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Summary 

Owing to the widespread use of chemicals for industrial, agricultural and 
domestic applications, soils and groundwater resources are often contaminated 
with organic chemicals. Understanding the fate of these organic compounds is 
therefore essential to assess the (eco)toxicological risks of soil contaminations 
and to develop appropriate remediation strategies. Since technical approaches 
are generally too expensive to be applied to the numerous contaminated sites, 
removal of contaminants by (stimulated) natural attenuation processes has 
become an important treatment option. Many subsurface contaminants are 
persistent under oxic conditions, but undergo reductive transformation under 
anaerobic conditions. Due to the natural abundance of iron in subsurface 
minerals, contaminant reduction under iron-reducing conditions is of particular 
relevance for natural attenuation processes, where dissimilatory Fe(III)-reducing 
bacteria generate a variety of reactive, structural and mineral-bound Fe(II) 
species. Since Fe(III)-reducing bacteria are also able to oxidize certain fuel 
constituents, iron-reducing conditions may allow for concurrent, iron-mediated 
oxidation and reduction of contaminants. Even though this process is ideally 
suited for the natural attenuation of sites with multiple contaminations, the 
coupled contaminant transformation remains unexplored. 

In the first part of this work, we designed and evaluated an anaerobic batch 
reactor mimicking iron-reducing conditions, in order to investigate different 
factors, which may influence the coupling of oxidative and reductive contami-
nant transformation. Geobacter metallireducens was used as dissimilatory 
Fe(III)-reducing bacteria, toluene as representative of an environmentally 
relevant fuel constituent, different Fe(III) phases and combinations thereof as 
microbial electron acceptors and as sorbents for biogenic Fe(II) species and 
nitroaromatic compounds (NACs) as reducible contaminants. To account for 
contaminant transformation from competing reactions involving components of 
the used freshwater medium, potentially formed secondary Fe(II) phases and 
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direct transformation by bacteria, an extensive set of control experiments was 
conducted. Our results show that oxidative and reductive contaminant transfor-
mation can be coupled and that the crystallinity of the available Fe(III) mineral 
phases plays an important role. Toluene oxidation only proceeded with easily 
bioavailable, amorphous Fe(III) phases as terminal electron acceptor, whereas 
significant and rapid reductive transformation of NACs occurred predominantly 
in the presence of Fe(II) species bound to more crystalline Fe(III) minerals. 

At contaminated sites, identification and quantification of iron-mediated con-
taminant transformation on the basis of concentration measurements and mass 
balances of the organic compounds is hardly possible due to the inherent hetero-
geneity of aquifers and the limited availability of sampling points. Therefore, we 
evaluated the application of compound-specific isotope analysis (CSIA) for the 
qualitative and quantitative assessment of iron-mediated oxidative and reductive 
contaminant transformation. Owing to a normal kinetic isotope effect, isotopic 
fractionation leads to an enrichment of heavy isotopes in the substrate during a 
(bio)chemical reaction, which can be measured by CSIA. Isotope fractionation is 
characteristic for the underlying reaction mechanism and allows one to assess 
the extent of contaminant transformation even in complex environments. In 
contrast, physical processes such as sorption or phase transfer only exhibit 
negligible isotope fractionation. For the purpose of process identification by 
CSIA, we provide isotopic enrichment factors, ε, for microbial toluene oxidation 
by dissimilatory Fe(III)-reducing bacteria and abiotic transformation of NACs 
by mineral-bound Fe(II) species. Carbon isotope enrichment for toluene 
oxidation by G. metallireducens with a solid Fe(III) phase as terminal electron 
acceptor led to a very reproducible C enrichment factor, εC, of -1.0‰, which 
corresponds to an apparent kinetic isotope effect (AKIE) of 1.007 for the 
oxidative cleavage of a C-H bond. Nitrogen isotope enrichment factors, εN, of 
NAC reduction by mineral-bound Fe(II) species were large (-40‰ for the 
reduction of aromatic NO2-groups (AKIE=1.041)) and constant despite variation 
of total Fe(II) concentrations and pH.  

Under circum-neutral pH conditions, Fe(III) occurs primarily as solid mineral 
species due to its very low solubility. Depending on the subsurface conditions, 
however, dissolved Fe(III) concentrations can be elevated in the presence of 
Fe(III) chelators such as humic substances. Hence, we investigated the varia-
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bility of C isotope fractionation during anaerobic toluene oxidation by G. 
metallireducens using a solid vs. a dissolved Fe(III) phase as terminal electron 
acceptor. With Fe(III) citrate, a dissolved Fe(III) phase, a very robust εC-value 
of -3.0‰ (AKIE=1.021) was found, which was neither influenced by the 
electron donor to electron acceptor ratio (i.e., toluene/Fe(III)) nor by the rate of 
microbial toluene oxidation. However, this isotopic enrichment factor for carbon 
is significantly different from the one determined with a solid Fe(III) phase as 
terminal electron acceptor (-1.0‰). Based on a conceptual model representing 
the different transport and transformation steps during anaerobic toluene 
oxidation by dissimilatory Fe(III)-reducing bacteria, we hypothesize that toluene 
transfer limitations of bacterial cells during the reduction of a solid Fe(III) phase 
may lead to a masking of the isotopic fractionation compared to an almost 
intrinsic isotope effect observed for dissimilatory Fe(III) citrate reduction in 
homogenous solution. 

Our data strongly promotes the use of CSIA for the identification and 
quantification of iron-mediated, oxidative and reductive pollutant transformation. 
However, further investigations of stable isotope fractionation during this 
process using different Fe(III) minerals, a broader pH range as well as other 
contaminants are necessary to confirm our findings. In addition, hydrogen 
isotope fractionation of microbial toluene oxidation should be investigated, since 
it may help to elucidate the reaction mechanism further as well as be more 
suitable for the identification of the coupled process in the field than carbon 
isotope fractionation. 
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Zusammenfassung 

Die verbreitete Anwendung von Chemikalien in der Industrie, der Land-
wirtschaft und in Haushalten hat zur Folge, dass Böden und Grundwasserleiter 
oft mit organischen Chemikalien verschmutzt sind. Um das (öko)toxikologische 
Risiko dieser Bodenverschmutzungen abschätzen und angemessene Sanierungs-
strategien entwickeln zu können, ist es nötig, die Prozesse, die zur Verteilung 
und Transformation dieser Chemikalien in der Umwelt führen, zu verstehen. Die 
Sanierung durch natürlich ablaufende Prozesse hat stark an Bedeutung gewon-
nen, da technische Optionen oft zu teuer sind, um sie auf die zahlreichen, ver-
schmutzten Standorte anwenden zu können. Viele Grundwasserschadstoffe 
werden unter oxischen Bedingungen nicht oder nur sehr langsam abgebaut, 
während sie unter Sauerstoffausschluss durch reduktive Prozesse transformiert 
werden können. Von grosser Relevanz sind dabei eisenreduzierende Bedingun-
gen, weil die natürliche Häufigkeit von Eisen in Bodenmineralien sehr hoch ist. 
Mikroorganismen, die durch ihre Atmungsprozesse Fe(III) reduzieren, generie-
ren unter diesen Bedingungen eine Vielfalt von reaktiven, strukturellen und 
oberflächen-gebundenen Fe(II)-Spezies, die wiederum eine Reihe von Schad-
stoffen reduktiv transformieren können. Da diese Bakterien auch imstande sind, 
reduzierte Verbindungen, wie zum Beispiel gewisse Benzininhaltsstoffe, zu oxi-
dieren, könnten unter eisenreduzierenden Bedingungen verschiedene Schad-
stoffklassen gleichzeitig oxidativ und reduktiv umgesetzt werden. Obwohl diese 
gekoppelte Schadstofftransformation optimal wäre für die Sanierung von 
Standorten, die mit verschiedenen Schadstoffen kontaminiert sind, wurde dieser 
Prozess bisher nicht systematisch untersucht. 

Im ersten Teil dieser Arbeit wurde ein anaerober Batch-Reaktor zur 
Simulation eisenreduzierender Bedingungen entwickelt. Damit wurden verschie-
dene Faktoren, die den Ablauf des gekoppelten oxidativen und reduktiven 
Schadstoffabbaus beeinflussen könnten, untersucht. Geobacter metallireducens 
wurde als Fe(III) reduzierendes Bakterium verwendet, Toluen als Vertreter für 
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umweltrelevante Benzininhaltsstoffe, verschiedene Fe(III)-Phasen und Kombi-
nationen davon als mikrobielle Elektronenakzeptoren wie auch als Sorbens für 
biogene Fe(II)-Spezies und nitroaromatische Substanzen (nitroaromatic com-
pounds (NACs)) als reduzierbare Schadstoffe. Eine Reihe von Kontrollexperi-
menten wurde durchgeführt, um die Schadstofftransformation durch konkurrie-
rende Reaktionen mit Bestandteilen des mikrobiellen Nährmediums, durch se-
kundäre Fe(II)-Phasen, die möglicherweise gebildet werden und durch direkte 
mikrobielle Transformation, zu quantifizieren. Die Resultate zeigen, dass oxida-
tive und reduktive Schadstofftransformationen unter eisenreduzierenden Bedin-
gungen gekoppelt werden können. Die beteiligten Fe(III)-Phasen spielen dabei 
eine wichtige Rolle. Mikrobielle Toluenoxidation fand nur statt, falls leicht bio-
verfügbare, amorphe Fe(III)-Phasen vorhanden waren, während quantitativ be-
trächtliche und schnelle Transformation von NACs nur beobachtet wurde, falls 
die reduktiven Fe(II)-Spezies an kristalline Fe(III)-Minerale gebunden waren. 

Die Identifizierung und Quantifizierung des gekoppelten Schadstoffabbaus 
aufgrund von Konzentrationsmessungen und Massenbilanzen der organischen 
Schadstoffe ist an kontaminierten Standorten durch die natürliche Heterogenität 
von Grundwasserleitern und der limitierten Verfügbarkeit von Messstellen kaum 
möglich. Deswegen wurde in dieser Arbeit untersucht, ob die Einzelstoff-
Isotopenanalyse (compound-specific isotope analysis (CSIA)) zum qualitativen 
und quantitativen Nachweis des oxidativen und reduktiven Schadstoffabbaus 
unter eisenreduzierenden Bedingungen verwendet werden kann. CSIA ermög-
licht die Messung der Anreicherung schwerer Isotopen in der Ausgangssubstanz, 
die aufgrund eines normalen kinetischen Isotopeneffekts während einer 
(bio)chemischen Reaktion auftreten kann. Isotopenfraktionierungen sind charak-
teristisch für einen Reaktionsmechanismus und können dazu verwendet werden, 
das Ausmass der Schadstofftransformation auch unter sehr komplexen Bedin-
gungen zu ermitteln. Physikalische Prozesse, wie z.B. die Sorption oder der 
Phasentransfer von Schadstoffen, führen zu vernachlässigbar kleinen Fraktionie-
rungen. In dieser Arbeit wurden isotopische Anreicherungsfaktoren ε, für die 
mikrobielle Toluenoxidation durch Fe(III) reduzierende Bakterien und für die 
abiotische Transformation von NACs durch an Mineralien gebundene Fe(II)-
Spezies ermittelt. Der für die mikrobielle Toluenoxidation mit G. metalliredu-
cens erhaltene Anreicherungsfaktor für Kohlstoff (εC) von -1.0‰ war sehr 
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reproduzierbar und entspricht einem beobachteten kinetischen Isotopeneffekt 
(apparent kinetic isotope effect (AKIE)) von 1.007 für die oxidative Spaltung 
einer C-H Bindung. Die für die abiotische Reduktion von NACs durch an 
Mineralien gebundenes Fe(II) bestimmten Anreicherungsfaktoren für Stickstoff 
(εN) waren beträchtlich (-40‰ für die Reduktion einer aromatischen NO2-
Gruppe (AKIE=1.041)) und schwankten trotz verschiedener, totaler Fe(II)-Kon-
zentrationen und unterschiedlicher pH-Werte nicht signifikant. 

Bei neutralen pH-Werten liegt Fe(III) aufgrund seiner geringen Löslichkeit 
vorwiegend als feste, mineralische Spezies vor. Die Konzentrationen von gelös-
tem Fe(III) können jedoch erhöht sein, wenn Fe(III)-Komplexbildner, wie zum 
Beispiel Huminstoffe, im Untergrund vorhanden sind. Deswegen wurde die 
Variabilität der Kohlenstoff-Anreicherungsfaktoren für die mikrobielle Toluen-
oxidation durch G. metallireducens mit einer gelösten und mit einer festen 
Fe(III)-Phase als terminaler Elektronenakzeptor untersucht. Mit Fe(III)-Citrat, 
einer gelösten Fe(III)-Phase, wurde ein sehr robuster Wert für εC von -3.0‰ 
gefunden, der einem AKIE von 1.021 für die Oxidation der Methylgruppe 
entspricht. Weder unterschiedliche Verhältnisse von Elektronendonor zu  
-akzeptor (Toluen/Fe(III)) noch verschiedene Raten für die mikrobielle Toluen-
oxidation führten zu einer signifikanten Veränderung. Dieser Anreicherungs-
faktor unterscheidet sich hingegen stark von demjenigen, der mit einer festen 
Fe(III)-Phase als Elektronenakzeptor bestimmt wurde (-1.0‰). Wir vermuten, 
dass die Nachlieferung von Toluen für die Bakterien, die eine feste Fe(III)-Phase 
reduzieren, limitierend ist, was zu einer Maskierung der maximal beobachtbaren 
Isotopenfraktionierung führt. Die Anreicherung, die in Kulturen mit Fe(III)-
Citrat als Elektronenakzeptor beobachtet wurde, scheint hingegen nahe dem 
intrinsischen Isotopeneffekt zu sein. 

Diese Arbeit zeigt, dass sich CSIA sehr gut für die Identifizierung und Quan-
tifizierung der gekoppelten oxidativen und reduktiven Schadstofftransformation 
unter eisenreduzierenden Bedingungen eignen dürfte. Weiterführende Studien 
auf dem Gebiet der Fraktionierung stabiler Isotopen im Hinblick auf die gekop-
pelte Schadstofftransformation sollten diesen Prozess mit anderen Fe(III)-Mine-
ralien, einem grösseren pH-Bereich wie auch mit anderen Schadstoffen unter-
suchen, um die Anwendbarkeit von CSIA zu bestätigen. Zusätzlich sollte auch 
die durch die mikrobielle Oxidation von Toluen verursachte Wasserstoff-
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Isotopenfraktionierung untersucht werden. Dies könnte sowohl weitere Ein-
blicke in den Reaktionsmechanismus geben, als auch zu einer verbesserten 
Quantifizierung dieses Prozesses an kontaminierten Standorten führen. 
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2  General Introduction 

The release of anthropogenic chemicals into soils and groundwater aquifers 
represents a significant risk for the most important drinking water resource in 
many countries. Owing to the widespread use of chemicals, many aquifers are 
contaminated with organic compounds via accidental spills, landfill leachate, 
and non-point sources. Numerous toxic, organic chemicals persist in the oxic 
subsurface for years and thus, endanger environmental and human health. Under 
anoxic conditions, even the more recalcitrant contaminants can be (bio)degraded 
or transformed to products of similar or even greater (eco)toxicological concern 
than the parent compound. Understanding the fate of organic contaminants is 
therefore essential to assess the risk of drinking water contamination and to 
propose appropriate remediation strategies. Since technical approaches such as 
pump and treat or soil excavation are generally too cost-intensive to be applied 
to the numerous, contaminated aquifers, removal of contaminants by (stimulated) 
natural attenuation processes has become an important treatment option (1).  

Aquifers polluted with organic contaminants often turn anaerobic due to the 
high anthropogenic carbon loads, which stimulate the in-situ microbial 
population and thus the consumption of oxygen. Consequently, and due to the 
ubiquitous presence of iron-bearing minerals in the solid aquifer matrix, 
formation of extensive iron-reducing zones, which have been shown to be of 
particular relevance for the degradation of organic contaminants, is often ob-
served at anoxic, contaminated sites (2-6). One interesting feature of iron-
reducing conditions is that they may promote coupled oxidation and reduction of 
contaminants as illustrated in Scheme 1. Therefore, they offer the possibility for 
the natural attenuation of various contaminant classes via different degradation 
pathways.  

Scheme 1: 
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Reduced organic compounds, for example fuel constituents such as benzene, 
toluene, ethylbenzene and xylene (commonly referred to as BTEX) can be 
oxidized by Fe(III)-reducing bacteria, which use these compounds as electron 
donor and as carbon source for biosynthesis (7, 8). If the microbially-generated 
Fe(II) is either structural as in clay minerals, green rust and magnetite or re-
adsorbs on Fe(III) oxides, electron equivalents of BTEX oxidation can be made 
available for further contaminant transformation processes, that is, reduction of 
oxidized organic contaminants such as chlorinated solvents, nitroaromatic 
explosives, pesticides and azo dyes (4, 9-11). This iron-meditated cycling of 
electrons illustrated in Scheme 1 could be ideally suited for the natural 
attenuation of aquifers polluted with contaminant mixtures. Different studies 
have addressed either BTEX oxidation by Fe(III)-reducing microorganisms or 
the reduction of oxidized contaminants by structural or mineral-bound Fe(II) 
species. The coupling of these two processes, however, has not been investi-
gated so far, and the potential of concurrent microbial oxidation and abiotic 
reduction of organic contaminants in soils and aquifers under iron-reducing 
conditions remains unknown. It is therefore the topic of this thesis to explore the 
feasibility of the iron-mediated coupling of oxidation and reduction of organic 
contaminants in detail.  

Investigation of the coupled contaminant transformation faces various 
practical constraints in laboratory model systems. They are discussed below and 
include (a) the choice of Fe(III)-reducing organism, (b) the selection of Fe(III) 
phase(s) that are bioavailable and a sorbent for reactive Fe(II) species and (c) 
the design of experimental systems that allow for the differentiation of biotic 
and abiotic contaminant transformation and enable concentration measurements 
for mass- and electron balances. 

This work was carried out with Geobacter metallireducens as dissimilatory 
Fe(III)-reducing microorganism, the only well characterized pure culture 
capable of using Fe(III) minerals as terminal electron acceptor for the anaerobic 
oxidation of toluene to carbon dioxide (12, 13). To date, another Fe(III)-
reducing and toluene-oxidizing pure culture, Geobacter grbiciae, has been 
isolated (14, 15), but it is less well characterized with regard to its genetics and 
physiology. Note that bacteria belonging to the genus Shewanella, the widely 
used model organisms for studies of dissimilatory Fe(III) reduction, could not be 
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employed, since no Shewanella species capable of oxidizing BTEX compounds 
have been isolated so far. In addition, the environmental significance of 
Shewanella species is disputable as they have not been detected at contaminated 
and pristine sites with ongoing or stimulated Fe(III) reduction (5, 16-19).  

In subsurface environments, Fe(III) bearing minerals display a broad 
spectrum of crystallinity ranging from poorly crystalline (amorphous) phases 
such as ferrihydrite to minerals with a very defined crystal structure such as 
goethite, hematite or magnetite (20). Rates and extent of dissimilatory Fe(III) 
reduction and abiotic contaminant transformation by mineral-bound Fe(II) 
species have been shown to vary strongly with the available Fe(III) phase(s). 
Amorphous Fe(III) minerals are known to be easily bioavailable for microbial 
Fe(III) reduction (21). Dissimilatory Fe(III) reduction of crystalline phases has 
been reported (22-24), but its feasibility and environmental relevance is still 
under debate due to possible experimental artifacts, that is, using high cell 
densities and pre-culturing bacteria under nutrient-rich conditions (25). In 
contrast, abiotic contaminant reduction by mineral-bound Fe(II) species has 
been investigated mostly in suspensions of crystalline Fe(III) oxides. Rates of 
contaminant reduction varied as a function of pH, Fe(II) concentration, Fe(III) 
phase used as sorbent for Fe(II) and the chemical structure of the contaminant 
molecule (26-29). Hence, it is unclear, which amorphous or crystalline Fe(III) 
phases or combinations thereof favor the coupling of microbial oxidation and 
abiotic reduction of contaminants. 

