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Abstract

Groundwater pollution by organic contaminants sueh chlorinated ethenes and
petroleum hydrocarbons is a widespread environrhgmtgdblem. Compound specific
isotope analysis (CSIA) is a valuable tool to stmdigrobial and abiotic transformation
processes in environmental systems and has beeragiegly applied in the past decade.
This work focuses on experimental investigation amodel interpretation of isotopic
evolution during organic contaminants transformatiand transport processes. The
studies conducted in this dissertation includeCmpound specific on-line chlorine
isotope analysis of chlorinated hydrocarbons usiag chromatography coupled to a
regular quadrupole mass spectrometer (GC-gMS)hik study we compared existing
evaluation schemes to calculate chlorine isotopesavith those that we modified or
newly proposed. We also tested systematically inaporexperimental procedures such as
external vs. internal referencing schemes, andumsntal settings including split ratio,
ionization energy and dwell times. ii) A self-casteint method was proposed to predict
the evolution of carbon and chlorine isotope ratiloging degradation of chlorinated
hydrocarbons. The method treats explicitly the \cge of isotopically different C-Cl
bonds and thus considers, simultaneously, combiaedon-chlorine isotopologues. To
illustrate the proposed modeling approach we famughe reductive dehalogenation of
chlorinated ethenes. We compare our method withctiveently available approach, in
which carbon and chlorine isotopologues are treaeparately. The new approach
provides an accurate description of dual-isotogecef regardless of the extent of the
isotope fractionation and physical characteristice experimental system. iii) A multi-
element isotope modeling approach was demonstr@esimultaneously predict the
evolution of different isotopes during the transfiation of organic contaminants. The
isotopic trends of different elements are explcsimulated by tracking position-specific
isotopologues that contain the isotopes locateflaationating positions. Our approach
provides a mechanistic description of differentrdelgtion pathways that accounts for the
influence of both primary and secondary isotopeaf during contaminant degradation.
The method is particularly suited to quantitativelgscribe the isotopic evolution of
relatively large organic contaminant molecules. \4jeply the proposed modeling
approach to the degradation of toluene, methyltetyl ether (MTBE) and nitrobenzene

observed in previous experimental studies. Our finedecessfully predicts the multi-
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element isotope data (both 2D and 3D), and acdyratptures the distinct trends
observed for different reaction pathwaypg. Laboratory experiments were performed to
investigate and quantify the extent of diffusiveotigoe fractionation of organic
contaminants in aqueous systems. As model compouwmglsselected petroleum
hydrocarbons: toluene and ethylbenzene, in 1:2urest of labeled (perdeuterated) and
non-labeled isotopologues, as well as chlorinatdvksts: trichloroethene (TCE) and cis-
dichloroethene (cisDCE). The latter were studietheir natural isotopic abundance and
the spatial-temporal change of chlorine isotopmsatvas determined to assess the effect
of diffusion on isotope fractionation. The proposegberimental approach allowed us to
resolve concentration and isotopic gradients induze isotopologue-specific diffusion,
and to determine values of aqueous diffusion caeffts in agreement with published
empirical correlations. The experiments were quatitely interpreted with numerical
simulations, used to determine the aqueous diffusimefficients (D) and the exponent
(B) of the inverse power-law relation between D areriolecular mass of the dissolved
compounds: Bm-. The results show remarkable diffusive isotope ticamation for all

the investigated organic compounds.
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Kurzfassung

Grundwasserverschmutzungen durch organische Sdffedstie chlorierte Ethene und
Mineral6lkohlenwasserstoffe sind ein verbreitetekol@gisches Problem. Die
stoffspezifische Isotopenanalyse (CSIA) ist eirehictes Hilfsmittel um mikrobielle und
abiotische Umwandlungsprozesse in Umweltsystemenurgersuchen und wurde im
Laufe der letzten zehn Jahre immer haufiger angdeteibiese Arbeit konzentriert sich
auf die experimentelle Untersuchung und modelldest Interpretation der
Isotopenfraktionierung  organischer  Schadstoffe  ldurcUmwandlungs-  und
Transportprozesse. Folgende Untersuchungen wunteirahmen dieser Dissertation
durchgefuhrt: i) eine Methode zur stoffspezifischen-line Chlor-Isotopenanalyse
chlorierter Kohlenwasserstoffe, mittels Gaschrometphie gekoppelt an ein Quadrupole
Massenspektrometer (GC-gMS), wurde entwickelt,diait und mit bereits existierenden
Methoden verglichen. Weiterhin wurden wichtige ekpentelle Vorgehensweisen, wie
z.B. externe gegen interne Referenzsysteme, soeréat€einstellungen, wie split ratio,
lonisierungsenergie und \erweilzeiten systematisefprobt. ii) Ein konsistentes
Verfahren zur Modellierung der Kohlenstoff- und @hlsotopenfraktionierung wahrend
des Abbaus chlorierter Kohlenwasserstoffe wurde wiekelt. Das Verfahren
bertcksichtigt die Spaltung isotopisch untersciibeér C-Cl-Bindungen, und daher die
unterschiedlichen Kohlenstoff-Chlor-Isotopologe, pkzit. Zur Veranschaulichung
wenden wir unseren Modellierungsansatz auf die kidgki Dehalogenierung chlorierter
Ethene an. Wir vergleichen unser Verfahren mit demmentan gangigen Ansatz, bei dem
die Kohlenstoff- und Chlor-Isotopologe getrenntraehtet werden. Das neue Verfahren
ermoglicht die genaue Beschreibung von Doppel-fsstieEffekten unabhéngig sowohl
vom Ausmalf der Isotopenfraktionierung, als auchdem physikalischen Einflussgrof3en
des Versuchsaufbaus. iii) Fur die gleichzeitige héwsage der Isotopenfraktionierung
mehrerer Elemente in einem Molekil wahrend der Undhang organischer Schadstoffe
wurde ein mehrfache-Element-Isotopen-Modell-Ansaiwickelt. Durch das Verfolgen
derjenigen Isotopologe, welche die Isotope possspezifisch an den
Fraktionierungsstellen aufweisen, werden die isstdgen Trends der verschiedenen
Elemente wéahrend des Umwandlungsprozesses exgimitliert. Unser Ansatz liefert
eine mechanistische Beschreibung verschiedener upliddde und bertcksichtigt den

Einfluss primérer, als auch sekundarer Isotoperkif wahrend des Schadstoffabbaus.
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KURZFASSUNG

Die Methode ist vor allem fir eine quantitative Be®ibung der Isotopenentwicklung
relativ grof3er organischer Schadstoffmolekile gesigZur Validierung unseres Modells
wenden wir dieses auf publizierte Daten aus Expamien zum Abbau von Toluol,
Methyl-tert-butylether (MTBE) und Nitrobenzol an.itMHilfe unseres Modells kdnnen
wir die mehrfache-Element-Isotopen-Daten (sowoh| 2B auch 3D) erfolgreich und die
reaktionspfadspezifischen Trends exakt beschreibeh. Um das Ausmall der
Isotopenfraktionierung organischer Schadstoffe llubdfusion in wassrigen Systemen
zu untersuchen und zu quantifizieren wurden Lalmeamente durchgefuhrt. Als
Modellsubstanzen verwendeten wir die Mineralolkohlasserstoffe Toluol und
Ethylbenzol, im Verhéltnis 1:2 als markierte (pewutkriert) und nicht-markierte
Isotopologe, und chlorierte Losesmittel: Trichltvert (TCE) und 1,2-Dichlorethen
(cisDCE). Letztere wurden in ihrer natirlichen psothdufigkeit untersucht und die
raumlich-zeitliche Veradnderung der Chlor-Isotopehédtnisse wurde erfasst, um den
Effekt der Diffusion auf die Isotopenfraktionierur@bzuschéatzen. Der vorgestellte
experimentelle Ansatz erlaubt die Auflésung von Keamtrations- und Isotopengradienten,
welche durch isotopologspezifische Diffusion bedisigd, und erlaubt die Bestimmung
der Werte fir Diffusionskoeffizienten in Wasser iinklang mit publizierten
empirischen Korrelationen. Die Experimente wurdarargitativ mithilfe numerischer
Simulationen interpretiert und die Diffusionskoeffinten in Wasser (D) und der
Exponent §) des inversen Potenzgesetzes zwischen D und denddse der geldsten
Stoffe genutzt: Bm™®. Die Ergebnisse zeigen eimehebliche Isotopenfraktionierung

durch Diffusion bei allen untersuchten organiscWerbindungen.
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Chapter 1

Introduction

1.1 Background

Groundwater contamination by organic contaminantshsas chlorinated ethenes and
petroleum hydrocarbons is a widespread environrh@ntdlem. These compounds can
be dissolved in groundwater or can be present asagaeous-phase liquids (NAPLS),
which act as long-term sources for contaminant pkimn the subsurface. The
identification and quantification of the transfoitioa pathways of these compounds in
the environment are essential to understand tla& &nd transport in order to plan

effective remediation strategies for contaminateeb{Wiedemeier et al., 1999).

