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ZUSAMMENFASSUNG

In den letzten Jahrzehnten haben Produktion und Verbrauch von

Wasch- und Reinigungsmitteln (Detergentien) ständig zugenommen.

Gründe dafür sind unter anderem die moderneren Waschprozesse, das

Wachstum der Bevölkerung, die Entwicklung von automatischen

Waschmaschinen und stärkeres Hygienebedürfnis.
Waschaktive Stoffe (Tenside) bilden die wichtigste Gruppe der

Detergentieninhaltsstoffe. Fettsäuren (Seife) und lineare Alkylbenzol-
sulfonate (LAS) sind die am meisten verwendeten anionischen Tenside.

Die globale Jahresproduktion von LAS belief sich 1993 auf ungefähr 2.4

Mio Tonnen. In vielen Ländern wurden LAS Mitte der 60er Jahre

eingeführt, umdie schwer abbaubaren Tetrapropylenbenzolsulfonate (TPS)

zu ersetzen, welche die ersten in grossen Mengen synthetisch hergestellten
Tenside auf petrochemischer Basis waren.

Ziel dieser Arbeit war, anhand der Untersuchung von

Sedimentkernen, Schicksal und Verbleib von Alkylbenzolsulfonaten in

rezenten Sedimenten zu studieren, sowie deren mögliche Verwendung als

molekulare Markiersubstanzen für Einträge von häuslichem Abwasser zu

prüfen. Aufgrund ihrer oberflächenaktiven Eigenschaften haben sowohl

LAS als auch TPS ausgeprägte Affinitäten zu den Oberflächen von

Partikeln, die in den Vorflutern von Abwasserreinigungsanlagen enthalten

sind. In den Oberflächengewässern werden partikelgebunde Alkylbenzol-
sulfonate durch Sedimentation zum Gewässerboden transportiert und

schliesslich in den Sedimenten abgelagert. Da TPS sowohl unter oxischen

als auch unter anoxischen Bedingungen schwer abbaubar ist, und LAS

unter anoxischen Bedingungen Persistenz zeigt, kann angenommen

werden, dass die beiden Tenside im anoxischen Sediment unverändert

archiviert werden.

Für die quantitative Bestimmung von LAS und TPS in Sedimenten

wurde eine analytische Methode entwickelt. Die gefriergetrockneten

Sedimentproben wurden mit Methanol extrahiert. Die anionischen

Komponenten im Extrakt wurden an einem starken Anionentauscher

abgeschieden. Die im sauren Eluat enthaltenen LAS und TPS wurden zu

entsprechenden Trifluoroethylestern derivatisiert, um sie gaschromato-

graphisch auftrennen zu können. Vor der Analyse mittels Gaschromato-

graphie/Massenspektrometrie wurden die derivatisierten Proben in drei



Reinigungsschritten von Reaktionsnebenprodukten und störenden Matrix¬

komponenten befreit. Abgesehen von einigen Ausnahmen wurden die

derivatisierten LAS-Isomere im Gaschromatographen vollständig

aufgetrennt. Auch TPS überlappten nur wenig mit LAS der selben

Molekülmasse und konnten deshalb massenspektrometrisch von diesen

unterschieden werden. Die Quantifizierungsgrenzen einzelner LAS-

Isomere in einer Sedimentprobe von 10 g lagen im Bereich zwischen 1.5

und 20 ug/kg. Die Quantifizierungsgrenze für die Totalkonzentration von

TPS war ca. 200 Jig/kg. Die Standardabweichung der LAS-Bestimmung
schwankte typischerweise zwischen 5 und 10 %. LAS in aufgestockten

Sedimentproben wurden in der Regel zu 80 bis 110 %wiedergefunden.
Sedimentkerne wurden aus vier Schweizer Oberflächengewässern

entnommen: in der Aare unterhalb der Stadt Bern (Wohlensee), im

Bielersee, im Greifensee und im Rhein bei Äugst. Die Sedimentkerne

wurden durch Bestimmung von Aktivitätskonzentrationen von Cs-134 und

Cs-137 oder durch Varvenzählung datiert. In den datierten Sedimentkernen

wurden zeitkorrelierte Tiefenprofile von LAS- und TPS-Konzentrationen

bestimmt. Die resultierenden Profile geben die Eintragsgeschichte der

Tenside in die Gewässer wieder. Maximale TPS-Konzentrationen im

Sediment lagen zwischen 0.2 und 9.1 mg/kg und traten in Schichten auf,

die in der Zeit um 1965 sedimentierten, als TPS durch LAS ersetzt wurden.

Maximale LAS-Konzentrationen lagen zwischen 0.2 und 2.5 mg/kg in

Sedimentschichten aus der Zeit um 1970, als in der Schweiz eine Vielzahl

von Abwasserreinigungsanlagen in Betrieb genommenwurden, die zu stark

herabgesetzten Konzentrationen im Abwasser führten.

Basierend auf Konzentrationsprofilen einzelner LAS-Homologe
kann abgeleitet werden, dass das Schicksal von LAS und TPS die im

anoxischen Sediment eingebaut wurden, bestimmt wird durch deren

Resistenz gegenüber Bioabbau und durch Diffusion im Porenwasser. Die

Diffusionsgeschwindigkeit wird wesentlich durch das Verteilungsgleich¬

gewicht zwischen Porenwasser und Festphase bestimmt. Hinweise dafür

dass die unterschiedliche Lipophilie der verschiedenen Homologe zu stark

variierenden Diffusionsgeschwindigkeiten führt, wurde durch Vergleich
von gemessenen Konzentrationen mit mathematisch modellierten Werten

gefunden.



ABSTRACT

The production and use of detergents has continually increased in

recent decades. The reasons for this include not only modern washing

processes, but also the increase in population, the introduction of automatic

washing machines, the increase in consumption of textiles and an enhanced

awareness of hygiene.
Surfactants constitute the most important group of detergent

components. Fatty acids (soap) and linear alkyibenzenesulfonates (LAS)

are the two most widely used anionic Surfactants. The global production of

LAS in 1993 read approximately 2.4-106 tons. In many countries they were

introduced in the mid sixties to replace tetrapropylenebenzenesulfonates

(TPS), which were the first synthetic Surfactants that were produced using

petrochemical raw materials.

The objective of this study was to investigate recent Sediment cores

of rivers and lakes in order to document the fate and occurrence of

alkyibenzenesulfonates in the Sediments and to evaluate their potential use

as molecular markers for the input of domestic waste water. Both LAS and

TPS have substantial affinities to surfaces of particles in sewage receiving
waters because of their surface active properties. In natural waters, particle-
associated alkyibenzenesulfonates settle to the sediment/ water interface

where they eventually are incorporated into the Sediments. Since TPS resist

biodegradation under both oxic and anoxic conditions and LAS are

persistent under anoxic conditions, both are expected to remain unaltered

once they become buried in anoxic Sediments.

In order to obtain concentration versus depth profiles, a method for

the quantitative determination of LAS and TPS in Sediments was

developed. Samples of freeze-dried sediment were extracted with methanol

in a Soxhlet apparatus. The anionic components were separated from the

methanolic extract by passing it through a strong anionic exchange column.

The LAS and TPS contained in the acidic eluate were converted to their

corresponding trifluoroethylesters in order to make them amenable to gas

chromatography. After clean-up Steps in which reaction by-products and

matrix components were removed using columns which contained alumina,

silica and activated copper powder, the samples were injected into the

GC/MS System. Disregarding some exceptions, the different isomers of

derivatized LAS were baseline separated by gas chromatography. TPS only



slightly overlapped with the homologous LAS. Limits of quantification

ranged frorn 1.5 to 20 Jig/kg for Single LAS isomers and a sediment sample
of 10 g. For the total of TPS a limit of quantification of 200 u.g/kg was

obtained. The Standard deviations of LAS determination typically ranged
from 5 to 10 %for concentrations greater than the limit of quantification.
Recoveries of LAS in spiked sediment samples typically ranged between

80 and 110%.

Sediment cores were collected in four surface waters in Switzerland

including the Aare River near the city of Bern (Lake Wohlen), Lake Biel,

Greifensee and the Rhine River near Äugst. The cores were dated on the

basis of the mass-related activities of Cs-134 and C-137 radio isotopes or

by varve counting. Using the dated sediment cores, time-correlated depth
profiles of total LAS and TPS concentrations were acquired. The resulting

profiles reflect the input history of the Surfactants into surface waters.

Maximum of TPS concentrations in the sediment cores ranged from 0.2 to

9.1 mg/kg and occurred in sediment horizons deposited during the mid

1960s when TPS were replaced by LAS. Maximum LAS concentrations in

the sediment cores ranged from 0.2 to 2.5 mg/kg and occurred in horizons

corresponding to about 1970 when many sewage treatment plants were put
into Operation in Switzerland, which largely removed LAS from waste

waters.

Based on depth profiles of LAS-homologs and isomers it can be

inferred that the postdepositional fate of LAS and TPS in recent Sediments

is determined by both the lack of biodegradation under reducing conditions

and by diffusion in the pore waters. The latter is governed by partitioning
between sediment particles and pore waters. Evidence is provided for

different diffusion velocities of the various alkylbenzenesulfonate

homologs by comparing measured data to results of mathematical

modelling.



ABBREVIATIONS

CI chemical ionization

COD chemical oxigen demand

DATS dialkyltetranlinsulfonates
DOC dissolved organic carbon

DDT dichlorodiphenyltrichloromethylmethane
EC50 concentration which have an effect on 50% of the test organisms
EU European Union

GC/MS gas chromatography/mass spectrometry

HCB hexachlorebenzene
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HPLC high Performance liquid chromatography
IDL instrumental detection limit

Kp partition coefficient
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LD50 dose per unit body wheigt which would kill 50% of the test
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LOD limit of detection
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NOEC no observable effect concentration

OECD Organisation for Economic Co-operation and Development
PAH polycyclic aromatic hydrocarbon
PCB polychlorinated biphenyl
SAX strong anionic exchange resin

SIM selected ion monitoring
STP sewage treatment plant
TIC total inorganic carbon

TOC total organic carbon

TPS tetrapropylenebenzenesulfonates
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1. INTRODUCTION

1.1 Abstract of the Surfactant History

Surfactants constitute the most important group of detergent

components. Generally, they are water soluble surface active agents

comprised of a hydrophobic moiety (usually a long alkyl or alkylphenyl

chain) attached to hydrophilic or solubility-enhancing functional group

(Jakobi and Löhr 1987). Current detergent formulations are the result of

numerous innovations during a long period of development.
At the beginning there was soap. The Sumerians (2500 B. C.) are

known to be the earliest civilisation that had knowledge of manufacturing

soap. Many other early civilisations up to the ancient Romans, however,

washed cloths with other natural cleaning agents, e.g. putrefied urine.

Horse chestnut or wood ash, were used until the Middle Age (Bock and

Stäche 1982). During the 7th and 8th Century the Arabs were skilled soap-

boilers. Their knowledge about soap-boiling was disseminated with the

Islam. However, soap had remained a luxury good until technical processes

for manufacturing soda were found (Leblanc- and Solvay-process). Soda

was used for the saponification of natural fats. At the beginning of the 20th

Century soap was used in early multiple component washing powders

together with soda, silica and sodium perborate. Yet, the development of

washing-machines requested new properties for the detergents.

Specifically, soap was too sensitive to water hardness (Stäche and

Grossmann 1992). A milestone in the history of synthetic Surfactants was

the development of fatty alcohol Sulfates and alkyl sulfates, based on

natural fats. The first household detergents on this basis were introduced in

1932 (Bock and Stäche 1982; Jakobi and Löhr 1987).
At this time detergent manufactures found alternative routes, using

raw materials with petrochemical origin. In the early 1950s, the widespread

availability of tetrapropylenebenzenesulfonate (TPS) had largely forced

soap off the cleaning agent market in the industrialised nations. By 1959,
the favourable economics associated with TPS, along with its excellent

washing properties, resulted in this surfactant's capture of ca. 65 %of the

total synthetic Surfactant demand in the Western world. However, the

biodegradability of TPS was poor. Great masses of foam began to build up

in the vicinity of dams and other obstructions in sewage receiving rivers
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(Malz 1990). The discovery that many Surfactants could emerge unchanged
even from modern sewage treatment plants, resulted in the implementation
of the first German Detergent law in 1961. The German precedent was

soon followed by the enactment of similar legislation in other countries.

Consequently, the detergent industry replaced TPS by the readily

biodegradable linear alkyibenzenesulfonates (LAS) in the mid 1960s (Bock

and Stäche 1982; Jakobi and Löhr 1987; Stäche and Grossmann 1992).

However, in some countries TPS are still in use. Even though the diversity
of synthetic Surfactants has dramatically increased, meanwhile LAS have

remained among one of the most prominent Surfactants on the world

market.

In Figure. 1.1 the temporal course of sold amounts of detergents in

Switzerland are shown since 1938. The plot demonstrates the rapid
increase of detergent use between 1960 and 1990, having a maximum at

about 25 kg/capita-y and 170,000 t/y, respectively, which approximately

equals the average per capita consumption in Europe.

1000 t/y kg/capita-y

180

120

60

1938 1960 1980 1992

Figure. 1.1 : Sold amounts of detergents in Switzerland (SWI1993).
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1.2 Alkyibenzenesulfonates

1.2.1 Physicochemical Properties

Depending on the molecular structure of the hydrophilic functional

group, Surfactants can be divided into nonionic, amphoteric, cationic and

anionic classes. Amongst the anionics, alkyibenzenesulfonates are the most

widely used Surfactants in laundry and cleaning products. Both linear

alkyibenzenesulfonates (LAS) and tetrapropylenebenzenesulfonates (TPS)
are complex mixtures of homologs, isomers and enantiomers. LAS-

homologs ränge from 10 to 14 carbon atoms in the linear aliphatic chain. In

addition, each homolog is comprised of a series of isomers where the

Position of the benzenesulfonate moiety varies. The symbol "m-Cn-LAS"

used in this work referes to individual LAS isomers, where "m" and "n" are

numbers that indicate the position of the benzenesulfonate moiety and the

length of the linear alkyl chain, respectively. An example of both a

decylbenzenesulfonate (Cio-LAS) isomer and of one isomer of TPS is

shown in (Figure 1.2). Isomers having positions of Substitution close to the

terminal carbon atom (e.g. 2-Cio-LAS in Figure 1.2) are referred to as

"external" isomers, whereas isomers having positions of Substitution close

to the center of the alkyl chain (e.g. 5-Cio-LAS) are referred to as

"internal" isomers. Some detergent products used from 1965 to the late

1970s contained LAS with alkyl chain of up to 16 carbon atoms; however,

they were gradually phased out after about 1980 (Stähli 1995).
The physicochemical properties of p-alkylbenzenesulfonates

depend strongly on the length and the structure of the hydrophobic residue.

In general, both adsorption to lipid surfaces and wash effectiveness

increase with increasing chain length. Alkyibenzenesulfonates having Iess

than 6 carbon units in the alkyl chain are no longer surface active, whereas

those having more than 15 units are barely soluble in water. The octyl- to

decylbenzenesulfonates have good wetting properties but their detergency
is poor. In summary, the Optimum chain length for washing and cleaning
purpose was found to be at 12 carbon units (Kosswig 1982). Furthermore,
the surface active characteristics depend on the degree of branching of the

alkyl chain, where branching Stands for both, number of side chains and

internal position of the benzenesulfonate moiety. With increasing
branching, the detergency decreases, whereas wetting and foaming abilities
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Figure 1.2: Structural formulae of alkyibenzenesulfonates.
A) linear alkyibenzenesulfonates m-Cn-LAS. homologs:
10 < n < 13 (16), isomers: 2 < m <7 (8), () :in earlier products on the

European market

B) one isomer oftetrapropylenebenzenesulfonates TPS.

increase (Jakobi and Löhr 1987). This is explained by the decreasing
surface tensions and increasing critical micellar concentration with

increasing branching (Kosswig 1982).

Water hardness is key to Surfactant and sorption properties of LAS

and TPS. As a consequence of the formation of stable complexes with Ca2+

and Mg2+ ions, the solubility in water and the surface active properties are

lost. Even though, alkyibenzenesulfonates are far less sensitive to water

hardness than soap, the use of hardness reducing builders is a prerequisite
for the washing Performance of alkylbenzenesulfonate containing
detergents (Jakobi and Löhr 1987).

1.2.2 Production and Consumption

LAS are contained to 2 - 12 %(Marcomini, Filipuzzi et al. 1988) in

commercial detergent liquids and powders used for both domestic and

industrial textile washing along with cleaning purposes. Since they were

introduced into the market in the early 1960s they have been the

predominant Surfactants after soap. The world LAS production in 1993 was

nearly 2 million tons, capturing about 30% of the total synthetic Surfactants

demand. Western Europe produced 510,000 tons (Berna, Cavalli et al.

1995), of which 6500 tons were consumed in Switzerland, resulting in a

Swiss per capita consumption of about 930 g/y (SWI1993).
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Alkyibenzenesulfonates are manufactured with a target chain length

of 12 carbon units. For manufacturing TPS, the kogasin fraction from the

Fischer-Tropsch synthesis and after the World War II, tetramerized

propylene is chlorinated to the corresponding monochloroalkane. The

highly branched chloroalkane is used for the alkylation of benzene

according to Friedel-Crafts. The alkylation reaction results in a complex

assortment of various branched alkylbenzenes (more than 80,000 possible

isomers) ranging in molecular weight from 204 to 288 which corresponds
to C9- to C15- alkylbenzenes. However, the major components (>50% by

mass) contain 12 carbon atoms on the side chain (Eganhouse, Blumfield et

al. 1983).

Linear alkylbenzenes are currently manufactured based on the

kerosene fraction of petroleum. Presently, n-Paraffins with chain lengths of

10 to 13 carbon units are isolated from kerosene. The alkylation of benzene

is performed with two different catalytic processes:

i) The Friedel Crafts AlCl3-process after catalytic dehydrogenation

and/or monochlorination of the paraffins.

ii) The HF-process in which HF catalyses the alkylation of benzene

after dehydrogenation of the n-paraffins.
Thereafter, the linear alkylbenzenes (LAB) are sulfonated with SO3

to the corresponding para-sulfonic acids, which are subsequently
neutralised with caustic soda (Berna, Cavalli et al. 1995). Routes of

technical synthesis of LAS are schematically depicted in Figure 1.3.

The alkylation processes yield a mixture of all possible positional
isomers except for the primary position. Furthermore, each isomer is a

racemic mixture of the two enantiomers.