For a quantitative assessment of the processes represented in Scheme 1, it is 
necessary to establish mass- and electron balances of all involved chemical 
species, namely, toluene, total Fe(III), dissolved, mineral-bound, and total Fe(II) 
as well as of the reducible contaminant and its transformation products. 
However, toluene and some potential reducible contaminants such as chlorinated 
solvents are rather volatile and readily sorb into rubber materials commonly 
used for sealing and gaskets. We decided to work in batch reactors with 
nitroaromatic compounds (NACs) as reducible contaminants, whereas there was 
no alternative to toluene as BTEX model compound. NACs allow for the 
establishment of mass- and electron balances in comparison to other compounds 
due to the following characteristics: They are hardly volatile, their reaction 
mechanism is well known, and NACs and their transformation products can be 
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quantified reasonably well. In addition, the reactivity of NACs can be modulated 
by choosing compounds with different aromatic substituents (11, 30, 31). 
Finally, the coupling of microbial toluene oxidation and abiotic contaminant 
reduction by mineral-bound Fe(II) species can be investigated in two different 
ways. Ideally, both contaminants are present at the start of an experiment and 
subsequent oxidative and reductive transformation reactions can occur simul-
taneously. On the other hand, similar evidence for iron-mediated contaminant 
transformation can be obtained from the sequential investigation of BTEX oxi-
dation by dissimilatory Fe(III)-reducing bacteria followed by the analysis of 
contaminant reduction by biogenic Fe(II) species in the same batch reactor. 
Whereas neither of the two approaches should compromise the calculation of 
electron- and mass balances, the kinetics of contaminant transformation can be 
substantially different or even completely inhibited, if the reducible contaminant, 
as single compound or in combination with toluene, is toxic for G. metalliredu-
cens. Moreover, assignment and quantification of observed contaminant trans-
formation can be very difficult when two contaminant classes are degraded 
simultaneously, since reducible contaminants may be transformed by mineral-
bound Fe(II) species as well as by bacteria. Therefore, an extensive set of 
reference and blank experiments is necessary to assign an observed contaminant 
transformation to either microbial activity, reactions of mineral-bound Fe(II), 
and/or reactivity of the experimental matrix (i.e., constituents of a microbial 
freshwater medium). 

On the basis of the open research questions and abovementioned boundary 
conditions, the principal objectives of this thesis were as follows: 

(i) to develop an experimental system, which allows for the study of iron-
mediated microbial oxidation and abiotic reduction of organic contami-
nants, 

(ii) to determine the environmental conditions that favor the occurrence of 
this process under iron-reducing conditions, and 

(iii) to evaluate different approaches, which allow for identification and quan-
tification of this process in contaminated environments. 

In Chapter 2, an experimental system is presented that allows the investi-
gation of iron-mediated microbial toluene oxidation and abiotic reduction of 
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nitroaromatic model contaminants under anaerobic conditions. The influence of 
different Fe(III) phases on the coupled contaminant transformation is shown, 
and the consequences of the Fe(III) mineral availability on the occurrence of this 
process at contaminated sites is discussed. 

In Chapter 3, the combined analysis of stable C and N isotope fractionation is 
applied to the identification and evaluation of the coupled oxidative and reduc-
tive transformation of toluene and 3-chloronitrobenzene, respectively, which 
were used as probe compounds. Results from this study provide new evidence 
for the isotopic enrichment behavior pertinent to the degradation pathways of 
the two contaminants. 

The first part of the coupled contaminant transformation is the focus of 
Chapter 4, in which kinetic isotope effects associated with anaerobic microbial 
toluene oxidation by G. metallireducens are investigated. To this end, the in-
fluence of a solid vs. a dissolved terminal electron acceptor for dissimilatory 
Fe(III) reduction on the extent and variability of C isotope fractionation in to-
luene was evaluated. 

Finally, Chapter 5 presents the overall conclusions of this thesis as well as an 
outlook on open research questions in this field. 

 

Note that Chapters 2-4 are already or will be shortly submitted to the scientific 
journal “Environmental Science and Technology”. The structure of the chapters 
is therefore adapted to the requirements of this publication including a limit of 
7000 words for the main part of the document and a Supporting Information 
with additional material directly adjoining the respective chapter.  
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Abstract 

In anoxic environments, oxidation of organic compounds such as BTEX fuel 
components by dissimilatory Fe(III) reduction can generate reactive, mineral-
bound Fe(II) species, which in turn are able to reduce other classes of organic 
and inorganic groundwater contaminants. In this study, we designed and 
evaluated an anaerobic batch reactor mimicking iron-reducing conditions in 
order to investigate the factors that favor the coupling of microbial toluene 
oxidation and abiotic reduction of nitroaromatic contaminants. We studied the 
influence of different Fe(III) bearing minerals and combinations thereof on the 
coupling of these two processes. Results from laboratory model systems show 
that complete oxidation of toluene to CO2 by Geobacter metallireducens in the 
presence of Fe(III) bearing minerals leads to the formation of mineral-bound 
Fe(II) species capable of reducing 4-acetylnitrobenzene. Whereas significant 
microbial toluene oxidation was only observed in the presence of amorphous 
Fe(III) phases, reduction of nitroaromatic compounds only proceeded with Fe(II) 
species bound to crystalline Fe(III) oxides. Our results suggest that in anoxic 
soils and sediments containing amorphous and crystalline iron phases 
simultaneously, coupling of microbial oxidation and abiotic reduction of organic 
compounds may allow for concurrent natural attenuation of different 
contaminant classes. 
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2.1 Introduction 

In anoxic soils and aquifers, biogeochemical processes provide a variety of 
reactive Fe(II) species, which represent important reductants for the abiotic 
transformation of many soil- and groundwater contaminants such as chlorinated 
solvents, nitroaromatic explosives, pesticides, and azo dyes (1-3). Since such 
Fe(II) species are commonly generated via the oxidation of organic material by 
dissimilatory Fe(III)-reducing microorganisms (4, 5), contaminant transforma-
tion can be coupled to the biogeochemical cycling of iron in anoxic environ-
ments (6-9). Given that Fe(III)-reducing microorganisms have been isolated that 
are capable of using BTEX compounds such as toluene as electron donor (10, 
11), dissimilatory Fe(III) reduction therefore enables concurrent oxidative and 
reductive transformation of at least two different classes of contaminants. This 
iron-meditated cycling of electrons is illustrated in Scheme 1 for the microbial 
oxidation of toluene and abiotic reduction of nitroaromatic compounds (NACs), 
a process suited for the natural attenuation of sites with multiple contaminations. 
Different studies have addressed either BTEX oxidation by Fe(III)-reducing 
microorganisms or the reduction of contaminants by structural or mineral-bound 
Fe(II) species. The coupling of these two processes, however, has not been 
investigated. Thus, the potential of concurrent pollutant oxidation and reduction 
in soils and aquifers under iron-reducing conditions remains unexplored. 

Scheme 1: 

 

Evidence for the oxidation of BTEX compounds under iron-reducing 
conditions was obtained from field studies (12, 13), which also demonstrated the 
importance of microbial Fe(III) reduction for the anaerobic BTEX oxidation by 
microorganisms associated with the family of Geobacteraceae (14). Only two 
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pure cultures have been isolated so far, which both oxidize toluene, that is 
Geobacter metallireducens and Geobacter grbiciae (10, 11). However, little is 
known about the bioavailability of different Fe(III) oxides for toluene-oxidizing, 
Fe(III)-reducing microorganisms. Studies on Fe(III) mineral bioavailability have 
been conducted with alternative electron donors (i.e., acetate or lactate), and 
predominantly using Shewanella species (15, 16), which have not been detected 
at BTEX contaminated sites (14). These Fe(III) bioavailability studies can 
therefore not be applied directly to evaluate BTEX oxidation by dissimilatory 
Fe(III)-reducing bacteria since the type of microorganism, electron donor and 
electron acceptor might impose different thermodynamic limits on microbial 
activity (17, 18). 

Various field and laboratory studies showed that under iron-reducing 
conditions, chlorinated hydrocarbons and nitroaromatic compounds can be 
reduced by structural and mineral-bound Fe(II) species (3, 7, 12, 19-21). Rates 
of contaminant transformation were shown to vary over several orders of 
magnitude depending on the pH, the Fe(III) oxide used as sorbent for Fe(II), and 
the specific surface area of the mineral (19-21). Whereas current work on 
surface-mediated contaminant transformation focuses on the reactivity of the 
various Fe(III)-O-Fe(II) surface complexes (22), little is known about the 
combined function of iron bearing minerals as electron acceptor for microbial 
respiration and as sorbent of reactive, biogenic Fe(II) species. Examples include 
work with ferrihydrite as initial electron acceptor and acetate as electron donor 
(8, 9). However, most experimental procedures relied on conditioning steps for 
the preparation of the iron phase including washing and eventually freeze-drying 
biogenic materials before investigation of contaminant transformation. This 
treatment presumably changes pertinent mineral properties concerning Fe(II) 
sorption, removes microbially generated, non-structural Fe(II) and therefore may 
alter the original reactivity of mineral-bound Fe(II) species. Thus, to obtain 
better insights into the environmental conditions that promote contaminant 
transformation under iron-reducing conditions, it is crucial to investigate the 
coupled oxidative and reductive transformation (see Scheme 1) in one reactor 
without additional treatment of the mineral phases. 
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It was therefore the goal of this study (i) to identify environmental conditions 
that favor the coupling of oxidative and reductive contaminant transformation, 
(ii) to provide evidence for iron-mediated cycling of electrons from toluene 
oxidation to NAC reduction, and (iii) to evaluate the potential of this process for 
the remediation of contaminated sites. To this end, we investigated the influence 
of different Fe(III) phases on toluene oxidation by G. metallireducens and 
evaluated a subset of Fe(III) minerals with regard to the reactivity of mineral-
bound, biogenic Fe(II) species using NACs as reactive probe compounds and 
model contaminants (23, 24). Evidence for the reactivity of mineral-bound Fe(II) 
species was obtained from a comparison of NAC reduction rate constants for 
biogenic, mineral-bound Fe(II) with those from abiotic reference experiments. 
Since rates of contaminant reduction by mineral-bound Fe(II) species are highly 
dependent on pH and sorbed Fe(II) concentration, we studied NAC reduction 
over the pH range of 6.8 to 7.5 at varying total Fe(II) concentrations (1.5 to 4.0 
mM). To account for contaminant transformation from competing reactions 
involving components of the freshwater medium, potentially formed secondary 
Fe(II) phases and direct transformation by bacteria, an extensive set of control 
experiments was conducted. 

2.2 Experimental Section 

2.2.1 Chemicals and Minerals 

A list of chemical reagents used for the preparation of NAC stock solutions is 
provided in the Supporting Information. Fe(III) citrate solutions (0.5 M) were 
prepared by slow solubilization of the chemical suspended in Millipore water 
via titration with 32% NaOH (Fluka) to pH 7.0. The obtained solution was 
filtered (0.45 μm, cellulose acetate), deoxygenated by extended purging with 
argon and autoclaved. Ferrihydrite was synthesized according to (17). Briefly, a 
0.4 M FeCl3-solution was neutralized with 1 M NaOH to pH 7.0. The precipitate 
was washed five-fold with Millipore water, resuspended and deoxygenated 
before autoclaving. Biogenic ferrihydrite was generated by a lithotrophic, 
nitrate-reducing enrichment culture as described by (25, 26). Since microbial 
Fe(II) oxidation by this mixed culture is never complete and takes place in 
freshwater medium containing 4.4 mM phosphate, the precipitated mineral 
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contains structural or mineral-bound Fe(II) (between 5 to 15% of total iron) and 
phosphate (0.25 to 0.40 mol P/mol Fe), even after extensive washing. Although 
this mineral has been reported as ferrihydrite (26), we feel that this term is not 
fully adequate. We henceforth refer to it as biogenic Fe(III) mineral (bFe 
mineral), which, nevertheless, might be more representative for natural hydrous 
iron oxides than minerals synthesized in the laboratory (27-29). Lepidocrocite 
(Bayferrox 943) was obtained from Bayer (19). The non-sterilized mineral was 
used without further treatment to prevent potential phase transformations. 

2.2.2 Microorganisms and Culture Conditions 

Geobacter metallireducens was cultivated using standard, sterile, anaerobic 
working techniques (30). The freshwater medium was prepared according to (17) 
except for the use of 0.068 g/L KH2PO4, 0.35 g/L NaCl, and 10 or 30 mM 
PIPES buffer (pH 6.8 to 7.0) instead of bicarbonate (exact composition of 
freshwater medium see Supporting Information). Cysteine was supplied as 
reducing agent (1 mM). Fe(III) citrate, ferrihydrite, bFe mineral or lepidocrocite 
were added as electron acceptor and toluene or acetate as electron donor. 
Concentrations were varied according to experimental requirements. Cultures 
were incubated at 30°C in the dark and briefly agitated every day. Pre-cultures 
were grown on 10 mM bFe mineral and either 0.5 mM toluene or 2 mM acetate 
to late exponential phase, followed by immediate transfer to a new culture (see 
Figures SI2-1 and SI2-2 in the Supporting Information). Inoculum for acetate 
grown cultures was 2.5 vol% and 4 vol% for toluene grown cultures. 

2.2.3 Coupled Experiments 

Experiments were set up in 25 mL sterile serum bottles and contained defined 
amounts of bFe mineral and/or lepidocrocite, toluene or acetate in 20 mL sterile, 
anoxic freshwater medium. The headspace was purged with N2 and serum 
bottles were sealed with Viton® or butyl rubber stoppers. Cultures were 
inoculated with Fe(III)-reducing pre-cultures of G. metallireducens. Control 
assays were always carried out with sterile Millipore water instead of inoculum. 
Cultures were incubated at 30°C in the dark and briefly agitated every day. 
Samples for determination of total Fe(II), dissolved Fe(II), acetate or toluene 
concentrations were withdrawn at regular intervals with sterile, N2-flushed 
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syringes. When bacteria had generated pre-defined, dissolved Fe(II) con-
centrations or reached stationary phase, serum bottles were put on a roller 
apparatus overnight (20 rpm, room temperature). Subsequently, total Fe(II), 
dissolved Fe(II), and pH were determined. Kinetic experiments with NACs were 
initiated by the addition of 50 µl of an anoxic, methanolic stock solution with a 
gastight glass-syringe. Samples were withdrawn with argon-flushed, gastight 
glass-syringes. 500 µl samples were immediately filtered into HPLC-vials con-
taining 10 µl HCl (1 M) to quench the reaction and stored at 4°C until HPLC 
analysis. NAC reduction kinetics strictly followed pseudo-first order behavior 
and reduction rate constants, kNAC, were calculated accordingly. For a detailed 
description of the experimental procedures and kinetic data evaluation see 
Supporting Information. 

2.2.4 Abiotic Reference Experiments 

Assays contained predetermined amounts of lepidocrocite and Fe(II) in 20 mL 
anoxic freshwater medium and were set up in 25 mL serum bottles in the 
glovebox (100% N2). Serum bottles were sealed with Viton® stoppers and 
assays were equilibrated on a roller apparatus outside the glovebox with 20 rpm 
at room temperature. Addition of NACs, sampling during kinetic experiments 
and the data evaluation were carried out as described for the coupled 
experiments. Assays were set up as duplicates or triplicates. No reference 
experiments with bFe mineral were conducted due to rapid phase 
transformations upon addition of Fe(II) (details see Supporting Information). 

2.2.5 Analytical Methods 

Acetate, NACs and the corresponding anilines were analyzed by HPLC. Toluene 
concentrations were either determined by HPLC or by GC/MS (for details see 
Supporting Information). For stoichiometric evaluations, toluene loss due to 
sorption into Viton® stoppers and head space partitioning was accounted for by 
subtracting toluene loss in blank experiments without microorganisms from 
toluene concentrations in inoculated assays. 

Total and dissolved Fe(II) were determined by UV/vis photospectrometry at 
562 nm after complexation with ferrozine (31). For total Fe(II) measurements, 
samples were extracted in 0.5 M HCl for 30 minutes followed by filtration 
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through 0.2 µm regenerated cellulose filters. Samples for dissolved Fe(II) were 
directly filtered (0.2 µm Nylon filter) into 0.5 M HCl. Biogenic Fe(II), Fe(II)bio, 
was calculated by subtraction of the total Fe(II) concentration at the start of the 
experiment from the total Fe(II) concentration measured during the kinetic ex-
periment. 

2.3 Results and Discussion 

2.3.1 Anaerobic Microbial Toluene Oxidation 

To investigate iron-mediated coupling of microbial oxidation and abiotic 
reduction of contaminants, we initially conducted a screening study on toluene 
oxidation by G. metallireducens. Our goal was to identify a solid Fe(III) phase 
which allowed for toluene oxidation and stoichiometric Fe(II) generation 
according to eq. (1) within reasonable time scales (i.e., within one week) under 
laboratory conditions. 

 2
7 8 3 3 2C H 36Fe(OH) 65H 7HCO 36Fe 87H O+ − ++ + → + +  (1) 

We evaluated the reduction of three Fe(III) bearing minerals and one dissolved 
Fe(III) phase, which either have been used in previous studies for toluene 
oxidation by G. metallireducens (i.e., Fe(III) citrate and ferrihydrite (10, 32)) or 
which were microbially reduced in a pre-study using acetate as electron donor 
(bFe mineral, lepidocrocite). Fe(III) citrate was investigated as reference system 
for the comparison of microbial mineral reduction rates with that of a dissolved, 
highly bioavailable Fe(III) species (33). 

Initial Fe(III) and toluene concentrations were chosen to generate approximately 
1 mM dissolved Fe(II) in the presence of 21 to 24 mM Fe(III) for the subsequent 
abiotic contaminant reduction after microbial Fe(III) reduction reached the 
stationary phase. Thus, depending on the bioavailability and the specific surface 
area of the investigated Fe(III) mineral, which determine the extent of microbial 
Fe(III) reduction as well as dissolved and sorbed Fe(II) concentrations (15), 
different initial Fe(III) and toluene concentrations were chosen. For experiments 
with the bioavailable, amorphous Fe(III) phases ferrihydrite and bFe mineral (10, 
26), 30 mM Fe(III) and 0.25 mM toluene were supplied. In experiments with the 
more crystalline and presumably less bioavailable lepidocrocite (15), 24.5 mM 
Fe(III) were provided together with 0.25 mM or 0.5 mM toluene. 
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Figure 1: Time courses of biogenic Fe(II) (■), dissolved Fe(II) (• ) and toluene (▲) during 
microbial toluene oxidation with different Fe(III) phases as terminal electron acceptor. Error 
bars represent ±1 standard deviation (σ) for two or three replicates. The solid and dashed lines 
illustrate mean ±1σ for stoichiometric conversion of toluene to Fe(II) according to eq. (1), respectively. 
(a) Fe(III) citrate (c0=30 mM). No data for dissolved Fe(II) is shown, as it is almost identical to 
Fe(II)bio. (b) bFe mineral (c0=30 mM Fe(III)). (c) Ferrihydrite (c0=30 mM). (d, e) Lepidocrocite 
(c0=24.5 mM). No stoichiometric evaluation is shown, since loss of toluene in control experiments 
equaled loss in inoculated assays. Figure 1e shows results from one replicate. (f) bFe mineral (c0=3.7 
mM Fe(III))/lepidocrocite (c0=24.5 mM). 
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Figure 1 shows that under the chosen experimental conditions, the most 
bioavailable Fe(III) phases were Fe(III) citrate and bFe mineral. In both cases, 
toluene was completely consumed in 130-150 hours. The solid and dashed lines 
in Figure 1 represent the mean stoichiometric Fe(II) production ±1 standard 
deviation, respectively, which was calculated from microbial toluene 
consumption according to the stoichiometry shown in eq. (1). Using Fe(III) 
citrate as electron acceptor, 36 times the initial toluene concentration was 
recovered as Fe(II), suggesting that toluene was used exclusively for 
dissimilatory Fe(III) reduction. In the case of bFe mineral, toluene may 
additionally have served as carbon source. Note that no toluene oxidation 
metabolites were detected during GC/MS measurements. The somewhat large 
errors associated with the calculated stoichiometric Fe(II) production result from 
an error propagation including corrections for non-oxidative toluene losses (i.e., 
headspace partitioning and sorption into stoppers) and the stoichiometric factor 
36 in eq. (1) (see Figure SI2-4, Supporting Information for non-oxidative 
toluene loss in blank experiments). Ferrihydrite was also reduced by G. 
metallireducens, although rather slowly in comparison to Fe(III) citrate and bFe 
mineral (Figure 1c). After 670 hours, toluene oxidation was not finished and 
Fe(II) concentrations were still increasing. Lepidocrocite on the other hand was 
hardly reduced at all (0.5 mM Fe(II) within 500 h, Figure 1d, e), regardless of 
the initial toluene concentration. 

Our results show that the Fe(III) bioavailability for microbial toluene 
oxidation decreases in the order dissolved > amorphous > crystalline Fe(III) 
species. This observation is consistent with literature data using Shewanella alga 
strain BrY and lactate as electron donor instead of toluene (15). It is unclear, 
however, why rate and extent of ferrihydrite reduction differ from that of bFe 
mineral. We hypothesize that in the presence of Fe(II), ferrihydrite was partially 
transformed into more crystalline, and therefore, less bioavailable Fe(III) 
minerals such as magnetite, lepidocrocite or goethite as reported recently (34, 
35). In contrast, the high phosphate contents of the bFe mineral suspension (see 
Experimental Section) may have stabilized the structure of the amorphous Fe(III) 
mineral (27), thus inhibiting mineral transformation over the time scales 
investigated in our experiments.  
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On the basis of our findings for microbial toluene oxdiation by G. 
metallireducens with three different solid electron acceptors, we chose bFe 
mineral for further study of the coupling of oxidative toluene and reductive 
nitroaromatic compound (NAC) transformation. bFe mineral was reduced within 
reasonable time scales and the extent of Fe(III) reduction could be controlled by 
adjusting the initial toluene concentration. Ferrihydrite was ruled out for further 
experiments, merely for practical reasons, as microbial reduction was too slow 
to perform the large number of replicates and control experiments required to 
meet the goals of this study. Lepidocrocite was unsuitable to study the iron-
mediated contaminant transformation owing to the limited extent of microbial 
Fe(II) generation. 

