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a b s t r a c t

In this work, the degradation of anionic and non-ionic surfactants in agricultural soil amended with sewage
sludge is reported. The compounds analysed were: linear alkylbenzene sulphonates (LAS) with a 10–13 car-
bon alkylic chain, and nonylphenolic compounds (NPE), including nonylphenol (NP) and nonylphenol eth-
oxylates with one and two ethoxy groups (NP1EO and NP2EO). The degradation studies were carried out
under winter (12.7 �C) and summer (22.4 �C) conditions in Andalusia region. The concentration of LAS
was reduced to 2% of the initial concentration 100 day after sludge-application to the soil. The half-life time
measured for LAS homologues were ranged between 4 and 14 days at 12.7 �C and between 4 and 7 days at
22.4 �C.

With regard to NPE compounds, after 8 and 4 days from the beginning of the experiment at 12.7 and
22.4 �C, respectively, their concentration levels were increased to 6.5 and 13.5 mg/kg dm (dry matter) as
consequence of the degradation of nonylphenol polyethoxylates. These concentration levels were reduced
to 5% after 63 and 70 days for 12.7 �C and 22.4 �C, respectively. The half-life times measured for NPEs were
from 8 to 16 days at 12.7 �C and from 8 to 18 days at 22.4 �C.

Environmental risk assessment revealed that for LAS homologues no environment risk could be expected
after 7 and 8 days of sludge application to the soil for 22.4 and 12.7 �C, respectively; however, potential toxic
effects could be observed for the nonylphenolic compounds during the first 56 days after sludge application
to the soil.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Nowadays, more than 8 million of tonnes of sewage sludge are
generated as results of wastewater treatment processes (Magoa-
rou, 2000). Therefore, it is essential to ensure non-pollutant and
economical removal of sludge, or its recovery in a rational manner.
In the European Community, the most widely used solutions are:
controlled transport to dumps, application to farmlands, incinera-
tion, application to impoverished soils and recovery of energy or
mineral products. The application of sewage sludge to the soil
seems to be the best option since not only improve the quality of
the degraded soil but also it is included in the paradigm of reutili-
zation, which implies an economic value for this by-product of
wastewater treatment. In the European Union, around 4 million
of tonnes of dry sludge are applied yearly to the land (EU, 2008).
However, the presence in sludge of potentially hazardous sub-
stances such as heavy metals and some organic compounds consti-
tutes the main problem in the application of the sludge to the soil
(Abad et al., 2005; Alonso et al., 2002).
All rights reserved.

: +34 9 5428 2777.
In order to improve the present situation for sludge manage-
ment and reduce presence of pollutants in the soil, European Union
published the third draft of a future Sludge Directive entitled
‘‘Working Document on Sludge’’ (CEC, 2000), where concentration
limit values for some organic compounds are included for the first
time in the EU regulations.

Since the publication of this text several studies has been
reported in the literature about the presence and distribution of
the organic compounds included in the future EU Directive during
the sludge management processes (Abad et al., 2005; Aparicio
et al., 2009; González et al., 2010a; Pakou et al., 2009; Soares et al.
2008). In these studies the surfactants linear alkylbenzene sulpho-
nates (LAS) and nonylphenol ethoxylates (NPE, sum of nonylphenol,
nonylphenol mono- and diethoxylate) are shown as some of the
most problematic compounds in the application of sewage sludge
to the soil according with concentration levels found in sludge and
limit values fixed by the future EU Directive (Abad et al., 2005;
Aparicio et al., 2009; Eriksson et al., 2008; Pakou et al., 2009).

In spite of the numerous studies carried out about the presence
and distribution of these compounds in sludge, few studies have
been reported in the literature about their distribution and fate
after the application of sewage sludge to the soil (Gómez-Rico
et al., 2008; Petersen et al., 2003). As consequence, there is a lack
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Table 1
Physical and chemical characteristics of compost.

