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Konstante Isotopenfraktionierungsfaktoren sind eine Voraussetzung für die Charakterisierung und 
Quantifizierung des biologischen Schadstoffabbaus in kontaminierten Böden und 
Grundwasserleiter. Jedoch ist der konstante Isotopeneffekt einer biochemischen Reaktion nur 
dann vollständig ausgeprägt, wenn der isotopenfraktionierende Schritt ratenlimitierend für den 
gesamten Transformationsprozess ist. Wenn Massentransfer-Prozesse vor der fraktionierenden 
Reaktion ratenlimitierend sind, dann wird eine reduzierte Isotopenfraktionierung im Vergleich zu 
dem biochemischen Effekt beobachtet. Im Grundwasserleiter ist die Abbaurate von hydrophoben 
organischen Schadstoffen oft durch deren Bioverfügbarkeit kontrolliert. Die Bioverfügbarkeit für 
den Abbau von organischen Schadstoffen ist ein Prozess, der vom Massenstransfer relativ zur 
potentiellen Abbaurate bestimmt wird. Bei einer limitierten Bioverfügbarkeit ist der Substratfluss 
langsamer als die Abbaukapazität der Mikroorganismen. Dies sollte theoretisch zu einer 
reduzierten Isotopenfraktionierung führen.  
 
In dieser Promotionsarbeit wurde der Einfluss der Substratbioverfügbarkeit auf die beobachtete 
Isotopenfraktionierung in einem Laborsystem gezeigt und anhand eines mathematischen Modells 
beschrieben. Unsere Versuche zeigten, dass die beobachtete Isotopenfraktionierung bei niedriger 
Bioverfügbarkeit deutlich tiefer war als in Systemen ohne Massentransferlimitierung. Dieser 
Effekt wurde durch ein mathematisches Modell eingehend untersucht, um die Variabilität in 
Abhängigkeit der Konzentration und Bioverfügbarkeit des Substrats für verschiedene 
umweltrelevante Massentransferverhältnisse aufzuzeigen. Es wurde beobachtet, dass die 
Verwendung von Isotopenfraktionierungsfaktoren, die normalerweise bei unbegrenzter 
Substratverfügbarkeit bestimmt wurden, für die Quantifizierung des Schadstoffabbaus bei 
Massentransferlimitierungen zu einen signifikanten Fehler führen kann.  
 
Die Möglichkeit Isotopenfraktionierung als flussbasierter Indikator für eine eingeschränkte 
Bioverfügbarkeit zu verwenden wurde in verscshiedenen Laborsystemen untersucht. Es konnte 
gezeigt werden, dass das Ausmaß der Bioverfügbarkeit gut durch die Erfassung der 
Isotopenfraktionierung abgeschätzt werden kann. Diese Dissertation ist die theoretische Basis für 
die Beschreibung des Zusammenhanges zwischen Isotopenfraktionierung und Bioverfügbarkeit. 
Aufbauend auf die gewonnenen Erkenntnisse kann diese Korrelation für ein breites Spektrum an 
Mikroorganismen und Substraten untersucht werden. 



Of strawberries and isotopes – a popular analogy 
 

Let us observe a large strawberry field in northern Europe in late May. The spring has been 

warm and sunny, and strawberries are growing fast. We can see strawberry lovers gathering to 

pick and eat the berries, 5 kg per hour in total. Fortunately, all the time new strawberries are 

appearing from the green plants, corresponding to 10 kg per hour, so the availability is high. 

If we look carefully, we can see that the deep red, nicely formed “perfect strawberries” get 

picked faster than slightly deformed “imperfect strawberries”. In fact, we can observe a 

strong enrichment of “imperfect strawberries” on the field, as the “perfect strawberries” 

rapidly disappear to decorate summer desserts.  

Same time the following year, after a long winter, prolonged by a cold rainy spring, the same 

people return to the field eager to eat fresh strawberries again. They methodically start picking 

at their rate of 5 kg per hour total, but they soon notice they need to slow down. Alas, this 

year the weather conditions do not allow fast strawberry growth, barely 5 kg per hour, 

availability is low. “Perfect strawberries” still get picked faster, but before new strawberries 

appear, most of the “imperfect strawberries” also end up to the mouths or baskets. Little 

enrichment of “imperfect strawberries” can thus be observed.  

Similarly, bacteria degrade molecules containing light isotopes only at a faster rate than the 

ones containing a heavier isotope. This isotope fractionation leads to an enrichment of heavy 

isotope in the residual substrate pool, which can be used to assess in situ biodegradation. 

However, when availability is low, substrate molecules will be consumed independent of their 

isotopic nature, and less enrichment of heavy isotope can be observed. 



ABSTRACT 

The analysis of the stable isotope composition of organic compounds is increasingly used for 

a variety of applications, such as in situ assessment of contaminant biodegradation, 

elucidation of biochemical pathways, food web studies and identification of sources and sinks 

of green house gases. These applications rely on robust fractionation factors that do not 

significantly vary in function of environmental conditions. The biochemical kinetic isotope 

effect is indeed constant for a given reaction and leads to constant enzymatic fractionation 

factors. However, isotope fractionation is generally analyzed by determining the isotope 

composition of the residual substrate in the bulk liquid, where the full isotope effect can only 

be observed if the isotope sensitive bond cleavage is the rate limiting step of the overall 

transformation process. If slow mass transfer processes precede the fractionating reaction 

step, samples taken in the bulk do not reflect the isotope composition at the enzyme, and a 

reduced isotope fractionation is observed. 

 

The use of stable isotope fractionation analysis of organic contaminants, in order to determine 

their behavior in soil and groundwater, has notably increased in the last years. For reliable 

characterization and quantification of biodegradation, constant fractionation factors are 

necessary. However, the isotope sensitive transformation is not always the rate limiting step 

for degradation. In the subsurface the degradation rate of hydrophobic organic pollutants is 

often limited by their bioavailability. Bioavailability for degradation of organic contaminants 

is an interactive process that is determined by the rate of physical mass transfer to microbial 

cells relative to their intrinsic catabolic activity. At bioavailability limited conditions, a 

situation often encountered in the subsurface, the pollutant supply does not meet the intrinsic 

degradation capacity of the microorganisms and theoretically thus can lead to a significantly 

reduced observed isotope fractionation. 

 



In this thesis, the influence of substrate bioavailability on the observed stable isotope 

fractionation was unambiguously demonstrated in a well defined laboratory system and 

theoretically described using mathematical modeling, and the possible use of the effect for the 

assessment of bioavailability was investigated. The effect was first demonstrated in a batch 

laboratory system, where mass transfer conditions were varied by applying different substrate 

concentrations. Bioavailability as defined here refers to the mass transfer of the contaminant 

to a cell relative to the cell’s specific affinity. The effective bioavailability experienced by a 

cell, however, also depends on the absolute contaminant concentration in the bulk liquid. In 

order to link substrate concentration to bioavailability, the new concept of “effective 

bioavailability” was derived. “Effective bioavailability” was here defined as the ratio of the 

actual degradation rate, possibly affected by mass transfer limitations, to the maximal 

degradation rate at a given concentration without mass transfer limitations. “Effective 

bioavailability” is thus a function of contaminant concentration. Isotope fractionation was 

shown to be significantly reduced at low substrate concentrations and low effective 

bioavailability. This effect was also described by mathematical modeling. An expression for 

the observed fractionation factor in function of substrate concentration and bioavailability was 

derived, which allowed simulations of various bioavailability conditions possibly found in the 

environment. Using a fractionation factor determined at high substrate concentrations for the 

quantification of biodegradation at low bioavailability conditions was shown to result in a 

significant error. 

 

The variability of the fractionation factor can also provide information about physical mass 

transfer processes limiting biodegradation. Our results indicate that the observed isotope 

fractionation is determined by the substrate flux to a single cell relative to its intrinsic 

degradation capacity. Biases of stable isotope fractionation could thus be used as a flux based 

indicator for bioavailability restrictions in a system. The possibility of applying stable isotope 



fractionation for the assessment of bioavailability was explored by means of different 

laboratory setups, in which mass transfer conditions could be varied. In a simple batch 

system, cell density was shown to influence both single cell bioavailability and isotope 

fractionation. A mathematical explanation for this effect was derived based on the overlap 

between the substrate depleted areas surrounding each degrading cell. An even more 

pronounced effect of cell density on isotope fractionation was seen in a two-liquid-phase 

system, in which the substrate, toluene, had to dissolve from a NAPL phase to the aqueous 

phase where degradation took place. Such situations are common in contaminated aquifers, 

where NAPLs are often present and serve as a reservoir for hydrophobic contaminants. The 

increase in bioavailability, due to larger mass transfer surface area, did not have a significant 

effect on the isotope fractionation at low cell densities, possibly because the difference in 

mass transfer was not large enough. However, at the highest density tested, fractionation was 

slightly higher with the larger area.  

 

Since bacteria in aquifers are most often not suspended in pore water, but attached on solid 

surfaces, experiments were also performed in a model laboratory column system with 

immobilized bacteria. Bioavailability in the columns was varied by applying different flow 

rates. Some increase in degradation rates was observed with increasing flow rates, 

accompanied by an increasing trend in isotope fractionation. Curiously, the isotope 

fractionation observed in the columns was generally higher than in the batch systems, despite 

lower degradation rates. An improved method for the determination of fractionation factors in 

the column system would be needed for the confirmation of the results and to explain the 

discrepancy between isotope fractionation in column and batch systems.  

 

This fundamental study clearly demonstrates the effect of substrate bioavailability on the 

observed stable isotope fractionation. Possible bioavailability limitations should be taken into 



account when interpreting isotope fractionation data from contaminated field sites, and the 

practical impact of this phenomenon on the quantification of biodegradation under field 

conditions should be further investigated. Our results also support the possible use of stable 

isotope fractionation for the assessment of bioavailability. Low bioavailability resulted in 

decreased isotope fractionation in all systems investigated here, although there were 

unexplained discrepancies when columns were compared with other systems. Due to its 

analytical simplicity and its high sensitivity, isotope fractionation could become a valuable 

diagnostic tool for the quantification of bioavailability in well defined systems. This thesis 

lays the theoretical basis for further studies needed for the validation of this novel application 

of stable isotope fractionation and its expansion to other organisms and substrates. 

 



ZUSAMMENFASSUNG 

Die Bestimmung der Verhältnisse stabiler Isotope organischer Verbindungen wird immer 

häufiger für die Erklärung von umweltrelevanten Fragestellungen genutzt, wie z.B. zur 

Erfassung des biologischen Schadstoffabbaus, der Aufklärung biochemischer Abbauwege, für 

Untersuchungen von Nahrungsketten und der Identifizierung von Quellen und Senken für 

Treibhausgase. Für die Beschreibung von Umweltsysteme und. -prozesse auf Grundlage 

stabiler Isotopendaten, werden robuste, unveränderliche Isotopenfraktionierungsfaktore 

vorausgesetzt. Es wird erwartet, dass der kinetische Isotopeneffekt einer biochemischen 

Reaktion konstant ist. Jedoch ist der Isotopeneffekt einer biochemischen Reaktion nur dann 

vollständig ausgeprägt, wenn der isotopenfraktionierende Schritt ratenlimitierend für den 

gesamten Transformationsprozess ist. Wenn Massentransfer-Prozesse vor der 

fraktionierenden Reaktion ratenlimitierend sind, dann wird eine reduzierte 

Isotopenfraktionierung im Vergleich zu dem biochemischen Effekt beobachtet. 