2.3.2 Coupling Toluene Oxidation with NAC Reduction in the Presence of 
a Single Fe(III) Mineral 

To investigate the reactivity of mineral-bound Fe(II) species generated by 
microbial Fe(III) reduction of bFe mineral, we evaluated the reduction of 4-
nitroacetophenone (4-COCH3-NB) to 4-aminoacetophenone (4-COCH3-An) 
after microbial activity stopped. Suspensions containing bFe mineral and 
biogenic Fe(II) were spiked with the nitroaromatic probe compound after 
overnight equilibration on a roller apparatus (160-180 hours after the start of 
microbial Fe(III) reduction). 

Figure 2a illustrates the kinetics of NAC reduction to the corresponding 
substituted aniline. No reaction intermediates such as substituted nitroso-
benzenes or hydroxylamines were observed in HPLC chromatograms and an 
excellent mass balance was obtained from the sum of 4-COCH3-NB and 4-
COCH3-An concentrations. The concentration-time courses of 4-COCH3-NB 
reduction and 4-COCH3-An formation could be fitted with a pseudo-first order 
rate law. The corresponding rate constant for NAC disappearance, kNAC, was 
(3.2±1.0)·10-3 h-1, which is rather low considering that it is in the same order of 
magnitude as kNACs determined for the reduction of 4-COCH3-NB by reactive 
components of the freshwater medium such as cysteine and Fe(II) containing 
phosphate precipitates as well as bacteria (for further discussion of the 
background reactivity see Supporting Information). 
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Figure 2: Reduction of 4-COCH3-NB and formation of 4-COCH3-An in coupled experiments. 
kNAC represents average rates of NAC reduction ±1σ (3-4 replicates). (a) Suspensions containing 
23.5±0.2 mM Fe(III) as bFe mineral, dissolved Fe(II)=1.16±0.05 mM, pH=6.95. (b) Suspensions of 
two minerals containing 22.8±0.1 mM Fe(III) from lepidocrocite and bFe mineral, dissolved 
Fe(II)=1.16±0.03 mM, pH=6.99. 

This rather low reactivity of Fe(II) bound to bFe mineral could be due to an 
intrinsic low reactivity of Fe(II) sorbed on bFe mineral or due to enhanced 
phosphate sorption to bFe mineral. In addition to phosphate adsorption from the 
freshwater medium (0.5 mM total phosphate), structural or sorbed phosphate in 
the bFe mineral could have been released during microbial iron reduction. Since 
phosphate is known to sorb strongly to Fe(III) minerals (27), we assume that this 
process could prevent Fe(II) sorption, thus limiting the concentration of reactive, 
mineral-bound Fe(II) species. On the other hand, little is known about the 
reactivity of Fe(II) bound to amorphous Fe(III) minerals such as ferrihydrite 
since they rapidly transform into other Fe(III) oxides in the presence of biogenic 
Fe(II) (34, 35). Note that not all amorphous Fe(III) minerals are susceptible to 
phase transformations in the presence of dissolved Fe(II), as sorption and/or 
incorporation of anions such as phosphate and silicate have been shown to 
stabilize the structure of ferrihydrite (27). Unfortunately, there are no studies on 
the reactivity of Fe(II) bound to such amorphous minerals with regard to 
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contaminant reduction. The almost negligible rates of 4-COCH3-NB reduction 
by Fe(II) bound to bFe mineral contrasts evidence from field studies on the 
importance of mineral-bound Fe(II) as active reactant (3, 12) as well as earlier 
work in laboratory model systems, which found considerable enhancement of 
reaction rates in the presence of mineral-bound Fe(II) in comparison to 
dissolved Fe(II) alone (19). Therefore, we hypothesize that under environmental 
conditions, bioavailable Fe(III) minerals such as bFe mineral are predominantly 
used for dissimilatory Fe(III) reduction, whereas contaminant transformation is 
likely to occur at other Fe(III) phases. 

2.3.3 Coupling Toluene Oxidation with NAC Reduction in the Presence of 
Two Fe(III) Minerals 

To further evaluate this hypothesis, we investigated coupled toluene oxidation 
and NAC reduction in the simultaneous presence of two Fe(III) minerals, 
namely, bFe mineral and lepidocrocite, since Fe(II) species bound to this 
lepidocrocite have been shown to readily reduce NACs as well as chlorinated 
compounds (19). We first investigated the microbial Fe(III) reduction in this 2-
mineral system. As is shown in Figure 1f, almost stoichiometrical oxidation of 
toluene and Fe(II) formation were observed after 170 hours. As 3.4 mM Fe(II) 
were produced and the mean of stoichiometric Fe(II) production was 3.9 mM, 
toluene was used mainly for bacterial respiration and only a small fraction 
served as carbon source. Since lepidocrocite is a poor terminal electron acceptor 
under these experimental conditions (Figure 1d, e), the measured Fe(II) should 
predominately originate from the reduction of 3.7 mM Fe(III) present as bFe 
mineral. Hence, bFe mineral reduction was nearly complete and lepidocrocite 
should have been the predominant sorbent for Fe(II) in this system after 
microbial activity stopped.  

At this stage of the experiment, reactors were spiked with 4-COCH3-NB. 
(Figure 2b). The reduction rate constant, kNAC, was (4.5±0.8)·10-1 h-1, that is 100-
fold larger than in the presence of Fe(II) bound to bFe mineral under almost 
identical conditions with regard to total Fe(III) and dissolved Fe(II) 
concentrations, and pH. In addition, NAC reduction in the 2-mineral system was 
significantly faster than NAC disappearance owing to background reactions 
involving bacteria and freshwater medium components (see discussion below 
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and in the Supporting Information). Substituted aniline formation was retarded 
owing to the formation of reaction intermediates such as hydroxylamine, which 
was observed in HPLC analyses. At the end of kinetic experiments, however, 
concentrations of 4-COCH3-An were identical to the initial NAC concentration. 

These results from suspensions containing a mixture of bFe mineral and 
lepidocrocite suggest that this experimental system is very suitable for the 
coupling of microbial toluene oxidation and abiotic NAC reduction. The 
bioavailability of bFe mineral for toluene oxidation leads to a fast and nearly 
complete microbial reduction of bFe mineral, producing sufficient amounts of 
Fe(II), which, upon sorption on lepidocrocite, are very reactive with regard to 
the transformation of 4-COCH3-NB. Additionally, this experimental setup is 
likely to mimic environmental conditions, where typically mixtures of 
amorphous and crystalline Fe(III) oxides coexists (27-29). 

2.3.4 Reduction of NACs by Mineral-Bound Fe(II) Species, Bacteria and 
Medium Components  

The experimental data presented so far suggests that a coupling of microbial 
toluene oxidation and abiotic NAC reduction by mineral-bound Fe(II) species is 
feasible and may present a means to remediate contaminated sites. To ensure 
that the observed NAC transformation was due to biogenic, mineral-bound Fe(II) 
species, an extensive set of reference experiments was conducted, which can be 
grouped as follows: (i) NAC reduction experiments by abiotic Fe(II) species 
added to lepidocrocite suspensions, (ii) NAC reduction by microorganisms and 
bacterial exudates, and (iii) NAC reduction by freshwater medium components 
such as cysteine and Fe(II)-phosphate precipitates. Experiments addressing set (i) 
and (ii) are presented below whereas the discussion of (iii) can be found in the 
Supporting Information. 

To infer the reactivity of mineral-bound Fe(II) in a complex experimental 
matrix, we investigated the rates of NAC reduction at different pHs and 
dissolved Fe(II) concentrations in suspensions containing freshwater medium 
and lepidocrocite. This contrasts earlier approaches in so far as they have been 
carried out mostly in well-defined aqueous suspensions containing only pH 
buffer and inorganic salts to adjust the ionic strength. An exponential 
dependence of kNAC on pH and on the sorbed, respectively, the dissolved Fe(II) 
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concentration was found as illustrated in the reactivity-trend plot in Figure 3 for 
the abiotic reference experiments.  

 

Figure 3: Comparison of 4-COCH3-NB reduction rate constants, kNAC, in abiotic reference 
experiments at pH 6.8, 7.0 and 7.5 with coupled experiments. Experimental conditions for abiotic 
experiments: 21.9±0.4 mM lepidocrocite in freshwater medium with 10 mM PIPES, T=23°C.  
(a) Comparison with coupled experiments, where Fe(II) was produced by microbial toluene oxidation 
in freshwater medium with 30 mM PIPES, Fe(III) concentration=22.2-23.8 mM, T=23°C.  
(b) Comparison with coupled experiments, where Fe(II) was produced by microbial acetate oxidation 
in freshwater medium with 10 or 30 mM PIPES, Fe(III) concentration=20.6-24.3 mM, T=23°C. 

The exponential dependence corresponds to the almost linear trends of log 
dissolved Fe(II) vs. log kNAC for each set of experiments carried out at the same 
pH. This behavior of NAC reduction rates is in good agreement with similar 
correlations found for the reduction of dibromodichloromethane by Fe(II) on 
goethite and nitrobenzene by Fe(II) on magnetite (20, 21). Reduction rate 
constants increased with pH, due to increasing concentrations of sorbed Fe(II), 
and due to an enhanced reactivity of Fe(II) complexes with surface hydroxyl 
groups (36). Note that unlike other studies, we use the dissolved Fe(II) con-
centration instead of the sorbed Fe(II) concentration for the correlation with 
kNAC. Sorbed Fe(II) cannot be measured directly and is usually calculated from 
the difference between total and dissolved Fe(II). This approach was hampered 
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here since solid phase Fe(II) might have been present as sorbed or structural 
Fe(II) of bFe mineral and in Fe(II) phosphate precipitates (see discussion of 
reactive freshwater medium components in the Supporting Information). 
Dissolved Fe(II), however, can be used as a proxy for sorbed Fe(II), as both 
concentrations are determined by the dominant sorbent phase as long as Fe(II) 
sorption sites are not saturated. This Fe(II) sorption behavior was inferred from 
the observation that kNACs increase as a function of dissolved Fe(II) even in 
suspensions exhibiting high total Fe(II) concentrations. 

Figure 3a shows a comparison of abiotic reference experiments for pH 6.8, 
7.0 and 7.5 with coupled experiments, where Fe(II) was generated from 
microbial toluene oxidation by Fe(III)-reducing bacteria. The two data sets 
illustrate that Fe(II) bound to lepidocrocite was the predominant NAC reductant 
in all experiments. kNACs measured in coupled experiments are in the same order 
of magnitude as kNACs from abiotic reference experiments for comparable pH 
and dissolved Fe(II) conditions. This correlation was further confirmed with 
additional coupled experiments, where biogenic Fe(II) was produced from 
acetate oxidation. Acetate was used instead of toluene, since G. metallireducens 
was easier to culture using acetate, and thus allowed us to test our experimental 
approach in a pre-study. Additionally, G. metallireducens can reduce lepido-
crocite with acetate as electron donor, which is not the case using toluene 
(Figure 1d, e). In coupled experiments with only lepidocrocite, possible 
interferences from sorption of biogenic Fe(II) to residual bFe mineral can be 
excluded, which may influence the dissolved Fe(II) concentration in the 2-
mineral system. Figure 3b illustrates the comparison of abiotic reference 
experiments with coupled experiments, where biogenic Fe(II) originates from 
acetate oxidation. Again, trends of log kNAC vs. dissolved Fe(II) confirm the 
reactivity of lepidocrocite-bound Fe(II), since the reactivity trends are identical 
to those of abiotic controls and vary in the same way with pH, regardless 
whether lepidocrocite was used as sole electron acceptor for acetate oxidation or 
in combination with bFe mineral. 

Direct NAC reduction by G. metallireducens has not been investigated 
previously and had therefore to be excluded in our experiments. Possible ways 
of reduction are either by the bacteria themselves or by cell exudates. To test for 
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the latter, bacteria were grown on bFe mineral/lepidocrocite or bFe mineral with 
toluene as electron donor. When microbial Fe(III) reduction reached the 
stationary phase, bacteria and all solid phases were removed by filtration. Again, 
pH and the dissolved Fe(II) concentration were measured before 4-COCH3-NB 
was spiked. Rates of NAC reduction were below 3·10-3 h-1 and thus within the 
background reactivity of the experimental setup (Figure SI2-6, Supporting 
Information). Therefore, we conclude that NAC reduction by microbial exudates 
is not important in the presence of Fe(II) species bound to lepidocrocite. 

To assess the extent of direct microbial NAC transformation vs. abiotic NAC 
reduction by mineral-bound Fe(II), we added 20 μM 4-COCH3-NB to mineral 
suspensions containing toluene at the start of microbial Fe(III) reduction from an 
aqueous stock solution to prevent possible toxic effects from methanol. No 
significant increase of Fe(II) was measured in 500 hours (Figure SI2-7, 
Supporting Information). A slight decrease of the 4-COCH3-NB concentration 
was observed that was identical to that found in blank experiments without 
bacteria. Therefore, 4-COCH3-NB seems to be toxic for G. metallireducens at 
concentrations ≥20µM and we can exclude any microbial reduction of the NAC 
in our experimental system. Note that smaller initial 4-COCH3-NB concentra-
tions cannot be evaluated with this setup since kNAC could not be determined 
with reasonable precision and since contributions of background reactivity 
might compromise the identification of NAC reduction by mineral-bound Fe(II) 
species. 

2.4 Environmental Significance 

This study shows that the iron-mediated coupling of microbial BTEX oxidation 
and abiotic reduction of contaminants such as NACs or chlorinated hydro-
carbons can occur under anoxic conditions. Owing to the large abundance of 
iron in freshwater environments, this coupled transformation process might 
drive natural contaminant attenuation at sites polluted with different compound 
classes if natural organic material concentrations are low. To this end, the 
identities of the predominant iron phases can play an important role. If 
bioavailable, amorphous Fe(III) minerals are absent, the extent of microbial 
toluene oxidation and concomitant Fe(II) formation will be limited. In contrast, 
the presence of crystalline iron phases will be essential for the reduction of 
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organic contaminants by mineral-bound Fe(II), albeit further studies are needed 
on the reactivity of Fe(II) bound to thermodynamically more stable, amorphous 
iron oxides such as ferrihydrite with structural impurities. We hypothesize that 
soils and sediments containing a variety of different Fe(III) mineral phases 
might be the most promising environments for the occurrence of such a coupled 
process. However, since an extensive set of reference experiments including 
various mass- and electron balances were necessary to infer the coupling of 
microbial BTEX oxidation and abiotic NAC reduction in a laboratory model 
system, an identification of these reactions in the field might be even more 
difficult. As a possible contribution to this issue, we propose the use of 
compound-specific isotope analysis for the identification and quantification of 
the iron-mediated coupling of microbial oxidation and abiotic reduction of 
organic groundwater contaminants in a companion paper (see Chapter 3). 
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SI2-1 Chemicals 

Methanol used for the preparation of stock solutions came from Scharlau S.A.. 
4-aminoacetophenone (4-COCH3-An, >98%), 4-chloronitrobenzene (4-Cl-NB, 
>98%), 4-chloroaniline (4-Cl-An, >99%) were purchased from Fluka and 4-
nitroacetophenone (4-COCH3-NB, >98%) from Merck. 

SI2-2 Freshwater Medium Composition 

Table SI2-1: Composition of the freshwater medium used for the cultivation of G. metalli-
reducens. 

 Concentration 
Gas mixture 
N2 100% 
Buffer 
PIPES 1.0·10-2 M or 3.0·10-2 
Basal Mineral Salts 
KH2PO4 0.5·10-3 M 
NH4Cl 5.6·10-3 M 
MgSO4·7H2O 1.0·10-4 M 
MgCl2·6H2O 2.0·10-3 M 
CaCl2·2H2O 6.8·10-4 M 
NaCl 6.0·10-3 M 
Trace Mineral Salts 
HCl 9.6·10-5 M 
FeSO4·7H2O 7.6·10-6 M 
H3BO3 4.8·10-7 M 
MnCl2·4H2O 5.0·10-7 M 
CoCl2·6H2O 8.0·10-7 M 
NiCl2·6H2O 1.0·10-7 M 
CuSO4·5H2O 1.2·10-8 M 
ZnSO4·7H2O 5.0·10-7 M 
Na2MoO4·2H2O 1.5·10-7 M 
Selenite-Tungstate Components
NaOH 1.0·10-5 M 
Na2SeO3·5H2O 2.3·10-8 M 
Na2WO4·2H2O 2.4·10-8 M 
Vitamin Components
Vitamin B12 3.7·10-8 M 
p-Aminobenzoic acid (Vitamin H’) 3.6·10-7 M 
D(+)-Biotin (Vitamin H) 4.1·10-8 M 
Niacin 8.1·10-7 M 
Ca-D(+)-pantothenate 5.2·10-8 M 
Pyridoxamine Dihydrochloride 9.6·10-7 M 
Thiamine hydrochloride (Vitamin B1) 1.5·10-7 M 
Reducing Agent 
Cysteine 1.0 10-3 M 
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SI2-3 Pre-Cultures of G. metallireducens 

 

Figure SI2-1: Concentration-time courses of biogenic Fe(II) (Fe(II)bio), dissolved Fe(II) and 
toluene in pre-cultures of G. metallireducens with 0.5 mM toluene as electron donor and 10 mM 
bFe mineral as electron acceptor at 30°C. Pre-cultures were transferred to experimental cultures 
after 5 days. Error bars represent one standard deviations for triplicate assays.  

 

Figure SI2-2: Concentration-time courses of biogenic Fe(II) (Fe(II)bio), dissolved Fe(II) and 
toluene in pre-cultures of G. metallireducens with approximately 2 mM acetate as electron donor 
and 10 mM bFe mineral as electron acceptor at 30°C. Pre-cultures were transferred to experimental 
cultures after 4 days. Error bars represent one standard deviation for duplicate assays. 
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SI2-4 Coupled Experiments 

Coupled experiments were set up in 25 mL sterile serum bottles, to which 
defined amounts of lepidocrocite and 20 mL freshwater medium were added. 
The headspace was purged with N2 and serum bottles were sealed with butyl 
rubber (for acetate cultures) or Viton® stoppers (for toluene cultures). Acetate 
(0.5-5 mM) or toluene (0.2-1 mM) as electron donor, the reducing agent cysteine 
and bFe mineral were added from sterile, anoxic stock solutions or from the pure 
liquid (toluene). Cultures were then inoculated with Fe(III)-reducing pre-
cultures of G. metallireducens (2.5 vol% for acetate cultures, 4 vol% for toluene 
cultures). Control assays without bacteria were always carried out, injecting the 
same volume of sterile, deoxygenated Millipore water instead of bacteria. 
Assays with and without bacteria were performed at least in duplicates. Cultures 
were incubated at 30°C in the dark and briefly agitated every day. Samples for 
determination of total Fe(II), dissolved Fe(II), acetate, or toluene concentrations 
were withdrawn at regular intervals using sterile, N2-flushed syringes and 
needles, injecting the same volume of N2 in exchange. Acetate samples (500 μl) 
were directly filtrated (0.2 μm Nylon filter) into HPLC-vials, diluted with 
Millipore water, if necessary, and acidified as described below for NAC and 
aniline samples. Toluene samples were either treated in the same way as 
described for acetate or extracted with hexane for GC/MS analysis. When 
bacteria had generated defined dissolved Fe(II) concentrations or reached 
stationary phase, serum bottles were put on a roller apparatus overnight for 
equilibration (20 rpm at room temperature). In the morning, samples for the 
determination of total Fe(II), dissolved Fe(II) and acetate or toluene were 
withdrawn. Subsequently, cultures were transferred to the glovebox, pH was 
determined and butyl rubber stoppers of acetate cultures were substituted by 
Viton® stoppers. Then, serum bottles were crimped with aluminum caps and 
taken out of the glovebox. Kinetic experiments with 4-COCH3-NB and 4-Cl-NB 
were initiated by the addition of 50 μl of an anoxic methanolic stock solution 
with a gastight glass-syringe. Initial concentrations were typically 20 or 50 μM. 
500 μl samples were withdrawn with argon-flushed gastight glass-syringes, 
injecting the same volume of argon in exchange. Samples were immediately 
filtrated (0.2 μm regenerated cellulose filter) into HPLC-vials to stop the 
reaction, acidified with 10 μl 0.3 M HCl (for 10 mM PIPES buffer) or 1 M HCl 
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(for 30 mM PIPES buffer) and stored at 4°C until HPLC analysis. During the 
experiment, serum bottles were rotated at room temperature (23°C) on the roller 
apparatus. NAC reduction kinetics strictly followed pseudo-first order behavior 
and reduction rate constants, kNAC, were evaluated accordingly (see Kinetic 
considerations below).  

