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Occurrence and reactivity of the main synthetic surfactants in freshwater and marine systems are discussed.

Abstract

Presence, distribution and transport mechanisms of the four major synthetic surfactants -linear alkylbenzene sulfonates (LAS), alkyl ethox-
ysulfates (AES), nonylphenol ethoxylates (NPEOs) and alcohol ethoxylates (AEOs)- have been simultaneously studied in different aquatic eco-
systems. Urban wastewater discharges and industrial activities were identified as the main sources for these compounds and their metabolites.
LAS, AES and carboxylic metabolites remained in the dissolved form (87—99%). However, NPEOs and AEOs were mostly associated with
particulate matter (65—86%), so their degradation in the water column was limited due to their lower bioavailability. It was also observed
that sorption to the particulate phase was more intense for longer homologs/ethoxymers for all surfactants. With respect to surface sediments,
AES levels were considerably below (<0.25 mg/kg) the values detected for LAS and NPEOs. Concentrations of AEOs, however, were occa-
sionally higher (several tens of ppm) than those found for the rest of the target compounds in several sampling stations.
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1. Introduction

Surfactants comprise a broad group of chemical com-
pounds synthesized to exhibit tensioactive properties that
make them useful for employment as a key ingredient of
household and industrial detergents, but also in personal care
products and pesticide formulations, among other applications.
These compounds can be classified, according to their charge,
into several types, where those of the anionic and non-ionic
classes show the highest volumes of production. According
to the data reported by CESIO (Comité Européen des Agents
de Surface et de leurs Intermediaries Organiques), 998 ktons
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of anionics and 1231 ktons of non-ionics were manufactured
during the year 2000 in the EU, these together account for
about 90% of the total production of synthetic surfactants. Lin-
ear alkylbenzene sulfonates (LAS) are the most representative
anionic surfactants (434 ktons), closely followed by alkyl
ethoxysulfates (AES) and the non-ethoxylated alkyl sulfates
(404 ktons both together). Alcohol polyethoxylates (AEOs)
are the main non-ionic surfactants produced in Europe
(747 ktons). The recent restrictions in the use of alkylphenol
polyethoxylates (APEOs) in household detergents mainly
due to the estrogenic properties shown by their metabolites
(Jobling et al., 1996) have reduced their production to
116 ktons.

Once used, surfactants are discharged via wastewater treat-
ment plants (WWTPs) into aquatic environments. Thus, a con-
siderable number of studies have reported the presence of LAS
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in many parts of the world, in both water (Bester et al., 2001;
Eichhorn et al., 2002; Ding et al., 1999; Gonzalez-Mazo et al.,
1997, 1998; Leodn et al., 2002; Marcomini et al., 2000; Takada
and Ogura, 1992; Terzic and Ahel, 1994; Trehy et al., 1996;
Ying, 2006) and sediment phases (Bester et al., 2001; Folke
et al., 2003; Gonzéalez-Mazo et al., 1998; Ledn et al., 2002;
Marcomini et al., 2000; Trehy et al., 1996), with values typi-
cally ranging from less than 50 to more than 1000 pg L'
and from less than 0.1 to several tens of mg kg~ ' respectively,
depending on the distance from urban wastewater discharge
sources and type of wastewater treatment. Several papers
also consider LAS intermediates, the sulfophenylcarboxylic
acids (SPCs), which appear mostly in the water column at con-
centrations up to 100 pg L™ due to their low hydrophobicity
(Ding et al., 1999; Eichhorn et al., 2002; Gonzalez-Mazo
et al., 1997; Ledn et al., 2002; Marcomini et al., 2000; Trehy
et al., 1996). With respect to the non-ionics, the potential es-
trogenicity of the metabolites of NPEOs (nonylphenol polye-
thoxylates, which are the major class of APEOs) has
resulted in these intermediates being studied even more than
the parent compound, which shows levels from 0.01 to
50 mg kg_1 in sediments (Bester et al., 2001; Jonkers et al.,
2003, 2005; Marcomini et al., 2000; Maruyama et al., 2000;
Naylor et al., 1992). Thus, the presence of nonylphenol (NP)
and NPEOs with one and two ethoxylated units (EO) -which
are hydrophobic degradation intermediates- has been widely
detected in sediments from rivers (Ahel et al., 1994; Isobe
and Takada, 2004; Jonkers et al., 2003; Lee Ferguson et al.,
2001; Naylor et al.,, 1992), lakes (Bennett and Metcalfe,
1998) and the sea bed (Bester et al., 2001; Lee Ferguson
et al.,, 2001; Marcomini et al., 2000), ranging from 0.1 to
72 mg kg~ '. Concentrations of up to 100 ug L™' have been
found in surface waters (Ahel et al., 1994, 2000; Isobe and Ta-
kada, 2004; Jonkers et al., 2003, 2005) for the more polar non-
ylphenol ethoxycarboxylates (NPECs). On the other hand,
data concerning the presence of aliphatic surfactants such
AES and AEOs are rather limited. One of the main reasons
for this could be that conventional high performance liquid
chromatography coupled to ultraviolet or fluorescence detec-
tors (HPLC-UV-FLD) and gas chromatography coupled to
mass spectrometry (GC-MS) cannot be used, as these com-
pounds lack volatilization capability and fluorescence. How-
ever, by developing specific protocols, some authors have
found concentrations between 0.1 and 2 ug L' for AES (Neu-
becker, 1985; Pojana et al., 2004; Popenoe et al., 1994) and
AEOs (Dunphy et al., 2001; Eadsforth et al., 2006; Fendinger
et al., 1995) in surface waters. The presence of AES in sedi-
ment, showing concentration values ranging from 0.02 to
0.40 mg kg ', has recently been reported for the first time
by our group in a previous study (Lara-Martin et al., 2005)
and confirmed later by Sanderson et al. (20006) in other areas.
The few papers dealing with the occurrence of AEOs in sedi-
ments (Lara-Martin et al., 2006a; Petrovic et al., 2002) have
shown levels ranging from 0.04 to 9.9 mg kg~ !, although these
data may underestimate the true values because in these stud-
ies the analysis was conducted on a limited set of homologs
and ethoxymers.

