtScheldt SPM, 2000 

S11f f 

S12f f 
S13f f 

S14f f 

S15f f 
S16f f 

S17f f 

S18f f 

S19f f 
S20f f 

S21f f 

S22f f 

SCf f 

10. 8 8 
2. 8 8 

4. 6 6 

5. 7 7 
4. 0 0 

4. 8 8 

5. 7 7 

6. 3 3 
5. 9 9 

4. 3 3 
--

7. 6 6 
25. 7 7 

2344 4 

196 6 
<88 8 

1270 0 

<88 8 
<88 8 

<88 8 

<88 8 
191 1 

386 6 

448 8 
1171 1 

1231 1 

177 7 

26 6 
66 6 

309 9 
154 4 

305 5 

313 3 
319 9 

194 4 

225 5 

280 0 
731 1 

3784 4 

2808 8 

509 9 
1022 2 

2752 2 
2294 4 

1641 1 

4279 9 
5977 7 

1208 8 

1059 9 

1093 3 
2028 8 

8176 6 

11025 5 

8694 4 
5943 3 

1856 6 
764 4 

1052 2 

2553 3 
2464 4 

1762 2 

1233 3 

1651 1 
2480 0 

1663 7 7 

<24 4 

<24 4 
<24 4 

<24 4 
<24 4 

<24 4 

<24 4 
<24 4 

1812 2 

702 2 

1424 4 
6986 6 

6056 6 

<18 8 

<18 8 
<18 8 

<18 8 

<18 8 
<18 8 

<18 8 
<18 8 

3020 0 

1435 5 
1954 4 

8416 6 
7534 4 

179 9 



ChapterChapter 7 

o o 
o o o o CM M 

ei* * 
03 3 

CO O 
<D <D 
*-^ *-^ X J J 

0 0 
JZ JZ 
o o 
co o 
T3 3 

c c co o 
a» » 
c c 

JC C 

CC C 
CD D 

• • ^ ^ 

c c 
T3 3 
CD D 

3 3 

CO O 

E E 
co o 
<D D 

O O 
. Q Q 

s s ~<D ~<D 
E E 
i — — 

CU U 
J Z Z 

" O O 

c c 
CO O 
O O 
LU U 
CL L 
< < 
O O 
co o 
cz z 
o o 

"CO O 

.£= = 
c c Cl) ) 

o o cz z 

8 8 
TJ J 
0 0 
> > "Ö Ö 
CO O 
co o 

b b 

.Q Q 
co o 
H H 

ü f f 
f.f. _ J 

^^  CD 
0 .. c 

O)) ^—-

< < 

ü f f 
LUU '-1 

CLL CO 
a.. C 

<< — 

p p uii -1 
Q__ CD 

o>> C 
<< " - • 

CLL ^ 

a> > 
c c 

tfïtfï . - ^ 
*77 *7 

JF>JF>  1 

OO co 
UJJ c CLL ^ 

o> > 
< < 
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Tablee 7.5: Dissolved concentrations of A9PEO and metabolites measured in the Rhine estuary 

att different sampling depths, 2002. 

sampl e e 

name e 

salinit y y 

(%c) ) 

SPM M 

(mgg L- 1) 

AgPEO! ! 

(n gg L- 1) 

A9 PE02 2 

(ngL 1) ) 

A9PEO>2 2 

(n gg L- 1) 

NP P 

(n gg L- 1) 

A s P E^ ^ 

(n gg L- 1) 

A9PE2C C 

(n gg L- 1) 

A9PE>2C C 

(n gg L 1) 

waterwater Rhine estuary surface 

R21w1 1 

R22w1 1 

R23w1 1 

R24w1 1 

R25w1 1 

R26w1 1 

R27w1 1 

R28w1 1 

R29w1 1 

R30w1 1 

R31w1 1 

R32w1 1 

R33w1 1 

15. 9 9 

11. 6 6 

8. 8 8 

6. 0 0 

4. 4 4 

0.3 7 7 

0.2 5 5 

0.3 2 2 

0.2 6 6 

0.1 8 8 

0.1 6 6 

0.1 6 6 

0.1 6 6 

8 8 

14 4 

13 3 

13 3 

14 4 

26 6 

28 8 

16 6 

18 8 

20 0 

20 0 

22 2 

28 8 

<15 5 

<15 5 

<15 5 

<15 5 

15 5 

<15 5 

<15 5 

24 4 

21 1 

32 2 

22 2 

<15 5 

<15 5 

<6 6 

9. 4 4 

7. 4 4 

16 6 

8. 4 4 

64 4 

<6 6 

17 7 

28 8 

8. 2 2 

13 3 

7.1 1 

9. 8 8 

48 8 

108 8 

82 2 

84 4 

95 5 

299 9 

42 2 

126 6 

203 3 

95 5 

136 6 

59 9 

74 4 

38 8 

58 8 

80 0 

34 4 

115 5 

67 7 

102 2 

66 6 

134 4 

113 3 

136 6 

123 3 

82 2 

184 4 

219 9 

256 6 

293 3 

229 9 

283 3 

263 3 

284 4 

367 7 

264 4 

192 2 

278 8 

220 0 

92 2 

116 6 

143 3 

194 4 

139 9 

170 0 

143 3 

175 5 

247 7 

143 3 

92 2 

181 1 

138 8 

132 2 

167 7 

185 5 

248 8 

142 2 

187 7 

172 2 

174 4 

327 7 

178 8 

101 1 

183 3 

139 9 

waterwater Rhine estuary 1.5 m depth 

R21w2 2 

R22w2 2 

R23w2 2 

R24w2 2 

R25w2 2 

R26w2 2 

R27w2 2 

R28w2 2 

R29w2 2 

R30w2 2 

R31w2 2 

R32w2 2 

R33w2 2 

23. 3 3 

12. 2 2 

9. 0 0 

6. 8 8 

4. 6 6 

0.5 0 0 

0.7 0 0 

0.3 0 0 

0.3 0 0 

0.2 0 0 

0.1 6 6 

0.1 6 6 

0.1 6 6 

8 8 

18 8 

15 5 

15 5 

16 6 

35 5 

61 1 

18 8 

22 2 

22 2 

24 4 

29 9 

29 9 

<15 5 

<15 5 

<15 5 

<15 5 

<15 5 

<15 5 

<15 5 

<15 5 

21 1 

<15 5 

<15 5 

<15 5 

<15 5 

<6 6 

<6 6 

6. 0 0 

<6 6 

9.1 1 

13 3 

13 3 

16 6 

40 0 

11 1 

6. 8 8 

9. 8 8 

6. 3 3 

38 8 

40 0 

38 8 

33 3 

43 3 

70 0 

66 6 

70 0 

178 8 

51 1 

42 2 

47 7 

43 3 

30 0 

40 0 

48 8 

100 0 

92 2 

77 7 

94 4 

80 0 

105 5 

78 8 

162 2 

93 3 

152 2 

90 0 

224 4 

265 5 

225 5 

225 5 

284 4 

201 1 

261 1 

316 6 

255 5 

330 0 

200 0 

285 5 

53 3 

131 1 

170 0 

145 5 

125 5 

194 4 

100 0 

169 9 

203 3 

156 6 

216 6 

125 5 

202 2 

45 5 

136 6 

179 9 

131 1 

110 0 

184 4 

73 3 

188 8 

193 3 

132 2 

202 2 

99 9 

203 3 

waterwater Rhine estuary maximum depth 

R21w3 3 

R22w3 3 

R23w3 3 

R24w3 3 

R25w3 3 

R26w3 3 

R28w3 3 

R31w3 3 

R32w3 3 

R33w3 3 

28. 5 5 

23. 6 6 

11. 2 2 

10. 6 6 

4. 7 7 

0.8 6 6 

0.3 6 6 

0.1 6 6 

0.1 6 6 

0.1 6 6 

7 7 

13 3 

15 5 

15 5 

18 8 

36 6 

27 7 

25 5 

28 8 

33 3 

<15 5 

<15 5 

<15 5 

<15 5 

<15 5 

<15 5 

<15 5 

<15 5 

<15 5 

<15 5 

<6 6 

<6 6 

9. 4 4 

7.1 1 

7. 7 7 

12 2 

12 2 

14 4 

7.1 1 

11 1 

<30 0 

<30 0 

51 1 

40 0 

54 4 

54 4 

85 5 

76 6 

39 9 

42 2 

17 7 

28 8 

37 7 

36 6 

148 8 

59 9 

130 0 

123 3 

75 5 

121 1 

61 1 

104 4 

226 6 

213 3 

256 6 

273 3 

322 2 

211 1 

316 6 

197 7 

27 7 

63 3 

154 4 

130 0 

169 9 

194 4 

193 3 

124 4 

213 3 

122 2 

<13 3 

42 2 

176 6 

141 1 

144 4 

209 9 

208 8 

106 6 

223 3 

99 9 
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Inn the Scheldt estuary, the dissolved concentration gradients along salinity reported for the 

campaignn of 1999 could be observed again, with a faster than conservative decrease of both 

A9PEOO and metabolite concentrations. However, the decrease of A9PEO was less steep than 

inn the first campaign. Dissolved SA9PEC/SA9PEO ratios varied between 1.3 and 6.9, and 

didd not show a clear maximum as observed during the 1999 campaign. 

Inn the Rhine estuary, dissolved A9PEC/A9PEO ratios were determined between 0.3 and 5.4. 

Dissolvedd NP/A9PEO ratios varied in both estuaries between 0.05 and 1.8. No clear spatial 

trendss could be observed. 

Normalizingg the surface sediment data to the fraction <63um resulted in maximum 

concentrationss of 4000 (A9PEO>2, location R8s), 1200 (A9PEO,,2, R8s) and 2000 ng g"1 (NP, 

S9s).. Concentrations were in the same range as in the campaigns of 1999. A9PEC were 

detectedd in half the number of sediments collected, at a maximum normalized concentration 

off 3200 ng g ' . No spatial trends were observed for concentrations in sediment. 

Thee median contributions of the analytes sorbed onto SPM to the total water concentrations 

(dissolvedd + sorbed) calculated for both estuaries amounted to 35, 20, 37 and 16% for 

A9PEO>2,, A9PEO12, NP and A9PEC, respectively. For this calculation, only those samples 

weree used for which both phases had concentrations above detection limits. 

KQCC values were calculated for A9PEO and NP. For both analytes values were found to vary 

betweenn log K^ = 4.2 and 7.1. Average log KoC values (+ standard deviations) were 5.8

0.55 (A9PEO>2), 5.5 + 0.7 (A9PEOu) and 6.0  0.5 (NP). For the five SPM samples in which 

A9PECC were detected, a log K<,c was calculated of 4.5  0.3. 

SamplingSampling campaign of 2002 

Tablee 7.5 shows the analytical results for the 2002 water sampling campaign in the Rhine 

estuary.. At locations R21 to R24, the salinity values illustrate the vertical stratification of 

thee water column. At the locations upstream, salinities were close to 0 both at the surface 

andd at greater depth. 

Maximumm concentrations amounted to 300 (A9PEO>2), 70 (A9PEOi,2), 160 (NP) and 940 ng 

L~'' (EA9PEC). A9PEC were usually present at higher concentrations than A9PEO, with a 

mediann dissolved LA9PEC/£A9PEO concentration ratio of 7.3. 

Att all sampling locations except one (location R27), A9PEO concentrations were higher in 

thee water samples taken from the surface than those taken at greater depth. This vertical 

stratificationn of A9PEO was present both in the saline part of the estuary and in the part 

wheree the complete water column consists of freshwater. The stratification did increase at 

higherr salinities, with dissolved ratios of A9PEOsurface/A9PEOmax. depth increasing from 1.5 at 

aa bottom water salinity of 0.16 to 3.9 at a bottom water salinity of 28. Apparently, the 

verticall stratification of A9PEO in the water column is not only caused by the stratification 
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off the water, but also by the surface active properties of A9PEO itself. For the metabolites 
A9PECC and NP, a vertical stratification is only observed at the saline end of the estuary. 
Concentrationn ratios of A9PECsurface/A9PECmax. depth and NPsurface/NPmax. depth are around one at 
mostt locations, and increase at locations R21 to R24 to 2.2 (A9PEC) and 4.3 (NP). The fact 
thatt these compounds are hardly surface active explains the absence of a stratification in the 
freshwaterr part of the estuary. 
Thee lowest dissolved A9PEO concentrations in the Rhine estuary were found at both the 
riverr and the sea end boundaries of the estuaries (at all sampling depths). Maximum 
concentrationss were observed around the harbours of Rotterdam. Apparently, local sources 
suchh as the harbours or the river Oude Maas play a more important role in the distribution of 
A9PEOO in the estuary than the input from the Rhine and the North Sea. For NP and A9PEC, 
concentrationss were lowest at the sea end of the estuary, and fairly evenly distributed in the 
restt of the area. 