Note that coupled experiments with lepidocrocite or bFe mineral/lepidocrocite 
were sometimes spiked in the late exponential growth phase. In principle, 
microorganisms in these assays could still have reduced the remaining Fe(III) 
containing minerals with residual toluene or acetate. However, NAC reduction 
occurred much faster than microbial iron reduction and no influence on kNAC 
was observed. In suspensions containing bFe mineral alone, NAC was always 
spiked in the stationary phase. Even though the reduction of 20 μM to 1 μM 
NAC took over 1 month in these assays, we did not observe deviations from 
pseudo-first order behavior of NAC reduction owing to ongoing microbial 
Fe(III) reduction. Note that methanol from NAC spike solutions cannot be used 
as electron donor by G. metallireducens (1).  

To test the reactivity of bacterial exudates, assays were set up as described 
above and grown to stationary phase. Subsequently, the cultures were 
transferred into the glovebox and filtrated (0.2 μm regenerated cellulose) into 
new serum bottles. pH and dissolved Fe(II) were measured, before the bottles 
were sealed with Viton® stoppers, taken out of the glovebox and spiked with 
NAC as described above. 

SI2-5 Abiotic Reference Experiments 

These experiments were set up in 25 ml serum bottles in the glovebox (100% 
N2). Defined amounts of lepidocrocite were suspended in 20 mL of the 
deoxygenated freshwater medium described above. Predetermined amounts of 
Fe(II) were added from an FeCl2-stock solution, which was prepared according 
to (2). The pH was adjusted with 0.1 M deoxygenated HCl or 0.1 M 
deoxygenated NaOH solutions. Serum bottles were sealed with Viton® stoppers 
and assays were equilibrated on the roller apparatus outside the glovebox for at 
least 24 hours. If necessary, the pH and the dissolved Fe(II) concentration were 
readjusted until the desired conditions were achieved. Addition of NACs, 
sampling of the following kinetic experiment and the subsequent data evaluation 
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were carried out in exactly the same way as described for the coupled 
experiments. Assays were set up in duplicates or triplicates.  

Cysteine and Fe(II) precipitation control experiments were prepared and 
carried out in the same way as described above with the following adjustments: 
No Fe(II) and lepidocrocite were added to cysteine control experiments and no 
cysteine and lepidocrocite were added to Fe(II) precipitation assays. Using the 
above-mentioned setup, no reference experiments with bFe mineral as sorbent 
for Fe(II) could be conducted, since rapid phase transformations occurred upon 
manual addition of Fe(II). Phase transformations of bFe mineral in assays with 
microbially generated Fe(II) were also observed, but occurred slower. A 
comparison between the two assays for identical total Fe(II) concentrations 
showed a different ratio between dissolved and sorbed Fe(II), indicating that 
phase transformations in abiotic and biotic experiments were not comparable. 
Nevertheless, coupled experiments with bFe mineral were conducted and 
showed negligible reactivity. 
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SI2-6 Kinetic Considerations 

Reduction of 4-COCH3-NB seemed to follow a pseudo-first order kinetic law in 
all kinetic experiments (Figure SI2-3). This is consistent with the chosen condi-
tions, where Fe(II) was always in excess allowing for the replenishment of 
mineral-bound Fe(II) species by dissolved Fe(II). An apparent pseudo-first order 
rate constant, kNAC, was thus calculated, using the following equation, 

 t
NAC

0

cln k t b
c

⎛ ⎞
= − ⋅ +⎜ ⎟

⎝ ⎠
 (1) 

where ct and c0 represent the NAC concentration at times t and zero, respectively 
and b is the intercept of the linear regression. 

 

Figure SI2-3: Kinetic data evaluation. (a) Reduction of 4-COCH3-NB to 4-COCH3-An by mineral-
bound Fe(II) species in assays with 22.4 mM lepidocrocite, 3.1 mM dissolved Fe(II) at pH 6.8. (b) 
Linearization of the kinetic data according to eq. (1). 

SI2-7 Analytical Methods 

Acetate, toluene, NACs and their corresponding anilines were analyzed on a 
Supelcosil LC-18 column (25 cm × 4.6 mm, 5 μm spheres, 20 mm Supelcoguard 
C-18 guard column) using standard, reversed-phase HPLC (Gynkotek; pump 
M480, diode array UV/vis detector 340 S, GINA 50 autosampler, data system 
Chromeleon 6.0). All measurements were carried out at a flow rate of 1 ml min-1. 
Samples were quantified with external standards. For acetate analysis, the 
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mobile phase consisted of 95% 25 mM KH2PO4 buffer at pH 2.5 and 5% 
methanol. The injected volume was 100 μl and acetate was quantified at a 
wavelength of 202 nm. Toluene was analyzed at a wavelength of 205 nm with a 
mixture of 30% Millipore water and 70% methanol. The injected volume was 50 
μl. For determination of NACs and the corresponding anilines, mixtures of 5 
mM KH2PO4 buffer at pH 7.0 and methanol were applied (4-COCH3-NB/4-
COCH3-An: 55% buffer/45 % methanol (v:v); 4-Cl-NB/4-Cl-An: 45% 
buffer/55% methanol (v:v)). The injected volume was 30 μl and detection was 
carried out at the respective absorption maximum: 266 nm for 4-COCH3-NB, 
315 nm for 4-COCH3-An, 276 nm for 4-Cl-NB and 238 nm for 4-Cl-An.  

In addition to HPLC analysis, toluene was also measured by gas 
chromatography (Trace GC, Thermo Electron) coupled to a mass spectrometric 
detector (Trace DSQ, Thermo Electron). The GC was equipped with a 
CombiPAL autosampler (CTC), a cold on-column injector, a deactivated 
precolumn (0.5 m × 0.53 mm) and a Restek RTX-VMS capillary column (60 m 
× 0.32 mm, 1.8 μm film thickness). Helium at a constant pressure of 100 kPa 
was used as carrier gas. The temperature program to obtain baseline separation 
of the analytes was as follows: 1 min at 40°C, then with 10°C/min to 140°C, 
then with 40°C/min to 200°C and 5 min at 200°C. Detection and quantification 
were performed in the electron impact positive ion mode and selected ion 
monitoring (SIM). 0.1 mL non filtrated sample was extracted with 0.4 mL 
hexane containing ethylbenzene as internal standard by vigorous shaking (30 s). 
Quantification was achieved by a seven point calibration with external 
standards. 

SI2-8 Anaerobic Microbial Toluene Oxidation 

Figure SI2-4 illustrates all blank experiments for microbial toluene oxidation 
with four different Fe(III) phases (a-d) and a mixture of two of them (e). In all 
blank experiments, a decrease of toluene was observed. This is most likely due 
to headspace partitioning and sorption into Viton® stoppers. The slight increase 
of biogenic Fe(II) concentrations might result from Fe(III) reduction by cysteine 
(3), which was used as reducing agent in the freshwater medium. 
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Figure SI2-4: Concentration-time courses of biogenic Fe(II) (Fe(II)bio) and toluene in blank 
experiments of microbial toluene oxidation with different Fe(III) phases as electron acceptor. 
Error bars represent one standard deviation for duplicate or triplicate assays. (a) Fe(III) citrate (c0=30 
mM). (b) bFe mineral (c0=30 mM Fe(III)). (c) Ferrihydrite (c0=30 mM). (d) Lepidocrocite (c0=24.5 
mM). (e) bFe mineral (c0=3.7 mM Fe(III))/lepidocrocite (c0=24.5 mM). 
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SI2-9 Influence of Freshwater Medium on the Reduction of NAC 

Most previous studies on contaminant reduction by mineral-bound Fe(II) species 
have been carried out in well-defined aqueous suspensions usually containing 
only pH buffers and inorganic salts to adjust the ionic strength. The influence of 
the freshwater medium, which is essential for growth of G. metallireducens, and 
of single components thereof on NAC reduction rates, kNAC, had to be quantified 
in order to assess the reactivity of microbially generated Fe(II). To this end, we 
investigated the influence of the used freshwater medium and some of its 
selected components such as phosphate and cysteine on kNAC as well as the 
reactivity of Fe(II) containing precipitates in this complex reaction matrix. 

 

Figure SI2-5: Evaluation of 4-chloronitrobenzene reduction (50 μM) in the presence of 1.6 g/L 
lepidocrocite and 2 mM total Fe(II) in 10 mM PIPES buffer at pH 7.0 with and without addition 
of 4.4 mM phosphate according to eq. (1). 

In preliminary experiments containing 1.6 g/L lepidocrocite and 2.0 mM 
Fe(II) in freshwater medium with 4.4 mM phosphate (pH 7.0) no transformation 
of 50 μM 4-chloronitrobenzene (4-Cl-NB) was observed. In contrast, the half 
life of the same NAC in 10 mM PIPES buffer without medium components 
based on the observed pseudo-first order reduction kinetic was 20 minutes (see 
Figure SI2-5). Since phosphate is known to specifically sorb on Fe(III) oxides 
(4), we tested, if this component of the freshwater medium is responsible for the 
loss in reactivity. No NAC reduction was observed during 30 hours in 10 mM 
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PIPES buffer (pH 7.0) with 4.4 mM phosphate and 2.0 mM total Fe(II), 
indicating that phosphate inhibits the formation of reactive, mineral-bound 
Fe(II) species. Since phosphate is essential for microbial growth and could not 
be excluded from the freshwater medium, its concentration was fixed at 0.5 mM 
for all further experiments allowing for microbial activity as well as for NAC 
reduction. 

Upon the addition of dissolved Fe(II) to freshwater medium we observed the 
formation of a white precipitate, which did not occur in the absence of 
phosphate. In freshwater medium at pH 6.8 and 7.5, we added Fe(II) until a 
dissolved Fe(II) concentration of 1 mM was achieved and observed that 0.53 and 
0.61 mM Fe(II), respectively, were present in the solid phase. These numbers 
correspond well to the theoretical value of 0.75 mM that should be found, if all 
available phosphate (0.5 mM) precipitates as vivianite (Fe3(PO4)2·8H2O). In 
suspensions of this precipitate, kNAC of 4-COCH3-NB reduction (data not shown) 
were 1000fold lower than in assays containing freshwater medium, 22 mM 
lepidocrocite, and 1 mM of dissolved Fe(II) indicating that Fe(II) species of the 
vivianite-like precipitate are irrelevant in the presence of Fe(II) bound to 
lepidocrocite. 

Cysteine present as reducing agent in the freshwater medium was ruled out as 
a potential reductant of NACs in our systems. Experiments containing only 
freshwater medium (pH 7.0) and 1 mM cysteine showed that only 7 to 14 % of 
the initial 4-COCH3-NB concentration was reduced in 450 hours corresponding 
to a half-life of >90 days. Furthermore, since Fe(II)-organic ligand complexes 
with cysteine can potentially reduce contaminants (5, 6), we examined the 
contribution of Fe(II)-cysteine complexes to the overall reactivity. Reduction 
rate constants of 20 μM 4-COCH3-NB in assays containing 2 g/L lepidocrocite 
in equilibrium with 1 mM dissolved Fe(II) at pH 7.0 in freshwater medium with 
(kNAC=(3.1±0.2)·10-1h-1) and without cysteine (kNAC=(4.8±0.5)·10-1h-1) did not 
reveal any contributions of Fe(II)-cysteine complexes. 

SI2-10 Direct Involvement of G. metallireducens in the Reduction of NAC 

Exudates of G. metallireducens were tested as potential reductants of 4-COCH3-
NB (see Figure SI2-6). The observed decrease was significantly slower than in 
the presence of mineral-bound Fe(II) species on lepidocrocite (compare with 



42 Supporting Information 

 

Figure SI2-3) demonstrating that bacterial exudates do not play an important 
role in this experimental system. 

 

Figure SI2-6: Reduction of 4-COCH3-NB and formation of 4-COCH3-An by dissolved species of 
the freshwater medium and potential bacterial exudates. (a) 0.2 μm filtrated assay of a bFe 
mineral/lepidocrocite grown culture in freshwater medium with 1.23 mM dissolved Fe(II) at pH 7.0. 
(b) 0.2 μm filtrated assay of a bFe mineral grown culture in freshwater medium with 1.12 mM 
dissolved Fe(II) at pH 6.95. 

Figure SI2-7 illustrates results from coupled experiments, to which 4-COCH3-
NB was added at the start of the experiment. A slight increase of Fe(II) was 
observed for both, inoculated as well as blank experiments, most likely due to 
reduction of Fe(III) by cysteine (3). The measured decrease of toluene was 
nearly the same in inoculated and blank reactors and may be because of sorption 
as well as headspace partitioning. The reduction of NAC and formation of the 
corresponding aniline in inoculated experiments was slightly faster owing to the 
somewhat higher concentration of total Fe(II) in assays with bacteria, which 
stems from the inoculum. Altogether, the measured decrease of 4-COCH3-NB 
seems to be due to abiotic rather than biotic reactions. Since G. metallireducens 
grew normally in parallel assays, which were identical to the ones represented 
by Figure SI2-7a except for the omission of 4-COCH3-NB, this NAC seems to 
be toxic for the microorganisms at the chosen concentration. 
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Figure SI2-7: Reduction of 4-COCH3-NB (18 μM) in simultaneously coupled experiments with 
bFe mineral (3.7 mM Fe(III))/lepidocrocite (22.5 mM) and toluene. Shown are mean value and 
standard deviation for two replicates. (a) Inoculated with 4 vol% from a Fe(III)-reducing pre-culture. 
(b) Blank experiments with 4 vol% sterile Millipore water. 

We also investigated the reduction of 20 μM 4-COCH3-NB in freshwater 
medium (pH 7.0) with G. metallireducens (2.5 vol% inoculum) in the absence of 
Fe(III) oxides with acetate as microbial electron donor. The derived kNAC did not 
exceed 0.003 h-1. It represents the sum of all possible background reactions, 
namely bacteria, their exudates, vivianite-like precipitates and cysteine. These 
different contributions to overall activity therefore determine a background 
reactivity for NAC reduction in our experimental system, which is more than 
two orders of magnitude lower than for the reaction with Fe(II) bound to 
lepidocrocite.  
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Abstract 

We evaluated compound-specific isotope analysis (CSIA) as a tool to assess the 
coupling of microbial toluene oxidation by Fe(III)-reducing bacteria and abiotic 
reduction of nitroaromatic contaminants by biogenic, mineral-bound Fe(II) 
species. Examination of the two processes in isolated systems revealed a 
reproducible carbon isotope fractionation for toluene oxidation by Geobacter 
metallireducens with a solid Fe(III) phase as terminal electron acceptor. We 
found a carbon isotope enrichment factor, εC, of -1.0±0.1‰, which corresponds 
to an apparent kinetic isotope effect (AKIEC) of 1.0073±0.0009 for the oxidative 
cleavage of a C-H bond. Nitrogen isotope fractionation of the reduction of 
nitroaromatic compounds (NACs) by mineral-bound Fe(II) species yielded a 
nitrogen isotope enrichment factor, εN, of -39.7±3.4‰ for the reduction of an 
aromatic NO2-group (AKIEN=1.0413±0.0037) that was constant for variable 
experimental conditions. Finally, AKIEs for C and N observed in coupled 
experiments, where reactive Fe(II) was generated through microbial activity, 
were identical to those obtained in the reference experiments. This study 
provides new evidence on isotope fractionation behavior during contaminant 
transformation and promotes the use of CSIA for the elucidation of complex 
contaminant transformation pathways in the environment. 
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3.1 Introduction 

In anoxic environments, the biogeochemical cycling of iron can be coupled to 
the microbial and abiotic transformation of important organic soil- and 
groundwater contaminants. On the one hand, fuel constituents such as BTEX 
compounds can be oxidized by dissimilatory Fe(III)-reducing bacteria (1-4). On 
the other hand, after Fe(II) re-adsorption to iron bearing minerals, microbially 
generated Fe(II) species can catalyze the reduction of various classes of 
contaminants including chlorinated solvents, nitroaromatic explosives and 
pesticides, or azo dyes, which are persistent under oxic conditions (5-8). Hence, 
dissimilatory Fe(III) reduction can mediate the concurrent oxidation and 
reduction of very different contaminant classes, allowing for the natural 
remediation of sites with multiple contaminations. In Chapter 2, we showed that 
toluene oxidation by Geobacter metallireducens in the presence of a bioavail-
able Fe(III) mineral can generate reactive, mineral-bound Fe(II) species, which 
are able to reduce nitroaromatic probe compounds to the corresponding 
substituted anilines (Scheme 1). 

Scheme 1: 

 
The rates of both processes, however, depend strongly on the Fe(III) minerals 

present, which serve both as terminal electron acceptor for microbial toluene 
oxidation and as sorbent for biogenic Fe(II) species. Our results indicate that 
bioavailable Fe(III) minerals are not necessarily those bearing reactive Fe(II) 
species for contaminant reduction (see Chapter 2). Therefore, the occurrence of 
coupled, iron-mediated microbial oxidation and abiotic reduction of pollutants 
cannot be identified solely by characterization of the predominant iron species 
and minerals in a contaminated environment. Furthermore, the disappearance of 
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toluene or of reducible contaminants such as nitroaromatic compounds (NACs) 
is not indicative of their oxidative or reductive transformation, respectively, 
since other processes including dilution, volatilization and/or sorption to the 
organic and inorganic matrix components of subsurface environments may also 
lead to a concentration decrease in the field. In addition, the heterogeneity of 
subsurface environments in combination with a limited number of sampling sites 
often impairs establishing mass- and electron balances for the transformation 
processes. In the case of iron-mediated coupling of microbial toluene oxidation 
and abiotic NAC reduction, the quantification via mass- and electron balances is 
further complicated by the stoichiometry of microbial toluene oxidation with 
Fe(III) as terminal electron acceptor, since even small amounts of toluene can 
lead to a large amount of potentially reactive Fe(II) species (eq. (1)). 

 + - 2+
7 8 3 3 2C H +36Fe(OH) +65H 7HCO +36Fe +87H O→  (1) 

Hence, alternative approaches are necessary for the identification of such 
processes in the environment. 

In recent studies, compound-specific isotope analysis (CSIA) has been 
applied successfully to distinguish between (bio)chemical and physical 
processes in complex environments (9-11), and to quantify the extent of 
contaminant transformation (11, 12). CSIA allows for the analysis of bulk stable 
isotope signatures, δhE, of a given element E in an individual compound (eq. 
(2)), 
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where hE and lE represent the relative abundance of heavy and light isotopes, 
respectively, in the sample and in reference material. During the course of a 
reaction, in which the bond involving the isotopic element is broken, the parent 
compound is usually enriched in heavy isotopes and thus its isotopic signature 
becomes more positive. This isotopic fractionation is the consequence of a 
kinetic isotope effect (KIEE), that is, the molecule carrying the light isotope 
reacts faster than the one carrying the heavy isotope (lk>hk, eq. (3)), 
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where lk and hk are the rate constants of the isotopic elementary reactions of 
light and heavy isotopologues of element E. If isotope fractionation is 
independent of the concentration of the compound, eq. (4) can be applied to 
derive a bulk isotopic enrichment factor of element E, εE, 
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E 1000 1000
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where δhE and δhE0 are the isotope signatures of the compound for the element E 
at times t and zero, respectively, and f is the fraction of unreacted substrate. 
Isotopic enrichment factors relate the fractional amount of contaminant 
transformation, F, which equals 1-f, with observable isotope signatures. 
Therefore, eq. (5) can be applied for the quantitative assessment of contaminant 
reactions in complex environments (11, 12). 
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However, εE-values determined by eq. (4) represent bulk isotopic enrichment 
factors since they refer to the isotopic composition of entire molecules. To 
investigate the reaction mechanism of a given transformation, bulk εE-values 
need to be converted into bond-specific apparent kinetic isotope effects of 
element E, AKIEE, which account for effects of isotopic dilution and intra-
molecular isotopic competition in a correction factor λ (eq. (6), (13)). 
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Whereas KIEE represents the intrinsic kinetic isotope effect of a specific reaction 
mechanism, AKIEE refers to the observable isotope effect under the chosen 
experimental conditions and includes potential masking effects of non-
fractionating steps preceding the actual bond cleavage.  

A characterization of the coupled transformation of toluene and NAC 
(Scheme 1), based on the isotopie enrichment behavior of the involved 
contaminants has not been attempted yet. Previous studies have investigated 
isotope fractionation either during microbial toluene oxidation by dissimilatory 
Fe(III)-reducing bacteria, or during abiotic NAC transformation by different 
reductants. Carbon and hydrogen AKIEs of 1.0127±0.0021 and 2.55±0.19, 
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respectively, have been reported for toluene oxidation by G. metallireducens 
with Fe(III) citrate as electron acceptor (13-16). These values correspond to a 
significant C and H isotope fractionation associated with hydrogen abstraction 
from the methyl group of toluene as proposed for the anaerobic oxidation of 
toluene (17-19). However, no such data is available for toluene oxidation 
associated with the microbial reduction of solid Fe(III) phases, which are the 
predominant electron acceptors for dissimilatory Fe(III) reduction in subsurface 
environments due to the low solubility of Fe(III) under circum-neutral pH 
conditions (20). Even though the enzymatic reaction mechanism of anaerobic, 
microbial toluene oxidation should not be different in the presence of a solid 
electron acceptor, AKIEs might vary owing to different kinetic limitations of 
Fe(III)-reducing bacteria in the presence of a solid vs. a dissolved terminal 
electron acceptor. Similarly, isotope fractionation of reductive NAC trans-
formation has been studied only for a few compounds under selected 
experimental conditions. In earlier work, very robust and nearly identical 
AKIENs for the reduction of aromatic NO2-groups to the corresponding aromatic 
amines of 1.031±0.003 were found with goethite-bound Fe(II) or hydro-
quinone/H2S as reductant (21).  