 

Konstante Isotopenfraktionierungsfaktoren sind eine Voraussetzung für die Charakterisierung 

und Quantifizierung des biologischen Schadstoffabbaus in kontaminierten Böden und 

Grundwasserleiter. Im Grundwasserleiter ist die Abbaurate von hydrophoben organischen 

Schadstoffen aber oft durch deren Bioverfügbarkeit kontrolliert. Die Bioverfügbarkeit für den 

Abbau von organischen Schadstoffen ist ein Prozess, der vom Massenstransfer relativ zur 

potentiellen Abbaurate bestimmt wird. Bei einer limitierten Bioverfügbarkeit ist der 

Substratfluss langsamer als die Abbaukapazität der Mikroorganismen. Dies sollte theoretisch 

zu einer reduzierten Isotopenfraktionierung führen.  

 

In dieser Promotionsarbeit wurde der Einfluss der Substratbioverfügbarkeit auf die 

beobachtete Isotopenfraktionierung in einem Laborsystem gezeigt und anhand eines 

mathematischen Modells beschrieben. Ferner wurde die Beeinflussung der 



Isotopenfraktionierung genutzt, um das Ausmaß der Bioverfügbarkeit zu erfassen. Die 

Variabilität der Isotopenfraktionierung wurde erst in einem Laborbatchsystem demonstriert, 

bei dem die Bioverfügbarkeit durch die Einstellung von verschiedenen 

Substratkonzertrationen verändert wurde. Bioverfügbarkeit wurde hier als Verhältnis 

zwischen dem Substratmassentransfer und der spezifischen Substrataffinität der 

Mikroorganism definiert. Um die Abhängigkeit der Bioverfügbarkeit von 

Substratkonzentration zu beschreiben, wurde das Konzept der „effektiven Bioverfügbarkeit“ 

(EB) entwickelt. Damit kann für eine bestimmte Substratkonzentration EB als Verhältnis 

zwischen der durch Massentransferlimitierung beeinflussten Abbaurate und der maximalen 

Abbaurate beschrieben werden. EB ist also konzentrationsabhängig. Unsere Versuche zeigten, 

dass die beobachtete Isotopenfraktionierung bei niedrigen Konzentrationen und niedriger EB 

deutlich tiefer war als in Systemen ohne Massentransferlimitierung. Dieser Effekt wurde 

durch ein mathematisches Modell eingehend untersucht, um die Variabilität in Abhängigkeit 

der Konzentration und Bioverfügbarkeit des Substrats für verschiedene umweltrelevante 

Massentransferverhältnisse aufzuzeigen. Es wurde beobachtet, dass die Verwendung von 

Isotopenfraktionierungsfaktoren, die bei unbegrenzter Substratverfügbarkeit bestimmt 

wurden, für die Quantifizierung des Schadstoffabbaus bei Massentransferlimitierungen zu 

einen signifikanten Fehler führen kann. 

 

Aufgrund des Zusammenhanges von Massentransfer und Isotopenfraktionierung scheint es 

möglich zu sein, die Bioverfügbarkeit durch die Variabilität der beobachteten 

Isotopenfraktionierung zu erfassen. Es konnte gezeigt werden, dass die beobachtete 

Isotopenfraktionierung durch die Substratflussrate im Verhältnis zu der potentiellen 

biochemischen Abbaurate reguliert wird. Somit könnte die verminderte 

Isotopenfraktionierung als flussbasierter Indikator für eine eingeschränkte Bioverfügbarkeit 

verwendet werden. Diese Möglichkeit wurde in Batch-, Säulen- und 



Zweiflüssigphasensystemen im Labor untersucht. In dem Batchsystem wurde der Einfluss der 

Zelldichte auf die Bioverfügbarkeit und der Isotopenfraktionierung gezeigt. Der Effekt der 

Zelldichte war noch stärker in einem Zweiflüssigphasensystem, in dem das Substrat (Toluen) 

von einer Ölphase sich ins Wasser löste. Solche Situationen treten häufig in kontaminierten 

Grundwasserleitern auf, wo nichtwässrige flüssige Phasen (NAPL) anwesend sind und als 

Quelle für hydrophobe Schadstoffe dienen. Bei mit Erhöhung der Kontaktoberfläche 

zwischen Öl und Wasser wurde die Bioverfügbarkeit erhöht, aber bei niedrigen Zelldichten 

konnte keine Erhöhung der Isotopenfraktionierung beobachtet werden. Erst ab einer 

Zelldichte von 108 mL-1 konnte eine Erhöhung der Isotopenfraktionierung bei großen 

Kontaktoberflächen festgestellt werden. 

 

Im Grundwasserleiter sind Bakterien überwiegend an Sedimentoberflächen gebunden. Um 

diese Verhältnisse zu simulieren, wurden Abbauversuche mit immobilisierten Bakterien in 

kleinen Laborsäulen durchgeführt. Eine Substratlösung wurde durch die Säulen gepumpt und 

die Isotopenfraktionierung aus den Zufluss- und Ablaufkonzentrationen berechnet. Die 

Bioverfügbarkeit wurde durch die Einstellung von verschiedenen Flussraten variiert. Mit 

zunehmender Flussrate wurde eine Erhöhung der Abbaurate und Isotopenfraktionerung 

beobachtet. Trotz niedrigeren Abbauraten war die Isotopenfraktionierung in den Säulen im 

Vergleich zu den Batchsystemen relativ hoch. Eine geeignetere Methode für die Bestimmung 

von Isotopenfraktionierungsfaktoren in den Säulensystemen wäre nötig, um die Ergebnisse zu 

bestätigen und um die Unstimmigkeit zwischen Batch- und Säulensysteme aufzuklären.  

 

Diese grundlegende Arbeit zeigt deutlich dass die Bioverfügbarkeit einen Einfluss auf die 

beobachtete Isotopenfraktionierung hat. Dieser Effekt ist bei der Erfassung des 

Schadstoffabbaus anhand von Isotopenuntersuchungen vom kontaminierten Flächen zu 

berücksichtigen. In weiterführenden Studien sollte die Auswirkung der Bioverfügbarkeit auf 



die Isotopenfraktionierung direkt im Bereich von kontaminierten Grundwasserleitern und 

Böden untersucht werden. Im Rahmen dieser Arbeit konnte auch gezeigt werden, dass durch 

die Erfassung der Isotopenfraktionierung das Ausmaß der Bioverfügbarkeit gut abgeschätzt 

werden kann. In allen untersuchten Systemen führte eine niedrige Bioverfügbarkeit zu einer 

Abnahme der beobachteten Isotopenfraktionierung. Durch die relativ einfache Bestimmung 

und hohe Sensitivität stellt die Isotopenfraktionierung ein wertvolles diagnostisches 

Werkzeug für die Erfassung der Bioverfügbarkeit dar. Diese Dissertation ist die theoretische 

Basis für die Beschreibung des Zusammenhanges zwischen Isotopenfraktionierung und 

Bioverfügbarkeit. Aufbauend auf die gewonnenen Erkenntnisse kann diese Korrelation für ein 

breites Spektrum an Mikroorganismen und Substraten untersucht werden. 
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1.1  Outline of the thesis 

1.2 Significance of bioavailability in contaminant biodegradation 

1.3 Stable isotope fractionation analysis (SIFA) 

1.4 Isotope fractionation and bioavailability 
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1.1 Outline of the thesis 

Many applications of stable isotopes, such as quantification of biodegradation, depend on 

reliable, constant fractionation factors, expressing the magnitude of isotope fractionation 

caused by biochemical transformation processes [1]. Even though the fractionation caused by 

a chemical reaction is constant, the measured observed fractionation may be influenced by 

physical processes in the environment [1-4]. One important factor often controlling 

contaminant biodegradation in the field is bioavailability. In this thesis, the effect of substrate 

bioavailability on microbial stable isotope fractionation was investigated. Chapter 1 

introduces the concepts of bioavailability and stable isotope fractionation. The influence of 

bioavailability on stable isotope fractionation is discussed based on a conceptual framework, 

combining the findings of this thesis with a review of the related literature.  

 

In Chapter 2, a study demonstrating the effect of bioavailability on stable isotope 

fractionation, during contaminant biodegradation is presented. In the first part the theoretical 

basis for the effect is established. An expression for the apparent fractionation factor, 

depending on the substrate mass transfer and the microbial specific affinity, is developed and 

used to model possible implications for the quantification of biodegradation. The theory is 

supported by experimental results from a laboratory model system, presented in the second 

part of Chapter 2. The observed isotope fractionation is expressed in function of the 

“effective bioavailability”, a novel bioavailability concept relating the actual mass transfer 

limited degradation flux to the maximal degradation potential of the cell. 

 

The potential use of the demonstrated correlation between bioavailability and isotope 

fractionation for the assessment of bioavailability is addressed in Chapter 3. The presented 

experiments, performed with different laboratory setups, support the use of stable isotope 
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fractionation as a flux based indicator for bioavailability at the single cell level. Finally in 

Chapter 4, the practical impact of our findings both on the assessment of biodegradation in 

the field and on the measurement of bioavailability by stable isotope fractionation analysis is 

critically evaluated, and an outlook on further research needs is given. 

 

1.2 Significance of bioavailability in contaminant biodegradation 

Bioavailability refers to the extent of exposure of a biological receptor to a chemical [5]. The 

term, long used in pharmacology, toxicology and agricultural sciences, has more recently been 

adapted to the context of environmental pollution and has even been incorporated in the 

regulatory guidelines for soil remediation of the European Union [5]. A broad variety of 

definitions for bioavailability exist, but as a summary, bioavailability can be seen as a 

combination of physical, chemical and biological processes, controlling the availability of 

contaminants in soils and sediments [5, 6]. There are two operationally different approaches to 

dealing with bioavailability in a contaminated environment: 1) increasing bioavailability in 

order to enhance the microbial degradation of contaminants or 2) decreasing bioavailability to 

reduce the exposure of organisms to the contaminants. In the first case, anthropogenic 

contaminants serve as carbon source to microorganisms, and a higher availability facilitates 

the removal of the contaminant by biodegradation. In this context, biodegradation is 

controlled by the biochemical activity of microorganisms and the mass transfer of a chemical 

to the microorganism. Bioavailability as defined by Bosma et al. is the ratio of these two 

processes, i.e. the substrate mass transfer relative to the intrinsic degradation capacity of a cell 

[7]. Bioavailability dominates degradation, when mass transfer is slower than the potential 

degradation capacity. Such a situation can result from slow mass transfer rates or high 

microbial activity.  
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Bioavailability plays a crucial role in the bioremediation of polluted field sites. In fact, the 

bioremediation of field sites contaminated with hydrophobic organic contaminants is in many 

cases limited by bioavailability restrictions, caused by slow mass transfer of contaminants to 

the degrading microorganisms [7]. In contaminated soil, pollutants and degrading bacteria 

have different microscopic distributions, and bacteria are mainly immobilized on solid 

surfaces [8]. Pollutants thus need to be transported to the bacteria before they can be taken up 

and degraded. This transport is a combination of processes on macro and microscale level. 