With respect to the environmental behavior of surfactants,
sorption and degradation have been described as two of the
main processes affecting these compounds in aquatic ecosys-
tems (Ying, 2006). Thus, a non-conservative behavior has
been described for LAS (Eichhorn et al., 2002; Le6n et al.,
2002; Takada and Ogura, 1992; Terzic and Ahel, 1994) and
NPEOs (Ahel et al., 1994; Isobe and Takada, 2004; Jonkers
et al.,, 2003; Lee Ferguson et al., 2001; Maruyama et al.,
2000) in rivers and estuaries. The percentage of LAS sorption
onto particulate matter is commonly below 20% although it
appears to be higher at higher salinities (Gonzalez-Mazo
et al.,, 1998), while a relatively fast degradation into SPCs
(most of them found in the dissolved form) has been confirmed
in Spanish (Le6n et al., 2002) and Brazilian rivers (Eichhorn
et al., 2002). NPEOs have shown a higher affinity for sus-
pended solids (more than 25% is adsorbed according to
Jonkers et al., 2005) while their polar metabolites (NPECs)
are only present in the aqueous phase (Isobe and Takada,
2004; Jonkers et al., 2003). In-situ degradation by progressive
shortening of the ethoxylated chain has been also detected
(Maruyama et al., 2000) and the highly hydrophobic com-
pounds generated by this process are often preserved in sedi-
ments (Bennett and Metcalfe, 1998). It is especially
remarkable that this kind of study has never been carried out
for AES and AEO:s in spite of their production volumes being
comparable to those for aromatic surfactants (LAS and
NPEOs). Given this situation our main object in the present
work is to perform a comparative study for the first time con-
cerning the distribution and environmental behavior of these
four main surfactants in three different Spanish aquatic eco-
systems by: a) determining their occurrence in water, sus-
pended solids and sediments; b) identifying their distribution
and sources in each area; and c¢) characterizing their reactivity
attending to their sorption capacities onto the particulate
phase, changes in their homolog/ethoxymer patterns and the
generation of carboxylated metabolites in the water column
due to degradation processes.