Parameter Value

pH 6.51
Dryness (%) 80.1
Ashes (%) 79.9
Nitrogen (% TKN) 1.74
Carbon (%) 14.4
Relation C/N 8.25
Organic material (%) 24.8
Calcium (% CaO) 1.77
Magnesium (% MgO) 0.48
Assimilable phosphorus (% P2O5) 0.63
Total phosphorus (% P2O5) 4.80
Assimilable potassium (% K2O) 0.27
Total potassium (%K2O) 1.09
Conductivity (mS/cm) 5.09
Escherichi coli (NMP/g) 19
Salmonella (en 25 g) Absence

Table 2
Physical and chemical characteristics of the soil.

Parameter Value

Texture Loam-sand
Coarse sand (%) 72.6
Thin sand (%) 4.5
Silt (%) 4.1
Clay (%) 18.8

Carbonate (% CaCO3) 1.6
Oxidise organic carbon (%) 0.207
Oxidise organic material (%) 0.36
Organic nitrogen estimate (%) 0.027
Relation C/N 7.53
pH 8.75
Specific surface area 19.5
Volume of micro + mesopores (rp < 250 Ă) (mm3/g) 29.0
Volume of macropores (250 Ă <40 lm) (mm3/g) 126.4
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of information about their occurrence in soil and about the poten-
tial ecotoxicological risk associate to the application of these
sludges to the soil.

The purposes of this study were to investigate the fate of the
surfactants linear alkylbenzene sulphonates (LAS: C10, C11, C12
and C13) and nonylphenol compounds (NPE: nonylphenol, nonyl-
phenol mono- and diethoxylate) in sludge-amended soil and eval-
uate the environmental risk caused by the application of the sludge
onto soil.

2. Experimental

2.1. Chemicals and reagents

HPLC grade acetone, acetonitrile, methanol and water were pur-
chased from Romil Ltd. (Barcelona, Spain). Commercial LAS mixture
containing C10-LAS (12.3%), C11-LAS (32.1%), C12-LAS (30.8%) and
C13-LAS (23.4%) was supplied by Petroquímica Española (PETRESA).
NP Pestanal� technical grade was obtained from Riedel-de-Haën
(Seelze, Germany), NP1EO and NP2EO Igepal� CO-210 technical
mixture was obtained from Aldrich (Milwaukee, WI, USA).

Three-millilitres solid phase extraction (SPE) cartridges, packed
with 60 mg of OASIS MCX, were purchased from Waters (Milford,
MA, USA).

Stock solutions of each of the studied compounds at concentra-
tion levels of 1000 mg/L were prepared in methanol and stored at
4 �C. Working solutions were prepared by diluting the stock stan-
dard solutions in a methanol:water mixture (1:1, v/v).

2.2. Compost, soil and compost-amended soil samples

Compost samples were collected from a composting plant sited
in Seville (South of Spain) where anaerobically-digested and dehy-
drated sludge from four urban wastewater treatment plants are
treated. Composting process is based on natural composting of
anaerobically-digested and dehydrated sludge in dynamic batter-
ies thermally controlled and with aeration facilitated by turning.

Soil samples were collected from an agricultural land sited in
Seville. The soil was Mediterranean type, with a thick sand content
of 72.6%, fine sand: 4.5%, slime: 4.1%, clay: 18.8% and organic car-
bonate: 0.2%.

Previously to the application of compost to the soil, both sam-
ples were characterised (Tables 1 and 2).

2.3. Experimental design

The experiments were carried out during a period of 100 days.
Two temperature values were tested: 12.7 and 22.4 �C, corre-
sponding to the mean temperature during winter and summer per-
iod, respectively, in the Mediterranean region of Andalusia (South
of Spain). Irradiation levels of 1091 W/m2 and humidity conditions
of 33% were fixed in all experiments.

For each temperature value, five reactors of glass (diameter
10 cm), filled with 500 g of a sludge:soil mixture 5:95 (correspond-
ing approximately to 170 T/ha), and two controls, filled with 500 g
of soil, were used. The mixture was homogenised by hand before
filling the reactor to achieve a mixture similar to the application
of sludge in a full scale agricultural soil. 20% of humidity in each
reactor was achieved by adding 100 mL of deionised water.

