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General Introduction

Chapter 1

Aromatic compounds are widespread in nature. They can be of biological or
of synthetical origin. The most important natural sources of aromatic compounds
are poorly degradable polymers, such as lignin, condensed tannins and humus (27).
Other natural sources of aromatics in plants contain only one or a few aromatic
rings e.g., aromatic amino acids, flavonoids, tannins, etc. (60). Increased industrial
activity has resulted in the release of a wide variety of aromatic pollutants in the
environment. Aromatic hydrocarbons are important constituents of gasoline, crude
oil and oil derivatives, are used as solvents and in wood preservation industries,
and are produced by the pyrolysis of materials such as fossil fuels, saturated and
unsaturated hydrocarbons and carbohydrates. They are widely distributed in soils
and aquatic environments, due to leakage of industrial or sewage effluent and the
use and disposal of petroleum products. High concentrations of aromatic hydrocarbons have been detected in the Netherlands. Initially, it was thought that the
presence of certain aromatic pollutants in the environment was due to the activity
of mankind only. However, there is evidence that an aromatic compound like
toluene can be produced by bacteria as well (28, 37).
In the Netherlands, many areas exist that are heavily polluted with toxic
aromatic compounds (67). Concentrations of up to 8 g aromatic hydrocarbons/kg
dry weight were measured, e.g. in sediments of the river Ur, The Netherlands
(58).
Most of the monoaromatic hydrocarbons are depressants of the central
nervous system and can damage liver and kidneys. In addition, the polycyclic
aromatic hydrocarbons (PAHs) are known carcinogens or mutagens (70). People
have become increasingly more aware of the health risks caused by the presence of
these toxic compounds in the environment, and removal of these compounds has to
be taken care of.
In this chapter, general aspects of microbial transformations are given, and
the knowledge about the anaerobic degradation of toluene, benzene, and naphthalene, compounds with different chemical structures (Fig. 1), is summarized.
Various redox conditions are described, and an overview of one particular
anaerobic condition, namely where Mn4+ functions as electron acceptor will be
presented. The outline of this thesis is presented in the last section.
10
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toluene
Fig. 1.

benzene

naphthalene

Chemical structures of toluene, benzene and naphthalene.

Microbial transformation.
Aromatic compounds are known to be transformed by microorganisms.
Biotransformation is one of the major processes determining their existence and
persistence in the environment. In contrast to the often partial degradation by
chemical transformations, a complete biological degradation (mineralization) under
aerobic and anaerobic conditions is possible (11). Sometimes however, microbial
transformations only result in small structural changes, which may lead to the
formation of products that are hazardous to the environment as well.
Microbial transformation processes depend on the properties of the chemical
compound, the involved microorganisms, and environmental factors. The structural, chemical and physical properties, and the available concentration will control
microbial degradation besides the availability of other carbon- and energy sources,
or electron donors, electron acceptors, essential nutrients, growth factors, sufficient
moisture, and the absence of toxic compounds. Microbial activities depend further
on environmental conditions such as temperature, pH, redox potential (Eh),
salinity, availability of the aromatic compound etc. (33). Finally, the presence or
absence of oxygen as direct oxidant markedly determines the range of possible
metabolic pathways (71).
So far, much research has been done on the microbial degradation of
aromatic hydrocarbons under aerobic conditions. Under these conditions, oxygen
does not only serve as a terminal electron acceptor for the electrons released during
metabolic reactions, but oxygen is also incorporated into the aromatic ring by
mono- and dioxygenases. Numerous microorganisms have been isolated that
mineralize aromatic hydrocarbons under aerobic conditions, and their degradation
11
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pathways have been elucidated. However, due to soil characteristics and bacterial
activity in soil, oxygen may become limiting in many polluted soils. As a consequence anaerobic bacteria dominate. These bacteria useterminal electron acceptors
like, nitrate, Mn4+, Fe3+, sulfate or carbon dioxide. Since molecular oxygen can
not be build into the aromatic ring under anaerobic conditions, different metabolic
mechanisms areused for thedegradation ofaromatics.
Aromatic compounds possess an extremely high stability, because the
aromatic structure provides the carbon-carbon bonds with an extra stabilization
energy (1). Aerobic bacteria use molecular oxygen as the terminal electron
acceptor, but also as a highly reactive cosubstrate to destabilize the aromatic
structure. Under anaerobic conditions thefunction of oxygen aselectron acceptor is
taken over by alternative electron acceptors (nitrate, manganese, iron, sulfate or
carbon dioxide). These alternatives cannot replace oxygen in its function as cosubstrate, andthefirstdegradation steps differ from those under aerobic conditions.
Under anaerobic conditions, the stable structure of the aromatic compounds
has to be activated by carboxylation, hydroxylation or CoA thioester formation.
Intermediates have to be formed that are susceptible to reductive attack of the
aromatic ring bydehydroxylation ortranshydroxylations (Fig.2) (30).
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Reactions leading to the formation of benzoyl-CoA (A), resorcinol (B), and
phloroglucinol (C)(taken from Fuchs et al., 1994).
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These intermediates are benzoyl-CoA (rather than benzoate), resorcinol and
phloroglucinol. Compounds that enter directly one of the pathways mentioned
(e.g., benzoate, resorcinol, and phloroglucinol), are degraded faster than compounds that first have to undergo additional transformations (60). Further transformation occurs by reductases. Finally, the formed non-cyclic compounds are
converted into central metabolites using conventional pathways.
Ring substituents have their influence on the chemical stability of the
aromatic compound. Aromatic compounds with a functional group (-OH, -COOH,
-NO3) e.g., benzoate, phenol and catechol, can be degraded anaerobically using
various transformation reactions, e.g., reduction of the aromatic ring, dehydroxylation and dehydrogenation (30, 33). In homocyclic aromatic compounds (i.e., cyclic
compounds with no oxygen present either in the ring structure or as a substituent)
e.g., toluene, benzene and naphthalene, the chemical stability is much larger. This
may partly explain why the anaerobic degradation of homocyclics is much less
documented than heterocyclics.