2. Experimental
2.1. Sampling areas

Sediment and water samples were collected using an inflated boat, at sev-
eral sampling stations located in three different aquatic ecosystems in the re-
gion of Cadiz, in the southwest of Spain (Fig. 1). Zone A is a tidal marine
channel (named the Sancti Petri channel) which is located in the south of the
Bay of Cadiz, a salt marsh environment. This channel connects the inner part
of the bay with the Atlantic Ocean and is 18 km in length. It has a reduced
depth (between 3 and 6 m) and the tidal influx which enters from both ends
of the channel, meets at a point 5 km from the bay (near station S10). It is at
exactly this point where the untreated urban wastewater from the adjacent
town of San Fernando (100000 inhabitants) used to be discharged, until
summer 2002. A military naval station is located at the north end of the
channel. Fourteen sampling stations (from S1 to S14) were established
over the length of the Sancti Petri channel, where sediment grabs were taken
by means of a Van Veen grab, during the spring season in 2002 and 2004.
Zone B comprises the estuary of the Guadalete river. This river is 157 km
long and flows across the province of Cadiz. Another fourteen sampling sta-
tions (G1—G14) were selected at different parts of this estuary, and in addi-
tion to sediment grabs, water samples were collected during an ebbing tide
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Fig. 1. Map showing the location of the zones studied and their sampling stations.

in spring of 2004 using 2.5 L amber glass bottles. Station G13 is located
a few meters from the discharge outlet of a WWTP which serves a town
of 200000 inhabitants (Jerez de la Frontera) situated to the north of the es-
tuary. Another town (El Puerto de Santa Maria, 80 000 inhabitants) is located
at the mouth of the Guadalete river, where there is a fishing port and related
industries. Finally, zone C is situated at the Bornos reservoir, which has a wa-
ter capacity of 200 hm? and is surrounded by a protected area employed only
for recreational activities. This dam receives water from the Guadalete river.
A town of 8000 inhabitants (Bornos) is located near this reservoir and dis-
charges wastewater to this aquatic ecosystem after a primary treatment. Wa-
ter and sediment samples were taken at five different stations (C1—C5)
during spring of 2004.

2.2. Materials, standards and analytical methodology

This aspect of the study has been optimized and described in a previous
analytical paper (Lara-Martin et al., 2006b). All solvents were of chromatog-
raphy quality, purchased from Scharlau (Barcelona, Spain) or Panreac (Barce-
lona, Spain) and water was Milli-Q quality. Surfactant standards were supplied
by Petroquimica Espanola (PETRESA) and KAO Corporation, whereas their

metabolites were kindly supplied by F. Ventura (AGBAR, Spain) and J.A.
Field (Oregon State University, USA).

First, 4% of formaldehyde was added to aqueous samples, these, together
with the sediment grabs, were kept at 4 °C during their transport to the labo-
ratory, and later frozen until their analysis. In the laboratory the sediment was
dried in a heater at 65 °C, then milled and sieved. Water samples were filtered
through glass fiber filters (AP 40 Millipore) to separate the suspended solids.
Target compounds were extracted from the sediment and suspended solid sam-
ples in triplicate using pressurized liquid extraction (PLE) by means of an ac-
celerated solvent extraction ASE 200 unit from Dionex. Methanol was passed
through the heated (120 °C) and pressurized (1500 psi) PLE cells for three cy-
cles of 5 min each. The extracts were evaporated and redissolved in 100 mL of
water. Later, these extracts and the water samples (250 mL), also in triplicate,
were purified and preconcentrated by solid-phase extraction (SPE) using mini-
columns of the hydrophobic C18 type (Bond Elut, Varian) in an automated
SPE AutoTrace unit (Zymark). The mini-columns were rinsed with 10 mL
of methanol and 5 mL of water prior to passing the samples, previously acid-
ified to pH 2.5. They were then washed with 5 mL of water and eluted with
5 mL of methanol/acetone 1:1 and 5 mL of dichloromethane/ethyl acetate
1:1. Finally, the eluate was evaporated to dryness and redissolved in 1 mL
of a methanol/water 8:2 solution containing 1 mg L™" of C;¢LAS as internal
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standard and 50 pM of sodium acetate. Recoveries were in the range from 70
to 107% for most homologs.