Thirty samples (2.0 g) were collected from each reactor as fol-
lows: five weekly samples were collected during first 15 days;
three weekly samples from days 16 to 45, two weekly samples
from the days 46 to 53 and a weekly sample from days 54 to 100.

Samples were lyophilised in a cryodos-50 (Telstar, Terrasa,
Spain) lyophilizer, sieved (particle size <2 mm) and stored at
�30 �C until analysis.
2.4. Analysis of organic compounds

LAS and NPE were simultaneously extracted from compost and
sludge-amended soil samples by sonication assisted extraction as
it is described in a previously reported method (González et al.,
2010b).

Chromatographic analysis was performed using an HPLC 1100
Series instrument (Agilent, USA) equipped with an ultraviolet
diode array (DAD) and rapid scan fluorescence (Fl) detector con-
nected on line. Separations were carried out using an Inertsil Ph-
3 (150 mm � 4.6 mm i.d., 5 lm) column (GL Sciences, Inc., Tokio,
Japan) protected by an Inertsil Ph-3 (4 mm � 10 mm i.d., 5 lm)
guard column (GL Sciences, Inc., Tokio, Japan). Analytes were sep-
arated by gradient elution as previously is reported (González
et al., 2010b). Recoveries achieved with the applied method were
from 78% to 103%, and limit of detection and quantification were
ranged 0.01–0.03 and 0.03–0.10 mg/kg dm, respectively.
2.5. Environmental risk assessment

The ecotoxicological risk was evaluated using risk quotients
(RQs) as previously is reported by González et al. (2010a). RQs
were determined as the ratio between the concentrations mea-
sured in soil for LAS homologues (C10, C11, C12 and C13) and
nonylphenolic compounds (NP, NP1EO and NP2EO) and the
predicted non-effect concentration (PNEC) of each compound,
which is the concentration for which no adverse effect is suspected
to occur. RQ for LAS (sum of C10, C11, C12 and C13) and NPE (sum
of NP, NP1EO and NP2EO) were determined too.



Table 3
Mean concentration levels of surfactants in sludge, soil and sludge-amended soil
(n = 10).

Compounds Sludge (mg/kg dm) Soil (mg/kg dm) Sludge-amended
soil (mg/kg dm)

LAS C10 57.9 <LOD 4.17
C11 157 <LOD 6.64
C12 275 <LOD 4.44
C13 196 <LOD 3.53
P

LAS 686 <LOD 18.8

Average LAS 171 <LOD 4.70

NPEs NP2EO 30.3 <LOD 0.57
NP1EO 17.5 <LOD 0.66
NP 19.3 <LOD 0.27
P

NPEs 67.1 <LOD 1.50

Average NPEs 22.4 <LOD 0.50

<LOD: lower than the limit of detection of the method.

Table 4
Half-life time (t1/2) of surfactants measured in degradation experiments.

Compound Temperature

12.7 �C (days) 22.4 �C (days)

LAS C10 7 6
C11 14 7
C12 4 4
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PNECwater values are derived from acute toxicity data from liter-
ature (lethal concentration, LC; effect concentration, EC; and non-
observed effect concentration, NOEC) obtained from toxicological
studies in each environmental compartment (Fenner et al., 2002;
Van Vlaardingen et al., 2003) applying an assessment factor of
1000 which depends on the available toxicity data (ECB, 2003).

PNECsoil were derived from PNECwater, assuming that the sensi-
tivity of aquatic organisms is comparable to that of organisms liv-
ing in soil or sediment and applying the equilibrium partition
theory as it is suggested by Van Vlaardingen et al. (2003):

PNECsoil ¼ PNECwater � Kd ð1Þ

where PNECsoil is the predicted no-effect concentration in soil,
PNECwater is the PNEC value obtained in water compartment, Kd is
the soil–water partition coefficient.

