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Stable isotope fractionation to investigate natural transformation mechanisms
of organic contaminants: principles, prospects and limitations†
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Gas chromatography–isotope ratio mass spectrometry (GC-IRMS) has made it possible to analyze

natural stable isotope ratios (e.g., 13C/12C, 15N/14N, 2H/1H) of individual organic contaminants in

environmental samples. They may be used as fingerprints to infer contamination sources, and may

demonstrate, and even quantify, the occurrence of natural contaminant transformation by the

enrichment of heavy isotopes that arises from degradation-induced isotope fractionation. This review

highlights an additional powerful feature of stable isotope fractionation: the study of environmental

transformation mechanisms. Isotope effects reflect the energy difference of isotopologues (i.e.,

molecules carrying a light versus a heavy isotope in a particular molecular position) when moving from

reactant to transition state. Measuring isotope fractionation, therefore, essentially allows a glimpse at

transition states! It is shown how such position-specific isotope effects are ‘‘diluted out’’ in the

compound average measured by GC-IRMS, and how a careful evaluation in mechanistic scenarios and

by dual isotope plots can recover the underlying mechanistic information. The mathematical

framework for multistep isotope fractionation in environmental transformations is reviewed. Case

studies demonstrate how isotope fractionation changes in the presence of mass transfer, enzymatic

commitment to catalysis, multiple chemical reaction steps or limited bioavailability, and how this gives

information about the individual process steps. Finally, it is discussed how isotope ratios of individual

products evolve in sequential or parallel transformations, and what mechanistic insight they contain.

A concluding session gives an outlook on current developments, future research directions and the

potential for bridging the gap between laboratory and real world systems.
Introduction

Monitoring of organic contaminants in the environment has

continuously been advanced by the development of new analyt-

ical approaches. In many cases, detection and quantification of

single organic substances in complex environmental samples

would not be possible without separation by gas chromatog-

raphy (GC) or liquid chromatography (LC). Structural infor-

mation has been accessible through coupling to (tandem) mass

spectrometry (GC-MS, LC-MS/MS). The recent hyphenation via

combustion or pyrolysis ovens to dedicated isotope ratio mass

spectrometers (GC-IRMS, LC-IRMS) now makes it possible to
Institute of Groundwater Ecology, Helmholtz Zentrum M€unchen - German
Research Center for Environmental Health, Ingolst€adter Landstr. 1, 85764
Neuherberg, Germany. E-mail: martin.elsner@helmholtz-muenchen.de

† Published as part of a special issue dedicated to Emerging Investigators.

Environmental impact

To predict the long-term impact of organic contaminants, transfo

understood. Studies in the field are generally limited to the monitori

the laboratory face the difficulty of transferring insight into real w

bear the unique potential to bridge this gap: measurable changes i

effects, which, in turn, reflect the transition state structure of the u

insight becomes, therefore, accessible directly in natural systems

developments in this young, emerging research area and gives an o

This journal is ª The Royal Society of Chemistry 2010
analyze even precise natural isotope ratios (13C/12C, 15N/14N,
2H/1H) of organic contaminants in environmental samples.1–3

An immediate result of such methodological advances is the

possibility to establish inventories of environmental contamina-

tion: What compounds are detected in drinking water wells?

What are their concentrations? Can isotope ratios be used as

fingerprints to identify the liable party of a groundwater

contamination? While such monitoring is essential to establish

inventories of pollution, long-term impacts can only be predicted

if the natural attenuation reactions are understood that lead to

contaminant elimination. In this context, an important conse-

quence of a new analytical method development is also the

possibility to learn more about the processes that organic

compounds undergo in natural systems.

GC-MS can deliver measurements of volatile organic

compounds and their decrease in concentrations. Such
rmation mechanisms that lead to their elimination need to be

ng of compound concentrations, whereas mechanistic studies in

orld systems. Compound-specific isotope fractionation studies

n contaminant isotope ratios may be linked to kinetic isotope

nderlying (bio)chemical transformation reactions. Mechanistic

! This critical review discusses the fundamentals and recent

utlook on prospects and limitations of future studies.

J. Environ. Monit., 2010, 12, 2005–2031 | 2005
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dissipation kinetics alone, however, cannot distinguish true

compound elimination as opposed to dilution or sorption. LC-

MS/MS allows in addition analysis of polar degradation prod-

ucts and metabolites. This insight is more conclusive, but may

fail again if products are quickly further metabolized so that they

are not accessible to analysis. Even when contaminants and their

products can both be detected, only net degradation pathways

can be established. What are the underlying transformation

mechanisms? What is the strategy of microorganisms on the

enzymatic level to break down contaminants that are difficult to

deal with? To answer these questions, an analytical approach is

required that allows the analysis of not only reactants and

products, but essentially transition states of biochemical trans-

formations. This critical review focuses on the measurement of

stable isotope fractionation via GC-IRMS as a new conceptual

advance that can for the first time provide this quality of infor-

mation. It will not deal with the fundamentals of compound-

specific isotope analysis itself which have been treated elsewhere

in excellent reviews.1–3 Instead the focus of this review will be on

the interpretation of compound-specific isotope data: What can

stable isotope fractionation measurements tell us? What are the

underlying processes? What are the prospects and limitations for

interpretations?

In a first part it is discussed how the enrichment of heavy

isotopes inside an organic contaminant can detect, and even

quantify, natural transformation at contaminated groundwater

sites, even in the absence of mass balances. A second part high-

lights that this isotopic enrichment reflects underlying kinetic

isotope effects. Since these depend on the transition state struc-

ture of the associated transformations it is shown how observable

isotope fractionation may be linked to different transformation

mechanisms. A third part critically discusses that isotope frac-

tionation in multistep processes may depend on several process

steps and considers the implications for interpretations. In

a fourth part the importance of product formation for observ-

able isotope fractionation is discussed. A concluding section

presents current developments and future research directions.
Martin Elsner

Martin Elsner received his

Diploma and his PhD from ETH
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stable isotope fractionation to study environmental transformation

reactions of organic contaminants, with a particular focus on

pesticides and chlorinated hydrocarbons.

2006 | J. Environ. Monit., 2010, 12, 2005–2031
I. Practical use of isotopes to monitor groundwater

contamination

Isotopes as reactive probes to demonstrate the occurrence of

contaminant degradation. For the monitoring of groundwater

contaminations, the most immediate added values of compound-

specific isotope analysis by GC-IRMS have been (i) the possi-

bility of isotopic fingerprinting to distinguish contamination

sources4–7 and (ii) the ability to demonstrate the occurrence of

natural transformation reactions. The latter aspect is of partic-

ular interest in the management of contaminated sites. Legisla-

tion requires a direct line of evidence of Natural Attenuation,8

but characterization of the subsurface is often difficult, installa-

tion of monitoring wells is expensive, and mass balances are

difficult to close. Independent means are therefore needed to

demonstrate with a reasonable number of sampling wells that

organic contaminants are naturally broken down.

Such an additional line of evidence can be provided by

measurements of the isotope values of organic contaminants in

groundwater samples, for example for carbon isotopes (13C, 12C):

d13C compound ¼

�
13C=

12
C
�

compound
�
�

13C=
12

C
�

ref�
13C=

12
C
�

ref

¼

�
13C=

12
C
�

compound�
13C=

12
C
�

ref

� 1 (1)

Here, (13C/12C)compound is the isotope ratio of the organic

compound, (13C/12C)ref is the isotope ratio of the international

reference material (V-PDB, Vienna Pee Dee Belemnite for carbon)

and d13Ccompound is the reported isotope value. Expressing isotope

values in this Delta notation has two advantages. (1) Values are

recorded relative to a common international reference so that

measurements of different laboratories are comparable on an

absolute scale. (2) Absolute values would give awkward numbers

(e.g., (13C/12C)ref ¼ 0.0111799),9 whereas differences are easier to

work with. d13Ccompound ¼ �0.011 ¼ �11&, for example, imme-

diately indicates that an organic compound contains 0.011 times less
13C per 12C than the international reference material, corresponding

to�1.1%, or�11&. To put this into perspective, the typical error of

GC-IRMS measurements is�0.5& for carbon,�1& for nitrogen

and �5& for hydrogen.3,10 Traditionally, expressions like eqn (1)

contain a factor of 1000 so that numbers like ‘‘�0.011’’ are con-

verted to read ‘‘�11’’. However, since �0.011 is exactly equal to

�11&, such a conversion is not needed and may lead to misun-

derstandings. This convention is being discouraged by the latest

IUPAC convention11 and will not be used in this review.

To obtain proof that a contaminant is degraded at a contam-

inated site, one makes use of the kinetic isotope effect associated

with chemical and biochemical reactions. Typically, chemical

bonds are broken more easily if they contain a light rather than

a heavy isotope.12 Organic contaminant molecules with heavy

isotopes are therefore degraded more slowly and tend to accu-

mulate in the fraction of molecules that remain when natural

transformation occurs. Such an enrichment of heavy isotopes

can be measured as more positive isotope values in the Delta

notation when the contaminant is analyzed via GC-IRMS. If

a contaminant sample downstream of a suspected source area
This journal is ª The Royal Society of Chemistry 2010
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shows such isotopic enrichment, this therefore gives a strong line

of evidence that natural attenuation occurs13 – even when mass

balances cannot be closed and metabolites are not detected!

In this context it is frequently assumed that processes of

physical nature (i.e., diffusion, sorption, volatilization) are

associated with much smaller isotope fractionation that is

generally neglected. These aspects are discussed in more detail by

Hunkeler and Elsner.14 The current view is that in aquifers, under

saturated conditions and with contaminant plumes at steady

state, these processes are indeed negligible.15 Possible exceptions

are contaminant plumes at non-steady state where transverse

dispersion16,17 and sorption18,19 may create small transient

isotope gradients even in the absence of degradation. For the

unsaturated zone, even greater isotope gradients may transiently

arise by diffusion,20 while isotope effects during volatilization

tend to play a minor role.20,21

Quantitative estimates of natural degradation from isotope

measurements. Contaminant-specific isotope measurements do

not only offer the possibility to qualitatively detect, but also to

quantitatively estimate the extent of contaminant degradation.

Since transformation causes isotope fractionation, greater

changes in isotope values are expected for a greater extent of

degradation. What is needed is an equation that links degrada-

tion-induced shifts in isotope ratios to the extent of degradation

by which they have been caused. Such a relationship is given by

the Rayleigh equation,22,23 for example for carbon isotopes:�
13C=

12
C
�

�
13C=

12
C
�

0

¼ d13Cþ 1

d13C0 þ 1
¼ f ða�1Þ ¼ f 3 (2)

Here, (13C/12C)0 is the carbon isotope ratio of a given organic

compound when it has not yet been degraded. (13C/12C) is the isotope

ratio of the same compound after a certain extent of degradation has

occurred, and f is the fraction of the compound remaining at this

stage of degradation. d13C0 and d13C are the isotope ratios expressed

in the Delta notation. Isotope values and f are linked by the frac-

tionation factor a (or enrichment factor 3) which may be evaluated

from experimental data in a double logarithmic plot:

ln

�
d13Cþ 1

d13C0 þ 1

�
¼ ða� 1Þ,ln f ¼ 3,ln f (3)

Such numbers of a and 3 may be determined in laboratory

experiments with aquifer sediments or microbial cultures

mimicking the conditions expected under natural conditions, or

they may be looked up in the literature.24–27 Subsequently,

isotope values close to a contaminant source (d13C0) and further

downstream in a contaminated aquifer (d13C) may be used to

estimate the extent of (bio)degradation B on the flow path

between the two sampling points according to

B ¼
�
1� f

�
¼ 1�

�
d13Cþ 1

d13C0 þ 1

�1=ða�1Þ

¼ 1�
�

d13Cþ 1

d13C
0
þ 1

�1=3

(4)

Alternatively, changes in isotope ratios may be measured over

time at a given monitoring well to investigate the efficiency of an
This journal is ª The Royal Society of Chemistry 2010
ongoing in situ remediation scheme. As discussed in recent

reviews,6,24,28 the feasibility of this approach has been successfully

demonstrated at numerous field sites contaminated with fuel

oxygenates,29–32 chlorinated hydrocarbons,13,33–40 petroleum

hydrocarbons41–46 or RDX.47 Official guidelines have been pub-

lished which recommend the use of stable isotope fractionation

measurements to estimate the extent of biodegradation at

contaminated sites.26,48,49

Current research is now concentrating on the uncertainties

associated with such estimates. One uncertainty is related to the

value of a, or 3, respectively. Are values reported in the liter-

ature applicable to a specific field site? How robust or variable

are such numbers of 3? What are the underlying factors that

determine their magnitude? These aspects will be considered in

detail in this review. Another uncertainty arises by the fact that

water parcels travelling in an aquifer are not closed reaction

vessels like in the laboratory. Instead, contaminants are subject

to sorption, volatilization or mixing through dispersion.50–52

Even if these physical processes may not directly cause signif-

icant isotope fractionation (see above) their presence can still

bias estimates. Specifically, if water parcels mix in which

a different extent of degradation has taken place, isotope values

of the mixture will always underestimate the true degrada-

tion.19,50,53 On the other hand, if transformation kicks in after

non-degradative processes have already reduced the contami-

nant concentration, isotope-based estimates can overestimate

the true extent of transformation. The reason is that degrada-

tion may act on only part of the contaminant load and isotope

values would not pick up this fact.28,51 The importance of these

effects has been considered in theoretical treatments.19,28,53

Useful scenarios and equations have been derived to further

constrain these uncertainties with knowledge about the

hydrogeology of contaminated sites.19,28,53

Beyond monitoring: what can we learn from observable isotope

fractionation? These examples show that even when isotope

measurements are used in a pragmatic approach, a point is

quickly reached where it is no longer sufficient to regard the

natural system as a black box. Instead, a process under-

standing is required to reduce uncertainties and to understand

the mechanisms of natural attenuation as a basis to predict the

effectiveness of natural attenuation in the long run. Can

observable isotope fractionation elucidate by what trans-

formation mechanisms or degradation pathways contaminants

are broken down? Are aerobic or anaerobic processes at work?