Identification and quantification of target compounds were carried out by
HPLC-MS. The HPLC system consisted of a Spectrasystem liquid chromato-
graph with autosampler, with the injection volume set to 100 uL. The chro-
matographic separation was done using a reversed-phase C-18 analytical
column (LiChrospher 100 RP-18, Merck) of 250 mm x 2 mm and 3 pm par-
ticle diameter. The following gradient was used (A = methanol, B = water
with 5 mM acetic acid and 5 mM triethylamine, flow rate = 0.15 mL min’l):
0% A during the first 5 min, then increased linearly to 70% A over 15 min,
then increased linearly to 100% A over another 15 min, and kept isocratic
for yet another 15 min. The detection was carried out using a LCQ ion-trap
mass spectrometer (Thermo), equipped with an atmospheric pressure ioniza-
tion source with electrospray interface (ESI). From O to 38 min ESI was
used in full-scan negative ion mode in order to detect SPCs, NPECs, LAS,
AS and AES, and then switched to positive ion mode to allow the detection
of NPEOs and AEOs. Identification of each homolog of LAS and SPCs was
carried out by monitoring their quasimolecular ions [M — H] ™ and their spe-
cific fragment ion at m/z 183. In the cases of AS and AES their specific frag-
ment ion was m/z 97, and m/z 219 for NPECs, respectively. Monitoring of their
sodium adduct ions [M 4 Na]t was performed in the case of NPEOs and
AEOs. Concentrations of the analytes were determined by measuring the
peak areas of the quasimolecular or adduct ions using external standard solu-
tions (0.5—25 mg L") and C¢LAS as internal standard (1 mg L~". The
limits of detection were calculated using a signal-to-noise ratio of 3:1, and
were found to be 0.05 ug L' in water and from 1 to 10 pg kg™" in sediment.

3. Results and discussion
3.1. Identification of contamination sources

Concentrations of target compounds in sediments from the
selected areas spanned a wide range of values, from less
(<0.1 mgkg™") to more (several tens of mg kg™ ') contami-
nated points. In general terms, similar values for LAS and
NPEOs have been detected previously in other aquatic envi-
ronments in Europe (Bester et al., 2001; Folke et al., 2003;
Gonzalez-Mazo et al., 1998; Leon et al., 2002; Marcomini
et al., 2000; Trehy et al., 1996) and America (Ahel et al.,
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1994; Jonkers et al., 2003; Lee Ferguson et al., 2001; Marco-
mini et al., 2000; Naylor et al., 1992). Our data are also in
agreement with the few recent studies about levels of AES
in sediment (Lara-Martin et al.,, 2005; Sanderson et al.,
2006) but concentrations were significantly higher than those
previously reported for AEOs along the Spanish littoral
(Lara-Martin et al., 2006a; Petrovic et al., 2002).