Pollutants in an aquifer are mainly transported with the advective groundwater flow. Around 

the cell the macroscopic water flow is, however, dominated by viscous forces that cause a thin 

water film to stick to the cell surface [9]. Within this diffusive boundary layer (DBL) 

surrounding the cell, transport is controlled by diffusion. The mass transfer of a contaminant 

to the cell may be restricted due to various chemical and/or physical processes, such as 

adsorption on soil particles, partitioning in a NAPL phase, or diffusion to pores too small for 

bacteria. At the microscale, mass transfer is influenced by the varying local contaminant 

concentrations, effective diffusivities and cell densities [7, 10].  

 

Since the availability of contaminants has a strong impact on biodegradation, the assessment 

of bioavailability conditions in contaminated soils is important for the choice of suitable 

remediation techniques. If biodegradation is limited by the availability of the contaminants, 

remediation methods such as the physical modification of the contaminated material or the 

addition of surfactants, need to be used in order to increase the contaminant mass transfer to 

the degrading cells. The methods available for the quantification of bioavailability can be 

divided in chemical extraction methods and methods involving biological reporters. 

Extraction methods, such as solid phase extractants (SPE) [11] and cyclodextrins [12], 

provide a defined bioavailable concentration [13], which however is not necessarily equal to 

the amount of substrate entering a cell. Solid phase extractants have in some cases shown to 
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include the bioaccessible fraction, that is the fraction that would be biodegraded only after a 

longer period of time [14]. The biological methods monitor the effect of a contaminant using a 

reporter organism, which reflects the amount to which the cell is exposed. A bacterial 

biosensor, the green fluorescent protein (GFP) the production of which was influenced by the 

substrate flux to the cell, was developed by Tecon et al. [15]. In this thesis, the possible use of 

stable isotope fractionation as an alternative flux based indicator for the assessment of 

bioavailability was addressed.  

 

1.3 Stable isotope fractionation analysis (SIFA) 

1.3.1 Theory and Definitions 

Stable isotopes are nonradioactive atoms of the same element that differ from each other only 

in the number of neutrons in their nucleus and thus in molecular mass [16]. Isotope 

fractionation is due to the fact that a higher activation energy is needed for the cleavage of a 

chemical bond containing a heavier isotope. Therefore molecules containing lighter isotopes 

have higher reaction rates, which leads to an enrichment of heavy isotopes in the residual 

substrate pool [1, 16-18].  

The origin of isotope fractionation is the kinetic isotope effect, which also determines the 

extent of fractionation. The kinetic isotope effect (KIE) is the variation in the rate of a 

chemical reaction, when an atom in one of the reactants is replaced by its isotope. The effect 

is due to the mass difference of the isotopes, which affects the vibrational frequency (v) of the 

chemical bond (Eq.1) and concomitantly the zero point energy of the system (Eq.2, n = 0) and 

the activation energy needed for bond cleavage (Fig. 1.1).  

µπ
kv

2
1

=           (1) 

( )2
1+= nhvEn          (2) 
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µ is the reduced mass of the two atoms A and B forming the chemical bond, µ = 

mAmB/(mA+mB). k is the spring constant for the bond and h is the Planck constant. The 

substitution of an atom by its heavier isotope thus leads to a lower zero point energy, and a 

higher activation energy is needed for the cleavage of the bond [16]. The KIE is defined as the 

ratio of the rate constants k, for the reaction rates of the heavier and the lighter atom of the 

element E [1]: 

k
kKIE h

l
=           (3) 

This intrinsic fractionation determined by the kinetic isotope effect can only be observed if 

the fractionating bond cleavage (k3) represents the rate-determining step in the overall 

process, as in most chemical (nonenzymatic) reactions. For enzymatic reactions, however, 

other processes, such as the transport or the binding of the substrate (S) to the enzyme (E), 

preceding the bond cleavage may be rate limiting. 

 

If one of the steps preceding the fractionating bond cleavage is slow, the full intrinsic 

fractionation will not be observed, i.e. fractionation is masked. In the extreme case, each 

substrate molecule will be converted and no isotopic discrimination will be observed, 

although there may be significant KIE for the bond conversion. Northrop introduced the 

expression “commitment to catalysis” and derived the following equation for the apparent 

kinetic isotope effect (AKIE) [2]: 

1+
+

=
C

KIECAKIE          (4) 

where C = k3/k2 is the commitment to catalysis and represents the tendency of the enzyme 

substrate complex (ES) to react (k3) as opposed to its tendency to dissociate  

(k2). 
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In this thesis we focused on mass transfer processes outside the cell, bringing the substrate to 

the cell surface. If these processes are slow they may decrease the observed fractionation as 

well. For this purpose, the apparent fractionation, defined above is here referred to as 

“enzymatic fractionation”. This term is used for the fractionation caused by a cell at non 

mass transfer-limited conditions, whereas the “observed fractionation” may be influenced 

by mass transfer limitations (Fig. 1.2). 

 

The magnitude of isotope fractionation between a reactant and its product can be expressed 

either with the fractionation factor α   

     (5)  

     

or the enrichment factor ε 

( ) [ ]‰10001 ×−= αε  (6) 

where Rreactant and Rproduct are the ratios of the heavy to light isotope in the reactant and in the 

product, respectively. For molecules in which all isotopes are located in the same reactive 

position, α can also be interpreted as the ratio of the rate constants [17] 

k
k

l

h

=α           (7) 

i.e. α is the reciprocal of KIE. According to the findings of this thesis, a more accurate 

definition for α would include the concentrations of the respective isotopologues [3, 4]: 

c
k

c
k

l
l

h
h

=α           (8) 

α can be graphically determined from the relationship between concentration change and the 

shift in the isotope ratio. For closed systems, this relation is given by the Rayleigh equation 

(here in its logarithmic form) [19, 20] 
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where Rt and R0 are the substrate isotope ratios at times t and zero, respectively, and ct and c0 

are the total substrate concentrations at these times. α is derived by plotting measured values 

of ln(Rt/R0) vs. ln([ct/c0]/[(Rt+1)/(R0+1)]) in a Rayleigh plot and obtaining the slope of the 

linear regression. 

 

Isotope ratios (or isotope signatures) of field or laboratory samples are generally reported as 

difference in per mil with respect to an international standard, e.g. Vienna Standard Mean 

Ocean Water (VMOW) for hydrogen and Peedee Belemnite (PDB) for carbon [21], 

respectively: 

[ ]‰1000×⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛ −
=

ref

refh

R
RR

Eδ         (10) 

R stands for the ratio between the heavy hE and light lE isotopes of a given element E in a 

given compound R = hE/lE. R and Rref
 are the ratios of heavy to light isotope in the sample and 

in the standard, respectively. These ratios are obtained using compound specific stable isotope 

fractionation analysis (CSIA) and can nowadays be determined for carbon (13C/12C), hydrogen 

(2H/1H), nitrogen (15N/14N), oxygen (18O/16O) and chlorine (37Cl/35Cl). If the fractionation 

factor is known, the isotope ratio of field samples can be linked to the extent of 

biodegradation using the Rayleigh model [1, 18].  

 

1.3.2 Stable isotope fractionation analysis for the assessment of microbial 

transformation reactions 

Many enzymatic reactions in microbial transformation pathways are accompanied by a 

significant isotope effect, i.e. the product becomes depleted in the heavier isotope, whereas the 

substrate gets enriched in heavy isotope. The analysis of the residual substrate fraction can 
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thus provide information about microbial transformation processes. Isotope fractionation 

analysis is in fact used for the elucidation of reaction mechanisms [1, 22-24] and for the  

assessment of biodegradation during remediation by monitored natural attenuation (MNA) 

[25-27]. Natural attenuation takes advantage of naturally occurring processes for the 

remediation of contaminated soil [28]. It is a cost-effective and environmentally sound 

solution for the remediation of large contaminated sites. However, for MNA to be accepted as 

a remediation strategy, it is necessary to unambiguously demonstrate the removal of the 

contamination. The most desirable natural attenuation process is microbial degradation of the 

contaminants, since it ideally results in complete mineralization or in harmless end products. 

Physical processes, such as dilution or sorption, may decrease contaminant concentrations in 

the pore water, but do not eliminate the contaminant from the system. Stable isotope 

fractionation analysis has proven to be very useful for the confirmation of biodegradation, 

since the above listed physical, nondestructive processes do not cause a significant isotope 

fractionation [29-32]. It should be kept in mind that abiotic degradation processes, such as 

redox processes with iron minerals in soil [33, 34] or photolysis in surface waters [35], may 

also cause significant isotope fractionation. 

 

The quantification of biodegradation by stable isotope fractionation analysis relies on 

invariable fractionation factors relating the shift in the isotope ratio to the change in 

contaminant concentration [18]. Fractionation factors are normally determined in closed 

laboratory systems where both isotope ratio and concentration can be monitored [36-40]. They 

are then applied to calculate the extent of biodegradation in highly heterogeneous 

environmental systems. The procedure is schematically described in Figure 1.3. For this 

procedure, it is generally assumed that the fractionation factor for a specific reaction is 

constant and independent of environmental conditions. 
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1.4 Isotope fractionation and bioavailability 

When degradation is controlled by the activity of the isotope sensitive enzyme, the isotope 

composition at the enzyme is in equilibrium with the composition at the cell surface and in the 

bulk liquid. Samples taken from the bulk thus directly reflect the isotope fractionation taking 

place at the enzyme. For microbial transformation in environmental systems, numerous 

physical and biological processes may, however, precede the fractionating enzymatic reaction. 

The fractionation by these processes is negligible compared to the fractionation by the 

enzymatic reaction, but they may indirectly decrease the observed fractionation. During mass 

transfer limited degradation, the potential microbial conversion rate exceeds the mass transfer 

flux to the degrading enzyme. The equilibrium between the bulk and the enzyme thus 

becomes shifted more into the direction of the enzyme. The enzymatic fractionation may still 

lead to a strong enrichment of heavy isotope at the enzyme, which however, is not fully 

reflected in the bulk, due to the shifted equilibrium [2]. The observed isotope fractionation 

derived from the isotope composition in the bulk is thus reduced compared to the enzymatic 

fractionation (Fig. 1.4). In an extreme case, mass transfer to the enzyme may become 

unidirectional and no isotope fractionation is observed in the bulk, despite a significant KIE.  