Technical mixtures of LAS contain various proportions of by-products
such as unreacted LAB (0.04 - 0.2 %)(Eganhouse, Blumfield et al. 1983;

Takada and Ishiwatari 1987), dialkyltetralinesulfonates (DATS) (<0.5 -

16%) (Cavalli, Landone et al. 1976; Kölbener 1995), and branched-chain

alkylbenzenes (3 - 6%) (Kölbener 1995). DATS are alicyclic alkylation

products of dichloroparafins and diolefins, respectively.
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Figure 1.3: Synthetic routes from n-parqffins to LAS

1.2.3 Biodegradation

TPS may be degraded by acclimated bacterial cultures. In terms of

chemical oxygen demand, oxygen uptake or radiocarbon studies, TPS

typically degrade to an extent of 10 to 50%, depending on both the test

System and the test duration (Swisher 1987). This clearly does not meet the

OECDcriterion for ready biodegradability (OECD 1993).
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LAS are readily biodegradable according to the OECDcriterion.

Struijs (Struijs and Stoltenkamp 1994) reported 74% of DOC-removal and

55 to 60% of COD-removal under OECDtest conditions. However, for

readily biodegradable chemicals DOCremoval usually is >90%. Swisher

(Swisher 1987) reviewed various biodegradation test results. In many cases

the LAS organic removal is 70 - 90% and the formation of carbon dioxide

is generally in the ränge of 50 - 75% of theoretical values, indicating

complete mineralization. The OECD-test results reviewed by Swisher are

in agreement with those reported by Struijs. Yet, Kölbener (Kölbener,

Baumann et al. 1995; Kölbener, Ritter et al. 1995) tested the

biodegradability of commercial LAS mixtures in a continuous trickling
filter flow System and found refractory organic carbon contents between 3

to 14%, which he attributed to metabolites of LAS by-products, mainly to

carboxylated DATS.

LAS biodegradation pathways are split up by Swisher in three units,

each handling rather different types of chemical structures: chain, ring and

the sulfonate linkage. A Single bacterial species may lack the füll ränge of

abilities needed for the ultimate degradation of LAS. Thus, mixed bacterial

cultures will promote its complete biodegradation, and many different

pathways may be operative (Swisher 1987). Simoni (Simoni, Klinke et al.

1996) even found that the growth of an isolated strain of Rhodococcus

rhodochorus is restricted to one enatiomer of 3-phenylbutyric acid, a

metabolite of LAB degradation. Thus it may be evident that LAS

degradation takes enantioselective routes as well. Enantioselective

degradation of sulfophenylcarboxylates is an issue of ongoing research

(Kanz, Nölke et al. 1997).

The general pathways of LAS biodegradation is depicted in

Figure 1.4. An initial attack begins at the end of the alkyl chain, oxidizing
the terminal methyl group to a carboxylate group (0)-oxidation).

Subsequent ß-oxidation steps shorten the alkyl chain to the temporally
stable intermediate 3- or 4-sulphophenylcarboxylates, which may cycle to

form indanones and tetralones, respectively. The ultimate break down takes

place via desulfonation and ring cleavage. Evidence for mechanisms

regarding ring cleavage and desulfonation is given rather by analogy than

by experimental data (Bock and Stäche 1982; Swisher 1987).

Degradation kinetics is mainly governed by the sulfonate group.

Leidner (Leidner, Gloor et al. 1980) compared short chain LAS with

alkylbenzoic acid analogs in a OECDScreening test using a mixed
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microbial biocenosis. The alkylbenzoic acids were readily biodegraded,
while LAS were persistent under the test conditions used, demonstrating
the inhibiting effect of the sulfonate group. Swisher (Swisher 1987)

formulated the distance principle which positively correlates to the

degradation rate, with the distance of the terminal methyl group from the

sulfonic acid group. Thus, Ci3-homologs are degraded faster than Cio-

homologs, and likewise, a 2-sulfophenyl isomer is degraded more rapidly
than a 7-sulfophenyl isomer.

Larson (Larson, Rothgeb et al. 1993) reports the kinetics of

biodegradation of LAS in laboratory Systems. Half-lives of mineralization

under oxic conditions in river water and activated sewage Sludge ranged
between 1 to 2 days. Half-lives of 2 days determined in the water from the

Nogawa river (Japan), a polluted shallow stream, are in agreement with

Larson's results (Takada, Mutoh et al. 1994). However, in river-water

batches, LAS half-lives decreased to about 1 hour, if the water was in

contact with stream bed biofilms, indicating the importance of biofilms

with respect to instream removal of LAS.

Adaptation is known to be a key process regarding the

biodegradability of xenobiotics in the environment. Indeed, the first order

rate of LAS biodegradation increased by a factor of 10 to 500 when the

batches were inoculated with an adapted biocenose from the sediment of a

laundromat waste water pond instead of the biocenoce from a pristine

pond. The experiments conducted with non-adapted organisms had lag

periods of up to 40 days (Federle and Pastwa 1988; Federle and Schwab

1989). On the other hand, the rhizosphere of aquatic plants may

significantly enhance LAS degradation and even eliminate the difference

between adaptive and non-adaptive sites (Federle and Schwab 1989).

Likewise, Shimp found adaptation to be a key process for LAS degradation
in both estuarine samples (Shimp 1989) and samples of an effluent plume
of a septic tank (Shimp, Lapsins et al. 1994). Mineralization half-lives in

soil and Sediments from the vicinity of the septic tank discharge ranged
between 9 and 17 days, whereas in samples far downgradient or upgradient
of the System, degradation was partly not detectable under the test

conditions. Under anoxic conditions LAS degradation is either very slow or

absent (Swisher 1987) since the initial co-oxidation seems to depend on the

presence of molecular oxygen. LAS biodegradation under anoxic

conditions may proceed only if preceded by a period of aerobic exposure,

which provides the opportunity for primary degradation
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Figure 1.4: Summary of LAS biodegradation pathways .

(Larson, Rothgeb et al. 1993). Wagner (Wagner and Schink 1987) tested

anaerobic biodegradation and inhibitory effects of LAS in methanogenic
incubation experiments with anoxic samples of sediment and sewage

Sludge and found that LAS were not degraded but inhibited

methanogenesis under the given test conditions. Federle (Federle and

Schwab 1992) used microbial communities contained in anaerobic

Sediments from a laundromat waste water pond that was exposed to high
levels of Surfactants for over 25 years. Despite this large adaptation period,
the biocenose completely lacked any degradation potential under

methanogenic conditions.



10

1.2.4 Toxicity

Mammalian tolerances for alkyibenzenesulfonates are relatively
high. Its acute LD50 is in the order of magnitude of 1000 - 2000 mgper kg
of body weight, the same ränge as NaCl or NaHCÜ3(Swisher 1987).

Aquatic species are generally quite sensitive to the presence of

Surfactants. Compared with TPS, LAS are disadvantageous with respect to

the acute toxicity (Steinberg and Kettrup 1992). However, the better

degradability of LAS compensate for the higher toxicity, since primary
degradation eliminates surfactancy and thus, rapidly reduces the toxic

potential (Kimerle and Swisher 1977). The toxicity of LAS depends on the

length of the alkyl chain and to a lesser extent to the position of the

benzene ring on the chain (Kimerle and Swisher 1977; Swisher 1987;

Kimerle and Louis 1989; Steinberg and Kettrup 1992; Malcolm, Howe et

al. 1995). Specifically, toxicity increases with increasing length of the alkyl
chain and with decreasing distance of the benzene Substitution from the

terminal methyl group. Hence, the most toxic LAS species are those which

degrade the most rapidly. Actually, LC50 and NOECfor Daphnia magna

and fathead minnow (Pimphaies promelas) decreases by two Orders of

magnitude from the Ci4-homolog to the Cio-homolog (Kimerle and

Swisher 1977; Kimerle 1989). The effect of individual homologs is neither

synergistic nor antagonistic, but additive (Steinberg and Kettrup 1992). The

close correlation between lipophilicity and toxicity indicates non-specific
narcotic effects, i.e. changed membrane properties due to Surfactant uptake
into the membrane. Further evidence for narcotic effects are given by the

results of in-vitro experiments with submitochondrial particles (Argese,
Marcomini et al. 1994). The decreased rate of NAD+-reduction in presence

of LAS, might be the consequence of changed membrane permeability. An

additional factor which affects LAS toxicity is the water hardness. In *

general, LAS in soft water is more toxic than in hard water. However,

minimum toxicity was observed in water with a hardness of 120 mg/L
CaC03 (Steinberg and Kettrup 1992).

Kimerle reviewed ecotoxicological data of LAS (Kimerle 1989).
Acute toxicity data (EC50 and LC50 values) of commercial blends and

pure homologs of LAS for algae, invertebrates and fish ranged mainly
between 0.1 to 100 mg/L, 1 to 10 mg/L and 1 to 20 mg/L, respectively, and

were similar to other anionic Surfactants. The difference in ränge was

mainly due to variable response of different species and to different chain
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lengths of the LAS tested. Linmic and marine bacteria seemed to be about

10 fold more sensitive to LAS than the invertebrates Daphnia magna

(Steinberg and Kettrup 1992).

Chronic toxicity in terms of NOECfor both Daphnia magna and

fish (Pimphaies promelas) were about 1 mg/L for LAS blends with an

average chain length of 11.7. However, fish were more sensitive to

variations in chain lengths (Kimerle 1989). Furthermore, the fish were able

to perceive Surfactant concentrations as low as 0.001 mg/L and thus,

avoided contaminated water. Concentrations above 0.1 mg/L may

negatively affect the olfactory reception and finally inhibit avoidance

reactions (Lewis 1991). Hofer (Hofer, Jeney et al. 1995) detected reduced

swimming capacity of rainbow trout already in the presence of 0.2 mg/L
commercial LAS. On the other hand, LAS are transformed in goldfish

(Carassius auratus) to the less toxic sulfophenylcarboxylates and are

subsequently excreted (Newsome, Howes et al. 1995) .
These findings

parallel the results from experiments with mammals (Swisher 1987).

LAS sorbed to humic acids, soil or sediments are little or not

bioavailable and therefore exhibit drastically reduced toxicity. The most

toxic LAS homologs are those which are most sorptive and hence,

detoxification by sorption is most effective for organisms living in the

water column. LC50 values for fathead minnow (Pimphaies promelas)
were reduced by a factor of 1.8 in the presence of 50 mg/L humic acid

(Traina, McAvoy et al. 1996). An adverse effect could be predicted for

sediment dwelling organisms, as the more toxic homologs are favoured

when transported to the sediment. Nevertheless, NOECof LAS exposure to

the larvae of a midge (Chironomus riparius) were as high as 319 mg/kg dry
sediment (Pittinger, Wotering et al. 1989). Likewise, no acute toxic effect

on marine mussels (Mytilus galloprovincialis) was detected after a 7-day

exposure to sediment that contained LAS concentrations of 132 mg/kg

(Marin, Pivotti et al. 1994). Apparently, LAS sorbed to sediment particles
exhibit reduced toxicity as they are less bioavailable. However, data on

toxicity to anaerobic bacteria present in the sediment are rare or not

available.

In sludge amended soil, concentrations of up to 100 mg/kg LAS

had no adverse effect on the growth of sorghum, sunflower or mung bean

(Holt, Matthijs et al. 1989). However, no Information was given on the

effect on soil organisms and on long-term change of soil quality during

sludge amendment.
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1.2.5 Fate and Behavior during Sewage Treatment

After use, Surfactants are quantitatively discarded with the waste

water. In the European Union about 56% of the sewage water is treated in

mechanical or mecanical-biological sewage treatment plants. About 44%

(min. 7%; max. 87%) is treated only in septic tanks or directly discarded

into surface waters (Schöberl, Klotz et al. 1995).

During a European Surfactant monitoring program in 5 mechanical-

biological sewage treatment plants in Germany, the UK, Netherlands,

Spain and Italy, LAS removal rates ranged between 98.5 and 99.9%

(DiCorcia, Samperi et al. 1994; Sanchez-Leal, Garcia et al. 1994; Schöberl,

Klotz et al. 1994; Feijtel, Matthijs et al. 1995; Holt, Waters et al. 1995;

Schöberl, Klotz et al. 1995; Waters and Feijtel 1995). These removal rates

are in agreement with results of earlier studies (Brunner, Capri et al. 1988;

Marcomini and Giger 1988; Berna, Ferrer et al. 1989; Rapaport and

Eckhoff 1990; McAvoy, Eckhoffet al. 1993). However, in plants operating
with trickling filters instead of activated sludge, LAS removal rates

decrease to about 80% (Rapaport and Eckhoff 1990; McAvoy, Eckhoff et

al. 1993). Even in a less sophisticated lagoon type treatment plant in

Alicante (Spain), LAS removal was reported to be as large as 97%

(Moreno, Ferrer et al. 1994). On the other hand, LAS removal from sewage

which was treated in a wetland (formerly rice field) in Yasato (Japan) was

found to ränge only between 60 - 70% (Inaba 1992).
LAS removal during sewage treatment occurs both by physical

removal due to primary settling of sorbed Compound and by biodegradation

during the aerobic treatment. Normally, about 20 - 30% of the LAS Charge
are removed physically in the primary clarifier and transferred to the

anaerobic sludge digester, whereas 70 - 80% are biodegraded during the

activated sludge treatment (Brunner, Capri et al. 1988; Berna, Ferrer et al.

1989; Giger, Alder et al. 1989). The ratio of physical removal and

biodegradation depend on the water hardness. In hard water the physical
removal in the primary clarifier and subsequent Charge of the sludge

digester with LAS is enhanced (Berna, Ferrer et al. 1989).
Due to the slow anaerobic biodegradability of LAS, degradation in

methanogenic sludge digesters is either negligible or absent. About 20% of

the LAS Charge in the influent remain in the digested Sludge, resulting in

concentrations between 3 and 10 g/kg dry matter (Matthijs and DeHenau

1987; Brunner, Capri et al. 1988; Bema, Ferrer et al. 1989; Giger, Alder et
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al. 1989; Waters and Feijtel 1995). The plant in Alicante, treating

exceptionally hard water, released digested sludge containing LAS

concentrations of 30 g/kg (Berna, Ferrer et al. 1989).

LAS concentrations in raw sewage typically ränge between 3 to

10 mg/L, resulting in effluent concentrations between 0.02 to 0.1 mg/L

(Brunner, Capri et al. 1988; Marcomini and Giger 1988; Berna, Ferrer et al.

1989; Giger, Alder et al. 1989; Rapaport and Eckhoff 1990; Waters and

Feijtel 1995).

The homolog distributions are shifted during sewage treatment and

are mainly governed by the Sorption properties of the individual LAS

homolog. Rapaport and Prats found that the average chain length in sewage

sludge is shifted towards longer chains, while in the secondary effluent it is

shifted towards shorter chains relative to the influent (Rapaport and

Eckhoff 1990; Prats, Ruitz et al. 1993). These fmdings indicate a relative

detoxification of LAS upon sewage treatment. However, in alternative

studies, the homolog distribution in the effluent was shifted towards longer
chains relative to the influent (Matthijs and DeHenau 1987; Marcomini and

Giger 1988). Most likely the shift in the homolog distribution depends on

the Operation conditions of the sewage treatment plant.

1.2.6 Occurrence and Fate in the Environment

Both sorption and biodegradation play important roles in the fate of

LAS in the aquatic environment. In waste water effluent receiving rivers,

LAS concentrations generally decrease with downstream distance from the

site of waste water discharge. Rapaport and Eckhoff (Rapaport and Eckhoff

1990) and Hennes and Rapaport (Hennes and Rapaport 1989) attributed

rapid instream removal (half-live 0.25 d) to sorption onto suspended solids

and subsequent settling during the first 12 h after discharge into the Rapid
Creek (USA). Further downstream they found that the loss due to

biodegradation became more important (half-live 1.5 d). In accordance are

results from a recent monitoring study of LAS in the Mississippi river

(Tabor and Barber 1996). Furthermore, removal efficiency by bio¬

degradation exhibits a seasonal pattern, being slower in winter and faster in

summer. Specifically, differences in temperature had a greater effect on

LAS concentrations in the Mississippi River than temporal differences in

discharge (Tabor and Barber 1996). Likewise, larger removal rates in

summer than in winter were detected in the Tamagawaestuary (Takada and
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Ogura 1992) and in Lake Tega (Inaba and Amano 1988) (Japan). A clear

seasonal pattern of LAS concentrations was found in Sediments of Lake

Teganuma (Japan) (Amano, Fukushima et al. 1992).
LAS concentrations in river waters were reviewed by Kimerle

(Kimerle 1989). World wide data varies in a ränge from 1 to 10,000 u.g/L.
Data from rivers in Germany, the U.K. and the U.S., display concentrations

ranging from 10 to 300 u.g/L. Data from a recent European monitoring

program (Waters and Feijtel 1995) ranged from 8 to 140 u.g/L. The most

recent data from Mississippi River (USA) ranged from 0.4 to 28 u.g/L

(Tabor and Barber 1996).

In parallel to LAS concentrations in river water, LAS

concentrations in Sediments rapidly decrease with the downstream distance

from the STP outfall (DeHenau and Matthijs 1986; Hennes and Rapaport
1989; Takada, Ishiwatari et al. 1992; Takada and Ogura 1992; Waters and

Feijtel 1995; Tabor and Barber 1996). Consequently, biodegradation is

assumed to be a rapid removal process also in river Sediments (DeHenau
and Matthijs 1986; Waters and Feijtel 1995). In fact, biodegradation

experiments conducted under oxic conditions with the biocenose from

subsurface Sediments demonstrated mineralization of LAS with half-lives

ranging from 3.2 to 16.5 days (Federle and Pastwa 1988), which were

significantly larger than in experiments with river water (Hennes and

Rapaport 1989; Rapaport and Eckhoff 1990; Tabor and Barber 1996).

Likewise, Tabor and Barber (Tabor and Barber 1996) concluded that

biodegradation in bottom Sediments of the Mississippi river was

significantly attenuated possibly due to anoxic conditions, since LAS

concentrations in the Sediments did not correlate with concentrations of

dissolved LAS at the same site and time. A review of LAS concentrations

in marine and freshwater Sediments is summarized in Table 1.1.