Fig. 2 shows the distribution of each surfactant in surface
sediments over the length of the Sancti Petri channel (zone
A) during the years 2002 and 2004. A complete transect be-
tween the two ends of the channel was carried out during
the first sampling (spring 2002), showing that concentration
of anionic surfactants was generally less than 1 mg kg™ for
LAS and 0.25 mg kg ' for AES along this channel. These dif-
ferences between AES and LAS levels could be explained by
a combination of the lower use and hydrophobicity of the al-
iphatic surfactant. However, a sharp increase could be ob-
served for both compounds near sampling station S10,
reaching the highest values of 67.6 mgkg™' for LAS and
1.7 mgkg ™' for AES. This is a shallow point where the two
waves of the flow tide entering the channel meet, and where
untreated wastewater from the adjacent town of San Fernando
was discharged until summer of 2002, so urban contamination
is especially severe here, as confirmed by previous studies
(Gonzalez-Mazo et al., 1998; Lara-Martin et al.,, 2005,
2006a; Leon et al., 2002; Petrovic et al., 2002) monitoring
LAS levels in the area. The steep decrease in the concentration
of anionics as one moves from S10 towards the ends of the
channel could be explained by the effects of biodegradation
(in fact, values of 1.9 mg kg™ ' for SPCs were determined at
station S10), sorption and precipitation once the surfactants
entered the water column (Gonzalez-Mazo et al., 1998). Al-
though maximum values for non-ionics (14.8 mgkg ' for
NPEOs and 23.3 mg kg~ ' for AEOs) were also reached where
the untreated wastewater discharges used to take place, it was
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Fig. 2. Distribution of surfactants in surface sediments (mg kg~") in zone A (over the length of the Sancti Petri channel) during the years 2002 and 2004.
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noticeable that these compounds exhibited a different distribu-
tion pattern along the channel. Thus, while a progressive de-
crease was confirmed toward the southern end, similar
concentrations to those found at S10 were detected at the
northern end, where the military naval station is located.
This suggests that NPEOs and AEOs may originate from an-
other source different from that for LAS and AES at the north-
ern end. The explanation for this is that the two types of
compound are employed for different uses and applications.
Thus, LAS is mostly used in household detergents and AES
is a component of shampoos and other personal care products,
so their presence is typically associated to urban wastewater
discharges. On the other hand, NPEOs, and their alternative,
the AEOs, are surfactants also employed in industrial pro-
cesses as well as for the cleaning of ships (Jonkers et al.,
2003). It is also noticeable that the highest concentrations of
AEO:s in the zone (between 0.8 and 9.9 mg kg ') that were re-
ported in two previous articles (Lara-Martin et al., 2006a; Pet-
rovic et al., 2002), were far below those detected in the present
study. Moreover, although AEOs have shown a high and fast
biodegradability under laboratory tests (Huber et al., 2000),
their levels along the channel were generally higher than those
found for the rest of the surfactants. As commented in the In-
troduction, a limited set of homologs (only those with an even
number of carbon atoms in their alkylic chains) and ethoxy-
mers (from 1 to 8 EO units) were taken into account in those
studies, whereas now we have considered the whole range for
the first time. A second sampling was carried out during spring
of 2004 in the central part of the channel and we detected a sig-
nificant decrease in the concentration of all the surfactants, es-
pecially at the most contaminated point (station S10). This
reduction (of between 47 and 74%) could be the consequence
both of the halting of wastewater discharges and of the pro-
gressive sedimentation of non-contaminated particles after
that, although anaerobic degradation processes occurring in
the sedimentary column could not be discounted, because
these compounds have been demonstrated to disappear in the
absence of oxygen (Huber et al., 2000; Lara-Martin et al.,
2007; Lee Ferguson and Brownawell, 2003; Nuck and Federle,
1996). This trend was also observed in dated sediment cores
from the same area (data not shown). Lower values were

mg kg
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km

Fig. 3. Distribution of surfactants in surface sediments (mg kg ') in the zone B
(Guadalete estuary).

Table 1

Total concentration of surfactants in sediment (pug kg‘l), water and suspended solids (pg LY (n = 3) in zone C (Bornos reservoir)

Suspended solids

C1

Water
Cl

Sediment
Cl1

Surfactant

C5

C4

C3

C5

C4

C3

C4

C3

Cc2

26+03
n.d.

1.8 £0.5
n.d.

1.3£0.2
n.d.

1.2+£02
n.d.

107+ 1.6

11.7+0.8
0.1 £0.0

16.1 £ 0.1

174 +0.8

n.d.

1713 £ 80
164 £ 28
2700 + 287
2157 £ 320

1938 + 338
132 £35
2664 + 295
2666 + 146

682 + 121

293 + 39
47 £10

260 £9

LAS
AES

0.1 £0.0

0.1 £0.1

43+ 12
2388 + 200

04+0.2
n.d.

04 +0.1
n.d.

03+0.1
n.d.

03+0.1
n.d.

1.2+0.0

n.d.

1.2+0.1

n.d.

1.0+0.2

n.d.

09+0.3

n.d.

NPEOs
AEOs

1645 + 25

114 £41

n.d. = non-detected (limits of detection: 1—10 ug kg~ ' in sediment and 0.05 ug L™" in water).
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also found at the northern end, which was dredged during the
year 2003 to facilitate navigation.