 

Several studies have addressed the influence of substrate availability on stable isotope 

fractionation during photosynthesis, methane oxidation, methanogenesis and denitrification 

[41-46]. A conceptual model for the influence of different mass transfer steps on isotope 

fractionation was developed by O’Leary [41]. Most of the studies summarized in Table 1 

were, however, performed in more complex systems, where other physical effects or 

physiological changes cannot be excluded, and theoretical description was therefore difficult. 

Also, to our knowledge, no previous studies about the effect of contaminant mass transfer to 

the degrading cells on isotope fractionation have been reported. However, indications of a 

mass transfer effect can be found in several studies describing stable isotope fractionation 
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during contaminant biodegradation [47-49]. Since bioavailability is here defined as the mass 

transfer flux relative to the degradation rate, it can also be limited by increased microbial 

activity. The degradation potential of a cell is influenced by a variety of environmental 

parameters. For instance, iron availability was shown to significantly accelerate toluene 

degradation by Pseudomonas putida mt-2 [50], and a concomitant decrease in isotope 

fractionation was also observed [51]. 

 

Mass transfer processes affecting bioavailability include 1) desorption/dissolution, 2) 

diffusion to the cell and 3) uptake through the membrane (Fig. 1.5). A rate limitation due to 

any of these processes leads to isotopic disequilibrium between the medium and the active site 

of the enzyme and to a concomitant reduction of the observed isotope fractionation. Steps 4 

and 5 of Figure 1.5 are not included in bioavailability processes, since they are not influenced 

by the environmental conditions, and are not discussed in this thesis. In the next paragraphs, 

the effect of the different mass transfer processes on the observed isotope fractionation is 

discussed with emphasis on contaminant biodegradation. 

 

Process 1: Desorption and/or dissolution 

Since bacteria are believed to exclusively take up molecules dissolved in water, the first step 

for biodegradation of contaminants is the transfer of a substrate to the aqueous phase. If this 

first step is very slow it may have an effect on the observed isotope fractionation. Already in 

1979 Zyakun et al. suggested that the isotope fractionation factor for biological methane 

oxidation may partly depend on the rate of dissolution of CH4 into the media [43]. For organic 

contaminants this first step may consist of the dissolution of solid or NAPL compounds or the 

desorption of contaminants sorbed on soil matter into the aqueous phase. In our experiments 

presented in section 3.2, the mass transfer from NAPL to the aqueous phase was shown to 

have an effect on the observed isotope fractionation. To our knowledge, no previous studies 
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on the effect of this first step on stable isotope fractionation have been reported. The water 

solubility of a contaminant has however been shown to correlate with isotope fractionation 

[47-49, 52]. Higher water solubility would increase the transfer of a contaminant into the 

aqueous phase, but since solubility is also connected to diffusivity in water, these studies are 

discussed in the context of Process 2: Transport to the cell. 

 

Process 2: Transport to the cell 

Since microorganisms in soil are mostly immobilized on surfaces, contaminants need to be 

transported to the degrading cells. The contaminant flux through the diffusive boundary layer 

(DBL) surrounding a cell depends on the concentration gradient between the bulk liquid and 

the cell surface. The substrate concentration in the medium therefore influences the 

bioavailability. The effect of CO2 availability on isotope fractionation during photosynthesis 

has been shown in tomato plants [42], cyanobacteria [53, 54] and algae [53]. O’Leary 

concluded that the CO2 concentration reflects the substrate availability: at high CO2 levels 

cells can discriminate 13C, whereas at CO2 limited conditions cells use all CO2 available, 

independent of its isotopic nature. A theoretical basis for the effect of substrate concentration 

on bioavailability and subsequently on the observed fractionation factor, is presented in 

Chapter 2 [3].  

 

The effect of water solubility on the observed isotope fractionation, observed in several 

studies [47-49, 52], may also be correlated to mass transfer restrictions. Pond et al. analyzed 

the hydrogen isotope fractionation during biodegradation of C15 – C27 n-alkanes and observed 

a decrease in isotope fractionation with increasing length of the carbon chain [49]. This was 

explained by a dilution of the kinetic isotope effect by the high number of nonreacting 

hydrogen atoms in long chain alkenes. However, the degradation rates also correlated with 

chain length and isotope fractionation. Reduced mass transfer flux, due to low solubility may 
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thus be the factor decreasing the observed fractionation of long chain alkenes. A correlation 

between alkane chain length and carbon isotope fractionation was observed by Kinnaman et 

al. for methane, ethane, propane and n-butane and by Bouchard for n-alkenes from propane to 

decane [48, 55]. Bouchard et al. corrected the obtained fractionation factors for nonreacting 

carbons [1], but the chain length dependency still persisted [47]. They therefore hypothesized 

that transport or binding steps before the fractionating reaction become increasingly limiting 

with poorly soluble long chain alkanes. An approximately linear relationship was observed 

between the AKIE and the square root of the molecular mass, indicating that diffusion 

controlled rate limitation could explain the trend. Bouchard et al. tested this hypothesis by 

comparing their results with those measured during gas phase reactions with OH radicals by 

Anderson et al. [56]. Since, chemical reactions in a homogeneous system have no slow steps 

preceding the fractionating bond cleavage, fractionation should be independent of chain 

length (except for the dilution effect). After the correction for nonreacting positions, the 

values obtained from the chemical reaction became independent of chain length [56]. A 

similar effect might explain the large difference in fractionation between tetrachloroethene 

(PCE) (ε = -5.5 ± 0.8 ‰) and trichloroethene (TCE) (ε = -13.8 ± 0.7 ‰) [40, 52]. Slater et al. 

hypothesized that the low solubility and/or the high Kow of PCE could cause local substrate 

limitations, leading to reduced observed isotope fractionation. 

The mass transfer to a single cell may also be reduced by high cell density. A mathematical 

description of the effect of cell density on bioavailability and on isotope fractionation is given 

in section 3.1. The observed effect could be explained by differences in degradation rates, 

which correlated with shifts in isotope fractionation [57]. An effect of cell density on isotope 

fractionation factors was also reported by Templeton et al. [58]. They observed a reduced 

isotope fractionation at later growth stages during methane oxidation. This was theoretically 

explained by extending the O’Leary two step scheme to include the effect of total enzyme 

concentration to the partitioning factor (or “commitment to catalysis” factor in Northrop’s 
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model), which increases with cell density. Since the experiments were performed with a 

growing culture, the possibility of physiological changes cannot be excluded. The effect was, 

however, shown to be independent of the type of organism or the form of the methane 

monooxygenase. 

 

Process 3: Uptake from the cell surface into the cell 

Most bacterial cells are surrounded by a cell wall and a biological membrane. In gram positive 

bacteria a single membrane is surrounded by a thick cell wall consisting mostly of 

peptidoglycan. The cell wall of gram negative cells consists of a thin layer of peptidoglycan 

located between an inner and an outer membrane. The peptidoglycan does not normally 

constitute a transport barrier for solutes due to its porous structure. The ca. 8 nm thick 

cytoplasmic membrane, generally formed by a phospholipid bilayer, acts as a permeability 

barrier. Transport through the membrane can be active or passive, depending on the 

compound [59]. Hydrophobic molecules, such as many organic contaminants, pass through 

the membrane by simple diffusion, following their concentration gradient [60]. The diffusion 

through the membrane thus constitutes another potential rate limiting transport step. 

 

Experiments by Nijenhuis et al. clearly demonstrate the effect of mass transfer limitation at 

the cell membrane [40]. They studied isotope fractionation of tetrachloroethene during 

reductive dechlorination. In a series of degradation experiments with cyanocobalamin (i.e. the 

cofactor at the reactive centre) only, with purified enzyme, with crude extract and with 

growing cells, they could show that the observed fractionation decreased with increasing 

integrity of the microbial system. For Desulfitobacterium sp. PCE-S and Sulfurospirillum 

multivorans, fractionation with growing cells was reduced by 56 and 41%, respectively, 

compared to the crude extract. The findings indicate that the transfer through the cell wall 

poses a rate limitation reducing the observed fractionation factor [40]. A similar effect was 
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observed by Morasch et al. during anaerobic toluene degradation by Desulfobacterium 

cetonicum. The enzyme benzylsuccinate synthase exhibited a 30% higher hydrogen isotope 

fractionation in cell extract than in growing cells [39]. 
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FIGURES 
 

 

Figure 1.1. The kinetic isotope effect (KIE). Molecules containing heavy isotopes (solid line) 

have lower zero point energy, and the reaction requires a higher activation energy. 

 

 

Figure 1.2. Microbial substrate transformation is controlled by the substrate mass transfer flux 

to the cell and by the biochemical activity of the cell. “Enzymatic fractionation” is determined 

by the microbial activity only, whereas the “observed fractionation” may also be affected by 

mass transfer limitations. 
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Figure 1.3. Schematic representation of the quantification of biodegradation by stable isotope 

fractionation. 
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Figure 1.4. The effect of bioavailability limitation on the isotopic equilibrium. Top: The 

overall degradation rate is controlled by the rate of the isotope sensitive transformation 

reaction. The isotope composition at the enzyme is in equilibrium with the bulk Rbulk = 

Renzyme. Bottom: Mass transfer is rate limiting. There is no equilibrium between the enzyme 

and the bulk Rbulk ≠ Renzyme, and the observed fractionation measured in the bulk does not 

reflect the enzymatic fractionation. 
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Figure 1.5. The transport of a contaminant to the enzyme consists of several mass transfer 

processes processes: 1) desorption/dissolution, 2) transport (diffusion), 3) uptake, 4) 

intracellular transport, 5) binding. Processes 1 – 3 are included in bioavailability processes, 

since they depend on environmental conditions. 
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TABLES 
Table 1. Literature on the impact of substrate availability on stable isotope fractionation in natural systems. 