Can this information be used to constrain the values of a and

3 for quantification of biodegradation? Is it even possible to

distinguish biotic from abiotic degradation? This critical

review aims to answer these questions by discussing the

different factors which together create observable isotope

fractionation: (1) the transition state of the underlying

(bio)chemical transformation, (2) the way how position-specific

isotope effects are reflected in the compound average measured

by GC-IRMS, (3) the rate-determining step(s) of natural

multistep processes, (4) the product yield in the case of

simultaneously occurring, competing degradation pathways.

Prospects and limitations for the elucidation of natural

transformation mechanisms are discussed, and an outlook is

given on ongoing developments.
J. Environ. Monit., 2010, 12, 2005–2031 | 2007
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Fig. 1 Energy differences between isotopologues (molecules containing

light versus heavy isotopes) during contaminant transformation. The

kinetic isotope effect is caused by the difference in activation energies

D(Ea) which, in turn, depends on the energy differences between iso-

topologues of the reactant, D(DGQ), and of the transition state, D(DGTS).
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II. Deriving transformation mechanisms from isotope

fractionation

Position-specific isotope effects: Glimpsing at transition states

of (bio)chemical reactions. Kinetic isotope effects arise when

a light isotope in a particular position of an organic compound is

substituted by a heavy isotope (e.g., 12C by 13C)

13C � KIE ¼ KIEC ¼
12k
13k

(5)

13k is the rate constant of the molecule with 13C in the molecular

position (i.e., the heavy isotopologue), and 12k is the rate constant

of the light isotopologue. From their chemical properties

(nuclear charge, number of electrons) isotopes of the same

element would be expected to behave in exactly the same way. If

they react with different rates nevertheless, it is because (i) the

presence of additional neutrons affects the mass involved in

atomic motions causing mass-dependent fractionation. In addi-

tion, (ii) the magnetic moment or nuclear volume of atomic

nuclei may change causing mass-independent fractionation. Mass-

independent fractionation does not play a major role in biolog-

ical degradation of organic compounds, however. Magnetic

isotope effects,54 or decomposition of photoexited states55 are

primarily important in photochemical transformations,56

whereas the nuclear volume effect is significant only for very

heavy elements such as Hg.57,58

For mass-dependent fractionation, on the other hand, rate

constants k, and activation energies Ea can be thought to depend

on the energy difference between reactants Q and transition state

TS according to the Arrhenius equation

k ¼ A$exp{�(Ea)/RT} ¼ A$exp{�(DGTS � DGQ)/RT} (6)

so that isotope effects are determined by

KIEC ¼
12k
13k
¼

12A
13A

,exp
n
�
�
DðEaÞ

	

RT
o

¼
12A
13A

,exp
n
�
�
DðDGTSÞ � D

�
DGQ

�	

RT
o

(7)
2008 | J. Environ. Monit., 2010, 12, 2005–2031
A is the pre-exponential factor of the Arrhenius equation, R is

the universal gas constant and T is the absolute temperature.

D(DGQ) is the difference in Gibbs energies between isotopologues

of the reactants, D(DGTS) is the analogous difference between

isotopologues in the transition state. D(Ea) is the resulting

difference of activation energies which causes the isotope effect.

In the case of hydrogen, isotope effects may become even greater,

because lighter isotopes can tunnel preferentially through acti-

vation barriers.59

As illustrated in Fig. 1, kinetic isotope effects may be under-

stood when looking at energy differences between the iso-

topologues, D(DG). Heavy isotopologues are always slightly

more stable than light isotopologues. During transformations,

bonds are generally weakened so that the isotopic energy

difference in the transition state, D(DGTS), is smaller than on the

side of the reactants D(DGQ) (see Fig. 1). Consequently, light

isotopes have lower activation energies and normally react faster.

Values of KIE > 1 are therefore called normal isotope effects.

Vice versa, isotope effects are termed inverse in the rare case that

D(DGTS) > D(DGQ) and KIE < 1 corresponding to stiffer bonds

(¼ vibrations of higher energy) in the transition state. Chemistry

and geosciences have created different conventions to express the

magnitude and direction of isotope fractionation. To avoid

ambiguities it is helpful to speak of normal isotope fractionation if

heavy isotopes become enriched in the reactant – this is the usual

case for kinetic isotope fractionation – and of inverse fraction-

ation if heavy isotopes become enriched in the product.

Such energy differences D(DG), in turn, are determined by the

atomic motion of the isotopes inside the molecular structure,

specifically through (i) molecular vibrations, (ii) molecular

rotations and (iii) translation of molecules.12 For example, if

a molecular vibration more strongly involves the position where

an isotopic substitution has taken place, and if the energy of this

molecular vibration is greater (corresponding to stiffer bonds)

this leads to a greater difference D(DG).14,60 Because of this strong

dependence on molecular geometry, isotope effects are an expe-

dient way of investigating transition states of (bio)chemical

reactions; in comparison with computational calculations, they

essentially allow taking a glimpse at transition state structures.

Numerous (bio)chemical studies have synthesized molecules

labelled with isotopes in specific molecular positions,61 or posi-

tion-specific NMR measurements were conducted.62 Subsequent

determination of kinetic isotope effects made it possible to

elucidate transition states of organic reactions and to unravel the

mechanism of enzyme catalysis.63–65 In such interpretations,

variational transition-state theory with multidimensional

tunnelling is the state-of-the-art theoretical treatment,66 rather

than the simple Arrhenius model considered here.

How are position-specific isotope effects reflected in the

compound average? The example of atrazine will be used to

illustrate the way how position-specific isotope effects are rep-

resented in the compound average measured by GC-IRMS.

Atrazine belongs to the worldwide most prominent groundwater

contaminants. Current studies evaluate isotope fractionation

measurements as a new approach to investigate its fate in the

environment.56,67–69 The chemical hydrolysis of atrazine to

hydroxyatrazine at pH 12 was subject of two recent publications,

one computing position-specific isotope effects67 (Fig. 2), and the
This journal is ª The Royal Society of Chemistry 2010
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Fig. 2 Position-specific isotope effects for substitution of 12C by 13C, and of 14N by 15N, respectively, calculated for the alkaline hydrolysis of atrazine at

pH 12.67
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other reporting experimental data of compound-specific isotope

analysis.68 The underlying mechanism is a nucleophilic aromatic

substitution, where a hydroxide ion directly replaces the chlorine

substituent.

The computed values for this reaction illustrate that isotopic

discrimination occurs primarily in the reacting C–Cl bond. Such

strong isotope effects in the reacting bond are called primary

isotope effects. In comparison, smaller isotopic discrimination is

found in adjacent positions. These smaller isotope effects next to

the reacting bond are called secondary isotope effects. Finally, the

example illustrates that isotope discrimination in more distant

positions is negligible.

For the interpretation of isotope fractionation measurements

by GC-IRMS it is essential to understand how position-specific

isotope effects are reflected in the fractionation factor a deter-

mined according to eqn (3). The parameter a is more accurately

termed ‘‘kinetic isotope fractionation factor akin
P,Q(C,12C) for

transformation of compound Q to product P’’ and is defined as

akin
P;Q

�
13C; 12C

�
¼

�
13C=

12
C
�instantaneous

P�
13C=12

C
�

Q

¼

�
13C=

12
C
�reacting

Q�
13C=12

C
�

Q

¼ d13CQ=d12CQ

13CQ=
12

CQ

(8)

where (13C/12C)Q is the isotope ratio of the reacting contaminant

Q, while (13C/12C)instantaneous
P and (13C/12C)reacting

Q are the isotope

ratios of momentarily formed product(s) P and disappearing

reactant Q, respectively. When integrating this expression, the

Rayleigh equation is directly obtained.23 The corresponding

expression in the Delta notation is

3kin
P;Q

�
13C; 12C

�
¼
h
aP;Q

�
13C; 12C

�
� 1

i

¼
�

d13CP þ 1

d13CQ þ 1
� 1

�
¼

d13CP � d13C
Q

d13CQ þ 1

z d13CP � d13CQ (9)

Two important differences of these expressions to the defini-

tion of kinetic isotope effects (eqn (5)) become apparent.

(1) In kinetic isotope effects, light isotopes appear in the

numerator, whereas in fractionation factors they appear in the

denominator. If light isotopes react faster and isotope fraction-

ation is normal, KIE values are therefore greater than one.
This journal is ª The Royal Society of Chemistry 2010
a values, in contrast, are smaller than one and 3 values are

negative in the case of normal isotope effects.

(2) Kinetic isotope effects are position specific. In contrast,

GC-IRMS measurements convert target compounds into CO2,

N2 or H2 so that the position specific information gets lost in the

compound average.25 If changes in isotope ratios are small such

as typically for C and N, bulk isotope fractionation factors akin

calculated from such compound-average data are approximately

equal to the average of 1/KIEi in all molecular positions i. For the

example of atrazine in Fig. 2 this gives:

akin
P;Q

�
13C; 12C

�
z

1

8
,
X�

1

KIEC;i

�
(10)

akin
P;Q

�
15N; 14N

�
z

1

5
,
X�

1

KIEN;i

�
(11)

This calculation implicitly assumes that intramolecular

differences in isotope ratios are small throughout the reaction.

Otherwise compounds would be labelled, and the KIEi of the

labelled position would dominate the observable a.25

Using the computed values of Fig. 2, 3kin(13C/12C) z �4& and

3kin(15N/14N) ¼ �1.2& are calculated. The calculated average

carbon isotope fractionation of 3kin(13C/12C) z �4& is clearly

much smaller than the computed position-specific isotope effect

of 29 per mill (i.e., KIE¼ 1.029), but it still indicates the presence

of a primary kinetic isotope effect. The calculated 3kin(15N/14N) ¼
�1.2& of nitrogen, in contrast, illustrates the imprint of

secondary isotope effects. While small, they occur in more than

one position simultaneously and, therefore, add up to a contri-

bution that would be comparatively small in the presence of

a primary isotope effect, but is significant in its absence.25 Both

values agree qualitatively with the experimental results of

3kin(13C/12C) ¼ �5.6& � 0.1& and 3kin(15N/14N) ¼ �1.2& �
0.1&.68

This case illustrates that compound-specific isotope measure-

ments do not provide the same level of insight as position-specific

effects. From values of a or 3 it is not possible, for example, to tell

directly at what molecular position a reaction occurs. Still, the

observable fractionation preserves the nature of the position-

specific effects. Specifically, compound-specific data of the

alkalinic atrazine hydrolysis tells us that isotope effects are

primary for carbon and secondary for nitrogen, and that they are

normal rather than inverse. From this it can be concluded that

the transformation affects a carbon, but not a nitrogen atom, and

that bonds at this carbon centre are weakened. The glimpse at the
J. Environ. Monit., 2010, 12, 2005–2031 | 2009
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transition state is, therefore, to some extent preserved. The next

section will discuss how even more detailed mechanistic infor-

mation may be recovered by a careful evaluation.