ValidationValidation procedure 
Ass mentioned above, the analytical results yielded smooth spatial concentration profiles for 
thee dissolved analytes in most sampling campaigns [10]. Therefore, it was possible to 
interpolatee the data points, and obtain a curve of concentration vs. distance which could be 
directlyy compared to the output curves of the model. In this way, the quality of the fit could 
bee determined by calculating the percentual deviations between the points of the model 
curvee and those of the curve of the actual data. The average of these (absolute) values will 
bee referred to as the quality of the fit (with a decrease in this number signifying an increase 
inn quality of the fit). Results of this procedure are listed in table 7.6 for different model 
scenarioss (described in the following sections). This table facilitates a quantitative 
comparisonn of the model scenarios. 
Too determine the significance of the deviation between two calculated concentration 
profiles,, a method was used similar to the determination of the validity intervals of the 
processs constants (see p. 175). Two profiles are considered to deviate significantly from 
eachh other when the average percentual deviation between the concentrations of the two 
profiless is higher than the standard deviation of the recovery of the analytical method. 
Forr the A9PEO and metabolites concentrations in SPM and sediment, smooth curves could 
nott be constructed, as no clear spatial trends were present. Therefore, only a general quality 
off the fit could be determined by checking if the calculated curve passed through the middle 
off the scatter of field data points. 
Thee calculated sediment concentrations were compared to the analyzed sediment 
concentrationss normalized to the particle size fraction <63um, as it was assumed that this is 
thee sediment fraction which has actual exchange with the SPM. 
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Tablee 7.6: Quality of fit of the calculated dissolved concentration profiles for the different model 

scenarios.. For each scenario, the difference with the corresponding optimum scenario is 

described.. A smaller value indicates a better fit. For further explanation see p. 183. 

model l scenario o averagee (absolute value o f ) percentual deviation from 
actuall values 

NP P A9PEO>2 2 A 9PE0 1 2 2 A9PE>2C C A9PE1i2C C 

ScheldtScheldt 1999 

I I 

II I 

III I 

IV V 

V V 

VI I 

VII I 

VIII I 

IX X 

X X 

XI I 

XII I 

optimu mm scenari o 

dispersionn coefficients 100 m2 s"1 

dispersionn coefficients 200 m2 s'1 

dispersionn coefficients 300 m2 s'1 

noo sorption 

sorptionn coefficients 5x optimum 
value e 

concentrationss in canal Gent-
Ternee uzen zero 

concentrationss in canal Gent-
Terneuzenn 3x optimum values 

noo biodegradation 

biodegradationn rates 0.5x optimum 
values s 

biodegradationn rates 2x optimum 
values s 

salinityy dependent biodegradation 

26 6 

42 2 

34 4 

33 3 

39 9 

33 3 

31 1 

30 0 

129 9 

53 3 

32 2 

21 1 

29 9 

52 2 

44 4 

46 6 

48 8 

37 7 

39 9 

36 6 

179 9 

62 2 

36 6 

19 9 

23 3 

47 7 

37 7 

41 1 

35 5 

34 4 

31 1 

35 5 

309 9 

75 5 

37 7 

21 1 

12 2 

17 7 

12 2 

13 3 

14 4 

18 8 

14 4 

28 8 

30 0 

22 2 

24 4 

13 3 

17 7 

26 6 

22 2 

21 1 

18 8 

16 6 

22 2 

26 6 

67 7 

31 1 

25 5 

16 6 

ScheldtScheldt 2000 

XIII I optimu mm scenari o 21 1 33 3 26 6 35 5 24 4 

RhineRhine 2002 

XIV V 

XV V 

XVI I 

XVII I 

XVIII I 

optimu mm scenari o 

concentrationss additional sources 
zero o 

noo sorption 

noo biodegradation 

biodegradationn rates 5x optimum 
values s 

22 2 

34 4 

22 2 

22 2 

24 4 

20 0 

51 1 

21 1 

23 3 

23 3 

28 8 

42 2 

29 9 

31 1 

26 6 

19 9 

47 7 

19 9 

19 9 

20 0 

13 3 

43 3 

13 3 

13 3 

14 4 

CalculatedCalculated concentration profiles 

Forr the Scheldt estuary, the model runs were started at January 1st, 1999. Concentration 

profiless for the day of sampling (November 17th 1999, day 321) were calculated in the 

optimumm scenario as shown in figures 7.7a-d. Satisfactory fits of the dissolved concentration 

profiless were obtained. The quality of the fits of the optimum scenario are given in table 7.6, 

modell scenario I. For concentrations in SPM and sediment, deviations between the model 

andd actual data were larger, but calculated and actual concentrations were of the same order 

off magnitude. This was considered the best possible result with the current model type. 
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Forr the additional source canal Gent-Terneuzen, the total input amounted to 8-33% of the 
inputt at the head of the estuary for the different compounds (see table 7.2). 
Forr the Scheldt data of 2000 (June 20th 2000, day 536 in the model), calculated and actual 
concentrationn profiles are shown in figures 7.8 a-d (scenario XIII in table 7.6). 
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Figuree 7.7a-d: Calculated and actual concentrations for the 1999 Scheldt data: a) dissolved 
concentrations;; b) ratio of dissolved A9PEC and A9PEO; c) concentrations in SPM; d) 
concentrationss in sediment. 
xx = actual AgPE12C, + and dotted line = calculated profile; A = actual A9PE>2C, A and solid 
linee = calculated profile; • = actual NP, o and dotted line = calculated profile; • = actual 
A9PEO>2,, Ü and striped line = calculated profile; • = actual AgPECh 2, 0 and striped/dotted line = 
calculatedd profile; * = actual A9PEC/A9PEO ratio, striped line = calculated ratio. CGT=position 
off canal Gent-Terneuzen; NS=North Sea side of the estuary. 
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Thee fate model for the Rhine estuary was compared to the results of the 2002 sampling 

campaign,, in which samples at different depths were taken. In this comparison, only the 

analyticall results of the samples taken at the water surface and those taken at maximal 

depthss were considered. Initially, the fits were not entirely satisfactory (table 7.6, scenario 

XV),, as the actual concentration 'humps' in the middle of the estuary could not be modeled 

withoutt additional A9PEO sources in the estuary. As it is likely that the harbours of 

Rotterdamm constitute additional sources of A9PEO, a point source was added into the model 

[37].[37].  The location of this source was chosen to be at 12 km, which was suggested by the 

maximaa in the observed concentration profiles. This source would correspond to the Eem 

Harbourr of Rotterdam. Another likely additional source is the river Oude Maas, which 

dischargess into the estuary at x=18 km. Optimized input concentrations for both sources are 

shownn in table 7.2. With these additional sources, satisfactory dissolved concentration 

profiless for the surface and bottom water layers were obtained with the optimum scenario, 

ass shown in figure 7.9. The quality of the fits are listed in table 7.6 (scenario XIV). 

Forr some analytes, the inputs of these additional sources are relatively high. For the 

harbour,, the inputs range from 20 to 100% of the input at the head of the estuary for the 

differentt analytes, and for the Oude Maas these values range from 0 to 84%. This illustrates 

thee importance of additional discharges in this area. 
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Figuree 7.9a-b: Calculated and actual concentrations for the final 2002 Rhine data: a) dissolved 
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xx = actual A9PE12C, + and dotted line = calculated profile; A = actual A9PE>2C, A and solid 

linee = calculated profile; • = actual NP, o and dotted line = calculated profile; • = actual 

A9PEO>2,, • and striped line = calculated profile; • = actual A 9PE0 1 - 2 , 0 and striped/dotted line = 

calculatedd profile. H and OM=position of the additional sources: harbour and river Oude Maas; 

NS=Northh Sea side of the estuary. 
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Figuree 7.10a-d: Calculated and actual concentrations for the 2000 Rhine data: a) dissolved 
concentrationss (surface water layer); b) ratio of dissolved A9PEC and A9PEO; c) 
concentrationss in SPM; d) concentrations in sediment. 
** = actual A9PE12C, + and dotted line = calculated profile; A = actual A9PE>2C, A and solid 
linee = calculated profile; • = actual NP, o and dotted line = calculated profile; • = actual 
A9PEO>2,, • and striped line = calculated profile; • = actual A9PEOi,2, 0 and striped/dotted line = 
calculatedd profile; * = actual A9PEC/A9PEO ratio, striped line = calculated ratio. 

Withh the analytical results of the water samples from the 1999 and 2000 campaigns in the 
Rhinee estuary, it was more difficult to evaluate the fit of the fate model. Most of those water 
sampless were taken along the salinity gradient, which intrudes only several km into the 
estuaryy (see figure 7.2a). Therefore, for the major part of the estuary, no data on 
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concentrationss in water are available from those campaigns. However, when the model was 
appliedd to the concentration data in this limited part of the estuary for the campaign of 2000, 
withh the corresponding boundary concentrations and river discharge data, a satisfactory fit 
wass obtained for the dissolved phase (water samples, taken at 1.5 m depth, were compared 
too the surface layer in the model, see figure 7.10a-b). The sediment and SPM data can be 
usedd to get an idea of the validity of the sorption coefficients and sedimentation/erosion 
ratess that were used. As is shown in figure 7.10c-d, the calculated concentrations in SPM 
comparee favorably with the field data, while the calculated concentrations in sediments were 
roughlyy an order of magnitude higher than the actual concentrations. This indicates that the 
sorptionn coefficients used in the model were correct, and that the exchange between SPM 
andd sediment was overestimated for the Rhine estuary. Alternatively, degradation in the 
sedimentt could explain the relatively low actual concentrations in the sediments. 

7.3.37.3.3 Sensitivity analysis 

Severall parameters in the optimized model scenarios were subjected to a sensitivity 
analysis.. The influence of four parameters on the calculated concentration profiles was 
investigated:: dispersion, sorption, additional sources and biodegradation. 
Forr the Rhine estuary model, it was found that variation of both sorption and biodegradation 
hadd little influence on the dissolved concentration profiles. For example, when sorption is 
neglectedd in the model, the concentration profiles change only marginally, with average 
deviationss from the optimum scenario from 0.03 to 1.5% for the different analytes (table 
7.6,, scenario XVI). When the biodegradation rates were set to 0, the average deviations 
fromm the optimum scenario ranged from 0.7 to 6.3% for the different analytes (scenario 
XVII).. When increasing the biodegradation rates, the increase must be as much as a factor 5 
too obtain significant deviations (see section 3.2.4) from the optimum curves (table 7.6, 
scenarioo XVIII). A likely explanation of this limited influence of biodegradation and 
sorptionn on the fate of A9PEO in the Rhine estuary is the relatively short residence time of 
A9PEOO in the Rhine estuary (several days, compared to 2-3 months for the Scheldt estuary). 
Ass already mentioned in section 3.2.5, the parameter to which the model appeared to be the 
mostt sensitive was the insertion of additional A9PEO sources. When this input was set to 0, 
aa significant deviation from the optimum curve of 27-48% for the different analytes was 
calculatedd (table 7.6, scenario XV). 
Thee sensitivity analysis of the model for the Scheldt estuary of 1999 will be discussed in 
moree detail in the following paragraphs. 
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Figuree 7.11: a) Actual and calculated dissolved concentration profiles of A9PEO>2 using 
differentt sorption coefficients for the 1999 Scheldt model: • and solid line = actual 
concentrationn profile; 0 and striped line = optimum model scenario (Kd=47000); * = sorption 
coefficientt set to 0; + = sorption coefficient 5 times the optimum value (Kd=235000). 
b)) Actual and calculated dissolved concentration profiles using different biodegradation rate 
constantss for the 1999 Scheldt model for A9PEO>2: • and solid line = actual concentration 
profile;; 0 and striped line = optimum model scenario; * = biodegradation rate set to 0; + = 
biodegradationn rate x1.5 (0.092 day"1); - = biodegradation rate xO.5 (0.031 day"1); A = salinity 
dependentt biodegradation rate (0.001-0.183 day"1). 
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SensitivitySensitivity towards dispersion coefficients 

Thee implementation of different sets of dispersion coefficients in the Scheldt model of 1999 

resultedd in qualities of fit as shown in table 7.6 (scenarios II-IV). Variation of the dispersion 

coefficientss appeared to have some influence on the concentration profiles. However, when 

usingg dispersion coefficients of 200 m2 s"1 for each segment of the estuary (scenario III), the 

deviationn of the calculated A9PEO and NP profiles from the optimum scenario was not 

significant.. For model scenarios with dispersion coefficients of 100 or 300 m s" for each 

segmentt (scenarios II and IV, respectively), the deviations from the optimum scenario 

becamee significant. 

SensitivitySensitivity towards sorption 

Ass figure 7.11a illustrates for A9PEO>2, relatively large changes in sorption coefficients 

weree necessary in order to obtain significant deviations of the dissolved concentration 

profiless from the optimum scenarios. In other words, the concentration profiles were 

relativelyy insensitive towards sorption. This insensitivity is also illustrated with the sorption 

coefficientt validity intervals in table 7.1, which are large compared to those of the 

biodegradationn rates. 

Ass examples, the quality of the fits of concentration profiles for scenarios with the sorption 

coefficientt set to 0 or to 5 times the optimum value are shown in table 7.6 (scenarios V and 

VI,, respectively). 

SensitivitySensitivity towards an additional A 9PEO source 

Ass a high ratio of dissolved concentrations of A9PEC/A9PEO was observed in both the 

waterr of the canal Gent-Terneuzen and near its discharge point in the estuary, it was 

hypothesizedd that the canal Gent-Terneuzen could be a relevant point source of A9PEO and 

metabolitess to the Scheldt estuary [10]. Therefore, the significance of this additional source 

wass evaluated. 

Whenn concentrations in the canal were set to 0, the decrease in the fit of the dissolved 

profiless was significant for all analytes (table 7.6, scenario VII). When concentrations in the 

canall were increased, a 3-fold increase was necessary to obtain a significant deviation from 

thee optimum scenario was obtained for all analytes. (table 7.6, scenario VIII). 

Itt is concluded that the canal discharge does have a significant influence on the 

concentrationn profiles in the estuary. 

SensitivitySensitivity towards biodegradation 

Differentt biodegradation rates were tested to evaluate the influence of this process on the 

calculatedd concentration profiles of 1999 in the Scheldt estuary. The results in figure 7.1 lb 

showw that for A9PEO>2 changes in the biodegradation rates had a relatively strong effect on 
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thee profiles. In table 7.6, the quality of the fits are listed for scenarios with the degradation 
ratess for all compounds changed to 0, 0.5 or 2 times the optimum values (scenarios IX, X 
andd XI, respectively). 
Forr all concentration profiles of the optimum scenario, the calculated concentrations were 
higherr than the actual values in the upper part, and lower than the actual values in the lower 
partt of the estuary. This may indicate that for each analyte, the biodegradation rate used in 
thee model was too low in the relatively fresh part and too high in the saline part of estuary, 
andd that the biodegradation rate is salinity dependent. A model scenario was tested with 
salinityy dependent biodegradation rates, according to an empirically derived formula: 

degradationn rate = optimum rate x Vs.OTxJ^"^ ^ 
35 5 

Withh this formula, biodegradation rates are 3 times the "optimum value" at the river end, 
andd 0.01 times the "optimum" at the sea end of the estuary. This resulted in a slight but 
significantt improvement of the fits, as shown in figure 7.1 lb and table 7.6 (scenario XII). 
Salinityy dependent biodegradation of A9PEO has been reported before by Kvestak et al. 
[34].[34].  For a stratified estuary, they observed that biodegradation rates can be up to 8.5 times 
higherr in the surface water layer than in the lower saline layer. 

7.4.. Conclusion s 

Thee present study investigated the behaviour of A9PEO in two estuaries with different 
hydrologicall characteristics. The field data indicated biodegradation to be an important 
processs in the Scheldt estuary, showed that A9PEO is vertically stratified in the Rhine 
estuaryy and suggested that relevant additional sources of A9PEO were present in the latter 
estuary. . 
Thesee findings were investigated in a more quantitative way by using different model 
scenarios.. The hydrodynamic model was able to describe the movement of water and SPM 
satisfactorilyy for both estuaries. The sorption coefficients applied in the model yielded 
concentrationss in SPM and sediment in the same order of magnitude as the field data. By 
fittingg the calculated dissolved concentration profiles to the profiles observed in the field, an 
estimationn of the field biodegradation rate constants for A9PEO and metabolites could be 
made.. The model calculations suggest an additional input of A9PEO and metabolites from 
sourcess in the Rotterdam harbour area amounting to 20-100% of the input from that at the 
headd of the estuary for the different analytes. 
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Thee model revealed that the main factors governing the fate of A9PEO in the two 
investigatedd estuaries were biodegradation in the Scheldt estuary, and the input from 
additionall sources in the Rhine estuary. 
Thee accumulation of A9PEO at water surfaces deserves more attention in future risk 
assessmentt studies, as the exposure to these compounds will be either considerably higher 
orr lower than predicted from average concentrations for different organisms dwelling at or 
beloww the water surface. 
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ChapterChapter 8 

Inn this chapter, the main findings described in the previous chapters will be used to answer 

thee research questions posed in the general introduction (Chapter 1). The results of both 

laboratory,, field and modeling studies will be linked. In addition, the most important 

remainingg uncertainties related to each question are discussed, conclusions are drawn and 

recommendationss for further research are made. 

