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Abstract 

Linear alkylbenzene sulphonates are primarily attacked via a hydroxylation of the alkyl chain from the methyl 
group followed by/3-oxidation. The alkyl chain is metabolized by pure cultures to give sulphophenyl carboxylates 
which accumulate in the medium. In mixed culture, other microorganisms are capable of degrading sulphophenyl 
carboxylates. Formation of ethylene glycol monosulphates as major products of alkyl ethoxy sulphates demonstrates 
that the ether bonds are cleaved. The bacteria involved in growing on the alkyl chain are unable to utilize the 
hydrophilic moiety. This hydrophilic moiety, in turn, is degraded by other microorganisms. 

The degradation of alkylphenol ethoxylates and highly branched alcohol ethoxylates proceeds by shortening 
the polyoxyethylene chain leaving the hydrophobic part of the molecule. The biodegradation of linear alcohol 
ethoxylates and ethoxylated fatty amines is initiated by a central cleavage or w-oxidation. Subsequent oxidation of 
the alkyl chains results in the production of polyethylene glycols and secondary ethoxylated amines. Both polar 
moieties are metabolized by other microorganisms. Degradation of alkyltrimethylammonium salts and alkylamines 
is initiated by a cleavage of the C~t~uz-N bond. The central fission leads to the formation of alkanals which are 
readily converted by/3-oxidation. The alkyl chain-utilizing bacteria are not able to degrade the methylamines. The 
methylamines, in turn, are subject to biodegradation by methylotrophs. 

The limited metabolic capacities of pure cultures of microorganisms utilizing surfactants point to the requirement 
of consortia to degrade surfactants completely. Complete degradation of surfactants is accomplished by mixed 
cultures of microorganisms constructed on the basis of synergistic and commensalistic relationships. However, 
degradation of a surfactant by one member of a commensalistic consortium may lead to the production of toxic or 
non-toxic metabolites. Waste water treatment without the build up of such metabolites can be achieved in plants 
operated with sludge retention times that are suitable for maintaining all microorganisms of the consortium. In 
contrast, in natural ecosystems the introduction of a surfactant may result in a transient formation of a metabolite. 

Introduction 

Surfactants (surface-active agents) are materials which 
accumulate at gas/liquid, liquid/liquid and liquid/solid 
interfaces. To achieve this accumulation, all surfactants 
include two distinct components in their molecular 
structure. A hydrocarbon part which on its own would 
be poorly soluble in water is called the hydrophobic or 
lipophilic group. The hydrophobic moiety is usually a 
C8 to C22 alkyl chain or an alkylaryl group. The alkyl 
chain may be linear or branched. The other part of 

the molecule, which is water-soluble, is known as the 
hydrophilic group. Surfactants are classified accord- 
ing to the nature of the charge of this polar moiety. 
Anionic surfactants are negatively charged usually due 
to a sulphonate or sulphate group. Nonionic surfactants 
contain no ionic constituent and the majority of all non- 
ionics are polymerisation products of 1,2-epoxyethane. 
Cationic surfactants are characterised by a quaternary 
ammonium group which is positively charged. Finally, 
amphoteric surfactants have both positively and nega- 
tively charged moieties in the same molecule. 



152 

Surfactants are especially noted for their wetting 
qualities and their effectiveness as emulsifiers. More- 
over some surfactants readily adsorb onto surfaces 
which leads to surface modification. These proper- 
ties account for the exploitation of surfactants in many 
product areas as detergents and household cleaners and 
to a lesser extent as textile softener, other textile aids, 
antistatic agents, additives in paints, metal process- 
ing, shampoos, cosmetics, and oil drilling operations. 
Some surfactants have antimicrobial properties which 
provide the basis for their utility as biocides. 

Due to these uses most surfactants appear in natural 
ecosystems either through a discharge of waste water 
(e.g. detergents) or through direct application (e.g. 
biocides). Surfactants can be toxic to bacteria, algae, 
daphnids and fish at concentrations as low as 1 rag/1. 
(Lewis 1990; Sch6berl et al. 1988). To prevent harmful 
effects to ecosystems, biodegradation of surfactants is 
very important. Biodegradation of surfactants ensures 
low environmental concentrations. Thus studies on the 
biodegradation of surfactants are often carried out to 
predict their level in ecosystems and effluents of waste 
water purification plants. The degradative pathways of 
anionic, nonionic and cationic surfactants were recent- 
ly reviewed by White & Russell (1993), White (1993) 
and van Ginkel (1995). The biodegradation of sur- 
factants in ready and inherent biodegradability tests 
and simulation tests of waste water treatment plants 
and natural environments was extensively reviewed by 
Swisher (1987). These tests clearly prove the suscep- 
tibility to biodegradation of surfactants by mixed cul- 
tures of microorganisms. 

Mixed cultures of microorganisms are established 
where complex carbon and energy sources are degrad- 
ed (Slater & Lovatt 1984). Surfactants are com- 
plex organic chemicals in which hydrophobic and 
hydrophilic groups are joined together in the same 
molecule. It is therefore expected that consortia will 
play an important role in the biodegradation of these 
compounds. Biodegradation in both biological waste 
water treatment plants and natural ecosystems depends 
on communities of microorganisms. However, the 
activity of one member of a community degrading 
a surfactant through concerted metabolic attack may 
result in the accumulation of metabolites (Slater & 
Lovatt 1984). Therefore, not only the biodegradation 
of surfactants, but also the fate of metabolites formed 
needs to be understood. To this end metabolic studies 
with pure cultures are assessed in this paper to pro- 
vide data to understand the fate of all classes of surfac- 
tants and their breakdown products in the environment. 

This knowledge of the metabolism of surfactants gives 
clues to the interdependence within microbial mixed 
cultures effecting degradation. Finally, implications of 
the biodegradation by consortia in waste water treat- 
ment systems and ecosystems are discussed. 

Anionic surfactants 

Alkylbenzene sulphonates 

The biological degradation of alkylbenzene sulphonates 
varies greatly (Cain 1981; Gleddhill 1975). Where- 
as linear alkylbenzene sulphonates (LAS) are readily 
biodegradable, branched alkylbenzene sulphonates are 
degraded at a lower rate. Similarly, methyl branch- 
ing and quaternary groupings of alkanes increase the 
resistance to biodegradation (McKenna & Kallio 1965; 
Britton 1984). LAS is primarily degraded by bacteria, 
although one fungus also is known to biodegrade LAS. 
Most knowledge on the metabolism of LAS has been 
gained through the investigation of the pathways of 
dodecylbenzene sulphonate. 