The main goal of this study was to evaluate the potential of CSIA for the 
qualitative and quantitative assessment of the iron-mediated coupled 
contaminant transformation. The specific objectives were (i) to provide εC-
values for microbial toluene oxidation with a solid Fe(III) phase as terminal 
electron acceptor, (ii) to determine εN-values for NAC reduction by biogenic, 
mineral-bound Fe(II) species, and (iii) to evaluate the variability of AKIEEs for 
both contaminant reactions under different experimental conditions. First, we 
investigated the carbon isotope fractionation of anaerobic, microbial toluene 
oxidation and nitrogen isotope fractionation during abiotic NAC reduction by 
mineral-bound Fe(II) species in isolated experiments. To this end, experiments 
with G. metallireducens were set up with toluene as electron donor and varying 
concentrations of an amorphous Fe(III) mineral as electron acceptor. Abiotic 
NAC reduction experiments were carried out with 3-chloronitrobenzene (3-Cl-
NB) as model contaminant for nitroaromatic pollutants with goethite as sorbent 
for different total Fe(II) concentrations between pH 6.8 and 7.5. Finally, AKIEEs 
from reference experiments were compared to those from a coupled experiment 
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with toluene as electron donor, an amorphous, bioavailable Fe(III) mineral as 
microbial electron acceptor, goethite as sorbent for biogenic Fe(II) and 3-Cl-NB 
as final electron acceptor.  

3.2 Experimental Section 

3.2.1 Chemicals and Minerals 

Chemicals used in this study are listed in the Supporting Information. 
Amorphous, biogenic Fe(III) mineral (bFe mineral), was generated by a litho-
trophic, nitrate-reducing enrichment culture as described by (22, 23) and in 
Chapter 2. Note that suspensions of this mineral contain structural or mineral-
bound Fe(II) (between 5 to 15% of total iron) and phosphate (0.25 to 0.40 mol 
P/mol Fe), as microbial Fe(II) oxidation by this mixed culture is never complete 
and takes place in freshwater medium containing 4.4 mM phosphate. Goethite 
(Bayferrox 910) was used without further treatment to prevent phase trans-
formations. 

3.2.2 Microorganisms and Culture Conditions 

Geobacter metallireducens was cultivated in freshwater medium, according to 
(24) with the following modifications: 30 mM PIPES buffer (pH 6.8 - 6.9), 
0.068 g/L KH2PO4, and 0.35 g/L NaCl (Table SI3-2, Supporting Information). 
Cysteine was supplied as reducing agent (1 mM). Cultures were incubated at 
30°C in the dark and briefly agitated every day. As electron donor, pure toluene 
liquid was added by microsyringe and as electron acceptor, bFe mineral from an 
anoxic, sterile stock solution. Pre-cultures were grown on 10 mM bFe mineral 
and 0.5 mM toluene with 5 vol% inoculum to late exponential phase before 
transfer (Figure SI3-1, Supporting Information). 

3.2.3 Anaerobic Microbial Toluene Oxidation 

Experiments were set up in an anoxic glovebox (100% N2) in 120 mL serum 
bottles, to which deoxygenated freshwater medium without vitamins, trace 
elements and selenite-tungstate components was added. Pure toluene liquid was 
added to yield an initial concentration of approximately 500 μM. Subsequently, 
serum bottles were sealed with Viton® stoppers and crimp caps. Batch reactors 
were taken out of the glovebox and autoclaved. After cooling to room 
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temperature, vitamins, trace elements, selenite-tungstate components, cysteine 
and bFe mineral were added from anoxic, sterile stock solutions using N2-
flushed, sterile syringes. Finally, an inoculum of 5 vol% was added from a late-
exponential pre-culture. Total solution volume of the reactors was 80 mL. 
Cultures were incubated at 30°C in the dark and briefly agitated every day and 
before sampling. Samples for total Fe(II), toluene concentration and toluene 
δ13C were withdrawn using N2-flushed, sterile syringes. 

3.2.4 Abiotic NAC Reduction by Mineral-Bound Fe(II) 

Experiments were set up in a glovebox in 250 mL serum bottles containing 6 
g/L goethite in 200 mL deoxygenated freshwater medium and defined amounts 
of Fe(II) from an anoxic FeCl2-stock solution prepared according to (25). The 
pH was adjusted to 6.8, 7.0 or 7.5 using anoxic 1 M HCl or 1 M NaOH. 
Reactors were sealed as described above and equilibrated on a rotating shaker 
(35 rpm) outside the glovebox at room temperature for 24 hours. Before the start 
of a kinetic experiment, systems were sampled for dissolved Fe(II). Kinetic 
experiments took place outside of the glovebox at room temperature (25±1.5°C) 
and were initiated by the addition of 500 μL of an anoxic, methanolic stock 
solution of 3-Cl-NB corresponding to an initial NAC concentration of 150 μM. 
10 mL samples were withdrawn with Ar-flushed, gastight syringes, replacing the 
withdrawn solution volume with Ar gas. The reaction was stopped by 0.2 μm 
filtration (regenerated cellulose) into 8 mL vials. All samples were acidified to 
stabilize Fe(II) with the exception of isotopic composition measurements of 3-
chloroaniline (3-Cl-An). 320 μL were set aside for HPLC measurements, the 
remaining solution was stored at 4°C until isotopic analysis. Rates of NAC 
reduction by mineral-bound Fe(II) species were calculated assuming pseudo-
first order kinetics. 

3.2.5 Coupling Toluene Oxidation and NAC Reduction 

Anoxic freshwater medium (187 mL) was dispensed using the techniques 
described by (26) into 250 mL sterile serum bottles, which contained 6 g/L 
goethite. The headspace was flushed with N2, before the assays were sealed with 
Viton® stoppers, crimped and shaken for 1 minute to suspend goethite. Sub-
sequently, 1 mM cysteine and 8 mM Fe(III) containing bFe mineral suspension 
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were added using N2-flushed, sterile syringes, followed by addition of 5.5 μL 
pure toluene liquid (initial concentration: 0.25 mM) and 5 vol% inoculum from 
a late-exponential pre-culture (final solution volume 200 mL). Incubation and 
sampling during microbial toluene oxidation by G. metallireducens was con-
ducted as described above. After bacterial activity reached the stationary phase, 
serum bottles were equilibrated on the rotating shaker (35 rpm) overnight. 
Samples for dissolved and total Fe(II) were withdrawn before transfer of the 
reactors into the glovebox for pH measurement. Kinetic experiments with 3-Cl-
NB were performed and evaluated as described above. 

3.2.6 Analytical Methods 

Fe(II) was determined by UV/vis spectrometry at 562 nm after complexation 
with Ferrozine (27). To measure total Fe(II), samples were extracted in 0.5 M 
HCl for 1 hour, followed by a 0.2 μm filtration (regenerated cellulose). Samples 
for dissolved Fe(II) were directly filtrated (0.2 μm Nylon filters) into 0.5 M HCl. 
Sorbed Fe(II), Fe(II)sorb, was estimated from the difference of total and dissolved 
Fe(II). Biogenic Fe(II), Fe(II)bio, was calculated by subtraction of the total Fe(II) 
concentration at the start of the experiment from the measured total Fe(II) 
concentration. Toluene and NAC concentrations were determined by GC/MS 
and HPLC, respectively (see Supporting Information). δ13C-values of toluene 
were measured by a GC coupled to an isotope ratio mass spectrometer 
(GC/IRMS) following an adapted method from (28) (see Supporting Infor-
mation). δ15N-values of NACs and substituted anilines were determined as 
described by (21, 29) and in the Supporting Information. 

3.2.7 Quantification of Isotopic Fractionation 

Determination of εE-values from δhE was obtained from linear regression of eq. 
(7) (30), 

 
( )

E

h
0h E

1000
0

E 1000
ln( E 1000) ln(c) ln

1000 cε

⎛ ⎞δ +ε ⎜ ⎟δ + = ⋅ +
⎜ ⎟
⎝ ⎠

 (7) 

where c and c0 are the substrate concentration at times t and zero, respectively. 
AKIECs for toluene oxidation were calculated with eq. (6) assuming λ=7 for 
non-reactive, aromatic C atoms (17-19) and using the Pitman estimator (30) for 
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combined evaluation of several replicates. AKIEN was obtained from εN-values 
with λ=1. Uncertainties of εE-values and AKIEEs represent ±1 standard devia-
tion. 

3.3 Results and Discussion 

3.3.1 Anaerobic Microbial Toluene Oxidation 

To assess toluene oxidation by Fe(III)-reducing microorganisms using 
compound-specific isotope analysis (CSIA), we determined carbon enrichment 
factors, εC, of toluene oxidation by G. metallireducens in suspensions of an 
amorphous, biogenic Fe(III) mineral (bFe mineral). Figure 1a illustrates the time 
courses of toluene and biogenic Fe(II) concentrations for an experiment with 
bFe mineral (20 mM Fe(III)) as electron acceptor. Microbial Fe(III) reduction 
reached the stationary growth phase in 120 hours. Even though 5 mM Fe(III) 
were still present at this stage of the experiment, toluene was not completely 
oxidized. Incomplete toluene consumption could have been due to phase 
transformations of bFe mineral to a less bioavailable Fe(III/II) mineral (2, 7, 8) 
as supported by the observed color change in suspensions from initial red-brown 
to a dark brown. According to the stoichiometry of toluene oxidation (eq. (1)), 
17.8±0.6 mM Fe(II) could have been generated in this experiment, (solid/dashed 
lines in Figure 1a). However, only 14.7 mM biogenic Fe(II) were measured, 
corresponding to 83% toluene oxidation for microbial respiration. We assume 
that the remaining 17% of toluene oxidation equivalents were used as carbon 
source by G. metallireducens, since no metabolites of toluene oxidation were 
found by GC/MS measurements. Note that in blank experiments without 
bacteria, we observed negligible toluene disappearance, most likely due to 
headspace partitioning and sorption into stoppers and very low Fe(II) generation 
due to abiotic Fe(III) reduction by cysteine (31) (Figure SI3-4, Supporting 
Information). 
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Figure 1: Dissimilatory Fe(III) reduction by G. metallireducens with 0.6 mM toluene as electron 
donor and 20 mM Fe(III) from bFe mineral as electron acceptor. (a) Concentration-time courses 
of biogenic Fe(II) (Fe(II)bio) and toluene. Error bars represent ±1 standard deviation (σ) of three repli-
cates. The solid and dashed lines show mean ±1σ, respectively, for stoichiometric formation of Fe(II) 
from toluene oxidation according to eq. (1). (b) 13C enrichment of toluene during microbial oxidation. 
Error bars represent ±1σ (n=3). (c) Linearized 13C enrichment for calculation of bulk εC according to 
eq. (7). 
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During microbial oxidation, δ13C of toluene increased from -23.6‰ to -20.7‰ 

when bacterial activity reached the stationary growth phase and remained 
constant thereafter (Figure 1b). Very similar δ13C-values measured at 120 and 
160 hours confirm that C isotope fractionation occurred only during microbial 
toluene transformation. Evaluation of 13C enrichment according to eq. (7) yiel-
ded a εC-value of -1.0±(<0.1)‰, which corresponds to an apparent carbon kine-
tic isotope effect (AKIEC) of 1.0071±0.0003. Blank experiments did not show 
13C enrichment (Figure SI3-4b, Supporting Information). To verify AKIEC for 
artifacts from limited toluene consumption, additional experiments with in-
creased electron acceptor to electron donor ratio (50 mM Fe(III) from bFe 
mineral) were performed under otherwise identical experimental conditions 
(Figure SI3-5, Supporting Information). In contrast to toluene oxidation in the 
presence of 20 mM Fe(III), we observed complete substrate oxidation. Never-
theless, εC (-1.0±0.1‰) and AKIEC (1.0074±0.0008) were identical within ex-
perimental error showing that 13C enrichment was insensitive to the extent of 
toluene oxidation. 

The average AKIEC-value of 1.0073±0.0009 for toluene oxidation by G. 
metallireducens is the first reported for this process in the presence of a solid 
Fe(III) phase and it is significantly below the AKIEC of 1.0127±0.0021 for 
toluene oxidation by G. metallireducens in solutions containing dissolved Fe(III) 
citrate (15). Since Fe(III) is not directly involved in the enzymatic oxidation of 
toluene, we assume that toluene oxidation proceeds via addition of toluene to 
fumarate (17-19) regardless of the Fe(III) phase present. However, Fe(III) 
mineral reduction by G. metallireducens requires direct contact of bacteria to 
mineral surfaces in contrast to homogenous solutions of dissolved Fe(III), where 
these bacteria are free-living (32, 33). Under the chosen experimental conditions 
in this study, mineral particles and attached bacteria settled at the bottom of the 
reactor and a toluene concentration gradient might have developed from the 
solution to the bacteria thus limiting the transfer of toluene to the cells. 
Therefore, limited toluene availability might have been responsible for an 
AKIEC that is smaller than the one measured in homogeneous solution and that 
is smaller than the intrinsic KIEC for C-H bond cleavage at the methyl group of 
toluene (for further discussion see Chapter 4). 
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3.3.2 Abiotic NAC Reduction by Mineral-Bound Fe(II) 

The investigation of coupled microbial toluene oxidation and abiotic NAC 
reduction by CSIA results in a series of experimental constraints for the 
evaluation of N isotope fractionation during NAC reduction owing to the 
stoichiometry of toluene oxidation by dissimilatory Fe(III)-reducing micro-
organisms (see eq. (1)). To obtain statistically reliable εC-values for toluene 
oxidation, δ13C has to be measured over at least two half-lives (i.e., with initial 
toluene concentration >0.25 mM). This corresponds to <9 mM Fe(II)-
equivalents given the high Fe(II) yields from toluene oxidation. Adsorption of 
such Fe(II) loadings to Fe(III) oxides requires high particle concentrations to 
obtain sorbed Fe(II) concentrations in the low millimolar range. However, high 
Fe(III) mineral concentrations are likely to promote particle aggregation and 
thus a diminished Fe(II) sorption capacity (34) (Figure SI3-6, Supporting 
Information). Hence, formation of secondary Fe(II) minerals due to high 
dissolved Fe(II) concentrations are likely. Since the reactivity of mineral-bound 
Fe(II) species with our experimental setup and thus N isotope fractionation 
during NAC reduction might deviate from that observed previously (21), we 
investigated the potential variability of the εN-values over a wide range of 
different total Fe(II) concentrations and pHs. 

NAC reduction experiments were carried out in suspensions containing 6 g/L 
goethite and 2.6-8.3 mM total Fe(II) in freshwater medium in the pH range of 
6.8-7.5. Figure 2a illustrates the kinetics of the complete reduction of 3-chloro-
nitrobenzene (3-Cl-NB) to 3-chloroaniline (3-Cl-An) in the presence of 6 g/L 
goethite and 3.2 mM total Fe(II). Identical reaction kinetics were found for all 
experimental conditions and pseudo-first order reaction rate constants, kNAC, are 
summarized in Table 1. Despite high Fe(II) loadings and potential secondary 
mineral formation, kNAC increased as a function of sorbed Fe(II), as well as pH 
(Figure SI3-7, Supporting Information). This dependence of kNAC on the sorbed 
Fe(II) concentration and on pH is consistent with NAC reduction in the same 
matrix at lower total Fe(II) concentrations (see Chapter 2) and with observations 
of pollutant reduction by mineral-bound Fe(II) species (34-37). 
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Figure 2: Kinetics and nitrogen isotope enrichment of 3-Cl-NB reduction by mineral-bound 
Fe(II) species in freshwater medium with 6 g/L goethite and 3.2 mM total Fe(II) at pH 7.0.  
(a) Concentration-time courses of 3-Cl-NB (initial concentration (c0) was 0.15 mM) and of 3-Cl-An 
and pseudo-first order reduction rate constant, kNAC ±1standard deviation (n=2). (b) 15N enrichment in 
3-Cl-NB during reduction by mineral-bound Fe(II) species. Also shown is the nitrogen isotope 
signature of 3-Cl-An at the end of the experiment. (c) Linearized 15N enrichment for calculation of 
bulk εN according to eq. (7). 
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Reduction of 3-Cl-NB by mineral-bound Fe(II) species led to a strong 15N 
enrichment (Figure 2b). The δ15N-value of 3-Cl-An at the end of the experiment 
was identical to the initial signature of 3-Cl-NB indicating complete isotopic 
mass balance. Table 1 lists εN-values of 3-Cl-NB reduction, which were between 
-37‰ and -42‰ corresponding to AKIENs of 1.038-1.043. Neither change of 
the total Fe(II) concentration nor change of pH lead to substantial variations of 
AKIEN. 
Table 1: Pseudo-first order reduction rate constants, kNAC, N isotope enrichment factors, εN, and 
apparent N kinetic isotope effects, AKIEN of NAC reduction by mineral-bound Fe(II) species in 
suspensions of goethite under varying experimental conditions. 

NAC Fe(II)tot [mM] pH kNAC [h-1]a εN [‰]a AKIEN
a 

3-Cl-NB 2.6 7.0 0.085 ± 0.002 -39.0 ± 1.0 1.0406 ± 0.0010
3-Cl-NB 3.2 7.0 0.146 ± 0.002 -40.6 ± 0.9 1.0423 ± 0.0010
3-Cl-NB 4.1 7.0 0.195 ± 0.025 -40.3 ± 2.0 1.0420 ± 0.0022
3-Cl-NB 6.2 7.0 0.337 ± 0.011 -36.6 ± 1.2 1.0380 ± 0.0013
3-Cl-NB 8.2 7.0 0.653 ± 0.083 -38.7 ± 1.3 1.0403 ± 0.0014
3-Cl-NB 3.2 6.8 0.045 ± 0.003 -41.6 ± 0.8 1.0434 ± 0.0009
3-Cl-NB 3.2 7.5 0.336 ± 0.004 -41.9 ± 1.1 1.0437 ± 0.0012
3-Cl-NBb 2.0 7.0 0.960 ± 0.108 -32.9 ± 0.7 1.0340 ± 0.0007
4-Cl-NBb 2.0 7.0 0.598 ± 0.028 -31.1 ± 1.0 1.0321 ± 0.0011

aUncertainties represent ±1 standard deviation. bExperiments were conducted in 10 mM MOPS buffer 
at pH 7.0 with 2.0 mM total Fe(II) and 1.5 g/L goethite in absence of freshwater medium components. 
Apart from the different experimental conditions, assays were prepared, initiated and quenched as 
described for 3-Cl-NB reduction experiments in the experimental section. 

AKIENs shown in Table 1 are significantly larger than those found previously 
(1.031±0.003, (21)) for a set of ortho/para substituted NACs in suspensions 
containing goethite and Fe(II) albeit at lower total Fe(II) concentrations. To test 
whether this difference of 0.01 AKIEN-units was due to the NACs meta 
substituent and/or to different experimental conditions (i.e., high sorbed Fe(II) 
concentrations) we conducted additional reference experiments with 3-Cl-NB 
and 4-Cl-NB in suspensions without freshwater medium components (pH 7.0, 
1.5 g/L goethite, 2 mM total Fe(II), (21)). As shown in Table 1 (bottom), the 
determined εN-values were -31.1±1.0‰ and -32.9±0.7‰, which correspond well 
with those reported previously. Thus, Cl-meta-substituion of the NAC did not 
cause the larger AKIEN-values observed in here. Instead, we speculate that 
interactions of the NACs with mineral-bound Fe(II) species generated at high 
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total Fe(II) concentrations in freshwater medium, increased N isotope 
fractionation. An elucidation of the mechanistic origins of AKIEN-variability is 
beyond the scope of this work. However, our data illustrates that under experi-
mental conditions favoring the coupled contaminant oxidation and reduction, 
constant εN-values for NAC reduction can be expected. 

3.3.3 Coupling Toluene Oxidation and NAC Reduction  

On the basis of the robust isotope fractionation behavior found for microbial 
toluene oxidation and abiotic 3-Cl-NB reduction in isolated experimental 
systems, we investigated the coupled, iron-mediated contaminant transformation 
in batch reactors containing suspensions of 8 mM Fe(III) from bFe mineral, 6 
g/L goethite, and 0.25 mM toluene. As the used goethite was hardly reduced by 
G. metallireducens with toluene as electron donor during 500 h (Figure SI3-8, 
Supporting Information), bFe mineral most likely was the sole electron acceptor 
for microbial respiration whereas goethite was the dominant sorbent phase for 
reactive Fe(II) species. Note that coupled microbial oxidation and abiotic NAC 
reduction was run as sequential processes (see Chapter 2), since toluene 
oxidation by G. metallireducens was compromised in the simultaneous presence 
of apparently toxic 3-Cl-NB (Figure SI3-9/Supporting Information).  