Compound specific isotope analysis (CSIA) is a &hla tool to study microbial and
abiotic transformation processes in environmenyastesns and has been increasingly
applied in the past decade (Schmidt et al. 2004ndtl et al., 2005). CSIA technique
relies on the fact that light isotopes react fagten the heavy ones assuming a normal
kinetic effect, therefore leading to enrichmenhebvy isotopes in the remaining fraction.
So far, stable carbon is the most popular elemenCSIA applications to investigate
degradation of various organic contaminants in Hatloratory and field studies (e.qg.,
Sherwood et al., 2001; Hunkeler et al., 2002). Reaglvances in analytical techniques
extended stable isotope techniques to other elenseith as hydrogen, oxygen, nitrogen
and chlorine. For instance, the new on-line GC-g&f$proach for chlorine isotope
analysis has significantly promoted implementatioh chlorine CSIA in various
environmental studies (Sakaguchi-Soder et al., 28@ppli et al., 2010; Bernstein et al.,
2011; Hitzfeld et al., 2011; Jin et al., 2011). §hew on-line method avoids tedious off-
line sample pretreatments and offers a fast detation of chlorine isotope ratios.
However, the precision and accuracy of the methedrdluenced by both instrumental
settings and mathematical evaluation schemes. fidnerall these important parameters
need to be systematically investigated and optichineorder to extend this approach to a

wider range of halogenated organic compounds (Jial.e 2011). The possibility to
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analyze isotopic signatures of different isotopérspdacilitates applications of dual-
element isotope approaches in numerous experimesitalies to investigate the
transformation of common groundwater organic coiviamts (e.g., Morasch et al., 2001,
Mancini et al., 2003; Zwank et al., 2005; Vogt bt 2008; Abe et al., 2009). Despite the
fact that mathematical modeling is a critical tdoltransfer detailed and mechanistic
laboratory observations to practical applications complex environmental systems,
isotope modeling approaches required for the iné¢agion of multi-element isotope data
of environmentally-relevant transformation processé organic contaminants are still
rather limited (van Breukelen et al., 2005; Hunked¢ al., 2009; Jin et al., 2013).
Therefore, it is of primary importance to providearate quantitative evaluation schemes
capable of combining the isotopic evolution of erént elements. Furthermore, the gap
between the mechanistic understanding of contartsn@ansformation based on multi-
element isotope analysis and the current statehefart of modeling approaches to
quantitatively describe and interpret multi-elemesattope evolution needs to be filled.
Although isotope effects from physical processesrarmally neglected, an increasing
number of investigations have demonstrated the itapbrole of physical processes on
isotope fractionation of organic contaminants. Symbcesses include mass transfer
limitations (Aeppli et al., 2009), sorption (Kopmmlket al., 2005; Hohener et al., 2012),
volatilization (Huang et al., 1999), aqueous diffussand transverse dispersion (Rolle et
al., 2010). In particular, diffusion is a majorrisport mechanism in saturated media and
its importance is increasingly acknowledged in aamhant hydrology. However,
research in diffusion-induced isotope fractionationainly focused on isotope
fractionation of dissolved trace gases (e.g., Smhkr et al., 2004; Bourg et al., 2008),
and ionic species (e.g., Richter et al., 2006; Bggmp et al., 2009) in both laboratory
and environmental systems. Diffusive isotope fawiion of uncharged polyatomic
species, such as organic contaminants, have be@s$aunderstood and developed. This
hinders a correct interpretation of isotopic datgroundwater systems and a quantitative

assessment of contaminant transport and transfronmaging CSIA techniques.

1.2 Objectives

This dissertation addresses the challenging questio current environmental isotope

research summarized above, and focuses on thetigat&sn of isotopic evolution of
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groundwater organic contaminants using experimesmtal modeling approaches. The

specific goals of this work are:

e Systematically evaluate and optimize the instrumlergettings, evaluation
methods and reference schemes potentially affecting precision and

reproducibility of chlorine isotope analysis usthg GC-gMS method.

e |llustrate a modeling approach which simultaneoualyd self-consistently
integrates the carbon and chlorine isotope evaluttmd compare the proposed

method with the currently available isotopologualaation scheme.

e Apply the proposed modeling approach to correctiyl accurately simulate
carbon and chlorine isotopic data observed in lgoatdation experiments
performed both in well-mixed systems and in thespree of mass-transfer

limitations.

e Propose a new multi-element modeling approach basedgosition-specific
isotopologues which only considers isotopicallysstve atoms (i.e., atoms
directly located at reactive positions or at positi adjacent to a reactive bond).

¢ lllustrate and validate the proposed mechanistideting methodology, and
apply the model to predict the multi-element isatopvolution for different
degradation pathways observed in previous expetahstudies.

e Perform laboratory experiments to investigate amahtjfy the extent of diffusive
isotope fractionation of organic contaminants ine@ys systems using petroleum

hydrocarbons as well as chlorinated solvents ashwminpounds.

1.3 Structure of the thesis

In general, the studies within this dissertatiowezoa wide range of topics in current
environmental isotope research, including chlo@®A using GC-gMS, carbon-chlorine
dual isotope modeling, multi-element (i.e. carbdrydrogen and nitrogen) isotope
modeling and diffusive isotope fractionation of angc contaminants. Specifically, these
topics are introduced and organized in the follghander:

e Chapter 2 presents detailed evaluation and opttioizaof the GC-gMS
approach for chlorine isotope determination.



16

INTRODUCTION

Chapter 3 demonstrates an integrated carbon-cklatimal isotope modeling
approach.

Chapter 4 proposes a mechanistic multi-elemenopgomodeling approach for
relatively large organic contaminant molecules.

Chapter 5 reports the experimental investigatiordiffusion-induced isotope
fractionation of organic contaminants in aqueolstesys.
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Abstract

Compound specific on-line chlorine isotope analysischlorinated hydrocarbons was
evaluated and validated using gas chromatographpled to a regular quadrupole mass
spectrometer (GC-gMS). This technique avoids teslwftiline sample pretreatments, but
requires mathematical data analysis to derive oidoisotope ratios from mass spectra.
We compared existing evaluation schemes to cakwlalorine isotope ratios with those
that we modified or newly proposed. We also teswgtematically important
experimental procedures such as external vs. wmitereferencing schemes, and
instrumental settings including split ratio, iortiva energy and dwell times. To this end,
headspace samples of tetrachloroethene (PCE), lomglthene (TCE) and cis-
dichloroethene (cDCE) at aqueous concentratiortaérrange of 20-50Qg/L (mass on
column range 3.2 to 115 pmol) were analyzed usig®S. The results*{CIF°Cl
ratios) showed satisfying to good precisions widative standard deviations (n=5)
between 0.4 %0 and 2.1 %lowever, we found that the achievable precisimms@erably
varies depending on the applied data evaluatioarsehthe instrumental settings and the
analyte. A systematic evaluation of these factdieved us to optimize the GC-gMS

technique to determine chlorine isotope ratioshbérinated organic contaminants.
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2.1 Introduction

Chlorinated organic compounds such as PCE, TCEfaidtransformation products are
notorious groundwater pollutants (1). They occudigsolved state and as non-aqueous-
phase liquids (NAPLSs), which act as long-term searéor contaminant plumes in the

subsurface (1-2).

Compound specific isotope analysis (CSIA) has bmetessfully used in a variety of
studies to quantify the fate of chlorinated orgapmlutants, as well as to identify
contaminant sources in groundwater (2-6). Recetitbre has been increasing interest for
dual element isotope analysis (7-12) as it improtles robustness and range of
applications of CSIA approaches considerably. GoCSIA provides a valuable tool to
detect and quantify biodegradation processes ainti@transformation of the chlorinated
organic compounds in the subsurface. However, artlile well-established and widely
implemented stable carbon isotope analysis (2ir&jlitional analytical techniques used
for stable chlorine isotopes require tedious afélisample treatment and dedicated
instrumentation. After chromatographic separatibe thlorinated analytes have to be
converted quantitatively into compounds containamdy one chlorine atom (e.g. CsCl,
CHsCI). These pure compounds are then analyzed far id@opic ratio using either a
thermal ionization mass spectrometer (TIMS forddisCl) or a dual-inlet gas isotope
ratio mass spectrometer (DI-IRMS for gaseous ;@H (13-17). Using a gas
chromatograph (GC) coupled to a continuous flowage ratio mass spectrometer (CF-
IRMS) Shouakar-Stash et al. (14) established tts¢ din-line method for chlorine CSIA
of and reported a concept for deriving chloringage ratios for PCE, TCE and cis-DCE.
Sakaguchi-Soeder et al. (18) introduced an altenatstrumental approach for on-line
compound specific chlorine isotope analysis usimdely available gas chromatography-
guadrupole mass spectrometry (GC-gMS). They deterdnchlorine isotope ratios for
PCE and TCE, and referenced their data to an ialtestandard trichlorofluoromethane
(CFCk). Very recently, Aeppli et al. (20) determinedasine isotope compositions of
PCE, PCP and DDT with GC-gMS using on-column liguigction and bracketing with

external standards of known chlorine isotope corijpos

In contrast to carbon, hydrogen, nitrogen and oryipe two stable isotopes of chlorine

are two-mass units apart and both occur at relgtsienilar abundances Cl at 75.78 %
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and®Cl at 24.22 %) (17).These characteristics may ifat# a scanning quadrupole MS
to record mass spectral data sufficiently preasealculate isotope ratios (19). However,
unlike an IRMS, which allows detecting several neassmultaneously, a quadrupole MS
has only one detector, which records selected massmsecutively. Therefore,

instrument parameters of a quadrupole mass speeteorimcluding dwell time, number

of selected masses, etc, are crucial factors #oregproducibility and precision of chlorine
CSIA using GC-gMS.