The anaerobic degradation of the aromatic hydrocarbons toluene, benzene,
and naphthalene.
The resonance energy of benzene is higher than that of naphthalene,
indicating that the activation energy for benzene is higher than the energy needed to
activate the ring structure of naphthalene (1). Toluene is less stable than these nonsubstituted aromatic compounds, because of the methyl group that destabilizes the
aromatic nucleus, and as a consequence less energy is needed to activate the
aromatic nucleus.
Anaerobic degradation of toluene has been shown with bacterial enrichment
cultures under denitrifying conditions (36, 38, 49, 72), sulfate-reducing conditions
(5, 22, 35) and methanogenic conditions (21, 34, 66, 69), and with pure bacterial
cultures under denitrifying conditions (3, 19, 26, 61), iron-reducing conditions (44)
and sulfate-reducing conditions (7, 57). No pure cultures have so far been isolated
from methanogenic enrichments. Different degradation pathways have been
postulated but more research is needed to confirm and complete them. In general,
13
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these degradation pathways seem to be similar, regardless of the type of terminal
electron acceptor (nitrate, manganese, iron, sulfate or carbon dioxide) involved.
Most of the research on the degradation pathway of toluene has been
performed with denitrifying bacteria. The degradation of toluene in denitrifying
bacteria mostly starts with an oxidation of the methyl group via benzylalcohol and
benzaldehyde to benzoate and further to benzoyl-CoA (Fig. 3) (4, 9, 29, 61,62).

toluene
Fig. 3.
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Formation of benzoyl-CoA from toluene, measured under denitrifying conditions
(taken from Altenschmidt and Fuchs, 1992).

Both a benzylalcohol dehydrogenase and a benzoyl-Coenzyme A reductase have
been isolated from Thauerasp. strain K172 (8, 10). A different pathway was found
in both a denitrifying bacterium (strain Tl) (25), and a sulfate-reducing enrichment
culture (6) (Fig. 4).
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pathway illustrates the formation of two dead-end products benzylsuccinate and
benzylfumarate (taken from Evans et al., 1992).
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About 80-85% of the toluene was transformed via an oxidative condensation of
toluene with acetyl-CoA to phenylpropionyl-CoA, which underwent complete
mineralization. The remaining toluene was transformed into two dead-end products:
benzylsuccinate and benzylfumarate. These dead-end products were also formed by
the sulfate-reducing strain PRTOL1 (7). In a methanogenic enrichment culture on
toluene small amounts ofp-cresol were detected (Fig. 5), formed via the oxidation
of the aromatic ring (66).
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Transformation of toluene with a methanogenic enrichment culture (taken from
Grbic-Galic and Vogel, 1987).

The hydroxyl group was demonstrated to originate from water. Nonetheless, the
conversion of toluene to/7-cresol was slow and could therefore not account for the
rapid metabolism of toluene in this culture. It was concluded that most of the
toluene was degraded via the oxidation of the methyl group, resulting in the
formation of benzoate, and that the conversion to p-cresol was only a minor
pathway. These results demonstrate that the anaerobic biodégradation of toluene
mainly starts with an attack of the methyl group.
Benzene has been considered to be persistent under anaerobic conditions for
a long time, but evidence is emerging since the last decade that degradation is
possible. For the first time benzene was demonstrated to disappear in a methano15
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genie enrichment culture, derived from sewage sludge in which ferulic acid was
degraded (34, 66). Complete anaerobic mineralization of benzene to C0 2 was
found with aquifer-derived organisms (20), however it was not elucidated whether
methanogenic or sulfate-reducing bacteria were involved. Only small amounts of
methane were produced and the small changes in sulfate concentration were
difficult to measure. With microbial consortia obtained from polluted sediments,
the degradation of benzene was shown with iron (47, 48), and with sulfate as electron acceptor (42). So far, nothing is known about possible pathways, intermediates
and the bacteria involved.
Knowledge about the anaerobic degradation of polycyclic aromatic hydrocarbons (PAHs) is scarce. Under denitrifying conditions, the mineralization of 14Cnaphthalene to 14C02 was found to coincide with the consumption of nitrate in a
contaminated soil slurry (2). Naphthalene and acenaphthalene were also transformed in a soil-water system under denitrifying conditions. As these PAHs were
not the only carbon sources in the tested system, their degradation could have been
due to a cometabolic process (50, 51). The mineralization of [14C]naphthalene and
[14C]phenanthrene to 14C02 under sulfate-reducing conditions was demonstrated
with heavily contaminated sediment as inoculum, but no degradation was observed
in less contaminated sediments (14). So far, no information is available on possible
intermediates, on the degradation of higher molecular weight PAHs, and on the
responsible bacteria.

Redox conditions.
Anaerobic bacteria that degrade aromatic hydrocarbons depend on the
presence of and the capability to use other electron acceptors than oxygen (Table
1). The use of an electron acceptor with a high redox potential will provide the
bacteria in theory more energy than the use of an electron acceptor with a lower
redox potential. Whether a compound can be degraded in the presence of an
electron acceptor partly depends on the amount of energy that is released in the
oxidation/reduction reaction.

16
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Table 1.

Electron acceptors with their redox pair and redox potential (taken from Nealson
and Myers, 1992).