Process Observations Authors’ conclusions References 
Isotope fractionation is a function of CO2 
concentration 

Isotopic disequilibrium between bulk and cell surface 
 

[42],[54]  

Maximal fractionation at high CO2 concentration and 
low cell density 

Limitation of CO2 supply leads to reduced fractionation [53] 

Review summarizing the factors influencing isotope 
fractionation 

Fractionation is determined by CO2 availability.  
Theoretical model for the prediction of isotope fractionation, 
taking into account the partitioning factor (i.e. commitment to 
catalysis in section 1.3.1) 

[41] 

Photosynthesis 

Decrease of fractionation in function of biofilm 
thickness 

δ13C value depends on the balance between photosynthesis 
rates and mass transfer limitation controlled by the biofilm 
thickness 

[61] 

Fractionation depends on CH4 diffusion from coal 
crumble 

Fractionation depends partly on the rate of CH4 dissolution [62, 63] 

Fractionation is a function of cell density in chemostat Fractionation depends on the CH4 concentration available per 
cell 

[63, 64] 

Reduced fractionation at later growth stages, high cell 
density 

Fractionation changes in function of total enzyme 
concentration, which affects the commitment to catalysis term 

[58] 

Methane 
oxidation 

Fractionation is a function of the ambient CH4 
concentration 

Fractionation depends on the CH4 flux into the soil [46] 

Methanogenesis Higher fractionation at later growth stage, isotope 
fractionation positively correlated with temperature 
and/or metabolic rate 

Fractionation determined by the Gibbs free energy of 
catabolism, which controls the reversibility of the reaction 

[65], [66] 

Low fractionation at high denitrification rates and NO3
- 

depletion 
Isotope fractionation can give information about denitrification 
rates in the water column 

[44, 67, 68] Denitrification 

Fractionation higher in the water column than in 
sediments 

Fractionation depends on diffusivity [44] 

Ammonium 
assimilation 

Fractionation depends on NH4
+ concentration, active 

transport at low concentrations increases fractionation 
Uptake by the cell is the rate limiting step and decreases the 
fractionation 

[69],[70], [71], 
[72] 
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__________________________________________________________________________________________________________________________________________________________________________________________________________________________________  

The effect of substrate concentration on 
stable isotope fractionation  
 
2.1 Impact of bioavailability Restrictions on microbially induced stable 

isotope fractionation: 1. Theoretical calculations1 
 
2.2 Impact of bioavailability Restrictions on microbially induced stable 

isotope fractionation: 2. Experimental evidence2 
 

                                                 
1 Environ Sci Technol. 2008, 42, 6544 – 6551 
2 Environ Sci Technol. 2008, 42, 6552 – 6558 
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An important factor influencing the contaminant mass transfer to a degrading cell is the 

contaminant concentration in the bulk liquid. In this chapter, the influence of contaminant 

concentration on the observed isotope fractionation is investigated. The first part of the 

chapter provides a thorough theoretical background for the effect of concentration and 

bioavailability on isotope fractionation. A mathematical expression for the observed 

fractionation factor in function of substrate concentration and bioavailability was derived, 

which allowed the mathematical simulation of different scenarios in laboratory and field 

systems and the prediction of the error for the quantification of bioavailability. In the second 

part of the chapter, experimental results supporting the theory are presented. A standardized 

laboratory batch system was used to determine isotope fractionation at different substrate 

concentrations. Isotope fractionation was shown to be reduced in batches with low initial 

substrate concentration. Isotope fractionation also decreased in a single batch after 

approximately half of the contaminant had been degraded. In order to link the concentration 

dependency to bioavailability, the concept of “effective bioavailability” was developed. 

“Effective bioavailability” was defined as the ratio of the actual degradation flux described by 

the Best equation to the maximal potential degradation described by the Michaelis-Menten 

equation. A clear correlation between “effective bioavailability” and the enrichment factor 

was obtained. 
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__________________________________________________________________________________________________________________________________________________________________________________________________________________________________  

Isotope fractionation – a tool for the 
assessment of bioavailability? 
 
3.1 The impact of cell density on microbially induced stable isotope 

fractionation3 
 
3.2 Correlation between bioavailability and stable isotope fractionation in 

column and two-liquid-phase systems4 

                                                 
3 Appl Microbiol Biotechnol, in press 
4 in preparation 
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The correlation between bioavailability and observed isotope fractionation, shown in the 

previous chapter, may be useful for the assessment of bioavailability. Isotope fractionation 

could give direct information about the bioavailability conditions a cell is experiencing, i.e. 

whether substrate transformation is dominated by bioavailability and to what extent. In this 

chapter, experiments for the validation of this potential new application are presented and 

discussed. 

 

In Chapter 2, substrate concentration was used to vary the bioavailability conditions, in order 

to demonstrate the effect of bioavailability on the observed fractionation factors [3, 4]. In this 

chapter, the sensitivity of the observed isotope fractionation factor towards other variables 

possibly limiting the bioavailability of contaminants in the environment is assessed. A 

schematic illustration of the experimental concepts is presented in Figure 3.1. The situation 

described in Figure 3.1A corresponds to the experiments presented in Chapter 2. Even in a 

well mixed batch system slow diffusion through the diffusive boundary layer (DBL) at low 

substrate concentrations may lead to bioavailability limitation (Fig. 3.1A). The flux to a single 

cell is also influenced by the cell density. The higher the cell density, the more probable is the 

overlap of the DBLs of two or more cells (Fig. 3.1B). In case of an overlap, the apparent bulk 

concentration may already be reduced by another cell. The effect of cell density on the 

observed isotope fractionation is investigated in section 3.1. The substrate mass transfer to 

microorganisms in the subsurface is often additionally reduced by their attached state. In the 

experiments described in section 3.2, stable isotope fractionation by attached, immobilized 

bacteria in a model column system was investigated (Fig. 3.1C). In all the studies mentioned 

above, diffusion of a substrate to the cell (process 2 in Chapter 1) is seen as the rate limiting 

step for biodegradation. However, in environmental systems, the preceding process of 

dissolution or desorption (process 1 in Chapter 1) of the contaminant into the aqueous phase, 

often plays an important role. In section 3.2, the effect of slow dissolution is investigated 
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using a two-liquid-phase system (Fig. 3.1D). These experiments have shown that the 

additional mass transfer step from oil to aqueous phase can further reduce the observed 

isotope fractionation. 
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Correlation between bioavailability and stable isotope fractionation in 

column and two-liquid-phase systems 

 

Abstract 

In the context of contaminant biodegradation, isotope fractionation is often implicitly 

assumed to be independent of the availability of the contaminant. It is known, however, that 

slow mass transfer processes preceding the fractionating bond cleavage may decrease the 

observed isotope fractionation. Biodegradation of hydrophobic organic contaminants in the 

environment is often controlled by the availability of the contaminant rather than the maximal 

capacity of the biochemical degradation process. Earlier studies in laboratory batch systems 

have shown that the observed fractionation is determined by the substrate flux to a single cell. 

In a contaminated aquifer, additional factors contribute to the restricted bioavailability of 

contaminants for degrading cells. First, cells in the aquifer tend to stay attached on solid 

surfaces, which reduces the substrate uptake. Second, contaminants may be partitioned in a 

non-aqueous phase liquid (NAPL) phase from which they need to dissolve to the aqueous 

phase in order to be degraded. Here, the effect of these two phenomena on the observed 

isotope fractionation was studied separately in well defined laboratory systems. Isotope 

fractionation by attached cells was studied in a column system with Pseudomonas putida mt-

2(pWW0) immobilized on sea sand. A toluene solution was pumped through and isotope 

fractionation factors were derived from the inflow and outflow concentrations. Both 

bioavailability and stable isotope fractionation seemed to increase with flow rate. In a two-

liquid-phase system consisting of an aqueous phase containing toluene degrader P. putida mt-

2(pWW0) and a NAPL phase spiked with toluene, isotope fractionation was determined at 

different cell densities and NAPL-water contact surfaces. The reduction of the observed 

fractionation at high cell densities was clearly stronger than in previous experiments without a 
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NAPL phase. The results presented here underline the importance of mass transfer restrictions 

when using stable isotope fractionation analysis and support the possible use of stable isotope 

fractionation for the assessment of bioavailability. 

 

Introduction 

Quantification of pollutant biodegradation in groundwater by stable isotope fractionation 

relies on constant fractionation factors that do not depend on physical and/or chemical 

changes in the heterogeneous aquifer. It is known, however, that the enzymatic fractionation 

that is indeed constant can only be observed when the fractionating bond cleavage is the rate 

limiting step of the overall degradation process. When a mass transfer process prior to the 

fractionating reaction step is rate limiting, a reduced fractionation is observed [2]. In the 

subsurface, degradation of hydrophobic organic contaminants is mostly controlled by the 

availability of the contaminant rather than the degradation capacity of the microorganisms [8]. 

Previous studies have shown that bioavailability restrictions due to low substrate 

concentrations and/or high cell densities in well mixed homogeneous batch systems may lead 

to reduced observed fractionation [3, 4, 57]. An additional factor decreasing the contaminant 

bioavailability for cells in an aquifer as opposed to a mixed batch system is their tendency to 

stay attached to surfaces. The advective groundwater flow provides the immobilized cells 

with nutrients. Previous studies have shown that attached cells in a flow through system are 

more likely subject to bioavailability limitations than suspended cells due to the more likely 

interference with neighboring cells and the smaller shell plane of the diffusive boundary layer 

(see below) [73]. As discussed in Chapter 2 and section 3.1, suspended cells in a mixed batch 

system are surrounded by a diffusive boundary layer (DBL), created by viscous forces, which 

cause the water film to stick to the solid surface [9]. In systems with laminar flow, the 

“diffusive boundary layer” concept may also be used to describe the diffusive transport of 

solutes. The thickness of the diffusive boundary layer depends on the geometry and the flow 
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velocity in the system. A fast flow reduces the thickness of the layer and as a consequence 

steepens the concentration gradient and increases the diffusive substrate flux to the cells [73].  

 

In the subsurface, the availability of contaminants may also be restricted by the partitioning of 

the contaminant in a non-aqueous phase liquid (NAPL) phase, the reduction of the observed 

isotope fractionation may be even more pronounced. Many contaminated soils and 

groundwater sites contain NAPLs originating from e.g. dry cleaning fluids, fuel oil and 

gasoline. NAPLs are particularly hard to remove from the water, and besides their own 

hazardousness, complex NAPLs also serve as a reservoir for poorly water soluble organic 

contaminants. Since bacteria are believed to exclusively take up molecules dissolved in water, 

contaminants partitioned in the NAPL phase are not directly available for degradation by 

microorganisms. If the transfer from NAPL phase to water is slow, it may constitute the rate 

limiting step for degradation. 

 

The aim of the experiments presented here was to separately investigate the effects of 

bacterial attachment and the presence of a NAPL phase on the observed isotope fractionation 

under well defined laboratory conditions and, furthermore, to see if stable isotope 

fractionation could be used to assess the bioavailability conditions in different systems. The 

column experiments were performed in a model laboratory column system with Pseudomonas 

putida mt-2(pWW0) immobilized on either sand or glass bead packing. A toluene solution 

was pumped through the column, and hydrogen isotope fractionation factors were derived 

from the inflow and outflow concentrations. Bioavailability was varied by changing either the 

inflow concentration or the flow rate. Columns with killed cells were used as controls for 

toluene losses not due to degradation.  
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The model laboratory two-liquid-phase system consisted of 2,2,4,4,6,8,8-heptamethylnonane 

(HMN) as NAPL phase spiked with toluene and an aqueous phase, where the toluene 

degrading strain Pseudomonas putida mt-2 p(WW0) was present. Different mass transfer 

fluxes were obtained by using two different NAPL-water contact areas. Experiments with 

each contact area were also performed at different cell densities.  