8.1.. Genera l discussio n 

Thee first research question in this thesis was: 

•• What is the most suitable method to sample and analyze A^PEO in the aquatic 

environment? environment? 

SamplingSampling issues 

Dependingg on their hydrophobicity, compounds in the environment will be mainly present 

inn either the dissolved or sorbed phase. With KQW values below 3, compounds are expected 

too be mainly present in the dissolved phase, while compounds with K<,w higher than 5 will 

bee sorbed to suspended particulate material (SPM) and sediment to a large extent [/]. The 

KoWW values of 4.2 for A9PE02 and 4.5 for NP [2] indicate that these analytes may be present 

inn the environment in both the water and sediment compartments. This is confirmed by the 

fieldd data presented in chapters 4 and 5. For environmental monitoring purposes, both types 

off samples could be chosen. The extraction methods employed in this thesis are easiest for 

waterr samples, resulting in higher recoveries and smaller standard deviations compared to 

thee sample pretreatment procedures for sediments (see table 6.1). In addition, extracts of 

waterr samples are usually cleaner and therefore cause less matrix effects in LC-MS analysis, 

againn improving the reliability of A9PEO quantification. 

Inn surface sediments, analyte concentrations are present which often have equilibrated over 

severall years, and are therefore representative of the location over a long period. 

Forr estuarine water, a representative description of dissolved concentrations and processes 

occurringg in the area can be obtained when water samples are taken along the salinity 

gradient.. By keeping track of the conservatively behaving salinity, the mixing of fresh and 

marinee water as well as tidal processes can be accounted for. 
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Figuree 8.1: Profile of salinities and concentrations of dissolved total A9PEO along the Rhine 
estuaryy at 3 different depths (October 2002). Black bars: water from surface; grey bars: water 
att 1.5 m depth; white bars: water at maximum depth (3-7 m). 

AA complicating factor with water samples (investigated in more detail in chapter 6.3.2, p. 
146)) is that a vertical stratification of A9PEO over the water column is often present. This 
phenomenonn has been demonstrated for dissolved A9PEO in marine and estuarine water in 
chapterss 5 and 6. To a lesser extent, the metabolites NP and A9PEC also show this 
behaviour.. As an example, the dissolved A9PEO concentrations at different depths in the 
Rhinee estuary from the sampling campaign of 2002 are shown in figure 8.1. The intrusion of 
salinee water from the sea is stronger in the deepest layer, leading to a vertical stratification 
off salinity. Stratification of A9PEO is observed both in the freshwater and saline part of the 
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estuary.. The fact that stratification of A9PEO was also observed in completely saline water 
columnss of the Dutch coastal zone indicates that the stratification is not a result of salting 
outt processes. The data of figure 8.1 were used to construct the fate model of the Rhine 
estuaryy as described in chapter 7. For an adequate description of the occurrence of A9PEO 
(andd probably all surface active agents), water samples should be taken both at the surface 
andd at several meters depth, and more attention should be given to their occurrence in the 
surfacee microlayer of the water. 
Finally,, the stratification of A9PEO in water columns may also complicate the interpretation 
off aquatic toxicity tests. Even when working with actual instead of nominal concentrations, 
thee tests do not take into account possible stratification of dissolved analyte concentrations 
inn a laboratory set up. Therefore concentrations measured may not be representative for the 
wholee water body, resulting in incorrect no-effect concentrations. Due to the difference in 
scalee between an estuarine and a laboratory test water column, the stratification may be 
quitee different for the two systems. 

SampleSample treatment methods 
Inn the present study, water samples were extracted using Solid Phase Extraction (SPE) 
cartridgess with C18-material. This is the method most often encountered in literature, 
becausee of its simplicity and efficiency. An advantage of our water sample handling method 
comparedd to those of other studies is that in the present studies most water samples were 
filteredd and extracted on board the sampling ship, within several hours after sampling. In 
thiss way, possible problems with conservation of the samples were prevented, as in some 
waterr matrices, degradation of A9PEO occurs within a few days [3].  Although our 
filtration/SPEfiltration/SPE equipment could be transported without many problems, the commercial 
availabilityy of a portable SPE device in the future would be advantageous for many 
environmentall chemists. 
Duringg our studies, the possibilities of the automation of SPE extraction of A9PEO from 
waterr samples was investigated using the Prospekt I instrument (Spark Holland, Emmen, 
Thee Netherlands). Due to several practical problems, this method never developed into an 
officiall standard operating procedure in our laboratory. Disadvantages of the method were 
possiblee clogging of solvent/sample tubes (careful filtration of the water sample was 
necessary),, an insufficient reproducibility of the sample load volume, and a reproducibility 
off the complete method which was not better than the manual SPE method [4]. 
Inn addition, we made several attempts at applying Solid-Phase Microextraction (SPME) for 
thee extraction of A9PEO from water. The main practical problem of this method was that 
duringg the desorption of the SPME fiber in the SPME-LC interface (filled with methanol), 
thee coating was stripped from the fiber, after which the fiber became useless. Although 
unsuccessfull in our studies, SPME remains a promising technique, which may have more 
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successs in future studies if a different desorption interface or system is used in which the 
sensitivee fibers are protected [5]. 
Forr the extraction of A9PEO from sediments, the Soxhlet method was applied. The main 
advantagee is that this method is robust and can be used for virtually all solid samples. The 
disadvantagess include the relatively large amount of glassware and solvents necessary, and 
thee relatively long extraction time, which was 16 hours (overnight) in our studies. Other 
methodss which have recently gained in popularity are Accelerated Solvent Extraction (ASE) 
andd sonication extraction, which eliminate most of the disadvantages occurring with 
Soxhlet.. In the future, the use of ASE and sonication is expected to surpass that of Soxhlet 
methodss [6\. 

LC-MSLC-MS analysis 
LC-ESI-MSS analysis using a reversed phase column and the electrospray interface in 
positivee mode is very suitable for the analysis of A9PEO in environmental samples. As 
demonstratedd in chapter 2, several adduct signals are observed for most oligomers. 
Thee stabilities of single sodium monomer adducts [A9PE02+Na]+ and [A9PE05+Na]+ as 
welll as dimer adducts [2xA9PE02+Na]+and [2xA9PE05+Na]+ were calculated by molecular 
dynamics.. In all cases, adduct formation energies were negative and the adducts were stable 
withh respect to the reagents. The calculated higher stability of [A9PE05+Na]+ compared to 
[A9PE02+Na]++ was in agreement with LC-MS observations, but the calculated higher 
stabilitiess of the dimer adducts compared to the corresponding monomer was not. In 
addition,, the calculated higher stability of [2*A9PE05+Na]+ compared to [2xA9PE02+Na]+ 

wass not in agreement with LC-MS observations. Further molecular dynamics calculations in 
whichh the role of the solvent is taken into account may give more insight into the adduct 
formationn processes occurring for A9PEO during LC-ESI-MS analysis. 

Thee formation of several adducts per oligomer does not compromise the quantification of 
A9PEOO mixtures as long as the oligomer composition of the standard is similar to that of the 
sample.. When the compositions strongly differ, especially when both long-chain oligomers 
(~A9PEOio)) and short-chain oligomers are present (A9PEO1 and A9PE02), the reliability of 
thee quantification decreases and often an overestimation will occur. This situation can occur 
forr samples in which partial biodegradation has taken place, and both the original long-
chainn A9PEO and the metabolites A9PEOj and A9PE02 are present. An example of a 
sedimentt extract showing this pattern is shown in figure 8.2. 
AA comparison of calibrations using different A9PEO mixtures revealed that when only 
A9PEO>22 are present in the sample and standard, a difference in average oligomer chain 
lengthh between sample and standard does not lead to errors in quantification. A molar 
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calibrationn must be used, followed by a correction for the actual average molar weight of the 
A9PEO>22 in the sample. 
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Figuree 8.2: Mass spectrum of a sediment extract from the Rhine estuary analyzed by LC-ESI-
MS,, showing two apexes in the AgPEO oligomer distribution at high and low ethoxylate chain 
length. . 

Thee availability of A9PEO and NP standards containing 13C in the aromatic ring, which can 
bee used as internal standards, has greatly improved the reliability of the quantitative 
determinationn of A9PEO in environmental samples. However, matrix effects can still cause 
underestimationss of up to 30% (as shown in chapter 2.3.3), possibly due to the fact that the 
internall standard (IS) elutes some minutes later than the A9PEO analytes, because the IS has 
aa linear alkyl chain, while common A9PEO is branched. 13C-A9PEO with branched alkyl 
chainss would be the ideal internal standard, and has been specially synthesized and used in 
onee other study [7]. 

Thee application of hyphenated techniques such as LC-MS has several advantages over more 
classicall spectrophotometric techniques such as fluorescence detection (LC-Flu). Both 
selectivityy and sensitivity are higher for LC-MS techniques. In addition, the analysis is 
simplified,, as with LC-Flu two analyses are required for each sample (using a normal phase 
columnn for the determination of the average ethoxylate chain length and a reversed phase 
columnn for the quantification), while one analysis is sufficient when using LC-MS 
techniquess [8, 9]. 
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Ass technology progresses, an increasing number of publications report the application of 
tandemm mass spectrometry (LC-MS/MS) for the environmental analysis of A9PEO. With 
thiss technique, detection limits are often significantly improved compared to LC-MS. 
However,, all of the quantitative analytical issues addressed in this thesis are equally 
applicablee to LC-MS/MS analysis of A9PEO. For these applications, the advantages of LC-
MS/MSS over LC-MS are only limited. 

 Which are the main metabolites of AyPEO and what is their relative persistence in the 
environment? environment? 

Inn the laboratory biodegradation experiments described in chapter 3, the main metabolites 
formedd in freshwater under aerobic conditions proved to be the alkylphenoxy ethoxy acetic 
acidss (A9PEC), with ethoxylate chain lengths of 1 to 15. This process is called the oxidative 
hydrolyticc degradation mechanism. Within this metabolite group, the A9PE2C oligomer 
accumulatedd to the highest degree and was relatively persistent compared to A9PEO. 
However,, after 10 days, the A9PEC metabolites were further oxidized to form the metabolite 
groupp named CAPEC, with both the ethoxylate and alkyl chain oxidized. This metabolite 
groupp reached a maximum concentration of around 5% of the total metabolite concentration 
present,, and was further degraded to unidentified metabolites. 
Thee mass balance in the degradation experiments was not complete. Although all samples 
weree screened for many logical oxidation and hydrolysis products, other metabolites (too 
polarr for extraction by Cig-SPE or non detectable by LC-MS) may have been formed. 
Alternatively,, a large fraction of the A9PEO may have been mineralized to C02 and water 
withoutt the accumulation of any metabolites. 
AA recent study by Ferguson et al. shed some more light on the possible biodegradation 
processess of A9PEO [10]. Biodegradation studies of radioactive 14C-labeled A9PEOi_9 in 
sedimentt under both aerobic and anaerobic conditions showed that after 120 days, only a 
feww percent of the A9PEO was transformed to C02. Metabolites formed in both the aerobic 
andd anaerobic study were mainly short-chain AgPE^C, and to a lesser degree A9PEO1. A 
relativelyy large part of the 14C activity originating from the spiked AgPEO^ was found as 
non-extractablee dissolved or sediment-bound material. Ferguson suggested that this fraction 
mayy include additional metabolites such as CAPEC, or 14C which has been metabolized and 
incorporatedd into biomass. 

Thee field data of chapter 5 are largely in accordance with the degradation processes 
observedd in our laboratory studies. In the Rhine and Scheldt estuaries, the metabolites 
presentt at the highest dissolved concentrations were A9PEj.sC. The CAPEC metabolite 
groupp could not be detected in any of the field samples. The non-availability of CAPEC 
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standardss makes reliable identification of these compounds rather difficult, as in our 
analysess only an extract from the biodegradation studies could be used as CAPEC reference. 
However,, this metabolite group has been detected in environmental samples in some other 
studiess [77, 12]. 
Duringg the laboratory studies the nonoxidative hydrolytic degradation mechanism occurred 
onlyy to a minor degree. This mechanism, involving a simple shortening of the ethoxylate 
chain,, resulted in a minor increase in the A9PE02 oligomer. Complete de-ethoxylation, 
whichh would result in the metabolite nonylphenol, was not observed in the experiments. The 
fieldd results of the Scheldt and Rhine estuaries also showed the nonoxidative hydrolytic 
mechanismm to be of minor importance for the water phase of the investigated estuaries. The 
oligomerr distribution of dissolved A9PEO showed an average around A9PE03, and did not 
varyy when going downstream. However, this result also indicates that probably 
nonoxidativee degradation has already occurred to a certain extent before the A9PEO entered 
thee study area, as commercial A9PEO mixtures usually have oligomer distributions with an 
averagee around A9PEO10 or longer. 
Inn the marine environment, concentrations of A9PEC observed were relatively low, while 
dissolvedd concentrations of A9PEO were sometimes very high. Therefore, the nonoxidative 
hydrolyticc mechanism is probably more important for degradation of dissolved A9PEO in 
thee marine environment than in estuarine or freshwater environments. 
Inn sediments, a number of samples contained maxima in the oligomer distribution at both 
longg (A9PEOjo) and short-chain oligomers (A9PE02). This is an indication that in 
sediments,, the non-oxidative hydrolytic mechanism is an important degradation route, 
resultingg in accumulation of A9PE02. 
Accordingg to our studies and other literature, nonylphenol is not formed out of A9PEO 
underr aerobic conditions. For the formation of NP under anaerobic conditions, the proof 
providedd in literature is rather thin. An actual increase in NP concentration during the 
degradationn of A9PEO has been reported only once in the literature [73]. Other evidence for 
thiss formation is indirect, such as increasing NP/A9PEO concentration ratios during 
degradationn of A9PEO, while in fact both concentrations decreased [14]. Also in the recent 
experimentss by Ferguson et al, NP was not found to accumulate during the anaerobic 
biodegradationn of A9PE019 in sediment [10]. However, it could not be excluded that over 
longerr time scales in anoxic sediment, NP may be formed out of A9PEO. Further research 
onn the possible formation of NP in anaerobic environments is necessary. 
Nonylphenoll was detected in our field studies in most of the water and sediment samples. In 
bothh water and sediments, NP concentrations were usually somewhat lower but in the same 
orderr of magnitude as those of A9PEO. Only in marine water collected at the surface in the 
Dutchh coastal zone, concentrations of A9PEO were much higher than those of NP. 
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Iff the formation of NP out of A9PEO is not the main explanation of the environmental 

occurrencee of NP, other sources must be considered. NP may be present as impurity in some 

A9PEOO formulations. Another source which may contribute significantly to the 

environmentall load of NP, is the degradation of the hydroperoxide decomposer 

tris(nonylphenyl)phosphitee (TNPP), which is added to polymers as an antioxidant. In 

addition,, NP is used for the production of phenolic resins, used in applications such as 

protectivee coatings, laminates, insulation and molding compounds [75]. 

•• Which are the main possible sources O/AQPEO to the Dutch coastal zone? 