The individual partition coefficients were related to the organic
carbon content of the respective soils by the following equation:

Kd ¼ Koc � foc ð2Þ

where Koc represents the organic carbon partition coefficient and foc

the organic carbon fraction in soil. LogKoc values of 4.02, 3.90, 4.83,
and 3.39 were applied for LAS C10, C11, C12 (Ying, 2006) and C13
(Feijtel et al., 1999), respectively, and values of 3.97, 4.94 and
5.06 were used for NP (Düring et al., 2002), NP1EO and NP2EO
(Yu et al., 2008) respectively. foc values of 0.02 g/kg was applied
for normalised to EUstandard soil (Van Vlaardingen et al., 2003).
C13 7 6

NPEs NP2EO 16 8
NP1EO 8 9
NP 16 18
3. Results and discussion

3.1. Concentrations of surfactants in compost and soil samples

Previously to the application of compost to the soil, both sam-
ples were analysed for the determination of the concentration lev-
els of LAS and NPE. Concentrations measured are shown in Table 3.

In compost samples, higher concentrations were found for LAS
homologues (mean concentration 171 mg/kg dm (dry matter)).
NPE were found at mean concentration levels of 22.4 mg/kg dm.
The studied compounds were not detected in soil samples.

After sludge application to the soil, concentration levels of LAS
homologues and NPE decreased substantially being found at con-
centration levels up to 6.64 and 0.66 mg/kg dm, respectively. This
fact indicates that even at concentration levels in compost samples
lower than those fixed by the future EU Directive (2600 mg/kg dm
for LAS and 50 mg/kg dm for NPE), surfactant are still found in
sludge-amended soil at concentration levels of several lg or even
mg per kilogram (Table 3).

3.2. Degradation of organic compounds

3.2.1. LAS degradation
The highest concentration of LAS homologues was found for LAS

C11, followed by LAS C12, C10 and C13, in that order. For both
temperatures (12.7 and 22.4 �C) a rapid degradation of LAS was
observed. The half-life times (t1/2) were from 4 (C12) to 14
(C11) days at 12.7 �C and from 4 (C12) to 7 (C11) days in experi-
ments carried out at 22.4 �C (Table 4).

Both experiments a high influence of temperature was observed
during experimental time (Fig. 1). This fact was more severe in the
case of C11 for which the half-life observed at 12.7 �C was reduced
to the half in the case of the experiment carried out at 22.4 �C. In
spite of that, LAS homologue C11 was the compound with the high-
est persistence (present after 49 and 39 days at 12.7 and 22.4 �C,
respectively), followed by the homologues C13 (Fig. 1), C12 and
C10, in that order. This distribution could be explained by the
highest retention capacity into the soil for these homologues with
longer alkylic chain and, as consequence, the minor availability for
the biodegradation. The high persistence of the homologue C11 at
both temperatures could be due to the high concentration level
found at the beginning of the experiment.

Mean concentration levels of LAS (sum of C10, C11, C12 and
C13) of 18.0 and 19.5 mg/kg dm for experiments at 12.7 and
24.5 �C, respectively, were found in sludge-amended soil samples
at the beginning of the experiment (Fig. 2). The concentration of
LAS (sum of C10, C11, C12 and C13) was reduced to 5% of the initial
concentration 49 and 21 days after sludge-application to the soil at
12.7 and 22.4 �C. The observed degradation could be divided in two
phases. In the first phase (1–21 and 1–16 days for 12.7 and 22.4 �C,
respectively) a rapid degradation was observed. During this phase
the concentration of LAS was reduced to 25% and 9% of the initial
concentration, respectively, for 12.7 and 22.4 �C. During the second
phase (from 22 to 90 days at 12.7 �C and from 17 to 90 days at
22.4 �C) a slow degradation was observed. During this phase initial
concentration of LAS was reduced to 1.87% and 0.41%, respectively.