Linking observable isotope fractionation to transformation

mechanisms. In the early 2000s an increasing number of isotopic

enrichment factors 3kin was published.24 Questions came up with

respect to their variability and representativeness. Particularly

intriguing was the case of carbon isotope fractionation measured

for aerobic biodegradation of the chlorinated solvent 1,2-

dichloroethane (1,2-DCA) in enrichment cultures from

a contaminated site. Rather than being constant, or varying

randomly, 3kin values for carbon showed a binomial distribution,

clustering either around �4&, or around �29&.70,71

Considering that the two carbon atoms in 1,2-DCA are

chemically equivalent, any 13C isotope in 1,2-DCA has to

compete with its twin carbon centre for reaction. Since at natural

abundance only one of the two centres is occupied by 13C, the

following equations apply.

� d½12CH2Cl--12CH2Cl�
dt

¼ 12k,½12CH2Cl--12CH2Cl� (12)

� d½13CH2Cl--12CH2Cl�
dt

¼
�

13k

2
þ

12knext to13-C

2

�
,
h

13CH2Cl--12CH2Cl
i

(13)

akin
P;Q

�
13C; 12C

�
¼ d13CQ=d12CQ

13CQ=12CQ

¼

�
13k

2
þ

12knext to13-C

2

�
12k

¼
�

1

2
,

13k
12k
þ 1

2
,

12knext to13-C

12k

�
(14)

Neglecting secondary isotope effects (i.e., assuming that
12knext to 13-C ¼ 12k) this simplifies to

3kin
P;Q

�
13C; 12C

�
¼ akin

P;Q

�
13C; 12C

�
� 1 ¼

�
1

2
,

13k
12k
þ 1

2

�
� 1

¼ 1

2
,

�
13k
12k
� 1

�
(15)

12k
13k

¼ 1

2,3kin
P;Q

�
13C; 12C

�
þ 1

(16)

Plugging in the values of �4& and �29&, kinetic isotope

effects were estimated as 1.01 and 1.06.72 The first value is

consistent with a C–H bond oxidation, whereas the second is

highly indicative of a second-order nucleophilic substitution

(SN2 reaction) – hardly any other type of reaction is associated

with such large carbon kinetic isotope effects.14,25 The analysis

was confirmed by carbon isotope fractionation measurements

with pure strains of known transformation mechanisms,72 and

was subsequently used to probe for the mechanism under nitrate-
2010 | J. Environ. Monit., 2010, 12, 2005–2031
reducing conditions.73 Through a careful analysis in terms of

position-specific isotope effects, the binomial distribution of

enrichment factors could therefore be linked to different under-

lying transformation mechanisms!

Almost simultaneously, the same approach made it possible

to infer for the first time the transformation mechanism of

anaerobic methyl tert-butyl ether (MTBE) degradation. After

replacing tetraethyl lead in gasoline, MTBE has become an

important groundwater contaminant, and its natural attenua-

tion has been of great interest.8 Carbon 3kin values of MTBE

measured with microbial cultures clustered around �2& for

aerobic degradation,74,75 but around �9& for anaerobic

degradation;29 hydrogen 3kin values showed the opposite trend,

clustering around �40& in aerobic degradation74 and around

only �10& in anaerobic degradation.29 A careful analysis in

terms of kinetic isotope effects showed that the pronounced

hydrogen and small carbon isotope fractionation under aerobic

conditions was again consistent with C–H bond cleavage.25,30 In

contrast, the large carbon isotope fractionation and small,

secondary hydrogen isotope effects could pinpoint for the first

time an SN2 reaction as only possible mechanism under

anaerobic conditions.25,30

Another important impulse of this work was the visualization

of the different contaminant degradation pathways in dual

(‘‘two-dimensional’’) isotope plots25,29,30 adapting a practice well

established in geochemistry76–78 (see Fig. 3). The observable slope

was shown to be approximately equal to the ratio of enrichment

factors

Dd2H

Dd13C
z

3H

3C

(17)

and was even linked to underlying kinetic isotope effects (see eqn

(23) below).15,25 Numerous studies have followed this approach

leading to a substantial body of mechanistic dual isotope inves-

tigations on various contaminant classes involving benzene,79,80

toluene,81–83 nitrobenzene,84 RDX,85 atrazine,68,69,86 iso-

proturon87,88 and chlorinated ethylenes.89,90 Table 1 provides

a summary of mechanistic environmental isotope fractionation

studies reported in recent years. For the case of MTBE, follow-

up studies have found some variability in isotope fractionation

under aerobic conditions,91–93 by alternative mechanisms15 and

associated with volatilization.21 Although the range of possible

dual isotope plots for MTBE has therefore broadened, the

picture of Fig. 3 remains valid that small hydrogen and large

carbon isotope fractionation are strongly indicative of anaerobic

MTBE degradation.

Prospects and limitations of mechanistic elucidations from

compound-specific isotope studies. These examples illustrate

important aspects about isotope fractionation in transformation

reactions of organic contaminants.

(1) Isotope fractionation gives insight that would not be obtained

from product analysis. Specifically, aerobic and anaerobic MTBE

transformation, as well as acid hydrolysis,15 generate tert-butyl

alcohol as common transformation product, which would indi-

cate at first sight a common transformation pathway. Isotope

fractionation, in contrast, can delineate differences in the trans-

formation mechanisms, because it reflects the different transition
This journal is ª The Royal Society of Chemistry 2010
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Fig. 3 Changes in carbon and hydrogen isotope ratios of methyl tert-butyl ether (MTBE) observed during different transformation reactions: aerobic

biodegradation (inverted triangles), anaerobic biodegradation (circles) and acid hydrolysis (circles); adapted from ref. 15 Error bars indicate the total

uncertainty of �0.5& for carbon and �5& for hydrogen,3,10 while dashed lines give 95% confidence intervals of the linear regressions. For each

transformation, the respective mechanism is indicated by a circle around the reactive position and a sinuous line across the broken bond.
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states. Information is, therefore, given about the strategy of

microorganisms to break down contaminants at the enzymatic

level.

(2) Evidence from isotope fractionation may elucidate degra-

dation pathways even if no products are detected such as with 1,2-

DCA. The reason is that the transformation leaves its imprint in

the reacting contaminant in the form of characteristic changes in

isotope ratios. Transformation mechanisms and associated

degradation pathways can therefore be inferred from isotope

analysis of the parent compound alone, even without detection of

metabolites!

(3) Isotope fractionation is mechanism-specific. Isotope frac-

tionation bears potential to distinguish aerobic versus anaerobic

degradation if (a) the degradation involves different trans-

formation mechanisms such in the case of MTBE, and if (b)

these mechanisms are reflected in different dual isotope plots.

Occasionally, however, similar mechanisms prevail under

different redox conditions,82 or different pathways may produce

similar dual isotope plots.85 Besides, more than one mechanism

can occur aerobically, such as observed with 1,2-DCA. There-

fore, isotope fractionation is first and foremost mechanism-

specific. A coincidence with pathways, products, redox conditions

or the abiotic/biotic nature of transformation is, strictly speaking,

coincidental. Nonetheless such information may often be

obtained, particularly if different elements are involved in

different bonds such as in aerobic versus anaerobic degradation

of nitroaromatic compounds.84 Very recently, first examples

have been reported where observable isotope fractionation

could even reflect the abiotic versus biotic character of a trans-

formation.39,88,94 Table 1 gives a summary of existing mecha-

nistic isotope fractionation studies of organic groundwater

contaminants. Information is provided about investigated

compounds, the prospect of resolving competing pathways, and

potential improvements to provide further mechanistic insight.

These aspects will be discussed in more detail in the concluding

section.
This journal is ª The Royal Society of Chemistry 2010
(4) Compound-specific isotope fractionation must be evaluated in

mechanistic scenarios. As discussed above, compound-specific

measurements can not directly indicate at what molecular posi-

tion a reaction occurs. When evaluating isotope fractionation to

resolve the transformation mechanism from kinetic isotope

effects, the following stepwise approach must therefore be

taken.25 (A) All transformation mechanisms must be considered

that may possibly occur – it is the goal to confirm or discard

them. (B) For each mechanism and each element, the total

number of atoms (n) must be determined, as well as the number

of atoms (x) that would experience isotope effects in the given

mechanistic scenario (¼ atoms in reactive positions). Subse-

quently, it must be considered whether these atoms experience

the isotope effect together – such as in concerted reactions or in

the case of secondary isotope effects – or whether intramolecular

competition occurs, such as in the example of 1,2-DCA above

(i.e., only one of several atoms reacts). (C) Finally, kinetic

isotope effects can be estimated, and their magnitude may be

compared with typical isotope effects for the given mechanistic

scenario. If the magnitude is consistent, the mechanistic scenario

must be considered possible, if not, it can be discarded.

How to estimate position-specific isotope effects from ‘‘bulk’’

fractionation data of the compound average. This evaluation

essentially calculates how large position-specific isotope effects

would be if the total observable isotope fractionation was only

attributed to the reactive positions identified in step B. Such an

evaluation may be accomplished according to the following

procedure brought forward by Elsner et al.25

(I) Determine the changes in isotope ratios that occur specifi-

cally in the reacting position(s). This is done by multiplying the

changes in isotope ratios of the compound-average by the factor

n/x (see above). In this context, intramolecular isotope ratio

differences are assumed to be small, as recently confirmed

experimentally for hydrogen in MTBE.95

(II) Apply the Rayleigh equation to these corrected isotope

ratios to evaluate the isotopic enrichment factor in the reactive
J. Environ. Monit., 2010, 12, 2005–2031 | 2011
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position, 3reactive position. For all elements except for hydrogen,

this value may alternatively be obtained in good approximation

as

3reacting positionz
n

x
,3compound average (18)

When applied to hydrogen data, in contrast, eqn (18) can lead

to unrealistically high values;25,15 for this element, therefore, the

exact procedure should be followed (i.e., (I) multiply isotope

changes by n/x to determine d2H in the reacting position, (II)

apply the Rayleigh equation to this modified d2H data).

(III) Calculate the apparent (¼ observable) kinetic isotope

effect (AKIE) at the reacting position in the absence of intra-

molecular competition according to

AKIE ¼ 1

3reacting position þ 1
(19)

and in the presence of intramolecular competition according to

AKIE ¼ 1

z,3reacting position þ 1
(20)

where z is the number of atoms that are in intramolecular

competition. Like in the example of 1,2-DCA it is assumed again

that primary isotope effects dominate secondary ones so that the

latter are neglected. Although recent studies15,67 point out the

uncertainty associated with this approach, the example of the

computed atrazine isotope values above actually suggests that

the error introduced by this assumption is small.

