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ChapterChapter 8 

Inn this chapter, the main findings described in the previous chapters wil l be used to answer 

thee research questions posed in the general introduction (Chapter 1). The results of both 

laboratory,, field and modeling studies wil l 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 wil l 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 wil l 

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. 

198 8 



GeneralGeneral discussion and conclusions 

^n n 

255 -

>.. 20 

sa
lin

 n
 

11 
1 

55 -1 
oo -J-L 

salinityy along Rhine estuary 

 , B 1,—-1-1,-r-i —„-, , , , , , 

400 39 37 35 32 20 19 15 13 9 7 

totall AQPEO 

400 39 37 35 32 20 19 15 13 9 7 4 0 
distanc ee f ro m hea d (km ) 

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 
[A 9PE02+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*A 9PE05+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 AgPEÔ  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 wil l adsorb to SPM off shore, and wil l 

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 wil l 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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