3.2.2. NPE degradation
After sludge application to the soil, nonylphenolic compounds

were present at mean concentration levels of 0.81, 1.00 and
0.27 mg/kg dm in the experiment at 12.7 �C and of 0.33, 0.33 and
0.27 mg/kg dm in experiment carried out at 22.4 �C, for NP2EO,
NP1EO and NP, respectively (Fig. 3). The half-life measured for NPE
was influenced by the number of ethoxylated groups as well as the
temperature (Table 4). In all cases, an increase of concentration
was observed in a few days from the beginning of the experiment.
These could be explained by the degradation of polyethoxylated
compounds present in compost, whose main degradation products
are NP2EO, NP1EO and NP (Gómez-Rico et al., 2008). No influence
of temperature was observed in the degradation of nonylphenol
ethoxylates, except in the case of NP2EO. This fact was faster
in experiment carried out at 22.4 �C and, as consequence, at this



Fig. 1. Concentration levels of LAS homologues measured in sludge-amended soil during degradation experiment (n = 5).
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temperature the increase of concentration levels was observed dur-
ing the first 4 days of experiment while at 12.7 �C this increase was
observed during the first 8 days of the experiment. A high reduction
was observed for the haft-life measured for NP2EO from 12.7 to
22.4 �C while no reduction was observed for NP1EO and NP (Table
4). This could be explained through the higher persistence of the
compound with lower number of ethoxylates groups.

Mean concentration levels of NPE (sum of NP2EO, NP1EO and
NP) measured at the beginning of the experiment were of 2.09
and 0.83 mg/kg dm for the experiment carried out at 12.7 and
22.4 �C, respectively (Fig. 4). The same temperature effect observed
for the individual compounds was reproduced in the case of NPE.
After 8 and 4 days from the beginning of the experiment for 12.7
and 22.4 �C concentration levels of NPE was increased to 6.5 and
13.5 mg/kg dm, respectively. These concentration levels were re-
duced to 5% after 63 and 70 days, respectively.

3.3. Environmental risk assessment

3.3.1. Toxicity data of organic compounds
The toxicity of LAS homologues was seriously influenced by the

length of alkylic chain. Several studies show the wide variety in the
LAS toxicity from one species to the next and even between organ-
isms from the same species, especially in the case of algae. This fact
could be due to the different experimental design and the wide
range of sensitive species used in the determination of the toxicity
data, referring not only to the LAS homologues but also the sum of
LAS C10, C11, C12 and C13.



Fig. 2. Concentration levels of LAS (sum of C10, C11, C12 and C13) in sludge-amended soil during degradation experiment (n = 5).
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Chronic effects have been observed for Daphnia magna at con-
centration levels from 3.35 (C13) to 13.9 mg/L (C10). In the case
of LAS (sum of C10, C11, C12 and C13), most studies carried out
showed an increase in the toxicity in relation to those found for
LAS homologues (Table 5).
Fig. 3. Concentration levels of NP2EO, NP1EO and NP measured in slu
With regard to nonylphenol ethoxylates, the toxicity data found
in the literature showed an increase in the toxicity for these com-
pounds with the decrease of the number of ethoxy groups (Table 6).
For NP, the toxicity data found in the literature were from 20.7 to
157 lg/L (Brooke, 1993; Fenner et al., 2002; TenEyck and Markee,
dge-amended soil samples during degradation experiment (n = 5).



Fig. 4. Concentration levels of NPE (sum of NP2EO, NP1EO and NP) in sludge-amended soil during degradation experiment (n = 5).

Table 5
Acute toxicity data of linear alkylbenzene sulphonates.