Electron acceptor
Oxygen
Iron(IH)
Nitrate
Manganese(IV)
Nitrite
Fumarate
Tetrathionate
Iron(IH)
Sulfite
Sulfate
Carbon dioxide

(aq)
(s)

(s)

Redox couple

Redox

0 2 /H 2 0
Fe3+/Fe2+
NCy/N0 2
Mn02/Mn2+
N027NO
Fumarate/Succinate
S40627S2032Fe3+/Fe2+
HSO3/HS
S0427HS
C0 2 /CH 4

+ 820
+ 770
+ 430
+ 380
+ 350
+ 33
+ 24
+ 0
- 110
-230
-240

Calculation of the Gibbs free energy changes (AG0) of the oxidation of benzene,
toluene and naphthalene coupled to the reduction of the different electron acceptors
under standard conditions (25°C, 1M, 1atm and pH 7), demonstrate that all possible redox reactions are exergonic (Table 2). To obtain more reliable data the
actual concentrations of the compounds, pH, and temperature have to be taken into
account. This still does not predict a reaction to take place, but only shows whether
thermodynamics allow a reaction to take place under the set conditions.
Reactions with electron acceptors that yield more energy are favoured over
the ones that yield less energy (Table 1), with methanogenic conditions being the
least favourable. The low energy yield under methanogenic conditions results in
slow transformation reactions. Furthermore, fermenting bacteria can be involved in
the initial degradation of aromatic hydrocarbons under methanogenic conditions
(60). This interdependence of bacteria might explain why no pure cultures of
methanogenic toluene degrading bacteria have been isolated so far. Furthermore,
microorganisms do not always degrade a contaminant upon exposure. Often an
adaptation phase is needed in which the compound is not degraded. Several
mechanisms are proposed to explain this phenomena such as enzyme induction,
growth of a biodegrading population, and genetic change to evolve new metabolic
pathways. These processes occur much slower under lower energy yielding conditions, and adaptation of a methanogenic microbial population to changing growth
substrates generally takes a long time. In contrast, in high energy yielding pro17
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cesses like nitrate reduction, adaptation takes place faster, and nitrate-reducing
bacteria degrade a wider variety of substrates (60).

Table 2.

Free energy change (AG0') of the overall-reactions of benzene, toluene and
naphthalene at different redox conditions under standard conditions (25°C, 1 M, 1
atm and pH 7) in kJ/electron equivalent.
(AG0' = EAG°

f(products)

EAG°' ftreactants).

Data used from Weast, 1971-1972, and Stumm and Morgan, 1981.

co2

so 4 2

FeOOH*
Mn02*
N0 3
Fe3+
02

Toluene

Benzene

Naphthalene

- 2.1
- 6.8
-40.1
-93.3
-99.8
-101.9
-106.3

- 2.6
- 7.4
-40.7
-93.6
-100.4
-102.5
-106.9

- 1,6
- 6.3
-39.6
-92.6
-99.4
-101.5
-105.9

*Solid-phase free energies were used

The sequence of electron acceptors shows that the reduction of metal oxides
is energetically favourable over the reduction of sulfate and carbon dioxide. In
sediments, sulfate-reduction and methanogenesis have been found to be inhibited by
the presence of metal oxides (56). The degradation of aromatic hydrocarbons under
methanogenic, sulfate- and nitrate-reducing conditions is well documented (16, 30).
However, much less is known about the use of solid electron acceptors like iron
and manganese oxide for the degradation of aromatic compounds. An iron-reducing
bacterium Geobacter metallireducens strain GS-15 couples the oxidation of toluene,
phenol and /»-cresol to the reduction of Fe3+ oxide. In sediments amended with
chelated Fe3+ forms the oxidation of benzene was demonstrated (48). In sediment
slurries amended with amorphous manganese oxide the degradation of some aromatic compounds like benzoate, 4-hydroxybenzoate, aniline, 3-chlorobenzoate, 2,4dichlorophenoxyacetic acid could be measured (52).
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Manganese reduction.
Metals are abundant in terrestrial, estuarine and marine environments (e.g.,
Fe and Mn up to 51 and 0.9 g/kg, respectively) (18), where the oxidized forms of
iron (Fe3+) and manganese (Mn4+) accumulate mainly in the form of a variety of
hardly soluble oxides and hydroxides. It is postulated that these metals play an
important role in the redox balance and carbon cycle via oxidation/reduction
reactions. As shown in table 1, both iron and manganese may serve as an electron
acceptor with a considerable release of energy. As they exist mainly as solids, the
reduction of manganese oxide is energetically more favourable than the reduction
of iron oxide. An advantage of these metal oxides, besides their favourable redox
potential, is that they are not lost from the environment. The reduced forms (Mn2+
and Fe2+) are oxidized in the anoxic zone, and various solid oxides are formed.
These oxides are returned to the anoxic sediments by precipitation. With this metal
cycle they can be reused as electron acceptor (Fig. 6). Since metal cycles occur in
many sediments, the same metal can be used several times in subsequent reduction
and oxidation reactions.
MnOOH
Mn02
FeOOH
Fe(OH)3
Fe,0,

(s)

«*.

O-,,bacteria

(s)
(s)
(s)

Mn(II)
Fe(II)

precipitation

Oxic

MnOOH
MnO,

Anoxic

(s)
(s)
Mn reducers

(CH,0)nFeOOH (s)
• Fe(OH)3
Fe,03

Fereducers

(s)
(s)

Fe(II)
-»Fe304

Fig. 6.