Figure 3a shows that bacterial activity reached the stationary growth phase 
under these conditions within 100 to 120 hours. About 80% of toluene were 
used for microbial respiration corresponding to the formation of 5.8 mM Fe(II) 
by dissimilatory Fe(III) reduction (stoichiometry see eq. (1)). The residual 
toluene (20%) presumably served as carbon source for the microorganisms, as 
no toluene oxidation metabolites were detected by GC/MS. The time courses of 
biogenic Fe(II) formation and toluene disappearance as well as the incomplete 
toluene consumption were in good agreement with results shown in Figure 1a, 
where the electron acceptor concentration was 20 mM Fe(III) (bFe mineral). 

Carbon isotope fractionation during microbial toluene oxidation in the 
presence of 8 mM Fe(III) from bFe mineral shown in Figure 3c resulted in an 
identical 13C enrichment behavior within experimental error as observed in the 
isolated experiments (Figure 1c and SI3-5c) despite the presence of goethite and 
the lower toluene concentration (0.25 mM instead of 0.5 mM). The εC-value was 
-1.0±0.1‰ corresponding to an AKIEC of 1.0075±0.0004. 
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Figure 3: Coupled microbial toluene oxidation and abiotic 3-Cl-NB reduction in assays with 8 
mM Fe(III) from bFe mineral, 6 g/L goethite and 0.25 mM toluene in freshwater medium.  
(a) Time courses of biogenic Fe(II) and toluene during anaerobic toluene oxidation by G. metalli-
reducens. Error bars represent one standard deviation for three replicates. (b) Reduction of 3-Cl-NB 
and formation of 3-Cl-An in coupled experiments with approximately 6 g/L goethite, 2.2 mM bFe 
mineral, 7 mM total Fe(II) and 1.8 mM dissolved Fe(II) at pH 7.0. The indicated uncertainty for kNAC 
represents one standard deviation of three replicates. (c) Isotopic data evaluation of microbial toluene 
oxidation according to eq. (7). (d) Isotopic data evaluation of abiotic 3-Cl-NB reduction using eq. (7). 

After 200 hours and before NAC addition, reactors were equilibrated 
overnight on a rotating shaker. Kinetics of 3-Cl-NB reduction to 3-Cl-An are 
shown Figure 3b. The rate of NAC reduction, kNAC, was (7.1±0.3)·10-2 h-1, which 
is in the range of the abiotic experiments with 6 g/L goethite and 2.6 mM total 
Fe(II) at pH 7.0 (Table 1). A direct comparison of kNAC from the two 
experimental systems on the basis of mineral-bound Fe(II) species, however, is 
not possible, since approximately 2.2 mM Fe(III) from bFe mineral were still 
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present in the reactors of the coupled experiment. Thus, Fe(II) could have sorbed 
to bFe mineral as well as to goethite. However, since kNACs determined for NAC 
reduction by Fe(II) bound to bFe mineral are two orders of magnitude lower 
than in the presence of Fe(II) bound to lepidocrocite (see Chapter 2), one can 
assume that Fe(II) bound to bFe mineral neither contributed to the rate of NAC 
reduction nor to 15N fractionation.  

Nitrogen isotope fractionation during reduction of 3-Cl-NB by biogenic Fe(II) 
species that originated from microbial oxidation of toluene resulted in an εN-
value of -38.2±1.5‰ (Figure 3d). This value and the corresponding AKIEN 
(1.0403±0.0017) lie within the range of values obtained in abiotic NAC 
reduction experiments (Table 1). The good agreement of 15N enrichment factors 
suggests that NAC reduction is catalyzed by the same type of Fe(II) species as in 
the abiotic reference experiments on 3-Cl-NB reduction despite the simul-
taneous presence of several Fe phases. 

3.4 Environmental Significance 

Our study shows that CSIA of C and N is a promising tool for qualitative and 
quantitative assessment of anaerobic, microbial toluene oxidation and abiotic 
NAC reduction in complex environments either as isolated reactions or as iron-
mediated, coupled process. Robust AKIEEs of toluene oxidation and NAC 
reduction suggest that εC- and εN-values may be applied for a quantification of 
the extent of contaminant transformation in the field. However, the low εC of  
-1.0±0.1‰ for toluene oxidation not only requires very precise δ13C-measure-
ments of toluene but also needs further examination with regard to its variability 
with alternative Fe(III) minerals as electron acceptors. Issues of small C isotope 
fractionation and strong isotopic dilution might be overcome by the additional 
analysis of H isotopes, as AKIEH for the proposed reaction mechanism of 
methyl group hydrogen abstraction is rather high (2.55±0.19, (14, 16)). The 
considerable N isotope fractionation during NAC reduction allows for a 
quantitative application of εN-values for the assessment of nitroaromatic 
groundwater contaminants even though the origin of its variation for different 
mineral-bound Fe(II) species between -30‰ and -40‰ is not yet known. In 
contrast to toluene, limits of detection for accurate and precise δ15N measure-
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ments for polar compounds such as NACs can be rather high (29) thus restrict-
ting the current use of 15N in CSIA to heavily contaminated sites. 
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SI3-1 Chemicals 

Methanol used for the preparation of stock solutions came from Scharlau S.A.. 
3-chloronitrobenzene (3-Cl-NB, ≥98%), 4-chloronitrobenzene (4-Cl-NB, 
≥98%), 3-chloroaniline (3-Cl-An, ≥99%) and 4-chloroaniline (4-Cl-An, ≥99%) 
were purchased from Fluka. Toluene (≥99.9%) came from Merck. Carbon and 
nitrogen isotope signatures of these chemicals are listed in Table SI3-1. 

Table SI3-1: Isotopic signatures of pure compounds determined by EA-IRMS (elemental 
analyzer/isotope ratio mass spectrometry). 

Chemical δ13CVPDB [‰] δ15NAir [‰] 

3-chloronitrobenzene nda nda 
3-chloroaniline nda nda 
4-chloronitrobenzene -27.7 ± 0.3b -7.1 ± 0.2b 
4-chloroaniline -27.3 ± 0.3b -3.1 ± 0.9b 
toluene -24.0 ± 0.2c - 

anot determined. bvalues from (1). cdetermined by on-column injection of toluene dissolved in hexane.
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SI3-2 Freshwater Medium Composition 

Table SI3-2: Composition of the freshwater medium used for the cultivation of G. metalli-
reducens. 
 

 Concentration 
Gas mixture  
N2 100% 
Buffer  
PIPES 3.0·10-2 
Basal Mineral Salts  
KH2PO4 0.5·10-3 M 
NH4Cl 5.6·10-3 M 
MgSO4·7H2O 1.0·10-4 M 
MgCl2·6H2O 2.0·10-3 M 
CaCl2·2H2O 6.8·10-4 M 
NaCl 6.0·10-3 M 
Trace Mineral Salts  
HCl 9.6·10-5 M 
FeSO4·7H2O 7.6·10-6 M 
H3BO3 4.8·10-7 M 
MnCl2·4H2O 5.0·10-7 M 
CoCl2·6H2O 8.0·10-7 M 
NiCl2·6H2O 1.0·10-7 M 
CuSO4·5H2O 1.2·10-8 M 
ZnSO4·7H2O 5.0·10-7 M 
Na2MoO4·2H2O 1.5·10-7 M 
Selenite-Tungstate Components  
NaOH 1.0·10-5 M 
Na2SeO3·5H2O 2.3·10-8 M 
Na2WO4·2H2O 2.4·10-8 M 
Vitamin Components  

Vitamin B12 3.7·10-8 M 
p-Aminobenzoic acid (Vitamin H’) 3.6·10-7 M 
D(+)-Biotin (Vitamin H) 4.1·10-8 M 
Niacin 8.1·10-7 M 
Ca-D(+)-pantothenate 5.2·10-8 M 
Pyridoxamine Dihydrochloride 9.6·10-7 M 
Thiamine hydrochloride (Vitamin B1) 1.5·10-7 M 
Reducing Agent  
Cysteine 1.0 10-3 M 
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SI3-3 Pre-Cultures of G. metallireducens 

 
Figure SI3-1: Time courses of biogenic Fe(II) (Fe(II)bio) and toluene in pre-cultures of G. metalli-
reducens with 0.5 mM toluene as electron donor, 10 mM bFe mineral as electron acceptor and 5 
vol% inoculum. Pre-cultures were transferred in the late exponential phase after approximately 5 
days. Error bars represent one standard deviation for three replicates. 

SI3-4 Toluene Concentration Measurement by GC/MS 

Toluene was measured by gas chromatography (Trace GC, Thermo Electron) 
coupled to a mass spectrometric detector (Trace DSQ, Thermo Electron). The 
GC was equipped with a CombiPAL autosampler (CTC), a cold on-column 
injector, a deactivated precolumn (0.5 m × 0.53 mm) and a Restek RTX-VMS 
capillary column (60 m × 0.32 mm, 1.8 μm film thickness). Helium at a constant 
pressure of 100 kPa was used as carrier gas. The temperature program to obtain 
baseline separation of the analytes was as follows: 1 min at 40°C, then with 
10°C/min to 140°C, then with 40°C/min to 200°C and 5 min at 200°C. Detection 
and quantification were performed in the electron impact positive ion mode and 
selected ion monitoring (SIM). 0.1 mL non filtrated sample were extracted with 
0.4 mL hexane containing ethylbenzene as internal standard by vigorous shaking 
(30 s). Quantification was achieved by a seven point calibration with external 
standards. 
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SI3-5 Nitroaromatic Compound Analysis by HPLC 

Nitroaromatic compounds (NACs) and their corresponding anilines were 
analyzed on a Supelcosil LC-18 column (25 cm × 4.6 mm, 5 μm spheres, 20 mm 
Supelcoguard C-18 guard column) using standard, reversed-phase HPLC 
(Dionex; pump P680, diode array UV/vis detector 340 U, ASI-100 automated 
sample-injector, data system Chromeleon 6.70). All measurements were carried 
out at a flow rate of 1 mLmin-1. Samples were quantified with external 
standards. Mixtures of 5 mM KH2PO4 buffer at pH 7.0 and methanol were 
applied (3-Cl-NB/3-Cl-An: 45% buffer/55 % methanol (v:v); 4-Cl-NB/4-Cl-An: 
45% buffer/55% methanol (v:v)). The injected volume was 30 μl and detection 
was carried out at the respective absorption maximum: 209 nm for 3-Cl-NB, 205 
nm for 3-Cl-An, 276 nm for 4-Cl-NB and 238 nm for 4-Cl-An.  

SI3-6 GC-C-IRMS Analysis of Toluene 

The compound-specific isotope ratios of toluene were determined using a 
gaschromatograph (Trace GC Ultra, Thermo Electron) coupled to an isotope 
ratio mass spectrometer (Delta V Plus, Thermo Electron) via a combustion 
interface (GC combustion III, Thermo Electron) maintained at 940°C. The GC 
was equipped with a deactivated precolumn (0.5 m × 0.32 m) and a Restek 
RTX-VMS capillary column (60 m × 0.32 mm, 1.8 μm film thickness). Helium 
at a constant pressure of 200 kPa was used as carrier gas. In addition to the 
IRMS, the GC was equipped with a mass spectrometric detector (Trace DSQ, 
Thermo Electron). The following temperature program was used: 5 min at 40°C, 
then with 10°C/min to 150°C, then with 30°C/min to 200°C and 5 min at 200°C. 
A purge and trap concentrator (Velocity XPT, Teledyne Tekmar) together with a 
liquid autosampler (AquaTek70, Teledyne Tekmar) was coupled online to the 
precolumn of the GC/IRMS for sample preparation and transfer. Toluene 
samples were diluted into 40 mL vials without headspace. A 25 mL aliquot was 
transferred by the autosampler into a fritted sparging glassware and purged for 
11 min with N2 (40 ml/min). The analytes were trapped on a VOCARB 3000 
(Supelco) trap at room temperature. By heating to 250°C during 4 minutes, 
substances were thermodesorbed and directly transferred to the GC. The GC 
started its temperature program with the beginning of desorption. 
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To determine the linear range of the IRMS with respect to the toluene 
concentration for the used method, we studied the variation in the non-enriched 
toluene isotope signature as a function of the peak amplitude of mass 44 (see 
SI3-2). All toluene samples were subsequently diluted to yield peak amplitudes 
between 1500 and 10’000 mV. 

 
Figure SI3-2: Carbon isotope signature of toluene measured by purge and trap GC/IRMS as a 
function of the peak amplitude of mass 44. Solid and dashed lines represent mean and standard 
deviation for GC-IRMS measurements by on-column injection of toluene dissolved in hexane (8 
replicates). 

SI3-7 Linearity Test of GC-N-IRMS for 3-Chloronitrobenzene 

We tested the variability of the nitrogen isotope signature of 3-Cl-NB as a 
function of the peak amplitude for mass 28 (see SI3-3). As no significant 
variation was observed for the concentration range used in kinetic experiments, 
we measured the samples without dilution. To stabilize Fe(II), we usually 
acidified the samples. No influence of sample acidification on the nitrogen 
isotope signature of 3-Cl-NB was observed, whereas 3-Cl-An samples were only 
measured non-acidified, since nitrogen isotope signature and peak amplitude 
varied as a function of pH for the aniline. 
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Figure SI3-3: Nitrogen isotope signature of 3-Cl-NB measured by SPME GC-IRMS as a 
function of the peak amplitude of mass 28. The investigated concentration range was 15 - 150 μM. 

SI3-8 Anaerobic Microbial Toluene Oxidation 

 
Figure SI3-4: Blank experiments for microbial toluene oxidation with 20 mM Fe(III) (bFe 
mineral), 0.6 mM toluene and 5 vol% sterile Millipore water in freshwater medium. (a) Time 
courses of toluene and biogenic Fe(II) (Fe(II)bio). Error bars represent one standard deviation for two 
replicates. (b) Carbon isotope signature of toluene (n=2). Uncertainties represent one standard 
deviation for triplicate measurements. 
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Figure SI3-5: Microbial toluene oxidation by G. metallireducens with 50 mM Fe(III) from bFe 
mineral and 0.3-0.5 mM toluene in freshwater medium. (a) Time courses of biogenic Fe(II) 
(Fe(II)bio) and toluene of two replicates. (b) 13C enrichment of toluene in inoculated assays. Error bars 
represent ±1 standard deviation for triplicate measurements. (c) Evaluation of kinetic isotope effect by 
eq. (7) from Chapter 3. (d) Toluene and Fe(II)bio concentrations in blank experiments during the course 
of the experiment. (e) Carbon isotope signature of toluene in blank experiments. Error bars represent 
±1 standard deviation for triplicate measurements. 
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SI3-9 Fe(II) Sorption Capacity of Goethite 

To lower the dissolved Fe(II) concentration as far as possible, we investigated 
the Fe(II) sorption capacity of the used goethite as a function of its particle 
concentration. We therefore equilibrated 8 mM total Fe(II) with varying 
concentrations of goethite in freshwater medium at pH 7.0 for at least 24 hours, 
before measuring the dissolved Fe(II) concentration. Sorbed Fe(II), Fe(II)sorb, 
was estimated from the difference of added Fe(II) and dissolved Fe(II). As can 
be seen from Figure SI3-6, the Fe(II) sorption increased steeply from 2 to 6 g/L 
goethite. Above 6 g/L, however, no significant increase of the sorbed Fe(II) 
concentration was observed. Presumably, goethite particles start to aggregate at 
loadings of 6-8 g/L (2). We therefore used 6 g/L goethite in all our experiments. 

 
Figure SI3-6: Sorption of 8 mM total Fe(II) to varying concentrations of goethite in freshwater 
medium at pH 7.0. Error bars represent one standard deviation for two replicates. 

SI3-10 Variation of kNAC in Dependence of pH and Sorbed Fe(II) 

Figure SI3-7 illustrates, how pseudo-first order rate constants (kNAC) vary with 
respect to the sorbed Fe(II) concentration and with pH in abiotic NAC reduction 
experiments using mineral-bound Fe(II) species as reductant. If totally added 
Fe(II) concentrations were varied at a constant pH, kNAC increased nearly expo-
nentially with rising sorbed Fe(II) concentrations (Figure SI3-7a). If the total 
Fe(II) concentration was hold constant for different pH values as shown in 
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Figure SI3-7b, the sorbed Fe(II) concentration as well as kNACs increased 
significantly. These observations indicate that rising sorbed Fe(II) 
concentrations as a function of higher pH values and higher total Fe(II) 
concentrations are responsible for the increase in kNAC. Note that sorbed Fe(II) 
was estimated from the difference of totally added Fe(II) and measured 
dissolved Fe(II). If solid Fe(II) phases were present, they would also be included 
in the calculated sorbed Fe(II) concentration, which may be the case in our 
experimental system, since total Fe(II) concentrations were very high. 

 
Figure SI3-7: Reduction of 3-Cl-NB by mineral-bound Fe(II) species in freshwater medium with 
6 g/L goethite, 2.6 - 8.3 mM total Fe(II) at pH 6.8, 7.0 and 7.5. Error bars represent one standard 
deviation for two replicates. (a) Dependency of the pseudo-first order rate constant (kNAC) on the 
sorbed Fe(II) concentration for 3-Cl-NB reduction at pH 7.0. (b) Extent of kNAC and sorbed Fe(II) 
variation as a function of pH in experiments with 3.2 mM total Fe(II). 

SI3-11 Microbial Reduction of Goethite with Toluene as Electron Donor 

To test whether G. metallireducens was able to reduce goethite with toluene as 
electron donor, experiments with 6 g/L goethite and approximately 0.5 mM 
toluene were set up. In 500 hours, only 0.3 mM Fe(III) were reduced and the 
toluene decrease in inoculated and blank experiments was identical. Thus, G. 
metallireducens does not seem to reduce significantly the goethite used in this 
study with toluene as electron donor. 



Chapter 3 77 

  

 
Figure SI3-8: Time courses of toluene and biogenic Fe(II) (Fe(II)bio) concentrations in assays 
with 6 g/L goethite, 0.5 mM toluene and 5 vol% inoculum (with bacteria) or sterile Millipore 
water (without bacteria). 

SI3-12 Simultaneous Microbial Oxidation and Abiotic Reduction of 
Contaminants 

We tried to couple oxidative and reductive pollutant transformation directly 
without separating the two processes temporally. In these experiments, NAC 
was added from sterile, deoxygenated, aqueous stock solutions to avoid possible 
toxic effects from methanol. In a first attempt, the initial 3-Cl-NB concentration 
was set at 150 μM, as in the abiotic NAC reduction experiments. Hardly any in-
crease in Fe(II) or decrease of toluene was observed (data not shown). The ex-
periment was repeated using a much lower initial NAC concentration of 20 μM. 
Again, biogenic Fe(II) did hardly rise and toluene only slightly decreased in 500 
hours in inoculated and blank experiments, indicating that no dissimilatory 
Fe(III) reduction was taking place (see Figure SI3-9). Nevertheless, 3-Cl-NB 
reduction and production of aniline occurred. This effect is most likely due to 
abiotic NAC reduction by sorbed Fe(II) species from the inoculum and abiotic 
Fe(III) reduction by cysteine (3) as well as due to NAC reduction by reactive 
components of the freshwater medium (see Chapter 2 and its Supporting 
Information for discussion of reactive freshwater medium components). Note 
that the observed NAC reduction was significantly slower than in abiotic NAC 
reduction experiments with goethite-bound Fe(II) as well as in the coupled 
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experiment with temporal separation of microbial toluene oxidation and 3-Cl-
NB reduction. 

 
Figure SI3-9: Simultaneous oxidative and reductive transformation of toluene and 3-Cl-NB in 
the presence of G. metallireducens. Reactors contained 18 μM 3-Cl-NB, 0.25 mM toluene, 6 g/L 
goethite and 8 mM Fe(III) from bFe mineral in freshwater medium. (a) Experiments with 5 vol% 
inocolum. (b) Blank experiments with 5 vol% sterile Millipore water. 

SI3-13 References 

(1) Berg, M.; Bolotin, J.; Hofstetter, T. B. Compound-specific nitrogen and carbon 
isotope analysis of nitroaromatic compounds in aqueous samples using solid-phase 
microextraction coupled to GC/IRMS. Anal. Chem. 2007, 79, 2386-2393. 

(2) Amonette, J. E.; Workman, D. J.; Kennedy, D. W.; Fruchter, J. S.; Gorby, Y. A. 
Dechlorination of carbon tetrachloride by Fe(II) associated with goethite. Environ. 
Sci. Technol. 2000, 34, 4606-4613. 

(3) Amirbahman, A.; Sigg, L.; von Gunten, U. Reductive dissolution of Fe(III) 
(hydr)oxides by cysteine: Kinetics and mechanism. J. Colloid Interface Sci. 1997, 
194, 194-206. 