(5) Observable isotope fractionation becomes smaller for larger

molecules. For the typical case of x ¼ z (meaning that all

chemically equivalent atoms in a reactive position compete for

reaction) the following approximate equation applies

AKIE ¼
1

z,3reacting position þ 1
z

1

z,
n

x
,3compound average þ 1

z
1

n,3compound average þ 1
,3compound average ¼

1

n

�
1

AKIE
� 1

�
(21)

In other words, observable isotope fractionation becomes

smaller if more atoms of the same element are present within

a compound. This reflects the fact that the actual isotope effect

occurs in the reacting bond and that additional atoms tend to

‘‘dilute’’ this fractionation in the compound average, as illus-

trated for the case of atrazine above. Further examples are the

reductive transformation of nitroaromatic compounds, where

multiple nitro substituents reduce observable nitrogen isotope

fractionation,96 or the dehalogenation of chloroalkanes, where

observable carbon isotope fractionation becomes smaller with

increasing number of carbon atoms.97 As repeatedly pointed

out,24,25,98 an upper limit therefore exists for the size of

compounds that can realistically be investigated by compound-

specific isotope fractionation. For example, if the position-

specific fractionation is assumed as 30& (i.e., AKIE ¼ 1.03) and

if the minimum acceptable fractionation in the compound-

average is 2& (i.e., 3kin ¼ �2&), the maximum number of atoms

that may be present of this element would be 15. This number can

become larger or smaller depending on the magnitude of the

position-specific isotope effect. Interestingly, secondary isotope
This journal is ª The Royal Society of Chemistry 2010
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effects are less affected by the effect of dilution because they

occur in several positions simultaneously so that – in the absence

of primary isotope effects – the fractionation in the compound

average is given as

3compound average ¼
x

n

�
1

AKIEsecondary

� 1

�
(22)

A telling example is the hydrogen isotope fractionation of

MTBE when reacting according to an SN1 mechanism as shown

in Fig. 3. Although no C–H bond is broken, the combined

secondary isotope effects of nine hydrogen atoms in the reactive

tert-butyl group add up to an observable isotope fractionation

that is almost as pronounced as the result of a primary isotope

effect!15 Quite generally, the dual isotope plot of contaminant

transformations is approximately given as15,25

Dd2H

Dd13C
z

3H

3C

z
ðx=nÞH,3reactive position;H

ðx=nÞC,3reactive position;C

z
ðx=nÞH
ðx=nÞC

,
KIEH � 1

KIEC � 1

,
1þ KIEC,ðzC � 1Þ
1þ KIEH,ðzH � 1Þ (23)

These examples show that a careful evaluation in mechanistic

scenarios is important for the correct mechanistic interpretation

of observable isotope fractionation data. When properly applied,

on the other hand, mechanistic information may be recovered.

(6) The need for kinetic isotope effect-reference data. Isotope

effect studies face the general difficulty (i) that the evaluation of

isotope fractionation requires a mechanistic hypothesis against

which experimental data can be compared, and (ii) that accurate

isotope effect reference data must be available to verify this

mechanistic hypothesis. The first requirement can be challenging in

cases where the nature of the initial activation step is truly

unknown (e.g., in anaerobic benzene degradation79,80). The second

requirement emphasizes the need for accurate reference values.
Fig. 4 Changes in carbon and nitrogen isotope ratios of atrazine during trans

abiotic reference experiments at pH 3 and pH 12 (adapted from ref. 69). Erro

nitrogen,3,10 while dashed lines give 95% confidence intervals of the linear reg

This journal is ª The Royal Society of Chemistry 2010
In a pragmatic approach, kinetic isotope effects estimated for

a given mechanistic scenario (see above) may be simply

compared to typical isotope values reported for the given

mechanism.14,25 This approach works if completely different

bonds with different elements are involved84 or if the trans-

formations involve mechanisms with substantially different

isotope fractionation (e.g., SN2 reaction versus oxidation, like in

the examples of 1,2-dichloroethane and MTBE). On the one

hand, such data is not always available, however. On the other

hand, it is well understood12,64,65 that – due to the dependence on

transition state structures – isotope effects show moderate vari-

ations even for the same mechanism. For an environmental

transformation this was recently observed in the nucleophilic

substitution of chloroalkanes by Xanthobacter autotrophicus

GJ10.97

This emphasizes the need for accurate computational reference

data, as has been stressed in particular for mechanistic inter-

pretations of ester aminolysis.99 Ideally, compound specific

isotope investigations would therefore always be accompanied

by computational studies such as in the example of atrazine

above,67,68 or like in recent studies on isoproturon hydrolysis87 or

nitroaromatic compound reduction.86,96 These cases are rare,

however. On the one hand, mechanistic compound-specific

isotope studies have not yet come to the attention of many

computational chemists; on the other hand, environmental

transformations are often very challenging to compute, since

they typically take place in aqueous solution, may involve poorly

defined environmental surfaces and can entail multiple reaction

paths (e.g., for proton transfer).

Therefore, if no reference data is available, another pragmatic

approach is the interpretation of environmental transformations

in comparison with abiotic reference reactions such as in the case

of MTBE.15 A most recent example is the biotransformation of

atrazine to hydroxyatrazine where abiotic reference experiments

have made it possible to infer the nature of the underlying
formation to hydroxyatrazine by Arthrobacter aurescens TC1, as well as in

r bars indicate the total uncertainty of �0.5& for carbon and �1& for

ressions.
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enzymatic mechanism.69 While hydrolysis in aqueous solution at

pH 12 showed normal carbon and nitrogen isotope fractionation

(see Fig. 2 and 4), isotope fractionation was normal for carbon,

but inverse for nitrogen when experiments were conducted at pH

3, as well as in biotransformation experiments (Fig. 4).

This observation can be explained by the protonation of

a nitrogen atom prior to the nucleophilic aromatic substitution

(see scheme in Fig. 4) which creates more constrained bonds

around the nitrogen centre with higher vibrational energies in the

transition state. Fig. 4 shows the resulting dual isotope slopes

together with those of bacterial degradation experiments with

Arthrobacter aurescens TC1. The agreement of the data at pH 3

with the data for the bacterial hydrolysis demonstrates that the

reaction at the enzymatic site must involve a similar strategy of

activation by protonation. What is more, microorganisms con-

taining the TrzN enzyme (Arthrobacter aurescens TC1) and

containing the AtzA enzyme (Chelatobacter heintzii) showed an

identical trend despite the fact that the amino acid-relatedness

between the two enzymes is only 27%. This indicates that the two

enzymes must have evolved independently towards catalyzing

essentially the same transformation mechanism! This example

shows again that isotope fractionation studies at natural abun-

dance can give unique insight into the strategy of microorgan-

isms to break down contaminants at the enzymatic level.
III. Isotope fractionation in natural multistep reactions

Until now, the focus of this review has been on the mechanism of

elementary (bio)chemical reactions. Environmental trans-

formations, however, generally consist of many more steps, as

sketched in Fig. 5. A contaminant dissolves from a pure phase

NAPL (non aqueous phase liquid). Molecules are subject to

advective-dispersive transport and diffuse to the surface of

microorganisms or reactive minerals. They may need to pass

a cell wall. At surfaces or enzymes they compete with other

molecules for a limited number of reaction sites so that the

overall kinetics shifts from first- to zero-order. The enzyme

reaction itself involves several steps such as co-substrate binding,

activation, bond conversion, product release, etc. Finally, even

purely chemical conversions may entail more than one step like

the acidic hydrolysis of atrazine discussed above.

The question arises how these steps are reflected in the

observable isotope fractionation. How many steps must be
Fig. 5 Examples of possible process steps that may be in

2016 | J. Environ. Monit., 2010, 12, 2005–2031
considered? In what way are they represented? Which is the most

important one? How does this affect interpretations?

To answer these questions, isotope fractionation in multistep

processes will first be treated conceptually in a steady-state

treatment. For environmental reactions such a steady-state

treatment is generally appropriate – even if reactant and product

concentrations change over time – as long as one or more

bottlenecks determine the overall transformation rate. Standing

stocks of intermediate build up under such circumstances (e.g.,

enzyme-substrate complexes, metabolites, etc.) the concentration

of which does not change over short time intervals. Attention will

be given to this mathematical treatment, because it draws the

‘‘big picture’’ of how different processes affect observable isotope

fractionation. Subsequently, several examples of natural multi-

step processes will be discussed to fill the scheme with life.

Because the processes of Fig. 5 may have an enormous impact on

the isotope fractionation that we observe, also this discussion will

be rather detailed, involving examples from the ‘‘classical’’

literature, as well as recent studies on contaminant trans-

formation.

Conceptual treatment of isotope effects in multistep reactions.

Isotope fractionation in multistep processes at steady-state is an

example where the same conceptual understanding has been

derived more or less independently in different disciplines.100–106

Derivations often look complicated and follow their own

nomenclature so that the common underlying principle is not

easily discerned. This review will therefore present an own deri-

vation which aims to convey the general idea in an approachable

way. Subsequently, it is shown how this treatment accommo-

dates the different expressions derived to date. A brief discussion

of enzyme analysis, sulfate reduction and photosynthesis will

then show analogies and common principles. After this multistep

transformation processes of organic contaminants will be dis-

cussed.

General considerations. To start with, the isotope effect of

a given step i can only be observed in the reactant Q if molecules

return from step i back to Q in order to ‘‘report’’ what has been

happening. Consequently, isotope fractionation in multistep

processes under steady-state reflects all steps leading up to and

incorporating the first irreversible step.

Further, the equilibrium isotope effect of a given step i may be

defined as (e.g., for carbon)
volved in natural organic contaminant degradation.

This journal is ª The Royal Society of Chemistry 2010
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ðEIECÞi¼
12Ki

13Ki

¼ ð
12ki=

12k�iÞ
ð13ki=13k�iÞ

¼ ð12ki=
13kiÞ

ð12k�i=13k�iÞ
¼ ðKIECÞi
ðKIECÞ�i

(24)

where ki and k�i are rate constants of forward and backward

reaction of step i, Ki are the equilibrium constants for light versus

heavy isotopologues.

Analogous expressions for fractionation factors ai and

enrichment factors 3i are.

aequ
i ¼ akin

i /akin
�i (25)

3equ
i ¼ aequ

i � 1 ¼ akin
i /akin

�i � 1 ¼ (akin
i � akin

�i )/a
kin
�i

¼ (3kin
i � 3kin

�i )/a
kin
�i z 3kin

i � 3kin
�i (26)
Expressions for a two-step steady state process. As derived in

Table 2 and 3 (or, e.g., ref. 87, 107), for a two-step process:
Table 2 Possible elementary process steps in multistep processes, their rate

Process
acting on Q Chemical equation Rate equation

Monomolecular
reaction � d½Q�

dt
¼ k1,½Q�

Mass
transfer a Fnet ¼ kex,

V

A
,

½Q0B �QA�

Bimolecular
reaction
(two reactants)

� d½Q�
dt

¼ k1,½Q�,½S�

Bimolecular
reaction
(one reactant) b

� d½Q�
dt

¼ k1,½Q�,½Q�

First step of catalysis
(Cfree ¼ free catalyst,
free enzyme.)

� d½Q�
dt

¼ k1,½Q�,
�
Cfree

	

a Fnet: net flux; V: volume of compartment considered; A: area of interface; D:
isotopes at low abundance taking into account the low probability that two

This journal is ª The Royal Society of Chemistry 2010
a steady-state treatment gives the apparent (¼ observable)

kinetic isotope effect as

AKIE ¼
ðEIE1KIE2Þ þ

k2

k�1

,KIE1

1þ k2

k�1

¼ k�1

k�1 þ k2

,ðEIE1KIE2Þ þ
k2

k�1 þ k2

,KIE1

(27)

Table 3 shows that the same expression is obtained for

Michaelis–Menten catalysis. Therefore, of the molecules that are

converted to intermediate I, a fraction k�1/(k�1 + k2) reacts back

to reactant Q, whereas a fraction k2/(k�1+k2) passes on to

product P. For molecules of the fraction k2/(k�1 + k2) step 1 is

already irreversible. Their contribution to the isotope effect in Q

is therefore simply given by KIE1, in much the same way as in

a one-step reaction. Molecules of the fraction k�1/(k�1 + k2), in

contrast, react back to reactant Q. They can therefore make the

imprint of KIE2, which acts on all molecules of I, visible in Q. In

addition, they are subject to the equilibrium isotope effect
expressions, and expressions for kinetic isotope effects

Meaning of
apparent
rate
constant

Differential
equation for
isotopologues
of Q

Associated
intrinsic
kinetic
isotope
effect for
elements in Q

kapp ¼ k1 d½lQ�
d½hQ� ¼

lk1

hk1
,
½lQ�
½hQ� KIE1¼

lk1
hk1

kex ¼ D,
A

d,V
d½lQ�
d½hQ�

¼
lkex

hkex

,
½lQB � lQA�
½hQB � hQA�

KIE1¼
lkex

hkex

kapp ¼ k1$[S]
d½lQ�
d½hQ�

¼
lk1

hk1
,
½lQ�,½S�
½hQ�,½S�

¼
lk1

hk1
,
½lQ�
½hQ�

KIE1¼
lk1
hk1

kapp ¼ k1

(second
order rate
constant)

d½lQ�
d½hQ� ¼

lk1

hk1
,
½lQ�,½lQ�
½hQ�,½lQ�

¼
lk1

hk1

,
½lQ�
½hQ�

KIE1¼
lk1
hk1

kapp ¼ k1[Cfree]
d½lQ�
d½hQ�

¼
lk1

hk1

,
½lQ�,

�
Cfree

	
½hQ�,

�
Cfree

	

¼
lk1

hk1

,
½lQ�
½hQ�

KIE1¼
lk1
hk1

diffusivity of compound; d: thickness of interlayer. b Expression for heavy
heavy isotopologues come together for reaction.
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between Q and I, EIE1, so that their overall contribution is

EIE1KIE2.