Compound Specie Test Aquatic organisms (mg/L) Terrestrial organisms (mg/kg) References

LAS C10 Daphnia magna (crustacean) EC50, 48 h 16.7 – HERA (2009)
Daphnia magna (crustacean) LC50, 48 h 13.9 – Ying (2006)
Pimephales promelas (fish) LC50, 48 h 39.6 – HERA (2009)

C11 Tetraselmis suecica (algae) EC50, 72 h 13.37 – Garrido-Pérez et al. (2008)
Isochrysis aff. galbana (algae) EC50, 72 h 7.70 – Garrido-Pérez et al. (2008)
Nannochloropsis gaditana (algae) EC50, 72 h 1.38 – Garrido-Pérez et al. (2008)
Daphnia magna (crustacean) EC50, 48 h 9.2 – HERA (2009)
Pimephales promelas (fish) LC50, 48 h 19.8 HERA (2009)

C12 Daphnia magna (crustacean) CL50, 48 h 8.1 – Ying (2006)
Daphnia magna (crustacean) EC50, 48 h 4.8 – HERA (2009)
Pimephales promelas (fish) EC50, 48 h 3.2 – HERA (2009)

C13 Rhodomonas salinas (algae) EC50, 72 h 0.36 – Garrido-Pérez et al. (2008)
Isochrysis aff. galbana (algae) EC50, 72 h 0.53 – Garrido-Pérez et al. (2008)
Nannochloropsis gaditana (algae) EC50, 72 h 0.18 – Garrido-Pérez et al. (2008)
Daphnia magna (crustacean) EC50, 48 h 2.35 - HERA (2009)
Pimephales promelas (fish) EC50, 48 h 1.04 – HERA (2009)

P
LAS Navícula peliculosa (algae) EC50, 96 h 1.4 – Garrido-Pérez et al. (2008)

Arcatia tonsa (crustacean) EC50, 48 h 1.11 – Garrido-Pérez et al. (2008)
Pleuronectes plateas (fish) EC50, 96 h 1 – Garrido-Pérez et al. (2008)
H. ulvae (moluscan) LC50, 96 h – 141 Hampel et al. (2007)
Enchytraeus crypticus (invertebrate) NOEC, 28 days – 120 Krogh et al. (2007)

Table 6
Acute toxicity data of nonylphenol ethoxylates.

Compound Specie Test Aquatic
organisms (lg/L)

Terrestrial
organisms (mg/kg)

References

NPE NP Pimephales promelas (fish) LC50, 96 h 136 – TenEyck and Markee (2007)
Ceridaphnia dubia (crustacean) LC50, 48 h 92.4 – TenEyck and Markee (2007)
Mysidopsis bahía (crustacean) LC50, 96 h 20.7 – Fenner et al. (2002)
Daphnia magna (crustacean) LC50, 48 h 157 – US EPA (2005)
Daphnia magna (crustacean) LC50, 48 h 104 Brooke (1993)

NP1EO Pimephales promelas (fish) LC50, 96 h 218 – TenEyck and Markee (2007)
Ceridaphnia dubia (crustacean) LC50, 48 h 328 – TenEyck and Markee (2007)
Mysidopsis bahía (crustacean) LC50, 48 h 110 – Fenner et al. (2002)

NP2EO Pimephales promelas (fish) LC50, 96 h 323 - TenEyck and Markee (2007)
Ceridaphnia dubia (crustacean) LC50, 48 h 716 – TenEyck and Markee (2007)
Mysidopsis bahía (crustacean) LC50, 48 h 110 – Fenner et al. (2002)
Ceridaphnia dubia (crustacean) EC50, 96 h 626 – Staples et al. (1998)
Ceridaphnia dubia (crustacean) LC50, 96 h 1016 – Staples et al. (1998)
Ceridaphnia dubia (crustacean) NOEC, 7 days 285 – Staples et al. (1998)
Daphnia magna (crustacean) LC50, 48 h 148 – Staples et al. (1998)

P
NPEs Pimephales promelas (fish) LC50, 96 h 190 – TenEyck and Markee (2007)

Ceridaphnia dubia (crustacean) LC50, 48 h 359 – TenEyck and Markee (2007)
Xenopus Laevis (amphibious) LC50, 96 h 4800 – Mann and Bidwell (2000)
Litoria adelaidensis (amphibious) LC50, 140 h 9200 – Mann and Bidwell (2000)
Crinia insignifera (amphibious) LC50, 135 h 6400 – Mann and Bidwell (2000)
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2007; US EPA, 2005). While for NP1EO and NP2EO, a few studies
have been found in the literature reporting toxicity data in both
aquatic and terrestrial organism. Staples et al. (1998) reported
LC50 values of 620 lg/L for Ceriodaphnia dubia exposed to NP2EO.
Studies carried out for TenEyck and Markee (2007) found LC50 val-
ues of 716 and 328 lg/L for NP1EO and NP2EO, respectively, using
C. dubia as target organism (Table 6).