In subsurface environmental compartments, such as Sediments,

groundwater or landfills, the fate of LAS may basically depend on the

availability of molecular oxygen. Due to the lack of primary degradation
under anoxic conditions (see 1.2.3), LAS degradation may either be

attenuated or even be inhibited. Mathematic modelling of the behavior of

LAS in a unsaturated sand aquifer contaminated from an effluent plume
from a septic tank in Cambridge (Canada), provided results which

indicated LAS biodegradation (Hennes and Rapaport 1989). Degradation
studies with both, LAS contaminated soil samples from the vicinity and

groundwater samples from the aquifer beneath the septic System confirmed
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these findings(half-lives 9 to 17 d) (Shimp, Lapsins et al. 1994). However,

the degradation experiments were conducted in a laboratory System under

oxic conditions and may not fully reflect oxygen depleted in-situ

conditions. In addition, Barber et al. (Barber, Krueger et al. 1995) found no

significant LAS biodegradation in an experiment which was conducted as a

tracer test in oxygen depleted groundwater.
In landfills charged with sewage sludge, LAS concentrations were

found to be decreased in samples which had longer residence times since

deposition and thus, slow biodegradation was inferred (Marcomini, Capel
et al. 1989). However, no data on the initial concentrations and on the

redox conditions are available.

LAS was removed from sludge amended soils in the Thames Water

Authority (U.K.), with a half life of 9 to 22 days (Holt, Matthijs et al.

1989). The homolog distributions suggested biodegradation rather than

leaching to be the prime mechanism for removal. In a study in Switzerland

(Marcomini, Capel et al. 1989) equally fast LAS removal from soil was

found, however, a fraction of about 10% persisted over the study period of

330 d, probably due to reduced bioavailability of sorbed LAS. It is not

clear whether the persistent fraction would accumulate with additional

sludge applications. C-14 labelled LAS, which was introduced with

digested sludge into topsoils of agricultural ecosystems, revealed that about

65% of the initial activity escaped into the atmosphere. About 20% and 6%

were detected in soil core and biomass, respectively. Only about 1% was

leached-out with percolated water (Figge and Schöberl 1989).
In general, the review of exposure concentrations suggests that LAS

have a reasonable margin of safety to NOEClevels (Kimerle 1989).

Nevertheless, there is a small but significant overlap, specifically with

respect to the most sensitive organisms, e.g. the olfactory reception of fish

(see 1.2.4). Furthermore, Surfactants may have secondary effects on other

pollutants, e. g. increase of solubility of hydrophobic pesticides (Oloffs,

Albright et al. 1972) and polycyclic aromatic hydrocarbons (PAH)

(Edwards, Adeel et al. 1994; Ou, Yediler et al. 1995) or LAS mediated

interconversion of y-HCH to a-HCH (Misra, Puri et al. 1992). However, in

the literature there is no evidence provided for a direct impact of

alkyibenzenesulfonates on pollutants on the basis of field observations.
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Table 1.1 : LAS concentrations in marine and freshwater

Sediments.

location LAS concentrations in

Sediments [p.g/g]

reference

Tokyo Bay, Japan <0.2-2.18 (Kikuchi, Tokai et al.

1986)

TamagawaRiver, Japan 36 - 567 (Takada and

Ishiwatari 1987)

Tokyo-Bay estuaries and

Tokyo Bay, Japan

0.2 - 37 and

0.01 - 0.79

(Takada, Ishiwatari

et al. 1992)

Lake Teganuma, Japan 0.1-500 (Amano, Fukushima

et al. 1992)

Ohori River and

LakeTega, Japan

0.5 - 400 (Inaba and Amano

1988)

Rivers in USA 1.4-275 (DeHenau and

Matthijs 1986)

Rapid Creek,
South Dakota, USA

1.5 -275 (Hennes and

Rapaport 1989)

Little Miami River, Ohio,
USA

0.9-1.2 (Hand, Rapaport et

al. 1990)

Rivers in USA 60-182 (McAvoy, Eckhoff et

al. 1993)

Mississippi River, USA 0.01 - 20 (Tabor and Barber

1996)

Rivers in Germany 1.5-174 (DeHenau and

Matthijs 1986)

Rivers in Germany 1.0-151 (Matthijs and

DeHenau 1987)

Rivers in Europe 1.0-12 (Waters and Feijtel
1995)
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1.3. Contemporary Sediments: Sink for Pollutants

Sedimentary deposits are a substantial sink for many particle active

inorganic and organic pollutants in the aquatic environment, such as heavy
metals (WHO1980; Beurskens, Mol et al. 1993; Spliethoff and Hemond

1996), petroleum hydrocarbons (Giger, Schaffner et al. 1980; Moldowan,

Dahl et al. 1995), polycyclic aromatic hydrocarbons (Müller, Grimmer et

al. 1977; Wakeham, Schaffner et al. 1980; Wakeham, Schaffner et al. 1980;

McGroddy and Farrington 1995), polychlorinated hydrocarbons (DDT etc.

PCB, HCB) (Eisenreich, Capel et al. 1989; Beurskens, Mol et al. 1993;

Latimer and Quinn 1996), polychlorinated dibenzodioxins and

dibenzofurans (Eganhouse, Blumfield et al. 1983; Beurskens, Mol et al.

1993; Kjeller and Rappe 1995), and organotins (Fent and Hunn 1995).

Various detergent derived chemicals, such as LAS (see Section 1.2.6) and

the LAS related LAB (Eganhouse, Blumfield et al. 1983; Takada and

Ishiwatari 1991; Raymundo and Preston 1992) as well as fluorescent

whitening agents (Poiger 1994) are deposited in freshwater Sediments.

Particle-associated pollutants settle to the sediment-water interface,

where they accumulate. Once buried under the active sediment layer, the

pollutants are permanently incorporated into the sediment and are exposed
to various diagenetic processes, such as partitioning into the pore water,

advective and diffusive transport, and transformation by chemical and

biochemical reactions (Berner 1980, Schwarzenbach and Gschwend et al.

1993).

The reaction milieu in the sediment is largely affected by microbial

activities in the sediment. Microbes utilise dissolved and particulate

Compounds not only for nutrition but also as a source of energy. The prime
site of microbial metabolism in the lake ecosystem is the surface sediment,

where the supply of organic matter is the largest (Figure 1.5) (Hakanson
and Jansson 1983). Due to the limited flux of molecular oxygen from the

water column to the sediment, the oxygen concentration fades away with

depth and thus, alternative electron acceptors (NO3-, Fe3+, SO42-, inorg. C)

are successively used (Hakanson and Jansson 1983; Brandl and

Hanselmann 1991). This indicates that changed microbial communities and

changed biodegradation pathways are operative. For example, Alder found

reductive dechlorination of PCB' under methanogenic conditions

established with different types of river Sediments (Alder, Häggblom et al.
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Figure 1.5: Vertical distribution of bacterial numbers in water and

sediments ofa mesotrophic lake (from (Hakanson and Jansson 1983)).

1993). The fading away of oxygen is documented by the rapidly decreasing
redox potential with depth (e.g. Figure 1.6) (Hakanson and Jansson 1983).

Furthermore, there is evidence from Figure 1.6 that anoxic

conditions are present in sediments not only of eutrophic but also of

mesotrophic lakes.

Unaltered pollutants and persistent metabolites remain buried in the

sediment. As long as the sediment lamination is intact, i.e. if no sediment

mixing processes such as resuspension, bioturbation, or turbidity currents

are active, the depth from the sediment water interface correlates with the

time of deposition. Thus, laminated sediments provide environmental

archives in which the history of the discharge of pollutants into surface

waters are recorded and parallel other archives such as glaciers or year

rings of trees.

Many pollutants exhibit a subsurface concentration maximum in

sediment layers deposited during the last few decades, a period of both,

large industrial activities and limited knowledge about waste discharge.
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near the Niagara River (Canda), was recorded in the depth profiles of

fluorinated Compounds in the lake sediments. The dumpsite left a

maximum concentration in sediment layers deposited around the 1970, 5

years before the dump site was closed (Howdeshell and Hites 1996). In the

same way, detergent-derived chemicals were found in sedimentary records.

Eganhouse (Eganhouse, Blumfield et al. 1983) has used alkylbenzenes as

molecular markers for domestic wastes. The depth profiles of branched and

linear alkylbenzenes in marine sediments of the San Pedro Bay (USA) have

closely correlated with production figures of TPS and LAS in the U.S. In

the year 1969, Ambe (Ambe 1973) determined TPS in a sediment core

from the Tokyo Bay using a method based on MBAS. He found TPS in

concentrations above the detection limit only in the uppermost 30 cm of the

sediment. This probably demonstrates the increasing use of TPS during the

1950s and 1960s. Between 1986 and 1988, Amano (Amano, Fukushima et

al. 1992) determined LAS in sediments of Lake Teganuma (Japan) with a

LAS maximum around 300 mg/kg at a sediment depth of about 4 to 6 cm.

1.4 Motivation and Objectives of this Study

About 2 million tons of LAS are currently produced per year world

wide (Berna, Cavalli et al. 1995). After use, they are quantitatively
discarded with the waste water. Concerning the environmental fate and

behavior, LAS are among the best investigated commercially-used
chemicals. LAS are readily and ultimately biodegradable under oxic

conditions. Normally, more than 98 %of LAS in raw sewage are removed

during sewage treatment. LAS discharged with treated or untreated sewage

are degraded in the effluent receiving waters. Particle-associated LAS in

surface waters settle to the sediment-water interface and are eventually

permanently incorporated into the anoxic sediment. Degradation studies of

LAS in anaerobic batch Systems inoculated with sewage sludge and

sediment, respectively, revealed that LAS degraded very slowly, if ever,

and even inhibited methanogenesis (see Section 1.2.3). Hence, both, LAS

and TPS can be expected to be archived unaltered in anoxic sediments.

LAS has been studied world wide in various types of water and

surface sediments. Concentrations in sediments of up to 500 u.g/g have

been reported. However, Information on the fate and behavior of LAS

incorporated in the anoxic zone of the sediment is rare. Specifically, the
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time Information of laminated sediments has not yet been used for gaining

knowledge on the postdepositional fate and behavior of LAS.

Are LAS degraded under the conditions present in the sediment?

Are they immobilised in the sediment or do they move by diffusion or

advection in the sediment interstitial water? Do LAS accumulated in

sediments, have a potential to enter other compartments, such as ground

water or drinking water supplies (WHO 1980)? Do they have adverse

effects on the sediment biocenose? Can alkyibenzenesulfonates

incorporated in sediments be used as molecular markers for domestic waste

water?

In order to answer some of these questions, concentration profiles

of LAS and TPS were measured in dated sediment cores of Swiss rivers

and lakes. Major goals were:

(i) to document the historic record of input changes of

alkyibenzenesulfonates in the sedimentary archive back to the

1950s.

(ii) to study the postdepositional fate of alkyibenzenesulfonates

(iii) to evaluate the potential use of alkyibenzenesulfonates as

molecular markers for anthropogenic input into sediments.

In the first step, an analytical method should be established which

meets the requirements of both, sensitivity and selectivity for the accurate

determination of alkyibenzenesulfonates in freshwater sediments. In the

second step, field studies should be performed at different sampling sites in

Switzerland. Finally, the sedimentary records of alkyibenzenesulfonates
should be interpreted based on established theories of transport, transfer

and biodegradation processes.



Leer - Vide - Empty



23

2. ANALYTICAL METHODFORTHE

QUANTITATIVE DETERMINA¬

TION OF LAS AND TPS IN

SEDIMENTS

2.1 Introduction

As a nonspecific collective parameter for anionic Surfactants in

waste waters and river waters, the parameter methylene blue active

substances (MBAS) (Webster and Halliday 1959) was used frequently

(Gehrike, Winkler et al. 1989; Malz 1990; Schröder 1995). Despite several

improvements (Ambe 1973; Waters 1976; Osburn 1986; Hellmann 1989)

the method is not capable of providing specific Information on individual

components such as LAS homologs and isomers.

High-performance liquid chromatography (HPLC) employing UV

and fluorescent detection has been the method most frequently applied for

the selective determination of LAS in water and sediment samples

(DeHenau and Matthijs 1986; Kikuchi, Tokai et al. 1986; Marcomini,

Capri et al. 1987; Marcomini and Giger 1987; Matthijs and DeHenau 1987;

Inaba and Amano 1988; Marcomini, Filipuzzi et al. 1988; Marcomini and

Giger 1988; Castles, Moore et al. 1989; Takada, Ishiwatari et al. 1992;

DiCorcia, Samperi et al. 1994; DiCorcia, Samperi et al. 1994). Even

though some of the external LAS-isomers can be separated by HPLC, the

Separation efficiency does not fully meet the requirements for this study.

Therefore, the aim of this study was to use a method based on gas

chromatography (GC) which meets the requirements of (i) baseline

Separation of individual LAS isomers, (ii) Separation of TPS from the

homologous LAS and (iii) Separation of individual TPS isomers.

Because alkyibenzenesulfonates are not sufficiently volatile to

permit direct analysis by GC, various derivatization techniques have been

developed. Trehy and co-workers (Trehy, Gledhill et al. 1990) reviewed

several different methods such as desulfonation of LAS in boiling

phosphoric acid and conversion of the sulfonate to either sulfonyl Chlorides

or methylsulfonates.
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A relatively simple and fast GC/MS-method was developed by
Field and co-workers (Field, Miller et al. 1992) for the determination of

sulfonated aliphatic and aromatic Surfactants in sewage sludge. The anionic

Surfactants were extracted as tetrabutylammonium ion-pairs with

supercritical CO2. These ion-pairs formed the corresponding sulfonic acid

butylesters upon injection into the GC-injection port, which was held at

300° C.

Trehy and co-workers (Trehy, Gledhill et al. 1990) were able to

enhance the sensitivity of a methyl sulfonate method (Hon-Nami and

Hanya 1978) by preparing LAS and DATS- trifluoroethylesters instead of

methylesters. Trifluoroethylesters are suitable for sensitive MSdetection

with negative chemical ionisation (-CI). Both, LAS and DATS, have been

extracted from sediments using methanol. Subsequently, the extract was

diluted in water and passed through a Cs-SPE column in order to retain the

lipophilic solutes. The sulfonyl esters were prepared by a two-step

procedure in which the sulfonic acids were converted to the sulfonyl
Chlorides prior to the ester formation.

The method used for this work is based on the trifluoroethylester
method by Trehy (Trehy, Gledhill et al. 1990) .

In order to simplify the

derivatization procedure developed by Trehy, this study used thionyl
Chloride instead of phosphorus pentachloride for the formation of the

sulfonic acid Chlorides (Kataoka, Muroi et al. 1991). Thionyl Chloride is

advantageous because it is volatile and can be evaporated after the

chlorination reaction has been completed. Thus, the extraction step after the

chlorination reaction could be omitted. Significantly enhanced yields of the

ester synthesis were achieved by adding pyridine as a base to the reaction

mixture. Further improvement with respect to sediment analyses was

achieved by directly separating the anionic components from the

methanolic extract by passing it through a strong anionic exchange column.

If the sediment extract were diluted with water prior to solid phase

extraction, as suggested by Trehy for LAS and DATS, the less soluble

long-chain LAS (C14 to Ci6- homologs) contained in deeper sediment

horizons might partly be lost on surfaces of glass wäre and Containers.

Interfering organic Compounds and sulfur, contained in the sediment cores

of highly eutrophic lakes were removed by passing the sample through
columns containing alumina, silica and copper powder prior to injection
into the GC/MS System. The MS was run under conventional positive
chemical ionization (+CI) conditions. Thus, this method is adaptable to
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GC/MSSystems which do not have the capability for -CI. A scheme of the

analytical method is shown in Figure 2.1.

sediment sample

i

freeze-drying
I

dry sediment

I
Soxhlet-extraction with methanol

extract

fractionation on a

Strang anionic exchange column (SAX)

LAS/TPS

in anionic fraction

denvatization

I

LAS/TPS-tnfluoroethylester

clean-up on

alumina, silica and copper
I

.

clean sample

GC/MSwith positive chemical Ionisation

Figure 2.1: Analytical method for the quantitative determination of

alkyibenzenesulfonates (LAS and TPS)
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2.2 Experimental Section

2.2.1 Chemicals and Materials

Reagents

Thionylchloride, 2,2,2-trifluoroethanol, pyridine and HCl 32% were

purchased from Fluka Chemie AG(Switzerland) and were of p.a.-grade.

Pyridine and 2,2,2-trifluoroethanol were dried over molecular sieve prior to

use. Methanolic Solutions of 0.4 and 5 %of HCl 32% were prepared.

Solvente

Solvents (suitable for HPLCand GC) were purchased from Merck

(Darmstadt, Germany). Methanol (p.a.-grade) was provided by Fluka

Chemie AG(Switzerland).

Materials

Aluminium oxide 90, active, neutral, activity level I and fine

powder of copper were obtained form Merck (Darmstadt, Germany). The

copper powder was activated in 1 Mmethanolic HCl prior to use. Silica

(Silica Gel 40) was purchased from Fluka Chemie AG (Switzerland),

strong anionic exchange (SAX) columns (Chromabond SB, 500 mg) were

obtained from Macherey Nagel (Düren, Germany), and cellulose filter

thimbles for the Soxhlet extraction were provided by Schleicher & Schuell

(Germany). The filter thimbles were pre-extracted with methanol for 24 h

prior to use. All glassware were stored in chromosulfuric acid at least for

24 h prior to use in order to minimize LAS contamination.

Reference Compounds
A technical LAS mixture containing 60.5 %sodium salts of Cio to

C13-LAS homologs was kindly provided by CONDEA-Vista Co. (Austin,

Texas, USA). A 5 %TPS Standard Solution was purchased from Merck

(Darmstadt, Germany). The LAS Surrogate 4-octadecylbenzenesulfonic
acid sodium salt 97 % was obtained from Aldrich Chemical Co.

(Milwaukee, WI, USA). The Cs-LAS Surrogate was chosen because it is

not contained in commercial LAS mixtures.

C14- to C16-LAS, which are no longer commercially available,

were synthesized according to the scheme outlined in Section 1.2.2. The
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Friedel-Crafts alkylation (Schwetlick 1993) was carried out by slowly
adding 0.05 mol of the monochloroalkane to a mixture of 0.25 mol of

benzene and 0.005 mol of anhydrous AICI3. The temperature of the

reaction mixture was kept below 25°C by cooling it in an ice-water bath.

After the addition had been completed, the mixture was stirred for 1 h.

Subsequently, the reaction mixture was transferred with a pipette into a

separatory funnel, while the AICI3 crystals remained in the reaction flask.

The reaction mixture was thoroughly shaken twice with both, a Solution of

5 %Na2COs and distilled water. The organic phase was then dried over

anhydrous Na2S04. The remaining benzene was evaporated at 60° C under

reduced pressure using a rotary evaporator.