Elsner and Hunkeler (19) provided a theoreticalsbts calculate chlorine isotope ratios
and quantify isotope fractionation using ion-cutreatios of molecular/fragment ions.
They showed that accurate chlorine isotope ratwsic principle be derived from ratios
of any pair of two-mass apart isotopologue molecatafragment ions, i.e. the result of
data evaluation methods considering different mdedfragment ions should be the
same. This important concept, however, only hdlded mass spectrometer used is free
of bias or drift with regard to any molecular cadment ion. While the IRMS technology
meets these requirements due to its simultanedestd® of analyte ions, the sequential
recording of ions by a single detector in the gM&hnhology may be more prone to drift
and discrimination between analyte ions. Thus, tifpe of computation scheme for
deriving chlorine isotope ratios may be of sigrafice and needs to be evaluated for
quadrupole mass spectrometers. Previous experihgtaties (18, 20) applied different
evaluation schemes for chlorine isotope deternonay GC-gMS. Sakaguchi-Soeder et
al. (18) used a multiple ion method, considering tilto most abundant ions in each ion
group, Aeppli et al. (20) determined chlorine isaatios using solely molecular ions.
One promising strategy to minimize potential bias discrimination effects in the
computation of chlorine isotope ratios from gMS &pe is to include all chlorine
containing (fragment) ions in the computationalesob. This, however, as well as a
comparison of existing evaluation schemes, refeéngnenethods and instrumental
settings in terms of precision and accuracy of imoCSIA using the gMS technology is

not yet available.

Therefore, the major goals of this study are 1apply and compare existing evaluation
schemes (i.e. molecular ion method, multiple ionthods) and propose alternative
schemes (complete ion method) to determine chlasimi®pe ratios from qMS spectra, 2)

to systematically evaluate and optimize the insemoinsettings and reference schemes
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potentially affecting the precision and reprodudipiof the GC-qMS method. To this end,
we applied the various instrumental settings, emadn schemes, and referencing
procedures at similar experimental conditions arsrimentation to a common data set
of analytes including PCE, TCE and cis-DCE to idgnbptimized settings and

procedures.

2.2 Evaluation Schemes for Chlorine Isotope Ratios

For a chlorinated organic compound, the relativainglance of an isotopologue

containing “k”*’Cl atoms out of a total of “n” chlorine atoms canéxpressed as (10):

| nk :[EJH KLk 2.1)
(n) _(n-k+1)-(n—k+2)---(n-1)-(n) (2.2)
k k!

wherel is the relative abundance of a certain isotopatogiua chlorinated compounH,

is the abundance &fCl, L is the abundance &fCI, n is the total number of chlorine
atoms in a certain chlorinated compound kiisithe number of’Cl atoms in a specified
isotopologue. The binomial coefficient (eq 2.2)resents the number of possible ways in

which k atoms of’Cl can be distributed overpositions of chlorine atoms in a molecule.

In principle, a chlorine isotope ratio can be cotegufrom the ratio of any pair of
neighboring isotopologue molecule or fragment iaith a difference of two mass units
(29):

S S Y (2.3)
(N—Kk+1) 1,y

where R is the’’CI/°Cl ratio, n is the total number of chlorine atoms in a certain
chlorinated compound is the number of’Cl atoms in a specified isotopologue, | is the

measured ion abundance at different mass over eheaios (m/z) (see Fig. 2.1).
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However, as mentioned above, limitations of GC-qk§uire the use of evaluation
schemes to determiriéCI/*°Cl ratios. In the following we briefly describe stihg and

modified /newly-proposed evaluation schemes.
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Figure 2.1.Mass spectra and isotopologues of trichloroetlf@@&) obtained from a quadrupole
mass spectrometer.

2.2.1 Molecular lon Method

The molecular ion method considers only the twotnatsindant molecular ions (e.@sal
& l130in Fig.2.1) of the analyte (20). Therefore, theotinle isotopic ratios of chlorinated
ethenes perchloroethene (PCE), trichloroethene }TQhchloroethene (DCE) and
monochloroethene (i.e., vinyl chloride, VC) compltesing eq 2.3 result in:

(2.4)

. 166
164

(2.5)

. |12
130
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(2.6)

(2.7)

wherel is the corresponding molecular/fragment ion abundat different m/z values, R

is the corresponding chlorine isotope ratio.

2.2.2 Conventional and Modified Multiple lon Methods

The multiple ion method considet<CI/*°ClI ratios of the two most abundant ions of each
ion group, which are calculated according to eq ZI8n, a weighted average of these
partial *‘CI/*°Cl ratios is determined, which takes into accourirt overall chlorine
isotopic composition (18). We modified this mulépion method to incorporate more
information of the quadrupole mass spectra for raoisotope determination. In contrast
to Sakaguchi-Soeder et al. (18) who used only tlestrabundant ion to calculate the
weight factors, we defined these weight factorsnignto account the two major ions in

each ion group. The equations are summarized kasvial

Roce = ax R+ bx B+ & B4 ¢ B (28)

IlGG + IlG4

(|166+ |164)+(I131+ I129)+(I96+ I94)+(I61+ I59)

|131+ |129

(|166+ |164)+(|l3l+ |129)+(|96+ |94)+(|6l+ |59)

|96+ |94
(|166+ |164)+(|l3l+ |129)+(|96+ |94)+(|6l+ |59)

[ +1
d: 61 59 (2.9)
(|166+ |164)+(|131+ |129)+(|96+ |94)+(|6l+ |59)

wherel is the corresponding molecular/fragment ion abuodaat different m/z values.
The weight factors, b, candd are determined as the relative ion intensitiesragrbe

two major ions from each grouBw, Re1, Re2andResz are the partial chlorine isotope ratios
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obtained from two major ions of each group. Sim#guations for TCE and DCE are

available in Supporting Information (see eqs S:33.17).

2.2.3 Complete lon Method

We also propose an alternative and more comprelergiproach which considers all
ions of the mass spectra that contain chlorine stasich we refer to as the complete
ion method. Specifically, if a molecule or fragmean hasi isotopologues, and in a
certain isotopologuen out of n (total chlorine atoms) ar&Cl, the chlorine isotope ratio

can be determined using the following general agoat

CTot(Tcy &0

= TOt(35C|) - Zi:(n_ m)- |

=

(2.10)

where Tot@’Cl) andTot®°Cl) are the total number &fCl and>*Cl atoms,! is the ion
abundance of a certain isotopologie As an example, the corresponding equations for

DCE are given as:

CTot(*Cl)  2- 10+ g

R = Tot(*Cl) 1 ,+2- 1 (2.11)
Tot(*Cl) |
A :Toti&"cg :f (2.12)
R.,.=aR, +bR (2.13)
a= |100+ |98+ |96
|100+ |98+ |96+ |63+ |61
b: |63+ |61
Lo+ log+ log+ lgs 1y (2.14)

where Ry and R: are patrtial chlorine isotope ratios of the molecwad fragment ion
groups of DCEa andb are the weight factors. Similarly, the equatiomsTCE and PCE

are derived according to eq 2.10, and are avaiialtlee Supporting Information (S1).
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2.3 Experimental Section

2.3.1 Materials and Methods

Methanol (>99.9%) from Merck (Darmstadt, Germanygswused to prepare the stock
solutiors of the following chlorinated ethenes (acronym; purity; manufacturer) used for
chlorine isotope analysis: Cis-1,2-dichloroetheas-DCE >97%; Aldrich (Steinheim,
Germany)), trichloroethene (TCE; >99.5%; Merck (Darmstadt, Germany)) and PPG
(California, U.S.A.) tetrachloroethene (PCE, >99.9%; Merck (Darmstadt, Germany)) and
PPG (California, U.S.A.). Headspace samples aemifft aqueous concentrations were
prepared by adding various amounts of the PCE/T®©EKssolutions into 20 mL glass
vials containing 15 mL Millipore water. The vialsere then immediately sealed with
Teflon-crimp caps (Fisher, Germany). To reach heads equilibrium, samples were kept

at 25 °C for one hour before GC-gMS analysis.