The pathways for dodecylbenzene sulphonate 
biodegradation have been studied in a Bacillus sp. 
and Chladosporium resnae. Both strains oxidize the 
side chain and the aromatic ring of dodecylbenzene 
sulphonate. In these microorganisms the complete 
mineralization has been shown to follow different path- 
ways. The biodegradation by a Bacillus sp. isolated 
by Willets & Cain (1972 a) is initiated by the release 
of the sulphonate group as sulphite and by utiliza- 
tion of acetyl-CoA units cleaved from the alkyl chain 
by an unknown sequence. These reactions result in 
the transient formation ofp-hydroxyphenylalkanoates, 
which suggests that the rate limiting step of dode- 
cylbenzene sulphonate catabolism by the Bacillus sp. 
is the degradation of the aromatic moiety (Willets 
1974). A fungus , Chladosporium resnae, isolated 
from sludge in airplane fuel tanks, is also capable of 
degrading both the alkyl chain and the polar moiety 
by similar sequence. However, the fungus cleaves the 
aromatic C-S bond releasing sulphate so that pheny- 
lalkanoates rather than p-hydroxyphenylalkanoates are 
formed (Willets 1973). 

However, an overwhelming body of evidence 
suggests that LAS is predominantly biodegraded by 
microorganisms which are not able to degrade the aro- 
matic moiety (Divo & Cardini 1980; Swisher 1987). 
For instance, a Vibrio sp. is capable of metabolizing the 
alkyl chain of dodecylbenzene sulphonate as the sole 
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source of carbon and energy (Bird & Cain 1974). The 
route for the degradation of the alkyl chain of dode- 
cylbenzene sulphonate in this microorganism is initi- 
ated by a hydroxylation to sulphobenzene dodecanol. 
This reaction is probably carried out by a monooxy- 
genase (Bird & Cain 1974). The alcohol formed is 
then oxidized via an alkanal to the alkanoic acid. The 
step before/3-oxidation begins with the synthesis of 
the acyl-CoA thioester from the alkanoic acid. Sub- 
sequently,/3-oxidation yields a succession of acetyl- 
CoA units. This sequence of enzyme activities leads 
to benzylsulphonate butyric acid and benzylsulphonate 
acetic acid during growth of microorganism on dode- 
cylbenzene sulphonate. Detection of these compounds 
in the culture supernatant demonstrates that only the 
alkyl chain of dodecylbenzene sulphonate is utilized as 
carbon and energy source. This biodegradation path- 
way is shown schematically in Fig. 1. Oxidation of 
odd chain undecylbenzene sulphonate produces sul- 
phobenzyl propionic acid and other LAS isomers give 
rise to other sulphophenyl alkanoates (Bird & Cain 
1972; Cain et al. 1972; Divo & Cardini 1980; Willets & 
Cain 1972b). Summarizing, sulphophenyl alkanoates 
(SPC) are excreted due to the inability of most LAS 
utilizing microorganisms to metabolize the aromatic 
nucleus. 

The degradation of SPC by other microorgan- 
isms probably proceeds through two main reactions, 
namely desulphonation and ring opening. These reac- 
tions have been studied with a structural analogue, 4- 
sulphobenzoate, an intermediate in the biodegradation 
pathway of toluene sulphonic acid, which undergoes a 
dioxygenase reaction (Locher et al. 1989). The intro- 
duction of two oxygen atoms on the 3 and 4 position of 
the aromatic nucleus results in a spontaneous removal 
of sulphite (Locher et al. 1991). The conversion by a 
dioxygenase reaction is followed by a cleavage at the 
ortho or para position. The ring opening leads to for- 
mation of products that enter the central metabolism of 
microorganisms (Cain & Farr 1968; Gledhil11975). 

Alkane sulphonates 

Pseudomonas AJ2 is capable of growing on C8- 
Ct2 n-alkane sulphonates (Thijsse & Wanders 1972). 
The initial attack on alkane sulphonates depends 
on the presence of molecular oxygen and NADH 
indicating monooxygenase activity. A hydroxyla- 
tion of the o~ carbon of alkane sulphonates by this 
monooxygenase yields the labile 1-hydroxy-n-alkane- 
1-sulphonate which hydrolyses to give the correspond- 

HaC (CH2) t 1 - ~ 5 0 3  H 

HOCHz(CH2) ti~SO3H 

OHzC (CH 2) 11~503H 

HOOC(CH~) It~SO3H 

/ 

HOOCCH2C~ 

S03H 

\ 
4. CH 2 COOH 

SOaH 

Fig. 1. Major metabolic pathway for the degradation of dodecyl- 
benzene sulphonate with the generation of SPC by pure cultures 
of microorganisms. Boxes indicate products which are degraded by 
other microorganisms. 

ing alkanals and sulphite (Thijsse & Wanders 1974). 
The oxidation of the alkanals leads to the production 
of homologous alkanoic acids. The alkanoic acids, in 
turn, are metabolized by ¢3-oxidation. 

The anionic surfactant dialkyl sulphosuccinate 
recently has been investigated. The initial transforma- 
tions of this compound include hydrolysis of both ester 
bonds by mixed cultures yielding alcohols, monoalkyl 
sulphosuccinate and sulphosuccinate. A transient pro- 
duction of sulphosuccinate was observed (Hales 1993). 
The product sulphosuccinate is converted by Pseu- 
domonas sp. BS 1 through an oxidative desulphonation 
to form oxaloacetate and sulphite (Quick etal. 1994). 
Oxaloacetate is subsequently used in the citric acid 
cycle by Pseudomonas sp. BS 1 for energy production 
and biomass formation. Sulphite is rapidly oxidized to 
sulphate. 
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Fig. 2. The postulated pathway for the degradation of dodecyl tri- 
ethoxy sulphate by Pseudomonas DES 1 via ether and ester scissions. 
Boxes indicate products which are degraded by other microorgan- 
isms. 