The terms k�1/(k�1 + k2) and k2/(k�1 + k2) can therefore be

interpreted as probabilities of back reaction of I (or back flux)

p�1 ¼ k�1/(k�1 + k2) (28)

and of onward reaction of I (or forward flux)

p2 ¼ (1 � p�1) ¼ k2/(k�1 + k2) (29)

so that eqn (25) can be rewritten as

AKIE ¼ p�1$(EIE1KIE2) + p2$KIE1 (30)

An analogous expression for fractionation factors is

aapparent ¼ p�1$(aequ
1 aequ

2 ) + p2$akin
1 (31)

and for enrichment factors

3apparent ¼ aapparent � 1

¼
�
p�1,ðaequ

1 a
equ
2 Þ þ p2,akin

1

	
� 1

¼
�
p�1,ð3equ

1 þ 1Þð3equ
2 þ 1Þ þ p2,

�
3kin

1 þ 1
�	
� 1

¼
�
p�1,ð3equ

1 ,3
equ
2 þ 3

equ
1 þ 3

equ
2 þ 1Þ þ p2,

�
3kin

1 þ 1
�	
� 1

z
�
p�1,ð3equ

1 þ 3
equ
2 þ 1Þ þ p2,

�
3kin

1 þ 1
�	
� 1

¼
�
p�1,ð3equ

1 þ 3
equ
2 Þ þ p2,3kin

1

	
þ ðp�1 þ p2 � 1Þ

¼ p�1,ð3equ
1 þ 3

equ
2 Þ þ p2,3kin

1

(32)

where the combined probability of forward and back reaction is

one (i.e., p�1 + p2 � 1 ¼ 0). Yet a different expression for values

of 3 may be obtained when taking into account that equilibrium

isotope effects are composed of the kinetic isotope effects of

forward and back reaction

3equ
I ¼ 3kin

I � 3kin
�i (26)

so that

3apparent ¼ p�1,
�
3

equ
1 þ 3kin

2

�
þ p2,

�
3kin

1

�
¼ p�1,

�
3kin

1 � 3kin
�1 þ 3kin

2

�
þ p2,

�
3kin

1

�
¼ 3kin

1 ,ð p�1 þ p2

�
þ
�
3kin

2 � 3kin
�1

�
,p�1

¼ 3kin
1 þ

�
3kin

2 � 3kin
�1

�
,p�1

(33)

Expressions like eqn (33) are commonly found in geochem-

istry, whereas in organic (bio)chemistry expressions in the form

of eqn (27) are preferred.

Processes involving more steps. This treatment is easily

expanded to a three-step reaction when considering the second

step as composed of two substeps:
This journal is ª The Royal Society of Chemistry 2010
giving

AKIE ¼ p�1,ðEIE1½ p�2,ðEIE2KIE3Þ þ p3,KIE2�Þ þ p2,KIE1

¼ p�1,p�2,ðEIE1EIE2KIE3Þ
þ p�1,p3,EIE1,KIE2 þ p2,KIE1 ð34Þ

The analogous equation for fractionation factors is

aapparent ¼ p�1$p�2$(aequ
1 aequ

2 akin
1 ) + p�1$p3$aequ

1 akin
2 + p2$akin

1 (35)

and for enrichment factors

3apparent z p�1$p�2$(3equ
1 + 3equ

2 + 3kin
3 )

+ p�1$p3$(3equ
1 + 3kin

2 ) + p2$(3kin
1 ) (36)

3apparent z 3kin
1 + (3kin

2 � 3kin
�1)$(p�1) + (3kin

3 � 3kin
�2)$(p�1$p�2) (37)

The corresponding expression in terms of rate constants,

finally, is

AKIE ¼
EIE1EIE2KIE3 þ EIE1KIE2,

k3

k�2

þ KIE1

k2

k�1

,
k3

k�2

1þ k3

k�2

þ k2

k�1

,
k3

k�2

(38)

It is easily seen that this concept can be expanded to include

any number of further steps in multistep processes.

What governs the probabilities of onward and back reaction?

The question arises what factors determine the weight with which

the respective steps enter in the calculation of AKIE. This can be

illustrated for the case of a two-step reaction.

AKIE ¼
ðEIE1KIE2Þ þ

k2

k�1

,KIE1

1þ k2

k�1

¼

k�1

k1

,
1

k2

,ðEIE1KIE2Þ þ
1

k1

,KIE1

k�1

k1

,
1

k2

þ 1

k1

(27)

Using the Arrhenius equation (eqn (6)) to express the rate

constants ki

k1 ¼ A1$exp{�(DGTS1 � DGQ)/RT} (39)

k2 ¼ A2$exp{�(DGTS2 � DGIntermediate1)/RT} (40)

and giving the equilibrium constant (k1/k�1) as

k1

k�1

¼ K1 ¼ exp


�
�
DGIntermediate 1 � DGQ

�

RT
�

(41)

so that 
k�1

k1

,
1

k2

!
¼ exp


�
DGIntermediate 1 � DGQ

�

RT
�

,

1

A2

,expfðDGTS2 � DGIntermediate 1Þ=RTg

¼ 1

A2

,exp

�

DGTS2 � DGQ

�

RT
�

(42)
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Fig. 6 Activation energies during a hypothetical six-step reaction. The

solid line indicates light isotopologues, the dashed line heavy iso-

topologues. Energy differences between the isotopologues in each reac-

tant state and transition state are given by arrows.
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the following expression is obtained:

AKIE ¼

EIE1KIE2,

 
1

A2

,e

�ðDGTS2�DGQÞ
R,T

�!
þ KIE1,

 
1

A1

,e

�ðDGTS1�DGQÞ
R,T

�!

1=A2,e

�
ðDGTS2�DGQÞ

R,T

�
þ 1=A1,e

�
ðDGTS1�DGQÞ

R,T

�

(43)

In other words, the weight of the respective contributions is

given by the energy difference between the transition state of the

respective step i and the original contaminant Q, largely irre-

spective of any intermediates in between!

A similar consideration can be made for the isotope effect

contributions. As illustrated in Fig. 1, KIE1 is determined by the

energy differences between the isotopologues of reactant Q,

D(DGQ), and of transition state 1, D(DGTS1):

KIE1 ¼
lA1

hA1

,exp

�
�
�
DðDGTS1Þ � D

�
DGQ

�	

RT

�
(44)

EIE1KIE2, on the other hand, is the product of EIE1 and KIE2

and is, therefore, determined by the energy differences between

the isotopologues of reactant Q, D(DGQ), and of transition state

2, D(DGTS2):

EIE1KIE2 ¼ exp


�
�
DðDGIntermediate 1Þ � D

�
DGQ

�	

RT
�

,
lA2

hA2

,expf � ½DðDGTS2Þ � DðDGIntermediate 1Þ�=RTg

¼
lA2

hA2

,exp


�
�
DðDGTS2Þ � D

�
DGQ

�	

RT
�

(45)

In other words, it is not necessary to spell out the isotope effect

contributions as products of equilibrium and kinetic isotope

effects. Alternatively, these contributions may again be thought

to arise from the difference in isotopologue energies between

transition state i and original contaminant Q, largely independent

of any intermediates in between!

Similar expressions can be derived for processes involving any

number of steps. This conceptual understanding makes it

possible to reduce a commonly rather complicated mathematical

framework to a very simple picture, as illustrated for the

following case of a hypothetical six-step reaction (Fig. 6).

The observable isotope fractionation stems from the steps with

the highest activation energy. In the case of Fig. 6 they are 5, 3, 1

and 6. In comparison, the contribution of steps 2 and 4 is

negligible because activation energies are much smaller. In other

words, isotope fractionation during multistep reactions reflects

the rate-determining steps, or ‘‘bottlenecks’’ of the overall

cascade.106,108 Of these rate-determining steps, only steps 3 and 6

contribute significant isotope effects. In contrast – as indicated

by the arrows in Fig. 6 – the energy difference between the iso-

topologues in the transition states 1 and 5 is similar to that of the

original reactant Q so that no isotope effects result. Taken

together, the observable isotope fractionation AKIE will be

a weighted average of the four steps and will, therefore, be

significantly reduced (¼ ‘‘masked’’) compared to the KIE of steps

3 and 6. The following picture emerges.
2020 | J. Environ. Monit., 2010, 12, 2005–2031
(1) Isotope fractionation in multistep processes is dominated

by the contribution from the bottlenecks, or rate-determining

steps.

(2) If such rate-determining steps show very small isotope

fractionation, the intrinsic isotope effect of the irreversible

chemical bond conversion (e.g., in step 6) will become smaller

(i.e., be masked) in the observable AKIE value.

(3) If several steps are rate-determining, their isotope frac-

tionation enters with a similar weight so that more than one step

can dominate.

(4) If several of these steps show isotope effects, also isotope

fractionation in the AKIE value may stem from more than one

step,106,109 e.g., steps 3 and 6 in Fig. 6.

Possible transformation steps in natural processes. Not all

natural process steps are first-order chemical reactions as

considered above. The question arises whether the same treatment

applies also to other processes like zero-order transformations,

reactions of higher reaction order, or mass transfer. Table 2 and 3

summarize the respective equations. They demonstrate that also

these processes may be integrated into the conceptual treatment

when substituting ki and KIEi with the expressions of k and AKIE

given in the tables in a similar way as done in eqn (34).

Expressions for multistep transformations from the literature.

Biochemistry. In the biochemical literature it is commonly

assumed that only one step of a reaction cascade is associated

with an isotope effect (for example step 3) so that the expression

AKIE ¼
EIE1EIE2KIE3 þ EIE1KIE2,

k3

k�2

þ KIE1

k2

k�1

,
k3

k�2

1þ k3

k�2

þ k2

k�1

,
k3

k�2

(38)

simplifies to

AKIE ¼
KIE3 þ

k3

k�2

þ k2

k�1

,
k3

k�2

1þ k3

k�2

þ k2

k�1

,
k3

k�2

¼ KIE3 þ c

1þ c
(46)
This journal is ª The Royal Society of Chemistry 2010
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The lumped rate constant terms are commonly called

‘‘commitment to catalysis c’’ and AKIE is often interpreted as

kinetic isotope effect on the Michaelis–Menten parameters,
l(Vmax/KM)/h(Vmax/KM) (see Table 3) so that the equivalent

expression found in the literature is103,110

lðVmax=KMÞ
hðVmax=KMÞ

¼ ð
lk3=

hk3Þintrinsicþc

1þ c
(47)

The more committed an enzyme is – meaning that the bond

conversion step with k3 has a low activation energy and is very

fast and efficient – the greater is the term ‘‘c’’ so that the intrinsic

isotope effect is masked. Dedicated studies with multiple label-

ling techniques have made it possible to resolve for selected

enzyme reactions the kinetics and isotope effects of essentially all

important steps providing a superb process understanding in

exemplary cases.63,65,103,111 This insight illustrates (i) that even on

the level of enzymatic reactions the intrinsic KIE may already be

masked in the observable AKIE, and (ii) that this effect tends to

become greater if enzymes have made the intrinsic bond

conversion more efficient.

Organic Geochemistry 1: Sulfate Reduction. In a similar way as

isotope analysis of 13C/12C may be used to quantify the trans-

formation of organic contaminants (see Part I), fractionation of
34S/32S in sulfate offers the potential to quantify natural sulfate

reduction and has been intensely studied in geochemistry. The

conceptual picture is that extracellular sulfate gets into the cell, is

converted to adenosine-50-phosphosulfate (APS), reduced to

sulfite and undergoes several imperfectly understood reduction

processes until sulfide is formed and leaves the cell again.
Rees100 was the first to provide a mathematical framework

aae z aab + (abc�aba)$Xb

+ (acd�acb)$Xb$Xc + (ade�adc)$Xb$Xc$Xd (48)

which is equivalent to eqn (37) when expressed as a four-step

reaction:

3apparent z 3kin
1 + (3kin

2 �3kin
�1)$(p�1)

+ (3kin
3 �3kin

�2)$(p�1$p�2) + (3kin
4 �3kin

�3)$(p�1$p�2$p�3) (49)

The difference is that Rees expressed the kinetic enrichment

factors as a values (unlike in the nomenclature of today) and

called the probabilities pi fluxes Xi.