Since monochloropentadecane was not available, and the alkylation
reaction did not proceed with pentadecanol, the latter was transformed to

the corresponding chloropentadecane with thionylchloride (Vogel 1956). A

Solution of 3 g of pentadecanol in 3 mL of pyridine were slowly mixed

with 6 mLof thionylchloride. The resulting mixture was then refluxed for

2 h. The upper phase, which was formed upon the reaction and contained

the chloropentadecane, was dissolved in 5 mL of hexane, washed with

Solutions of both, 5 % Na2C03 and 5 %NaCl and finally dried over

anhydrous Na2S04.

The sulfonation of the alkylbenzenes was performed with

concentrated sulfuric acid (Vogel 1956). One mL of the obtained

alkylbenzene was mixed with 5 mLof concentrated H2SO4and heated to

80°C for 4 h. The reaction mixture was then slowly added to 200 mLof an

ice-water mixture. Afterwards, the resulting Solution was first neutralised

with 5 g of NaHC03 (foam formation) and secondly with 1 MNaOHto a

pH of 7. This mixture was evaporated to dryness at 70° C in an oven. The

dry residue was extracted in a Soxhlet apparatus with 80 mLof methanol

for 6 hours. The extract volume was reduced to 40 mL under reduced

pressure and then cooled to 4° C for 15 h. The settled white wax-like LAS

sodium salts were separated by filtration and dried at 70°C. The purity was

determined by reversed phase HPLC, with UV detection at 223 nm. 4-

octadecylbenzenesulfonic acid sodium salt (l-Cs-LAS) was used as

internal Standard. The purity obtained ranged from 90 %to 100 %.
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2.2.2 Extraction and Fractionation of LAS and TPS from Sediments

Samples of 5 - 20 g freeze-dried sediment were spiked with about

1 Hg of C8-LAS in 70 (iL methanol and extracted in a Soxhlet apparatus

for 15 h with 80 mLof methanol. The extraction cycle was stopped when

the extraction Chamber of the Soxhlet was filled with methanol. A 70 mL

reservoir was attached to the strong anionic exchange (SAX) column which

was attached to a vacuum manifold. The colunn was preconditioned by

percolating 5 mL of methanol prior to use. The methanolic extract was

transferred to the reservoir and drawn through the column at a velocity of

about 2 mLper minute. Subsequently, the column was washed with 2 mL

of methanol. A 5 mLreceiving Reacty-vial (Supelco Ine, Bellefonte, USA)

was placed below the SAX column. The anionic fraction was eluted with

5 mL of the methanolic HCl Solution (Matthijs and DeHenau 1987). The

eluate volume was reduced to about 1 mLunder a stream of nitrogen while

heated to about 70° C. The residue was then transferred into a 2 mL vial

and evaporated to dryness.

2.2.3 Derivatization and Clean-Up

The alkyibenzenesulfonates contained in the anionic fraction were

derivatized to the corresponding trifluoroethylesters (Trehy, Gledhill et al.

1990; Kataoka, Muroi et al. 1991). The reaction scheme is outlined in

Figure 2.2.

o

R—P \—S—ci
\ / II OH-CH2-CF3

W ° \ pyridine

/"X » e/soc|2 * jff~\ "
R—K V S-0 R—U \) S-CK .CF3

\=J II \—/ II ^^

0 o

Figure 2.2: Synthesis ofLASIABS-trifluoroethylesters

The dry anionic fraction was dissolved in about 200 uL of

thionylchloride. The vial was capped with a Teflon lined septum and kept
at 95° C for 1 h. After cooling to room temperature, the vials were placed
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in the vacuum manifold. The inlet valves of the latter were attached to a

gas line which allowed the vials to be purged with nitrogen. The

thionylchloride volume was reduced to 10 - 20 uL under a gentle stream of

nitrogen, while the manifold outlet was connected to the exhaust of the

laboratory. Subsequently, 200 u.L of trifluoroethanol and 200 u.L of

Pyridine were slowly added. Upon addition of Pyridine the sample slightly
warmed up. The vial was recapped and heated to 95° C for 10 min.

The reagents were then evaporated under a stream of nitrogen to a

residual volume of about 50 uL. This residue was passed through a column

which contained 1.5 g alumina in hexane/ethylacetate 1:1. The first 2 mL

of the eluate were collected and evaporated to dryness under a gentle

stream of nitrogen and moderate heating between 30 to 35° C. Samples
from Lake Wohlen and Lake Biel, which were clean, were diluted in 200 to

500 pL of Chloroform and injected into the GC.

Samples from the Rhine River and Greifensee, however, contained

interferences and deteriorated the Chromatographie quality. Thus,

additional clean-up Steps were necessary prior to GC/MS analysis.

Therefore, the dried residue of the eluate from the alumina column was

redissolved in about 50 pL of hexane and passed through a column of

about 1.0 g silica in hexane/ethylacetate (9:1). The first 6 mLof the eluate

were collected and evaporated to dryness.
In addition, sulfur was removed from the samples from Greifensee

prior to clean-up on silica. Therefore, the dry residue of the eluate from the

alumina column had to be redissolved in hexane/ ethylacetate 1:1 and

passed through a column which contained 0.5 g alumina toped with a layer
of 200 mg activated copper powder in hexane/ethylacetate 1:1. The first

2 mLof the eluate were collected and evaporated to dryness.

2.2.4 Gas Chromatography / Chemical Ionization-Mass Spectrometry

Gas Chromatographie Separation was performed with a Hewlett-

Packard 5890 gas Chromatograph (Hewlett-Packard Company, USA)

coupled to a Hewlett-Packard 5971A mass spectrometer. A HP-5 column

(20 mx 0.2 mmi.d., 0.33 u.m film thickness, Hewlett-Packard) connected

to a retention gap (2 m x 0.53 mmi.d. deactivated fused silica, J&W

Scientific, USA) was used for Chromatographie Separation. A sample
volume of 1 or 2 pL was injected on-column. The GCprogram started at an

initial temperature of 60 °C. After 1 min the temperature was ramped to
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200° C at a rate of 107min followed by a second ramp to 300° C at 67min.

The temperature was then held at 300° C for 3 min.

Trifluoroethylesters of LAS can be detected either by electron

impact (EI) ionisation or by chemical ionization (CI) techniques (Trehy,
Gledhill et al. 1990). Chemical ionization was chosen in order to enhance

the intensity of molecular ions that are specific for homologous LAS-

trifluoroethylesters. The ion source was run under positive CI conditions

using methane as reagent-gas. The pressure in the ion source was 510"5

torr without reagent-gas flow and 1.210"4 torr after the reagent-gas flow

had been adjusted to give a ratio of 0.35 for the ions m/z 27 versus m/z 28.

The mass spectrometer was operated in selected ion monitoring (SIM)

mode. The masses and the time program for monitoring the molecular ions

(M +1)+ of LAS-trifluoroethylesters are listed in Table 2.2 and Table 2.3,

respectively. TPS were determined in separate runs, during which the ions

at m/z 395 and m/z 409 were monitored during 17.1 to 36 min.

2.2.5 Quantitation

Concentrations of LAS and TPS were determined on the basis of

the peak areas obtained from the SIM chromatograms. The response of the

individual isomers was calibrated separately. External calibration was

applied because the concentration/response relations were non-linear.

Calibration curves were constructed with a mixture of the Cs-LAS

Surrogate and the Cio- to C16-LAS Standards. This mixture was derivatized

to the corresponding trifluoroethylesters and diluted in Chloroform to give a

stock Solution corresponding to 5.1 u.g/mL Cg,-LAS and 250 u.g/mL of the

total of Cio- to C16-LAS. From this stock Solution a series of nine

calibration Standards was prepared ranging from 0.26 to 5.1 u.g/mL for the

C8-LAS and from 13 to 250 p,g/mL for Cio- to C16-LAS. Likewise, a

separate Standard series of TPS was prepared with concentrations ranging
from 5 to 100 Hg/mL total TPS. Calibration curves were constructed for

each of both the LAS peaks and seven selected TPS peaks which did not

overlap with homologous LAS peaks (Figure 2.6 C). The total

concentration of TPS in sediment samples was calculated as the average of

the seven individually determined total concentrations. Each sediment

sample was spiked with 1 p.g of the Cs-LAS Surrogate prior to extraction.
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Table 2.2: Molecular ions monitoredfor Identification and quantification

ofLAS and TPSby MS-detection.

LAS homolog (M+l)+[m/z]

Surrogate Standard Cg 353

Cio 381

Cn 395

C,2 409

C,3 423

C14 437

Cl5 451

Cl6 465

Table 2.3: Time program for selected ion monitoring of LAS-

trifluoroethylesters.

Time [min] ions monitored [m/z] LAS homologs
0-17.1 solvent delay -

17.1-19.1 353 c8
19.1 -21.3 381/395 Cirj/Cn
21.3-22.5 395/409 C11/C12
22.5 - 23.7 409/423 C12/C13
23.7 - 25.0 423/437 C13/C14
25.0-26.1 437/451 C14/C15
26.1-36.0 451/465 C15/C16
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2.3 Results and Discussion

2.3.1 Extraction and Fractionation ofLAS and TPS from Sediments

The Soxhlet-extraction was checked for completeness with both,

low contaminated sediment from Lake Biel (Switzerland) and relatively

high contaminated sediment from the Glatt River (Switzerland). LAS

concentrations around 0.30 p.g/g and 55 u.g/g were exhaustively extracted

after 15 h. An additional extraction over a period of 7 h yielded LAS

concentrations below the limit of detection.

The optimum concentration of HCl (32%) in methanol used for

desorbing alkyibenzenesulfonates from the SAX-phase was tested with a

series of increasing concentrations. At a concentration of 0.4 %HCl (32%)

in methanol, the LAS desorbed readily. However, with samples from Lake

Wohlen the C8-LAS Surrogate Standard was irregularly eluted at this

concentration, i.e. in some samples the Cs-LAS recovery was only about

50 %resulting in overestimated LAS concentrations. Increasing the HCl

concentration to 5 %resulted in reproducible desorption and Cs-LAS

recoveries.

The capacity of the SAX-cartridges was tested by stacking two of

them to form a cartridge tandem. The total volume of 50 mLof sediment

extract from Lake Wohlen was percolated through the Stack. The two

cartridges were separately eluted with the HCl Solution and the eluates

analysed for LAS. The LAS detected in the eluent of the second cartridge
of the tandem were equal to blank concentrations, indicating no seepage of

LAS from the first cartridge.

2.3.2 Derivatization and Clean-Up

The yield of the derivatization reactions was tested by performing
time series of both reactions. The chlorination was complete after 1 h, and

the esterification after <10 min. The presence of pyridine in the

esterification reaction of the sulfonic acid chloride, enhanced the reaction

yield by a factor of about two. Furthermore, both enhanced yield and better

reproducibility of the reaction were observed when a residual volume of 10

to 20 uL thionylchloride was left in the vial before the trifluoroethanol and

the pyridine were added. The residual thionylchloride seems to prevent the
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back reaction to the sulfonic acid with traces of water. A direct comparison
of the PCI5-method by Trehy (Trehy, Gledhill et al. 1990) and the SOCI2-

method provided identical reaction yields of the two methods.

The reaction mixture typically was of dark brown to black colour

after derivatization. The clean-up with alumina removed the major

impurities and yielded samples of yellow colour in which losses of analytes

were negligible. Sulfur contained in sediments of highly eutrophic lakes

was efficiently removed from the Solution by treatment with activated

copper. Various interfering Compounds were removed by the clean-up with

silica. However, the two latter clean-up Steps could be omitted for

sediments samples of Lake Wohlen and Lake Biel which had low organic

matter contents.

2.3.3 Gas Chromatography / Chemical Ionization-Mass Spectrometry

Full-scan spectra of the isomer series of the Standard C12-LAS

homolog are shown in Figure 2.3, exemplifying non-specific, homolog and

isomer specific fragmentation. Fragments are non-specific, when they do

not include the alkyl chain. On the other hand, fragments which comprise
the intact alkyl chain or an n-alkylbenzene residue, are homolog specific or

isomer specific, respectively. For the following discussion, the isomer

series of the C12-LAS homolog was chosen, but any other LAS homolog

could have been chosen as well.

Chemical ionization yielded relatively intense Signals of the

homolog specific protonated molecular ions [M+l] at m/z 409. The signal
at m/z 437 [M+29] is presumably an associate of the LAS-

triflouroethylester with ethylene formed by the reagent-gas in the ion

source. The non-specific major peak at m/z 101 can be attributed to the

protonated trifluoroethanol which results from the cleavage of the sulfonate

ester bond. The corresponding sulfonic acid cation occurs at m/z 309.

Charge remote fragmentation occurs preferably at the phenylic and the

benzylic bond. The cleavage of the phenylic bond forms homolog specific

fragment ions with m/z 169 (dodecyl cation), while the cleavage of the

benzylic bond results in weak Signals of isomer specific fragments at e.g.

m/z 323 and m/z 337 (trifluoroethylester of n-alkylstyrylsulfonic acids ) for

the 6-C12-LAS isomer. Intensive signals occur in pairs at m/z 161/175, m/z

147/189, m/z 119/217, m/z 133/203 and m/z 105/231 which are formed on

the respective isomers with phenyl positions at 6, 5, 4, 3, and 2 in the linear
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alkyl chain. These isomer specific ion pairs may be formed by internal

reaction upon the transfer of the proton to the aromatic ring and subsequent

migration of the sulfonate ester moiety along the aromatic ring from the

para to the Ortho position (Figure 2.4). The sulfonate ester moiety may then

be eliminated upon rearrangement as indicated in Figure 2.4. This

intramolecular nucleophilic Substitution results in the formation of isomer

specific n-alkylbenzene cations (mlz 161/175) or the homolog specific

dodecylbenzene cation (m/z 245). This result parallels the remote

fragmentation of protonated aromatic carbonyl Compounds which was

documented by Thielking et al. (Thielking, Filges et al. 1992). The shift in

the abundance ratio of the fragment pairs in favour of the short-chain

portion, corroborates the the assumption of a nucleophilic attack of the

sulfonate ester group. The cationic transition State is stabilized by n,a-

hyperconjugation, which positively correlates with the length of the alkyl-
chain. Thus, the formation of short-chain n-alkylbenzene cations would

kinetically be favoured.

Full-scan spectra of internal isomers of the LAS homolog series

found in the sediment of Lake Wohlen are shown in Figure 2.5. The

spectrum of TPS is from one of the largest and best separated peak (no. 7

in Figure 2.7 C) . Compared with the spectra of the C12-LAS Standard in

Figure 2.3, the spectra generated with LAS contained in the sediment

extracts are unambiguous. The homolog-specific, protonated molecular

ions (M+l)+ at m/z 381, 395, 409, 423, 437, 451 and 465 of the respective

Cio- to C16-LAS homologs were used for acquiring chromatograms in the

selected ion monitoring (SIM) mode. In fact, the homolog specific

fragments with m/z 141, 155, 169, 183, 197, 211 and 225 could have been

used as well. However, chromatograms acquired using the higher mass

ränge, have fewer interferences, since mass Signals from interfering

components are less abundant.

The spectrum of the TPS isomer is similar to those of the C12-LAS

homologs, corroborating the structural relationship of the two Surfactants.

The branched alkyl chain, however, leads to slightly different fragments.

Specifically, the fragment at mlz 245 is absent and a fragment at mlz 281 is

present instead. The signal at m/z 423 demonstrates that besides

tetrapropylenebenzenesulfonates, other homologs are contained in TPS

mixtures (see Section 1.2.2).
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Figure 2.3: Cl-mass spectra and suggested fragmentation of isomers of
Standard C12-LAS-trifluoroethylesters.
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Figure 2.4: Suggested mechanismfor the formation of homolog and isomer

specific alkylbenzene cations under +CI conditions.
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In general, the different isomers of derivatized linear alkyibenzene¬
sulfonates were separated well by gas chromatography. The Separation

efficiency of gas chromatograpy is clearly superior to that of the published
HPLC methods e.g. (Marcomini and Giger 1987; Castles, Moore et al.

1989; Di Corcia, Samperi et al. 1994). Yet complete Chromatographie
Separation was not achieved for the LAS isomers 5-Cn- and 6-Cn-LAS,

6-C13- and 7-Cn-LAS, 7-Ci5- and 8-C15-LAS, and 7-Ci6- and 8-C16-

LAS. Likewise, some of the 2-phenyl isomers coeluted with an internal

isomer of the next longer LAS homolog. However, coeluting isomers of

different homologs were easily distinguished on the basis of their different

molecular masses. Typical SIM chromatograms of LAS are depicted in

Figure 2.6. The chromatograms obtained from a LAS Standard Solution

with concentrations of 60 u.g/mL of the total of Cio to Ci3-homologs and

25 ng/mL each of C14 to Ci6 homologs (Figure 2.6 A) demonstrate the

typical isomer distributions in commercial LAS mixtures. On the other

hand, LAS deposited at a total concentration of 2.4 mg/kg dry sediment in

Lake Wohlen (Figure 2.6 B) are partially biodegraded and are therefore

largely depleted in contents of external isomers (2- and 3-sulfophenyl

isomers) (Swisher 1987; Trehy, Gledhill et al. 1990; Takada and Ogura

1992).

Results of GC/MSanalyses of samples from different depth in the

sediment of Lake Wohlen are shown in Figure 2.7. A chromatogram from

an extract of a sediment layer deposited around the year 1970 (depth
44 cm) shows the typical peak pattern of partially biodegraded LAS

(Figure 2.7 A), whereas that of a layer deposited in about 1965 (depth
55 cm) shows the pattern of the complex mixture of TPS (Figure 2.7 B).

For comparison, a chromatogram of a Standard Solution of TPS is shown in

Figure 2.7 C.
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Figure 2 6. Chromatograms recorded in the selected ion monitoring mode

using molecular ions of LAS-trifluoroethylesters.