Moreover, synergic effects have been observed in species ex-
posed to NPE mixtures, as consequence, lower toxicity data such
as 87, 60 and 42 lg/L, for NP2EO, NP1EO and NP, have been found
using Pimephales promelas as target organism (TenEyck and
Markee, 2007).

Environmental risk assessment in sludge-amended soil was car-
ried out selecting the lowest value of toxicity data found in the lit-
erature for each compound and applying an assessment factor of
1000. PNECsoil were calculated from PNECwater as it is described
in Section 2.5.
3.3.2. Environmental risk assessment of LAS
Concentration levels of LAS homologues were lower than PNEC-

soil values after 23 days from the beginning of the experiment, ex-
cept in the case of C13 whose effect would be observed after
100 day from the initial time (Fig. 1).

The concentrations measured at 12.7 and 22.4 �C showed simi-
lar toxic effects for LAS homologues C10 and C12 while concentra-
tion levels of LAS C11 were lower than the PNECsoil value after 23
and 10 days from the application of sludge to the soil for 12.7
and 22.4 �C, respectively.

For LAS C13, in spite of the concentrations measured at 12.7 �C
and 22.4 �C were similar, the environmental risk assessment at
22.4 �C showed a decrease of toxicological risk after 39 days while
concentration levels measured at 12.7 �C were higher than
0.09 mg/kg (PNECsoil) during the experimental time.

With regards to LAS (sum of C10, C11, C12 and C13), the PNEC
value were calculated from the NOEC value obtained for Krogh
et al. (2007). Concentration levels of LAS were lower than 10 mg/
kg after 7 and 8 days of sludge application to the soil for 22.4
and 12.7 �C respectively.
3.3.3. Environmental risk assessment of NPE
Concentration levels of NP2EO, NP1EO and NP were lower than

PNECsoil values after 37 days from the application of sludge to the
soil (Fig. 4). NP2EO and NP1EO showed similar behaviour and con-
centration levels lower than PNECsoil values were found after 16
and 18 days from the initial time at 22.4 �C and after 23 and
18 days, respectively, at 12.7 �C.

For NPE, PNECsoil calculated was 0.88 mg/kg. This value showed
an increase of the toxicity with regards to the individual com-
pounds. As result, concentration levels measured in sludge-
amended soil were higher than this value during the first 56 days
of experiment.
4. Conclusions

Degradation of surfactants in soil amended with sewage sludge
has been studied during 100 days under cold (12.7 �C) and hot
(22.4 �C) conditions. For all studied compounds an influence of
the temperature in the degradation was observed during the
experiment, being the slowest degradation observed in the exper-
iment carried out at 12.7 �C. The half-life time measured LAS
homologues were lower than 14 days at 12.7 �C and lower than
7 days at 22.4 �C and the concentration of LAS (sum of C10, C11,
C12 and C13) was reduced to 5% of the initial concentration after
49 and 21 days from the application of the sludge to the soil.
An increase of the concentration levels of nonylphenolic com-
pounds was observed during the first days of the experiment as
consequence of the degradation of the nonylphenol polyethoxylate
compounds. Concentration levels were reduced to 5% after 63 and
70 days at 12.7 and 22.4 �C.

Environmental risk assessment reveals that after 23 days in the
case of LAS and 56 days in the case of NPE potential toxic effects
could not be expected, except in the case of LAS C13 whose effect
could be expected 100 days after the application of sewage sludge
to the soil.
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