In numerous studies, sulfur isotope fractionation has since

been found to be highly variable, with 3apparent values ranging

between 0& and up to �47&78,112. Such variable fractionation

has been explained by the fact that different steps may

become the bottleneck of the multistep transformation. For

example, if the first step is already irreversible, 3apparent is very

small. In contrast, if the bottleneck is at the end of the

cascade, more equilibrium and kinetic isotope effects can

contribute to the overall fractionation so that 3apparent

becomes greater.78,100
This journal is ª The Royal Society of Chemistry 2010
A direct experimental confirmation of this model has been

achieved by measuring not only the isotope value of 34S/32S, but

also of 18O/16O in sulfate.78,112,113 The reason is that this oxygen

exchanges with 18O in water at the stage of the intermediate

sulfite, SO3
2, but not at the stage of sulfate, SO4

2�. An exchange

of 18O is therefore only observed in sulfate if the first steps of the

cascade are reversible meaning that the intermediate sulfite is

reoxidized back to sulfate. By measuring 18O in sulfate, the

parameter (p�1$ p�2$ p�3) becomes therefore directly accessible

from experiments! Recent studies have confirmed that 34S/32S

fractionation in sulfate was significantly higher under circum-

stances where also exchange of 18O took place.112–114 This

example illustrates that although variable 3 values arising from

multistep reactions can complicate the quantification of natural

transformation, they provide, on the other hand, the key to a true

process understanding.

Organic Geochemistry 2: Photosynthesis. Carbon isotope

fractionation during photosynthesis is the textbook example for

a multistep reaction and is of enormous importance in many

fields.102,104 For example, the difference in fractionation between

C3 and C4 plants creates distinct 13C input signals that can be

used to reconstruct past vegetation, or to trace carbon fluxes in

ecological food webs.

C3 plants. Photosynthesis in C3 plants may be regarded as

a two-step process. CO2 diffuses more or less freely in and out of

the cell (step 1) and is subsequently converted in the photosyn-

thesis reaction (step 2):
The expression derived for this process is102,104

Dzaþ ðb� aÞ,
�
½CO2�intracellular

½CO2�extracellular

�
(50)

which is again equivalent to eqn (33):

3apparent z 3kin
1 + (3kin

2 � 3kin
�1)$(p�1) (33)

Therefore, similar as in the case of sulfate reduction, the

probability of the back reaction is linked to an experimental

parameter, in this case [CO2]intracellular/[CO2]extracellular. Since CO2

is consumed inside the cell, a concentration gradient builds up to

the outside. This gradient is steeper if the cell wall is less

permeable and back diffusion is small (i.e., [CO2]intracellular �
[CO2]extracellular and p�1� 1). In such a case, also 3apparent is small

because the first step is rate-determining, and isotope fraction-

ation of the much stronger fractionating second step is masked

(32 z �29&, 31 z �4.4&).102 Because this also means that the

plant loses less water, the magnitude of isotope fractionation in

C3 plants has been linked to water use efficiency.102 Typical

values for 3apparent in C3 plants are around �20&.

C4 plants. Photosynthesis in C4 plants, in contrast, is best

described as per the scheme of Table 4.105

C4 plants have an additional preconcentration step: CO2 is

transported from one type of cells (mesophyll cell) to another

(bundle sheath cell) in order to increase the CO2 concentration

close to the site of photosynthesis (Step 2). This is a strategy to
J. Environ. Monit., 2010, 12, 2005–2031 | 2021
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Table 4

Parameter Meaning of the carbon isotopic enrichment factor Equivalent parameter of eqn (37)

3P4 observable kinetic enrichment factor in C4 plants 3apparent

3ta kinetic enrichment factor for diffusion of CO2 in air 31, 3�1

3tw kinetic enrichment factor for diffusion of CO2 in water 3�2

3c kinetic enrichment factor for fixation of HCO3
� by phosphoenolpyruvate carboxylase

3b/d equilibrium enrichment factor relating HCO3
� and dissolved CO2

(3c � 3b/d) composite kinetic enrichment factor for the second step 32

3f kinetic enrichment factor of the photosynthesis reaction 33

(1 � f2) probability of back diffusion of CO2 out of the cell in step 1 p�1

L ‘‘leaching parameter‘‘ denoting the probability of CO2 back diffusion from bundle sheath cell to the
mesophyll cell in step 2

p�2
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enable photosynthesis under conditions where diffusion through

the cell wall must be minimized in order not to lose water. For

this process Hayes105 derived the expression

3P4 ¼ 3ta + [3c � 3b/d + L(3f � 3tw) � 3ta]$(1 � f2) (51)

where the parameters have the meaning summarized in Table 4.

The expression may be rewritten as

3apparent ¼ 3kin
1 þ

�
3kin

2 þ L
�
3kin

3 � 3kin
�2

�
� 3kin

�1

	
,ð 1� f2

�
¼ 3kin

1 þ
�
3kin

2 � 3kin
�1

	
,ð 1� f2

�
þ
�
3kin

3 � 3kin
�2

�
,ð 1� f2

�
,L

(52)

which is again the general expression for a three step reaction

3apparent z 3kin
1 + (3kin

2 �3kin
�1)$(p�1) + (3kin

3 �3kin
�2)$(p�1$p�2) (37)

Fractionation in C4 plants is generally much smaller than in C3

plants (around 3apparent z �5&). As laid out by Hayes, this has

two reasons. (a) Diffusion in step 1 is more hindered than in C3

plants. (b) In addition, the lumped kinetic isotope fractionation

(3c � 3b/d) ¼ 32 of the second step is inverse, because bicarbonate

is enriched in 13C compared to CO2. This preference for heavy

isotopes in step 2 greatly reduces the overall preference for light

isotopes in 3apparent. In fact, depending on the parameters of p�1

and p�2, 3apparent may even become inverse! This example shows

that a process understanding is important to conceptualize

observable isotope fractionation, because a different process

(e.g., step 2) may be observed in the apparent fractionation than

expected (i.e., step 3)!

Importance of different steps during environmental contaminant

transformation. Analogous effects as conceptualized in these

classical studies have also been observed for multistep trans-

formations of organic contaminants. In particular, the intrinsic

isotope effect of a given (bio)chemical transformation mecha-

nism is not always observed in natural biodegradation reac-

tions.25 Isotope fractionation was even negligible in some cases of

aerobic MTBE degradation,91 reductive chlorinated ethylene
2022 | J. Environ. Monit., 2010, 12, 2005–2031
transformation115–118 or isoproturon demethylation88 where,

according to the mechanistic picture, substantial isotope effects

would be expected. The following section sheds further light on

the relevance of the different steps in Fig. 5 by discussing

important case studies of multistep reactions of organic

contaminant transformations.

Mass transfer into the cell. Recent studies83,115–117 hypothesized

that mass transfer into the cell of bacteria may become a bottle-

neck to degradation. Reductive dechlorination of tetrachloro-

ethylene (PCE) and trichloroethylene (TCE) was investigated by

different microbial strains, in cell-free extracts and by pure

cobalamine (this is the cofactor present in most reductive deha-

logenases).115–117 A trend of increasing isotope fractionation with

decreasing cell integrity indicated that uptake or transport into

the cell may be rate determining. A similar hypothesis was

brought forward in a study of toluene biodegradation under iron

reducing conditions. Smaller isotope fractionation was observed

when the microorganisms were attached to solid iron(III) phases

than when they were provided with dissolved Fe(III) in solution.83

Hence it was postulated that mass transfer of toluene into the cell

became rate-determining when the microbes were attached to the

solid iron(III) phases.

Commitment to catalysis in enzyme reactions. In the case of

toluene degradation by Pseudomonas mt-2 isotope fractionation

could directly be linked to enzyme activity. The organism had

been shown to form a less active apoenzyme when grown under

conditions of iron-deficiency.119 Carbon and hydrogen isotope

fractionation in toluene was measured under such conditions of

iron limitation, and was found to be significantly greater than in

the presence of iron.81 It was therefore concluded that only the

apoenzyme made it possible to observe the intrinsic isotope effect

of the toluene transformation. In contrast, a normally func-

tioning enzyme is to a greater extent committed meaning that the

intrinsic isotope effect is to some extent masked.

Dissolution of contaminants from an organic phase. Also par-

titioning, or dissolution, of contaminants from an organic phase

into water can become the bottleneck of a natural trans-

formation. A recent study has simulated such a scenario by
This journal is ª The Royal Society of Chemistry 2010
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measuring the carbon isotope fractionation during microbial

TCE degradation under conditions where TCE was slowly

released from a pure tetradecane phase.120 Significantly smaller
isotope fractionation was observed in the presence of the tetra-

decane phase than in its absence. This result has implications for

organic contaminants such as polycyclic aromatic hydrocarbons,

which sorb strongly and may be trapped in naturally occurring

organic matter so that they are not readily bioavailable. This

aspect will be taken up again.

When a contaminant dissolves from its own pure phase,

however, this would generally not be expected to be

a bottleneck for natural biodegradation – concentrations

close to the pure phase are normally so high that they do not

limit microbial degradation. If any, freshly dissolved

contaminant can mix into water parcels that have already

undergone some degradation so that degradation-induced

changes in isotope values are diluted out121 and degradation

will be underestimated50,51,53. As briefly mentioned in the

discussion of field applications earlier, this effect is caused by

hydrological mixing rather than by bottlenecks in multistep

processes.

Effect of masking on quantification and mechanistic elucidation –

the importance of dual isotope plots. Masking can complicate

the interpretation of isotope fractionation. Values of 3, or a,

can be highly variable even for the same transformation

mechanism raising the question which number should be used

to quantify natural biodegradation. Estimates are best given

as possible ranges, and for conservative estimates the greatest

3 reported should be used.15 In addition, masking can

complicate the mechanistic interpretation of 3 values in terms

of kinetic isotope effects (see above), because numbers may be

much smaller than expected for a given mechanistic scenario.

A solution to this problem is offered by dual isotope plots. As

in the examples above, masking of isotope fractionation is

generally caused by non-fractionating steps. Such non-frac-

tionating steps mask isotope fractionation of both elements to

the same extent so that dual isotope slopes remain the

same.81,83 Therefore, dual isotope slopes can be used to

discern the underlying mechanism even in the presence of

masking!

Variable dual isotope slopes in (bio)chemical multistep reactions.

As indicated in the sketch of Fig. 6, however, transformation

processes may entail several steps which cause isotope fraction-

ation (e.g., the photosynthesis of C4 plants discussed above).

Recent examples of pollutant transformation reactions stem

from nitroaromatic compound reduction86 or from abiotic

hydrolysis of isoproturon at 60 �C.87 This has important conse-

quences, because dual isotope slopes are no longer constant, but

may change depending on the nature of the rate-determining

step. This will be illustrated in greater detail using the iso-

proturon example.
This journal is ª The Royal Society of Chemistry 2010
The abiotic hydrolysis of isoproturon involves an intra-

molecular proton transfer followed by decomposition according

to the following scheme:
The first step is catalyzed by the presence of buffers so that,

depending on pH and the presence of anions, either step may

become rate-determining. A dedicated fragment-specific isotope

analysis of isoproturon has made it possible to measure isotope

effects at each of the nitrogen atoms separately ((I) and (II)).87,122

In contrast to more evenly distributed carbon isotope effects, it

was found that isotope effects at the nitrogen atom (I) occurred

mostly in the first step, while isotope effects at the nitrogen atom

(II) occurred mostly in the second step. Therefore, when dual

isotope slopes (C versus N) were derived for each fragment, these

slopes were actually not constant, but varied depending on the

rate-determining step!87 A textbook example of such variations in

dual isotope slopes is also the fractionation of 2H versus 18O in

precipitation: while the dual isotope slope follows the meteoric

water line in the case of equilibrium isotope fractionation, shal-

lower slopes indicate the effect of diffusion-controlled evapora-

tion.123

Therefore, although differences in dual isotope slopes are in

most cases a strong indicator for different mechanisms, and are

typically not affected by masking, care must be taken in multi-

step reactions when more than one step can cause fractionation.

