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4.1.. Introduction 

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.. Nonionic surfactants in saline waters 

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]. . 
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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.. Nonionic surfactants in estuarine and marine sediments 

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. . 

4,00 n 

3,5 5 

3,00 -

2,5 5 

H>> 2,0 
O O 

1,5 5 

1,0 0 

0,5 5 

0,0 0 

DD Scheldt 

 Meuse 

DD Rhine 

AQPEO O NP P 

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.. Alkylphenol ethoxylates in estuarine and marine biota 

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.. Alkylphenols in estuarine and marine atmospheres 

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.. Biodegradation of nonionic surfactants in estuarine and marine 
environments 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 nonionic surfactants in estuarine and 
marinee environments 

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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