Fig. 3 shows the distribution of surfactants in sediments
from zone B (estuary of the river Guadalete). Levels of these
compounds were comparable with those found in zone A in
2004, once the untreated wastewater discharges ceased in
this area. Two main sources could be detected: the first corre-
sponding to the effluent of the WWTP located upstream (sta-
tion G13) and the second near the town of El Puerto de Santa
Maria, at the mouth of the river (not only at this location but
centred on station G3). Levels of AEOs and LAS were very
similar (12.2 and 12.8 mg kg™ ') in sediments at the discharge
outlet of the WWTP, and considerably higher than those for
NPEOs (2.7 mg kg~ ') and AES (0.8 mg kg™ '). These concen-
trations were relatively high in spite of urban wastewater being
treated and the efficiency of this process in eliminating surfac-
tants (McAvoy et al., 1998). As at sampling stations in zone A,
differences in surfactant values could be explained by consid-
ering differences in the use of LAS and AEOs, the lower hy-
drophobic nature of AES and the restrictions imposed on
NPEOs consumption. The concentration values were found
to get lower moving downstream, especially for anionics, ex-
cepting at station G11, where the presence of a small dam re-
duces the flow velocity and, hence, facilitates sedimentation.
Contamination by surfactants was again higher near the mouth
of the river, reaching its highest value at station G3. There was
a different relative distribution of surfactants at this point
when compared with the previous station located upstream.
Here, concentration of non-ionics (3.7 and 14.4 mgkg ™" for
NPEOs and AEOs respectively) was higher in comparison
with anionics (8.9 mgkg™' for LAS and 0.2mgkg ' for
AES) probably due to industrial and seaport activity on both
banks of the river. Occasional urban wastewater discharges
may also originate from the old sewage disposal network of
the adjacent town (which is not connected to the WWTP).
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Finally, the data on surfactant levels in zone C (Bornos res-
ervoir) are given in Table 1. Concentrations in sediments were
much lower than in zones A and B, almost certainly due to the
much lower population in the area. Non-ionics (almost
2.7mgkg ' for NPEOs and AEOs) were predominant over
anionics (up to 1.9 mgkg~' for LAS and 0.2mgkg ™" for
AES) in sediments from this area. As in the other two cases,
the presence of urban wastewater discharges, local industries
and the existence of a small dock for recreational boats
seemed to be the causes of this pollution. The lowest levels
(<0.3 mg kg™") were detected at station C1, located near the
WWTP outlet but also at reduced depth (<5 m) which makes
it reasonable to think that during dry periods (such as summer
months) this point is not covered by water and becomes oxic,
so degradation processes are accelerated.

3.2. Transport and reactivity of surfactants

Fig. 4 shows the concentrations of each surfactant in sus-
pended solids and in total water (water + suspended solids)
over the length of the Guadalete river estuary (zone B). Their
levels for aromatics ranged from 17.7 to 80.7 ug L™ for LAS
and from 1.6 to 8.9 pg L' for NPEOs. This agrees with pre-
vious studies, where similar concentrations were found in Eu-
ropean (Jonkers et al., 2003; Terzic and Ahel, 1994), Japanese
(Maruyama et al., 2000; Takada and Ogura, 1992) and USA
(Naylor et al., 1992; Trehy et al., 1996) rivers. These data
also represent some of the first known levels of aliphatic sur-
factants in European rivers, showing concentrations of up to
13.2 and 5.5 pg L~" for AES and AEOs respectively, which
were of the same order of magnitude as those reported in
USA rivers (Dunphy et al., 2001; Fendinger et al., 1995; Neu-
becker, 1985; Popenoe et al., 1994; Sanderson et al., 2006).
Values for AEOs in seawater are often below the limits of de-
tection (Petrovic et al., 2002). Lower concentration values for

—s— Total NPE Os in water|

1 |—o— Particulate NPE Os
- =~ Suspended solids r300
3
«Q
r200
?
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0
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Fig. 4. Concentration of each surfactant in water and suspended solids (ug L™") over the length of zone B (Guadalete estuary). Concentration of suspended solids

(mg L") is also plotted.
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these four surfactants (<10 pg L") were found in water at
zone C (Table 1) due to the lower population living near this
protected area. With respect to the estuary, a maximum was
detected upstream, adjacent to the effluent discharge outlet
of the WWTP (station G13), especially for LAS and AES,
while higher concentrations for non-ionics were observed in
the middle part of the estuary. This suggests that different
transport mechanisms are taking place for each compound.
In fact, a reactive behavior has been observed for these com-
pounds along this estuary, by plotting salinity vs. dissolved
concentration (Fig. 5a). Sorption is one of the main processes
involved due to the relative hydrophobic nature of these com-
pounds. In this respect, different partitioning could be ob-
served depending on the hydrophobicity and sorption
capacity of each compound: more polar anionic surfactants
were predominant in the dissolved form (average values of
only 13% =+ 10 for LAS and 12% £ 7 for AES were found
in the particulate phase) while non-ionics tended to be at-
tached to the particulate phase (65% =+ 23 for NPEOs and
86% + 21 for AEOs), so these were transported associated
with suspended solids (both compounds showing similar pro-
files, which can be observed in Fig. 4, where concentration of
suspended solids is also plotted). Average coefficient sorption
values (K ) have been calculated in order to illustrate these dif-
ferences and they seem to be directly proportional to their re-
spective average K, (Fig. 5b), which confirms the existence
of hydrophobic mechanisms that control sorption.