Of concern are in particular (bio)chemical transformations that

involve short-lived intermediates so that already subtle varia-

tions in reaction conditions may lead to shifts. Potential exam-

ples are ester or amide hydrolysis such as in the case of

isoproturon,87,124 electron transfer reactions86,125 or electrophilic

aromatic substitutions. The latter reaction has been hypothesized

as possible mechanistic scenario for the initial activation step of

anaerobic benzene degradation:80
The electrophile E attacks the aromatic ring and forms a short

lived intermediate before H+ is eliminated. Carbon isotope effects

are anticipated in both steps, but a primary hydrogen isotope

effect is expected only in the second. Therefore, if subtle differ-

ences at the enzymatic site change the probabilities of forward

and back reaction, it cannot be excluded that different dual

isotope slopes result despite the fact that the same mechanism

prevails!

Linking isotope fractionation to bioavailability. In particular,

kinetics in a multistep process can shift if a specific step is

accelerated by the presence of a cosubstrate, differences in pH126

or the presence of a catalyst, such as a buffer in the case of abiotic

isoproturon hydrolysis.87 Recent work considered for the first

time that also the concentration of free enzyme inside
J. Environ. Monit., 2010, 12, 2005–2031 | 2023
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microorganisms (i.e., unoccupied by a substrate) can change.127

Thullner, Kampara and coworkers demonstrated that observ-

able isotope fractionation may become masked in such

cases,127,128 and that the degree of masking may even be linked to

bioavailability.127–129

To this end, a situation as depicted in Fig. 7 was consid-

ered.130 Although an organic contaminant is present in signifi-

cant concentrations (Q)aq in bulk solution, it may become

depleted in vicinity of the microorganism on the microscale. The

reason is that microbial transformation is more quickly than

mass transfer into micropores so that a gradient forms on the

microscale. The bioavailable substrate concentration

(Q)bioavailable that an organism ‘‘sees’’ is, hence, much smaller

than the concentration (Q)aq which can be sampled in solution.

Thullner and coworkers considered what happens under such

conditions when contaminant concentrations (Q) change from

high to low.

At high concentrations of Q all enzymes are caught up in

enzyme-substrate complexes (EQ). Very little free enzyme (E)free

is left so that Michaelis–Menten kinetics is in the zero-order

regime, the enzyme reaction runs at its limit and represents the

bottleneck of the overall transformation. Under such conditions

no appreciable concentration gradient builds up, Q is readily

bioavailable, molecules of Q escape back into solution so that the

isotope fractionation of the enzyme reaction is fully observable.
Fig. 7 Theoretical framework to link bioavailability to observable

isotope fractionation. Case A (Q is bioavailable): There is no concen-

tration gradient between microorganism and bulk solution (dashed line).

Almost all enzymes are engaged in (EQ) complexes and [E]free is small.

Consequently kex > k[E]free and the isotope effect of the enzymatic

reaction is observable. Case B (Q is little bioavailable): A concentration

gradient builds up (solid line) and concentrations of Q are small in

vicinity of the microorganism. More enzymes are therefore present in

their free form [E]free, and k[E]free > kex. Consequently, the enzyme

reaction is fast compared to mass transfer and the isotope effect of the

enzymatic reaction is masked.

2024 | J. Environ. Monit., 2010, 12, 2005–2031
At low concentrations of Q, in contrast, less free enzyme is

caught up as (EQ) so that more enzymes are present in their free

form (E)free. The Michaelis–Menten kinetics shifts to the first-

order regime. The rate constant k1 becomes large compared to

kex, and biotransformation becomes fast compared to mass

transfer. Consequently, a concentration gradient builds up, Q is

no longer bioavailable, molecules of Q cannot escape back into

solution and the isotope fractionation of the enzyme reaction is

suddenly masked.

Therefore, even if all other parameters during such a trans-

formation reaction are held constant, the observable isotope

fractionation may change nonetheless, just because the substrate

concentration decreases! Toluene degradation experiments with

resting cells verified that such a situation can indeed occur:

smaller observable isotope fractionation was observed when

toluene concentrations became smaller.128,129 This insight has

important consequences. (i) On the one hand, such a shift in

kinetics may quite generally be expected for any type of cata-

lyzed reaction. It leads to kinetic regimes where experimental

data can no longer be evaluated according to the Rayleigh

equation, because the isotope fractionation changes during the

duration of the process. (ii) On the other hand, the treatment

suggests that observable isotope fractionation can be used as

a diagnostic tool to demonstrate that a substrate is not fully

bioavailability-limited: otherwise molecules of Q would not

diffuse back to solution to report the intrinsic isotope frac-

tionation!

Taken together, the examples from recent studies show that

isotope fractionation must be interpreted very carefully in

natural multistep processes. Values of 3 can be smaller than

anticipated, unexpected processes may be represented, dual

isotope slopes can show variations for the same mechanism, and

even an evaluation according to the Rayleigh equation may have

to be adapted to different kinetic regimes. On the other hand,

however, such variations bear enormous potential to learn

something about the underlying processes. Isotope fractionation

may give information about the commitment and type of

enzymes involved, fractionation of important steps can be

unmasked through systematic variation of reaction conditions,

and isotope fractionation may potentially be linked even to

substrate bioavailability.
Fig. 8 Evolution of isotope ratios of reactant Q, instantaneously formed

product P and accumulated product P in the case of a normal kinetic

isotope effect during an irreversible transformation in a closed reaction

container.

This journal is ª The Royal Society of Chemistry 2010
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IV. Isotope fractionation and product formation

Product formation is often not the primary focus of isotope

fractionation studies. A reason is that evidence from isotope

fractionation is frequently most valuable if no products are

detected: the enrichment of stable isotopes in the remaining

contaminants can provide an independent line of evidence for

their natural degradation. If products can be detected, on the

other hand, and if they are even amenable to compound specific

isotope analysis, important additional information may be

obtained. This section will discuss what type of information may

be extracted, and will show that an understanding of product

formation is in many cases important for a correct interpretation

of observable isotope fractionation.

Fig. 8 illustrates the evolution of reactant and product isotope

ratios during an irreversible reaction in a closed container. Due

to the (normal) kinetic isotope effect associated with the trans-

formation, the instantaneously formed product is at any time

depleted in heavy isotopes compared to the reactant (arrows in

Fig. 8). As a consequence, the reactant Q becomes increasingly

enriched in heavy isotopes, whereas the accumulated product (the

one that can be measured in a closed container) starts off with the

characteristically depleted value and, for reasons of isotopic mass

balance, ends up at the original value of Q. Therefore, if a puta-

tive product P is detected at a contaminated site, and if this

product is depleted in heavy isotopes compared to its suspected

precursor contaminant Q, isotope analysis may provide evidence

that P is indeed formed as product of Q!

This mechanistic picture is accurate if a reaction has just one

product and if this product does not react further. Generally,

however, intermediates are formed which are subsequently

further degraded, or products are formed in parallel reaction

pathways. In such cases, the graph in Fig. 8 describes the

weighted average of the isotope ratios of all products. Between

each other, however, the products may show differences from

this average. These differences reflect again important mecha-

nistic information, for example about branching points in

metabolic pathways. These aspects have been treated in seminal

reviews about biosynthetic pathways of natural

compounds.105,131 Here, those facets will be discussed that are of

immediate relevance for the interpretation of organic contami-

nant degradation.

Products from reacting versus non-reacting positions. For the

interpretation of product isotope values a first important ques-

tion is ‘‘What part of the molecule does the product come from?’’

If isotopes stem from non-reacting positions of the original

contaminant, the isotope ratio of these positions remains

unchanged irrespective of the fact that a reaction occurs in the

rest of the molecule.90,132–134 A particularly well-investigated

example is the isotope ratio of tert-butyl alcohol (TBA). TBA is

formed as product of MTBE degradation which – depending on

geochemical conditions – may be even more persistent than the

parent compound.135 Since natural MTBE transformations

involve the methoxy group rather than the tert-butyl group, (see

Fig. 3 and Table 1) TBA isotope ratios are not expected to

change in these transformations. Indeed, the carbon isotope ratio

of TBA was demonstrated to be unaffected by the progress of

microbial transformation, and contained even more 13C than the

original MTBE.134 A comparison of TBA and MTBE isotope
This journal is ª The Royal Society of Chemistry 2010
ratios would, therefore, not establish meaningful precursor-

product relationships. Instead, the isotope ratio of TBA offers

potential for source fingerprinting, since it represents the

conservative isotope ratio in the non-reactive part of MTBE.92,95

This example demonstrates again that a mechanistic under-

standing is crucial for a correct interpretation of observable

isotope ratios.

Products as intermediates of sequential reactions. In sequential

reactions products are formed and consumed at the same time.

An important example is the biodegradation of the groundwater

contaminant trichloroethylene (TCE). cis-Dichloroethylene (cis-

DCE) and vinyl chloride (VC) often accumulate as more prob-

lematic intermediates before they are further transformed to non-

toxic ethene. The interpretation of their isotope ratios is there-

fore of great interest.
All carbon isotopes are quantitatively transferred from one

compound to the other in this transformation sequence. (For

chlorine isotopes the situation is different, however, see Hunkeler

et al.90) Consequently, the instantaneous product reflects the

characteristic isotopic discrimination similarly as in Fig. 8. In

contrast to the one-step scenario of Fig. 8, however, cis-DCE and

VC may be further degraded. Isotope ratios of these intermedi-

ates are, therefore, subject to two opposing forces: (a) An influx

of molecules that are depleted in 13C compared to the precursor

compound, due to the kinetic isotope effect of the preceding

transformation. This influx is strongest if the precursor gets

transformed fast and if the associated isotope effect is great. (b)

Reaction of the intermediate leading to an enrichment of 13C.

This effect is strongest if transformation of the intermediate is

fast and the associated isotope effect large.

The resulting picture is that intermediates are initially depleted

in 13C compared to their precursor, but subsequently become

enriched in 13C when the influx becomes smaller and the effect of

their own degradation kicks in. Numerous studies have investi-

gated such isotope trends during chlorinated ethylene biodeg-

radation. Illustrative examples are given by Hunkeler et al.,33,136

Slater et al.,137 Bloom et al.,138 van Breukelen et al.139 or Morill

et al.35,121 Intermediates may even become more enriched than

their precursor,139 for example if the isotope effect of the

preceding transformation is very small. In general, however, it

was observed that compounds remain depleted in 13C compared

to their direct precursor over the range of concentrations

amenable to isotope analysis so that a picture similar to Fig. 9,

left panel, is obtained.

At chlorinated ethylene-contaminated sites, finally, it is often

not sufficient to show that biodegradation occurs, but it must be

demonstrated that this biodegradation involves complete deha-

logenation to non-problematic ethene. In principle, such a line of

evidence can be provided by an isotopic mass balance of TCE,

cis-DCE and VC. Isotope ratios of these compounds are

weighted by their concentrations and added up. If this weighted

average is the same as the original TCE isotope ratio at the
J. Environ. Monit., 2010, 12, 2005–2031 | 2025
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Fig. 9 Evolution of carbon isotope ratios of chlorinated ethenes in biodegradation where products are formed in sequence (left) and in abiotic

transformation by zero-valent iron, where they are formed in parallel (right).
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source, then the isotopic mass balance is closed and there is no

evidence for further degradation to ethene. In contrast, if the

weighted average is more positive than the source value, this

would indicate that light isotopes have ‘‘escaped’’ providing

direct evidence for further transformation to ethene.140 In prac-

tice, such assessments may be limited by the analytical accuracy

of the concentration analysis, due to errors associated with

sampling, storage, and other aspects of sampling handling (see,

for example, Blesssing et al.141).

The examples show that product isotope ratios in sequential

reactions are determined by the interplay of reaction rates and

associated isotope effects and are not easily predicted (see Fig. 9).

Also here, interpretations of precursor-product isotope rela-

tionships must, therefore, be performed with caution.

Products in parallel reactions. Some contaminants may be

transformed in reactions that occur in parallel so that several

products are formed at the same time. An example is the

reductive dehalogenation of chlorinated ethylenes by zero-valent

metals where either a C–Cl bond is reduced to a C–H bond

(hydrogenolysis), or two chlorine substituents are eliminated

simultaneously (vicinal dichloroelimination). The first pathway

forms more problematic intermediates, whereas the second

quickly leads to non-toxic products.
Even though products and pathways are the same, this

transformation may occur in two fundamentally different ways

(see Fig. 10).