Forr A9PEO in surface sediment and water in the Dutch coastal zone, different spatial 

distributionss are observed. From these distributions it is concluded that the main sources of 

A9PEOO to the surface sediment and water of the Dutch coastal zone are different. 

Concentrationss of A9PEO in surface sediments are relatively high at the locations where the 

mainn freshwater sources reach the Dutch coastal zone, and decrease sharply with distance 

fromm these locations. Therefore it is concluded that the main routes of A9PEO to sediments 

off the Dutch coastal zone are the Rhine and Scheldt estuaries and the North Sea canal (see 

figuree 8.3). In addition, the dump site for harbour dredge and in some cases production 

platformss are sources of A9PEO to the sediment. 

InIn the water phase, a different spatial pattern was observed, as relatively high dissolved 

concentrationss of A9PEO were found far from the shore. The locations with the highest 

dissolvedd concentrations coincided with the main shipping routes in this area. This suggests 

thatt shipping is an important source of A9PEO to the Dutch coastal zone. The main 

applicationn of surfactants on ships is for cleaning cargo holds. Some of the cleaning 

productss are known to contain A9PEO. However, exact data on A9PEO use in shipping 

activitiess are not available. Another possible source of surfactants to the marine 

environmentt is their application as oil spill dispersants. In addition, some types of oil are 

transportedd in the form of oil/surfactant/water emulsions, such as the Orimulsion® product 

[16].[16].  In some cases, this surfactant is A9PEO, which may end up in marine waters during 

cleaningg of these tankers (even when A9PEO is not present in the cleaning agent) [16]. 

Itt can be expected that part of the dissolved A9PEO will adsorb to SPM off shore, and will 

bee transported to the coastal region before it sedimentates [17, 18]. 

Fromm the current results we suspect shipping to be a more significant source of A9PEO to 

thee marine water phase than the freshwater discharges into the Dutch coastal zone. 

Additionall research on this subject is necessary, as the exact role of shipping as a source of 

A9PEOO to the marine environment is far from clear yet. 
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Figuree 8.3: The Dutch coastal zone of the North Sea with its main freshwater sources. 

Fromm the results of fate model exercises described in chapter 7 it was concluded that 

additionall sources of A9PEO are present in the investigated estuaries. For the Rhine estuary, 

thee observed concentration profiles could only be described when sources at the Oude Maas 

riverr and one of the Rotterdam harbours were included. Confirmation of the presence of 

thesee suspected sources was provided recently from the analysis of A9PEO in rain water of 

thiss region [79]. For the Scheldt estuary, the canal Gent-Terneuzen is a significant 

additionall source of A9PEO. 

•• Which processes mainly govern the fate ofAgPEO in the estuarine environment? 

Inn the laboratory studies, it was shown that primary biodegradation of A9PEO can occur 

relativelyy easily in freshwater. During the field campaigns, metabolites were usually present 

att higher concentrations than the surfactant itself. These findings suggested that 

biodegradationn is the main process in the environmental fate of A9PEO. 
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Inn a more quantitative way, the contribution of different environmental processes was 
studiedd using a hydrodynamic fate model, as described in chapter 7. For the fate model of 
thee Scheldt estuary, variations in biodegradation rates caused a more significant difference 
inn the modeled dissolved concentration profiles than variations in sorption coefficients, 
additionall A9PEO sources or dispersion coefficients did. Therefore, this fate model confirms 
biodegradationn to be the main process governing the fate of A9PEO in the environment. 
Fromm the Scheldt fate model, field biodegradation rates of A9PEO and its metabolites could 
bee derived, which is valuable information for the risk assessment of these compounds. 
Biodegradationn rates of A9PEO previously reported in literature were mostly determined in 
laboratoryy experiments, and are difficult to extrapolate to the real environment [14, 20, 21, 
22].22]. In our laboratory biodegradation experiments, a half-life of 0.4 days was determined for 
A9PEO3.15.. These experiments were performed at room temperature, at saturated oxygen 
concentrationss and with a high microbial activity on the glass beads of the test filter. The 
biodegradationn rates derived from our fate models were considerably lower, corresponding 
too half-lives of 10-11 days. These values are in agreement with half-lives reported in 
literaturee for laboratory experiments using estuarine water (2.5-69 days for A9PEOi_i8 [20, 
21]),21]), laboratory shake-flask experiments (1.9-69 days for A9PE012 [22])  and in situ in 
estuarinee water (<30 days for A9PEO]_3 [23]). 

Inn the Scheldt estuary fate model, the employment of higher degradation rates at the 
freshwaterr side and lower rates at the saline end of the estuary resulted in further 
improvementt of the fit of the dissolved concentration profiles. This suggests that in the 
Scheldtt estuary biodegradation rates are salinity dependent. This is in accordance with a 
studyy of Kvestak et al, who reported salinity dependent biodegradation of A9PEO in the 
Krkaa estuary (Croatia) [20]. 

Inn the fate model of the Rhine estuary, the dissolved concentration profiles were mainly 
influencedd by the additional A9PEO sources of the Rotterdam harbours and the Oude Maas 
river.river. A relatively short water residence time in this estuary (2-3 days for the Rhine estuary 
comparedd to 2-3 months for the Scheldt estuary) may be an explanation why biodegradation 
iss not found to be of high importance in the Rhine estuary. 

Sorptionn does occur for A9PEO, as in most SPM samples, A9PEO and NP are detected at 
significantt concentrations. In the entire water column, on average 20-40% of A9PEO and 
NPP is present sorbed to SPM. No salting out effects were observed, as sorption coefficients 
weree fairly constant along the salinity gradients. 
Thee environmental fate model was able to describe the dissolved concentration profiles of 
A9PEO,, A9PEC and NP in the estuaries in a satisfactory way. For sediments and SPM, the 
modell predicted concentrations in the correct order of magnitude. As detailed processes 
concerningg the movement of SPM (tides, currents, turbulence, biological processes) were 
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nott included in the model, the variations of concentrations in sediments and SPM along the 

estuaryy could not be modeled. For sediment and SPM, additional uncertainties include the 

sedimentationn and erosion rates in the estuaries, which strongly vary in different parts of the 

estuary. . 

 Do A^PEOform a potential environmental risk to the Dutch coastal zone? 

Off the compounds investigated in this thesis, nonylphenol has the highest toxicity (at equal 

concentrations)) both for the general narcosis and endocrine disruption endpoints (see figure 

1.3,, general introduction). For the A9PEC metabolite group, LC50 values range from 1000 

too 17000 ug L~l, which signifies a toxicity about an order of magnitude less than that of 

A9PEOO [24]. The toxicological importance of CAPEC is probably not very high, as the 

compoundss are very polar and water soluble, and will probably not bioaccumulate. No 

actuall toxicological data for CAPEC are available yet. 

Recently,, Maximum Permissible Concentrations (MPC) in water and sediments for 

A9PEO12,, A9PE03.8, A9PEO>8, A9PE, 2C and NP have been proposed for the Netherlands by 

RIVM,, as shown in table 8.1 [25]. The current field results show that at some locations in 

thee Rhine and Scheldt estuaries, these target concentrations are exceeded in water and 

sediments.. However, the maximum estuarine concentrations observed in our studies remain 

beloww levels at which endocrine disruption or other toxic effects may occur (threshold level 

forr vitellogenin induction is 10 ug L~' for NP, an order of magnitude higher for A9PEO 

[26]).[26]).  In the coastal zone, A9PEO are sometimes present at relatively high dissolved 

concentrationss at the water surface, for example in the shipping route to and from the Rhine 

estuaryy (Maasgeul). These concentrations exceed MPC values by far. However, also in these 

casess concentrations are below levels at which endocrine disruption or other toxic effects 

couldd be expected. 

InIn other studies, endocrine disruptive effects have been observed in the form of vitellogenin 

inductionn in the Scheldt estuary [27]. While A9PEO concentrations were below levels at 

whichh these effects could be expected, apparently the cumulated effects of A9PEO, NP and 

otherr endocrine disruptors present in those surface waters, could still cause endocrine 

disruptionn to occur in Dutch surface waters. 

Organismss are especially sensitive to endocrine disruptive effects in their larval/embryonal 

stadium.. As certain fish species produce eggs which float at the water surface, these 

organismss may be at increased risk of endocrine effects caused by surface active compounds 

suchh as APEO [28]. 
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Tablee 8.1: Proposed Maximum Permissible Concentrations (MPC) for A9PEO and metabolites 

forr the Netherlands [25\, and maximum observed concentrations in the Dutch estuaries and 

coastall zone (this thesis). _ _ _ ^ _ _ 
compound d 

A9PEOi,2 2 

A9PE03.8 8 
NP P 
A9PE1i2C C 

MPCin n 
water r 
(M99 L-1) 

0.12 2 

14 4 

0.33 3 

1.0 0 

maximum m 
observed d 
concentrationn in 
waterr (ug L"1) 

1.0a a 

35c* * 

1.7d d 

9.2a a 

factorr by 
whichh MPC 
is s 
exceeded d 

8 8 

2.5 5 

5 5 

9 9 

MPCin n 
sediment t 
(ugg g"1 dry 
weight) ) 

0.15 5 

4.5 5 
0.105 5 

0.086 6 

maximum m 
observed d 
concentrationn in 
sedimentt (ug g"1 

dryy weight) 

0.16b b 

7.3b* * 

1.08e e 

0.17' ' 

factorr by 
which h 
MPCis s 
exceeded d 

1.1 1 

1.6 6 

10 0 

2 2 

a:: Scheldt, near Antwerp (1999);b: North Sea, location N1 (2000);c: North Sea, location R2 (1999); d: 
Northh Sea, location SW5 (1999); e: Scheldt, location S10 (1999); f: Scheldt, location SCs (2000); *: 
valuee for A9PEO3.15. Long chain oligomers (A9PEO8-15) constitute only a minor fraction of the total. 

Fromm table 8.1 it is clear that concentrations of A9PEO and metabolites exceed the MPC at a 
numberr of locations in the Dutch estuarine and marine environment. Therefore, a potential 
environmentall risk is present, and action should be taken to reduce emissions of these 
compoundss to the environment. 

Withh the new EU Directive on the restrictions of the use of NP and APEO [29], the 
voluntaryy ban on A9PEO in household cleaning agents in the Netherlands [30]  will be 
expandedd to many industrial detergents and other applications. As a result, the 
environmentall presence of A9PEO is expected to decrease. The A9PEO concentrations 
upstreamm of the Scheldt estuary, which were the highest observed in the Dutch estuarine 
environment,, indicate that international regulations on a catchment level are indeed 
necessary. . 
Iff policy initiatives regarding A9PEO in the Dutch coastal zone will be taken in the future, it 
iss advised to specifically include regulations on waste water discharges from ships at open 
seaa and offshore platforms. This would only be possible through international regulations, 
issuedd by organizations such as the Oslo Paris Convention (OSPAR), European Union or 
thee International Maritime Organization (IMO). 
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8.2.. Conclusion s 

Thee answers to the research questions of this thesis, as provided in the general discussion, 
cann be summarized in the following conclusions: 

•• LC-MS is a suitable method for the analysis of A9PEO in environmental samples. Several 
adductt signals per oligomer are observed. This formation of adducts can partly be explained 
byy the relative stabilities of adducts as calculated by molecular dynamics. 

•• A reliable quantification of A9PEO in environmental samples is possible with 
commerciallyy available standards, despite the formation of different types of adducts during 
LC-MSS analysis. A separate quantification of A9PEO1 andd A9PE02 is necessary, due to the 
relativelyy low response of short chain A9PEO oligomers. 

•• The degradation of A9PEO in surface water occurs relatively fast in laboratory 
experiments.. The main metabolites are A9PEC, CAPEC and A9PE02. Of these metabolites, 
AQPE2CC is the most persistent, but all metabolites are eventually further degraded. The 
formationn of NP out of A9PEO does not occur under the test conditions. 

•• In the Rhine and Scheldt estuaries, the main biodegradation route of A9PEO in water is the 
oxidativee hydrolytic pathway. In the Dutch coastal zone, both the oxidative and 
nonoxidativee hydrolytic degradation occurs. Biodegradation of A9PEO in sediments, if 
occurring,, seems to follow the nonoxidative hydrolytic pathway. 

•• Degradation is the main process governing the fate of A9PEO in the aquatic environment. 
Metabolitess are often present at higher concentrations than the surfactant itself. Sorption 
doess occur for A9PEO and NP, as these compounds are detected in most fresh, estuarine and 
marinee sediments and suspended particulate material samples. 

•• Due to the surface active properties of A9PEO, dissolved concentrations are often an order 
off magnitude higher at the water surface than at several meters depth. 

•• Spatial profiles of A9PEO and metabolites in the Dutch coastal zone differ for sediment 
andd water. Sediments show relatively high concentrations close to the shore. These 
concentrationss decrease rapidly with distance from shore. The water compartment shows 
relativelyy low concentrations close to the shore, while concentrations in offshore samples 
aree often higher. 
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•• Maximum estuarine and marine dissolved concentrations of A9PEO are found in the 
upstreamm part of the Scheldt estuary, and in the coastal zone at 30-70 km from the shore. 
Thesee relatively high marine concentrations coincide with the main shipping routes in the 
Dutchh coastal zone. 

•• The main sources of A9PEO to the Dutch coastal zone are different for sediment and 
water.. For sediments, the main sources are the Scheldt and Rhine estuary, the North Sea 
Canal,, the harbour dredge dump site near Noordwij k and in some cases production 
platforms.. In the water phase, A9PEO mainly originates from off shore sources, e.g. 
shippingg activities. 

•• In the Dutch estuarine and marine waters and sediments, concentrations of A9PEO and 
theirr metabolites are in several cases above Maximum Permissible Concentrations. 

•• A hydrodynamic fate model was able to describe the behaviour of A9PEO and its 
metabolitess in two Dutch estuaries. Satisfactory model fits were obtained for the dissolved 
concentrationn profiles. From the model, biodegradation constants of A9PEO and metabolites 
inn the field were derived, which were in agreement with values from literature. 

8.3.. Recommendation s 

Ass a starting point for further research on surfactants in the aquatic environment, the 
followingg issues deserve attention in the future: 

•• The current results indicate shipping as a relevant source of A9PEO to the marine 
environment,, while in the Rhine estuary, the Rotterdam harbours were identified as an 
additionall source. Further investigation of the importance of these sources is desirable. An 
inventoryy should be made of exactly which cleaning agents and other surfactants are used in 
shippingg activities. In addition, field studies in which the main shipping lanes of the Dutch 
coastall zone (and other intensively used shipping lanes) are extensively sampled should be 
performed. . 

•• As the results of this thesis indicate that dissolved A9PEO is vertically stratified in the 
waterr column, the surface microlayer of the water deserves specific attention in the 
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investigationn of all surface active compounds. The potential risk of A9PEO to organisms 
dwellingg at the surface microlayer (especially in juvenile life-stages) should be re-evaluated. 