Alkyl sulphates 

Microorganisms grow at the expense of primary and 
secondary alkyl sulphates (Payne 1963; Payne & Feisal 
1963; Lijmbach & Brinkhuis 1973). These alkyl sul- 
phates are initially degraded by the removal of the 
sulphate group (Payne et al. 1965; Dodgson & White 
1983). Primary alkyl sulphates are hydrolysed to the 
alcohol and sulphate. The alcohol, in turn, is oxi- 
dized via an alkanal into the corresponding alkanoic 
acid. Next, alkanoic acid is converted into acyl-CoA 
which is further degraded by fl-oxidation. Evidence for 
degradation by the Ê-oxidation pathway of alkyl sul- 
phates was obtained by measuring enzyme activities 
(Dodgson et al. 1974). The pathway for degradation 
of secondary alkyl sulphates has also been established. 
This is by production of a secondary alcohol, which 
is then converted by a dehydrogenation reaction to an 
alkanone (Payne et al. 1967). The alkanone undergoes 
hydroxylation at the carbon adjacent to the carbonyl 
group, followed by oxidation to the dione. Hydrolysis 
of the dione generates an alkanoic acid and alkanal suit- 
able for/3-oxidation (Lijmbach & Brinkhuis 1973). 

Alkyl ethoxy sulphates 

Pseudomonas DES 1 was isolated from activat- 
ed sludge by enrichment culture containing dode- 
cyl triethoxy sulphate as the sole carbon and energy 
source (Hales et al. 1982). Whilst the alkyl sulphate- 
degrading microorganisms release sulphate, alkyl tri- 
ethoxy sulphate-degrading Pseudomonas DES 1 initial- 
ly acts at one of the ether bonds. Cleavage of ether 
bonds results in the production of mono-, di-, and tri- 
ethylene glycol sulphates in the proportions 35%, 45% 
and 20%, respectively. Acetic-2-(ethoxy sulphate) and 
acetic acid-2(diethoxy sulphate) are minor degrada- 
tion products (Hales et al. 1982). Fig. 2 indicates the 
major biodegradation pathways of alkyl triethoxy sul- 
phate. Degradation of the hydrophobic group alone is 
sufficient to support growth of Pseudomonas DES 1. 
Dodecanol, mono- and diethylene glycol dodecylether 
were identified as metabolites which demonstrates 
the involvement of ether cleaving enzymes. Another 
metabolite, triethylene glycol dodecyl ether, is formed 
through the action of a sulphatase. The hydroxy groups 
of the metabolites are oxidized by Pseudomonas DES 1 
(Griffith et al. 1987). Although the biodegradation 
route of ethylene glycol sulphates has not been elu- 
cidated, studies with mixed cultures demonstrate that 
these compounds are easily metabolized (Vashon & 
Schwab 1982; Griffith et al. 1986). 

Nonionic surfactants 

Alcohol ethoxylates 

The metabolism of alcohol ethoxylates can be initiated 
by attack on the terminal alcohol group, terminal oxida- 
tion of the alkyl chain or by a central fission of the ether 
bond adjacent to the hydrophobic group. These pat- 
terns of initial attack are described for branched alco- 
hol ethoxylates, secondary and primary linear alcohol 
ethoxylates. 

Biodegradation of tetradecanol nonaoxyethylene 
primarily labelled with 3H at the c~ and 7 carbon atom 
resulted in rapid formation of 3H20 with little carbon 
dioxide evolution (Kravetz 1990). This implicates a 
central fission of alcohol ethoxylates. Different mech- 
anisms have been proposed for the attack on the ether 
bond adjacent to the alkyl chain. Kravetz (1990) pos- 
tulated that the stable ether linkage is transformed into 
an ester bond through a hydroxylation of the c~ carbon. 
However, Sch/Sberl et al. (1982) found in respiratory 
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Fig. 3. Proposed biodegradation mutes of primary linear alcohol 
ethoxylates via a central fission (above) and of secondary linear 
alcohol ethoxylates via an oxidation of the far end of the alkyl 
chain (below). Boxes indicate products which are degraded by other 
microorganisms. 

studies that an alcohol ethoxylate-grown Alcaligenes 
sp. utilizes dodecanol and dodecanoic acid without 
lag. This result strongly indicates that the metabol- 
ic pathway of linear primary alcohol ethoxylates is 
initiated via a hydrolysis of the ether bond. Dode- 
canol is then converted into dodecanoic acid prior to 
S-oxidation, The Alcaligenes sp. is unable to metab- 
olize polyethylene glycol. Previously a Pseudomonas 
sp. was isolated that is capable of degrading alcohol 
ethoxylates. This Pseudomonas sp. stoichiometrically 
excretes polyethylene glycol when grown on a nonanol 
ethoxylate (Ichikawa et al. 1978). Metabolic attack on 
secondary linear alcohol ethoxylates is probably initi- 
ated by an oxidation of the far end of the alkyl chain 
to give carboxy alkyl ethoxylates (Watson & Jones 
1979). The w-oxidation is followed by/3-oxidation. 
This sequence leads to the production of carboxylat- 
ed polyethylene glycols. The bonding of the secondary 
alcohol to the polyoxyethylene chain prevents a central 
fission. The pathways of linear alcohol ethoxylates are 
shown in Fig. 3. 

Clearly, the pathway for the dissimilation of linear 
alcohol ethoxylates leads to the formation of polyethy- 
lene glycols (PEGs) and carboxylated PEGs. The EO 
chain of the majority of linear alcohol ethoxylates is 
shorter than thirty. PEG is, therefore, composed of 

one to thirty units of 1,2-epoxyethane (EO) attached 
by ether linkages and terminated with hydroxyl groups 
(MW < 1300). Low molecular weight PEGs are readily 
biodegraded by a variety of microorganisms, whereas 
high molecular weight PEGs (MW > 1000) were found 
to be less efficiently utilized (Watson & Jones 1977). 
The primary reaction in the biodegradation of PEG is 
the oxidation of a terminal primary alcohol group by 
membrane-bound dehydrogenase. Subsequently, the 
alkanal is oxidized to carboxylated PEG. Carboxylat- 
ed PEGs have been identified in the culture filtrates of 
bacteria grown on PEG. Subsequently the ether bond 
of carboxylated PEG is cleaved, resulting in a PEG 
molecule that is reduced by one glycol unit and gly- 
oxylic acid. Glyoxylic acid liberated by the ether cleav- 
age is metabolized through the tartronic semialdehyde. 
Tartronic semialdehyde is further metabolized via the 
glycerate pathway to pyruvate (Kawai 1987). 