A 7890A gas chromatograph (GC) connected to a 59@6&drupole mass selective
detector (MSD) (both from Agilent, Santa Clara, CBSA) was used. Automated
headspace sample injection (500 pL) was facilitéed COMBIPAL multipurpose auto-
sampler (Gerstel, Australia) at 25 °C. The GC wagsgped with a split/splitless injector
and a capillary column (60 m x 2%@n, 1.4um film thickness; Restek, USA). Helium at

1 ml/min was used as carrier gas. The oven progvam set as follows: 40 °C (2 min)
—110 °C @ 25 °C /mip> 200 °C @ 15 °C /min (5min).

The quadrupole mass spectrometry was operatee iseflected ion mode (SIM). Most of
the experiments were conducted considering theviddlg ions of the target analytes:
PCE: 164, 166, 129, 131, 94, 96, 59, 61;M(ZE: 130, 132, 95, 97, 60, 62 m/z); cis-DCE

(96, 98, 100, 61, 63 m/z). Thus, at least the tvastnabundant ions from each ion group
were considered. After optimization, a dwell tinfe30 ms and a positive electron impact

ionization energy of 70 eV was applied.

2.4 Results and Discussion

Precision and reproducibility of compound specdltdorine isotope analysis using GC-

gMS are affected by various factors including tleenputation and referencing methods
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for data evaluation, instrumental settings and art®of analyte applied as well as the
number of chlorine atoms present in the analyte cefefully evaluated these factors and

present the results below.

2.4.1Comparison of Different Evaluation Schemes

In previous experimental studies (18, 20), the iplgition method and the molecular ion
method were applied to calculate chlorine isot@i®ms. We compared the results of these
evaluation schemes with the modified multiple iow #he complete ion method using the
same GC-gMS system, analytical parameters and tesaily order to identify the most

appropriate computation scheme for different chiaed organic compounds.

Cis-DCE headspace samples (50 to 1500 pg/L aquemusentrations, 5 replicates at
each concentration) were measured under the sastrarirental conditions using a split
ratio of 1:10. Chlorine isotope ratios obtainedirthe mass spectral data were calculated

using the four different methods presented above.

Amount on Column [pmol]
17 34 51 68 85 102 119

8r i —&—Conventional Multiple lon Method
~¢ Modified Multiple lon Method
-#*-Molecular lon Method

-&- Complete lon Method

Relative Standard Deviation [%o]
=N

0 200 400 600 800 1000 1200 1400
Aqueous Conc.[ug/L]

Figure 2.2. Relative standard deviation (RSD, n=5) of cis-D€Horine isotope ratios using
different evaluation schemes. The upper horizoamt#d indicates the amount of analyte reaching
the column.

As shown in Fig. 2.2, the amount of analyte reaghire column affects the precision of
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GC-gMS method. The RSD values varied from 1.1 8%8(molecular ion method), 0.6
to 5.3% (conventional multiple ion method), 0.6 tdb% (modified multiple ion
method), and 0.6 to 4.6%. (complete ion method) withe concentration range studied.
Generally, the conventional multiple ion method d@hd modified multiple ion method
did not differ significantly with regard to preaisi. The complete ion method showed the
highest precision at all concentrations, while tir@ecular ion method resulted in the by
far lowest precision among the four evaluation sobe Particularly, at low
concentrations<{ 500 ug/L) the complete ion method showed a higher precigian the
multiple ion methods. To evaluate the performantehe complete ion method for
analytes with more than two chlorine atoms, thé d$pkctral data of PCE (14 ions) and
TCE (9 ions) were considered in the SIM. Here, weloprecision of the complete ion
method was obtained compared with the other threthods (see data in Table S1.2).
This is due to the fact that including a high numbktarget ions in the SIM mode of a
gMS conflicts with maintaining a sufficient dweihte (i.e. sampling time on each ion)
and a reasonable scan rate (21-22). This trateeéfrs the precision of the complete ion
method for analytes containing more than two cheratoms. Thus, the complete ion
method is particularly suited for analytes contagnitwo chlorine atoms. To further
compare the performances of the three other coripn# schemes, headspace samples
of PCE and TCE mixtures at a series of aqueousertrations (20 to 50Qg/L) were
measured (5 replicates; split ratio 10:1). In Fig. 2.3, the results usirige tmodified
multiple ion method and the molecular ion method palotted. As the conventional
multiple ion method resulted in the same precisisrthe modified ion method (see Table

S1 in Supporting Information) the data of the forraee omitted for clarity in Fig. 2.3.
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Figure 2.3. Chlorine isotope ratios of PCE and TCE (Merck) in headspace samples of various
aqueous concentrations (20 upg/L to 500 pg/L). The upper horizontal axes indicate the
corresponding amount reaching the column. Solid horizontal lines are the average values; dotted
lines are average standard deviations (1o, n=5). Open symbols represent the modified multiple ion
method, full symbols represent the molecular ion method.

As depicted in Fig. 2.3, the amount of analyte reaching the column affects both precision
and accuracy. For the multiple ion method, average chlorine isotope values varied from
0.32144 (£4.8x10™, RSD: 1.5%o0) to 0.32216 (£1.3x10*, RSD: 0.4%o) for PCE and from
0.32344 (£6.6x10, RSD: 2.0%0) to 0.32273 (£2.3x10™, RSD: 0.7%o) for TCE. The
results for the molecular ion method varied from 0.31955 (+4.8x10, RSD: 1.5%o) to
0.32023 (£2.4x10™, RSD: 0.8%o) for PCE, and from 0.32239 (£6.3x10™, RSD: 2.0%o) to
0.32108 (+2.2x10™, RSD: 0.7%o) for TCE. Thus, the molecular ion method resulted in a
lower precision than the multiple ion method that turns out to be the most precise
computational scheme for analytes with tree and four chlorine atoms such as PCE and
TCE. Interestingly, a significant difference (approximately 1.5x107) of the average

chlorine isotope ratios (solid horizontal lines in Fig. 3) was observed between the two
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different evaluation schemes. In our study, theimmim amounts of compounds on
column were 4.5 pmol (PCE) or 3.2 pmol (TCE) and tlorresponding precisions are
4.8x10%1s, n=5, RSD=1.5%., PCE) and 6.6%%Qc, n=5, RSD=2.0%, TCE).
Sakaguchi-Soeder et al. (18) obtained a standaxdatien of 7.2x10" (1s, n=6,
RSD=2.2%o) using 7 pmol on column PCE and 5.8%(&, n=6, RSD=1.8%) at 8 pmol

on column TCE.

2.4.2 Assessment of Instrumental Parameters

GC-gMS settings determine to a large extent thdityuaf mass spectral data, therefore
affecting the precision and the accuracy of thehamet Dwell time, an important MS
parameter, specifies the individual data acquisitime for each selected set of ions (in
our study 8 ions for PCE, 6 for TCE, and 5 for BISE in the SIM mode). Headspace
samples of cis-DCE, TCE and PCE mixtures at 20Q ugte measured at the dwell time
values of 10, 20, 30, 50, 100 ms, respectively .GHBEA-C).
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Figure 2.4.Effects of the qMS instrument parameters dwell t{fheC) and electron impact (El)
energy (D-F) on the precision of different evaloatschemes for chlorine isotope ratios. (D): At
15eV, chlorine isotope ratios of cis-DCE could hetdetermined due to the fact that several low-
abundance ions were not detectable.

Our results reveal that the dwell time had a streifigct on the methods performances as
the RSD values varied from 0.9 to 2.7%o for cis-DOE1 to 1.0%. for TCE and 0.3 to
2.7%o for PCE, respectively. At a dwell time of B, the conventional and modified
multiple ion methods showed the highest precismncis-DCE and PCE, for TCE the
highest precision of those two methods was obsemdn the range of 10 to 50 ms. For
the molecular ion method, however, a higher prenisvas obtained either at a lower
dwell time (10 to 20 ms) or at a higher dwell tif¥® to 100 ms). Generally, a longer

dwell time reduces the scan rate, therefore olbtgitéss data points over a certain
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compound peak of the chromatogram and a shortell tme increases the data points,
but inevitably lowers the precision of the datat given chromatographic conditions an
optimized value of the dwell time value dependstbe target compound (i.e., the
numbers of ions to be included in the SIM mode) als® on the characteristics of the

specific qMS instrument.

To increase the fraction of molecular ions compdceftagment ions, the energy level in
electron impact (El) source of the mass spectrometes lowered from the standard
value of 70 eV down to 30 and 15 eV, respectiveig.@.4 D-F). Generally, lowering El
energy level did not result in a higher precisidbhe range of RSD values obtained at the
different El conditions varied from 0.7 to 7.7 %¢ fus-DCE, 0.6 to 11.0 %o for TCE, and
0.9 to 4.2 %0 for PCE. For all compounds and evaunaschemes, the most precise data
were obtained at higher El conditions. Only for tm®lecular ion method a higher
precision for all compounds was obtained also at Bl values of 15 and 30 eV,
suggesting that at a lower El energy level, mokecidns have lower signal to noise

ratios compared with those of fragment ions.