Schematic representation of an iron and manganese cycle in natural environments.
The reduced forms (Fe2+ and Mn2+) are oxidized in the oxic zone by 0 2 , forming
various solid oxides. These oxides precipitate into the anoxic zone (taken from
Nealson and Myers, 1992).
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Most scientific papers deal with the reduction of iron and manganese,
because many iron-reducing bacteria can reduce manganese as well. The reduction
mechanisms however, are different. Mutants of ShewanellaputrefaciensMR-1 with
an iron-reductase deficiency were still able to reduce manganese oxide (15). This
demonstrated that at least one enzyme involved in the reduction of iron- or
manganese oxide differ.
The mineralogy of the insoluble manganese oxides greatly affects their
reactivity. Amorphous manganese oxides are reduced faster and function better as
an electron acceptor than highly crystalline ones, due to a larger specific surface
area of amorphous manganese oxides (39, 45, 56). Several dissimilatory manganese-reducing bacteria e.g., Geobacter metallireducensand Shewanella putrefaciens, reduce amorphous manganese oxide faster than more crystalline forms (39,
56). This effect varies among bacterial species; the rate of manganese reduction is
in some microorganisms more affected by the crystallinity of the manganese oxide
than in others (12, 55).
Microorganisms that use manganese oxides as electron acceptor possess
unique physical and/or biochemical properties to deal directly with these solids.
This may include the ability to solubilize manganese oxide, the ability to attach to
the manganese oxide and directly transfer electrons to it, or the ability to transport
manganese oxide into the cell as a solid. It was demonstrated that Shewanella
putrefaciens required a physical contact with the insoluble manganese oxide (55).
With the marine Pseudomonas strain Bill 88, it was found that this bacterium
contains electron shuttles in the cell envelope (Mn2+), that transport the reducing
power across the cell envelope/manganese oxide particle interface (24).
The mechanism of manganese reduction can either be a direct (enzymatic) or
an indirect process. Direct, dissimilatory manganese reduction is defined as the use
of Mn4+ as external electron acceptor, coupled to organic matter oxidation in
fermentation or anaerobic respiration (32). An example of a direct, dissimilatory
manganese-reducing bacterium is Shewanella putrefaciens MR-1. It obtains energy
for growth by using fermentation products such as H2, formate and lactate as
substrate and manganese oxide as terminal electron acceptor (53). Due to the reactivity of manganese oxide, it can also be reduced by organic or inorganic reductants produced and excreted by microorganisms. This process is called indirect
20
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manganese reduction. An example of indirect manganese reduction is the reaction
mediated by sulfate-reducers. The produced sulfide reacts outside the cell with
Mn4+ reducing it to Mn2+ (13). This redox reaction is fast under standard conditions, and yields Mn2+ and elemental sulfur. Mn2+ is stable in the presence of
sulfide, because the manganese sulfides are rather soluble and precipitate only at
high concentrations (56). At low and neutral pH conditions, iron(II) fastly reduces
manganese oxide (12, 45). In sediments with iron and manganese oxides, Mn4+
may be reduced seemingly before Fe3+, even in the absence of manganese-reducing
bacteria, since Fe2+ is immediately reoxidized by Mn4+. Nitrite can spontaneously
reduce manganese oxide as well (39). Various organic compounds can interact with
manganese oxide, e.g., hydroquinones and phenolic compounds. Reactions with
phenolic compounds occur mainly at low pH (46, 63,64).
In nature, reduced manganese can be oxidized by 0 2 to Mn4+ to form
various oxides. When these fresh manganese oxides are formed, a variety of trace
metals can be incorporated in these oxides (Table 3).

Table 3.

Forms of manganese oxides in nature
Data used from Nealson, 1983.

Oxides and hydroxides
Birnessite (<5Mn02)
Buserite
Hausmannite
Hollandite
Manganite
Manganosite
Pyrolusite (Rhamsdellite)
Pyrochroite
Todorokite
Iron and iron-silicates
Jacobsite
Pyromanganite
Rhodonite
Carbonate
Rhodochrosite
Sulfide
Albandite

(Na,K,Ca)(Mg,Mn2+)Mn„0|4.5H20
Na-Mn oxide hydrate
Mn304
(Ba,K)12Mn8Ol6.xH20
MnOOH
(Ba,K,Mn2+,Co)2MnsO10.xH 2 0
Mn0 2
Mn(OH)2
(Na,K,Ca)(Mg,Mn2+)Mn5012.xH20
MnFe0 4
(Mn,Fe)Si03
(Mn,Fe,Ca)Si03
MnCO,
MnS
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This can be disadvantageous for sediments in which the formed oxides are reduced,
and the toxic trace metals are released and become concentrated in the anoxic zone.
In a carbonate-rich environment, the reduced manganese reacts with carbonate to
form insoluble MnC03 (rhodochrosite). This is precipitated in strongly buffered
manganese-reducing cultures and no longer available for further oxidation and
reduction reactions (56).
Numerous manganese-reducing bacteria have been described, including
aerobic and strictly anaerobic ones (23, 31, 40). Over 200 strains of manganesereducing bacteria were isolated recently, and they were found to consist of a
variety of different taxa (55). Of all isolated bacteria, only a few that couple
anaerobic respiration-linked manganese reduction to organic carbon oxidation have
been described and characterized. Shewanellaputrefaciens (MR-1), formerly identified asAlteromonasputrefaciens, and some other S.putrefaciensstrains have been
isolated from lake and sea sediments. These facultative anaerobic bacteria use a
wide range of electron acceptors, such as 0 2 , Fe3+, Mn4+, N0 3 , N02", S 2 0 3 2 , S°,
and fumarate, and can utilize lactate, pyruvate and some amino acids as substrate
(56). The obligate anaerobe Geobacter metallireducens (GS-15) oxidizes a wide
range of organic compounds, including organic pollutants like phenol, toluene and
p-cresol, under iron-reducing conditions (41,44). This bacterium was isolated from
iron-rich sediment and is categorized in the ô-subclass of the Proteobacteria, which
are closely related to Desulfuromonas acetoxidans (43). G. metallireducens
degrades compounds like acetate, butyrate, propionate and ethanol with manganese
oxide as electron acceptor. It can use nitrate or U(IV) as electron acceptor as well
(44). Several Bacillus sp. have been isolated, but only one species (SGI) couples
the reduction of manganese to growth with peptone as substrate (16).
The enzyme involved in the direct manganese reduction, the manganese
reductase, has not yet been studied as extensively as the iron reductase. Manganese
reduction has been found to be coupled to oxidative phosphorylation by using
carbonyl cyanide w-chlorophenyl hydrazone (CCCP). In cultures of S.putrefaciens
MR-1, the addition of CCCP resulted in inhibition of the oxidative
phosphorylation, while manganese reduction was inhibited at the same time (53). In
the same cultures, the presence of nitrate inhibited manganese reduction, just as in
the case of iron reduction. This led to the hypothesis that nitrate reductase should
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be the enzyme responsible for manganese reduction (31). However, the isolation of
mutants deficient in either nitrate or manganese reduction, indicate the presence of
different enzymes (17, 59).
In conclusion: manganese in the form of a manganese oxide is a solid
electron acceptor, which can be found in different forms and can interact with
many natural occurring oxidants and reductants. In some anaerobic sediments and
soils, microbial catalyzed manganese reduction is a major process for the decomposition of naturally occuring organic matter and can play an important role in the
degradation of organic contaminants. Little is known about the physiology of
manganese reducing bacteria, and the enzymes involved in this metabolism.