 
 



Carbon Isotope 
Fractionation during 
Anaerobic Toluene 
Oxidation by Geobacter 
metallireducens with 
Different Fe(III) Phases  
as Terminal Electron 
Acceptors



80 Carbon Isotope Fractionation during Anaerobic Toluene Oxidation 

4.1 Introduction 

Fuel components represent a major risk for drinking water resources when 
introduced into groundwater via leaking underground fuel tanks or pipelines, 
accidental spills, or landfill leachate. Among these contaminants, monoaromatic 
hydrocarbons such as benzene, toluene, ethylbenzene and xylenes (BTEX-
compounds) are of particular concern, as they are relatively soluble, toxic and 
can persist in the subsurface for several years (1, 2). As alternative to technical 
remediation of contaminated sites, it has been proposed to monitor or enhance 
natural attenuation of such compounds by microbially mediated pollutant trans-
formation (3). Often, contaminated sites develop extended anaerobic plumes due 
to high carbon loads and rapid oxygen depletion (4-6). Anaerobic oxidation of 
BTEX was long thought to be unfeasible, since known transformation processes 
relied on the presence of oxygen as substrate for the catalyzing enzymes (7). In 
the last twenty years, however, bacteria have been identified, which are able to 
oxidize BTEX compounds even under anoxic conditions (8-11).  

One of the most intensively studied BTEX transformation pathways is the 
anaerobic oxidation of toluene, which has been investigated with nitrate-, iron-, 
manganese and sulfate-reducing as well as methanogenic enrichment and pure 
cultures (8-11). As shown in Figure 1, the enzymatic pathway for toluene acti-
vation and subsequent mineralization is initiated by the addition of toluene to 
fumarate forming benzylsuccinate via a radical mechanism catalyzed by the 
enzyme benzylsuccinate synthase. Benzylsuccinate then reacts to benzoyl-
Coenzyme A, which upon further transformations enters the citric acid cycle (9-
11). The enzyme that catalyzes the transformation of toluene to benzylsuccinate 
was first detected and characterized in nitrate-reducing microorganisms. In the 
meantime, however, it has been identified in a range of different anaerobic 
bacteria including the dissimilatory Fe(III)-reducing microorganism Geobacter 
metallireducens (12). The use of Fe(III) minerals, which are naturally abundant 
in subsurface minerals, as electron acceptors, makes the iron-mediated toluene 
oxidation an important process for the purposes of natural attenuation. 
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Figure 1: Toluene oxidation pathway in anaerobic bacteria adapted from (10). The initial enzyme 
reaction is catalyzed by benzylsuccinate synthase (bss). Its radical form is indicated by bss• and its 
protonated form by bssH.  

Transformation processes of BTEX in contaminated aquifers have been 
mostly monitored on the basis of concentration measurements of the dissolved 
compounds. However, accurate mass balances of pollutants, electron acceptors 
as well as transformation products are often difficult to obtain because of limited 
sampling points in a contaminant plume, the presence of multiple sources, 
complex hydrological conditions, and aquifer heterogeneity. Additionally, con-
taminant losses due to microbial transformation cannot be distinguished from 
their disappearance due to evaporation, dilution or sorption. A much more pro-
mising approach is compound-specific isotope analysis (CSIA) of C and H 
isotopes that has been successfully applied to assess qualitatively and quanti-
tatively the transformation of BTEX at contaminated sites (13-15). Isotope-ratio 
measurements by CSIA allow for the monitoring of isotope fractionation, which 
owing to a normal kinetic isotope effect leads to an enrichment of heavier iso-
topes in the substrate. In contrast, fractionation during physical processes such 
as phase transfer or adsorption is usually almost negligible (2, 16). If the ob-
served isotope fractionation is concentration independent, it can be quantified 
using the linearized Rayleigh equation (eq. (1)), which yields an enrichment 
factor for a given element E, εE. 



82 Carbon Isotope Fractionation during Anaerobic Toluene Oxidation 

 
h

E
h

0

E 1000ln ln f
E 1000 1000

⎛ ⎞δ + ε
= ⋅⎜ ⎟δ +⎝ ⎠

 (1) 

In eq. (1), δhE and δhE0 are the isotopic signatures of the compound for element 
E (in our case carbon or hydrogen) at times t and zero, respectively, and f 
represents the fraction of unreacted substrate at time t. εΕ-values are crucial 
parameters for the quantification of contaminant transformation (see Chapter 3) 
as well as for the identification of reaction mechanisms. Note that εΕ-values 
represent bulk enrichment factors in compounds with more than one atom of 
element E, as δ hE and δ hE0 reflect isotopic signatures of the entire molecule. To 
obtain mechanistic information on the reacting bond, εΕ-values need to be 
corrected for non-reactive atoms of element E and/or several equivalent reactive 
positions (intramolecular isotopic competition) (17) to be converted into 
apparent kinetic isotope effects (AKIEs, eq. (2)), 
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where λ summarizes the above-mentioned corrections. AKIEs are generally 
smaller than intrinsic kinetic isotope effects (KIEs), which represent the largest 
possible isotope effects associated with a specific mechanism of bond cleavage. 
In many (bio)chemical reactions, KIEs are masked by non-fractionating reaction 
steps such as transport to reactive sites or enzyme-substrate binding, which are 
(partially) rate-limiting (18). However, only AKIEs are accessible experimen-
tally and an application of AKIEs or the corresponding εΕ-values for the assess-
ment of BTEX contaminations or elucidation of their reaction mechanisms 
requires knowledge on AKIE-variability with environmental and experimental 
conditions. 

Carbon and hydrogen isotope fractionation of anaerobic toluene oxidation by 
dissimilatory Fe(III)-reducing bacteria has only been measured with Fe(III) 
citrate, a dissolved Fe(III) species, as electron acceptor (19-21). At near-neutral 
pH, however, Fe(III) is predominantly present in mineral phases due to the very 
low solubility of Fe(III). Fe(III) chelating humic substances may elevate dis-
solved Fe(III) concentrations in sedimentary environments, but it is unclear, 
whether these concentrations are high enough to support bacterial growth and 
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respiration (22). Dissimilatory Fe(III)-reducing bacteria, especially Geobacter 
species including the two toluene-oxidizing, Fe(III)-reducing bacterial strains 
isolated so far, need direct contact with a solid Fe(III) phase in order to reduce it, 
whereas bacteria are free-living in homogeneous solutions of dissolved Fe(III) 
phases (22, 23). Therefore, isotope fractionation during anaerobic toluene oxida-
tion could vary as a consequence of different limiting reaction steps that depend 
on the availability of the terminal electron acceptor.  

The major goal of this study was to explore the influence of solid vs. 
dissolved Fe(III) phases as terminal electron acceptor on the variability of 
carbon isotope fractionation during anaerobic toluene oxidation. Therefore, we 
evaluated the variability of AKIECs for toluene transformation in the presence of 
a solid vs. a dissolved Fe(III) phase. To this end, batch experiments were set up 
with G. metallireducens, varying concentrations of either an amorphous Fe(III) 
containing mineral or Fe(III) citrate as electron acceptor and 0.5 mM toluene as 
electron donor.  

4.2 Experimental Section 

4.2.1 Chemicals and Minerals 

Toluene (≥99.9%) was purchased from Merck and Fe(III) citrate monohydrate 
(18-20% Fe) from Fluka. Fe(III) citrate solutions (0.5 M) were prepared by slow 
solubilization of the chemical suspended in Millipore water via titration with 
32% NaOH (Fluka) to pH 7.0. The obtained solution was filtered (0.45 μm, 
cellulose acetate), deoxygenated by extended purging with argon and autoclaved. 
Amorphous, biogenic Fe(III) mineral (bFe mineral), was generated by a 
lithotrophic, nitrate-reducing enrichment culture as described by (22, 23) and in 
Chapter 2. Note that suspensions of this mineral contain structural or mineral-
bound Fe(II) (between 5 to 15% of total iron) and phosphate (0.25 to 0.40 mol 
P/mol Fe), as microbial Fe(II) oxidation by this mixed culture is never complete 
and takes place in freshwater medium containing 4.4 mM phosphate. Goethite 
(Bayferrox 910) was used without further treatment to prevent phase transfor-
mations. 
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4.2.2 Microorganisms and Culture Conditions 

Geobacter metallireducens was cultivated in freshwater medium, according to 
(24) with the following modifications: 30 mM PIPES buffer (pH 6.8 - 6.9), 
0.068 g/L KH2PO4, and 0.35 g/L NaCl (Table SI4-1, Supporting Information). 
Cysteine was supplied as reducing agent (1mM). Cultures were incubated at 
30°C in the dark and briefly shaken every day. As electron donor, pure toluene 
liquid was added by microsyringe and as electron acceptor, bFe mineral or 
Fe(III) citrate from anoxic stock solutions. Pre-cultures were grown on 10 mM 
bFe mineral or Fe(III) citrate and 0.5 mM toluene with 5 vol% inoculum until 
late exponential phase before transfer. The concentration-time courses of bio-
genic Fe(II) and toluene in these pre-cultures are shown in the Supporting Infor-
mation (Figures SI4-1 and SI4-2). 

4.2.3 Anaerobic Microbial Toluene Oxidation 

Experiments were set up in a glovebox (100% N2) in 120 mL serum bottles, to 
which deoxygenated freshwater medium without vitamins, trace elements and 
selenite-tungstate components was added. Pure toluene liquid was added with a 
microsyringe, yielding an initial concentration of approximately 500 μM. 
Subsequently, serum bottles were sealed with Viton® stoppers and crimp caps. 
Then, batch reactors were taken out of the glovebox and autoclaved. After 
cooling down to room temperature, vitamins, trace elements, selenite-tungstate 
components, cysteine and bFe mineral or Fe(III) citrate were added from anoxic, 
sterile stock solutions using N2-flushed, sterile syringes. Finally, an inoculum of 
5 vol% was added from a late-exponential pre-culture. The total solution volume 
of the reactors was 80 mL. Cultures were incubated at 30°C in the dark and 
briefly agitated every day and before each sampling. Samples for the 
determination of total Fe(II), toluene concentration and toluene isotope signature 
were withdrawn using N2-flushed, sterile syringes. 

4.2.4 Analytical Methods 

Fe(II) was determined by UV/vis spectrometry at 562 nm after complexation 
with Ferrozine (27). To measure total Fe(II), samples were extracted in 0.5 M 
HCl for 1 hour, followed by a 0.2 μm filtration (regenerated cellulose). Biogenic 
Fe(II), Fe(II)bio, was calculated by subtraction of the total Fe(II) concentration at 
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the start of the experiment from the measured total Fe(II) concentration. Toluene 
concentrations were analyzed by GC/MS (for analytical details see Supporting 
Information). δ13C of toluene was measured by a GC coupled to an isotope ratio 
mass spectrometer (GC/IRMS) following an adapted method from (28) (detailed 
description in the Supporting Information).  

4.2.5 Quantification of Isotopic Fractionation 

Determination of bulk isotopic enrichment factors, εE, from measured isotope 
signatures, δhE, followed the recommendations of (29) and was obtained from 
linear regression of the Rayleigh equation (eq.(1)) in the following form, 
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where c and c0 are the substrate concentration at time t and zero, respectively. 
Note that the fraction of unreacted stubstrate, f, from eq. (1) corresponds to the 
quotient of c and c0. Subsequently, apparent kinetic isotope effects (AKIEs, eq. 
(2)) were calculated. εC-values for toluene oxidation were corrected for 6 non-
reactive, aromatic C atoms (17) according to the proposed reaction pathway for 
anaerobic toluene oxidation (9-11). We calculated AKIEC from combined 
datasets of several replicates using a Pitman estimator (29). Uncertainties of 
AKIEs and εEs represent one standard deviation. 
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4.3 Results 

4.3.1 Anaerobic Microbial Toluene Oxidation  

Microbial toluene oxidation experiments with G. metallireducens were 
conducted with either amorphous, biogenic Fe(III) mineral (bFe mineral) or 
dissolved Fe(III) citrate as electron acceptor. Figure 2 illustrates the production 
of biogenic Fe(II) and consumption of toluene for experiments with 20 mM 
Fe(III) from bFe mineral or Fe(III) citrate and 0.5 - 0.6 mM toluene.  

 
Figure 2: Concentration-time courses of biogenic Fe(II) (Fe(II)bio) and toluene in inoculated 
(with bacteria) and blank (without bacteria) experiments. Solid and dashed lines represent mean 
±1 standard deviation (σ), respectively, for stoichimetric conversion of toluene to Fe(II) by microbial 
respiration according to eqs. (4) and (5). Error bars indicate ±1σ for three replicates (with bacteria) and 
two replicates (without bacteria). (a) Microbial toluene oxidation with a solid Fe(III) phase as electron 
acceptor in assays with 20 mM Fe(III) from bFe mineral and 0.6 mM toluene. (b) Microbial toluene 
oxidation with a dissolved Fe(III) phase as electron acceptor in assays with 20 mM Fe(III) citrate and 
0.5 mM toluene. 

With the solid Fe(III) phase as electron acceptor (Figure 2a), Fe(II) 
production was slower and stopped after 120 hours compared to generation of 
similar biogenic Fe(II) concentrations in only 60 hours with Fe(III) citrate as 
electron acceptor (Figure 2b). Whereas toluene was completely consumed with 
Fe(III) citrate, 40 μM toluene remained in bFe mineral grown cultures, even 
though approximately 5 mM Fe(III) should still have been available. This effect 
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is most likely due to phase transformations of bFe mineral to less bioavailable 
Fe(III) phases like magnetite (30-32), as the suspension color changed from red-
brown to dark brown. In blank experiments without bacteria, a small increase of 
total Fe(II) and a slight decrease of toluene was always observed with bFe 
mineral as well as with Fe(III) citrate (see Figure 2). Fe(III) was most likely re-
duced abiotically by the reducing agent cysteine (33). Toluene loss is presuma-
bly due to processes such as headspace partitioning and sorption of toluene into 
Viton® stoppers.  

No significant difference between the two electron acceptors was observed 
with regard to the amount of produced Fe(II) from toluene oxidation. According 
to the stoichiometry of toluene oxidation with a Fe(III) phase as terminal 
electron acceptor (see eqs. (4), (5)), 36 mols of Fe(II) are produced from 1 mol 
toluene, if toluene is exclusively used as electron donor for microbial respiration 
and not as carbon source.  

 2
7 8 3 3 2bFe Mineral : C H 36Fe(OH) 65H 7HCO 36Fe 87H O+ − ++ + → + +  (4) 

 3 2
7 8 2 3Ferric Citrate : C H 36Fe 21H O 7HCO 36Fe 43H+ − + ++ + → + +  (5) 

The solid and dashed lines in Figure 2 indicate mean ±1 standard deviation, 
respectively, for the stoichiometric conversion of toluene to Fe(II). Stoichio-
metric Fe(II) equivalents were calculated using blank corrected toluene concen-
trations at the start of the stationary phase. With both electron acceptors, appro-
ximately 80-85% of the electrons from toluene oxidation were recovered as 
Fe(II). The remaining 15-20% of toluene were presumably used as carbon 
source for biosynthesis, as no reaction intermediates of toluene transformation 
were observed in GC/MS measurements.  

To study the influence of a different electron donor to acceptor ratio, that is, 
the ratio of toluene to Fe(III) concentrations, on microbial toluene oxidation and 
its isotopic enrichment, additional experiments with 50 mM Fe(III) and 0.5 mM 
toluene were carried out. As with 20 mM Fe(III), microbial Fe(II) production 
was faster in the presence of Fe(III) citrate (Figure 4(a)) in comparison to bFe 
mineral (Figure SI4-4, Supporting Information). However, toluene was comple-
tely consumed with 50 mM Fe(III) from bFe mineral in comparison to the 
experiment with 20 mM Fe(III) from bFe mineral. The yield of dissimilatory 
Fe(III) reduction from toluene oxidation vs. its use as carbon source also 
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differed from the experiments with 20 mM Fe(III). Between 90 to 95% of 
toluene were recovered as Fe(II) and only 5-10% were used for biosynthesis. 

4.3.2 Carbon Isotope Enrichment during Microbial Toluene Oxidation 

Figure 3a shows 13C enrichment in toluene with time for bFe mineral and Fe(III) 
citrate grown cultures in the presence of 20 mM Fe(III) and 0.5-0.6 mM toluene 
at the start of the experiment. 13C-signatures for up to 90% toluene conversion 
were determined in both experiments and increased from -24‰ to -16‰ with 
Fe(III) citrate as electron acceptor. In contrast, 13C enrichment at this stage of 
the reaction in the presence of bFe mineral only reached -21‰. Evaluation of 
this data by the linearized Rayleigh equation (eq. (3)) yielded bulk isotopic 
enrichment factors, εC, of -3.1±0.1‰ and -1.0±(<0.1)‰ for Fe(III) citrate and 
bFe mineral reduction, respectively, corresponding to AKIECs of 1.0224±0.0005 
and 1.0071±0.0003. In blank experiments, no 13C enrichment of toluene was 
observed (see Figure SI4-5, Supporting Information). 

 

Figure 3: Evaluation of carbon isotope fractionation during microbial toluene oxidation with a 
solid (bFe mineral) and a dissolved (Fe(III) citrate) Fe(III) phase as electron acceptor. (a) Carbon 
isotope enrichment as a function of time in inoculated assays. (b) Isotopic data evaluation according to 
eq. (3). 

To evaluate the influence of different electron donor to acceptor ratios on the 
13C enrichment behavior of toluene during its oxidation, we conducted 
additional experiments in the presence of 50 mM Fe(III) at constant initial 
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toluene concentrations of 0.50 mM. Table 1 shows that εC-values and AKIECs 
were almost identical to those obtained with 20 mM Fe(III). Similar 
observations were made, when experiments were started with different inocolum 
sizes (5 vol% vs. 10 vol%) to modulate the rate of toluene oxidation by G. 
metallireducens in the presence of Fe(III) citrate. As shown in Figure 4a and b, 
bacterial Fe(II) production and toluene consumption was faster at the higher 
initial cell concentration (10 vol%). This difference in the toluene oxidation rate 
had no significant influence on the 13C enrichment of toluene (Figure 4c and 
Table 1), as the derived AKIECs were identical within experimental error. 

Table 1: Carbon isotope enrichment factors (εC) and apparent kinetic isotope effects (AKIECs) of 
all conducted anaerobic toluene oxidation experiments in this study. 

Fe(III) Phase Fe(III) [mM] Inoculum [vol%] εC±σ [‰] AKIEC±σ 

bFe mineral 20 5 -1.0±(<0.1) 1.0071±0.0003 
bFe mineral 50 5 -1.0±0.1 1.0074±0.0008 
bFe mineral /Goethitea 8/68 5 -1.0±0.1 1.0075±0.0004 
Fe(III) citrate 20 5 -3.1±0.1 1.0224±0.0005 
Fe(III) citrate 50 5 -3.0±0.1 1.0215±0.0009 
Fe(III) citrate 50 10 -2.9±0.1 1.0206±0.0007 
aCoupled toluene oxidation and nitroaromatic reduction experiment presented and discussed in Chapter 3. 

In addition, microbial toluene oxidation was investigated in the presence of 
two Fe(III) minerals, namely bFe mineral and goethite at a lower initial toluene 
concentration of 0.25 mM (see Figure SI4-6, Supporting Information). Neither 
the different electron donor concentration nor the simultaneous presence of two 
Fe(III) containing minerals influenced the carbon isotope enrichment, yielding 
an AKIEC of 1.0075±0.0004 as in other experiments with a solid Fe(III) phase as 
electron acceptor. 
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Figure 4: Microbial toluene oxidation experiments with 50 mM Fe(III) citrate, 0.5 mM toluene 
and varying inoculum sizes. (a) Time courses of biogenic Fe(II) (Fe(II)bio) and toluene in experi-
ments with 5 vol% inoculum. Uncertainties represent ±1 standard deviation for two replicates. (b) 
Time courses of biogenic Fe(II) (Fe(II)bio) and toluene in experiments with 10 vol% inoculum. Error 
bars indicate ±1 standard deviation for two replicates. (c) Isotopic data evaluation of experiments 
shown in (a) and (b) by eq. (3). 
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4.4 Discussion 

The results of this study show that εC-values and the corresponding AKIECs for 
anaerobic toluene oxidation by reduction of a dissolved Fe(III) phase are 
identical within experimental error and do not vary with electron acceptor 
concentration, inoculum size, or toluene oxidation rate. The same observation 
applies for anaerobic toluene oxidation coupled to the reduction of a solid Fe(III) 
mineral. There is, however, a significant difference of 13C enrichment behavior 
between reduction of a dissolved and a solid Fe(III) phase.  

Carbon isotope fractionation of anaerobic toluene oxidation with Fe(III) 
citrate as electron acceptor has been measured previously (εC=-1.8±0.3‰, 
AKIEC=1.0127±0.0021, (20)). Our AKIECs measured for bFe mineral reduction 
are significantly lower (1.0074±0.0009), whereas the AKIECs for Fe(III) citrate 
reduction are significantly higher (1.0215±0.0012). This variation in AKIECs for 
toluene oxidation by Fe(III) citrate reduction is presumably due to differences in 
the experimental setup. However, both studies show consistently higher AKIECs 
for toluene oxidation by reduction of Fe(III) citrate compared to toluene 
oxidation in suspensions of Fe(III) solids.  