Sorption capacity was also reduced for those homologs
with shorter alkyl chains, so their relative percentages in wa-
ter were higher in comparison with those containing longer
chains (Fig. 5c). Fig. 6a shows the differences in the homo-
log distributions in water and suspended solids from zone B.
A standard commercial mixture is also represented. The
same trend that was previously observed for LAS homologs
(Gonzalez-Mazo et al., 1998; Ledn et al., 2002; Terzic and
Ahel, 1994) was found for the aliphatic surfactants AES
and AEOs, showing higher percentages of short-chain homo-
logs such as C;oLAS, C,AES or C;;AEOs in the dissolved
form, whereas longer homologs exhibited higher affinity for
the particulate phase. Once surfactants are attached to sus-
pended solids they tend to be deposited on the bottom, where
their bioavailability is lower and conditions are often anoxic.
In this case sediments act as a sink for these compounds and
concentrations can be several orders of magnitude higher
than in water (as can be observed by comparing data in
Figs. 3 and 4). Homolog distributions were different between
these two phases, too. Fig. 6a also shows average homolog
distributions for the target surfactants in sediments from
zone B, which were similar to those found at zones A and
C. It can be observed that relative percentages of those ho-
mologs with longer alkyl chains were higher in comparison
with those found in commercial mixtures and surface waters.
These distributions in sediments were also similar to those
corresponding to suspended solids, although the concentra-
tions of the most hydrophobic homologs such as C;3LAS,
C6AES and C,;3AEOs, were somewhat higher in the first
case.
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Fig. 5. a) Dissolved concentration for each surfactant studied vs. salinity
at zone B (Guadalete estuary), b) calculated log K4 vs. average log K,
for each surfactant, and c) particulate LAS concentration vs. dissolved LAS
concentration in the same area.

Aliphatic surfactants can be derived from vegetable or an-
imal fatty acids (so even-carbon numbered linear homologs
are produced) or petroleum (resulting in odd- and even-carbon
numbered linear alcohols which contain a certain proportion
of mono-branched 2-alkyl isomers). Thus, it is noticeable
(Fig. 6a) that AES detected came from the first type of source
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is also represented.

because of their higher use in EU countries (71% of the total),
although some traces of C;3AES and CsAES (petrochemical
homologs represent the remaining 29%) have been found oc-
casionally (Lara-Martin et al., 2005). On the other hand,
greater volumes of petrochemical AEOs are produced (60%)
and these showed higher affinity for the particulate phase
than AES, so every homolog was found at all the sampling sta-
tions. These homolog distribution patterns could found to dif-
fer significantly from one region to another, reflecting the use
of different alcohol feedstocks (Petrovic et al., 2002). More-
over, further differences could be observed between AES
and AEOs if we consider their respective ethoxymer distribu-
tions (Fig. 6b). Thus, the commercial mixture of AES has an
average EO number of 3.1 but this value fell to 2.0 in water,
and to 1.0 and 1.2 in sediments from zones A and B respec-
tively. The main reason is the contribution of alkyl sulfates
(with zero EO units) which account for 40% of the total, be-
cause they are also manufactured and used separately from
AES, although the influence of degradation processes on the
longer ethoxymers should not be discounted. With respect to
AEOQOs, a similar average EO number could be observed for
the commercial mixture and the water (8.8 and 9.0 respec-
tively) whereas this value rose to 11.8 and 11.1 in sediments
from zones A and B respectively. This was in accordance
with previous laboratory assays which have demonstrated
that the longer the alkyl and polyethoxylated chains, the higher
the sorption capacity for non-ionic surfactants (Brownawell
et al., 1997; John et al., 2000). NPEOs represent an intermedi-
ate situation: a decrease in the average EO number with

respect to the standard (11.0) could be observed in water,
whereas the value was slightly higher in sediment (up to 12.0).