Branched alcohol ethoxylates are not initially 
metabolized through a central fission or a a~//3- 
oxidation of the alkyl chain because no PEGs are 
produced. A shortening of the polyether moiety of 
branched alcohol ethoxylates by the elimination of EO 
groups was suggested by Kravetz (1990). The elimina- 
tion of EO groups leads to the production of branched 
alcohol ethoxylates with only a few EO groups. The 
ethoxylate moiety is first degraded because the high 
degree of branching causes an impeded attack on the 
alkyl chain of the molecule by aerobic microorgan- 
isms. 

Alkylphenol ethoxylates 

The alkylphenol ethoxylates are probably degraded 
by the mechanism described for branched alcohol 
ethoxylates. The pathway for alkylphenol ethoxy- 
late metabolism has not been fully elucidated. The 
metabolic activities of a pure culture of butylphenol 
hexaoxyethylene-degrading bacteria give rise to the 
formation of butylphenol dioxyethylene and butylphe- 
nol monooxyethylene. The identification of these 
products demonstrates that butylphenol ethoxylates 
are metabolized by bacteria by stepwise removal of 
oxyethylene groups (Baggi et al. 1977). Recently, a 
Pseudomonas sp. was isolated using a nonylphenol 
ethoxylate with 10 EO units as the sole carbon and 
energy source (Maki et al. 1994). The Pseudomonas 
sp, only degrades the polyether moiety confirming the 
results of Baggi et al. (1977). The dominant metabo- 
lite resulting from the degradation of this moiety was 



156 

H~C ( CH z ).~ 70 ( CH~CH20)q CH~CHzOH 

T 

H:IC (Cllz).~0 (CH2CB20) ~i CHz cOOH 

T 
H=C(CH 2).(_ ~>O(CHzCHzO)yH 

t 

[ H~c (CH,).~>OCH2%0 %CH,OH 1 *- 
T 
t [,c cH2,.©o%cH2o,] 
i 
T [ H,C(CHd--~OH ] 

1HOOCH O0CHC"20CHC00HI 
IH, CH   ©0c,c00" 1 

Fig. 4. Proposed initial reactions in the microbial degradation of 
alkylphenol ethoxylates by pure cultures. Boxes indicate products 
which are degraded by other microorganisms. 

a nonylphenol ethoxylate with 2 EO groups (Maki et 
al. 1994). 

An attack on the oxyethylene chain at the termi- 
nal position by microorganisms in mixed cultures is 
apparent from the identification of several metabo- 
lites. Metabolites which have been identified in sewage 
effluents and sludge include nonylphenol, nonylphe- 
nol monooxyethylene nonylphenol dioxyethylene, 
nonylphenol acetic acid and nonytphenol ethoxyacetic 
acid (Brunner et al. 1988). Alkylphenol ethoxylates 
with less than three EO units are efficiently transformed 
by mixed cultures and the predominant metabolites 
are the corresponding alkylphenoxy carboxylic acids 
(Ahel et al. 1994a). A general pathway for the ini- 
tial degradation of alkylphenol ethoxylates is given in 
Fig. 4. 

Subsequently the alkylphenol part is degraded by 
other microorganisms. Biodegradation of nonylphenol 
by pure cultures has not been reported. However, sea- 
water and sediment were found to liberate ~4CO2 from 
radiolabelled nonylphenol, demonstrating the suscep- 
tibility of this compound to biodegradation (Ekelund 
et al. 1993). Nonylbenzene, a structurally related com- 
pound, is attacked via a#/3-oxidation of the side chain 
(Sariaslani et al. 1974). Similarly, the degradation of 
nonylphenol probably proceeds through the breakdown 
of the alkyl chain. ~/fl-Oxidation of the alkyl chain 

CH~ (CH 2)x N (CH2CH2OH)2 

HN (CHzCH2OH) 2 . . , ~  

CH~(CH 2)N(cH~)~ 

,)\ 

+ CHz COOH 
CH~ (CH2)xN (CH3)2 

~,,.. ( CH3)2 N CH2COOH [ 

+ 

CH 3 (CH 2)×N(CH 3)3 

CH3 (CH2)..#HO 

I 
T 

CH3 ( CH2),_,COOH 

T 

T 

CO 2 * H20 

Fig. 5. Pathways for the degradation of fatty amine derivatives by 
pure cultures of microorganisms. Boxes indicate products which are 
degraded by other microorganisms. 

only occurs when it has few or no branches (Osburn 
& Benedict 1966). However, most alkylphenols have 
highly branched alkyl chains which prevent the ~- 
oxidation and retard the biodegradation of alkylphe- 
nols. Due to extensive branching in the alkyl chain, 
microorganisms preferentially grow on the EO chain 
of alkylphenol ethoxylates. 

Ethoxylated fatty amines 

The pathway for the catabolism of alkylbis(2- 
hydroxyethyl)amine illustrates a general strategy used 
by microorganisms to deal with tertiary amines (Fig. 5). 
The Calkyl-N bond is attacked by a bacterium through 
a dehydrogenation reaction, forming diethanolamine 
as a breakdown product. The dehydrogenase involved 
requires in vitro DCPIP as an artificial acceptor. The 
dehydrogenase activity probably generates octade- 
canal which is utilized as the carbon and energy 
source. In this bacterium, isocitrate lyase was induced 
after growth on octadecylbis(2-hydroxyethyl)amine 
and acetate, indicating that the alkyl chain of this 
ethoxylated fatty amine is metabolized via t-oxidation 
(van Ginkel & Kroon 1993). 
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Although diethanolamine persists in a pure culture, 
this breakdown product is known to be biodegrad- 
able. A yellow Gram negative rod is able to 
split diethanolamine, yielding glycolaldehyde and 
ethanolamine. The ethanolamine is converted into 
ethanal via ethanolamine-O-phosphate (Williams & 
Callely 1982). 