 

Material and methods 

Organism and culture conditions 

The organism Pseudomonas putida mt-2(pWW0) and the culture conditions, as well as 

harvesting and washing of the cells, are described in sections 2.2 and 3.1.  

 

Column experiments 

The transformation of toluene by strain mt-2 was studied in glass columns (length=10 cm, 

radius=0.5 cm) equipped with porous glass frits at the lower ends. The experiments were 

performed at room temperature (20°C). The setup is shown in Figure 3.2. Columns were wet-

packed with sea sand (0.1-0.3 mm) or glass beads (0.25-0.50 mm), washed with phosphate 

buffered saline (PBS) and baked at 450˚C for five hours, prior to use. Four columns were 

operated in parallel in a down flow mode with a peristaltic pump and Tygon® tubings. The 

buffer saturated columns were percolated with PBS for at least 15 h, before cells were loaded 

by replacing the influent with cell suspensions in PBS (OD 0.1 – 0.4). The columns were 

loaded to saturation, two with living cells and two with cells killed with 20 mM HgCl2. After 

loading to the desired density of attached cells had been achieved, the columns were rinsed 

with PBS to wash out planktonic and loosely attached cells. The optical densities at the inflow 

and the outflow were measured over time, during both loading and rinsing, so that the number 

of cells attached to the column could be calculated. A typical loading curve can be seen in 

Figure 3.3. The number of cells attached varied between approximately 1×108 and 2×109 
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cells. There was assumed to be no cell growth in the columns, since the PBS buffer lacked 

essential nutrients. In order to minimize substrate losses due to sorption or degradation in the 

tubing, the tubings were replaced by Teflon® tubings for pumping the toluene solution, 

except for approximately 20 cm Tygon tubing, necessary for peristaltic pumping. The 

Teflon® tubings were presaturated by flushing with 1 L of the same toluene solution used in 

the experiment. A 1:1 mixture (v/v) of toluene-h8 (99.9%, Merck KGaA (Germany)) and per-

deuterated toluene-d8 (99.6 atom % D; Sigma-Aldrich Chemie (Germany)) was pumped 

through the columns. In different experiments, flow rates were varied between 0.3 and 8 mL 

min-1. The toluene solution reservoir was closed tight with a screw cap with septum. The 

presaturated Teflon tubing was stuck through the septum and attached to the column inlet 

using a piece of silicon tubing. At the outlet, each column was connected to a ca. 4 cm long 

piece of Teflon tubing, which was stuck through the septum into a closed 10 mL GC vial. 

From this vial, samples of 2 mL liquid were taken through the air-tight septa using air-tight 

syringes (Gastight® model 1002, Hamilton Co. Reno, Nevada). Through a separate tubing, 

the toluene solution from the reservoir was pumped directly to a vial. Samples taken from this 

vial represented the inflow concentration for the columns. The samples were transferred to 

10-mL autosampler vials, containing 20 µl of concentrated H2SO4 to inhibit further 

biodegradation. The vials were closed immediately air-tight with Teflon-coated butyl rubber 

septa. The duration of the experiments ranged from 5 to 30 min, depending on the flow rate. 

The concentrations of the two toluene species were analyzed using headspace gas 

chromatography, as described in sections 2.2 and 3.1. 

   

Determination of fractionation factors. Fractionation factors were determined using the 

Rayleigh equation (see Chapter 2) 
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α is the fractionation factor, Rt and R0 are the substrate isotope ratios at the outflow during 

steady state and at the inflow, respectively, and ct and c0 are the total substrate concentrations 

in these samples. 

 

Experiments in the two-liquid-phase system 

Abiotic mass transfer experiments. Experiments were performed at room temperature (20°C) 

in tightly closed, three necked, 1-L glass bottles equipped with a vertical glass tube inside 

(Fig. 3.4). The bottles were filled with 500 mL PBS buffer. The HMN, spiked with a 1:1 

mixture (v/v) of toluene and per-deuterated toluene-d8 to a total concentration of 1 mM, was 

added to cover the surface of the PBS, either inside the glass tube to a surface area of 3.8 cm2 

or outside it to a surface area of 59.8 cm2. A larger contact surface area enables a faster 

toluene mass transfer from the HMN to the PBS. The HMN did not mix with the aqueous 

phase, and only a minor fraction of the toluene partitioned in the air phase. The system was 

kept on a magnetic stirrer at 300 rpm throughout the experiment. Toluene concentrations from 

the aqueous phase were analyzed, as described in sections 2.2 and 3.1. The equilibrium 

concentrations (ceq) for toluene with the two different contact areas were graphically 

estimated from the plateaus reached. The HMN to water mass transfer coefficients (k) were 

determined graphically by plotting time (t) vs. the initial concentration change ln ((ceq - c(t)) / 

ceq). k was obtained from the slope.  

 

Biodegradation experiments. The setup was prepared as described above for abiotic 

experiments. The washed cell suspension (see section 3.1) was added after the system had 
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reached equilibrium, and the concentrations of the two toluene species were analyzed in the 

aqueous phase during degradation.  

 

Determination of fractionation factors. The isotope fractionation factor (α) for microbial 

degradation reactions is generally defined as  

c
r

c
r

H
H

D
D

=α             (2) 

where r denotes degradation rates and c aqueous concentration of non-deuterated toluene and 

toluene-d8, indicated by superscripts H and D, respectively. At steady state conditions, r is 

equal to the transfer flux of toluene from oil to water (q), thus Dq = Dr and Hq = Hr. Equation 

(2) becomes: 
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q for deuterated and nondeuterated toluene can be defined as  
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where k is the mass transfer coefficient for the transfer from NAPL to water (assumed to be 

the same for both isotope fractions as no fractionation was observed in the abiotic 

experiments), ceq is the equilibrium concentration in the aqueous phase before the addition of 

bacteria and c is the steady state aqueous concentration during degradation. Inserting 

expressions (4) and (5) into equation (3) gives the expression for α used in this study: 
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Errors of the different parameters were combined to a total error of α, using common rules of 

error propagation.  
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Calculation of the toluene mass transfer to the cells. The flux of toluene from NAPL to 

aqueous phase (q) is driven by the concentration difference between the aqueous steady state 

concentration (css) and the equilibrium concentration (ceq) (from abiotic experiments). This 

concentration difference together with the NAPL to water mass transfer coefficient (k) (from 

abiotic experiments) determines the flux. 

)( sseq cckq −=    (7) 

The obtained flux (q) for the system was divided by the number of cells for each experiment, 

in order to infer the degradation rate for a single cell.  

 

Results and discussion 

Toluene mass transfer and isotope fractionation in the column system 

Firgure 3.5 shows a typical result of the column degradation experiments. Toluene is known 

to accumulate in biological membranes [74], which is probably the reason for the retarded 

toluene breakthrough in the columns with killed cells. After 18 minutes the system was 

apparently saturated with toluene and a steady state was reached. Only the steady state data 

was used for the calculation of fractionation factors. Preliminary experiments at slow flow 

rates (0.3 to 1 mL min-1) with glass bead packing did not show any clear effect of inflow 

concentration or flow rate on the degradation rate or the isotope fractionation. Large 

variations in the fractionation factors and small number of replicates make interpretation of 

the data uncertain. At flow rates above 2 mL min-1, bacteria did not attach well to glass beads, 

and sea sand was used instead. Between 2 and 8 mL min-1 the fractionation factor seemed to 

decrease (i.e. observed fractionation increased) at high flow rates, but the quality of the data 

does not allow conclusive interpretation (Fig. 3.6). At flow rates as high as 6 and 8 mL min-1, 

the calculated fractionation factors became lower than in the nonlimited batch systems, in 
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some cases even indicating inverse fractionation. This is probably due to too little change in 

the toluene concentration leading to ct/c0 ≈ 1 and a negative fractionation factor. The supposed 

increase in fractionation seemed to be accompanied by increasing degradation rates for a 

single cell, as would be expected (Fig. 3.6). Increased biodegradation rate at higher flow rates 

have also been observed in previous studies with saturated columns [75]. Single cell 

degradation rates in the columns (25 µM toluene) were approximately ten times smaller than 

in batch experiments (10 µM toluene). The bioavailability in the columns thus seems to be 

more limited than in a batch system, as expected. Fractionation factors determined in the 

column experiments were, however, relatively low at all flow rates and did not significantly 

differ from the ones determined in batch systems. The column system may not be directly 

comparable with the batch due to the different physical conditions. The toluene concentration 

in the columns was clearly above KM, and although the amount of cells was high, only a 

limited number of cells is competing for the substrate at each location. The reduced 

degradation rates would, nevertheless, indicate a bioavailability limitation. Reduced 

degradation rates without reduction in observed isotope fractionation could be observed if 

only part of the cells would contribute to the degradation. However, further studies are needed 

to investigate the possible reasons for this, before final conclusions can be drawn. Running 

more parallel experiments could improve the quality of the data, since it is impossible to 

exactly reproduce a single column experiment. Possible experimental problems include 

differences in the amount and distribution of biomass and its imprecise quantification, 

physiological changes of the cells and clogging of pores. Some of these factors may also 

change, when varying the flow rate. These changes are difficult to detect and complicate the 

interpretation of observed effects. For mimicking aquifer systems, flow rates should anyhow 

be kept below 0.5 mL min-1, which might also facilitate the practical execution of the 

experiments. Also, an improved method for the determination of fractionation factors should 

be developed. Finally, the results of the column experiments do not contradict the hypothesis 



 58

of higher flow rates leading to higher observed fractionation due to increased bioavailability. 

The discrepancy between the observed fractionation in column and batch experiments may be 

due to the different physical conditions in the column system, leading to heterogeneities in the 

distribution and degradation activity of the attached bacteria. Further studies are needed to 

clarify this and to confirm the correlation between bioavailability and observed isotope 

fractionation in column systems. 

 

Toluene mass transfer and isotope fractionation in the two-liquid-phase system 

Equilibrium concentrations and mass transfer coefficients for toluene were first determined in 

the two-liquid-phase system without bacteria. With the larger contact area (59.8 cm2) the 

system reached its equilibrium concentration of 2.1 µM of total toluene within six hours, 

whereas with the smaller contact area (3.8 cm2) the equilibrium concentration of 1.4 µM was 

reached within 30 hours. The approach to equilibrium for the larger area is shown in Figure 

3.7. The difference in equilibrium concentrations is due to different volumes of the HMN 

toluene mixture. The mass transfer coefficients for the small and large area respectively were 

0.321 L h-1 and 0.107 L h-1. No significant fractionation during phase transfer was observed in 

these abiotic systems. 