On the basis of the available biochemical evidence for anaerobic toluene 
oxidation, we rule out that toluene oxidation occurred via different reaction 
mechanisms in the presence of different Fe(III) species. To date, there is only 
one identified anaerobic toluene oxidation pathway (Figure 1), which has been 
found in a range of phylogenetically very diverse anaerobes such as nitrate-, 
Fe(III)- and sulfate-reducing microorganisms as well as methanogens (8-11). 
Additionally, the genes encoding for benzylsuccinate synthase, the enzyme, 
which catalyzes the transformation of toluene to benzylsuccinate, have been 
identified in G. metallireducens and the activity of the gene product has been 
confirmed (12). On the basis of their results, Kane et al. suggest that toluene 
transformation as depicted in Figure 1 is the dominant pathway of anaerobic 
toluene degradation in G. metallireducens. 

Assuming an identical enzymatic toluene oxidation pathway regardless of 
whether Fe(III) citrate or bFe mineral is the electron acceptor, we hypothesize 
that transport limitations prior to the rate-limiting step during the enzymatic 
reaction with benzylsuccinate synthase, are responsible for different AKIECs. 
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Note that the overall rate-limiting step of the initial enzyme reaction from 
toluene to benzylsuccinate is still under debate and could be hydrogen 
abstraction from toluene, benzyl radical addition to fumarate or further steps up 
to the point of product release (34, 35). 

Scheme 1: 
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As shown in Scheme 1, in both experimental systems, dissolved toluene, Taq, 
is transported to cells of G. metallireducens at rate k1, where it is present at the 
concentration Tcell,out before transfer into the cell at rate k2 to yield an internal 
concentration of Tcell,in. After binding reversibly to the enzyme benzylsuccinate 
synthase (bss•) at rates k3 and k-3, the enzyme-toluene complex reacts to benzyl 
radical (B•) via hydrogen abstraction (k4). Subsequently, benzyl radical is added 
to fumarate (F, k5) forming benzylsuccinyl radical (BS•, k5), which reacts with 
the formerly abstracted hydrogen yielding benzylsuccinate (BS, k6) ((34, 35), 
Figure 1). Note that k-1 , k-3 and k-6 are rate constants for backward reactions and 
k-7 stands for the release of benzylsuccinate from the enzyme. As the 
microorganisms are constantly consuming toluene, both rates of backward 
transport (k-1, k-2) are presumably negligible.  

The AKIEC for toluene oxidation in solutions of Fe(III) citrate of 
1.0215±0.0012 is very high and presumably close to the intrinsic isotope effect 
since our value corresponds to estimates for a maximum KIE for the cleavage of 
a C-H bond (36). It is therefore likely that in these experiments the isotope-
sensitive step, that is benzyl radical formation (k4), was the overall rate-limiting 
step of toluene transformation. In the presence of a solid Fe(III) phase as 
electron acceptor, however, toluene transfer rates, k1 and k2, may effectively be 
lower than in the presence of Fe(III) citrate. Bacteria belonging to the genus 
Geobacter have been shown to require direct contact for Fe(III) mineral 
reduction, whereas no attachment to the electron donor is necessary in 
homogeneous solutions of Fe(III) citrate (22, 23). In our experimental setup, 
batch reactors are not continuously shaken and thus solid Fe(III) particles 
including attached bacteria settled at the bottom of the reactor. This behavior 
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may have lead to toluene depletion in close proximity of bacteria and finally 
resulted in a toluene concentration gradient from the solution to the solid phase. 
Therefore, the rate of toluene transport to the cells, k1, was presumably lower in 
bFe mineral suspensions than in solutions of Fe(III) citrate. In addition, Geobac-
ter species have been shown to grow flagella and pili in order to contact and re-
duce Fe(III) solids, but not in the presence of dissolved Fe(III) citrate (37, 38). If 
toluene uptake by G. metallireducens, which has not been investigated so far, 
occurs via passive diffusion, we hypothesize that alteration of the cell wall in the 
presence of solid Fe(III) owing to production of flagella and pili may lower the 
rate k2 of toluene uptake, as toluene uptake by other gram-negative bacteria has 
been shown to vary with the cell wall composition (39-41). However, if toluene 
is actively taken up, k2 may not be affected by cell wall alterations. Hence, even 
k2 may be lower during the reduction of a solid Fe(III) phase in comparison to a 
dissolved Fe(III) species and, together with k1, might have caused the observed 
and very reproducible masking of the intrinsic isotope effect. 

Note that further masking of the intrinsic KIE can occur by commitment to 
catalysis, that is, if the isotope-sensitive hydrogen abstraction (k4) would be 
significantly faster than the backward rate of toluene binding, k-3, to the enzyme 
(bss•). However, we do not have any evidence that the rates of toluene binding 
or the rates of further reaction steps should be different within cells of G. 
metallireducens as a consequence of Fe(III) citrate vs. bFe mineral reduction. 
Therefore, we conclude that the observed differences in AKIEC are merely due 
to transport limitations of toluene in Fe(III) mineral suspensions. As bacteria 
often form biofilms on solid surfaces in the environment, these limitations are 
also very likely to occur at contaminated sites leading to lower 13C isotope 
enrichment during anaerobic toluene oxidation.  

To exclude the existence of different enzymatic pathways for anaerobic 
toluene oxidation in G. metallireducens further investigation of hydrogen 
isotope fractionation is necessary. As has been shown by (42), the 2-dimensional 
isotope fractionation analysis for two different elements involved in a reaction 
may help to elucidate the underlying reaction mechanism. In addition, the 
potential of hydrogen isotope fractionation for the identification and evaluation 
of anaerobic toluene oxidation in the field could be examined in such a study, 
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since carbon isotope enrichment with solid phase Fe(III) as terminal electron 
acceptor is rather low, which may limit its application in field settings. 
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SI4-1 Freshwater Medium Composition 

Table SI4-1: Composition of the freshwater medium used for the cultivation of G. metalli-
reducens. 
 

 Concentration 
Gas mixture  
N2 100% 
Buffer  
PIPES 3.0·10-2 
Basal Mineral Salts  
KH2PO4 0.5·10-3 M 
NH4Cl 5.6·10-3 M 
MgSO4·7H2O 1.0·10-4 M 
MgCl2·6H2O 2.0·10-3 M 
CaCl2·2H2O 6.8·10-4 M 
NaCl 6.0·10-3 M 
Trace Mineral Salts  
HCl 9.6·10-5 M 
FeSO4·7H2O 7.6·10-6 M 
H3BO3 4.8·10-7 M 
MnCl2·4H2O 5.0·10-7 M 
CoCl2·6H2O 8.0·10-7 M 
NiCl2·6H2O 1.0·10-7 M 
CuSO4·5H2O 1.2·10-8 M 
ZnSO4·7H2O 5.0·10-7 M 
Na2MoO4·2H2O 1.5·10-7 M 
Selenite-Tungstate Components  
NaOH 1.0·10-5 M 
Na2SeO3·5H2O 2.3·10-8 M 
Na2WO4·2H2O 2.4·10-8 M 
Vitamin Components  

Vitamin B12 3.7·10-8 M 
p-Aminobenzoic acid (Vitamin H’) 3.6·10-7 M 
D(+)-Biotin (Vitamin H) 4.1·10-8 M 
Niacin 8.1·10-7 M 
Ca-D(+)-pantothenate 5.2·10-8 M 
Pyridoxamine Dihydrochloride 9.6·10-7 M 
Thiamine hydrochloride (Vitamin B1) 1.5·10-7 M 
Reducing Agent  
Cysteine 1.0 10-3 M 
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SI4-2 Pre-Cultures of G. metallireducens 

 

Figure SI4-1: Concentration-time courses of biogenic Fe(II) (Fe(II)bio) and toluene in pre-
cultures of G. metallireducens with 0.5 mM toluene as electron donor, 10 mM bFe mineral as 
electron acceptor and 5 vol% inoculum. Pre-cultures were transferred in the late exponential phase 
after approximately 5 days. Error bars represent one standard deviation for triplicate assays. 

 

Figure SI4-2: Concentration-time courses of biogenic Fe(II) (Fe(II)bio) and toluene in pre-
cultures of G. metallireducens with 0.5 mM toluene as electron donor, 10 mM Fe(III) citrate as 
electron acceptor and 5 vol% inoculum. Pre-cultures were transferred in the late exponential phase 
after approximately 38 to 40 hours. Error bars represent one standard deviation for triplicate or 
duplicate assays. 
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SI4-3 Toluene Concentration Measurement by GC/MS 

Toluene was measured by gas chromatography (Trace GC, Thermo Electron) 
coupled to a mass spectrometric detector (Trace DSQ, Thermo Electron). The 
GC was equipped with a CombiPAL autosampler (CTC), a cold on-column 
injector, a deactivated precolumn (0.5 m × 0.53 mm) and a Restek RTX-VMS 
capillary column (60 m × 0.32 mm, 1.8 μm film thickness). Helium at a constant 
pressure of 100 kPa was used as carrier gas. The temperature program to obtain 
baseline separation of the analytes was as follows: 1 min at 40°C, then with 
10°C/min to 140°C, then with 40°C/min to 200°C and 5 min at 200°C. Detection 
and quantification were performed in the electron impact positive ion mode and 
selected ion monitoring (SIM). 0.1 mL non filtrated sample were extracted by 
vigorous shaking on a vortex (30 s) with 0.4 mL hexane containing 
ethylbenzene as internal standard. Quantification was achieved by a seven point 
calibration with external standards.  

SI4-4 GC-C-IRMS Analysis of Toluene 

The compound-specific isotope ratios of toluene were determined using a 
gaschromatograph (Trace GC Ultra, Thermo Electron) coupled to an isotope 
ratio mass spectrometer (Delta V Plus, Thermo Electron) via a combustion 
interface (GC combustion III, Thermo Electron) maintained at 940°C. The GC 
was equipped with a deactivated precolumn (0.5 m × 0.32 m) and a Restek 
RTX-VMS capillary column (60 m × 0.32 mm, 1.8 μm film thickness). Helium 
at a constant pressure of 200 kPa was used as carrier gas. In addition to the 
IRMS, the GC was equipped with a mass spectrometric detector (Trace DSQ, 
Thermo Electron). The following temperature program was used: 5 min at 40°C, 
then with 10°C/min to 150°C, then with 30°C/min to 200°C and 5 min at 200°C. 
A purge and trap concentrator (Velocity XPT, Teledyne Tekmar) together with a 
liquid autosampler (AquaTek70, Teledyne Tekmar) was coupled online to the 
precolumn of the GC/IRMS for sample preparation and transfer. Toluene 
samples were diluted into 40 mL vials without headspace. A 25 mL aliquot was 
transferred by the autosampler into a fritted sparging glassware and purged for 
11 min with N2 (40 ml/min). The analytes were trapped on a VOCARB 3000 
(Supelco) trap at room temperature. By heating to 250°C during 4 minutes, 
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substances were thermodesorbed and directly transferred to the GC. The GC 
started its temperature program with the beginning of desorption. 

To determine the linear range of the IRMS with respect to the toluene 
concentration for the used method, we studied the variation in the non-enriched 
toluene isotope signature as a function of the peak amplitude of mass 44 (see 
Figure SI4-3). All toluene samples were subsequently diluted to yield peak 
amplitudes between 1500 and 10’000 mV. 

 

Figure SI4-3: Carbon isotope signature of toluene measured by purge and trap GC/IRMS as a 
function of the peak amplitude of mass 44. Solid and dashed lines represent mean and standard 
deviation, respectively, for GC/IRMS measurements by on-column injection of toluene dissolved in 
hexane (8 replicates). 
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SI4-5 Anaerobic Microbial Toluene Oxidation  

 
Figure SI4-4: Microbial toluene oxidation by G. metallireducens with 50 mM Fe(III) from bFe 
mineral as electron acceptor and 0.3-0.5 mM toluene as electron donor. (a) Concentration-time 
courses of toluene and biogenic Fe(II), Fe(II)bio, in assays with 5 vol% inoculum. (b) Concentration-
time courses of toluene and Fe(II)bio in blank experiments with 5 vol% sterile Millipore water. 

SI4-6 Carbon Isotope Enrichment during Microbial Toluene Oxidation 

 

Figure SI4-5: Carbon isotope signature of toluene over time in blank experiments. Uncertainties 
represent one standard deviation for triplicate measurements. (a) Experiments with 20 mM Fe(III) 
from bFe mineral with an initial toluene concentration of 0.6 mM. (b) Experiments with 20 mM 
Fe(III) citrate with an initial toluene concentration of 0.5 mM. 
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Figure SI4-6: Microbial toluene oxidation by G. metallireducens in experiments with 8 mM 
Fe(III) from bFe mineral, 6 g/L goethite and 0.25 mM toluene. (a) Concentration-time courses of 
biogenic Fe(II) (Fe(II)bio) and toluene. Uncertainties represent ±1 standard deviation of triplicates. (b) 
Isotopic data evaluation according to the linearized Rayleigh equation (eq. (3), Chapter 4). 
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The results presented in this thesis demonstrate that the iron-mediated coupling 
of microbial oxidation and abiotic reduction of organic contaminants is feasible 
in anoxic environments. This process may play an important role at contami-
nated sites with low natural organic carbon content, where microbial contami-
nant oxidation could be exclusively responsible for the generation of reactive 
Fe(II) species. Furthermore, this work provides important evidence for the iden-
tification of this coupled process by means of compound-specific stable isotope 
analysis and contributes to the understanding, identification and evaluation of 
natural remediation processes under iron-reducing conditions. In this final chap-
ter, the insights presented in the three previous chapters are reviewed to identify 
open questions for future research.  

Our results from the first part of this thesis show that the occurrence of the 
coupled transformation process will depend strongly on the type of available 
Fe(III) minerals, since BTEX oxidation by dissimilatory Fe(III)-reducing 
bacteria seems to rely on the presence of amorphous Fe(III) bearing minerals. In 
contrast, contaminant reduction by mineral-bound Fe(II) may only proceed at 
significant rates, if more crystalline Fe(III) minerals acting as sorbent for 
biogenic Fe(II) are available. Studies investigating the coupled oxidative and 
reductive contaminant transformation in the presence of amorphous Fe(III) 
minerals with structural impurities (e.g., ferrihydrite with structural silicate or 
phosphate) may help to better understand the influence of the Fe(III) mineral 
availability. These phases are thermodynamically more stable and better 
representatives of poorly crystalline Fe(III) minerals encountered under natural 
conditions than pure ferrihydrite (1). However, the bioavailability and the 
reactivity of Fe(II) bound to these phases are still hardly known. In addition, the 
application of the various techniques available in the field of mineral spectros-
copy (e.g., powder X-Ray Diffraction (XRD), Extended X-ray Absorption Fine 
Structure (EXAFS), Mössbauer and Electron Microscopy (SEM/TEM)), may 
provide new insights into the dependency of the coupled contaminant transfor-
mation on the availability of different Fe(III) phases. They might allow for the 
observation of Fe(III) mineral dissolution and Fe(II) re-adsorption during the 
coupled oxidation and reduction of contaminants, which may permit to deter-
mine the reactive Fe(II) species and its sorbent(s) in the experimental system 
without time-consuming reference and blank experiments.  
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In our laboratory studies, we used toluene and two different nitroaromatic 
compounds (NACs) as model contaminants for microbial oxidation and abiotic 
reduction by mineral-bound Fe(II) species, respectively. With regard to 
microbial contaminant oxidation, transformation of alternative compounds 
including benzene, ethylbenzene and xylene has been shown in iron-reducing 
microcosm experiments inoculated with sediment material and groundwater 
from contaminated sites (2, 3). However, no pure culture capable of using these 
compounds as electron donor and Fe(III) as terminal electron acceptor, has been 
isolated so far (4, 5). The feasibility of BTEX oxidation by Fe(III)-reducing 
bacteria cannot be assessed by thermodynamic calculations of the overall free 
energy yield based on the available electron donor and acceptor, since 
dissimilatory Fe(III) reduction seems to be kinetically limited by the microbially 
produced Fe(II) (6, 7). In addition, reduction of one Fe(III) mineral with a given 
electron donor does not infer its reduction with another electron donor by the 
same organism. For example, Geobacter metallireducens could reduce lepido-
crocite with acetate but not with toluene as electron donor in our experiments. 
Thus, further research is needed to identify the factors that favor contaminant 
oxidation by Fe(III)-reducing microorganisms. In contrast, our findings for NAC 
reduction by biogenic, mineral-bound Fe(II) species should also apply for other 
reducible compounds such as chlorinated solvents or azo dyes, whose 
transformation has been shown in suspensions of crystalline Fe(III) phases (8-
11). The reactivity of mineral-bound Fe(II) species for the reduction of these 
compounds, however, may vary as a function of pH conditions, the chemical 
properties of different compound classes and the Fe(III) mineral used as sorbent 
for Fe(II). 

As demonstrated in our second study, compound-specific isotope analysis 
(CSIA) is a promising tool for the identification and quantification of iron-
mediated coupling of oxidative and reductive contaminant transformation. 
Carbon and nitrogen enrichment factors for toluene oxidation and NAC reduc-
tion, respectively, were very reproducible despite varying experimental condi-
tions. However, the small carbon enrichment factors for microbial toluene 
oxidation with a solid Fe(III) phase as terminal electron acceptor may allow for 
field application only, if the extent of toluene transformation is high and the 
residual contaminant concentrations are still above the quantification limit of 
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isotope ratio measurements (12-14). Even though εC-values for oxidation of 
benzene, xylene or ethylbenzene by pure cultures of dissimilatory Fe(III)-
reducing bacteria are not available, results from field studies, where iron-
reducing conditions may have dominated in parts of the contaminant plume, 
suggest that carbon isotope enrichment is in the same order of magnitude (12, 13, 
15). The application of CSIA to assess transformation of these BTEX com-
pounds is thus subject to the same issues of isotopic dilution and might require 
the simultaneous analysis of H isotopes for a reliable process assessment.  

Investigating the variability of C isotope fractionation in toluene with a solid 
vs. a dissolved Fe(III) species as terminal electron acceptor for G. metalli-
reducens, we found significant and very reproducible differences in carbon 
enrichment factors of toluene. We hypothesize that transport limitations of 
toluene to and into the bacterial cell attached to a mineral surface may be 
responsible for the observed effects. However, the existence of a second toluene 
transformation pathway, which may lead to differences in carbon isotope 
enrichment, could not be completely ruled out. Hydrogen isotope enrichment 
factors of anaerobic toluene oxidation by G. metallireducens might therefore 
provide additional means to verify the cause of the observed variability of εC-
values.  

Nitrogen isotope enrichment during NAC reduction by mineral-bound Fe(II) 
species has now been investigated in two studies and yielded enrichment factors 
between -30‰ and -40‰ ((16), Chapter 3). However, as both studies used 
goethite-bound Fe(II) and a pH range of 6.8-7.5, a larger variation may result 
using other reactive Fe(II) species or a broader pH range, as the NAC reduction 
pathway is pH dependent. 

Two very important aspects of iron-mediated coupling of microbial oxidation 
and abiotic reduction of contaminants, that is (i) the simultaneous occurrence of 
contaminant oxidation and reduction and (ii) the cycling and regeneration of Fe, 
could not be addressed in this work, since the developed laboratory system did 
not allow for their investigation due to toxic effects of NACs on G. metalli-
reducens. To overcome this problem either a different experimental setup or 
other reducible compounds than the two NACs used in this work are necessary. 
For example, a flow-through system with percolated columns could relieve the 
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toxic stress on bacteria as demonstrated in iron-reducing aquifer and 
ferrihydrite-coated sand columns, in which NAC concentrations of up to 300 
μM were applied (17, 18). In studies investigating the coupling of microbial 
Fe(III) reduction and abiotic pollutant transformation in batch reactors, other 
reducible contaminants such as CCl4 and TNT have been used with con-
centrations of up to 50 μM, which did not apparently inhibit bacterial activity 
(19, 20). However, both studies have worked with different bacterial strains, 
which are not closely related to G. metallireducens and may tolerate higher 
contaminant concentrations. 

In contrast to batch reactors, the cycling and regeneration of Fe during 
contaminant oxidation and reduction could be investigated in flow-through 
systems, as accumulation of toxic transformation products would be 
circumvented. Results from iron-reducing aquifer columns, in which the 
reduction of differently substituted NACs was studied, indicate that Fe(III) 
underwent several redox cycles and that the regeneration of reactive Fe(II) 
species was rate-limiting (17, 18). However, due to the complex and poorly 
characterized chemical composition and the unknown bacterial community of 
the aquifer sediment, assignment of observed contaminant transformation to the 
different, simultaneously occurring, reductive processes, as it was done in this 
work, was not possible. Thus, more defined systems with pure cultures of 
Fe(III)-reducing microorganisms are needed such as iron oxide or clay mineral 
coated sand columns inoculated with pure bacterial cultures. With respect to 
Fe(III) regeneration, clay minerals may be an additional option since redox-
active, structural iron-species are not subject to reductive dissolution such as 
Fe(II) resulting from Fe(III) oxide reduction. This effect could simplify the 
quantification of the different transformation processes by electron- and mass 
balances in flow-through systems. It is unclear, however, whether Fe(III) in clay 
minerals can be microbially reduced by BTEX oxidizing bacteria, as studies so 
far have predominantly used Shewanella species with lactate or formate as 
electron donor. 
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