Cationic and amphoteric surfactants 

Quaternary ammonium salts 

Two mechanisms for the initial attack of alkyltrimethy- 
lammonium salts by microorganisms have been distin- 
guished. Firstly, a hydroxylation of the far end of the 
alkyl chain (Dean-Raymond & Alexander 1977), and 
secondly a central fission of the Ca~ul-N bond (van 
Ginkel et al. 1992). 

Evidence for the cleavage of the C~lkyt-N bond of 
hexadecyltrimethylammonium chloride was presented 
by Van Ginkel et al., (1992). Gas chromatographic 
analysis proved stoichiometric production of trimethy- 
lamine during growth on hexadecyltrimethylammoni- 
um chloride by a Pseudomonas sp. The metabolism of 
trimethylamine will be discussed below. In the Pseu- 
domonas sp., the initial enzymatic attack on hexade- 
cyltrimethylammonium chloride was shown to be cat- 
alyzed by an oxygen/NADH dependent monooxyge- 
nase yielding trimethylamine. Washed cell suspensions 
of the Pseudomonas sp. grown on hexadecyltrimethy- 
lammonium chloride oxidize the growth substrate, hex- 
adecanal and hexadecanoic acid at comparable rates. 
These results indicate that the first intermediate in the 
biodegradation pathway of hexadecyltrimethylammo- 
nium chloride is hexadecanal which is transformed to 
acyl-CoA via hexadecanoic acid. Oxidation of hexade- 
canal is catalyzed by an alkanal dehydrogenase. The 
acid formed by the dehydrogenase is further metabo- 
lized through/3-oxidation (Fig. 5). An alternative route 
for alkyttrimethylammonium salts was described by 
Dean-Raymond & Alexander (1977). These authors 
isolated 9-carboxynonyltrimethylammonium and 7- 
carboxyheptyltrimethylammonium salts from a phos- 
phate medium when washed cell suspensions of a Xan- 
thomonas sp. were incubated with decyltrimethylam- 
monium bromide. These acidic metabolites are asso- 
ciated with the oxidation of the methyl group of the 
alkyl chain. In spite of this finding there is substanti- 
ated evidence which favours a fission of the Calkyl-N 
bond (Swisher 1987). 

Alkylamines 

Analogous to the metabolism of hexadecyltrimethy- 
lammonium chloride and alkylbis(2-hydroxyethyt)- 
amines, microorganisms are capable of utilizing 
the alkyl chain(s) of fatty amines, i.e. alky- 
lamines, dialkylamines, alkyldimethylamines and 
dialkylmethylamines. Removal of the alkyl chains 
from the fatty amines by pure cultures generates ammo- 
nia, methylamine and dimethylamine. The microor- 
ganisms involved in the removal of alkyl chains from 
fatty amines display a narrow substrate specificity with 
respect to the number of alkyl chains (van Ginkel et al. 
1995). 

Specific evidence with respect to the utilization of 
alkyl chains was obtained with a microorganism grown 
on dodecyldimethylamine. Substrate uptake experi- 
ments indicate that dodecanal and dodecanoic acid are 
intermediates in the biodegradation pathway (Kroon et 
al. 1994). Confirmation was obtained with gas chro- 
matographic detection of dodecanal and dodecanoic 
acid. Detection of these intermediates was hampered 
by their low concentrations. However, in the presence 
of decanal and acrylic acid as inhibitors, dodecanal and 
dodecanoic acid accumulate. A dehydrogenase was 
detected which converts dodecyldimethylamine into 
decanal and dimethylamine. The sequence is complet- 
ed by conversion of dodecanal to dodecanoic acid and 
finally degradation to carbon dioxide and water through 
/3-oxidation. The pathway for dodecyldimethylamine 
degradation in a Pseudomonas sp. is depicted in Fig. 5 
(Kroon et al. 1994). These findings support the view 
that Calkyt-N fission of alkylamines and alkyltrimethy- 
lammonium salts by microorganisms is a general strat- 
egy to gain access to the alkyl chains. Although 
the methylamines are resistant to breakdown in pure 
cultures of alkylamine- and alkyltrimethylammonium 
salt-degrading microorganisms, they are degraded to 
ammonia, water and carbon dioxide. Methylamines are 
mineralized in nature by methylotrophic microorgan- 
isms exhibiting enzymatic activities towards C1 com- 
pounds. Initial degradation steps of trimethylamine 
may differ. Microorganisms may start with an N- 
oxygenation, followed by cleavage to yield methanal 
and dimethylamine (Myers & Zatman 1971; Large et 
al. 1972; Colby & Zatman 1973). On the other hand, 
the pathway in a Pseudomonas sp. involves a direct 
cleavage of the C-N bond by a dehydrogenase (Colby 
& Zatman 1971). Next, dimethylamine is demethylat- 
ed via methylamine to ammonia catalyzed by mono- 
oxygenases, dehydrogenases and synthetases (Eady et 
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Table l. Pr•ducts f•rmed due t• degradati•n •f either the hydr•ph•bi• •r hydr•phi•ic part •f surfactants 
by pure cultures of microorganisms. 

Surfactant Product Reference 

Dodecylbenzene sulphonate 
Dodecylbenzene sulphonate 
Undecylbenzene sulphonate 
2-Decylbenzene sulphonate 
2-Undecylbenzene sulphonate 
2-Dodecylbenzene sulphonate 
2-Tridecylbenzene sulphonate 
3-Undecylbenzene sulphonate 
3-Dodecylbenzene sulphonate 
3-Tridecylbenzene sulphonate 
4-Tridecylbenzene sulphonate 
Dodecyl triethoxy sulphate 
Dodecyl triethoxy sulphate 
Dodecyl triethoxy sulphate 
Dodecyl triethoxy sulphate 
Dodecyl triethoxy sulphate 
Dodecanol oetaoxyethyleue 
Dodecanol oetaoxyethylene 
Dodecanol decaoxythylene 
Butylphenol hexaoxyethylene 
Butylphenol hexaoxyethylene 
Decylphenol decaoxyethylene 
Alkylbis(2-hydroxyethyl)arnine 
Alkyltrimethylammonium chloride 
Dodecyldimethylamine 
Didodecylmethylamine 