Outline of this thesis.
The aim of the research presented in this thesis was to gain more insight in
the possibilities and limitations of the degradation of homocyclic aromatic compounds under anaerobic conditions. Numerous soils and sediments that are polluted
with aromatic hydrocarbons wait for their bioremediation. Toluene, benzene, and
naphthalene were chosen as model compounds. With sediment column experiments,
the behaviour of these aromatic compounds under five different redox conditions,
methanogenic, sulfate-, iron-, manganese-, and nitrate-reducing conditions was
studied (Chapter 2). The observed degradation of aromatics in these columns have
been further elucidated. Chapter 3 describes attempts to enrich for naphthalene
degrading sulfate-reducing bacteria. In chapter 4, the coupling between manganese
reduction and toluene degradation is shown and the role of the solid electron
acceptor and its influence on the degradation rate of toluene is studied in details.
Chapter 5 deals with the characterization of the manganese-reducing, toluene
degrading enrichment culture and its properties using physiological and rRNA
techniques. Finally, the results obtained in this research are discussed in relation to
their relevance for soil bioremediation technologies (Chapter 6).
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ABSTRACT
The biotransformation of toluene, benzene and naphthalene was examined in
anaerobic sediment columns. Five columns filled with a mixture of sediments were
operated in the presence of bicarbonate, sulfate, iron, manganese, or nitrate as
electron acceptor. The columns were continuously percolated with a mixture of the
three organic compounds (individual concentrations 25-200 fxM) at20°C.
Toluene was transformed readily (within 1 to 2 months) under all redox
conditions tested. Benzene was recalcitrant over the test period of 375-525 days in
all five columns. Naphthalene was partly transformed in the column with nitrate or
manganese as electron acceptor present; the addition of benzoate had a positive
effect in the column with nitrate. In the column with sulfate, the majority of the
added naphthalene disappeared. No effect was observed after adding and omitting
an easier degradable substrate. [14C]naphthalenewas used to confirm this disappearance to be the result of degradation; two third of the naphthalene was converted to
C0 2 .

INTRODUCTION
Aromatic hydrocarbons are widespread in nature and often contribute to
polluted soils, sediments, and groundwater. Although part of the hydrocarbons is of
biosynthetic origin, the majority is produced by the pyrolysis of organic material
(15). The contamination of soil with aromatic hydrocarbons is seen on many
industrial sites, especially those associated with petroleum industry. Concentrations
of 8 g aromatic hydrocarbons/kg dry weight were measured in the sediment of the
river Ur, The Netherlands (30). Most of these compounds were shown to be
mutagenic or carcinogenic (37).
Research on the microbial degradation of aromatics has mainly focused on
aerobic transformation reactions (15, 32). In these transformations, molecular
oxygen has two functions: (i) as a terminal electron acceptor for the electrons
released during metabolic reactions and (ii) as a direct oxidant of the aromatic ring.
In many polluted environments, oxygen is limited and anaerobic processes prevail.
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In the absence of oxygen, electron acceptors like nitrate, sulfate, bicarbonate and
some metal-ions (e.g. iron and manganese) have taken over the function of oxygen
as a terminal electron acceptor. Since these alternative electron acceptors cannot
replace oxygen in its second function, the first reaction steps differ from those in
the aerobic processes. Anaerobic degradation of homocyclic aromatic hydrocarbons
has only been found recently (14, 16, 33). Degradation of toluene by pure cultures
has been reported under sulfate-reducing (29), iron-reducing (22) and denitrifying
conditions (3, 9, 13, 31), and parts of degradation pathways were elucidated (4, 5,
12). Only a few reports exist on the anaerobic degradation of benzene. With
consortia obtained from sediments, the degradation of benzene was demonstrated
under iron-reducing conditions (24), and with sulfate as electron acceptor (21). In
mixed cultures, derived from ferulic acid-degrading sewage sludge enrichments,
benzene degradation was shown under methanogenic conditions (17, 35). With
aquifer-derived organisms a complete mineralization of benzene to C0 2 was
demonstrated, although it was not clear whether this occurred under methanogenic
or sulfate-reducing conditions (10).
Knowledge about the anaerobic degradation of polycyclic aromatic hydrocarbons (PAH) is scarce. In one study the lower molecular weight polycyclic compounds naphthalene and acenaphthene were degraded under denitrifying conditions
in soil-water systems (26, 27, 28). This degradation was also demonstrated in soilslurry systems (2). So far, nothing is known about possible pathways or intermediates. Although anaerobic bacteria have the ability to degrade homo- and polycyclic
aromatic compounds, little is known about the most appropriate redox conditions
for the biotechnological clean-up of anaerobic soils and sediments.
The objective of this study was to examine the anaerobic transformation of
toluene, benzene and naphthalene in the presence of bicarbonate, sulfate, iron,
manganese, or nitrate in soil percolation columns.
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MATERIALS AND METHODS
Experimental set-up. The transformation studies were performed in five
continuous-flow packed-bed columns (Fig. 1) during 375-525 days, with one
electron acceptor per column. The columns were glass cylinders (60 ml volume, 15
cm length, 2.3 cm inside diameter) which were capped at the lower end by a
standard fitting (Schott, Germany) and at the upper end with a viton stopper
(Rubber B.V., Hilversum, The Netherlands).