•• The validity of aquatic toxicity tests of surface active compounds should be investigated, 
ass it is possible that in experimental set ups a stratification of the analytes is present as well, 
whichh would lead to incorrect determinations of the concentration. The difference in scale 
betweenn an estuarine ecosystem and a laboratory aquarium may result in stratifications 
whichh are quite different for the two systems. Additional processes such as the movement of 
thee organisms during the toxicity tests may disturb the possible stratification of analyte 
concentrations. . 

•• Surfactants will often be present in the environment in combination with a number of 
otherr contaminants (e.g. during their application as oil spill dispersants). Due to their 
surfacee active properties, the surfactants may increase the solubility of apolar contaminants, 
therebyy increasing their bioavailability and possibly the uptake by organisms. This 
interactionn between surfactants and apolar contaminants should be studied further. 

•• Further toxicity data is needed for the A9PEC metabolites. During risk assessment, the 
currentt incomplete toxicity data set leads to relatively large safety factors, resulting in 
relativelyy low Maximum Permissible Concentration values. Possibly, the MPC could be 
adjustedd when more toxicity data is available. 

•• The results in this thesis show that the current state of the art of analytical chemistry 
permitss detailed studies of the environmental fate of polar contaminants. Further studies 
couldd focus on other polar contaminants in the Dutch aquatic environment, such as other 
surfactants,, pharmaceuticals or perfluorinated compounds. 
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Summary Summary 

Summar y y 
II ntroductio n 

Thee present study focuses on the environmental occurrence and fate of the nonionic 
surfactantss nonylphenol ethoxylates (A9PEO) and their metabolites (see figure 1). These are 
surfacee active agents widely used in many applications such as industrial cleaning agents, 
emulsifierss or wetting agents. 
Surfactantt molecules such as A9PEO have a hydrophobic part (the alkyl chain) and a 
hydrophilicc part (the ethoxylate chain). This is the reason why they tend to accumulate at 
thee interface between hydrophobic and hydrophilic phases, which is the key characteristic 
usedd in all applications of surfactants. This is also the reason why their chemical analysis as 
welll as their environmental behaviour differs from 'classical' contaminants such as dioxins 
orr polycyclic aromatic hydrocarbons (PAHs). 
Duee to their high production volumes and relatively high toxicity, these compounds are of 
environmentall relevance. In addition, some of their possible metabolites (nonylphenol, 
nonylphenoll monoethoxylate (A9PEO1) and nonylphenol diethoxylate (A9PE02)) are known 
too be endocrine disrupters (causing adverse effects on the sexual development or 
reproductivee systems of organisms). A number of reports appeared in recent years which 
suggestedd that some of these metabolites (breakdown products) of A9PEO may be more 
harmfull to the environment than the surfactant itself. 
Thee environmental occurrence of A9PEO in both the water and sediment phase has been 
reportedd in a number of scientific publications, and in several cases Maximum Permissible 
Concentrationss are exceeded. 
Forr these reasons, research projects were funded by the European Union (project 
PRISTINE)) and the Dutch National Institute for Coastal and Marine Management (RIKZ, 
projectt SURTRANS) to investigate the environmental behaviour of surfactants and their 
metabolitess in detail, and to estimate their potential risk to the European and Dutch aquatic 
environment.. The work described in this thesis was part of both of these projects. 
Inn this thesis, A9PEO and their metabolites were investigated using a combination of 
laboratoryy experiments, sampling in the field, and fate modeling. The general objective was 
too extend the knowledge of the possible sources, the behaviour, and the fate of A9PEO in the 
aquaticc environment. 
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Figuree 1: Structures of the alkylphenol ethoxylate (A9PEOn) surfactant and three possible 
metabolites:: nonylphenol (NP), alkylphenoxy ethoxy acetic acid (A9PEnC) and carboxy 
alkylphenoxyy ethoxy acetic acid (CA9PEnC). The ethoxylate chain of A9PEO can have one to 
aboutt 20 units (n=1-20). In all figures only one alkyl isomer is shown, but many are possible. 
Alll compound groups always exist of mixtures of ethoxylate chain lengths and alkyl isomers. 
Forr CAPEC, the alkyl chain can also be shortened. 

Ass chemical analytical methods play an important role throughout this study, the analysis of 

A9PEOO using liquid chromatography - mass spectrometry (LC-MS) was investigated in 

detaill (chapter 2). Several types of signals which were observed were studied using 

molecularr dynamics calculations, and the consequences for the quantification of A9PEO in 

environmentall samples were investigated. 

Further,, a study was conducted focusing on the aerobic biodegradation of A9PEO in 

freshwaterr (chapter 3). New metabolites could be identified and a biodegradation route was 

proposed. . 

Relativelyy few data are available on the occurrence of A9PEO in saline aquatic 

environments.. Therefore, field studies were performed in the Scheldt and Rhine estuaries 

(chapterr 5) as well as in the Dutch coastal zone (chapter 6). The spatial distribution of 

A9PEOO and metabolites gave insight into the main sources of A9PEO to the Dutch coastal 

zone. . 
Finally,, a fate model was applied to determine which are the main processes governing the 

fatee of A9PEO in the Dutch Scheldt and Rhine estuaries (chapter 7). 
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Summary Summary 

LC-MSS analysis of A9PEO 

AdductAdduct formation 

Thee chemical analysis of A9PEO is relatively complicated because these compounds exist as 

mixturess of oligomers with varying alkyl isomers and ethoxylate (EO) chain lengths. 

AA very suitable analytical method for these polar, nonvolatile compounds is liquid 

chromatographyy - mass spectrometry (LC-MS). In LC-MS analysis, A9PEO are detected as 

adductt ions (a positively charged complex including a metal ion). 

Inn chapter 2, these adduct formation processes were studied in detail. The electrospray 

interfacee was used, and the influence of a number of analytical conditions on adduct 

formationn was investigated, including the mobile phase solvent, mobile phase buffer, LC-

columnn type and ionization mode. 

Forr the different A9PEO oligomers, strong differences in adduct formation behaviour were 

found.. With our 'base method' (using sodium acetate 

andd methanol in the mobile phase, a reversed phase 

columnn and electrospray ionization in positive 

mode),, several types of adduct were formed for 

manyy of the oligomers. Besides common sodium 

adductss [A9PEOn+Na]+, surfactant dimer adducts 

[2xA9PEO,+Na]++ and [2xA9PE02+Na]+ and adducts 

includingg a solvent molecule [A9PEOi+MeOH+Na]+ 

andd [A9PE02+MeOH+ Na]+ were formed for short 

chainn oligomers, while for long chain oligomers 

doublyy charged adducts [A9PEO>u+2><Na]2+ were 

found. . 

Inn order to explain some of these adduct formation 

phenomena,, the theoretical stabilities of some 

adductss were calculated with molecular dynamics 

computerr simulations. A comparison was made 

betweenn the stabilities of monomer and dimer 

adductss of A9PE02 and A9PEO5. The calculations 

resultedd in energetically optimized three-dimensional 

structuress of the adducts (lowest energy conformers), 

whichh showed that the A9PEOn molecule wraps itself 

aroundd the sodium ion in a way that negative 

electronicc charges on oxygen have optimum 

electrostaticc interaction with this ion (see figure 2). 

Figuree 2: Orientation of two 
A9PEO22 oligomers around a 
sodiumm ion: [2xA9PE02+Na]+. 
Oxygenn atoms (small dark) are 
coordinatedd around the sodium 
atomm (large dark). 
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Vann der Waals interactions between alkyl chains are of less importance for the stability of 

thesee adducts. Both [2xA9PE02+Na]+ and [2xA9PE05+Naj+ dimer and [A9PE02+Na]+ and 

[A9PE05+Na]++ monomer adducts turned out to be stable from an energetic point of view 

withh adducts of A9PE05 being more stable than adducts of A9PE02. For the monomer 

adductss this is in agreement with the responses observed in LC-MS analysis, but for the 

dimerr adducts this is only partially in agreement, as the signal of [2xA9PE05+Na]+ is not 

observedd at all in LC-MS analysis, while the [2xA9PE02+Na]+ signal is. 

QuantitativeQuantitative analysis 

Thee m/z values of the dimer [2*A9PEO,+Na]+ and [2*A9PE02+Na]+ and disodium 

[A9PEO>n+2xNa]2++ adducts happen to be equal to the sodium adducts of some other 

A9PEOO oligomers (e.g. [2xA9PE02+Na]+ and [A9PE09+Na]+ both have m/z - 639). 

Therefore,, the consequences of this signal overlap for the quantitative analysis of 

environmentall samples were evaluated. It was found that in clean samples, the presence of 

A9PEOU22 can cause an overestimation of long-chain A9PEO>2. In real environmental 

extracts,, other processes such as matrix effects have a stronger influence on the quantitative 

result,, and therefore no significant influence of adduct formation processes could be 

observed. . 
Thee inclusion of [A9PEO,+MeOH+Na]+ and [A9PE02+MeOH+Na]+ adduct signals in the 

Selectedd Ion Monitoring (SIM) mode significantly improves the detection limits of these 

twoo short chain oligomers. 

Thee quantitative analysis of A9PEO was further studied by comparing A9PEO calibration 

mixturess with different oligomer compositions. It was found that regardless of the exact 

A9PEOO composition of the standard, correct quantitative results are obtained as long as 

A9PEOii and A9PE02 are quantified separately. Longer oligomers must be quantified with a 

molarr calibration followed by correction of the average molar weight of the A9PEO>2 in the 

sample. . 

Aerobi cc biodegradatio n of A9PEO 

Thee aerobic biodegradation of A9PEO was investigated in laboratory studies as described in 

chapterr 3. For these experiments a laboratory scale bioreactor (see figure 4) was filled with 

aeratedd water from the river Rhine, and spiked with an A9PEO mixture. Samples were taken 

dailyy and extracted by Solid Phase Extraction (SPE). Using LC-MS analysis in positive and 

negativee mode, concentrations of A9PEO and metabolites were quantified. 

218 8 



Summary Summary 

Figuree 3: 
Mainz. . 

Thee river Rhine near 

AA relatively fast primary degradation of A9PEO was 

observed,, with >99% degradation after 4 days. No lag 

phasee was observed, indicating that no acclimatization 

off the micro-organisms was necessary. This may be 

explainedd by the fact that the microbial community in 

thee river Rhine is continually exposed to A9PEO. 

Ann oxidative hydrolytic degradation mechanism was 

observed,, with the initiating step of the degradation 

beingg co-carboxylation of the individual ethoxylate 

chains.. This resulted in the accumulation of 

metabolitess having long carboxylated EO-chains with 

chainn lengths of 1 to 15 (alkylphenoxy ethoxy acetic 

acids,, A9PEC (see figure 1)). Further degradation 

proceededd more slowly. Gradually, the carboxylated 

EOO chain is shortened, with the A9PE2C oligomer 

beingg formed in the highest abundance. At the same 

time,, further oxidation of the A9PEC metabolites occurs, leading to metabolites having both 

aa carboxylated ethoxylate and alkyl chain of varying lengths (CAPEC, see figure 1). The 

identityy of the CAPEC metabolites was confirmed by the fragmentation pattern obtained 

withh LC-ESI-MS/MS. 

AfterAfter 20 days, around 90% of the metabolites 

hadd been further degraded, but low 

concentrationss of both A9PEC and CAPEC 

metabolitess were still present in the 

bioreactorr after 30 days. 

Duringg the experiment, A9PE02 was formed 

onlyy to a minor extent and was further 

degradedd in several days. This indicates that 

thee nonoxidative hydrolytic degradation 

pathwayy is of minor importance under these 

conditions.. No accumulation of the endocrine 

disrupterr nonylphenol was observed in this 

study. . 

Thee mass balance in the study was 

incomplete,, and therefore it is possible that additional metabolites which were too polar for 

extractionn by Ci8-SPE or non detectable by LC-MS were formed. Alternatively, a large 

fractionn of the A9PEO may have been mineralized without the accumulation of any 

metabolites. . 

''.''. >—»valve for sampling 

carrierr material with 
accumulated d 
biofilmm ('bioreactor') 

« « 
pump p 

storagee tank 
withh 10 L 
Rhinee water 

Figuree 4: Experimental setup 
biodegradationn experiments. 

forr the 
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Literatur ee stud y on the occurrenc e of nonioni c surfactant s in marin e 
andd estuarin e environment s 

Inn chapter 4, the literature on the behaviour of nonionic surfactants in saline environments is 
reviewed.. The field data available on surfactants in marine and estuarine environments is 
considerablyy less than for freshwater. 
Inn general, dissolved concentrations of A9PEO in estuaries are an order of magnitude lower 
thann those in freshwater. However, in some cases local sources in the estuary lead to high 
surfactantt concentrations. Local 'hot spots' with dissolved concentrations exceeding 10 fxg 
L"11 were present in some English estuaries, and at some locations close to the shore in the 
Mediterraneann coast of Spain as well as Israel. Land-based sources (industry, waste water 
effluentss or river water containing high concentrations of A9PEO) could be identified in 
eachh case. 
Inn stratified estuaries, A9PEO have been reported to accumulate at the two phase boundaries 
off air-water and freshwater-saline water, resulting in a complex vertical distribution profile 
inn the water column. 
Biodegradationn of A9PEO is an important process in saline waters, although degradation 
ratess are lower than in freshwater. When A9PEO have entered the sediment, degradation 
proceedss very slowly. 
Fromm the literature overview it was concluded that the processes dominating the 
environmentall fate of nonionic surfactants in estuaries are biodegradation in the water 
columnn and sorption/sedimentation. For the relatively volatile NP, volatilisation may also 
playy a significant role. 

Fieldd studie s on the occurrenc e of A9PEO and thei r metabolite s in 
th ee Dutc h aquati c environmen t 

Extensivee field studies were conducted in the Dutch estuarine and coastal environment, in 
whichh A9PEO and metabolites were analyzed in water, suspended particulate material 
(SPM)) and sediment. The objective of these studies was to obtain insight into the main 
sourcess of A9PEO to the Dutch estuarine and coastal environment, as well as to determine 
whichh are the main processes governing the fate of A9PEO in these areas. 
Filteredd water samples were extracted using Solid Phase Extraction (SPE), while for 
sedimentss and SPM, sample extraction was performed with Soxhlet extraction methods. 
Analysess were performed by LC-ESI-MS. 
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Summary Summary 

DutchDutch estuaries 
Inn several sampling campaigns in the Dutch Scheldt and Rhine estuaries, water was sampled 
alongg the estuary at certain salinity intervals, while sediments were collected at fixed 
locations.. This study is described in chapter 5. 
Inn the Scheldt estuary, dissolved concentrations were highest upstream near Antwerp 
(maximumm dissolved concentration of A9PEO 2.3 ug L" ), while in the Rhine estuary, the 
highestt concentrations were observed halfway in the estuary near the Rotterdam harbours. 
Att several locations in both estuaries, concentrations are above the Maximum Permissible 
Concentrationss (MPC) proposed for The Netherlands. 
Thee A9PEi.gC metabolites which had been found in the laboratory experiments were also 
foundd in the field samples. In most cases, dissolved A9PEC concentrations were higher than 
thosee of A9PEO. 