Benzylsulpho-2-acetic acid 
Benzylsulpho-4-butanoic acid 
Benzylsulpho-3-propanoic acid 
Benzylsulpho-3-butanoic acid 
Benzylsulpho-4-pentanoic acid 
Benzylsulpho-3-butanoic acid 
Benzylsulpho-4-pentanoic acid 
Benzylsulpho-3-pentanoic acid 
Benzylsulpho-4-hexanoic acid 
Benzylsulpho-3-pentanoic acid 
Benzylsulpho-4-heptanoic acid 
Ethylene glycol sulphate 
Diethylene glycol sulphate 
Triethylene glycol sulphate 
Acetic acid-2(ethoxy sulphate) 
Acetic acid-2(diethoxy sulphate) 
Polyethylene glycol 
Polyethylene glycol 
Decaethylene glycol 
Butylphenol monooxyethylene 
Butylphenol dioxyethylene 
Decylphenol dioxyethylene 
Diethanolamine 
Trimethylamine 
Dimethylamine 
Methylamine 

Bird & Cain 1972 
Bird & Cain 1972 
Willets & Cain 1972 b 
Divo & Cardini 1980 
Divo & Cardini 1980 
Divo & Cardini 1980 
Divo & Cardini 1980 
Divo & Cardini 1980 
Divo & Cardini 1980 
Divo & Cardini 1980 
Divo & Cardini 1980 
Hales et al. 1982 
Hales et al. 1982 
Hales et al. 1982 
Hales et al. 1982 
Hales et al. 1982 
lchikawaet al. 1978 
SchSbed et at. t982 
Watson & Jones 1979 
Baggi et al. 1977 
Baggi et al. 1977 
Maki et al. 1994 
van Ginkel & Kroon 1993 
van Ginkel et al. 1992 
Kroon et al. 1994 
van Ginkel et al. 1995 

al. 1971; E a d y &  Large 1971; Meiberg & Harder 1979; 
Hirsch et al. 1971). 

Alkylbetaines 

A catabolic pathway for mineralizaton of alkylbe- 
taines, amphoteric surfactants, has been postulated 
for a consortium of  at least three microorganisms in 
which the first microorganism cleaves the Cal~yl-N 
bond. This is based on the observation that dimethyl- 
glycine is formed during the oxidation of dodecylbe- 
taine by a glucose-grown bacterium and on the litera- 
ture cited with respect to fatty amines and derivatives. 
The product of  the first microorganism, dimethyl- 
glycine was proposed to undergo a scission at the 
Cearbozymethyl-N bond to form glycolate and dimethy- 
lamine. The glycolate is used as carbon and energy 
source by a second microorganism. Dimethylamine in 

turn is demethylated by a third organism (unpublished 
results). 

Consortia of microorganisms degrading 
surfactants 

Consortia 

Biodegradation of surfactants primarily takes place in 
waste water treatment plants and in natural ecosys- 
tems such as soils, rivers, ditches and seas. In these 
plants and ecosystems, surfactants encounter mixed 
cultures of  microorganisms. Only a few surfactants, i.e. 
alkane sulphonates, alkyl sulphates and alkylamines 
are completely mineralized by one microorganism. 
Microorganisms have evolved enzyme systems to ini- 
tiate biodegradation of these surfactants by removal of  
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the mineral moiety. This removal leads to alcohols, 
alkanals and alkanones which are degraded through 
/3-oxidation. However, due to the amphiphilic nature 
of the surfactant molecules the involvement of consor- 
tia is expected. Indeed, the majority of surfactants is 
degraded by consortia due to limited metabolic capaci- 
ties of individual microorganisms (Table 1). Consortia 
of microorganisms may be constructed on the basis of 
commensalistic and synergistic relationships. 

In the case of commensalism one microorgan- 
ism benefits, whereas the other is not affected. The 
most obvious commensalistic interaction is the pro- 
duction and release into the medium of a substance 
by one organism. This substance is utilized by another 
microorganism as growth substrate. A Pseudomonas 
sp. capable of oxidizing the alkyl chain of hex- 
adecyltrimethylammonium chloride releases trimethy- 
lamine (van Ginkel et al. 1992). A trimethylamine- 
degrading bacterium grown together with the Pseu- 
domonas sp. ensures that the quaternary ammonium 
salt is totally mineralized. The transient formation 
of trimethylamine during the degradation of tetrade- 
cyltrimethylammonium salt by activated sludge in a 
batch culture demonstrates the existence of commen- 
salistic relationships (Nishiyama et al. 1995). Another 
Pseudomonas sp. grown on LAS could not degrade 
SPC but upon the addition Of other microorganisms 
the aromatic products were degraded (Divo & Cardini 
1980). Such a commensalistic relationship for LAS- 
degrading microorganisms is also described by Hrsak 
et al. (1982). A consortium of at least two bacteria 
can degrade alcohol ethoxylates through commensal- 
istic activity. One bacterium converts alcohol ethoxy- 
lates into polyethylene glycol via the utilization of the 
alkyl chain (Ichikawa et al. 1978). A second bacterium 
biodegrades polyethylene glycol (Kawai 1987). 

Synergistic associations are capable of effecting 
biodegradation beyond the separate abilities of each 
species in the community. Examples of synergistic 
relationships have been found with the degradation 
of LAS, decyltrimethylammonium chloride and dode- 
cylbetaine. An Acinetobacter sp. only utilizes LAS 
when the growth medium contained yeast extract. This 
requirement for yeast extract indicates that the degra- 
dation of the alkyl chain of LAS depends on substances 
excreted by other strains present in the mixed cul- 
ture (Hrsak et al. 1982). A four-member consortium 
enriched on LAS degrades the surfactant (Jimenez et 
al. 1991). Three organisms are capable of oxidizing 
the alkyl chain, which was demonstrated by the loss 
of surfactancy. Mineralization of the aromatic ring of 

LAS was not detected when individual strains were 
incubated with 14C ring labelled LAS. Since all four 
bacteria were necessary to recover 14CO2 from LAS, 
Jimenez et al. (1991) concluded that synergistic rela- 
tions among these bacteria are essential. Alkylbetaines 
are degraded by a mixture of at least three microorgan- 
isms having complementary activities. Cultivation of 
these microorganisms on dodecylbetaine was only pos- 
sible in mixed cultures due to synergistic interactions 
(unpublished results). Decyltrimethylammonium chlo- 
ride is completely mineralized through the combined 
activity of a Xanthomonas sp. and a Pseudomonas sp. 
The Xanthomonas sp. requires an unidentified cofac- 
tor produced by the other bacterium in the consortium. 
A pure culture of the Xanthomonas sp. is capable of 
growing on decyltrimethylammonium bromide in the 
presence of yeast extract (Dean-Raymond & Alexan- 
der 1977). 