 

A typical result obtained from degradation experiments is shown in Figure 3.8. The aqueous 

toluene concentration first decreased until a steady state was reached. A substantial isotope 

fractionation was observed during degradation. As shown in section 3.1., the restricted 

bioavailability at high cell densities was accompanied by decreased observed fractionation, 

i.e. higher fractionation factors (Fig. 3.9). The fractionation factor obtained from the two-

liquid-phase experiments increased from 0.060 in presence of 1×107 cells mL-1 to 0.114 in 

presence of 6×107 cells mL-1 and to 0.263 with 5×108 cells mL-1. The effect was more 

pronounced than in the batch experiments without NAPL phase, where an increase of 20% 
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was found between 5×107 and 5×108 cells mL-1 (section 3.1). There was no difference in 

fractionation between the two different mass transfer areas at cell densities of 1×107 mL-1 and 

6×107 mL-1. With 1×108 cells mL-1 observed fractionation was lower for the small area. Even 

higher cell densities should be tested to confirm the trend. However, at cell densities above 

1×108 cells mL-1, an increase in the aqueous toluene concentration was observed before a 

clear steady state could be defined, and no fractionation factors could be calculated. This 

increase is probably due to a reduction of degradation activity, the cause of which still 

remains unclear. The substrate flux to a single cell was, however, lower with the small area, at 

all cell densities (Fig. 3.10). Possibly the difference in substrate flux was not large enough to 

have an effect on the isotope fractionation at low cell densities. Nevertheless, a clear 

correlation, between fractionation factors and mass transfer fluxes to a single cell, was 

obtained, independent of the different mass transfer areas (Fig. 3.11). These results confirm 

the effect of cell density shown in section 3.1 and demonstrate the additional impact of the 

mass transfer from NAPL to the aqueous phase (cf. Fig. 2 in section 3.1 and Fig. 3.10). The 

observed additional mass transfer limitation could also be seen by comparing the calculated 

mass transfer rate with maximal Michaelis-Menten degradation rate at steady state 

concentrations. Consequently, the experiments in the two-liquid-phase system again support 

the use of isotope fractionation for the assessment of bioavailability.  

 

The overall mass transfer limitation affecting the toluene degradation and the observed 

isotope fractionation in the two-liquid-phase system is a combination of the mass transfer 

from NAPL to aqueous phase and the mass transfer to the cell within the aqueous phase. The 

bioavailability limitation caused by the NAPL to aqueous phase transfer could be estimated 

from the relation between the potential Michaelis-Menten degradation rates at equilibrium and 

at the actual steady state concentrations. The limitation within the water phase is given by the 

potential steady state Michaelis-Menten degradation rate relative to the actual mass transfer 
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flux (Eq. 7), i.e. the effective bioavailability as described in Chapter 2 [4]. Note that at steady 

state this mass transfer flux equals the actual degradation rate. Calculations of these two ratios 

showed that the limitation due to the mass transfer from NAPL to aqueous phase was 

dominating in most cases. At high cell density and larger contact area, the mass transfer in the 

aqueous phase became more important, as would be expected. In the environment, where cell 

densities are generally lower, the mass transfer from a NAPL phase to the water would most 

likely be dominating. 
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Figure 3.1. Schematic representation of the experiments. Fluxes 1 and 2 refer to the mass 

transfer processes listed in chapter one, i.e. 1 is the dissolution of the substrate into the water 

phase and 2 is the mass transfer from the bulk to the cell surface. In experiments A-C the 

diffusion from the bulk liquid to the cell, through the unstirred boundary layer (2) was varied 

by changing the substrate concentration (A), the cell density (B) or the flow rate (C). In 

experiment D the transfer from another phase to water (1) was included and combined with 

the effect of cell density (D2). 
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Figure 3.2. Setup for column experiments. The toluene solution was pumped from the 

reservoir (right) to the columns (left) connected to collector vials (lower left corner) from 

which samples were taken. 
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Figure 3.3. Typical breakthrough of bacteria in the column, showing cell numbers at the 

inflow and at the outflow. At 54 min (arrow) the cell suspension at the inflow was replaced by 

PBS buffer in order to flush out loosely attached cells. 
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Figure 3.4. Setup for two-liquid-phase experiments. 

 

 

Figure 3.5. Typical result of column degradation experiments (flow rate 2 mL min-1, retention 

time 1.6 min), representing the toluene concentrations at the inflow and at the outflow of 

columns with killed cells and live cells. For this experiment the concentration data from 18 

min on was used for calculating the fractionation factor. 
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Figure 3.6. Fractionation factors (circles) and degradation rates for a single cell (squares) in 

function of flow rate. Error bars represent the 95% confidence interval for three or more 

experiments. No error bars are shown for experiments with less than three replicates. 

 

 

 

 Figure 3.7. Equilibrium curve from the abiotic experiment in the two-liquid-phase system, 

with the large contact area. The phase transfer did not cause significant fractionation. 
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Figure 3.8. Typical degradation experiment in the multiphase system with 107 cells per mL-1. 

The cell suspension was added at time zero. 
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Figure 3.9. Correlation between cell density and fractionation factors. A difference between 

the two areas was only seen at the higher cell density. Error bars represent the 95% 

confidence interval for three or more experiments. 
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Figure 3.10. The substrate flux to a single cell decreases with increasing cell density. The flux 

is higher with the larger NAPL water contact area at all cell densities. Error bars represent the 

95% confidence interval for three or more experiments. 
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Figure 3.11. Isotope fractionation in function of substrate flux to a single cell. The 

fractionation factor decreases with the substrate flux, independently of the area. Error bars 

represent the 95% confidence interval for three or more experiments. 
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Practical implications and further research 
needs 
 
4.1 Implications for the quantification of biodegradation 

4.2 Stable isotope fractionation – a tool for the assessment of bioavailability 
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In this thesis, laboratory model systems were used to demonstrate and explain the effect of 

bioavailability on stable isotope fractionation. The observed fractionation factor was found to 

significantly depend on both substrate concentration and cell density. These results, together 

with our theoretical calculations, support the hypothesis that in mass transfer limited systems, 

the observed isotope fractionation is determined by the substrate flux to the single cells that 

contribute to the degradation. Also the previous mass transfer step taking the substrate from a 

NAPL phase to water, may limit biodegradation and was shown to influence isotope 

fractionation. This explains effects of further mass transfer steps in the membrane and inside 

the cell as observed by Nijenhuis et al. [40]. This variability of the observed isotope 

fractionation factors might, on the one hand, lead to uncertainties in the assessment of 

biodegradation by SIFA in some cases. On the other hand, the correlation between substrate 

flux and isotope fractionation might be useful for the assessment of bioavailability for 

biodegradation. Both implications are discussed in this final chapter and recommendations for 

further research are given. 

 

4.1 Implications for the quantification of biodegradation 

The variability of the observed fractionation factors obtained in our experiments is due to the 

physical process of mass transfer. The effect can therefore be assumed to exist in any system, 

also in the environment, where it would lead to an underestimation of biodegradation (see 

section 2.1) [3]. Stable isotope fractionation analysis has, however, been used frequently for 

the assessment of biodegradation [25, 37, 76-78]. In a few studies, quantification of 

biodegradation by isotope fractionation could indeed be validated by other independent 

quantitative methods [78, 79]. The significance of the effect described in this work, under 

field conditions, depends on a variety of parameters. First, this effect is of importance only in 

cases where substrate bioavailability is restricted, and secondly, even in such cases the effect 

of bioavailability may be covered by larger variability of the isotope data caused by sampling, 
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sample treatment or data analysis [80, 81]. If degradation is limited by the availability of 

electron acceptors, as is often the case in aquifers, no reduction of isotope fractionation would 

be expected. Mass transfer fluxes in the aquifer depend on the physico-chemical properties of 

the contaminant (aqueous solubility, partitioning coefficients, density, etc.) and on soil 

properties, e.g. soil organic matter. It is therefore especially a problem for hydrophobic 

organic contaminants (HOC), such as polycyclic aromatic hydrocarbons (PAH), characterized 

by low aqueous solubility and high affinity to organic and solid phases. Until now, only a few 

attempts have been made in using stable isotope fractionation to assess the microbial 

degradation of naphthalene, the smallest PAH [37, 82]. Low aqueous concentrations and the 

large number of non reacting atoms in larger PAHs complicate the analysis of isotope 

fractionation induced by biodegradation. For PAHs the isotope composition is commonly 

used for source identification, since the isotope composition has been shown to remain 

constant despite biodegradation (Mazeas, 2002). With new techniques enhancing the 

detection limit of the isotope-ratio-mass-spectrometer (IRMS), there is, however, an 

increasing interest for using SIFA to analyze PAH biodegradation. Also, other hydrophobic 

compounds, such as hexachlorocyclohexanes (HCH) and n-alkanes, have shown to exhibit 

strong isotope fractionation that might be used to assess their biodegradation [47, 83, 84]. 

When attempting to analyze the biodegradation of hydrophobic organic contaminants, the 

possible effect of bioavailability should be taken into account.  

 

So far, the use of isotope fractionation for the assessment of biodegradation has mainly 

focused on monoaromatic hydrocarbons, chlorinated solvents (PCE and TCE) and methyl 

tert-butyl ether (MTBE). BTEX compounds, i.e. benzene, toluene, ethylbenzene and xylenes 

are relatively water soluble and should therefore be readily accessible for microorganisms. 

Isotope fractionation with the Rayleigh approach has indeed been used to calculate the extent 

of biodegradation of these compounds under anaerobic conditions [37, 76-78, 85]. Despite 
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high solubility, mass transfer limitations could be an issue at low contaminant concentrations, 

as described in Chapter 2. Isotope fractionation of tetrachloroethene (PCE) and 

trichloroethene (TCE) during dehalogenation reactions has been observed under laboratory 

and field conditions and has been used for the assessment of biodegradation in the field [25, 

86, 87]. In case of quantitative analysis of biodegradation, using isotope fractionation factors, 

care should be taken for the possible effects of mass transfer limitations, especially for PCE. 

In fact, mass transfer of PCE through the cell membrane has been shown to reduce the 

observed isotope fractionation in laboratory batch cultures [40]. In the presence of a NAPL 

phase, the transfer from NAPL to aqueous phase might become rate limiting and decrease the 

observed isotope fractionation. Yet, it must be noted that in the case of chlorinated ethenes, a 

high variability of isotope fractionation factors is also caused by a variety of different 

degradation pathways, leading to different enzymatic isotope fractionation [88]. This limits 

the quantification of the biodegradation of chlorinated ethenes to situations where the 

degrading population is known to exhibit a uniform isotope fractionation and adequate 

fractionation factors are known. In such cases the possible effect of mass transfer limitation 

should be taken into account. 