A) LAS Standard mixture. B) LAS contained in an extract of sediment from

Lake Wohlen. Peak numbers (2 to 8) intdicate the position of the

benzenesulfonate moiety in the linear alkyl chain.
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C) Standard Solution ofTPS at a total concentration oflOO ßglmL
Peak numbers (1 to 7) indicate the peaks selected for quantitation
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2.3.4 Differentiation ofLAS and TPS by Tandem Mass Spectrometry

In some sediment layers, LAS and TPS are mixed. Even though the

GC retention times of TPS are generally shorter than those of the

corresponding LAS-homologs, some isomers of LAS (e.g. 6-C12-LAS in

Figure 2.7) and TPS coelute. Due to the identical masses of the molecular

ions they can not be distinguished by the MS-detector. In order to minimize

interferences a method for the differentiation of linear and branched

alkyibenzenesulfonates was evaluated (Suter, Reiser et al. 1996), which is

based on different fragmentation preferences of the two alkylbenzene-

sulfonate species.
The fragmentation behavior of LAS and TPS has been investigated

by several workers. It has been documented that under soft ionization

conditions provided by e.g., fast atom bombardment, alkyibenzene¬
sulfonates form fragments with a double bond in the benzylic position

(Schneider, Levsen et al. 1983; Lyon and Stebbings 1984; Borgerding and

Hites 1992). Moreover is was shown that linear and branched alkyi¬
benzenesulfonates resulted in different fragment ions. Whereas LAS

predominantly formed vinyl-substituted benzenesulfonate ions, TPS were

shown to preferably produce 2-propenyl-substituted analogs.
The method used for this work was based on monitoring the

different fragmentation behaviors of LAS and TPS in a tandem mass

spectrometer after negative chemical ionization (-CI). The derivatized

alkyibenzenesulfonates were separated by gas chromatography prior to

detection with a Fisons AutoSpeq-Q hybrid mass spectrometer, which was

run under -CI conditions using butane as reagent-gas. Specific

fragmentation was obtained by dissociation of the parent alkylbenzene-
sulfinic acid ion upon collision with argon.

The Ci 1-homologs of LAS and TPS were chosen for the following

discussion, as they most significantly overlap during GCSeparation and

selective fragments were most strongly formed under the MS/MS

conditions used. Spectra acquired under -CI conditions (Figure 2.8) show

significantly less signals than the spectra acquired under +CI using
mediane as reagent-gas (Figure 2.3). They show a very weak molecular ion

M"* at mlz 394. The two major fragments at mlz 295 and mlz 163

correspond to the sulfinic acid ion [M - OCH2CF3]" and to the

trifluoroethylsulfonate ion [S03CH2CF3]-, respectively.
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Figure 2.8: Mass spectrum ofthe 4-Ci i-LAS-isomer acquired under -CI

conditions.

The fragments which result from the parent ion m/z 295 of the 4-

Cn-LAS and one isomer of a Cn-TPS-homolog after collisional

dissociation are shown in Figure 2.9. For both LAS and TPS, two intense

Signals at m/z 64 and m/z 231 were obtained which correspond to the SO2*"

ion and the alkylbenzene moiety [295 - SO2]", respectively. Specific

Signals for LAS occur at m/z 103, m/z 119, and m/z 167. Likewise, specific
ions for TPS were obtained at m/z 133 (weak), mlz 177, and mlz 181.

Proposed pathways for the formation of the LAS- and TPS-specific

fragments are shown in Figure 2.10.

Reconstructed ion chromatograms from fragment ion scans of the mlz 295

precursor ion are shown in Figure 2.11, where the traces of separate runs

with derivatized LAS (solid peaks) and TPS (open peaks) are

superimposed. The upper traces correspond to the transition mlz 295 —^ 181

and the lower trace to mlz 295 —> 167. In parallel to Figure 2.7, the trace of

the Cll-homolog of TPS exhibits many unresolved peaks which result

from the complex mixture of the multiple branched TPS. It can be inferred

from Figure 2.11 that TPS preferably form propylene substituted
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Figure 2.9: Tandem MSof undecylbenzenesulfinic acid ions which are

fragments of derivatized Cu-homologs ofLAS (top) and TPS (bottom).

benzenesulfinic acid ions m/z 181, whereas LAS favours the vinyl
substituted analog. The formation of the LAS specific vinyl-substituted

alkylbenzenesulfonate ion (m/z 167) is presumably the result of a six-

membered ring rearrangement, as proposed in Figure 2.10. However, the

external isomers of LAS also form fragments at m/z 181 at significant
intensities. Probably external LAS-isomers favour a six-membered ring

rearrangement which includes the benzylic hydrogen atom.
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Figure 2.10: Fragmentation of derivatized LAS (top) TPS (bottom) under

-CI conditions.

In conclusion, GC/MS/MS is a technique which is capable of

substantially improving the differentiation between LAS and TPS, even

though discrimination was not complete in both experiments (Figure 2.11).

Differentiation was most significant between TPS and the internal LAS-

isomers which, in fact, overlap most during Chromatographie Separation.
Likewise, differentiation ofthe Ci2-homologs was obtained. However, the

characteristic ions (m/z 181 and 167) were significantly weaker. It is likely

that the selectivity could be enhanced if the instrumental conditions were

optimized for individual homologs.
The method was not evaluated for either mixtures of LAS and TPS

or sediment extracts. In addition, further experiments would be necessary

for quantitative use (e.g. calibration, reproducibility, and detection limits).

In comparison with the conventional GC/MS technique, GC/MS/MS is a

considerably more complex technique, and thus, the application may be

more time consuming.
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Figure 2.11: Superimposed reconstructed ion chromatograms from
fragment ion scans of the parent m/z 295. The top trace correspond to m/z

295 —>mlz 181 and the bottom trace to mlz 295 —>mlz 167. Both traces

are recorded with derivatized LAS and TPSStandards.

R: linear or branched Cn-alkyl chain. Peak numbers (2 to 6) indicate the

position ofthe benzenesulfonate moiety in the linear alkyl chain.
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2.3.5 Quantitation and Quality Assurance

Quantitative data was obtained from the peak areas of the GC/MS

SIM chromatograms. The detector response was calibrated with a series of

Standard Solutions. Since CI provided non linear response/concentration
relations, the GC/MS-system was externally calibrated. The 1-Cs-LAS was

used as a Surrogate spike Standard instead of an internal Standard. Hence,

the quantitative results were corrected for losses and detector drifts by the

individual recovery rates of the Surrogate Standard. For the quantitation of

TPS, which is an extremely complex mixture of isomers, 7 peaks of the

chromatogram recorded with the ion mlz 409 (Ci2-homolog) were selected

as representatives for the total amount of TPS present, as the Ci2-homologs

are the major components in TPS (Eganhouse, Blumfield et al. 1983)

(Figure 2.7 C). For TPS quantitative results, the average concentration of

the 7 individually determined total concentrations were calculated.

The acquisition of quantitative data was accompanied by a quality
control program. An Optimum and a performed quality control procedure

are described in the appendix, Table AI. The publications by Keith (Keith

1991), Taylor (Tailor 1987), Kramer and Baker (Kramer and Baker 1983)

and Naylor (Naylor 1992) have been consulted for the measures described

as the Optimum procedure. The performed procedure, on the other hand,

took into account the characteristics of this sediment study. The method

was evaluated by testing recovery rates and reproducibility of LAS

determinations in the sediment of Lake Wohlen. Since additional clean-up

Steps were added to the method for the analysis of sediments from the

Rhine River and from Greifensee, the method was re-evaluated with

sediments from the Rhine River.

Calibration

The GC/MS response R determined with the series of Standard

Solutions was plotted against the Standard concentrations c. A calibration

curve was fitted by quadratic regression for each of the separated LAS

peaks and for the seven selected peaks of the TPS mixture. Curves were

fitted by the equation:

R = ac2 + bc

a, b: parameters
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As an example, the calibration plot of the 6-C12-LAS Standard is

shown in Figure 2.12. For quantifying low level data, only the 6 Iowest

concentrations were used for calibration.

Response/107

3.5-

2.5

2 -

1.5

0.5

i i i i i

6-C12-LAS

0 " "n 1 1 | 1 1 1

0 12 3 4 5 6 7

Concentration [|jg/mL]

Figure 2.12: Calibration of the detector response with the 6-C12-LAS

Standard series.

Check samples were injected at least after every 6 samples in order

to check the validity of the calibration of the GC/MS. Measured values of

the check samples typically ranged between +/- 5%of the nominal value.

Calibration Standards of the C14- to C16-LAS were only available

for the analyses of the sediments from the Rhine River and from

Greifensee. For the quantitation of these long-chain type LAS in sediments

of Lake Wohlen and Lake Biel, the calibration parameters of the C13-

isomers were used instead.

From the TPS Standard series, the 7 selected peaks were used

separately for calibrating the total concentration.
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Blanks and Detection Limits

A glassware blank was analyzed between every sixth run. Sediment

concentrations were blank corrected with the average values of the blank

samples. Average concentrations in blank samples determined during the

analysis of sediments from Lake Wohlen, Rhine River and Greifensee

ranged from 0.6 to 1.2 u.g/kg, 1.6 to 6.4 u.g/kg and 1.2 to 7.6 ug/kg,

respectively, for Single LAS isomers. The source of contamination was

presumably dust from LAS washed textiles. Therefore blank concentrations

and consequently detection limits had relatively large Variation.

Detection limits for Cio- to C13-LAS were calculated on the basis

of the Standard deviations, s, of the blank data. In the appendix, Table A2

lists the limits of detection (LOD) (3s) and limits of quantification (LOQ)

(\0s). LOQ for Single LAS isomers varied between 1.5 and 21 pg/kg
calculated for a sample weight of 10 g. Concentrations of C14- to C16-LAS

homologs and TPS, which had no detectable blank peaks, are reported to

be greater than zero if the peak heights exceeded Chromatographie baseline

noise by a factor of 10 (instrumental detection limit IDL) (Keith 1991).

IDL of single isomers of the C14- to Ciö-LAS homologs in a 10 g sample

typically ranged between 1 and 6 pg/kg. The total of TPS had an IDL at

about 200 p.g/kg calculated for a sample weight of 10 g. The IDL of TPS

appears to be relatively high. However, TPS is a more complex mixture

than LAS containing many different homolgos and isomers which are

largely separated by GC. Consequently, the high Separation efficiency of

GCresults in a relatively high IDL.

Reproducibility
The limited amount of sediment obtained from a core limits the

number of replicates. Preserving structural information of the sediment

core was preferred to preparing replicate samples by combining adjacent

layers. Thus, the acquisition of the concentration profiles was performed by

analysing pairs of adjacent layers instead of duplicates.

Reproducibility was evaluated with the non-spiked portions of the

sediment slurries used for field-spike experiments. Replicates of sediments

from both Lake Wohlen and the Rhine River were analyzed. The resulting
data of reproducibility is listed in the appendix, Table A3. In summary, the

relative Standard deviation of Single LAS isomers measured at

concentrations C for C>LOQ, LOQ> C> LODand C < LODranged from

5 to 10%, 10 to 20%, and 20 to 30%, respectively. The Standard deviation
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of 5 to 10% was in the lower ränge of the Standard deviation reported by

Trehy et al. (Trehy, Gledhill et al. 1990) for LAS spiked sediment samples

(3to21%).

Field Spike Recoveries

Recoveries were determined by field-spike experiments. The

content of a sediment core was diluted with water and mixed thoroughly.
Replicates samples of homogenized sediment slurries from Lake Wohlen

(6) and Rhine River (4) were spiked at total concentrations of 4 mg/kg and

2 mg/kg, respectively, using LAS Standard Solutions. The spiked
concentrations were in the order of magnitude of the maximum

concentration of native LAS. These spiked samples were transported to the

laboratory and anlyzed for LAS. Spike recoveries of long-chain LAS (Ch-
to Ciß) were determined only in sediments of the Rhine River. The

recovery data is listed in the appendix Table A4. Recoveries typically
ranged between 80 and 110% and are in agreement with recovery rates

reported by Trehy et al. for Cjo- to C14-LAS homologs (Trehy, Gledhill et

al. 1990). Recovery rates for the C15- and C16-LAS homologs were not

reported by Trehy. The exceedingly large rates of 123 and 130% of the 2-

and 3-Ci6 isomers are of minor importance, since they were not detectable

in sediment samples, except in three of the most concentrated samples of

Lake Wohlen.
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3. OCCURRENCEANDFATE OFLAS
AND TPS IN FRESHWATER

SEDIMENTS

3.1 Sampling Sites

Sediment samples from four different sampling locations in Swiss

rivers and lakes were collected: (i) Lake Wohlen, (ii) Lake Biel, (iii) Rhine

River, and (iv) Greifensee (Figure 3.1).
Both Lake Wohlen and Lake Biel are in the catchment area of the

Aare River (Figure 3.2). The geology of the Aare catchment has a

Controlling influence on the suspended particle load. It is made of

crystalline basement rocks in the Alps and molasse in the midlands. Part of

the particles settle out in Lake Thun and Lake Brienz approximately 40 and

60 km, respectively, upstream of Lake Wohlen. The Aare, therefore, is

naturally filtered and carries mostly clay-size particles. The tributary
Saane, which joins the Aare 4 km downstream of Lake Wohlen, drains an

area of active erosion and carries substantial amounts of sand and silt in its

suspended load (Albrecht, Reichert et al. 1995). The yearly average run-off

for the Aare is about 120 m3/s below Lake Wohlen and 240 m3/s below

Lake Biel.

Lake Wohlen is a manmadelake used for generating electric power.

The hydroelectric dam was built between 1917 and 1920, allowing for

continuous sediment deposition. The sediment core from Lake Wohlen was

collected on January 27, 1994. The sampling site is about 500 mupstream
from the dam, and about 10 km downstream of the outfalls of two sewage

treatment plants (total population equivalent of 333,000) near Bern at a

depth of 12 m. The sampling site in Lake Biel is located about 20 km

farther downstream of Lake Wohlen in the proximity of the mouth of the

Aare River at a depth of 30 m. The core was collected on September 10,
1993. The input of waste water effluents is dominated by the city of Bern at

both sampling sites.

The core from the Rhine River (Figure 3.3) was collected on

May 5, 1995 at Äugst. The sampling site is located in an oxbow about
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200 mupstream of the hydroelectric power plant of Äugst at a depth of

2 m, where part of the suspended solid load in the Rhine River settle out.

The predominant input from sewage treatment plants, can be attributed to

the STP Rheinfelden (population equivalent 36,000) and to the STP

Möhlin/Bachtalen (population equivalent 20,000), which are located about

5 and 10 km upstream from the sampling site. Relative to the sediments in

Lake Wohlen and Lake Biel, the sediments are little charged with

Compounds from sewage effluents.

The sediment core from Greifensee (Figure 3.4) was collected at a

depth of 32 mon October 24, 1995. Greifensee is a eutrophic, holomictic

lake with regulär overturn in winter (December to March). Regulär
successions of oxic and anoxic conditions in the hypolimnion cause

significant temporal variations on the redox conditions. A high population

density and intensive agricultural activities cause many significant inputs
of anthropogenic chemicals into the lake (Ulrich 1991). The input to the

sediment with respect to sewage effluent is dominated by the discharges of

the STPs Uster (population equivalent 40,000) and Wetzikon (population

equivalent 22,000). The STP of Maur (population equivalent 4500) may

have an impact to the sediment due to the short distance from the sampling
site.
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Figure 3.1: Overview over the sampling locations. 1) Lake Wohlen and

Lake Biel, 2) Rhine river at Äugst, and 3) Greifensee.

Figure 3.2:1) Sampling location ofLake Wohlen and Lake Biel. Sampling
site A Lake Wohlen (depth 12 m) and B Lake Biel (depth 30 m).

STP: sewage treatment plant.
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Figure 3.3:2) Sampling site in the Rhine River at Äugst (depth 2.5 m).

STP: sewage treatment plant.

sampling site

OetwUglp Gruningen

Figure 3.4: 3) Sampling site in Greifensee (depth 32 m) and catchment

area. STP: sewage treatment plant.
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3.2 Experimental Section

3.2.1 Sampling and Storage

Sediment cores from Lake Biel, Lake Wohlen and the Rhine River

were obtained with a gravity corer using PVC liners of 6 cm inner

diameter. The corer was lowered to within ca. Im of the lake bottom and

allowed to free fall the remaining distance. The cores were extruded and

sliced at 0.5- or 1 cm intervals which corresponds approximately to 0.25 to

1.5 year of the deposition. The sediment samples were placed in Plexiglas

boxes, weighed, and immediately stored at -20°C in the dark until they
were freeze-dried. The dry samples were stored at -4 °C until subsampled
for analysis. The cores from Lake Wohlen and the Rhine River were

extruded on site; the samples were frozen solid with dry ice before being

transported to the laboratory. The core from Lake Biel was stabilized by

inserting a plug into the liner and then transported to the laboratory prior to

extruding. In order to avoid contamination, all equipment was carefully
rinsed with water prior to use. Surface contamination occurred in the core

from Lake Biel, because the material inserted into the liner for stabilizing
the core during transport contained LAS. As a consequence, the top section

of the core from Lake Biel could not be used for the Interpretation of the

LAS concentration profile.
The core of Greifensee was obtained with a freeze-corer (Lotter,

Renberg et al. 1996). The freeze corer technique uses a hollow metal sword

which is cooled by a liquid cooling agent. The sword was inserted into the

sediment and subsequently cooled until a sediment layer of about 3 cm

thickness has been frozen onto the sword surface. After being withdrawn,

the core was kept frozen in a cooling box which contained dry ice. The

core was transported to the laboratory where it was stored at -20 °C until it

was sliced by scratching annual varves from the frozen core. These samples
were weighed, freeze-dried and subsequently stored at -4°C until

subsampled for analysis.

3.2.2 Dating ofthe Sediment Cores

The cores were dated on the basis of the mass-related activities of

the radionuclides Cs-134, C-137 and Co-60 (Wan, Santschi et al. 1987;
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Cundy and Croudace 1996). Approximately 10 g of dry sediment were

used to measure radionuclides by 7-spectroscopy using the lines 1173 and

1332 keV for Co-60, 661.7 keV for Cs-137, 604.7, and 795.5 keV for Cs-

134 and 477 keV for Be-7 on a high purity Ge well detector. The presence

of Be-7 in top sediments of both cores indicated no significant sediment

loss near the core-top. The core from Greifensee was dated on the basis of

varve chronology. Varve counting and measurements of thickness of

annual layers was performed by analyzing microscope photoprints.

3.2.3 Determination of Total Organic Carbon (TOC) and Grain Size

Distributions

Total organic carbon (TOC) was calculated as the difference

between total carbon and inorganic carbon (TIC). Total carbon was

measured with a Carlo-Erba CNS-Analyzer, which oxidizes the sample in

an atmosphere of pure oxygen at a temperature of 1000°C. The released

CO2is determined by gas chromatography. The relative Standard deviation

of the TOCdetermination in Lake Wohlen and Greifensee calculated from

6 and 13 duplicate samples from different layers along the sediment cores,

were at 0.9% and 1.2%, respectively. Total inorganic carbon was

determined by acidic digestion of the sediment sample and subsequent

titration of the released carbon dioxide using a C02-Coulometer 5011

(Coulometrics Inc., Wheat Ridge, CO).