To evaluate the potential influence of the splitoraf the injector, headspace samples of
1, 5 and 10 mg/L aqueous mixtures of PCE and TCie waralyzed at split ratios of 1:10,
1:50 and 1:100, respectively. This setup ensuraasiamounts of analytes reaching the

column at the selected split ratios. The resukkssammarized in Table 2.1.

Generally, consistent chlorine isotope ratios andlar relative standard deviations were
obtained at different split ratios. Thus, at conajde signal amplitudes the split ratio is
not a controlling factor for the performance ofare isotope GC-qMS measurements
when applying headspace injections, Note that a@isdhis set of experiments the

conventional and the modified multiple ion methati®wed a higher precision than the

molecular ion method.
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Table 2.1.%’CI/*Cl ratios at different split ratio values but siafibn column amounts of analytes

Conventional multiple ion Modified multiple ion
method method Molecular ion method
Split el STDV  RSD el STDV  RSD el STDV  RSD
Compound Ratio® n° Ratio (10) [%o] Ratio (10) [%o] Ratio (10) [%o]
TCE 101 5 0.32380 0.00016 0.5 0.32346  0.00018 0.6 0.32150 0.00041 1.3
50:1 5 0.32374 0.00020 0.6 0.32337 0.00018 0.6 0.32127 0.00028 0.9
100:1 5 0.32394 0.00017 0.5 0.32359 0.00015 0.5 0.32152 0.00026 0.8
PCE 10:1 5 0.32246 0.00021 0.7 0.32232  0.00021 0.7 0.31930 0.00051 1.6
50:1 5 0.32248 0.00019 0.6 0.32232 0.00019 0.6 0.31935 0.00024 0.8
100:1 5 0.32249 0.00010 0.3 0.32233  0.00010 0.3 0.31932 0.00015 0.5

a corresponds to 160 pmol TCE and 230 pmol PCE iegthe column
b: number of replicates

2.4.3 Effect of Standardization Procedure

Using an internal isotope standard (i.e., a substalifferent from the target compound)
is desirable as it reduces analysis time since Esmgnd standards can be measured in
the same chromatographic run. However, differemhpaunds may have a different
ionization chemistry, which might affect the acayaand the precision of referencing
isotope values with internal standards. For thssos, the external standardization is
usually recommended and applied for CSIA. In otdetest the performances of the two
reference strategies for the GC-gMS method, intearad external standardization
protocols were compared. To this end the targetyen®CE (Merck) was referenced
either to TCE (Merck) as the internal standardocthe external standards of PCE (PPG)
and TCE (Merck), respectively. Both, samples angrexal standards were at 1006/L
aqueous concentrations, and they were injectelfamation (i.e. one sample followed by
one standard). Chlorine isotope ratios of standad sample analyses were determined
using both, the multiple ion and the molecular ibethods. Finallys*'Cl values of PCE
(Merck) were reported by referencing the chlorisetope ratios of PCE (Merck) to the
ones of the standard compounds (i.e. T@&ek; PCE-PPG).
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Table 2.2.5%'Cl values of PCE (Merck) referenced to differeneinal and external standards

301/%¢C] Ratio * RSD® Referencedd*’Cl of PCE-Merck [%] *
Method Internal Standard External Standard External Standard
PCE-Merck [%0]
TCE-Merck TCE-Merck PCE-PPG
Conventional Multiple lon 0.32196+ 0.000036 0.1 -2.7+05 -2.8+0.6 1.8+0.6
Modified Multiple lon 0.32178+ 0.000034 0.1 -21+0.4 -2.2+0.6 1.8+ 0.6
Molecular lon 0.31955+ 0.000079 0.2 -3.0+0.6 -3.5+0.8 2.2£0.6

*: standard deviation @, n=5), 8: relative standard deviatiors(h=5)
#: 5%Cl was calculated by referencing to the indicateddards and error propagation was applied

The data in Table 2.2 demonstrates that the coimveitand modified multiple ion
methods display a higher precision of b6fiCl values and®’CI/**Cl ratios than the
molecular ion method. ConsistesiCl values were observed using external and internal
TCE (Merck) standards. Since PCE (PPG) is isotdigitighter than TCE (Merck) (8)
more positived®’Cl values are expected when referencing PCE (Me@kPCE-PPG.
Notably, the5*'Cl values using PCE (PPG) as an external standardesi the same
precision as those using an external standard & {(Merck). This result is remarkable
because even though PCE and TCE belong to the sampound class, not only their
mass spectra differ but also the ionization efficies may vary due to the differences in
symmetry of their structures. Thus, our data shalzt at optimized instrumental
conditions both internal and external referenciag give equally precise results using the
GC-gMS method.
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Figure 2.5. Temporal monitoring of measured chlorine isotoposaof TCE and PCE. Solid
horizontal lines are the average values and theedidines represent + standard deviations (1
n=10) of TCE (2.32xI1) and PCE (2.25x1}, or the corresponding relative standard
deviations of TCE (x 0.7 %0) and PCE (% 0.8 %o).

Samples that already contain the compound thabbars evaluated as internal standard
require an external standardization procedure. Hst&ndard bracketing is normally

applied to account for temporal drifts of the instent. To explore the occurrence of
such drifts we monitored chlorine isotope ratioerotime spans that are typical for

bracketing with external standards. Fig.2.5 repdines results over a period of 250

minutes. We observed some random fluctuations arahe average but no systematic
drift. It is important to note that regardless loé reference strategy applied, the quality of
the raw data is the key factor that controls thdopmance of the GC-gMS method.

Furthermore, we also compared the chlorine isot@tiws that were obtained under

somewhat different analytical conditions over tipeziods of several months. Also here
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very consistent results were observed (see Suppgohtiformation (S1)) which further
indicates that the GC-gMS methodology developed amolied in this study is quite

robust.

Outlook and Environmental Significance

In this study we evaluated and optimized a GC-gM&hwd for online chlorine CSIA of
chlorinated contaminants. Existing and proposedoroié isotope ratio evaluation
schemes were tested and compared. The choiceuifable computational scheme is of
importance since different schemes affect bottt #6&°Cl ratios and the precision of the
analysis. The methods considering more ions (@mptete ion method) are characterized
by significantly higher precision for cis-DCE. Favmpounds with three or more chlorine
atoms such as PCE and TCE, however, the complete method is no longer
advantageous. The potential influences from theq®™S parameters, such as dwell time,
ionization energy, split ratios, etc., were systeradly tested and optimized together with

the different evaluation schemes.

For practical applications and especially due ® ghitability of the GC-gMS technique
for the analysis of a wide variety of chlorinategifocarbons it is important to note that
the chlorine isotope ratios tend to be overestithatethe presence of an increasing
number of°C atoms in the analyte. Aeppli et al. (20) presémte equation to quantify
this error that can be safely ignored for chlomabethenes, but becomes significant for
chlorinated compounds containing a higher numberaobon atoms such as chlorinated
benzenes (Fig.2.6) dfC isotopically-labeled analytes. Therefore, a atiom on the

chlorine isotope ratio is necessary in these cases.
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Figure 2.6. Overestimation (i.. Rorne - Recnorind Of raw *'CI/*°Cl ratios caused by°C
exemplified by chlorinated ethenes and chlorindtedzenes. C is the number of carbon atoms.
Assuming Ramoen €quals 1% (approximate natural abundancésﬁj, the differences between
apparent and theoretical partfaCl/*°Cl values were quantified using the equations eeriy
Aeppli et al. (20) for both chlorinated ethenes ahtbrinated benzenes (Supporting Information,
Eqgn. S28).

The instrumental approach developed in this stgdyuite robust, universal with regard
to the target analytes, sensitive, and does nolinegpecialized instrumentation. Thus, it
can contribute to widespread application of complspecific chlorine isotope analyses
to further improve our understanding of chlorinatehtaminants’ transport and fate in
the environment. However, our results demonstrate the GC-gMS method needs
proper validation as its performance depends onapfdied computation scheme, the
selected instrumental parameters and the compmalgzad. All these factors need to be

considered and optimized in order to obtain higaliggiGC-gMS measurements.

