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ABSTRACT

A comparison of the estimated environmental concentration and the effect concentrations (in the laboratory
or field) in the receiving compartment form the basis of environmental risk assessments. This paper reviews
processes that critically influence the fate of LAS in the terrestrial environment. Concentrations of LAS in
sludge are quite high due to sorption to primary sludge, precipitation of Ca and Mg-salts of LAS, and lack of
biodegradation under anaerobic digestion. This implies that when sludge is applied to soil e.g. as a fertilizer,
considerable amounts of this important surfactant may enter the terrestrial environment. Influence of aerobic
situations on LAS concentrations during sludge storage needs further research to allow incorporation into the
risk assessment. Aerobic biodegradation in soil is considered the most important removal mechanism of
LAS loading to the terrestrial environment through sludge-amendment. Sorption plays a role in determining
the residence time of a chemical in the soil, hereby enabhng more time for biodegradation to occur. In
addition, sorption may affect the expression of effects of surfactants towards benthic and soil dwelling
organisms and plants. Another factor that needs further attention is the form of LAS in the environment,
which is not similar to the commercial material applied in detergents. The differential sorption and
biodegradation of the LAS components lead to a shift in the alkyl chain length (homologue), and phenyl-
isomer distribution towards increased hydrophobicity. Also, occurrence of Ca/Mg-salts in the environment
versus the Na-salt for the commercial material critically impacts the extrapolation of effects data obtained in
lab studies (mostly performed with the commercial material) to the field. The literature data were used in
combination with strategies and methods provided by the European Union Technical Guidance Document in
support of risk assessment of new and notified substances (1996) for the prediction of environmental
“concentrations of LAS entering the soil system through sludge applications. Soil biodegradation is an
essential, necessary element for the PEC-calculations of LAS. The initial realistic worst case assessment
presented indicates no human health risks exists with indirect exposure to LAS through either food or
drinking water. Also, current LAS use does not pose a risk to terrestrial organisms such as plants and
mvertebrates ©1998 Elsevier Science Ltd

1. INTRODUCTION
All substances entering the environment have the potential to influence micfobial, plant and animal life.
Thus, information on the possible impact on biota, is of a decisive importance to determining acceptable
levels of use and release to the environment. The environmental impact of a compound depends on : i) its
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inherent properties relevant to the fate in and the effects on the environment (e.g. biodegradability,
ecotoxicity), and ii) current ambient conditions of receiving compartment (e.g. use pattern of the chemical,
wastewater treatment situation, dilution factors, soil type).

A comparison of the estimated concentration and the effect concentrations (in the laboratory or field) in
the receiving compartment form the basis of an environmental risk assessment. These two parameters, PEC
(predicted environmental concentration) and L(E)C5g or NOEC do not represent absolute figures. Their
accuracy and reliability depends strongly on the quantity and the quality of the available information. To
prevent wrong conclusions, it is therefore sensible anc‘i\ necessary to evaluate the validity and reliability of the
dath_used for the risk assessment and to link the impiications of resulting decisions with the uncertainty of
such an assessment.

Detergents are manufactured in large quantities, used by many people, and disposed after household
use into the environment. The vast majority of this waste stream is treated via domestic wastewater
treatment plants (WWTPs). Waste water treatment plants reduce significantly the load of chemical
substances to the receiving surface waters, and have become an intrinsic part of exposure and risk assessment
of detergent chemicals. Fate and effects of surfactants in aquatic surface waters has been studied
extensively and was subject of a risk assessment evaluation within the Dutch NVZ/VROM Voluntary
Agreement (Plan van Aanpak). This evaluation lead to the conclusion that the surfactants studied do not

pose a risk to the aquatic environment [1]. The terrestrial environment (soils, groundwater, and interstitial

Production
————
: Effluent Aquatic —%> Water
Sewer WWTP | —— environment | s.qiment
Household
use Sludge
Indirect human .
dire Bl =» Terrestrial effects
exposure
SIUdge' Above-ground
Uptake by cattle | amended community
Uptake by plants soil Soil community
Leaching to - Groundwater
groundwater community

Figure 1: Fate of LAS in the environment



1321

water) has received considerably less attention. Nevertheless, surfactants may be introduced in/onto the soil
by various routes: leakage of sewer lines, presence of septic tanks, application of sewage sludge as a
fertilizer on arable land, and use of sewage effluents as irrigation'water. Consequently, attention has to be
paid towards effects of surfactants on soil dwelling organisms, plant growth and uptake (especially for
terrestrial crops), and potential infiltration to groundwater (an important source of drinking water). Leaching,
adsorption and biodegradation in soil can serve as important removal mechanisms, and each removal
process needs to be quantified to assess the fate of chemicals in the soil compartment (Figure 1).