 

The mass transfer flux of a contaminant to a single cell also depends on the cell density in the 

system, as demonstrated in section 3.1. For the purpose of this study, high cell densities were 

used in order to demonstrate the effect of strong mass transfer limitations. In the subsurface, 

however, cell densities are usually much lower, and a lower total substrate availability may 

thus be sufficient for the small number of degraders. Nevertheless, cells in the aquifer are not 

equally distributed, and an important part of biodegradation takes place in biofilms and 

microbial hot spots, where cell densities can be relatively high [89]. Since bioavailability is 

here defined as the interplay between supply and consumption, the microbial degradation 

rates also play a role. Most of the degradation taking place in contaminated aquifers is, 
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anaerobic and much slower than the degradation by aerobic toluene degrader P. putida mt-2 

used in this study. Such slow degradation is saturated with slower mass transfer fluxes, and 

there is less risk for bioavailability limitations. 

 

How well the Rayleigh model can quantify biodegradation, depends on the accuracy of the 

parameters included in it. Thus errors in concentration measurements or an incorrect isotope 

fractionation factor are important sources of uncertainty. Since, the isotope fractionation 

factor depends primarily on the biochemical isotope effect, it should be determined in cultures 

corresponding to the degraders in the aquifer. Additionally, the physicochemical conditions 

should be similar to the aquifer. It should also be kept in mind that the Rayleigh model rests 

on several assumptions that may not be true in all systems. The Rayleigh equation assumes 

that the fractionation factor is constant and does not change during the course of degradation. 

It has, however, been shown that the fractionation factor can vary with substrate concentration 

[3, 4, 52] or even with temperature in some cases [39]. It is also assumed that the contaminant 

pool is homogeneous, which does not apply to all heterogeneous aquifers [90]. Contaminants 

in groundwater flow may take different paths and arrive to a monitoring point after different 

degrees of degradation and isotope fractionation. The violation of these assumptions would 

lead to an underestimation of biodegradation. Changes in contaminant concentration by 

nonfractionating physical processes may, in contrast, result in an overestimation of 

biodegradation [81, 91]. 

 

An additional factor possibly influencing biodegradation in the field is the presence of 

compounds toxic for the microorganisms. In preliminary experiments, membrane disruption 

by 4-chlorophenol was shown to have an effect on the toluene hydrogen isotope fractionation 

by P. putida mt-2 (Fig. 4.1). An increase in membrane permeability could be expected to 

decrease mass transfer limitations, resulting in higher fractionation [40]. Interestingly, isotope 
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fractionation decreased with increasing chlorophenol concentrations. This could possibly be 

explained by changes in the binding efficiency of the enzyme to the substrate, leading to a 

higher commitment to catalysis (see section 1.3.1). Alternatively, the increased mobility of 

the reaction components within the membrane would allow faster potential degradation rates, 

resulting in bioavailability restrictions and thereby reduced isotope fractionation. Further 

studies are, however, needed for the confirmation and mechanistic understanding of this 

effect.  

 

The results of this study show that substrate bioavailability may be a factor influencing the 

fractionation factor. The bioavailability conditions in the system should thus be taken into 

account, when the applicability of laboratory derived fractionation factors for a field site is 

considered. Care should be taken especially with aged contaminations and hydrophobic 

compounds, such as PAHs or alkanes, and when bulk concentrations are in the range of KM or 

below. In order to determine enzymatic fractionation factors, substrate concentrations clearly 

above KM should be used to exclude mass transfer limitation effects. The use of such 

“maximum fractionation” factors would also allow getting a conservative estimate for the 

extent of biodegradation. Another approach would be to try to tailor laboratory microcosms to 

simulate field conditions. The subsurface is, however, a heterogeneous matrix, where mass 

transfer conditions vary. The equations derived in chapters two and three allow a quantitative 

prediction for the magnitude of this effect if the bulk concentration and bioavailability 

conditions can be estimated. Simulations may be used to evaluate the usability of SIFA for a 

particular case. However, in order to get a concrete idea about the effect of bioavailability on 

isotope fractionation in the field, systematic investigations in a field system, including 

different contaminants and degraders, are still needed. It would be for instance interesting to 

compare isotope fractionation for fresh and aged contaminations of the same compound. Also 

the presence and concentration of dissolved organic matter may influence the bioavailability 
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and could thereby have an effect on isotope fractionation. The column system described in 

section 3.2 could be developed to a more aquifer like system, using a longer column with 

several sampling points and slower flow rates. Also a column with immobilized pollutant, 

similar to the one used by Zyakun et al. could be used [62]. Bacteria would be pumped 

through the column, and variations of contaminant release from the packing could be related 

to the observed isotope fractionation. In field experiments care should, however, be taken to 

exclude other factors possibly influencing the isotope fractionation, e.g. different degradation 

pathways with different enzymatic fractionation, heterogeneity of the matrix, preferential flow 

paths or the presence of toxic compounds.  

 

Finally, this thesis is a fundamental study showing and explaining the influence of substrate 

bioavailability on stable isotope fractionation in different well defined laboratory systems. It 

emphasizes the need to investigate the impact of this effect on the in situ quantification of 

contaminant biodegradation in soils and aquifers.  

 

4.2 Stable isotope fractionation – a tool for the assessment of bioavailability 

An interesting outcome of this work is the potential use of stable isotope fractionation for the 

assessment of bioavailability, discussed in Chapter 3. Already in 1973 Calder et al. proposed 

that the isotope composition of fossil cyanobacteria, corresponding to strong fractionation, 

could possibly be taken as an indication of high CO2 content in the air of the early Earth [54]. 

Later Lehmann et al. suggested that variations in stable isotope fractionation could be used to 

get information about denitrification rates, since a correlation had been observed in several 

cases [44, 68]. However, no practical method has yet been reported, probably due to the lack 

of systematic quantitative studies. In the context of contaminant biodegradation, the 

measurement of bioavailability is becoming increasingly important, and tools for a straight 

forward analysis, providing a clear quantitative result are still needed. Stable isotope 
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fractionation would be especially suitable for well defined model systems, where different 

new approaches to enhance bioavailability are evaluated. The use of stable isotope 

fractionation to assess the availability of contaminants under field conditions would require a 

good knowledge about the site, in order to exclude other parameters possibly influencing 

isotope fractionation. Since our bioavailability concept is based on fluxes, the assessment of 

bioavailability may also give information about diffusive fluxes and degradation rates in the 

system. A new biotechnological application could be the optimization of the efficiency of 

biocatalysts in bioreactors. Biosynthesis rate limitations due to substrate availability could be 

evaluated by determining the isotope fractionation. 

 

Our experiments in batch and two-liquid-phase systems clearly demonstrate the sensitivity of 

the fractionation factor to parameters influencing the substrate flux to a single cell. They 

provide a fundamental basis for further investigations needed to validate stable isotope 

fractionation as a tool for the assessment of bioavailability, e.g. using different organisms 

with different substrates in different matrices similar to environmental conditions.  

 

The variability of isotope fractionation in function of environmental conditions may also be 

used to assess other variables in specific cases. As discussed in the previous section, the 

presence of a membrane disrupting solvent also affects the observed isotope fractionation. 

Morasch et al. observed different fractionation factors for P. putida mt-2 at different 

temperatures. In any case, a better understanding of the factors influencing isotope 

fractionation may extend the application potential of SIFA to new fields. 
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FIGURES 

 

Figure 4.1. Toluene hydrogen isotope fractionation factors for P. putida mt-2 at different 4-

chlorophenol concentrations. The amount of 4-chlorophenol is given in percentage of growth 

inhibition, determined in a previous study. These experiments were performed under non 

growth conditions. 
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M. KAMPARA, M. THULLNER, H. HARMS, L.Y. WICK 

 
3. Stable Isotope Conference “Stable Isotope Tools for the Assessment of Chemical and 

Microbial Transformation Reactions in Complex Natural and Contaminated 
Environments”, Monte Verità, Switzerland, 18 – 23 November 2007,  
Influence of bioavailability on the apparent stable isotope fractionation 
M. KAMPARA, M. THULLNER, H.H. RICHNOW, H. HARMS, L.Y. WICK 

 
4. AXIOM-VIBE-eTRAP-HIGRADE Workshop "Electron transfer processes at 

biogeochemical gradients", Leipzig, Germany, 4 – 7 March 2008 
Impact of bioavailability restrictions on microbially induced stable isotope 
fractionation 
M. KAMPARA, M. THULLNER, H. HARMS, L.Y. WICK 

 
 
Posters 
 

1. AXIOM-Virtual Institute Spring School, “Microbial Activity at Biochemical 
Gradients”. Leipzig, Germany, 3 – 6 April 2006 
The influence of bioavailability on isotope fractionation 
M. KAMPARA, M. THULLNER, H. HARMS, L.Y. WICK 
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2. International Symposium on Environmental Biotechnology, Leipzig, Germany, 3 – 6 
April 2006  
The influence of bioavailability on stable isotope fractionation 
M. KAMPARA, M. THULLNER, H. HARMS, L.Y. WICK 

 
3. 4th International Workshop “Bioavailability of Pollutants and Soil Remediation”,  

Seville, Spain, 10 – 13 September 2006 
Influence of bioavailability on isotope fractionation 
M. KAMPARA, M. THULLNER, H. HARMS, L.Y. WICK 
 

4. RAISEBIO – AXIOM – NOMIRACLE Summer School “Chemicals in Soil: 
Interactions, Availability and Residue Formation”, Leipzig, Germany, 24 – 27 
September 2007 
Influence of substrate bioavailability on the apparent stable isotope fractionation 
M. KAMPARA, M. THULLNER, H. HARMS, L.Y. WICK 

 
5. SoilCritZone Workshop 3, Chania, Greece, 5 – 9 September 2008 

Influence of substrate bioavailability on the apparent stable isotope fractionation 
M. KAMPARA, M. THULLNER, H. HARMS, L.Y. WICK 
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biodegradation 

Sep 2000 – Jun 2005  Master of Science  in Engineering, Degree programme  in Biotechnology at 
the  Department  of  Biotechnology,  Royal  Institute  of  Technology  (KTH), 
Sweden 
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the  evolution  of  biodegradability  and  the  bacterial  charge  of  the  water 
during the treatment.  
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WORK EXPERIENCE 

Oct 2005 – Oct 2008    Helmholtz Centre for Environmental Research – UFZ Leipzig‐Halle GmbH, 
Germany 

    Position: PhD candidate  

Oct 2003 – Jun 2004    Institute of Cell Biology, ETHZ, Switzerland 

Position:  Auxiliary  laboratory  assistant,  10h  /week  (February  full  time) 
within a brain research project; molecular biological techniques, statistical 
analysis of behaviour experiments 

Jun 2003 – Jul 2003    Laboratory of Environmental Microbiology, Department of Biotechnology, 
KTH Stockholm, Sweden 

    Position: Auxiliary  laboratory assistant, full time, at a pilot plant combining 
hydrobotanic  wastewater  treatment  with  microbiological  processes; 
Chemical and microbiological analyses of wastewater during treatment 

Jun 2002 – Aug 2002  Swedish  Pulp  and  Paper  Research  Institute  (Present  STFI‐Packforsk  AB), 
Sweden 

Position: Auxiliary laboratory assistant, full time; participated in the 
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INTERNSHIPS 
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