Figuree 5: Dissolved 
concentrationss of 
A9PEOO and 
metabolitess (log scale) 
alongg the Scheldt 
estuary.. The solid line 
iss AgPEO, broken 
liness are metabolites. 
Thee concentration 
decreasee when going 
downstreamm is 
strongerr for A9PEO 
thann for many 
metabolites. . 

Thee dilution of river water with sea water could be described using the salinity profile of the 
water.. By comparing the A9PEO concentration profiles with these salinity profiles, it was 
observedd that in the Scheldt estuary, dissolved concentrations decreased more sharply than 
couldd be explained by simple dilution of the river water (non-conservative behaviour). This 
decreasee was less sharp for the A9PEC metabolites (see figure 5). The increasing 
concentrationn ratio of A9PEC/A9PEO when going downstream in the Scheldt estuary 
illustratess the important role that the oxidative hydrolytic degradation pathway plays in the 
estuarinee fate of these compounds. At high salinities, where concentrations dropped to 
backgroundd levels of around 50 ng L" , the A9PEC/A9PEO ratio decreased to about unity. 
Thee A9PEO oligomer distribution remained constant throughout both estuaries, indicating 
thatt degradation by nonoxidative shortening of the EO chain does not occur to a high 
degree. . 
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Forr the Rhine estuary, the water concentration profiles were less pronounced, and no clear 

trendd in A9PEC/A9PEO ratios was observed. The relatively short residence time of the water 

(severall days in the Rhine estuary compared to 3 months in the Scheldt estuary) is 

apparentlyy too short for significant biodegradation to occur. In addition, in the vertically 

stratifiedd Rhine estuary more complicated and turbulent water flows could possibly disturb 

anyy longitudinal concentration profiles. Finally, significant point sources may be present in 

thiss area, such as the Rotterdam harbours. 

Ann additional sampling campaign in the Rhine estuary confirmed that dissolved A9PEO is 

verticallyy stratified in both the freshwater and saline part of the estuary, with concentrations 

beingg 1.5 to 4 times higher at the water surface than at several meters depth. 

Inn almost all of the sediments of both estuaries, A9PEO and NP were detected. In about half 

off the sediment samples, concentrations of A9PEC were below the detection limit. 

Relativelyy high concentrations of A9PEO and NP in sediment were observed near possible 

sourcess such as the Antwerp and Vlissingen harbours. 

Metabolitess of the carboxy alkylphenoxy ethoxy acetic acids (CAPEC) type have not been 

detectedd in any of the sediment or water samples. 

NorthNorth Sea 

Chapterr 6 of this thesis describes the 

resultss of two large sampling 

campaignss performed in the Dutch 

coastall zone of the North Sea. 

Samplingg locations were chosen along 

transectss starting at possible sources of 

A9PEO,, such as freshwater discharges 

(e.g.. Rhine and Scheldt) and 

productionn platforms. 

Inn sediments, relatively high concen

trationss of A9PEO and NP were 

observedd near the shore, with 

maximumm concentrations of 277 and 

866 ng g~' d.w., respectively. These concentrations rapidly decreased with distance from the 

shoree until below 50 ng g"1 at about 10 km offshore. From the spatial distribution of A9PEO 

inn sediments, the main routes of A9PEO to sediments in the Dutch coastal zone were 

identifiedd as the Rhine and Scheldt estuaries, dump sites for harbour dredge and in some 

casess production platforms. These sources have only a limited spatial influence, as the 

concentrationss in sediments drop to almost the open sea background levels at 10 km from 

thee source. 

Figuree 6: Research ship 'Mitra' of the Directorate 
Northh Sea of the Dutch Ministry of Transport, 
Publicc Works and Water Management. 
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Summary Summary 

Concentrationss of A9PEO in water showed a different spatial profile. In one of the two 
samplingg campaigns, unusually high dissolved A9PEO concentrations were observed at a 
numberr of off shore locations. These locations coincide with the main shipping lanes in the 
Dutchh coastal zone. No trend of decreasing dissolved concentrations with distance from the 
shoree was observed, which suggests that the main sources of A9PEO to the marine water are 
att sea and not freshwater or land based. The intensive shipping activities in the Dutch 
coastall zone would be a likely source of A9PEO. At present, no specific legislation exists on 
thee discharge of surfactants from ships during e.g. cleaning activities. 
Att several locations in the Dutch coastal zone, dissolved concentrations exceeded proposed 
Maximumm Permissible Concentrations. Concentrations in sediment exceeded the MPC only 
att one location (inside the North Sea canal). 

Ann additional sampling exercise was performed to compare different types of water 
sampling.. It was found that in all types of samples taken at the water surface, A9PEO 
concentrationss were about an order of magnitude higher than in the samples collected from 
severall meters depth. This indicates that in the Dutch coastal zone a vertical stratification of 
A9PEOO in the water column is present, probably caused by the surface active properties of 
thee surfactant. 
Bothh the oxidative and non-oxidative hydrolytic biodegradation mechanisms occur in the 
Dutchh coastal zone. However, concentration ratios of metabolite to A9PEO are lower in the 
coastall zone than in the estuaries, indicating that the extent of biodegradation is lower in the 
coastall zone. This difference is highest for the A9PEC/A9PEO ratios, indicating that in the 
marinee environment the oxidative degradation route is less important than in the adjacent 
Scheldtt and Rhine estuaries. 

Fatee mode l for A9PEO in estuarie s 

Inn order to gain a more quantitative insight into the main processes determining the fate of 
A9PEOO in the Dutch Scheldt and Rhine estuaries, their behaviour in these areas was 
simulatedd using a fate model. This study is described in chapter 7. 
Thee shape of the estuaries was taken into account by dividing them in a number of segments 
off known actual sizes. Then the hydrodynamic behaviour of the water was modeled by 
optimizingg the exchange between the segments using the observed salinity profile along the 
estuary.. This type of model is called a hydrodynamic advection-dispersion fate model. As it 
wass known that the water column in the Rhine estuary is vertically stratified, each segment 
inn this estuary was divided into a surface and bottom layer. 
Sincee the actual concentrations of both A9PEO and their metabolites were known, 
biodegradationn processes were incorporated into the model, which could be validated using 
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bothh the concentration profiles of the surfactants and their metabolites. Biodegradation rate 

constantss of the consecutive reactions A9PEO —> A Q P E ^ C —*  A9PE]2C were fitted to the 

actuall concentration profiles, yielding a quantitative estimation of the biodegradability of 

thesee compounds in the field. 

InIn addition, sorption of A9PEO and metabolites to SPM and exchange of the SPM with 

sedimentt (sedimentation/erosion) were incorporated into the model. Sorption coefficients as 

determinedd from the actual field data were used. 

Thee measured dissolved concentration profiles as well as salinity and concentrations of 

SPMM could be successfully described by the model. The concentrations in SPM and 

sedimentt calculated by the model were of the same order of magnitude as the actual 

concentrations. . 

Inn the Rhine estuary, the concentration profiles could only be described correctly when 

additionall sources of A9PEO in the middle of the estuary were introduced into the model. 

Thiss suggests that in this region the Rhine estuary receives significant input of A9PEO, 

probablyy from the Rotterdam harbours as well as the river Oude Maas. 

Thee biodegradation rate constants derived from the optimization of the model were in 

agreementt with values reported in literature. For the Scheldt estuary, the fit of the model 

couldd be further improved by using salinity dependent biodegradation rates (higher rates at 

lowerr salinities). 

AA sensitivity analysis of the models showed that in the Scheldt estuary, the environmental 

processs with the strongest influence on the dissolved concentration profiles is 

biodegradation.. In the Rhine estuary, the dissolved concentration profiles were mainly 

influencedd by the additional A9PEO sources. 

Finall  remark s 

Thee research presented in this thesis shows that the present state of the art in analytical 

chemistryy allows detailed investigations into the behaviour of polar contaminants in the 

environment.. Reliable quantitative analysis is possible for the relatively complex A9PEO 

mixturess and their metabolites. 

AA number of metabolites which were found in laboratory biodegradation studies were also 

foundd in relevant concentrations in the Dutch estuarine and marine environment. From the 

fieldfield data, biodegradation processes of A9PEO could be shown to occur in the Scheldt 

estuary.. Biodegradation rates, estimated using a fate model, were in accordance with 

literaturee values. 
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Summary Summary 

Importantt sources of A9PEO to sediment in the Dutch coastal zone include the Scheldt and 
Rhinee discharges, the dump site for harbour dredge and production platforms. For A9PEO in 
thee water phase, off shore sources such as shipping activities are important. 
Concentrationss are in some cases above the proposed Dutch Maximum Permissible 
Concentrations,, and therefore regulatory action should be taken to reduce the load of 
A9PEOO to the environment. 
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Samenvatting Samenvatting 

Samenvattin g g 
II ntroducti e 

Inn dit proefschrift wordt het milieugedrag onderzocht van een groep stoffen genaamd 
nonylfenoll ethoxylaten (afkorting A9PEO) en hun metabolieten (biologische 
afbraakproduktenn (zie figuur 1)). Deze stoffen zijn surfactanten (een afkorting voor surface 
activee agents). Dit betekent dat het oppervlakte actieve stoffen zijn, oftewel stoffen die de 
neigingg hebben aan de grenslaag tussen twee fasen op te hopen (bijv. de grens water-lucht 
off water-vet), en daarmee de oppervlaktespanning van de waterfase te verlagen. Dankzij 
dezee eigenschap zijn de stoffen zeer geschikt voor vele toepassingen, zoals 
schoonmaakmiddell (de surfactant maakt vettige deeltjes beter wateroplosbaar) en emulgator 
(doorr de surfactant aan verf toe te voegen mengen de olie- en waterachtige bestanddelen 
beter). . 
Dezee stoffen zijn surfactanten doordat hun moleculen een waterminnende (hydrofiele) kant 
enn een waterafstotende (hydrofobe) kant hebben (zie figuur 1). Door deze eigenschap 
verschiltt het gedrag van surfactanten in het milieu van dat van andere milieucontaminanten 
diee vaak onderzocht zijn, zoals dioxines en polychloor bifenylen (PCBs), die geheel 
hydrofoobb zijn. 
Omdatt A9PEO in grote hoeveelheden worden geproduceerd (wereldwijd ongeveer 700.000 
tonn per jaar) en een relatief hoge giftigheid hebben, zijn het belangrijke 
milieucontaminantenn (stoffen waarvan de milieuconcentratie door menselijk handelen 
verhoogdd is). Een ander belangrijk effect van deze stoffen is dat sommige van hun 
metabolietenn (biologische afbraakprodukten), waaronder nonylfenol, nonylfenol mono-
ethoxylaatt (A9PEO1) en nonylfenol di-ethoxylaat (A9PEO2) hormoonverstorende stoffen 
zijnn (ze veroorzaken negatieve effecten op de sexuele ontwikkeling of reproductiesystemen 
vann organismen). In een aantal wetenschappelijke publicaties wordt zelfs gesteld dat deze 
metabolietenn schadelijker zijn dan A9PEO zelf. 

Dee aanwezigheid van A9PEO en metabolieten in het milieu in zowel de water- als de 
sedimentfasee is gerapporteerd in vele publicaties, en in meerdere gevallen zijn concentraties 
bovenn het voorgestelde doel: de Maximaal Toelaatbare Risiconiveau's (MTR). 
Omm deze redenen hebben de Europese Unie en Rijkswaterstaat (Rijksinstituut voor Kust en 
Zee,, RIKZ) projecten gefinancierd waarin het milieugedrag van surfactanten en hun 
metabolietenn in detail bestudeerd wordt, en waarin het potentiële risico van deze stoffen 
voorr de Europese/Nederlandse wateren wordt geschat. Het onderzoek beschreven in dit 
proefschriftt was onderdeel van deze projecten. 

Hett algemene doel van dit onderzoek was het vergroten van de kennis van de mogelijke 
bronnen,, het gedrag en de lotgevallen (Engels: fate) van A9PEO in het aquatische milieu. 
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Anderss gezegd, was de vraag: waar komen deze stoffen vandaan en wat gebeurt er met ze in 
hett milieu? Om deze vraag te beantwoorden werd een combinatie van studies uitgevoerd, 
bestaandee uit laboratorium-experimenten, monstername in het milieu, en de toepassing van 
eenn computer-lotgevallenmodel. 

ethoxylaat-keten n 

H(OCH 2CH 2 ) nO' ' 

TT I^PEO n (n=1-20) 

hydrofielee deel 

hydrofobee deel 

HO O 
/ C-CH 2 -0 - (OCH 2 CH 2 ) n . 1 1 

A<,PEnC C 

O O 

w w 
HO O 

/C-CH 2 -0- (OCH 2CH 2 ) n , 10 0 

COOH H 

CA3PEnC C 

Figuurr 1: Structuren van nonylfenol ethoxylaten (A9PEOn) en drie mogelijke metabolieten: 
nonylfenoll (NP), alkylfenoxy ethoxy azijnzuur (A9PEnC) en carboxy alkylfenoxy ethoxy 
azijnzuurr (CA9PEnC) (in de getekende koolstofskeletten staat elk hoekpunt voor een 
koolstofatoomm met waterstofatomen eraan). De ethoxylaat-keten van A9PEO kan bestaan uit 
éénn tot 20 eenheden (n=1-20). De getoonde stofgroepen bestaan uit mengsels van nonyl-
isomerenn en ethoxylaat-ketenlengtes. 

Aangezienn chemische analysemethoden een belangrijke rol spelen in alle onderdelen van 
dezee studie, is de analyse van A9PEO met vloeistofchromatografie gekoppeld aan 
massaspectrometriee (LC-MS) uitgebreid bestudeerd (hoofdstuk 2). Een aantal van de 
signalenn die waren waargenomen met deze meettechniek werd verder onderzocht in 
moleculairee dynamica computersimulaties. Ook werden verschillende methodes voor de 
kwantitatievee bepaling van A9PEO in milieumonsters vergeleken. 
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Biologischee afbraak (door micro-organismen in het water) is een belangrijk proces voor veel 
stoffenn in het milieu. Aangezien over dit proces voor A9PEO nog niet voldoende bekend 
wass werden laboratoriumexperimenten uitgevoerd waarin de biologische afbraak van 
A9PEOO onder aerobe (zuurstofrijke) omstandigheden in rivierwater werd onderzocht. 
Hierbijj werden nieuwe metabolieten ontdekt en kon een chemische afbraakroute worden 
voorgesteldd (hoofdstuk 3). 
Overr de aanwezigheid van A9PEO in het zoutwatermilieu zijn weinig gegevens beschikbaar. 
Daaromm werd een aantal veldstudies uitgevoerd, in zowel de Westerschelde en het 
Rijnmondgebiedd (hoofdstuk 5) als in de Nederlandse kustzone (hoofdstuk 6). Uit de 
geografischee verspreiding van A9PEO en metabolieten kon worden afgeleid wat de 
belangrijkstee bronnen van A9PEO voor de Nederlandse kustzone zijn. 
Omm te bepalen wat de invloed van verschillende milieuprocessen op het gedrag van deze 
stoffenn is, werd met een computermodel het gedrag van deze stoffen in de Westerschelde en 
Rijnmondd gesimuleerd. Hierbij kon ook worden bepaald waar eventueel extra bronnen van 
A9PEOO aanwezig zijn. 