LAS is the major surfactant used in detergents throughout the world because of its effectiveness,
versatility, cost/performance ratio and environmental safety. The widespread and relatively large usage of
LAS (1.5 to 2 million ton per year worldwide and 300 000 ton/yr within the EU) has led to extensive
research by both industry and academia, and there is a wealth of literature covering environmental fate and
effects in the terrestrial environment. Laboratory and environmental studies indicate LAS to be ultimately
biodegraded at high rates under aerobic conditions. In sewage treatment, however, a proportion of the LAS
is removed by adsorption onto sewage soilds during primary settlement of sewége and will not undergo
normal aerobic treatment since this sludge stream will not reach the aeration tank. The resulting sludge is
generally digested under anaerobic conditions and a high proportion may then be applied (raw or digested),
in some countries, as a valuable source of plant nutrients. Aerobic conditions may be restored during storage
of sludge, and after application to land thus preventing LAS accumulation in the soil environment [2].

This document aims to review the fate of LAS in sludge and soils based on available literature data.
These data are used in combination with strategies and methods provided by the European Union Technical
Guidance Document (EU-TGD) in support of risk assessment of new and existing substances [3] for the
prediction of environmental concentrations of LAS entering the soil system through sludge applications. An

initial risk assessment for indirect human exposure and soil organisms is presented.

2. FATE PROCESSES
2.1. Sorption

Sorption is an important mechanism that influences fate and effects of organic chemicals e.g.
surfactants when released into the aquatic and/or terrestrial environment. Through sorption to sludge, LAS
can enter the terrestrial environment.

A negative correlation between the sorption coefficient, the biodegradation rate constant k and extent
of total mineralization was reported by Knaebel et al. [4,5]. This indicates that a greater affinity for the
environmental matrix lowers the bioavailability for degradation. In contrast, Larson et al. (1989) claim that
biodegradation rates of LAS are not influenced by soil type, which may be explained by the use of different
kinetic models to fit the experimental data [6]. Overall, the weight of evidence indicates soil type can

influence biodegradation.
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Sorption also plays a role in determining the residence time of a chemical in the soil. As sorption
increases, the residence time increases, hereby enabling more time for biodegradation to occur [7]. In
addition, sorption may affect the expression of effects of surfactants towards benthic and soil dwelling
organisms and plants. In most cases, a mitigation of the effects in the soil or sediment compared to similar

concentrations in the water phase were measured [8].

2.1.1. Measurements of the sorption coefficient

When there is no interaction between adsorbate molecules and when the adsorption is localized in a
monolayer, the adsorption data can be fitted to the Langmuir isotherm. However, in literature, often the
Freundlich isotherm is appliéd - which also can be used for non-Langmuir sorption e.g. multilayer sorption.
A difficulty in comparing K coefficients, is that often K is determined as the ratio of the adsorbed fraction to
the dissolved fraction. In that case, the amount of soil or sediment and the test chemical concentration should
be mentioned [9]. This simplified K can be compared with the Freundlich K when n equz;ls 1 or in the linear
range of sorption. Another difficulty is that the soil/solution ratio applied in the adsorption experiment
influences the adsorption coefficient K. [10,11]. In Table 1, an overview of the Freundlich parameters in

sediments and soils is given.

Table 1. Freundlich parameters for adsorption of LAS and nonionics to sediments and soils.

Characteristics of the soil/sediment Surfactant K (I/kg) 1/n Reference
River sediment, Belgium . C13LAS 138-360 0.77-0.90 [9}
Kaolinite C13LAS 20 0.55 (9]
Al203 C13LAS 83 1.79 [9]
Fe203 C13LAS 79 1.23 [9]
Humic acid C13LAS 1000 0.95 [9]
Luvisol, Berlin, Germany LAS 2.45-4.30 1.01-1.09 {10]
Dystric Cambisol, Berlin, Germany LAS 2.82-7.79 1.00-1.16 [10]
Natural, Shenyuang, China LAS 1.23-2.02 1.00 [111
Septic tank tile field, upper unsatured soil horizon C13LAS 17* [12]
aquifer C13LAS 1* [12]
River sediment, Rapid Creek C14LAS 2089-3019 [13]
' C10LAS 446 M3

Matthijs and De Henau (1985) measured adsorption and desorption on Belgian river sediments and
soil constituents [9]. The adsorption of LAS to the river sediments followed the_ Langmuir isotherm

indicating that the adsorption is located in a monolayer, thus adsorption becomes increasingly difficult as



adsorption sites are gradually filled. In their study, the distribution coefficient K of LAS was 237 + 77 Lkg.
This narrow range indicates that the source and nature of the sediment only have a small effect on
adsorption. The adsorption of LAS to humic acid also followed the Langmuir isotherm, but the attractive
forces were much stronger. In contrast, the adsorption to kaolinite was very low, due to the negative charge
of the clay mineral which repels the anionic surfactant. The adsorption of LAS on iron and aluminium
oxides, which have a positive charge per atom, follows a cooperative adsorption isotherm (no Langmuir
isotherm as the Freunlich constant 1/n > 1). Adsorption is situated in multiple layers. The low K value
indicates that adsorption is still localized in a monolayer at low equilibrium concentrations, but the high
slope indicates the higher sorption activity at higher concentrations [9].