Degradation, another of the main processes involved in the
reactive behavior of surfactants in the aquatic environment,
should be also considered for a fully understood of the homo-
log and ethoxymer distributions reported above. Fig. 7a shows
the concentrations in water of SPCs and NPE,_,Cs, carboxyl-
ated metabolites from LAS and NPEOs respectively, along the
Guadalete estuary (zone B). Almost the entire amount (>99%)
of these degradation intermediates were found in the aqueous
phase, which is not surprising considering their much higher
polarity compared with their parent compounds (Isobe and Ta-
kada, 2004). Concentrations (up to 150 pg L' for SPCs and
less than 10 pg L~! for NPE,_,Cs) were of the same order
of magnitude as those previously reported by other authors
for different parts of the world (Ahel et al., 1994; Ding
et al., 1999; Eichhorn et al., 2002; Gonzalez-Mazo et al.,
1997; Isobe and Takada, 2004; Jonkers et al., 2003, 2005;
Lee Ferguson et al., 2001; Le6n et al., 2002; Marcomini
et al., 2000; Trehy et al., 1996). The highest values were found
at station G13, which indicates that probably most of them
were generated by degradation processes occurring at the
WWTP, although the contribution of the biodegradation of
surfactants along the estuary has to be considered too, in order
to identify the different sources for these metabolites. Progres-
sive shortening in the alkyl chain of SPC homologs could be
observed over the length of the estuary (Fig. 7b), changing
from long-chain (C;,—C;3SPCs) at G13 to short-chain homo-
logs (Cs, C¢SPCs) at the mouth of the river. On the other hand,
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values of C;(/C;3LAS ratio (Fig. 6¢) increased with the dis-
tance from the WWTP outlet, which implies that LAS was
also being degraded during transport along the river (this pro-
cess was preferential over long-chain homologs in aqueous
phases according to the distance-principle by Swisher,
1987). Two exceptions to this trend could be found precisely
at the sampling stations where LAS discharges were taking
place, so homolog distribution was closer to that commonly
found in commercial mixtures (the C;o/C;3 LAS ratio de-
creases). Therefore it could be assumed that occurrence of
SPCs at this zone was due to the existence of two origins,
WWTP and in-situ biodegradation of LAS. The same could
be stated for NPECs, but with reservations because there
was only a very gradual decrease in the average EO number
for NPEOs along the river (Fig. 7c). Most of this surfactant
was found to be associated with suspended solids instead of
being transported in dissolved form like anionics, so probably

biodegradation was limited in that case. A similar conclusion
could be inferred from Fig. 7c for AEOs, which showed even
lower bioavailability and no metabolites were detected. More-
over, previous studies carried out at different European rivers
(Ahel et al., 1994, 2000) and estuaries (Jonkers et al., 2003,
2005) polluted by wastewater have reported higher levels of
NPECs than those for NPEOs and significantly higher values
for the relative percentages of these metabolites nearer the
sea, which are not found in our case, so probably most quan-
tities of NPECs found in this area are generated at the WWTP
rather than in-situ.

4. Conclusions

The present study provides several new insights into the
distribution and environmental fate of surfactants in different
aquatic systems, especially in the case of AES and AEOs,
where there are almost no data. Surfactants are ubiquitous in
sediments from both freshwater and coastal marine environ-
ments, acting as a sink for most hydrophobic organic com-
pounds. Higher values have been detected next to urban
wastewater discharge points and industrial/naval activities.
However, significant decreases in their concentration have
been observed towards farther sampling stations and after
the halting of wastewater discharges. It has been reported
for the first time that AEOs levels in these sediments are gen-
erally higher (up to several tens of ppm) than those found for
the rest of the surfactants, most probably due to their strong
hydrophobic character and high consumption rate. In respect
to the water column, partitioning between water and sus-
pended solids depends on the hydrophobicity and sorption ca-
pacity of each compound, so anionic surfactants and
carboxylated metabolites are predominant in the dissolved
form (87—99%) while non-ionics tend to be attached to the
particulate matter (65—86%). Sorption capacity is reduced
for those LAS, AES and AEO homologs with shorter alkyl
chains, so their relative percentages in water are higher in
comparison with those containing longer chains, which exhibit
higher affinity for suspended solids and sediments. This pro-
cess appears to play a major role in the reactive behavior of
surfactants along the sampled estuary, especially in the case
of the most hydrophobic non-ionics (NPEOs and AEOs),
whereas biodegradation processes are favoured for anionics
(LAS and AES) due to their higher bioavailability.
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