Supporting Information Available

Additional material including the description of ethdetails on chlorine isotope
computation, a list of instrumental parametersjtadthl data for figures and tables, long
time monitoring of the chlorine isotope ratios amanputation of°C error is available in

the Supporting Information (S1).
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Chapter 3

Integrated Carbon and Chlorine Isotope Modeling:
Applications to Chlorinated Aliphatic
Hydrocarbons Dechlorinatiorn?
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Abstract

We propose a self-consistent method to predictetaution of carbon and chlorine

isotope ratios during degradation of chlorinateddrbgarbons. The method treats
explicitly the cleavage of isotopically different-@ bonds and thus considers,
simultaneously, combined carbon-chlorine isotopoksy To illustrate the proposed
modeling approach we focus on the reductive delealatipon of chlorinated ethenes. We
compare our method with the currently availablerapph, in which carbon and chlorine
isotopologues are treated separately. The new apprprovides an accurate description
of dual-isotope effects regardless of the extenthefisotope fractionation and physical
characteristics of the experimental system. Weessfally applied the new approach to
published experimental results on dehalogenatiochtdrinated ethenes both in well-

mixed systems and in situations where mass-trahisfgations control the overall rate of

biodegradation. The advantages of our self-contisieal isotope modeling approach
proved to be most evident when isotope fractiomafactors of carbon and chlorine

differed significantly and for systems with massAsfer limitations, where both physical

and (bio)chemical transformation processes affexbbserved isotopic values.
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3.1 Introduction

Chlorinated aliphatic hydrocarbons (CAHS), suclclaierinated ethenes, are widespread
organic contaminants of environmental concern dugheir high toxicity [1, 2]. The
identification and quantification of the transfoitioa pathways of these compounds in
the environment are essential to understand taggrand transport and to design effective
management or remediation strategies of contamidnsites. Compound specific isotope
analysis (CSIA) is a valuable tool to study micedl@nd abiotic transformation processes
in environmental systems and has been increasegyied over the past years [2-6].
CSIA relies on the fact that a normal kinetic ig@ceffect (i.e. light isotope reacts faster
than the heavy one) typically occurs during tramsfttion of organic contaminants,
leading to enrichment of heavy isotopes in the iamg fraction [7]. Reductive
dechlorination is the predominant transformationocpss of CAHs in anoxic
environments, where these contaminants are dehsdtg® sequentially into less
chlorinated compounds. Carbon CSIA has been widséd to monitor dechlorination of
CAHs in both laboratory systems and at contaminattx$ [8-11]. Recent advances on
on-line chlorine isotope analysis have facilitatedincreasing number of applications of
chlorine CSIA for CAHs [12-15]. A carbon—chlorinaia isotope approach is of great
advantage for the study of CAHs degradation sinaeéldws identifying different reaction
mechanisms leading to contaminant transformatidhe dual isotope approach focuses
on the relationship between the carbon and chlasa®mpe evolution and considerably

advances a quantitative application of CSIA [16-18]

In many studies investigating the carbon isotopiedyior of chlorinated hydrocarbons in
environmental systems [e.g., 8, 19, 20], the caiilsotopologue containing exclusively
3C is often neglected due to the low natural abuceaof *C (1.11%). Thus, for
chlorinated ethenes, the analysis typically considmly a light *C-**C) and a heavy
(*c-*C) isotopologue. Instead, monitoring chlorine ig®&oratios requires a more
complex evaluation scheme due to the comparableraiaabundances of botfCl
(75.78%) and’’'Cl (24.22%) [21]. Hofstetter et al. [17] proposenl evaluation method
linking kinetic isotope effect (KIE) to the obsedvehlorine isotope signatures of CAHSs.

Elsner and Hunkeler [22] provided a theoreticalid&s compute chlorine isotope ratios
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according to the abundances of chlorine isotopaegef polychlorinated hydrocarbons,
offering a new possibility to monitor chlorine ispe ratio shifts by tracking various
chlorine isotopologues. Hunkeler et al. [23] depeld a conceptual and mathematical
framework to predict chlorine isotope fractionatiof chlorinated organic compounds
during reductive dechlorination processes. Theygased two approaches based on the
evolution of chlorine isotopes and chlorine isotogoes, respectively. Recent
contributions have further explored the practicppleation of CAHs dual carbon-
chlorine isotope analysis in laboratory experimegd)], field investigations [24] and

reactive transport simulations [25].

Since the additional diagnostic value of a dualtape approach is increasingly
recognized, it is of primary importance to providecurate quantitative evaluation
schemes capable of combining the isotopic evolutibdifferent elements. To this end,
the objective of this contribution is to propos@&a@el approach for a combined multi-
element isotopic modeling. We focus on reductivehttination of CAHs with the
specific goals of: i) illustrating a modeling appot which simultaneously and self-
consistently integrates the carbon and chloringos® evolution, ii) comparing and
validating the proposed method with the currentiiailable isotopologue evaluation
scheme [23], and iii) applying the proposed modgl@mpproach to correctly and
accurately simulate carbon and chlorine isotopit¢a dabserved in biodegradation
experiments performed both in well-mixed systems @nthe presence of mass-transfer
limitations.

3.2 Mathematical Description and Modeling Approach

3.2.1 Initial Relative Abundance of Carbor-Chlorine Isotopologues.

We consider the simultaneous occurrence of stahdtboo and chlorine isotopes and
monitor the evolution of isotopic ratios of comhihearbor-chlorine isotopologues
during transformation processes. The initial re@tbundances of the isotopologues are
computed using a binomial distribution combining taccurrence of both C and ClI

isotopes:
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u h) .
A :(vj'%' Fﬁgv‘(i J Rror* P (3.1)

whereA is the relative abundance of an isotopologuwentainingv 3¢ out of totalu
carbon atoms and *'Cl out of totalh chlorine atoms and® is the abundance of

corresponding carbon and chlorine isotopes.

The number of isotopologues for a certain chldddacompound depends on the
composition of carbon and chlorine isotopes as wsllon the number of chemically
equivalent C-Cl bonds. For the compounds considemethis study, trichloroethene
(TCE), cis-dichloroethene (cis-DCE) and vinyl chder (VC), the isotopologues
considered and their computed abundances are listdet Supporting Information. For
instance, the isotopic composition of cis-DCE reemi the specification of nine
carbon-chlorine isotopologues, whose relative abood can be computed using eq 3.1
(Supporting Information (S2), Table S2.2). Moremgdex is the C-CI isotopic
description of TCE in which not all C-Cl bonds arkemically equivalent (i.e, the
cleavage of different bonds leads to the formatbudifferent products). In this case the
isotopologue abundance can be calculated consgdelipossible combinations of C and
Cl isotopic composition for each reacting C-Cl bond

A =P P P P (3.2)

B T1¢ Sl 3%

A number of 32 isotopologues are, therefore, necgds completely describe the C and
Cl isotopic composition of TCE (see Supporting mfation for further details and the

isotopologues list provided in Table S2.3).

3.2.2 Apparent Kinetic Isotope Effect during Cleavge of C-Cl Bonds

Isotopologues of a certain chlorinated hydrocarld®C-Cl, may include four isotopic

different C-Cl bonds*’C-**Cl, *3c-*cl, *Cc-*'Cl, and**C-*'Cl, respectively. Assuming

first-order kinetics, the reaction rate during ekege of a specific isotopic C-Cl bond are:
a-b c-d

r1zc_35C| = k12C_ 350 Cj : a T (33)
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b c-d
r13C—35CI =k 13c_35¢) Cj : g : T (34)
a-b d
r12C_37C| = k12C_ 370 'Cj TE (35)
b d
r13C—37CI = k1307 arg) Cj ' 5 : ; (36)

wherer is the bond-specific reaction rate during cleavaiga certain isotopic C-Cl bond
of an isotopologug, k is C-CI bond-specific reaction rate constadjis the concentration
of the [" isotopologuea is the number of carbon atoms at reactive positiois the

number of*3C in reactive position; is the number of chlorine atoms at reactive positi

andd is the number of'CI at reactive position.

According to the rule of the geometric mean [5, the carbon isotope discrimination
between'*C and'’C is the same for a &€Cl and a C¥'Cl bond and this also holds for
¢l and*'Cl considering the bond$C-Cl and™C-Cl. Therefore, neglecting secondary
isotope effects, apparent kinetic isotope effe&®K&IEs) during the cleavage of the

different C-Cl bonds can be described as:

d[R-C- *(]

E”c“u = dt [R- “C-*Cl _ 1 o 3.7)
S [ R— 12 C— 35 C] [ R— 13 C— 35 C] AKI% C,rp
at
d[ R— 13C_ 37C]
Kisg s1¢ _ dt [R- “C-¥Cl __ 1 o (3.8)
klZC—37C| d[ R- 12df_ 37 C] [ R_1 C— 37 C] AK||% C.ip

Similarly, we can derive:
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k12 37 k13 37,
= K = AKll =Ucip (3.9
12 0735C| 13C7 3SC| E:I
Combining eq 3.7 and eq 3.9 leads to:
k13 37
K & o = AKll : AK:Il- :aC,rp'aCI,rp (310)
12350 EC ECI

AKIEc and AKIE; are the kinetic isotope effects, atgl, and aciyp are fractionation

factors on reactive positionThey are related to the bulk isotope enrichmentofacby

[5]:

1
AKIE~— L+
1+n/ X &, (3.11)
1
— - 3.12
% = AKIE (3.12)

wheren is the number of atoms of the element consideresdthe number of the atoms of
the element located at the reactive positiequiis the bulk enrichment factos,, is the
fractionation factor on the reactive position. @pproach directly tracks the breaking of
carbon and chlorine bonds and considers combinedorachlorine isotopologues.
Therefore, only one rate constant is required wiesh be derived from the specific rate
constants of various isotopically different C-Chids:

ki = I(Hcﬁf"cf I:12c7350| + kucf ey Flb ot klb el Fl@} % k e B F g @ (3.13)

wherek; is the overall rate constark;-c is the bond specific rate constant (see eqs 3.3-
3.6), andF is the probability that a certain-Cl bond is at a reactive position.