Analys ee van A9PEO met LC-MS 

Adductvorming Adductvorming 
Dee chemische analyse van A9PEO wordt gecompliceerd doordat deze stoffen voorkomen als 
mengselss met verschillende alkyl-isomeren en ethoxylaat (EO) ketenlengtes. 
Eenn zeer geschikte meetmethode voor deze polaire, niet-vluchtige stoffen is 
vloeistofchromatografie-massaspectrometriee (LC-MS). Een massaspectrometer kan alleen 
geladenn deeltjes detecteren, en daarom worden bij deze techniek de (van zichzelf ongeladen) 
A9PEOO gedetecteerd als adduct-ionen (een positief geladen complex met bijvoorbeeld een 
metaal-ion). . 
Inn hoofdstuk 2 worden deze adductvormingsprocessen in detail bestudeerd. Voor de 
ionisatiee werd een electrospray interface (ESI) gebruikt. De invloed van een aantal 
meetomstandighedenn op de adductvorming werd onderzocht, zoals de samenstelling van de 
mobielee fase, het type chromatografïsche kolom en de ionisatie-modus. 
Voorr A9PEO moleculen met verschillende ethoxylaat-ketenlengtes (oligomeren) werden 
grotee verschillen in adductvormingsgedrag gevonden. Met de "basismeetmethode" (met 
natriumm acetaat en methanol in de mobiele fase, een reversed phase kolom en positieve 
ionisatie),, werden voor de meeste oligomeren meerdere adduct-typen gevonden. Naast de 
gebruikelijkee natrium-adducten [A9PEOn+Na]+ werden ook dimeer-adducten 
[2xA9PEOi+Na]++ en [2xA9PE02+Na]+ en adducten met een oplosmiddel molecuul gevormd 
[A9PEO]+methanoH-Na]++ en [A9PE02+methanol+Na]+ gevormd voor korte oligomeren. 
Voorr lange oligomeren werden dubbel geladen [A9PEO>n+2xNa]2+ adducten gevonden. 
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Omm enkele van deze adductvormingsprocessen te 

verklaren,, werd de theoretische stabiliteit van enkele 

adductenn berekend met behulp van moleculaire 

dynamicaa computersimulaties. Een vergelijking werd 

gemaaktt tussen de stabiliteit van monomeer en 

dimeer-adductenn van A9PE02 en A9PE05. De 

berekeningenn resulteerden in energetisch 

geoptimaliseerdee driedimensionale structuren van de 

adductenn (zie figuur 2). Hieruit bleek dat het A9PEO 

molecuull zich zo om het natrium ion oriënteert dat 

dee negatieve ladingen op de zuurstofatomen een 

optimalee interactie (aantrekking) hebben met het 

positievee natrium ion. Van der Waals interacties 

tussenn alkylstaarten zijn van minder belang voor de 

stabiliteitt van deze adducten. Zowel de 

[2xA9PE02+Na]++ en [2xA9PE05+Na]+ dimeer als de 

[A9PE02+Na]++ en [A9PE05+Na]+ monomeer 

adductenn bleken energetisch stabiel te zijn. De 

adductenn van A9PE05 waren stabieler dan die van 

A9PE02 .. Voor de monomeer-adducten klopt dit met 

dee signalen geobserveerd met LC-MS, maar bij de 

dimeer-adductenn niet, aangezien het 

[2xA9PE05+Na]++ signaal niet geobserveerd wordt 

mett LC-MS, en het [2xA9PE02+Na]+ signaal wel. 

KwantitatieveKwantitatieve analyse 

Enkelee signalen van de dimeer [2xA9PEO+Na]+ en dinatrium [A9PEO+2xNa]+ adducten 

blijkenn te overlappen met natrium-adducten van andere oligomeren (zowel 

[2xA9PE02+Na]++ als [A9PE09+Na]+ geven bijvoorbeeld een signaal van m/z = 639). De 

consequentiess van deze overlap van signalen voor de kwantitatieve analyse de verschillende 

A9PEOO oligomeren in milieumonsters is onderzocht. Het bleek dat in schone monsters de 

aanwezigheidd van korte oligomeren A9PE01>2 kan leiden tot een overschatting van de 

concentratiee van lange A9PEO>2 oligomeren. In sterk vervuilde milieumonsters 

(bijvoorbeeldd havenslib) hebben de verstorende effecten van andere aanwezige stoffen 

(matrix-effecten)) een grotere invloed op het kwantitatieve resultaat, en in deze monsters 

werdd dan ook geen significante invloed van de overlappende signalen gevonden. 

Mett de detectie van enkele extra adduct-signalen voor A9PEOi en A9PE02 kon wel de 

detectielimiett (kleinste meetbare hoeveelheid) worden verbeterd. 

Figuurr 2: driedimensionale 
structuurr van een dimeer-adduct 
vann twee A9PE02 moleculen en 
eenn natrium ion: [2xA9PE02+Na]+. 
Zuurstofatomenn (klein, donker) zijn 
georiënteerdd rondom het natrium 
ionn (groot, donker). 
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Tott slot werd de kwantitatieve analyse ook bestudeerd door de calibratie met verschillende 
A9PEOO mengsels te vergelijken. Het bleek dat de preciese oligomeer-samenstelling van de 
standaardd niet uitmaakt, zolang de AQPEOJ en A9PE02 oligomeren met aparte standaarden 
wordenn gekwantificeerd. Voor langere oligomeren bleek dat een molaire calibratie optimaal 
resultaatt gaf, gevolgd door een correctie voor de gemiddelde molecuulmassa van de A9PEO 
inn het milieumonster. 

Biologischee afbraak van A9PEO 

Inn hoofdstuk 3 worden laboratoriumexperimenten 
beschrevenn waarin de biologische afbraak (biodegradatie) 
vann A9PEO onder aerobe (zuurstofrijke) omstandigheden 
wordtt onderzocht. In deze experimenten is gebruik 
gemaaktt van een bioreactor gevuld met water uit de Rijn 
(ziee figuur 3), waaraan een A9PEO mengsel werd 
toegevoegdd (zie figuur 4). Dagelijks werden monsters 
genomen,, die werden geëxtraheerd (meetklaar gemaakt) 
mett Solid Phase Extraction (SPE). De extracten werden 
gemetenn met LC-MS analyse, om de concentraties van 
A9PEOO en hun metabolieten te bepalen. 
Dee eerste afbraakstap van A9PEO begon direct, en verliep 
relatieff snel, met meer dan 99% degradatie na 4 dagen. 
Blijkbaarr hoefden de bacteriën in het water niet eerst aan 
dee toegevoegde stoffen te 'wennen'. Dit zou kunnen 
betekenenn dat de micro-organismen in Rijnwater normaal 
gesprokenn ook al worden blootgesteld aan A9PEO. 

Dee eerste stap in de afbraak is een oxidatie van de ethoxylaatketen, waarbij metabolieten 
mett een lange EO-keten ontstonden genaamd alkylfenoxy ethoxy azijnzuren (A9PEC, zie 
figuurr 1). De verdere afbraak verliep trager. De EO-keten werd verkort, waarbij als 
belangrijkstee metaboliet de A9PE2C oligomeer onstond. Tegelijkertijd vond een verdere 
oxidatiee plaats, waarbij metabolieten ontstonden met zowel een geoxideerde alkyl- als EO
keten,, genaamd carboxy alkylfenoxy ethoxy azijnzuren (CAPEC, zie figuur 1). De identiteit 
vann deze metabolieten kon worden bevestigd door analyse van de monsters met een LC-
ESI-MS/MSS instrument. Deze afbraakroute wordt de oxidatieve hydrolytische route 
genoemd. . 

Figuurr 3: De Rijn nabij Mainz 
(waarr deze experimenten zijn 
uitgevoerd). . 
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Naa 20 dagen was ongeveer 90% van alle 

metabolietenn verdwenen, maar lage 

concentratiess van zowel A9PEC als CAPEC 

metabolietenn waren nog steeds aanwezig na 

300 dagen. 

Tijdenss de experimenten werd de metaboliet 

A9PE022 in relatief lage concentraties 

gevormd,, en deze stof werd na een paar 

dagenn weer verder afgebroken. Dit geeft aan 

datdat deze afbraakroute (genaamd de non-

oxidatievee hydrolytische route) van minder 

belangg is onder deze experimentele 

omstandigheden.. De hormoonontregelaar 

nonylfenoll werd niet gevormd tijdens deze 

experimenten. . 

Niett alle A9PEO die was toegevoegd werd ook als metaboliet teruggevonden. Het is dan ook 

mogelijkk dat er nog andere metabolieten gevormd zijn die niet geëxtraheerd of niet 

gedetecteerdd konden worden. Ook kan een deel van de A9PEO volledig zijn omgezet in C0 2 

enn H 20 zonder de ophoping van metabolieten. 

=®= = 
pump p 

storagee tank 
withh 10 L 
Rhinee water 

Figuurr 4: Experimentele opstelling voor de 

biodegradatie-experimenten. . 

Literatuurstudiee naar de aanwezigheid van 
surfactantenn in het mariene en estuariene milieu 

nonionische e 

Eenn overzicht van de bestaande literatuur over het gedrag van nonionische surfactanten in 

hett zoutwatermilieu wordt gegeven in hoofdstuk 4. Veldgegevens over surfactanten in het 

marienee milieu en estuaria (overgangsgebied van zoet naar zout water) blijken aanzienlijk 

schaarserr dan de gegevens over zoet water. 

Overr het algemeen zijn opgeloste concentraties van A9PEO in estuaria een ordegrootte lager 

dann die in zoet water. In sommige gevallen zorgen lokale bronnen in de estuaria voor hoge 

concentraties.. Lokale 'hot spots' met opgeloste concentraties boven de 10 ug L"1 werden 

gevondenn in enkele Britse estuaria, en op enkele locaties langs de Mediterraanse kust van 

Spanjee en Israel. In alle gevallen konden de verhoogde concentraties worden verklaard met 

A9PEOO bronnen vanuit het land (industrie, afvalwatereffluenten of rivierwater met hoge 

A9PEO-concentraties). . 

Inn gestratificeerde estuaria (waarin aan het oppervlak een zoete en daaronder een zoute 

waterlaagg te onderscheiden zijn), kunnen A9PEO zich ophopen aan de grens tussen lucht en 
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waterr en die tussen de zoet- en zoutwaterlaag, wat leidt tot een complex verticaal 
distributiepatroonn in de waterkolom. 
Biodegradatiee van A9PEO is een belangrijk proces in het zoutwatermilieu, hoewel de 
afbraaksnelheidd meestal lager is dan in zoet water. Als A9PEO in het sediment terecht 
komen,, verloopt verdere degradatie zeer traag. 
Uitt het literatuuroverzicht is geconcludeerd dat biodegradatie in het water en 
sorptie/sedimentatiee de belangrijkste processen zijn die de lotgevallen van surfactanten in 
estuariaa bepalen. Voor de relatief vluchtige metaboliet nonylfenol kan ook verdamping een 
significantee rol spelen. 

Veldstudie ss naar de aanwezighei d van AgPEO en hun metaboliete n 
inn het Nederlands e aquatisch e milie u 

Uitgebreidee monstemamecampagnes zijn uitgevoerd in de Nederlandse estuaria 
Westerscheldee en Rijnmond en in de kustzone van de Noordzee. A9PEO en hun 
metabolietenn werden geanalyseerd in water, de zwevende vaste deeltjes in het water 
(kortwegg zwevend stof) en sediment. Het doel van deze studies was inzicht te verkrijgen in 
dee belangrijkste bronnen van A9PEO naar het Nederlandse estuariene en mariene milieu, en 
onderzoekenn welke milieuprocessen de meeste invloed hebben op de lotgevallen van 
A9PEOO in deze gebieden. 
Naa filtratie van de watermonsters werden deze geëxtraheerd met Solid Phase Extraction 
(SPE).. Voor sedimenten en zwevend stof werd een monsterbehandeling genaamd Soxhlet 
extractiee gebruikt. Analyses werden uitgevoerd met LC-ESI-MS. 

NederlandseNederlandse estuaria 
Inn een aantal monstemamecampagnes in de Westerschelde en de Rijnmond werd water 
gemonsterdd langs de zoutgradiênt: monsters werden genomen bij specifieke zoutgehaltes. 
Sedimentt werd gemonsterd op vaste locaties (onafhankelijk van het zoutgehalte van het 
water).. De resultaten zijn beschreven in hoofdstuk 5. 
Inn de Westerschelde werden de hoogste opgeloste concentraties gevonden bovenstrooms, 
nabijj Antwerpen (maximum A9PEO concentratie 2.3 ug L"1), terwijl in de Rijnmond de 
hoogstee concentraties midden in het estuarium werden gevonden, in de buurt van de 
Rotterdamsee havens. Op meerdere locaties waren de concentraties boven de Maximaal 
Toelaatbaree Risicovieaus (MTR) die zijn voorgesteld voor Nederland. 
Dee geoxideerde metabolieten A9PE].8C die waren gevonden in de laboratoriumstudies 
werdenn ook gevonden in de veldmonsters. In de meeste gevallen waren opgeloste A9PEC 
concentratiess hoger dan die van A9PEO. 
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Dee verdunning van het rivierwater met zeewater kon worden beschreven aan de hand van de 
zoutgehaltess in het water. Uit een vergelijking van de A9PEO concentratie-profielen met de 
zoutgradiëntt in de Westerschelde bleek dat de afname van A9PEO sterker was dan kon 
wordenn verklaard door simpele verdunning van het rivierwater (A9PEO gedraagt zich non-
conservatief).. De concentratie-afname was minder sterk voor de A9PEC metabolieten (zie 
figuurr 5). De stroomafwaarts toenemende concentratie-verhouding A9PEC/A9PEO 
illustreertt de belangrijke rol die het oxidatieve hydrolytische degradatie-mechanisme speelt 
inn het estuariene gedrag van de stoffen. Bij hoge zoutgehaltes, waar de concentraties 
afnemenn tot achtergrondwaarden van ongeveer 50 ng L , neemt de verhouding 
A9PEC/A9PEOO af tot ongeveer 1. 