nitrogen

J^

glassbeads
+
naphthalene crystals

medium
reservoir substrates
+
sulfide

w

peristalticpump

= ®-amixing

column

chamber

syringe
pump

Fig. 1.

Schematic diagram of the column system.

The wet-packed bed in the five columns consisted of a mixture of anaerobic
soil and sediment polluted with (polycyclic) aromatic compounds and of granular
sludge. Sediment from the river Rhine near Wageningen was used, because
toluene, benzene, and naphthalene have been detected as contaminants in Rhine
water. The same accounts for the use of polluted harbour sludge (Rotterdam and
Zierikzee, The Netherlands) and soil polluted with PAH (DSM, De Staatsmijnen,
Geleen, The Netherlands). In addition, granular sludge from an upflow anaerobicsludge blanket reactor, used for the treatment of sugar beet wastewater (CSM,
Centrale Suikermaatschappij, Breda, The Netherlands), was used because of its
high density of anaerobic bacteria.
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The columns were percolated continuously in an upflow mode under
saturated conditions with an anaerobic medium containing per liter: 0.34 g
KH2P04; 1.07 g Na2HPO4.2H20; 0.063 g NaHC03; 0.11 g CaCl2.2H20; 0.1 g
MgCl2.6H20; 0.027 g NH4C1; 0.0085 g Na2S04, and 0.1 ml of a trace element
solution (18). The medium was boiled, followed by cooling down under a N 2 /C0 2
atmosphere (99.5/0.5%) to preserve anaerobic conditions. An excess of granular
marble in the reservoir served as carbonate buffer in combination with the C0 2 in
the gas phase. Mixtures of toluene, benzene, and naphthalene were added continuously with a syringe pump (Braun Medical, Utrecht, The Netherlands). Mixing of
the aromatics and the medium occurred in a small mixing chamber (13 ml) just
before the peristaltic pump. An influent concentration of 25 ^M for each of the
compounds was chosen. After 7 months of testing, the addition of naphthalene to
the column with sulfate was changed. Medium was pumped through a glass column
(15 ml) filled with glass beads and naphthalene crystals. This resulted in an influent
naphthalene concentration of 200/nM.
Bicarbonate as electron acceptor was present in excess in the medium.
Sulfate and nitrate were added as Na2S04 and NaN03 via the syringe pump. Final
concentrations were 10 mM each. In the columns with iron and manganese,
amorphous Fe(III)- and Mn(IV)-oxide were mixed through the column material
(approximately 5 mmol) and were re-added upon depletion. Toluene served as a
positive control in these columns and its reappearance in the effluent was seen as a
depletion of the iron- and manganese-oxide. This was done because it was not
possible to measure the actual concentration of the oxides in the columns. The
metaloxides were re-added by sluicing the columns into an anaerobic glovebox
(Coy Laboratories Products, Toepffer GmbH, Göppingen, FRG), in which freshly
made iron- or manganese-oxide was mixed through the material in the column.
Reducing conditions were maintained by the addition of Na2S via the syringe pump
(0.4 mM final concentration). Because of possible inhibitory effects on
denitrification processes, Na2S was not used in the nitrate-reducing column (19). In
the columns with iron and manganese, the added amorphous Fe(III)- and Mn(IV)oxide were not significantly reduced by the sulfide because of their large excess in
concentration.
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The tubing in the system was either gastight neoprene or viton (Rubber
B.V., Hilversum, The Netherlands). Viton was used from the point were the
aromatics entered the system. The medium was pumped into the system by a
peristaltic pump, equipped with acid-flex pump-tubes (Bran & Lubbe, Maarssen,
The Netherlands).
The flow rate in the columns was 3.5 ml/h, which gave a retention time of
the liquid in the packed-bed columns of 10 h. The experiments were done at 20°C
in the dark.
[14C]naphthalene study. A smaller column (10 cm length and 1.2 cm inner
diameter giving a volume of 11ml) was used to study the degradation of [14C]naphthalene in the presence of sulfate in more detail. The wet-packed bed in this
column was material from the larger column, in which disappearance of naphthalene had occurred in the presence of sulfate. Initially, the column was operated in
the same way as the larger column. Upon breakthrough, followed by disappearance
of the naphthalene, the column was operated as a closed circulating system for 60
days (Fig. 2).

@} k peristaltic
pump

hexadecane
medium
circulation
bottle
Fig. 2.

column

Schematic diagram of the circulating column system.