Mixed cultures of microorganisms are needed to 
completely biodegrade most surfactants. Partial degra- 
dation may lead to the formation of products with 
increased or decreased toxicity compared to the origi- 
nal compound. For instance, the degradation of linear 
alcohol ethoxylates proceeds via an ether link cleav- 
age, giving non toxic PEGs (Ichikawa et al. 1978; 
Schrberl 1988). Immediate detoxification was also 
found with ethoxylated fatty amines (van Ginkel et 
al. 1993). Apparently, the ability to initiate surfactant 
metabolism by cleaving the molecule into a hydropho- 
bic and a hydrophilic part results in immediate detox- 
ification. In contrast to this mechanism, the stepwise 
removal of EO groups of branched alcohol ethoxy- 
lates and atkylphenol ethoxylates leads to the forma- 
tion of surfactants which are toxic to fish (Kravetz 
1990; Kravetz et al. 1991; Patoczka & Pulliam 1990). 
To predict the formation of compounds in waste water 
treatment plants and natural environments, a thorough 
understanding of the metabolic capacities of microor- 
ganisms and behaviour of consortia in these systems is 
a prerequisite. 

Waste water treatment plants 

Domestic waste water is primarily treated in activat- 
ed sludge plants. In activated sludge systems a settling 
tank is used to remove sludge from the effluent. Most of 
the settled sludge is recycled to the aeration tank where 
a high concentration of activated sludge is accom- 
plished through controlled sludge wasting. Competent 
microorganisms degrading an organic compound will 
be retained in an activated sludge plant only if its maxi- 
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mum growth rate is greater than the sludge wastage rate 
(Pirt 1985). Under steady-state conditions the specific 
growth rate of the settling microorganisms (activated 
sludge) is equal to the sludge wastage rate. The effect 
of the sludge wastage rate on the biodegradation of 
organic compounds in activated sludge plants has been 
demonstrated by Birch (1991) and Cech & Chudoba 
(1988). 

In three cases formation of detectable levels of 
intermediate products during the degradation of sur- 
factants in activated sludge plants is impossible: (a) 
the surfactant is completely degraded by one microor- 
ganism; (b) the growth rate of the product-utilizing 
microorganisms is greater than or equal to the growth 
rate of the surfactant-degrading microorganisms; or 
(c) degradation by microorganisms with a synergistic 
relationship. The growth kinetics of consortia with syn- 
ergistic relationships resemble that of single species 
as demonstrated by mathematical modelling (Powell 
1985). As a consequence, production of intermediates 
by such consortia may be excluded. 

Nonetheless, degradation products of some surfac- 
tants have been detected in the effluents of activated 
sludge plants (Romano & Ranzani 1992; Ahel et al. 
1994b). The formation of a metabolite from a sur- 
factant which is degraded by a commensalistic con- 
sortium may occur when the maximum growth rate 
of the surfactant-utilizing microorganism is greater 
than the maximum growth rate of the product-utilizing 
microorganisms. The product accumulates at sludge 
retention times (SRTs) by which the surfactant- 
degrading microorganisms are able to maintain them- 
selves and the microorganisms responsible for the 
product removal are unable to multiply sufficiently fast 
to avoid their elimination from the activated sludge 
system. This may explain the common observation of 
degradation products in the effluent of activated sludge 
plant. 

The transient formation of sulphophenyl alkanoates 
(SPC) in batch cultures probably reflects the differ- 
ent maximum growth rates on the alkyl chain of LAS 
and SPC (Leidner et al. 1977; Gledhill et al. 1991). 
Degradation of SPC seems the rate-limiting step for 
the total mineralization of LAS. Consequently, pro- 
duction of SPC may be observed in activated sludge 
plants. SPC present in the influents of activated sludge 
plants analyzed by HPLC indicate partial biodegrada- 
tion of LAS in sewers (Romano & Ranzani 1992; Cav- 
alli et al. 1993). In a full-scale waste water treatment 
plant, approximately 20% of the LAS were converted 
into SPC which were discharged into a river (Romano 
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Fig. 6. Steady-state substrate concentration and population of two 
microorganisms growing on the alkyl chain of LAS (Xa) and SPC 
(Xb) at various sludge retention times. The model assumes Mon- 
od kinetics with different maximum growth rates of the respective 
microorganisms. 

& Ranzani 1992). Cavalli et al. (1993) also found a 
production of SPC in a full-scale treatment system. 

The formation of SPC cannot be related to SRTs 
due to the absence of relevant data. Fig. 6 shows a 
simulation of the conversion of LAS into SPC and 
the subsequent biodegradation of SPC at various SRTs 
assuming different maximum growth rates of the com- 
petent microorganisms. Microorganisms utilize both 
moieties of LAS simultaneously at high SRTs. At low- 
er SRTs, SPC remain unutilized by the activated sludge 
and appear in the effluent. Finally, if the SRT is main- 
tained below the maximum generation time of LAS 
degrading microorganisms, LAS will not be degraded. 
Pitter & Fuka (1979) have compiled biodegradation 
studies on LAS and concluded that LAS may be incom- 
pletely degraded. In continuous systems, the formation 
of SPC may be attributed to low SRTs preventing SPC- 
degrading microorganisms to maintain themselves in 
the system. 

In waste water treatment plants both biodegradation 
pathways for linear alcohol ethoxylates are operative 
(Steber & Wierich 1985). PEGs produced by a central 
fission of the surfactant were detected in the effluent. 
Carboxylated PEGs present in the effluent arise from a 
~o//3-oxidation of the alkryl chain of alcohol ethoxylates. 
These results were obtained by using double labelled 
alcohol ethoxylates (Steber & Wierich 1985). The pres- 
ence of the metabolites shows that the hydrophobic 
moiety of alcohol ethoxylates is consumed faster than 
the hydrophilic part. 
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Fig. Z 14CO2 evolution during the biodegradation of alkyl 
chain-labelled (I-7) and ethoxylate chain labelled (11) linear alco- 
hol ethoxy sulphate (redrawn from Vashon & Schwab 1982). 