Particle size distributions were determined using a Mastersizer X

laser particle sizer (Malvern Instruments Ltd., England).

3.2.4 Quantitative Determination of LAS and TPS

Quantitative determination of LAS and TPS were performed on the

GC/MSmethod described in Section 2.

Concentrations of LAS in the dried sediment samples were

determined in each of the top 10 layers (0.5 cm thickness) of the sediment

core from Lake Wohlen. Below the depth of 5 cm, pairs of adjacent layers

(1 cm thickness) were analyzed in depth intervals of 5 cm. Likewise, LAS

were determined in the top 10 layers (1 cm thickness) of the sediment core

of the Rhine River. Below the depth of 10 cm, pairs of adjacent layers were

analyzed in depth intervals of 5 cm.
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The complete set of samples from the core of both Lake Biel and

Greifensee were analyzed. From the core of Lake Biel, triplets of adjacent

samples of 0.5 cm thickness were combined and analyzed for LAS.

Similarly, two merged annual varves of the core from Greifensee dating

back to 1949 were analyzed for LAS.

In general, TPS were only determined in samples which had

concentrations greater than the instrumental detection limit (200 ug/kg).
The 4-Cio-LAS isomer was not quantified in samples from sediments

deposited between 1957 and 1983 in Greifensee and in all samples from

the Rhine River, as the Chromatographie peak was deteriorated by an

interfering component.

3.3 Results and Discussions

3.3.1 Sediment Characteristics

In general, the sediments from all sampling sites was a mud of dark

grey to black colour, which indicated anoxic conditions. Non disrupted
lamination was indicated either by rhythmical successions of dark/light

laminae (Lake Wohlen, Lake Biel, the Rhine River) or by typical varves of

anoxic lake sediments (Greifensee). Further evidence for absent mixing

processes is provided by the relatively thin horizons of elevated

concentrations of radio isotopes (Figures 3.6 and 3.7).

The water content was determined as the differences between

sample weights before and after freeze drying (Table 3.1). The water

content in the top layer was typically largest and dropped with increasing

depth, indicating sediment compaction. The water content in the sediment

core from Lake Biel was exceptionally low, speeifieally in the top layer.

Apparently, the sediment core from Lake Biel was compacted in the liner

during transport to the laboratory, while the sediment structure was better

preserved in those cores which were extruded on-site.

Mean values and Standard deviations of total organic carbon (TOC)

and grain size distributions are listed in Table 3.2. The intervals indicated,

quantify the overall Standard deviations along the sediment cores.
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Table 3.1: Water content in the sediments [% w/w].

top layer average

Lake Wohlen 79.7 57.1+5.7

Lake Biel 60.0 55.1+3.2

Rhine river 79.3 57.4±6.3

Greifensee 89.1 73.3±5.0

Table 3.2: Characteristics of the sediments from the different sampling
sites.

TOC% clay% silt % sand%

(<2pm) (2-63um) (>63pm)

Lake Wohlen 2.1+0.4 11.3+1.6 87.3+1.5 1.4±0.3

Lake Biel 2.2+0.2 11.8 ±1.6 85.511.0 2.8+0.9

Rhine river 2.5+0.4 6.7 ±1.3 89.5 ±0.7 3.8 ±1.0

Greifensee 3.8 ±0.6 3.3 ±1.2 88.7 ±3.0 8.1 ±3.3

Both, total organic carbon and grain size distributions were remarkably
constant along the sediment cores (Figure 3.5). However, TOC

significantly decreased with depth near the sediment/water interface in

Lake Wohlen and Greifensee, indicating biodegradation of organic matter

near the sediment/water interface (Section 1.3). In the Rhine River, on the

other hand, only a slight decrease was observable. The data set from Lake

Biel is incomplete and thus, interpretation of TOC in the near surface

sediment layers is not available. The large TOCranging from 2.1 to 3.8 %

corroborates the assumption of anoxic conditions in the sediments of the

four sampling sites. The sewage treatment plants opening in the late 1960s

and early 1970s had no significant effect on the TOClevels. This indicates

that the major component of organics in the sediments originates from soil
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Figure 3.5: Depth profiles of total organic carbon (TOC) in sediments.
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erosion and endogenic biomass formed in the water column.

Variations of all parameters from sampling site to sampling site are

extremely small, Greifensee being the only exception for TOCand the sand

fraction.

3.3.2 Dating ofthe Sediment Cores

The result of radiometric measurements in the sediment cores from

Lake Biel, Lake Wohlen and the Rhine River are depicted in Figures 3.6

and 3.7.

depth [cm] Lake B'e'

0- 1993

1986

1976

1963

depth [cm] Lake Biel

0 I .^„„i,,^, ^1993

1982

100

[Bq/kg]

200 10 20 30

[Bq/kg]

Figure 3.6: Depth profiles of Cs-137 and Co-60 activities in the sediment

ofLake Biel.

The depth profiles of Cs activities indicate two peaks which occur

in each of the three sediment cores. The upper peak, which was also

characterized by the presence of Cs-134, is attributed to fallout from the

accident at the nuclear power plant of Chernobyl (Russia) in 1986. The

lower peak contained only Cs-137 and is the result of atmospheric nuclear

weapons testing in 1963 (Wan, Santschi et al. 1987). The additional peaks
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Figure 3.7: Depth profiles of Cs-137 activities in the sediments ofLake
Wohlen and the Rhine river.

of Cs-137 and Co-60 activities in the sediment of Lake Biel related to

discharges of the local nuclear power plant Mühleberg which had maxima

in 1972 for Cs-137 and in 1982 for Co-60, respectively (Albrecht, Lück et

al. 1997). The peak in the profile of the Rhine River indicated with 1976

corresponds with that already found in Lake Biel, whereas the peak
indicated with 1971 reflects elevated release of Cs-137 from the local

nuclear reactor at Beznau.

The Cs-137 profiles of Lake Wohlen and the Rhine River (Figure

3.7) differ in that the relative activities in the horizons deposited in 1963

and 1986 are nearly inverse, indicating a time dependant particle input into

the sediments due to time dependant hydrodynamic conditions in the water

column of river Systems.

The average sediment accumulation rates calculated between the

1963 peak and the sediment/water interface are listed in Table 3.3.

Sediment accumulation rates in Greifensee are reported as the average
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thickness of annual varves deposited between 1950 and 1995. Normally,
the accumulation rate is larger for sediment sections deposited after 1986

than prior to 1986. Presumably, this difference is a result of compaction as

indicated by the drop in water content in near surface sections. Evidence

for compaction in the sediment of Greifensee is provided by both the drop
in water content and decreasing thickness of the varves with increasing

depth (Figure 4.1).

Both lower TOC(Table 3.1) and large accumulation rates reflect

the allochthonous character of the sediments from Lake Biel, Lake Wohlen

and the Rhine River, whereas relatively large TOC along with low

accumulation rates of the sediment in Greifensee reflect the autochthonous

character of the latter.

Table 3.3: Average sediment accumulation rates

sampling site sediment accumulation rate

[cm/y]

Lake Biel 0.9

Lake Wohlen 1.8

Rhine River 1.4

Greifensee 0.4

3.3.3 Depth Profiles of Total LAS and TPS Concentrations

Depth profiles of concentrations of the total of both LAS and TPS

are plotted in Figure 3.8, for the sediments of Lake Wohlen, Lake Biel,

Greifensee and the Rhine River. In general, the concentrations vary largely
between the different sampling sites (note the different concentration scale

in Figure 3.8) reflecting the different dilution factors of sewage in the

receiving waters and the different distances from the STP outfalls.

In the sediment of Lake Wohlen, the record of LAS and TPS input
is best conserved due to the large bürden of sewage from the city of Bern

and the large sediment accumulation rate. An increasing consumption of

TPS in the late 1950s resulted in increasing concentrations in the sediment

between 65 cm and 55 cm in Lake Wohlen (Figure 3.8 A). In a sediment

layer corresponding to about the year 1965, TPS concentrations exhibit a
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C) Greifensee
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Figure 3.8: Depth profiles of total LAS and TPS concentrations in

sediments. ( ): below instrumental detection limit (200 /xg/kg).
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maximum at 3.4 mg/kg dry sediment. This maximum correlates well with

the time when TPS were replaced by LAS. Subsequently, concentrations of

LAS increase as TPS decrease in the next layers above. A maximum in

LAS concentrations at 2.4 mg/kg occurs in sediments deposited in about

1970, which coincides approximately with the time when the sewage

treatment plant of the city of Bern was put into Operation. This decline with

approach to the sediment/water interface clearly indicates the effectiveness

of the sewage treatment plant in removing LAS.

Concentrations of LAS and TPS in the core from Lake Biel, 20 km

downstream (Figure 3.8B), had a profile pattern similar to that of Lake

Wohlen. However, data form Lake Biel does not include concentrations of

C15- and C16-LAS homologs which contribute about 19 %to the total LAS

concentrations in the sediment horizon deposited in Lake Wohlen around

1970. LAS concentrations in the core from Lake Biel were above the limit

of quantification only in layers ranging from 20 cm to 30 cm. The elevated

LAS concentrations near the sediment water interface are the results of

LAS contaminated material which was used for stabilizing the core during

transport to the laboratory. Nevertheless, it can be inferred that the

difference between the two maximum concentrations of LAS and TPS is

considerably larger in Lake Biel.

Given that the concentration of a persistent solute in the aqueous

phase differs from the concentration in the surface sediment by the factor

Kp (partition coefficient), the difference between the concentrations in the

sediment layers deposited at the same time in Lake Wohlen and Lake Biel

reflect the hydraulic dilution that occurs downstream. In fact, the ratios

between the two maximum concentrations of TPS in the sediments of Lake

Wohlen and Lake Biel is 2.05, which agrees with the dilution ratio of 2.0,

calculated with medium flow rates into Lake Wohlen (121 m3/s) and out of

Lake Biel (240 m3/s) (Landeshydrologie und Geologie 1991). Thus, it can

be inferred that the majority of LAS had been degraded during transport in

the river before they were buried in the anoxic sediment of Lake Biel. At

the same time TPS had persisted and showed a much more conservative

behavior. The assumption of LAS biodegradation is corroborated by a

theoretical approach: On the basis of a first order degradation kinetic,

C= C0-e-kt
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C: Concentration of the solute after time t

Co: Concentration of the solute at time t = 0

k: first order rate constant of biodegradation: 0.116h"1

(Section 1.2.6) (Hennes and Rapaport 1989; Rapaport

and Eckhoff 1990)

the theoretical residence time in the oxic water column,

t = k-'-\n^-
C

Co: maximum LAS concentration in Lake Wohlen:

1.93 mg/kg for Cio to C14 homologs
C: maximum LAS concentration in Lake Biel corrected for

dilution: 0.49 mg/kg for Cio to C14 homologs

was 11.8 h. This rough approximation is in agreement with the

hydrodynamic residence time between Lake Wohlen and Lake Biel which

is approximately 9.2 h, calculated using the program AQUASIM(Reichert

1994; Reichert 1994). However, taking into account that part of the LAS

are transported attached to particles and that the time for Sedimentation in

Lake Biel was not included, the calculated value of 11.8 h is rather short

relative to the hydrodynamic residence time. On the other hand, the value

of 0.116 h"1 for the rate constant was the largest reported for instream

removal of LAS in Rapid Creek, (USA) (Hennes and Rapaport 1989;

Rapaport and Eckhoff 1990) and thus, different climatic conditions in

Switzerland may result in slower removal velocities (Inaba and Amano

1988; Amano, Fukushima et al. 1992; Tabor and Barber 1996).

Nevertheless, it can be inferred from theoretical considerations, that the

difference between the two maximum concentrations of LAS and TPS is a

result of biodegradation of LAS in the oxic water phase.
The profiles of LAS and TPS concentrations in the sediment of

Greifensee (Figure 3.8 C) parallel those of Lake Wohlen and Lake Biel,

since many of the sewage treatment plants in the catchment area of

Greifensee were put into Operation between 1967 and 1971. Hence,

maximum concentrations of LAS at 2.5 mg/kg and TPS at 9.1 mg/kg
occurred in horizons deposited during 1971 and 1972 (depth 10 cm) and

during 1963 and 1964 (depth 13 cm), respectively. The relatively high
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concentrations reflect the large input of sewage into the lake, and

consequently the the high population density in the catchment area of

Greifensee. The difference between the peak maximum of LAS and TPS

parallels the findings of Lake Biel, indicating that LAS are largely

biodegraded. The TPS peak was generally about 20 cm wide in each of the

sediment cores from Lake Wohlen, Lake Biel and Greifensee. Apparently,
the TPS-peak width does not depend on the initial width of the peak after

deposition. Hence, there is evidence provided that diffusive transport of

TPS in the sediment pore waters is a predominant postdepositional process

which governs the broadening of the peak.
The depth profile of LAS concentrations in the sediment of the

Rhine River (Figure 3.8 D) is in general agreement with those of the other

sampling sites. The maximum concentration at 0.72 mg/kg at a depth of

38 cm occurred in a sediment horizon deposited around 1972. However,

the concentrations were low throughout the core. Concentrations of the 2-

and 3-phenyl isomers and of all isomers of the Cio-homolog were below

limit of quantification. Likewise, TPS concentrations were generally below

the instrumental detection limit of 200 ug/kg. In contrast to the results from

Lake Wohlen, Lake Biel and Greifensee, TPS concentrations were smaller

than LAS concentrations. This is consistent with the relatively small Cs-

137 peak in Figure 3.7. Presumably, the particle input was relatively low

around 1965 resulting in a low flux of particle associated TPS. Moreover,

postdepositional transport processes have altered the initial profiles

(Sections 3.3.4 and 4.5).

Fluxes of LAS and TPS are not reported, as data on mass

Sedimentation rates are not (except from Greifensee) available and must be

derived from sediment accumulation rates. Thus, the flux profiles would

only differ by a constant factor from the concentration profiles. Moreover,

LAS and TPS are susceptible to postdepositional transport (Section 4)

which deteriorate flux data calculated on the basis of concentrations.

For comparison, the concentrations of methyleneblue active

substances (MBAS) measured in the water of the Rhine River at

Himmelgeist and Bimmen (Germany) are plotted from 1958 to 1988 in

Figure 3.9 (Malz 1990). The MBAS data demonstrates that the

concentrations of anionic Surfactants in the Rhine River were at a

maximum in 1963 and subsequently decreased when TPS were substituted

by LAS. The steadily increasing consumption of detergents, however,

resulted in a second period of increasing MBASconcentrations. The
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decrease in MBASafter 1973 is the result of Surfactant removal from the

waste water by newly opened sewage treatment plants in the catchment

area around 1970. Thus, the MBASdata parallels the two maximum

concentrations of LAS and TPS in the sediments and provide evidence for

the correct sedimentary record of the history of LAS and TPS

concentrations in surface waters.

0.5

0.4 -

B> °-3

CO

$ 0.2

0.1 -

1 ' * i i < . i i t i I

1 ' ' l ' ' ' ' l ' ' ' l i ' I ' ' ' I ' ' ' ' I ' '

1960 1970 1980 1990

Year

Figure 3.9: Annual means of concentrations of methylene blue active

substance (MBAS) in the Rhine river at the stations Himmelgeist and

Bimmen, respectively. Data from (Malz 1990).

3.3.4 Profiles of Concentrations of Individual LAS-Homologs

In Figures 3.10 to 3.13, concentration profiles of LAS from Lake

Wohlen, Lake Biel, Greifensee and the Rhine River are plotted for the Cio-
to C16-LAS homolog individually. Concentrations of the C15- and Ci6-

homologs were not measured in Lake Biel. Even though the 4-Cio-LAS
isomer contributed approximately 30% to the total of the Cjo-LAS

homologs in Lake Wohlen, the total C10-LAS concentrations are not

corrected for the lacking 4-Qo-LAS concentrations in Figures 3.12 and

3.13. As a result, the C10-LAS concentrations show an abrupt drop at a
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depth of 4 cm in the profile of Greifensee (Figure 3.12) where the 4-Cio-

LAS concentrations lack between 1957 and 1983. Likewise, the 4-Cio-

LAS concentrations are not included in the profile of the Rhine River

(Figure 3.13).

In general the depth profiles of Single homologs reveal both input

changes and postdepositional fate of LAS. Input changes are evident in the

near surface sections of the profiles. Long-chain homologs (Cu to Ci6)

were present only in sediment layers corresponding to years prior to 1985

and could not be detected in the most recent (>1985) layers. The phasing
out of long-chain LAS is recorded clearly in the sedimentary archive.

Postdepositional fate is documented by the width of the homolog peaks

present in sediment layers deposited between 1965 and 1980. This peak
width is inversely correlated with the length of the linear alkyl chain.

Under the assumption of constant homolog distribution of the deposited

LAS, this correlation must be attributed to different postdepositional

transport behaviors due to different partitioning properties. Since

partitioning of LAS between sediment particles and pore water is probably

governed by hydrophobic interactions (Hand and Williams 1987;

Brownawell, Chen et al. 1991), the mobility of the short-chain homologs is

expected to be enhanced relative to the long-chain homologs (Section 4).

Specifically in the sediment of the Rhine River, the peak of the total LAS is

mainly formed by the C12- to Ci6-homologs whereas the Cu-homolog is

equally distributed throughout the sediment core and the concentrations of

the Cio-homolog are above limit of quantification only in the top 40 cm.

Consequently, postdepostional transport was most effective in the sediment

of the Rhine River where LAS concentrations are significant in sediment

layers which date back prior to 1939. An analogy to enhanced mobility of

LAS, the mobility of TPS may be equally enhanced and thus, result in

depleted maximum concentration (Figure 3.8). It is not clear, however, if

diffusive or advective transport was the predominant process at this

specific site.
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3.3.5 Homolog and Isomer Distributions of LAS; Indicator for

Postdepositional Biodegradation?

If the routes of postdepositional biodegradation of LAS

incorporated in the sediment were identical with those proposed by

Swisher (Swisher 1987) (Section 1.2.3), external (2- and 3-phenyl) isomers

would be degraded faster than internal (4- to 7-phenyl) isomers due to the

longer distance between the terminal methyl group and the sulfonate

moiety (Figure 3.14).

tü-oxidation

Figure 3.14: Distance principle of LAS biodegradation according to

Swisher (Swisher 1987).