Anaerobic medium (as described above plus 15 mM Na2S04, 0.4 mM Na2S
and 0.5 mg/1 resazurin) was circulated through the column. In the circulation
bottle, a layer of hexadecane (1 ml) floated on top of the medium to create a twoliquid-phase system. The hexadecane layer contained both [l2C]- and [14C]naph34
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thalene, in a total concentration of 0.2 M with an activity of 3 ^tCi. This resulted in
a naphthalene concentration in the liquid medium of about 35 jiiM. During the 60
days, a total of 75 /xmol naphthalene was fed through the column. The experiment
was performed at 20°C in the dark.
Preparation of Fe- and Mn-oxides. Amorphous iron-oxide, Fe(III)-oxyhydroxide, was made by neutralising a 0.4 M FeCl3 solution with IN NaOH until pH
7 (23).
Amorphous manganese(IV)-oxide was made by mixing equal amounts of 0.4
M KMn04 and 0.4 M MnCl2 and adding IN NaOH to obtain a pH 10(7).
Thereafter, both metal-oxides were washed 4 times with demineralized
water.
Addition of different substrates. The effect of several easily degradable
carbon compounds on the transformation of toluene, benzene, or naphthalene was
tested. Acetate, benzoate, lactate, and phenol were added at different time intervals
via the syringe pump. Tested concentrations were 5-250/xM.
Sampling and analyses. The concentrations of toluene, benzene, and
naphthalene were measured routinely. Samples were taken by allowing either the
influent or effluent to flow into a gas-tight syringe. After centrifugation (13,000
rpm. for 3 min.) of the samples, they were analyzed on a High Performance Liquid
Chromatograph (LKB, Bromma, Sweden). Samples (20 ^tl) were injected onto a
Chromsep Chromspher PAH column (200x30 mm) at 25°C. The flow rate was 1
ml/min with an eluent of 55% acetonitrile and 45% nanopure water. All aromatic
compounds were detected with an UV detector at 206 nm.
The production of 14C02 was measured routinely in 1 ml of medium
withdrawn from the circulation bottle. 0.5 ml of medium was injected into 1ml of
1.5 N NaOH and stripped with air (30 ml/min) for 5 min. To a third of this sample
(0.5 ml), 4.5 ml scintillation liquid was added (Aqualuma Plus, Lumac, 3M, The
Netherlands) and counted for 3 min in a scintillation counter (1211 Rackbeta,
LKB). This measurement represented the total activity of the non-volatile compounds and C0 2 . Another 0.5 ml medium was injected into 1 ml of 1.5 N HCl,
stripped with air, and used for scintillation counting as previously described. This
measurement represented the total activity of the non-volatile compounds. The
14
C02-production was calculated as the difference between these two methods.
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Chemicals. Toluene, benzene, naphthalene, acetate, benzoate, lactate, and
phenol were purchased from E. Merck, Darmstadt, Germany. Naphthalene-1-14C
with a specific activity of 8.3 mCi/mmol was purchased from Sigma, St Louis,
USA. All chemicals were of analytical grade and were used without further
purification.

RESULTS
Methanogenic column. The column was operated for 525 days. After a
partial breakthrough, toluene could not be detected in the effluent 2 months after
start-up. The detection limit was 0.05 /xM. No disappearance of benzene and
naphthalene was observed, not even after the addition of acetate, benzoate, lactate,
and phenol for a period of 20 to 40 days (results not shown).

benzene

naphthalene

200

300

time(days)
Fig. 3.

Behaviour of toluene, benzene and naphthalene in the presence of sulfate. C/Co is
effluent concentration relative to influent concentration. (1): no benzoate added,
(2): addition to the medium of 5 ßM benzoate.
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Sulfate-reducing column. The behaviour of toluene, benzene, and naphthalene in the column with sulfate is shown in Figure 3. After a partial breakthrough
of toluene, it was not detected in the effluent after 50 days of operation. From day
100 on toluene was omitted from the medium. Naphthalene also showed a partial
breakthrough, followed by a steady decline. After 100 days, roughly 70 - 80% of
the incoming naphthalene was removed. The addition or omittance of 5 pM
benzoate did not seem to have any effect on the disappearance of naphthalene. The
increase in influent concentration to 200 /iM at day 200 did not result in an
increase in the effluent concentration. No significant removal of benzene was
observed during the 425 days of operation of the column.

30

40

time (days)
Fig. 4.

Production of

l4

C0 2 from [l4C]naphthalene in the presence of sulfate in a

recirculating system.

The second column with sulfate showed a fast breakthrough and disappearance of the naphthalene upon which radiolabeled naphthalene was added. Through
circulation of the medium, the produced 14C02 accumulated in the system (Fig. 4).
After 2 months, 60% of the added naphthalene was transformed to C0 2 (0.5
mmol).
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Iron-reducing column. After a partial breakthrough, toluene was
undetectable in the effluent after about 2 months of operation. At day 100 it was
temporarily omitted from the medium. After 225 days, benzene and naphthalene
were still not removed, and toluene was then re-added to check for microbial
activity in the column. Within one week after this addition, toluene could no longer
be detected in the effluent. The subsequent additions of easier degradable substrates
(50-250 /itM benzoate, phenol, and lactate) did not result in any disappearance of
benzene or naphthalene during the 375 days of operation (results not shown).
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Fig. 5.

Behaviour of toluene, benzene and naphthalene in the presence of manganese.
C/Co is effluent concentration relative to influent concentration. Additional
substrates at (1): 50 /*M benzoate, (2): 250 /tM benzoate, (3): 50 /i*Mphenol: (4):
50 /iM lactate. Between day 100 and 225 toluene was omitted from the influent.
At day 300 ( 1 ) 5 mmol Mn0 2 was added to the column.