Analyses in many waste water treatment plants 
have shown that products of the alkylphenol ethoxylate 
breakdown are ubiquitous (Brunner et al. 1988; Ahel 
et al. 1994b). Alkylphenol ethoxylates with more than 
six EO groups were completely converted in both high 
and low loaded full-scale waste water treatment plants. 
However, alkylphenol ethoxylates with less than three 
EO units were only removed at high percentages in 
a treatment plant with low sludge loading (Ahel et al. 
1994 b). The sludge loading usually determines the SRT 
which is low at high sludge loading. Ahel et al. (1994 b) 
found a correlation between the removal of alkylphe- 
nol ethoxylates with a few EO units and nitrification. 
Loss of nitrification and the removal of these nonionics 
at high SRTs can be attributed to the wash-out of slow- 
growing microorganisms such as nitrifying bacteria. 
These results support the premise that metabolites are 
not formed in waste water treatment systems operated 
at relatively low SRTs. 

In conclusion, the most important parameter for 
controlling surfactant-degrading microorganisms in 
waste water treatment plants is the SRT. To ensure com- 
plete mineralization of surfactants, a significant popu- 
lation of surfactant-degrading microorganisms must be 
maintained. This implies that surfactants are only com- 
pletely degraded when the SRT enables maintenance 
of all microorganisms involved in the biodegradation 
of the surfactant. In the case of wash-out of one mem- 
ber of a consortium formation of a metabolite may 
occur. 

Natural ecosystems 

Surfactant-degrading microorganisms are present in 
many ecosystems (Larson & Games 1981; Gledhill 
et al. 1991; Sigoillot & Nguyen 1992). They usu- 
ally occur in mixed populations of hydrophobic and 
hydrophilic moiety-degrading species. In seawater, a 
consortium of four microorganisms participates in the 
mineralization of LAS. Three bacteria among this con- 
sortium are capable of degrading the alkyl chain. The 
SPC formed are taken up by another bacterium and 
converted into carbon dioxide, water, sulphate and 
biomass. Synergistic relationships among these bac- 
teria exclude transient formation of SPC during the 
degradation of LAS (Sigoillot & Nguyen 1992). How- 
ever, transient formation of SPC has been detected in 
e.g. river water (Gledhill et al. 1991), demonstrating 
commensalistic relationships. SPC were detected in 
the fluid, since it is degraded less readily than the alkyl 
chain of LAS. 

Vashon & Schwab (1982) studied the biodegrada- 
tion ofdodecyl decaethoxy sulphate with radiolabelled 
material in estuarine water. Dodecyl decaethoxy sul- 
phate was uniformly labelled with 14C in the ethoxy 
moiety and ~4C labelled at the c~ carbon of the alkyl 
chain. In batch cultures, the alkyl chain was mineral- 
ized within 5 days, whereas the degradation of the polar 
part started after a short lag period and 80% 14C carbon 
was recovered as carbon dioxide on day 30 (Fig. 7). It is 
evident from the results that this compound is degraded 
by a consortium of microorganisms with commensalis- 
tic relationships. Similar results were obtained in a riv- 
er die-away test. Alkyl ethoxy sulphate is readily trans- 
formed into ethoxy sulphates. These ethoxy sulphates 
persisted for a period of approximately two weeks in 
this river die-away test (Griffith et al. 1986). 

The slower degradation of polyethylene glycols rel- 
ative to the alkyl part of alcohol ethoxylates in natural 
water has been shown by Vashon & Schwab (1982). 
Polyethylene glycols may therefore be present in sur- 
face water from the partial degradation of alcohol 
ethoxylates which were recently introduced. Indeed, 
polyethylene glycol concentrations found in surface 
water receiving waste water ranged from undetectable 
levels to 145 #g/L (Leenheer et al. 1991). In contrast 
to this, the hydrophobic moiety of alkylphenol ethoxy- 
lates was detected in river water (Ahel et al. 1994c). 
This confirms the findings that the EO chain is degrad- 
ed at high rates relative to the branched hydrophobic 
part of these surfactants. So, after the introduction 
of a surfactant into an ecosystem, metabolites may 
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be formed transiently due to different growth rates of 
microorganisms growing on the groupings of  a surfac- 

tant. 

Conclusions 

Susceptibil i ty of  surfactants to biodegradation has long 

been known and catabolic pathways have been docu- 
mented for several surfactants. In general, a central fis- 
sion of  surfactants yields the hydrophobic chain in the 

form of  alcohols, alkanals or alkanoic acids, which are 

readily assimilated by central metabolic pathways. A 

second strategy for microorganisms to metabolize the 

alkyl chain is through ~//3-oxidation. Mineralization 

of  the alkyl chain by a microorganism leads to forma- 
tion of  the hydrophil ic  moiety. For example, LAS is 

converted into SPC by pure cultures. In general, the 

hydrophil ic  moiety is not toxic to aquatic organisms 

because it has lost its surfactant properties. The polar  

moiety may undergo initial attack when the degrada- 
tion of  the alkyl chain is prevented, for instance due 

to extensive branching. This results in ecotoxic sur- 

factants, i.e. branched nonylphenol ethoxylates with a 

few EO units. The biodegradation studies with pure 

cultures indicate that the metabolic capacity of  many 
surfactant-degrading microorganisms is limited. 

From the above it can be deduced that complete 

biodegradat ion of  most surfactants has to be achieved 

by consortia of  microorganisms. The metabolic inter- 
action of  the microorganisms which mineralize surfac- 
tants is either commensalist ic or synergistic. The idea 

of  surfactant degradation by consortia of  microorgan- 
isms offers a conceptual framework within which a 
number of  observations concerning the production of  

metabolites in waste water treatment plants and nat- 
ural ecosystems may be rationalized. Insight into the 
degradation of surfactants by consortia is important 

to predict  the fate of  these chemicals in waste water 

treatment systems and ecosystems. A study of  the fate 

of  surfactants in waste water treatment plants should 
take into account the microbial  degradation of  surfac- 
tants by consort ia  under different conditions. Com- 
plete degradation of  surfactants in waste water treat- 
ment plants occurs when the wash-out of  all members 
of a surfactant-degrading consortium is excluded. The 

wash-out of  competent microorganisms is primarily 
determined by the SRT. 
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