As a result, LAS would be enriched in internal isomers and

consequently depleted in external isomers relative to the commercial LAS

mixture. Indeed, shifts in isomer distributions of LAS incorporated in

sediments relative to commercial LAS mixtures (Figure 2.5) provide
evidence that biodegradation of LAS occurred. Yet, it is not clear from

Figure 2.5 if predepositional or postdepositional biodegradation was

predominant. However, postdepositional biodegradation is evident in the

top 5 cm of the sediment in Lake Wohlen where the proportion of internal

isomers increase with depth (Figure 3.15), indicating progessively

degrading LAS with increasing time since deposition. Subsequently, the

isomer distribution remains constant with depth, indicating that LAS

biodegradation in the subsurface layers had stopped. On the other hand, the

depth profiles of isomer distributions in the sediments of Greifensee and

the Rhine River show constant proportions of isomers in near surface

layers (Figure 3.16), providing evidence for no significant rates of

biodegradation. However, in sediment sections deposited in Greifensee and

the Rhine River prior to about 1980 and to 1990, respectively, the

proportion of internal isomers increase slightly with depth. It is not clear
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whether this shift in favour of the internal isomers is due to slow

postdepositional biodegradation under the presumably anoxic conditions

and which mechanisms are then operative. However, there is no published
evidence for LAS biodegradation under anoxic conditions. The data from

the sediment core of Lake Biel were not included in this Interpretation,
since the surface layers were contaminated with LAS during collection and

processing.
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Contents of individual homologs relative to the total of LAS

concentrations in both the LAS Standard and in the top sediment layer of

Lake Wohlen, Greifensee, and Rhine River are depicted in Figure 3.17. In

agreement with results by other authors (Hon-Nami and Hania 1980; Tabor

and Barber 1996), LAS incorporated in the sediment are enriched in C13-

LAS and depleted in Cjo-LAS relative to the LAS Standard. Preferred

sorption of C13-LAS relative to C10-LAS indicate hydrophobic interactions

between LAS and presumably the organic matter of sediment particles.

Lj LAS Standard

||| Lake Wohlen

ra Greifensee

Kl Rhine River

Figure 3.17: LAS homolog distributions in the LAS-standard and in LAS

contained in surface sediments.

Depth profiles of homolog distributions in the sediment of Lake

Wohlen provide further evidence for postdepositional biodegradation of

LAS in the top sediment section at this sampling site (Figure 3.18).

According to Swisher's distance principle (Figure 3.14), biodegradation of

long-chain homologs is preferred to that of short-chain homologs (Swisher
1987). Thus, biodegradation results in enrichment of the Cin-homolog and

in depletion of the Ci3-homolog relative to the total LAS concentration. In

fact, the C13-LAS concentration increases with depth in the top 5 cm of the

sediment of Lake Wohlen, whereas the Cj 1-homolog decreases relative to

the total concentration ofLAS (Figure 3.18). In disagreement, however, is

the proportion of the Cio-homolog which remains constant. It is not clear if

residual C10-LAS, which occur at relatively low concentrations, are bound

to sites of particles where they are not bioavailable .
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In parallel to the depth profiles of isomer distributions of

Greifensee and the Rhine River, the profiles of the respective homolog
distributions do not provide evidence for postdepositional biodegradation
either.

In summary, evidence for postdepositional biodegradation of LAS

in sediments is only provided in the top 5 cm of the sediment in Lake

Wohlen. Presumably, molecular oxygen is supplied by the water of the

Aare River to the sediment/water interface where it is consumed by benthic

organisms for oxidizing organic matter (Section 1.3) and thus can not

penetrate subsurface sediments. The assumption of oxic conditions at the

sediment/water interface is corroborated by the depth profile of TOC

(Figure 3.5). In correlation with the shifts in homolog and isomer

distributions, TOCin the sediment of Lake Wohlen is depleted near the

sediment/water interface. Apparently, rapid ultimate degradation of organic
matter is restricted to oxic surface sediments and is inhibited in subsequent
anoxic zones. On the other hand, TOCis significantly depleted in near

surface sediment layers in Greifensee where no evidence is provided for

postdepositional LAS biodegradation, even though oxygen is supplied

during the overturn in the winter season. Probably the larger TOCin the

sediment of Greifensee results in rapid depletion of oxygen at the

sediment/water interface. Consequently, TOC removal occurs also in

anoxic sections, where LAS degradation does not occur. The successive

appearance of redox couples with depth in the sediment of Greifensee

(Wersin 1990) corroborates the assumption of anaerobic biodegradation of

organic matter. In the sediment of the Rhine River the apparently slow or

absent biodegradation of LAS is in agreement with the slow degradation of

organic matter.
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4. MATHEMATICALMODELLING

OFLAS TRANSPORTIN PORE

WATERS

4.1 Introduction

The objective of this modelling exercise was to elucidate the major

processes that govern the postdepositional fate of LAS. Specifically, the

different shapes of the depth profiles of individual LAS homologs (Section

3.3.4) should be simulated on the basis of diffusion in the pore waters and

different partitioning properties of the different homologs. The data set of

Greifensee was used for modelling, as varve-counting and varve-sampling
provide the most accurate information on sediment dating, sediment

accumulation rates and compaction.

4.2 List of Symbols

a to d: fitted parameters of the LAS input functions at the sediment

/water interface

C: concentration of the analyte in mass per unit volume pore

water [ug/L]
Ctnax- maximum concentration at the input site; i.e. peak height
Ct: total concentration of the analyte in mass per unit volume of

the total sediment [ug/L]
D: diffusion coefficient [cm2/y]
Di,: diffusion coefficient in the bulk sediment [cm2/y]
Dreß diffusion coefficient of a reference Compound [cm2/y]
Ds: diffusion coefficient in the pure pore water including the

effect of tortuosity [cm2/y]
Dw: diffusion coefficient in the pure pore water [cm2/y]
F: formation factor affecting tortuosity
h: box height [cm]
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Kp: partition coefficient of the analyte between sediment

particles and pore water [L/kg]
MG: molecular weight [amu]

N: number of boxes per annual sediment layer
Rf. rate of formation or degradation of the analyte due to

reaction i in mass per unit volume of total sediment per unit

time [ug/L-y]
t: time since deposition; i.e. age of the sediment layer [y]
tmax- time since deposition of the deepest sediment horizon

included [y]
Vc: advective pore water velocity in the compacting sediment

relative to the surrounding horizon [cm/y]
Wc: average velocity of an analyte molecule relative to the

surrounding horizon [cm/y]
x: depth in the sediment column [cm]
6: tortuosity; i.e. real length of the path along the sediment

pores relative to the length along the depth coordinate

p: density ofthe solid sediment phase [g/cm3]; here assumed

to be constant with depth and time

fu mass Sedimentation rate, i.e. accumulation of solid sediment

in mass per unit area per unit time; here assumed to be

constant with time [g/cm2y]
v: velocity of flow relative to the sediment/water interface

[cm/y]

<p: porosity; i.e. volume fraction of pores which are

interconnected

0): velocity of burial of particles relative to the sediment/water

interface [cm/y]

index "1": arbitrary but fixed reference horizon below which

compaction is absent.

index "i": given value in box i
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4.3 The Diagenetic Equation for Sediments

Berner (Berner 1980) has formulated the general diagenetic

equation as:

^=<^£]_^)
+ Eäi (1)

dt dx dx
,

Cf. total concentration of the analyte in mass per unit volume of

the total sediment [pg/L]
v: velocity of flow relative to the sediment/water interface [cm/y]

D: diffusion coefficient [cm2/y]
Ri: rate of formation or degradation of the analyte due to

reaction i in mass per unit volume of total sediment per unit

time [pg/L-y]
t: time [y]
x: depth in the sediment column [cm]

Equation (1) expresses how the three major processes including (i)

diffusion, (ii) advection, and (iii) diagenetic chemical and biochemical

transformations govern the concentration of an analyte at a given depth.
The advective and diffusive term of the general diagenetic equation include

various physical and biological diagenetic processes such as compaction,

depositional burial, water flow, interstitial molecular diffusion, benthic

boundary diffusion, imgation, bioturbation, biotransformation and transfer

across the sedimenl^water interface (Berner 1980).

For modelling the diagenetic processes which govern the

postdepositional fate of LAS in the sediment of Greifensee, the following

assumptions were made:

(i) degradation is negligible; i.e. £/;, = 0 and thus, the only

relevant processes are diffusion and advection.

(ii) sediment mixing processes are absent, since the sediment has

a laminated vertical structure (varves).



84

(iii) the mass Sedimentation rate ß and the density of the solid

sediment phase p are constant with depth and time.

(iv) the sediment is compacting under steady-state conditions; i.e.

0 is constant at a given depth below the sediment water

interface: I —I =0.

(v) advective LAS transport is governed by particle sorbed

component, whereas advective transport in Solution is

neglected due to large paitition coefficients (Kp>200) and

rapid partition equilibrium (3-8 h) (Hand and Williams 1987).

(vi) LAS partitioning between particles and pore water is at

equilibrium at any depth and time.

(vii) Partition coefficients Kp of LAS are constant with depth and

time.

The assumptions of both constant mass Sedimentation rate (iii) and

steady-state compaction (iv) is discussed on the basis of sediment data

plotted in Figure 4.1. The mass Sedimentation rate, ß, does not correlate

with the varve thickness, for layers deposited between 1970 and 1994.

Hence, the decreasing varve thickness with depth must be attributed to

compaction. On the other hand, ß correlates slightly with the varve

thickness for layers deposited between 1949 and 1970 (linear correlation

coefficient R2=0.36). However, from Figure 4.1 it can be inferred that the

sediment is compacting in layers deposited between 1940 and 1993 (Figure
4.1 B), while u. remained approximately constant during the entire period
from 1916 to 1994. As an approximation, ß was set to be constant at the

average of 0.124 g/cm2y for the period between 1949 and 1950 which was

used for modelling. Consequently, the decreasing varve thickness with

depth was attributed to compaction.
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Figure 4.1: A) mass Sedimentation rate ß vs. time of deposition.

B) thickness of annual sediment layers s vs. time of deposition

straight line: linear regression for layers deposited between

1949 and 1994.

If the advective transport is governed by particle associated LAS

component (assumption v) then the velocity of particle burial counts, rather

than the velocity of pore water burial. As a consequence, the velocity of

pore water burial relative to the sediment/water interface was set equal to

the velocity of particle burial. In addition, diffusion velocity in the pore

waters must be corrected for sorption. Thus, equation (1) can be expressed
for strongly sorbing components as (Berner 1980):

d\<pDs
de

dx

1 + KA
l-< dx

-<t>co' m (2)

C: concentration of the analyte in mass per unit volume pore

water [pg/L]
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Ds: molecular diffusion coefficient in the sediment including

effects of tortuosity [cm2/y]

Kp partition coefficient of the analyte between sediment particles

and pore water [L/kg]

6): velocity of burial of particles relative to the sediment/water

interface [cm/y]

(j>: porosity; i.e. volume fraction of pores which are

interconnected

p: density of solid sediment phase; assumed to be constant with

depth [g/cm3]

In equation (2) advective transport of dissolved analyte triggered by

pore water flow relative to the particle matrix is neglected. Pore water flow

0VC relative to the surrounding horizon induced by compaction was derived

by Imboden (Imboden 1975). Under conditions of steady-state compaction

<t>Vc obeys the equation,

0Vc=t»/0;-ö)0 (3)

index "1": reference horizon below which compaction is absent

The average vertical velocity of an analyte molecule relative to

particles is,

Wc = ^ r (4)

(Schwarzenbach, Gschwend et al. 1993)

The maximum of vertical analyte velocity, Wc, in the surface

sediment, induced by compaction flow of pore water, can be estimated

based on equations (3) and (4) using parameters calculated with equations

(10) and (11). When parameters from Greifensee are used (Section 4.3:

ai = 0.25 cm/y, co0 = 0.505 cm/y, <j>] = 0.82,0O = 0.91, Kp = 250 for Cin-

LAS and p = 4.7 g/cm3), then a value results close to -0.004 cm/y, which is

approximately 1% of the velocity of burial o)0. Hence, the assumption

made in equation (2) is reasonable.
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4.4 Estimation of Parameters

4.4.1 Diffusion Coefficient Ds of LAS in the Sediment

Ds is the molecular diffusion coefficient in the sediment including

the effects of tortuosity (Berner 1980):

D, = ^and0 = ^->1 (5)
0 dx

Dw: molecular diffusion coefficient in the pure pore water [cm2/y]
Ds: diffusion coefficient in the pure pore water including the effect

of tortuosity [cm2/y]
6: tortuosity; i.e. length of the real path along the sediment pores

relative to the length along the depth coordinate

/: length of the real path along the sediment pores

It is difficult to calculate tortuosity for real sediments on an a priori

geometrical bases. Instead, tortuosity is normally determined indirectly
either by measurements of diffusion coefficients in water and sediments or

by measurements of electrical resistivity in the pore water and the

corresponding sediment. From resistivity data a formation factor F can be

derived, which can be used to express tortuosity as (Berner 1980):

e2=c*-F (6)

F: formation factor

Here, an empirical relation was used which is based on five data

sets of a deep sea drilling project and expresses F as a function of 0

(Berner 1980):

logF = -l.8-logci + 0.13 (7)

Dwwas estimated based on the empirical relation (Schwarzenbach,

Gschwend et al. 1993):
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D,*/ V MG)

Dref. diffusion coefficient of a reference Compound [cm2/y]
MG: corresponding molecular weights [amu]

The above relations were summarized for Ds:

=

A10(-i8iog*+oi3)
W

For the Simulation of LAS-concentration profiles in the sediment of

Greifensee a value for Dwwas estimated for the C12-LAS homolog and

used for all LAS homologs. Using the reference diffusion coefficient

Dref= 1.153X105 cm2/s of acetate (Landolt-Bömstein 1969), Dw results in

155 cm2/y.

4.4.2 Velocity of Particle Burial (0 and Porosity <(>

Velocity of particle burial co was calculated on the basis of the

thickness of annual varves. The data plotted in Figure 4.1 B were fitted to

the relation,

co = a>0-at (10)

by linear regression for layers deposited between 1949 and 1994, which

yielded the parameters co0= 0.505 cm/y and a = 5.21 10-3 cm/y2
(correlation coefficienet Ä2=0.50).

The corresponding porosity § was calculated on the basis of the

relation:

0 = 1_JL (ii)
pco

ß: mass Sedimentation rate, i.e. accumulation of solid sediment

mass per unit time; here set to be constant with time at 0.124

g/cm2-y (average between 1949 and 1994)
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density of solid sediment phase; here set to be constant with

depth at 2.47 g/cm3 (Wan, Santschi et al. 1987)

4.4.3 Partition Coefficients of LAS in the Sediment/Pore Water System

In general, partition coefficients (Kp) of LAS correlate well with the

fraction of organic carbon foc. Partition coefficients of LAS determined by

Hand et al. and Traina et al. (Hand and Williams 1987; Traina, McAvoy et

al. 1996) for sediments of Rapid Creek (USA) and humic acids,

respectively, are summarized in Table 4.1, as partition coefficients

(log Koc) normalized to^c.

Table 4.1: Partition coefficients (log Koc ) ofLAS partitioning between

water and different solid phases.
1) sediments (Hand and Williams 1987), 2) humic acids (Traina, McAvoy

et al. 1996)

LAS D foc 3.5% 1) foc 0.99% 2)foc~50%

homolog

Cio 3.85 3.74 3.91-4.10

Cu 4.30 4.30

C12 4.76 4.70 4.58-4.93

C13 5.26 5.31

Cl4 5.65 5.61 5.31-5.69

Partition coefficients Kp ,
used for this modelling exercise were

taken from the literature (Hand and Williams 1987), and were determined

using sediments from Rapid Creek, SD, USA, and radio labelled LAS

homologs. Average foc in Greifensee were at 3.8% (Figure 3. 5), and were

in agreement with the/oc at 3.5% in Rapid Creek sediment RC3. Thus, the

data set ofKp determined with the sediment RC3 was used (Table 4.2).
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Table 4.2: Partition coefficients used for modelling.

LAS- partition coefficient Kp
homolog [L/kg]

Cio 250

Cu 700

C12 2,000

C13 6,300

Ci4 15,800

C15 47,000 *

Ci6 134,000 *

Values published by (Hand and Williams 1987).

*: estimated by exponential extrapolation of the measured values

4.5 Computation of Profiles of LAS-Concentrations in

the Sediment of Greifensee

4.5.1 Box Model of the Diagenetic Equation

The effect of the different partition coefficients, Kp, on the shape of

the concentration profiles of the individual LAS-homologs were simulated.

The program used was FACSIMILE Process & chemical reaction modeller,

AEA Technology, Harwell, Didcot, Oxfordshire, UK. The LAS

concentrations were calculated with a box-model, which approximates

equation (2) on the basis of the finite volume method (AEA Technology

1994). The sediment section of interest was mathematically sectioned in an

array of 230 boxes (Figure 4.1). The height, ht, of each box obeyed

equation (12). Each annual layer was subdivided in N=5 sections. Thus, the

height, h, of a box deposited at time, t, since deposition can be expressed

as:
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N N N

If the time variable, t (0 < t < tmax), is substituted into an integer box

variable, n,

n=Nt (0<n<AW = 230)

where tmax is the time since deposition of the deepest horizon included,

equation (12) yields:

h=(^_an{l3)
NN2

X

- 0

Figure 4.1: Box-model used for mathematical modelling of post¬

depositional LAS-transport in the compacting sediment.
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Two arrays of transport terms (AEA Technology 1994),

V+T) (14)and
•*=£

down^l^+^l (14) and up,=%- (15)

were attached to each box, i, of the array, taking into account both diffusion

and advection. Here, Dbi is the bulk diffusion coefficient in box i which

was derived form equation (2) under the assumption of constant porosity,

0, in box i:

Ds
(16) (Berner 1980)

l+pK'^

As sediment mixing processes were assumed to be absent, no other

diffusion terms were included. The temporal changing of the concentration

during the time increment At in a given cell, i, was calculated according to

—= (down^C, - i)-(down, -C.)-^,., -C,) + (up, C, +,) (17)

The advective exchange rates of sediment —- were set to the

constant Ndue to the linear relation (12).
The algorithm of the program fits the time increment, At, to a

polynomial extrapolated precalculation of C/.

4.5.2 Boundary Conditions

The concentration C(0) of the first cell of the array was controlled

by two time dependent input terms

1) for the years 1950 - 1972, a Gaussian term (18) for the rapidly
increasing LAS consumption (TPS replacement)

(t-af
exp-i y~

C(0) = Cmax =|£ (18)
~42nb
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a: time of peak maximum

b: width of the peak

Cmax: maximum concentration (peak height)at the sediment/water

interface in mass per unit volume pore water [ug/L]

2) for the years 1972 - 1994, an exponential term (19) for decreasing LAS

release due to opening of sewage treatment plants. The additional terms

correct for the steadily increasing LAS consumption.