Manganese-reducing column. Toluene showed a partial breakthrough (Fig.
5). After 85 days, less than 2% was detected in the effluent. Similar to the
operation of the column with iron, toluene was omitted from day 100 on and readded at day 225. A similar pattern as in the first few months was observed, except
for a faster removal of toluene after the breakthrough.
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After readdition of manganese-oxide (5 mmol) at day 300, toluene was detected in
the effluent (around 2 fxM) for the remainder of the experiment. In contrast to
benzene, part of the naphthalene disappeared. During the first 300 days, the
naphthalene concentration in the effluent varied strongly (between 10 and 60%
removal), but after the extra addition of Mn(IV)-oxide, a steady decline in the
naphthalene concentration occurred. At the end of the experiment, around 60% of
the incoming naphthalene was transformed. The effects of the additions of
benzoate, phenol, and lactate were not conclusive.
Nitrate-reducing column. Also under denitrifying conditions, toluene
showed a partial breakthrough. After 90 days of operation it was no longer
detected in the effluent anymore and omitted from day 100on (Fig. 6).
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Behaviour of toluene, benzene and naphthalene in the presence of nitrate. C/Co is
effluent concentration relative to influent concentration. Additional substrates at
(1): 5 /M. benzoate: (2): 50 juM benzoate, (3): 250 fiM benzoate, (4): 50 /xM
acetate, (5): 50 /xM lactate, (6): 150 /xM lactate, (7): 250 /xM acetate, (8): 50 tiM
phenol, (9): 250 tiM benzoate. Between day 200 and day 300 benzene was omitted
from the column.

Benzene underwent no significant removal and therefore it was omitted between
day 200 and 300. This was done to test a possible effect on the transformation of
naphthalene. No effect was observed. A breakthrough of naphthalene was followed
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by a removal of 10-50 %during the first 200 days. From day 300, a steady decline
to 70 % removal at day 520 occurred in the presence of 250 pM benzoate.
Previous additions of 5-250 ^M benzoate, acetate, lactate, and phenol had no
effect.

DISCUSSION
We have examined the behaviour of three aromatic hydrocarbons in flowthrough sediment columns under different anaerobic conditions. Favourable
conditions were created to succeed in biological transformations of the selected
compounds. The experimental set-up allowed an easy change of the conditions to
test different substrates. The packed-bed of the sediment columns provided aerobic
and anaerobic microorganisms with a history of exposure to toluene, benzene, and
naphthalene. Earlier, comparable experiments in our laboratory with anaerobic
sediment columns resulted in transformation reactions of compounds like di- and
trichlorobenzene (6) tetrachloroethene (8) and hexachlorocyclohexanes (25). In
sediment column experiments, attention has to be paid to the adsorption of
hydrophobic substrates to the column material. This to be sure that a decrease in
effluent concentration is due to transformation and not a result of adsorption. The
degree of adsorption of the aromatic hydrocarbons to the column material was
studied in batch experiments. The results indicated a negligible adsorption (results
not shown). In addition, we found that the three substrates showed a breakthrough
in all tested columns. This also indicated little adsorption to the column material.
Bacteria can only use a compound for growth when the Gibbs free energy
change (AG) is negative. Calculations of the AG-values of the oxidation of
benzene, toluene, and naphthalene coupled to the reduction of the different electron
acceptors in our experiments, demonstrate that under the conditions used, all
possible redox reactions were exergonic (Table 1). So, all reactions are thermodynamically possible, with methanogenic and sulfate-reducing conditions being less
favourable.
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Table 1.

Free energy change (AG) of the overall-reactions of benzene, toluene and naphthalene at different redox conditions under the used conditions (20°C, 25-200 /*M, 1
atm and pH 6.7) in kJ/electron equivalent
(AG = AG0 + RT InK).
Data used from Weast (1971-1972) and Stumm and Morgan (1981).

co2

so 4 2 -

FeOOH*
Mn02*
NO,

Toluene
ci„=25/iM

Benzene
Ci„=25/xM

Naphthalene
Ci„=25^M

Naphthalene
Ci„=200jtM

- 4.1
- 8.8
-40.2
-94.2
-100.2

- 4.5
- 10.3
-41.4
-94.3
-104.3

- 3.8
- 8.6
-40.8
-93.7
-100.0

- 3.9
- 8.7
-40.9
-93.8
-100.1

*Solid-phase free energies were used
This table shows the free energy change of the different reactions after complete degradation of 1
tM. substrate.
The concentration of C0 2 (present as granular marble CaC03) was calculated according to Stumm
and Morgan (34), the maximum solubility of N2 was used as the concentration of N2 in the
medium and the concentration of methane was 1mM.

It can be predicted that benzene and naphthalene degradation under
anaerobic conditions is more difficult than the degradation of toluene and that the
reaction mechanisms will vary, due to the chemical properties of the aromatics.
The chemical stability of the aromatic ring is determined by the presence of sidegroups. Methyl- and hydroxylgroups drive electrons towards the aromatic ring and
make the ring more susceptible to electrophilic substitution reactions. This, because
less energy is needed to activate the ring structure. Benzene and naphthalene are
therefore chemically more stable than toluene, and benzene is more stable than
naphthalene (1).
Toluene was transformed relatively fast in the presence of bicarbonate,
sulfate, iron, manganese, and nitrate as electron acceptor. This is in agreement
with many other findings (14, 33). However, the transformation under manganesereducing conditions is novel. In batch experiments with material taken from the
column with manganese present, a decrease in toluene concentration coincided with
an increase in Mn(II) concentration and we were able to enrich for toluene
degrading manganese-reducing bacteria (20). This has not yet been documented
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