Case A. Two transformations are occurring independent of

each other. Each is associated with its own specific isotopic

enrichment factor 3i. The observable isotope fractionation 3 that

can be measured in the reactant Q is a weighted average of both

and will vary depending on the contribution of either trans-

formation:
2026 | J. Environ. Monit., 2010, 12, 2005–2031
3 ¼ FP1$31 + FP2$32 ¼ FP1$31 + (1 � FP1)$32 (53)

where 3 is the observable enrichment factor in the reactant Q, and

3i, as well as FPi are enrichment factor and yield of either

transformation pathway, respectively. Such a case has the

following consequences.

(i) When quantifying observable isotope fractionation, the

contribution of either pathway must be understood, since the

yield strongly influences the applicable 3.

(ii) In particular, care must be taken not to overlook a minor

product with a large 3i – otherwise a wrong mechanistic scenario

would be constructed to explain an unrealistically high 3!

(iii) On the other hand, if the pathways are constrained and the

pathway-dependent enrichment factors 3i are well established, it

is in principle possible to derive the contribution of either

pathway from the magnitude of 3. This suggestion has been

brought forward by van Breukelen142 who extended it also to the

interpretation of dual isotope slopes:

Dd2H

Dd13C
z

3H

3C

(17)

Although the concept is appealing, the possible presence of

masking poses similar limits to such interpretations as to

a general quantification of biotransformation. What if the 3i of

one pathway is masked in a field scenario, and the 3i of the other

not? The contribution of the first one would be greatly under-

estimated!

(iv) Finally, such interpretations may not even always be

adequate. For example, chlorinated ethenes can be degraded

abiotically at reactive surfaces such as of iron sulfides or zero-

valent metals. This type of transformation gives primarily vicinal

dichloroelimination products. It is reported to be associated with

higher isotope fractionation than typically observed in

biotransformations where hydrogenolysis products are

formed.143,144 Since two bonds are broken in dichloroelimination

and only one in hydrogenolysis, the suggestion was brought

forward that the magnitude of isotope fractionation in the

reactant may reflect the type of product formation, similarly as

expected for scenarios of Case A. Further it was suggested that

this line of evidence can be used as an indicator to distinguish

abiotic from biotic chlorinated ethene transformation from

reactant data alone.143 However, it cannot be excluded that the
This journal is ª The Royal Society of Chemistry 2010
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magnitude of fractionation is related to product formation in

a more complicated manner, according to the possible scenario

of case B.

Case B. The two product pathways share a common first

irreversible step and a common intermediate. Subsequently the

products are formed in parallel reactions with isotopic enrich-

ment factors 3I and 3II. Like in the first case, isotope ratios of the

two products differ by a constant value (3I � 3II). This time,

however, it is the enrichment factor 3 of the reactant that is

constant, because it is uniquely given by the isotope effect of the

first irreversible step. In contrast, the product-related enrichment

factors vary as a function of product yield105

3Q�>P1 ¼ 3 + (3I � 3II)$(1 � FP1) (54)

3Q�>P2 ¼ 3 � (3I � 3II)$FP1 (55)

The likelihood of either scenario was evaluated in chlorinated

ethene transformation with different types of zero-valent iron94

for which the following degradation pathways were determined.
Interpretations were complicated by the fact that different

compounds were included in the comparison (TCE, cis-DCE,

vinyl chloride), and that products may be formed in more than

one way. Nonetheless, as predicted by both scenarios, product-

related carbon isotopic enrichment factors showed a constant

difference where the vicinal dichloroelimination product con-

tained about 10& less 13C than the hydrogenolysis product

(Fig. 10). Although the product yield varied between 100%

hydrogenolysis for vinyl chloride and 8% hydrogenolysis for

TCE, Fig. 10 shows that observable enrichment factors 3 fell

within a rather narrow range, most of them clustering around

�20&. In contrast, it was the product-related enrichment

factors which varied more strongly, with values for hydro-

genolysis between 3VC->ethylene ¼ �19.4& and 3TCE->cis-DCE z
�10&.94 As illustrated in Fig. 10, isotopic evidence therefore

suggests that Case B prevailed and both products shared indeed

a common irreversible step! Consequently, if the assumption of

two different pathways was applied such as to distinguish

abiotic and biotic transformation,143 this would lead to inac-

curate interpretations in the case of transformation by zero-

valent iron.

This finding indicates that isotope analysis of reactants alone

may not be sufficiently reliable to allow distinguishing abiotic

and biotic chlorinated ethene degradation. At the same time, it

indicates how such insight may potentially be obtained from

isotope ratio measurements of reaction products.
This journal is ª The Royal Society of Chemistry 2010
The reason is that the same compounds are formed as

sequential products in biotransformation, whereas they are

formed as parallel products in abiotic transformation. Therefore,

the evolution of isotope ratios over time is different for the two

types of transformation, as shown in Fig. 9. In a very recent

study, this line of evidence has made it possible to detect abiotic

transformation by zero-valent iron treatment at a contaminated

site where natural biodegradation was already going on!39

These examples show that isotope analysis of products can

provide information about the steps involved in product

formation, in a similar way as isotope fractionation of the

reactant gives information about the first irreversible step. This

potential for mechanistic elucidations has hardly been explored

yet. For example, 1,1,2,2-tetrachloroethane reduction generates

cis-DCE and trans-DCE as parallel products. Surprisingly,

carbon isotope ratios of these products were found to differ by

2% in reaction with Cr(II), but not with zero-valent iron.145 In

a different study chloroethane and ethane were observed as

parallel products of the transformation of 1,1-dichloroethane

with zero-valent zink. Although two C–Cl bonds are cleaved if
ethane is generated, but only one when chloroethane is formed,

carbon isotope ratios of these products were identical!146

Intriguing insight is therefore hidden in product isotope ratios,

and novel mechanistic information can be expected if this source

is explored in future studies.
Outlook

Stable isotope fractionation measurements are at a point where

applications to monitor contaminated sites have become

mature,26 but where the potential for a mechanistic process

understanding is just beginning to unfold. Maybe most impor-

tant in this context is the prospect to overcome an important

current research gap: the possibility to transfer of insight from

mechanistic laboratory studies to real-world systems.

Bridging the gap to environmental processes. Mechanistic

studies in the laboratory typically approach the investigation of

environmental transformations with model reactants that are

designed to mimic enzymes or other natural catalysts. Mecha-

nisms are frequently characterized through product studies, by

linear free energy relationships (LFER) such as the Hammett

relation, or by kinetic isotope effect studies with labelled

substrate. While this approach can provide important insight

into the model systems, the direct proof is generally missing that

a model reactant adequately simulates processes in real-world

systems. Stable isotope fractionation studies offer considerable
J. Environ. Monit., 2010, 12, 2005–2031 | 2027
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Fig. 10 Isotopic enrichment factors in the reactant (3) as well as between

reactant and each product (3Q->P1, 3Q->P2) depending on product yield in

different scenarios of parallel product formation. Case A: two indepen-

dent reactions occur in parallel. Case B: the parallel products share

a common irreversible step with a common intermediate. Below, data is

given from chlorinated ethylene degradation experiments with zero val-

ent iron (ZVI).94 Here, grey squares denote 3Q->Hydrogenolysis Product data,

white squares show 3Q->Dichloroelimination Product data; both types of data

were derived from differences in isotope values between reactant and

respective product. In contrast, black squares denote 3 values obtained

from reactant isotope data evaluated according to the Rayleigh equation.

Lines are linear fits to either group of data points obtained in experiments

with different chlorinated ethylenes and different types of ZVI.

2028 | J. Environ. Monit., 2010, 12, 2005–2031
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potential to overcome this gap. As laid out in this review, changes

in isotope values reflect information that may directly be related

to the transition states of (bio)chemical reactions. Therefore, this

method bears potential to provide a direct line of evidence that

the same mechanism prevails in two different transformation

reactions, for example by a model system in the laboratory, and

through microorganisms at a contaminated site. In other words,

mechanistic studies can become possible directly in environ-

mental systems!

Complementarity to product formation. Information from

stable isotope fractionation and product analysis is comple-

mentary. Isotope fractionation reflects transition states, whereas

product analysis gives information about the outcome of a reac-

tion. As discussed in this review, product analysis may even be

essential for meaningful interpretations of observable isotope

effects, and additional mechanistic information may be obtained

if also product isotope ratios are analyzed. Therefore, best

mechanistic insight is obtained when it is used in combination

with product characterization and metabolite detection such as

in a field study of aromatics degradation in a tar-oil contami-

nated aquifer.43 Additional insight may even be obtained, if also

the analysis of microbial communities and functional genes is

included in the assessment.45,147,148
Future challenges

Conceptual understanding of multistep processes. Mechanistic

interpretations are challenged by the occurrence of multistep

processes. How variable are observable enrichment factors 3?

What information do they express? How can mechanistic inter-

pretations be approached if one does not know which bottleneck

is dominating? Based on the conceptual understanding summa-

rized in this review, targeted approaches are needed to reduce this

complexity. The isotope fractionation of selected reaction steps

can potentially be de-masked through meaningful variation of

transformation conditions such as pH or co-substrate concen-

tration. Dual, or even triple88 isotope studies may give infor-

mation about different process steps. Finally, new concepts such

as the link between isotope fractionation and bioavailability,127

may aid in the identification of underlying principles.

Accurate reference data. As discussed in this review, mecha-

nistic interpretations are currently limited by the need for accu-

rate isotope effect reference data. Future mechanistic studies will,

therefore, greatly profit from complementary computational

calculations, as well as from isotope effect measurements with

abiotic model reactants.

Isotope analysis of new compounds. Finally, most significant

advances can be expected from improvement of analytical

methods. Isotope studies with GC-IRMS have until now only

been conducted with a limited number of environmental

contaminants (see Table 1). If new target compounds are made

amenable to compound-specific isotope analysis, a whole new

field of applications can become possible, for example investi-

gations of nitroaromatic compounds149 or of diffuse contami-

nants such as pesticides.68,122,150 To this end, a careful evaluation

with respect to accuracy and precision is necessary,10,151 optimi-

zation of the combustion process may be required68 and non-

volatile target compounds may have to be derivatized prior to

isotope analysis.150 Significant advances are also being made in
This journal is ª The Royal Society of Chemistry 2010
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using LC-IRMS (liquid chromatography–isotope ratio mass

spectrometry) to tackle compounds which are not amenable to

GC-IRMS.168,169 This approach avoids derivatization so that the

analysis is easier to conduct and bias from additional carbon

atoms is eliminated. On the downside, only carbon isotope

analysis is presently possible, organic solvents must be strictly

avoided and method quantification limits are a factor of ten

higher.

Isotope analysis of new elements. In order to obtain mechanistic

information from dual isotope slopes, isotope analysis must be

feasible for more than one element. The majority of isotope

studies, however, still analyses primarily carbon isotope frac-

tionation. There is a need for isotope analysis of additional

elements. Although nitrogen isotope analysis is routinely offered

in commercial GC-IRMS setups, its accuracy and precision needs

to be validated and optimized for new target compounds.68,149

Also hydrogen isotope analysis is routinely possible for many

target compounds, but remains problematic in chlorinated

hydrocarbons because of HCl formation during pyrolysis to

H2.152 In contrast, chlorine isotope analysis in organic

compounds has been pioneered in recent years4,132,133,153–155 and is

close to the point where it will routinely be used in transformation

studies.90,156–159

Fragment- and position-specific isotope analysis. Finally,

mechanistic isotope fractionation studies by GC-IRMS are

limited by the fact that isotope effects can only be observed in the

compound average rather than at specific molecular positions.

Recently, the first studies have investigated the possibility of

fragment-specific,122,160,161 or even position-specific95 isotope

analysis of organic contaminants. Much improved insight can be

expected from further advances in this direction.

In summary, the field of isotope fractionation investigations of

natural contaminant degradation has expanded rapidly in recent

years, and further advances are expected. A frequent selling

argument for isotope fractionation measurements has been that

it is often the only way to monitor and quantify the occurrence of

natural transformation processes. This review makes a case for

another strength of compound-specific isotope fractionation

studies: they can become the most direct way to study

(bio)chemical transformation mechanisms immediately in

natural systems!
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