Figuurr 5: Opgeloste 
concentratiess van A9PEO 
enn metabolieten 
(logaritmischee schaal) 
langss de zoutgradiënt in 
dee Westerschelde. De 
doorlopendee lijn is 
A9PEO,, de stippellijnen 
zijnn de metabolieten. De 
stroomafwaartsee afname 
inn concentratie is sterker 
voorr A9PEO dan voor de 
meestee metabolieten. 
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Dee A9PEO oligomeer-samenstelling in het water was overal gelijk in beide estuaria, wat 
aangeeftt dat degradatie door nonoxidatieve verkorting van de EO-keten nauwelijks 
plaatsvindt. . 
Inn de Rijnmond waren de concentratieprofielen in het water minder duidelijk, en ook in de 
verhoudingg A9PEC/A9PEO werd geen duidelijke trend gevonden. Door de relatief korte 
verblijftijdd van het water (enkele dagen in de Rijnmond, vergeleken met 3 maanden in de 
Westerschelde)) kan er blijkbaar geen significante degradatie plaatsvinden. Bovendien is de 
Rijnmondd verticaal gestratificeerd (een zoete waterlaag boven een zoute laag), waardoor 
complexee waterstromingen kunnen ontstaan die de longitudinale patronen zouden kunnen 
verstoren.. Tenslotte kunnen er ook nog belangrijke puntbronnen van A9PEO aanwezig zijn 
inn dit gebied, zoals de Rotterdamse havens. 
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Eenn extra monsternamecampagne waarbij gemonsterd werd op verschillende dieptes 

bevestigdee dat opgeloste A9PEO verticaal gestratificeerd is in het gehele Rijnmond 

estuarium,, met 1.5 tot 4 maal hogere concentraties aan het wateroppervlak dan op enkele 

meterss diepte. 

Inn de meeste sedimenten van beide estuaria werden A9PEO en NP gedetecteerd. In ongeveer 

dee helft van de sediment monsters waren de A9PEC concentraties beneden de detectielimiet. 

Relatieff hoge concentraties van A9PEO en NP in sediment werden gevonden in de buurt van 

mogelijkee bronnen zoals de havens van Antwerpen en Vlissingen. 

Inn geen enkel water- of sedimentmonster werden de metabolieten van het CAPEC type (zie 

figuurr 1) gedetecteerd. 

Noordzeekust Noordzeekust 

Hoofdstukk 6 van dit proefschrift beschrijft de resultaten van 2 uitgebreide 

monsternamecampagness in het Nederlandse kustgebied. Monsterlocaties werden gekozen 

langss raaien op verschillende afstanden van mogelijke A9PEO bronnen, zoals 

zoetwaterbronnenn (bijv. Rijn, Schelde, Noordzeekanaal) en booreilanden. 

Inn sedimenten werden relatief hoge 

concentratiess van A9PEO en NP gevonden 

dichtbijj de kust, met maximum 

concentratiess van respectievelijk 277 en 86 

ngg g"1 (drooggewicht). Deze concentraties 

namenn sterk af met afstand van de kust tot 

benedenn de 50 ng g" op ongeveer 10 km 

vann de kust. Uit het geografische patroon 

vann A9PEO concentraties in sedimenten 

kondenn de belangrijkste bronnen van 
A9PEOO naar sedimenten in de Nederlandse F ' 9 u u r 6 : Onderzoeksschip 'Mitra' van het 

kustzonee worden bepaald: de Rijn en de D i r e c t o r a a t N o o r d z e e v a n Rijkswaterstaat, 
_,, , waarmee de Noordzeetochten zijn uitgevoerd. 
Schelde,, stortplaatsen voor gebaggerd I — 

havenslib,, en in sommige gevallen booreilanden. Deze bronnen hebben slechts een geringe 

geografischee invloed, aangezien de concentraties in sedimenten afnemen tot bijna de 

achtergrondgehaltenn op open zee vanaf 10 km afstand van de bron. 

A9PEOO concentraties in water lieten een ander geografisch patroon zien. In één van de twee 

campagness werden bijzonder hoge opgeloste A9PEO concentraties gevonden op vele 

monsterlokatiess ver buiten de kust. Deze locaties bleken in de belangrijkste 

scheepvaartroutess langs de Noordzeekust te liggen. Geen trend van afnemende concentraties 

mett toenemende afstand van de kust werd gevonden, wat suggereert dat de belangrijkste 

bronnenn van A9PEO naar het mariene water zich op zee bevinden en niet langs de kust. De 
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intensievee scheepvaart in het Nederlandse kustgebied is waarschijnlijk een significante bron 
vann A9PEO. Tijdens het schoonmaken van de scheepsruimen kunnen aanzienlijke 
hoeveelhedenn surfactanten geloosd worden. Voor deze specifieke stoffen bestaat nog geen 
regelgevingg wat betreft lozingen in de kustzone. 
Opp meerdere locaties in het kustgebied waren opgeloste concentraties boven de Maximaal 
Toelaatbaree Risiconiveau's (MTR). Concentraties in sediment overschreden slechts op één 
locatiee de MTR (in het Noordzeekanaal, binnen de sluizen). 
Eenn extra monstername-exercitie op de Noordzee werd uitgevoerd waarin met verschillende 
techniekenn watermonsters werden genomen. Hieruit bleek dat in alle typen watermonster 
genomenn van het wateroppervlak de A9PEO concentraties een ordegrootte hoger waren dan 
inn de verschillende watermonsters die op grotere diepte waren genomen. Dit geeft aan dat 
ookk in de kustzone een verticale stratificatie van A9PEO aanwezig is, waarschijnlijk 
veroorzaaktt door de oppervlakte-actieve eigenschappen van deze surfactanten. 
Zowell oxidatieve als non-oxidatieve hydrolytische biodegradatie vinden plaats in de 
Nederlandsee kustzone. Echter, concentratieverhoudingen van metaboliet/A9PEO zijn lager 
inn de kustzone dan in de estuaria, wat aangeeft dat degradatie in de kustzone in beperktere 
matee plaatsvindt. Dit verschil is het grootst voor de verhouding A9PEC/A9PEO, waaruit 
blijktt dat in het mariene milieu de oxidatieve degradatieroute minder belangrijk is dan in de 
aangrenzendee Westerschelde en Rijnmond estuaria. 

Lotgevallenmode ll  voo r A9PE0 in estuari a 

Omm een kwantitatief inzicht te krijgen in de belangrijkste milieuprocessen die het lot van 
A9PEOO in de Westerschelde en Rijnmond bepalen, werd hun gedrag in deze gebieden 
gesimuleerdd met een lotgevallenmodel. Deze studie wordt beschreven in hoofdstuk 7. 
Dee vorm van de estuaria werd beschreven door de gebieden te verdelen in een aantal 
segmentenn van bekende werkelijke afmetingen. Het stromingsgedrag van het water 
(hydrodynamica)) werd vervolgens gemodelleerd door de uitwisseling van water tussen de 
segmentenn te optimaliseren. Dit werd gevalideerd aan de hand van de zoutgradiënt in de 
gebieden.. Dit type model wordt een hydrodynamisch advectie-dispersiemodel genoemd. 
Omdatt bekend was dat het water in de Rijnmond verticaal gestratificeerd is, werd in dit 
gebiedd elk segment verdeeld in een boven- en onderlaag. 
Sorptieprocessenn (hechting van A9PEO uit het water aan het zwevend stof) werden in het 
modell opgenomen, alsmede de uitwisseling tussen zwevend stof en de waterbodem 
(sedimentatie/erosie).. Sorptieconstanten werden berekend uit de veldconcentraties in water 
enn zwevend stof. 
Ookk biodegradatie werd in het model opgenomen. Aangezien de concentraties van zowel 
A9PEOO als hun metabolieten bekend waren, konden de biodegradatiesnelheden in het model 
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wordenn gevalideerd aan de hand van de concentratieprofïelen van zowel de surfactanten als 
dee metabolieten. Biodegradatieconstanten van de achtereenvolgende reacties A9PEO —• 
A9PE>2CC —» AgPE^C werden zo aangepast dat de berekende concentratieprofïelen zo goed 
mogelijkk pasten op de werkelijke profielen, waardoor een kwantitatieve schatting kon 
wordenn gemaakt van de biodegradeerbaarheid van deze stoffen in het veld. 
Mett dit model konden de opgeloste concentraties van A9PEO en metabolieten, de 
zoutgradiëntt en concentraties van zwevend stof in het water met succes worden beschreven. 
Dee berekende concentraties van A9PEO en metabolieten in zwevend stof en sediment waren 
vann de zelfde ordegrootte als de werkelijke concentraties. 
Inn de Rijnmond konden de concentratieprofielen alleen correct worden beschreven als 
additionelee bronnen van A9PEO in het midden van het estuarium werden ingebouwd in het 
model.. Dit suggereert dat in die regio een significante hoeveelheid A9PEO het estuarium 
binnenkomt,, waarschijnlijk uit zowel de Rotterdamse havens als uit de Oude Maas, die op 
diee plek uitmondt in de Nieuwe Waterweg. 
Dee biodegradatiesnelheden die uit de optimalisatie van het model volgden waren in 
overeenstemmingg met waarden uit de literatuur. Voor de Westerschelde kon de beschrijving 
vann de concentratieprofielen nog verder verbeterd worden door de degradatiesnelheid 
afhankelijkk te maken van het zoutgehalte in het water (een hogere snelheid bij lagere 
zoutgehaltes). . 
Uitt een gevoeligheidsanalyse van het model bleek dat in de Westerschelde biodegradatie het 
milieuprocess met de meeste invloed op de opgeloste concentratie-profielen is. In de 
Rijnmondd worden de concentratieprofielen het meest beïnvloed door de additionele A9PEO 
bronnen. . 

Tenslott e e 

Hett onderzoek beschreven in dit proefschrift laat zien dat met de huidige analytisch-
chemischee technieken een gedetailleerde studie mogelijk is van het milieugedrag van polaire 
stoffenn zoals surfactanten. Een betrouwbare kwantitatieve analyse is mogelijk voor de 
relatieff complexe A9PEO mengsels en hun metabolieten. 
Dee laboratorium- en veldstudies sloten goed op elkaar aan, aangezien een aantal van de 
metabolietenn gevonden in het laboratorium ook in relevante concentraties werden 
gedetecteerdd in de Nederlandse estuariene en kustwateren. 
Uitt de veldgegevens kon worden aangetoond dat biodegradatie van A9PEO plaatsvindt in de 
Westerschelde.. Biodegradatiesnelheden, geschat met een lotgevallenmodel, waren in 
overeenstemmingg met literatuurwaarden. 
Belangrijkee bronnen van A9PEO naar sediment in de Nederlandse kustzone zijn de Rijn en 
Schelde,, de dumpplaats voor gebaggerd havenslib, en booreilanden. Voor A9PEO in de 
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waterfasee zijn bronnen verder buiten de kust van groter belang, zoals 
scheepvaartactiviteiten. . 
Inn sommige gevallen zijn de gevonden concentraties boven de voorgestelde Maximum 
Toelaatbaree Risiconiveau's, hetgeen betekent dat er een kans is dat deze stoffen negatieve 
effectenn op organismen veroorzaken. 
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Abbreviation s s 

A8PEO O 
A9PEC C 
A9PEOn n 

ACN N 
AEO O 
AP P 
APCI I 
APEO O 
ASE E 
BCF F 
CAPE E 
CAPEC C 
CDA A 
CEFIC C 

DCPEG G 
DDT T 
DOC C 
DTDMAC C 
EO O 
ER-CALUX X 

EU U 
f f 
GC-F1D D 
GC-MS S 
GC-TSQ-MS S 
HPLC C 
IMO O 
IR-MS S 
KAc c 
Kd d 
Kx x 

LAB B 
LAS S 
LC50 0 
LC-ESI-MS S 
LC-ESI-MS/MS S 
LC-Flu u 
LLE E 
LOD D 
LOES S 

octylphenoll ethoxylate 
nonylphenoxyy ethoxy acetic acid 
nonylphenoll ethoxylate having n ethoxylate units 
acetonitrile e 
alcoholl ethoxylates 
alkylphenol l 
atmosphericc pressure chemical ionization 
alkylphenoll ethoxylate 
acceleratedd solvent extraction 
bioconcentrationn factor 
carboxyy alkylphenol ethoxylate 
carboxyy alkylphenoxy ethoxy acetic acid 
coconutt diethanol amide 
Europeann Chemical Industry Council (Conseil Europeen des 
Federationss des Industries Chimiques) 
dicarboxylatedd polyethylene glycol 
dichlorodiphenyll trichloroethane 
dissolvedd organic carbon 
ditalloww dimethyl ammonium chloride 
ethoxylatee (-CH2CH20-) 
estrogenn receptor-mediated chemical activated luciferase reporter gene 
expression n 
Europeann Union 
fractionn organic carbon 
gass chromatography - flame ionisation detector 
gass chromatography - mass spectrometry 
gass chromatography triple-stage-quadrupole mass spectrometry 
highh performance liquid chromatography 
Internationall Maritime Organization 
isotopee ratio mass spectrometry 
potassiumm acetate 
SPM// water partition coefficient 
dispersionn coefficient 
linearr alkylbenzenes 
linearr alkylbenzene sulfonates 
lethall concentration for 50% of the test population 
liquidd chromatography electrospray mass spectrometry 
liquidd chromatography electrospray tandem mass spectrometry 
liquidd chromatography with fluorescence detection 
liquid-liquidd extraction 
limitt of detection 
Landelijkk Onderzoek Oestrogene Stoffen 

240 0 



Abbreviations Abbreviations 

logKocc SPM/ water partition coefficient normalized on organic carbon 
(logarithm) ) 

LSBRR laboratory-scale bioreactor 
MCPEGG monocarboxylated poly ethylene glycol 
MeOHH methanol 
MONOSS Modeling nonionic surfactants in Dutch estuaries 
MPCC maximum permissible concentration 
MTCC Department of Environmental Toxicology and Chemistry 
m/zz mass to charge ratio 
NaAcc sodium acetate 
NH4ACC ammonium acetate 
NOECC no observed effect concentration 
NPP nonylphenol 
NPEOO APEO having a linear 1 -nonyl chain 
oc%% organic carbon percentage 
OECDD Organization for Economic Cooperation and Development 
OPP octylphenol 
OSPARR Oslo and Paris Convention for the Protection of the Marine 

Environmentt of the North East Atlantic 
PAHH poly eye tic aromatic hydrocarbons 
PCBB polychlorinated biphenyls 
PEC/PNECC ratio of predicted environmental concentration over predicted no effect 

concentration n 
PRISTINEE Priority surfactants and their toxic metabolites in waste effluent 

discharges:: an integrated study 
RIKZZ Rijksinstituut voor Kust en Zee (National Institute for Coastal and 

Marinee Management) 
RIVMM Rijksinstituut voor Volksgezondheid en Milieu (National Institute of 

Publicc Health and the Environment) 
RIZAA Rijksinstituut voor Integraal Zoetwaterbeheer en 

Afvalwaterbehandelingg (Institute for Inland Water Management and 
Wastee Water Treatment) 

RP-LC-MSS reversed phase LC-MS 
SFEE supercritical fluid extraction 
SIMM selected ion monitoring 
SPEE Solid Phase Extraction 
SPMM suspended particulate material 
SPMEE Solid Phase Microextraction 
SURTRANSS Nonionic surfactants and their transformation products in the Dutch 

coastall zone and North Sea: determination, fate and risk assessment 
TBTT tributyl tin 
TPEOO APEO having a 2,2,4,4-tetramethylpentyl alkyl chain 
v:vv volume: volume 
vrijmiboo vrijdag-middag-borrel 
WWTPP wastewater treatment plant 
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