C(0) = C-(f-a) + cJ-(f-a)2+Cmax-eXP7^~a) (19)

The last cell of the array was defined as the Output of the flow

column:

^£^1
= (^.C(229J^m\am (20)

A' l ^229 ) V h230 )

The profiles were simulated on the basis of relative calibration. This

means that the parameters a to d of the input functions (18) and (19) were

manually fitted to the measured concentration profile of the C13-LAS

homolog, which is the most conservative homolog contained in currently
manufactured LAS-blends. Using these calibrated input functions, the other

LAS homologs were simulated by substituting the corresponding partition
coefficients, Kp, (Table 4.2) in D\,_ The homolog distribution at the

sediment/water interface (input site) was assumed to be constant. The

distribution used was rather similar to that measured in the top layer of the

core, if the content of the long-chain homologs is disregarded (Figure 4.2).
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|j] measured in the top layer

[]] used for modelling

LAS-homolog

Figure 4.2: Homolog distribution at the sediment/water interface used for

modelling and measured in the top layer ofthe core.

4.6 Results and Discussions

The plots of measured and simulated depth profiles of the

individual LAS homologs are shown in Figure 4.3. The model used must

be considered as first approach and a rough approximation to real transport

processes, since assumptions were made with respect to constant

Sedimentation rate, ß, and sediment density, p, as well as to steady State

compaction. However, profiles simulated using the model under conditions

of absent compaction (/i=constant, 0=constant) differed only 5 to 20%

(depending on the absolute concentration) from the simulated profiles

plotted in Figure 4.3. In parallel, this simpler model was applied to the data

set of Lake Wohlen and faithfully predicted the measured concentrations in

the sediment section where the concentration peak occurs (Reiser,

Toljander et al. 1997). Apparently, the validity of assumption (iv) has a

minor impact on the results of this modelling exercise. On the other hand,

the model responds sensitive to variations of partition coefficients of the

short-cham (Cio and C\\) homologs. The arrows in Figure 4.3 indicate the

average transport distances, r, triggered by diffusion
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7- = V2Ö~7 (21)

if the LAS peak initially had a Dirac delta distribution at the time of input
maximum (Quack and Jans-Bürli 1986). These distances are consistent

with the broadening of the simulated peaks, demonstrating reasonable

accuracy of the partition coefficients used. In addition, the bulk diffusion

coefficient, Db, of the C13-LAS homolog (0.05 cm2/y) agrees with D/,

values of chlorinated hydrocarbons (0.03 - 0.09 cm2/y), which have Kp
values in the same order of magnitude (Eisenreich, Capel et al. 1989). The

model was not analyzed for sensitivities to variations of other estimated

parameters in Section 4.3. However, the calibration of the input terms on

the basis of measured Ci3-homologs may have eliminated systematic

errors.

In general, the measured profiles were reasonably well predicted by

only varying the partition coefficients, indicating that diffusion is a

predominant process with respect to postdepositional transport of LAS.

The profile of the Cio-homologs would in fact fit closer, as the 4-C10-

isomer concentration is not included in the total of the Cio-homologs for

sediment horizons below 4 cm in Greifensee. Consequently, these

measured values are about 30 % underestimated. In disagreement are

concentrations of C12- and Ci3-homologs in sediment layers deposited
between 1950 and 1960. These values presumably are biased by large
concentrations of TPS in sections of low LAS concentrations, either by
interferences (6-C12-LAS isomer in Figures 2.7 and 3.15) and/or by LAS

contained in TPS blends.

The plots of the C15- and Ci6-homologs are simulated with

estimated adsorption coefficients, since measured values were not

available. The simulated plot of the Cis-homolog resembles the measured

profile only up to the year 1974, whereas concentrations in newer sections

are significantly larger then predicted by the model. Likewise, the C15-

LAS concentrations in Lake Wohlen (Figure 3.10), have a second

maximum in a sediment layer which was deposited around 1980. Thus, the

difference between measured and predicted concentrations of the C15-

homolog in Greifensee, could be attributed to changed product
composition. On the other hand, the simulated profiles of both C14- and

Ci6-homologs agreed with the measured profiles, providing evidence for

an artefact in the measured C15-LAS profile. Nevertheless, it can be

inferred that partition coefficients seem to be key parameters in the process
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of postdepositional transport of LAS. Particularly, molecular diffusion is

inhibited, if the number of carbons in the linear alkyl chain is greater than

14 or Kp values exeed 15,000 L/kg.
In the model used, a potentially slow removal of LAS by anaerobic

biodegradation was neglected. In order to include biodegradation kinetics

in the model, real figures on input concentrations of individual LAS

homologs would be necessary. Relative calibration of the input parameters

does not allow any conclusion about biodegradation kinetics.
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5. CONCLUSIONSANDOUTLOOK

The postdepositional fate and behavior of alkylbenzenesulfonate
Surfactants in freshwater sediments can be elucidated if data on

concentrations of individual homologs and isomers in dated sediment cores

are available. Alkylbenzenesulfonate Surfactants can selectively be

determined in freshwater sediments by the method described in Section 2.

The sensitivity was sufficient for this study, even though a MSdetector

was used that does not have the capability for negative chemical ionization

as was suggested by Trehy et al. (Trehy, Gledhill et al. 1990) for the

determination of DATS. Long-chain (Cu to Ci6) LAS can be determined

at high recovery rates since losses can be minimized by using only non-

aqueous solvents during sample preparation. Even though not all isomers

can be fully separated by GC, the GC/MS technique is suitable for the

quantitative determination of single LAS isomers which is a prerequisite
for studying postdepositional processes in freshwater sediments; e.g.

biodegradation ofLAS (Swisher 1987; Trehy, Gledhill et al. 1990; Takada

and Ogura 1992). In general, TPS are separated by GCfrom homologous
LAS due to their branching. However, the Chromatographie Windows of

homologous LAS and TPS overlap slightly and thus, results of LAS

determinations in samples of high concentrations of TPS may be affected

to some extent. Improved aecuraey of LAS determination in the presence

of TPS could be achieved if tandem mass spectrometry were applied,
which differentiates between TPS and the homologous LAS by specific

fragmentation upon collision induced dissociation (Suter, Reiser et al.

1996). However, further investigations are necessary to make the method

suitable for quantitative determinations of LAS and TPS. After further

evaluation, the method described in Section 2 may also be suitable for the

determination of DATS, which were not included in this projeet.

Since TPS resist biodegradation under both oxic and anoxic

conditions and LAS are persistent under anoxic conditions (Section 1.2.3),
both are expected to remain unaltered in anoxic sediments. In fact, the

input history of LAS and TPS is faithfully recorded in the sediments of

Lake Wohlen, Lake Biel, Greifensee and to a lesser extent in the Rhine

River. The replacement of the slowly biodegradable TPS by the readily

biodegradable LAS, as well as, the phasing out of the long-chain
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components of LAS are reflected in the concentration profiles. Moreover,

the maximal concentrations of TPS and LAS in Lake Wohlen and Lake

Biel are consistent with their biodegradability, as the level of TPS was

reduced in Lake Biel relative to that in Lake Wohlen only by the calculated

hydraulic dilution factor, showing TPS is conserved, while the level of

LAS was considerably reduced, indicating biodegradation in the oxic water

column. The low level of TPS concentrations in the Rhine River relative to

LAS can be attributed to the small particle input at this particular site

around 1965, when TPS concentrations were the highest. Based on the fact

that the concentration profiles of LAS in the sediments reflect the input

history rather than postdepositional biodegradation, it can be inferred that

LAS are persistent under the anoxic conditions present. This is analogous
to the persistent behavior of LAS under methanogenic conditions in

sewage sludge digesters (McEvoy and Giger 1986). However, shifts in

isomer distributions in the top 5 cm of sediments of Lake Wohlen provide

some evidence for postdepositional degradation of LAS (Swisher 1987).

This is presumably the result of transport of molecular oxygen from the

overlaying oxic water column into the surface sediments and is consistent

with the decrease of TOCobserved in near surface sediment layers. On the

other hand, the decrease in TOClevels in surface sediments of Greifensee

and the Rhine River was inconsistent with the constant isomer distribution

of LAS, indicating that LAS was not included in the biodegraded organic
fraction.

Isomer distributions in subsurface sediments of Lake Wohlen

remained constant and are consistent with the constant level of TOC. On

the contrary, there was a slight downgradient shift observed in sediments

deposited prior to 1985 in Greifensee and to 1990 in the Rhine River.

Applying the distance principle for LAS biodegradation, slow

postdepositional degradation under anoxic conditions could be inferred.

However, there is no published evidence of LAS degradation under anoxic

conditions and it is not clear if degradation would take similar routes as

under oxic conditions and consequently, if Swisher's distance principle
would still be valid. Altematively, this shift could be the record of slowly

decreasing degradation effectiveness in the overlaying water column prior
to 1985 and 1990, respectively. Another explanation is the downgradient

transport by pore water flow which would also result in shifted isomer

distributions, as internal isomers have lower partition coefficients than
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external isomers and therefore are more mobile. Advective transport is

most evident in the sediment of the Rhine River, were short-chain LAS

homologs have penetrated sediment layers deposited prior to 1939, about

25 years before LAS were used. In summary, a more definitive explanation
of the isomer shifts in subsurface sediments of Greifensee and the Rhine

River require further research. Isomer shifts in Lake Biel could not be

examined due to contamination of the surface sediment during collection

and processing.

The concentration peak of LAS observed in the sediments along
with the ränge of partition coefficients Kp, is well suited to assess the

remobilisation potential of LAS in sediments. A one-dimensional

mathematical model was applied to the LAS profiles in Greifensee in order

to elucidate the predominant processes that govern the postdepositional fate

of LAS. The model takes into account the advective transport relative to

the sediment/water interface and postdepositional diffusion in the sediment

pore waters. The relative widths of the concentration peaks were well

predicted by the partition coefficients of the individual LAS-homologs. It

can be inferred that the predominant mechanism for postdepositional
transport of LAS in undisturbed sediments with absent pore water flow is

diffusion. As a consequence, the occurrence of short-chain LAS in

sediment layers deposited prior to 1939 in the Rhine River can be

attributed to vertical movement triggered by pore water flow and/or

diffusion. The implication for other organics in sediments (having TOC

similar to that of Greifensee) is that postdepositional transport of organics
having Kp grater than that of C14-LAS (Kp>15,000) will be inhibited by

sorption, while those having Kp smaller than that of C12-LAS (Kp<2000)
may be transported by diffusion or pore water flow. Consequently,

relatively hydrophilic particle associated persistent organics such as LAS

and TPS which are transported to the sediments have the potential of

entering adjacent compartments such as ground water Systems or drinking
water supplies. This, however, is an area of further research.

Alkyibenzenesulfonates can be used as molecular markers for

domestic waste water due to the fact that both LAS and TPS are conserved

in recent sediments. Amphiphilic Surfactants are more hydrophilic than

other molecular markers such as linear alkylbenzenes, trialkylamines, and

fluorescent whitening agents (Eganhouse 1997; Stoll, Poiger et al. 1997;
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Takada, Satoh et al. 1997) and thus, they can be used to trace relatively

hydrophilic contaminants. However, some limitations have to be

considered. The susceptibility of LAS to aerobic biodegradation diminishes

to some extent their usefulness as molecular markers. With respect to their

persistence under oxic conditions, TPS appear to be more suitable

molecular markers than LAS, particularly with respect to sewage inputs

prior to 1965. On the other hand, the lower concentrations of LAS in Lake

Biel and Greifensee relative to TPS, indicate the importance of aerobic

biological acitivity during transport in the oxic water layers. The mobility
of alkyibenzenesulfonates in the sediments is an additional limiting factor

for their use as molecular markers in sediments, as the measured

concentrations in the sediment core do not fully correspond to the initial

concentrations upon deposition.

The concentrations of LAS in sediments at the four sampling sites

investigated are below NOECfor benthic organisms (Pittinger, Wotering et

al. 1989; Marin, Pivotti et al. 1994) and it can be concluded that in

countries in which more than 90% of sewage is biologically treated (value

in Switzerland in 1991), exposure concentrations of LAS in sediments of

sewage receiving waters have reasonably large margins of safety (Kimerle

1989). On the other hand, in some countries of the EU for example, less

than 10 %of the waste water are biologically treated. From the depth

profiles of LAS concentrations in the sediments determined in this study it

can be inferred that the discharge of untreated sewage results in elevated

LAS concentrations in the sediments. Consequently, sediments in

numerous rivers and lakes world wide may contain LAS at significantly

larger concentrations (e.g. Tamagawa River, Japan (Takada and Ishiwatari

1987)). Given that direct discharge of sewage will continue, it is

recommended to critically assess the consequences of the use of

xenobiotics, such as LAS, that resist anaerobic biodegradation.
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Appendix

Table AI: Quality control program established for the quantitative
determination ofLAS and TPS

optimum procedure performed procedure

1. Calibration

The GC/MS-response is calibrated

with a Standard Solution of a

commercial mixture of LAS.

The non-linear concentration-response
relation is mathematically fitted

(external calibration).

2. Calibration checks

A calibration check Standard is

injected after every 6 samples. If the

resulting value has left the confidence

interval of 95%, the System is

recalibrated.

Identical to optimum procedure.

Recalibrations were done after

maintenance Operations. The

check value typically ranged
within 5%.

3. Surrogate spike recoveries

Each dried sediment sample is spiked
with the C8-LAS Standard as a

Surrogate. Measured LAS-

concentrations in the extracts are

corrected by the individual recovery
rates of the Surrogate (instead of

internal Standard).

4. Field-spike recoveries

Unspiked and field-spiked samples of

a homogeneous sediment slurry of

each investigated matrix are analyzed.
The spike Standard is a Solution of a

commercial LAS-mixture.

Identical to optimum procedure.

Only done with one matrix

(method evaluation).
It was assumed that matrix

effects had minor impacts on

recoveries.

5. Storage
A homogeneous sediment slurry is

stored at 4°C under anaerobic

conditions. Samples are analyzed once

a week.

Cancelled since the samples
were frozen immediately after

sampling.



A2

Table AI: Continued

optimum procedure performed procedure

6. Blanks

- glass wäre blank: A blank in

which solvents are passed through
the entvre extraction, concentration

and derivatization procedure is

included in every 6 samples. Blank

corrections are done with averaged
blank values over the measurement

period of the sediment core.

Only glassware blanks.

The effort for sampling an

alpine lake is considerable.

- matrix blanks: Sediment samples
of an LAS-free alpine lake or if

possible pre-industrial layers of a

sediment core are analyzed.

7. Detection limits

The Standard deviation (s) of the

blank values determines the

detection limits:

Identical to optimum procedure.

- LOD: limit of detection, 3s above

zero.

-LOQ: limit of quantification, 10s

above zero.

8. Replicates
The unspiked sediment sample of

the recovery experiment is divided

into 9 replicates and analyzed
individually.

Only done with one matrix

(method evaluation).
It was assumed that matrix

effects had minor impacts on

precision.
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A4

A3: Reproducibility data ofLAS determination in sediments.

Lake Wohlen Rhine river
9 replicates 10 replicates

mean conc. Standard

[pg/kg] deviation ['.LAS isomer

5-Cio
4-Cio
3-Clo
2 Cio

total Cio

5/6-Cn

4-Cii

3-Cn

2-Cii
totalen

6-C12

5-C12

4-C12

3-C12
2-C12

total C12

6/7-C13
5-Cb

4-C13

3-Cn
2-C13

total C\3

7-Ch

6-C14

5-C14

«14

3CM
total C]4

7/8-Cis
6-C15
5-C15
4-C15
3-C15

total C15

7-/8-C16

total LAS

n.d: not detected

[Mg/kg]

159

112

54

35

36 1

113

37 4

184

11 1

180

6147

412

28 7

13 4

92

154

43 1

136

117

57

48

78 9

10 9

86

63

30

1 3

30 0

13 1

60

39

5 1

0 86

29 0

nd

508

Standard

deviation [%]

62

97

55

14 3

74

43

44

48

66

43

52

50

51

56

55

51

60

56

60

74

66

59

63

66

66

10 3

115

69

87

10 7

102

75

39 7

89

nd

53

32

22

22

77

26 4

12 4

79

86

55 4

52 8

32 9

24 0

93

10 6

130

65 3

210

12 6

79

78

115

32 0

18 5

110

27

n d

66 0

36 4

17 3

60

46

n d

613

34

430

20 8

24 5

313

24 3

98

94

186

20 1

123

56

48

67

127

15 4

48

8 1

51

56

159

77

7 10

78

85

65

10 7

162

60

66

11 1

112

110

72

53
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Table A4: LAS-rcoveries in field spiked samples.

Lake Wohlen Rhine river

6 replicates 4 replicates

.AS isomer recoveries Standard recoveries Standard

[%] deviation [%] [%] deviation [%]

5Cio 92 7 67 85 7 26

4-C10 93 0 64 94 0 40

3-Cio 93 8 61 87 8 28

2-Clo 93 5 57 915 20

total Cio 93.3 6.2 89.8 2.6

5/6 Cn 89 5 81 83 8 20

4-Cn 919 80 85 8 26

3-cn 93 1 75 89 0 25

2Cn 92 3 70 915 19

total Cu 91.5 7.6 87.4 2.11

6-C12 93 6 68 78 7 38

5-C]2 92 0 59 80 3 24

4-Cn 98 7 63 83 3 45

3Ci2 100 5 64 89 9 39

2-C12 100 1 55 95 0 26

total C12 96.9 6.2 85.8 33

6/7-Cn 107 6 77 73 9 10 1

5C]3 94 2 63 79 0 70

4-C13 106 1 74 78 7 72

3CJ3 108 1 62 82 0 60

2Ci3 1140 62 83 7 56

total C13 106.3 6.8 78.9 6.9

7-C14 95 2 160

6C14 812 12 0

5-CH 913 11 8

4-C14 95 7 114

3Ci4 1107 13 8

2Ci4 111 8 118

total C14 96.7 12.7

7/8 C[5 85 8 12 4

6C15 718 11 1

SCi5 86 9 12 0

4-C15 92 5 13 8

3Ci5 1123 10 4

2-Ci5 1150 99

total C15 93.1 11.5

7/8C16 102 5 98

6-C16 102 9 84

5Ci6 107 4 98

4-C16 105 0 10 2

3-C16 123 2 73

2-C]6 130 5 88

total C"i6 112.5 8.8

total LAS 94.5 6.8 83.0 2.0
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