In the following we briefly illustrate the differeas between our integrated method (IM)
and the currently available method (CM) for intetiation of C and Cl dual isotope data
described in [23]. In the latter, carbon and chlerisotopologues are described separately

and the two element-specific rate constants areesgpd as:



48

INTEGRATED CARBON AND CHLORINE ISOTOPE MODELING: APPLICATIONS TO
CHLORINATED ALIPHATIC HYDROCARBONS DECHLORINATION

Cki _ lZCk. 12CIF+ 13Ck, 13CF (3.14)

c|ki _ 35CIk‘ =l = e k- el F (3.15)

where®k; is the overall constant for carbon isotopolog&é«s,is the overall rate constant
for chlorine isotopologues®%, 2%, ¥k and®"“k, are the isotope specific rate constants,
F is the probability that a certain carbon or chieriisotope is at a reactive position.
During the course of the reaction, the overall @astants for the carbon and chlorine
systems tend to differ implying an independent etioh of the two systems. We quantify
the discrepancy with the ratig,[-], between the remaining fractions of total cartand

chlorine isotopologues:

(3.16)

wherefc; andfg [-] are the remaining fraction of chlorinated campd’s carbon and
chlorine isotopologues at time respectively. The overall rate constafitsand“k; do
not change correspondingly as the reaction progseasd result in different extent of
degradation. Therefore, deviationsyofrom unity are obtained using differesgt andec

values.

3.2.3 Modeling Contaminant Transformation and Carbm-Chlorine Isotopic
Evolution

The evolution of carbon and chlorine isotope ratiging CAHs transformation are
simulated by tracking the transformation of all tegbonr-chlorine isotopologues, using
bond-specific reaction rates as defined in the iptesvsection. Considering a sequential
degradation pathway, such as reductive dechlodnatihe reaction proceeds from the

parent compound to the final end product througkrées of intermediate species:

P—l,—>I,— ,—I —E



INTEGRATED CARBON AND CHLORINE ISOTOPE MODELING: APPLICATIONS TO 49
CHLORINATED ALIPHATIC HYDROCARBONS DECHLORINATION

Concentration changes of a certain isotopologgaéthe precursor (P), the intermediate
compounds (I), or the end product (E) can be desdrby a coupled system of ordinary

differential equations:

d'p] &,

—_ 3.17
“a ;rk ( )
dl 'l m R

[ n"=+zl“rkj— Loy ) (3.18)
dt k=1 k=1
dl 'E m o
_J:_i_zlnrkl (3.19)
dt par}

wherer is the bond specific reaction rate (see eqs HB-M (1<m<4) is the total number

of possible different isotopic bonds on the reacpwosition of an isotopologug

Focusing on reductive dechlorination of chlorinagttienes, we solved the system of
differential equations using Matlab. The calculbigotopologues’ concentrations can be
used to compute carbon and chlorine isotope rdttlswing the procedure we have
recently proposed to determine chlorine isotop@saising all fragment ions in GC-gMS
measurements (“Complete lon Method” in Jin et &4]). Thus, the carbon and chlorine

isotope ratios can be expressed as:

v-C,
_Tot(**C) z !

= Tot(12C) B Zt:(u—v)- Cj

j=1

Re

(3.20)

t
i-C.
_Tot(¥Cl) 21C,

j=1

~ Tot(*Cl) Zt:(h—i)-C.

R (3.21)



50

INTEGRATED CARBON AND CHLORINE ISOTOPE MODELING: APPLICATIONS TO
CHLORINATED ALIPHATIC HYDROCARBONS DECHLORINATION

whereRcandRg are the carbon and chlorine isotope rafiast(:’C, *3C, *Cl, or *'Cl) is
the total concentration of a certain isoto@gis the concentration of th& jsotopologue,

andu, v, handi are the number of C and Cl isotopes as defined)i@.1.

To illustrate our modeling approach we select déife examples of CAHs degradation
and we simulate the evolution of C and Cl isotogt#os in both well-mixed systems and

in the presence of mass-transfer limitations.

3.3 Results and Discussion

3.3.1 Biodegradation in Well-Mixed Systems

As first application of our modeling framework wensider a hypothetical batch system
where reductive dechlorination of TCE occurs eithsrone-step process (TCE cis-
DCE) or as multi-step sequential reaction to thalfproduct ethene. These examples are
selected to compare our integrated modeling apprg#ld), allowing simultaneous
simulation of C and Cl isotope ratios, with theremt method (CM), in which carbon and

chlorine isotopologues are simulated separatelj [23

The reactions take place in anaerobic, well-mixatth reactors (V=250 mL) where TCE
with an initial concentration of 380 uM is degradillowing a first-order kinetics
(k=0.07 day}). A typical bulk enrichment factor for carbos, rce=-20%o (from reference
[5]) was selected from a range of reported valwdsereas for chlorine experimental
values are scarce, and we adoptgtlce=-4%o, which is within the range observed in [26].
The results of the simulations of the one-step tre@acsystem are reported in the dual
isotope plot of Fig. 3.1, panel Al. Boti’Cl and ¢*°C values of the reactant (TCE)
increase during the course of the reaction (igawdge of C-Cl bonds) since light carbon
isotopes preferentially react and are transfercethé dehalogenated product and light
chlorine isotopes are released preferentially ffic@E. The line representing cis-DCE is
horizontal since in this one-step reaction dhie starts from the initial value @t pce (-
18.5%o, from [18]) and approaches a value of 0%o,(Cemplete conversion of the parent
compound), whereas th&'Cl value remains the same as the original chlorineojso

signature of TCE. At early reaction times the slgbe¢he TCE line in the dual isotope
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plot can be approximated as the ratio between ltlkrine and carbon enrichment
factors [23]:

ASTCl 5y x(67CI+Y) &y
AGTC e x(57C+D) | e

(3.22)

where A6*3C and A6*’Cl are the incremental changes in carbon and chldsam®pe

valuesciandec are the bulk carbon and chlorine enrichment fact@spectively.

At late reaction times the slope deviates from thastant value (blue dotted line)
because of the increasing difference betweerytf@ ands*’Cl values. Both modeling
approaches (IM and CM) produce a linear relatiosaaly times and predict the deviation
from the linear behavior as the degradation reaqiimceeds. However, the extent of the
deviation from a linear trend is different for IMid CM. This is caused by the different
approaches and formulations of the two dual-isotopeéels. CM simulates the variation
of concentration of carbon and chlorine isotopolsyseparately, which means solving
twice the governing differential equations, indegemtly for the C and CI systems. In
such a way, independent changes of the reactiencaistants (eqs 3.14 and 3.15) are
introduced which cause the TCE carbon isotopologoid® consumed more rapidly than
the TCE chlorine isotopologues. Thus, th&Cl and ¢*°C are not correspondingly
computed at each time step. This can be avoidelyiagghe IM presented in this study
since all carbon-chlorine isotopologues are trackedultaneously. The two different
methods (i.e., CM and IM) result in differenceghe slopes for TCE in the dual isotope
plot. The differences increase as the reactionrpesgs. In the base case scenario (Fig.
3.1, plot Al) the discrepancies for both C and Ctiha end of the simulation (~90% of
the initial mass degraded) ar&3C=10.4%0 and ¢°'Cl=1.7%., respectively. Such
differences are significant and well above the wil precision for both C and ClI
isotope ratios. The one-step reaction simulatioegewepeated varying the ratio between
bulk C and CI TCE enrichment factors by one ordemagnitude. The results for the
increased dc tce=-20%0 andecitce=-0.4%0) and the decreased ratiag ce=-2%0 and
eciTce=-4%o0) are reported in Fig. 3.1, A2 and A3, respagii. An increased difference
between C and Cl enrichment factors resulted argelr deviation from a linear relation

in the TCE dual isotope plot. Conversely, lineants and insignificant difference (<
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0.1%0) between the two modeling approaches are rddaiwhen selecting similar

enrichment factors for C and CI.