Overall, the adsorption coefficient seems to be higher for sediments than for soils. This could be due
to a difference in composition e.g. more organic carbon in sediments. However, generalization remains
difficult as not enough results were available, and as sorption is a complex process depending on soil
composition and hydrophobicity of the molecule. Even for one sediment, sorption can differ with a factor of
100 for the different phenyl and alkyl chain isomers of LAS [13].

. Influence of the physico-chemical characteristics of the chemical on sorption

LAS homologues and isomers differ in the alkyl chain length and the position of the
benzenesulphonate on the alkylchain. The mixture most frequently used in detergent formulations has an
average chainlength of 11.6 carbon atoms with phenyl positions between 2 and 6. Hand and Williams (1987)
studied the sorption of LAS homologues and isomers in 4 river sediments in a laboratory experiment at a
LAS concentration of 10-1000 ppb [13]. For each sediment type, sorption increased significantly as the LAS
chain length was increased: K values increased with a factor of 2.8 for each additional methylene group. For
isomers, sorption increased significantly as phenyl position was changed from the 5 or 6 position to the 2

position.

The results suggest that LAS is sorbed by a hydrophobic mechanism. As the alkyl chain length
increases, the hydrophobicity of the molecule increases and the negative charge of the sulphonate group has
a smaller impact on hydrophobic interactions.

In the model of Di Toro et al. for anionic surfactant sorption, the sorption coefficient was related to
the critical micelle concentration of the surfactant, as a measure of hydrophobicity [14]. The relation was
non-linear.

Bintein and Devillers developed a model for sorption of chemicals to sediments and soils[15]. In the
model, Kow as a measure of hydrophobicity, and pKa as a measure of the neutral (acids) or protonated
(bases) molecules were included.

The amount of adsorbed surfactant will depend on its hydrophobicity (determined by the chainlength,
critical micelle concentration or Kow) and speciation. A percentage of LAS entering the sewage treatment
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plant with the raw sewage precipitates in the primary settler thus "bypassing" treatment. Berna et al.
observed that LAS elimination by physical removal during primary treatment is positively correlated with
water hardness, e.g. the higher the water hardness the higher the LAS elimination [16]. These precipitated
Ca/Mg-salts may have a lower bioavailability than the Na-salt of LAS, thus potentially influencing toxicity
and biodegradation. Insufficient information is available to properly address this influence in an

environmental risk assessment (ERA), but this potential modifying effects merits further investigation.

2.1.3. Influence of sediment/soil characteristics on sorption
Adsorption coefficients, measured at a low redox potential (Eh), in order to simulate anaerobic

conditions, showed a slight increase in comparison to more aerobic conditions [10].

Adsorption of C12LAS on 10 soils was studied in a laboratory experiment [17]. The soils differed in
organic carbon content, content of sesquioxides and in the kind of clay minerals. Although clay minerals are
surface active colloidal material, no correlation was found between the amount adsorbed and the clay
content. This could be due to the fact that in the soils different clay minerals were present, resulting in a
different adsorption characteristics for each soil and a lower significance level. Also the organic matter was
not correlated to the adsorption. The most important component determining adsorption was the content of
free sesquioxides. '

In laboratory tests, the influence of various soil characteristics on the sorption of LAS in soils was
investigated [10]. Iron oxide levels, humic content and also pH proved to be the decisive soil parameters
which influence the sorption of LAS.

Adsorption of anionic surfactants By the soil depends mainly on their organic matter [18].

In sediments, positive correlations were found between K and the organic matter content, % CaCO3
and % clay in the sediment [9]. Although a strong affinity of LAS towards pure metal oxides was measured,
a negative correlation was found between the adsorption of LAS and the sediment content of Fe and Al
oxides. This may be explained by the fact that the strong affinity of metaloxides for LAS only exists at a
high concentration where multilayer adsorption occurs, and that in river sediments the critical concentration
is not obtained [9]. However, it cannot be excluded that pH and/or redox conditions may have had an
important influence on the speciation of the metals present thus influencing its sorption.

Hand and Williams (1987) investigated LAS sorption to 4 different sediments under environmentally
realistic concentrations (10-1000ppb) [13]. The correlation between LAS sorption and sediment properties
was not straightforward. Sorption was not correlated with % organic carbon, nor with % clay, positively
correlated with % silt, and negatively correlated with % sand.

A model for anionic surfactant sorption was developed by Di Toro et al. (1990) [14]. It relates the
partition coefficient to the critical micelle concentration (CMC) as a measure of hydrophobicity, to the

organic carbon content or the CEC of the particles and to the particle concentration itself. The investigation