The same procedure with three different scenarass bleen applied for the multi-step
sequential reaction. The results for the base-saseario are reported in Fig. 3.1, panel
B1. It can be noticed that the cis-DCE and VC listst at the initial values ot cispce-
18.5%o, ecicispce=-1.5%0 [18] and show a positive slope since theserimediate products
undergo further degradation with successive cleavdd@-Cl bonds. The trend of TCE is
the same as observed for the one-step reactiondewfation from a linear relation at
later reaction times. The simulations have beeratga changing the ratio of carbon and
chlorine enrichment factors (Fig. 3.1, B2 and BS8Yor the one-step case.

These scenario simulations for the one-step andesdi@l TCE degradation show an
overall good agreement between the CM and IM modehpproaches. The match
becomes nearly perfect at early reaction timesvamneh similar C and Cl bulk enrichment
factors are considered. The IM method proposetiimstudy allows improving the dual

isotope description at late reaction time and dogé differences in the andec values.



INTEGRATED CARBON AND CHLORINE ISOTOPE MODELING: APPLICATIONS TO 53
CHLORINATED ALIPHATIC HYDROCARBONS DECHLORINATION

A: TCE—> cisDCE

30 3.0 . 30
A2 y/ A3
25 2.5 25
20 2.0 20
£ 15 £ 15 215
O O O
5 10 5 1.0 5 10
[Z=} 2] 2=}
5 0.5 5
0 0 0
-5 0.5 -5
50 0 50 100 150 50 0 50 100 150 20 -10 0 10 20
3"3C [%0] 3"3C [%o] 8"3C [%d]
B: TCE—>» cisDCE—>»VC—> ETH
3.0 ¥ 30
B2 Iy
2.5 25
2.0 20
) £ 15 £ 15
O &) O
5 5 1.0 5 10
[Ze} [Ze] 2=}
0.5 5
0 0
5 0.5 -5
50 0 50 100 150 50 0 50 100 150 20 -10 0 10 20
3"3C [%a] 3"3C [%o] 513C [%d]
cisDCE(CM) —— VC(CM) —— TCE(IM) O cisDCE(IM) 4 VC(IM) - slope s_fe.

| —— TCE(CM)

Figure 3.1. Carbon-chlorine dual isotope plots during one-s{dy) and sequential (B)
dechlorination reactions. Al and Bdg tce=-20%o, ec) Tce=-4%0; A2 and B2:ec tc=-20%o,
ec7ce=-0.4%q¢ A3 and B3:ec tcE=-2%o, ec)TcE=-4%o0; ec cispcE=-18.5%eo, ec) cispce=-1.5%o;
ec.vc=-25.2%o,ec) vc=-1.8%o (the values for cis-DCE and VC are the same agteg [18]).

A further quantitative comparison of the approacbas be obtained by computing and
plotting the discrepancy ratip(eq 3.16) between the remaining fractions of totabon
and total chlorine isotopologues computed using @Bldescribed above, with the CM
approach the*’Cl and**C are not computed correspondingly at each time, stefs
introducing a systematic bias which increases duitie course of the reaction. Fig. 3.2
shows the computeg values with the CM for the three sets of enrichimictors
considered previously in the TCE degradation sdéesdfFig. 3.1, A1-A3). The results
show that the inconsistency (i.e., deviation fromity) is more significant for larger
differences between: andec.. Such discrepancy is not a concern using the gerbo
integrated method. In fact, the IM approach disetthcks the breaking of C-Cl bonds
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and remains unbiased also at late reaction timass tllowing a more accurate

description of degradation processes.
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Figure 3.2. Discrepancy in the computation of the remainingctions of TCE carbon and
chlorine isotopologues using CM.

To validate our modeling approach with experimedtdh, we refer to the work of Abe et
al. [18]. In that study, aerobic and anaerobic ddgtion of cis-DCE and VC were
investigated in laboratory microcosms. The evolutd both carbon and chlorine isotope
ratios was followed by measuring C and Cl staliéoises of cis-DCE and VC. Details on
the approach are provided in the Supporting Infdiona where Fig. S2.2 shows the
comparison between the experimental data and thelaions using CM and IM. Both
methods can capture the observed dual isotope toeHav cis-DCE and VC, since the
measured C and Cl isotope ratios are mostly inmdhge where the dual isotope relation
can be well approximated with a constant sloperglwethe ratio of the bulk chlorine and
carbon enrichment factors. As observed in the saanaescribed above (Fig. 3.1), the
discrepancies between the two methods become ismmifat late reaction times. At the
end of the simulation the differences af€C=9.8% andd*'Cl=1.0%. for VC and
0"C=7.2%0 and¥*'CI=0.2%. for cis-DCE.
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3.3.2 Biodegradation in Mass-Transfer Limited Systes

An increasing number of recent experimental andetiog studies have pointed out the
influence of mass-transfer effects on the obsergdope fractionation of organic
contaminants (20, 28-34). Therefore, it is impartanprovide modeling tools allowing
the interpretation of observed isotopic signatuvd®en both physical mass-transfer
processes and (bio)chemical transformations oc@or.this end, we illustrate the
capability of the proposed integrated C-Cl modelapproach to correctly simulate the
dual isotope evolution when biodegradation is kdity mass-transfer processes. We
consider the experimental setup investigated byphegt al. [20], where reductive
dechlorination of TCE was limited by the kineticé iaterphase mass transfer. The
authors performed microcosm experiments in botlhraetphase system (tetradecane
containing 50 mM TCE + aqueous phase + gas phagainimg the electron donor,H
and a two-phase system (gas and aqueous phases)r modeling study we focus the
attention on the three-phase system in which TCEsmransfer between the organic and
the aqueous phase limited the biodegradation &ctamd caused a masking of the
observed kinetic isotope effects. In the experimemty carbon isotopes were measured,
whereas in our simulations we consider both C ahtb @valuate the potential of dual
isotope monitoring in such a complex, mass-trankfeited system. We perform the
simulations using both the current method (CM) amal newly proposed integrated
method (IM). The governing equations describing tbeolution of the species
concentrations are the same as reported by Aepali g2gs 3.2-3.8 in [20]) and include a
double-Monod reaction kinetics for the degradatérihe chlorinated compounds using
H, as electron donor and linear driving force termsra@present the interphase mass-
transfer. However, the implementation and solutibthe system of equations is different
since we use an isotopologue-based approach arichekesimultaneously the evolution
of each isotopologue. For instance, using the IMtho®, the governing equation
describing TCE degradation in the aqueous phasdhenohass-transfer from the organic

phase can be written as:

d[iTCE]aq_ M e o
N S Al ((TCR G 'TCE ) (3.23)
k=1
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where j indicates each of the 32 carbon-chlorine TCE polimgues (Table S2.3

Supporting Information (S2)), is the bond-specific reaction rates * is the mass-

transfer coefficient which is considered the samedach isotopologue, araf”is the

interface area per unit volume of the aqueous phHse detailed system of equations
solved and the list of the kinetic parameters givef20] and used in our simulations are

provided in the Supporting Information (eqs S2.2132and Table S2.4).

The results of the simulations are shown in Fig.f8r both the current method (CM) and
the integrated method (IM). Both approaches giuesfying results in reproducing the
evolution of TCE and cis-DCE concentrations obsgnvethe aqueous phase (panels Al
and B1), whereas remarkable differences can beewin the simulation of the isotopic
behavior. In particular concerning the carbon sigrea a lower finab™>C value of TCE
(~0%0) was achieved using CM (panel A2) comparediout 40%. using IM (panel B2).
The results using the IM approach allow capturing observed**C values of TCE,
while the CM method underestimates the experimeolservations. Nearly identical
results for the two modeling approaches were obthwhen considering the chlorine
isotopic signature. This different behavior caugesmajor differences between the two
simulation methods that can be observed in the doabpe plots (panels A4 and B4).
The results of CM show that the slope changes dersibly, whereas a linear trend is
obtained when using the integrated method. Thelerelces stem from the fact that
using CM the carbon isotopologues of TCE are comslmore rapidly than the chlorine
isotopologues. This effect was already observed mell-mixed system (Fig. 3.1), but
here it is magnified by the mass-transfer limitatin fact, when mass-transfer limits the
overall degradation, the observable isotope fraetion is masked since the reactive
process results in less discrimination betweert kgl heavy isotopes. As a consequence,
an increase in the amount of heavy isotopes cornduoypehe reaction causes the overall
rate constant to change (see Fig. 3.2). Due tosthistantial difference in the natural
abundances of C and Cl heavy isotopes, the magiiegt is more pronounced for the
o™*C values. Therefore, applying an isotopologue modetipproach separating between
C and Cl results in a distinct evolution of the @l&Cl systems and, ultimately, in non-
linear dual isotope plots. This shortcoming canaleided using the integrated method
(IM) which does not produce artificial differencess the overall rate constants and results

in lineards®’Cl vs.6'C plots such as the one shown in Fig. 3.3, panellBérefore, this
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method yields a correct description of the expebighvior in a dual isotope plot and is
ideally suited to quantitatively reproduce the ftesof dual C and CI isotope analysis

even in the presence of mass-transfer limitations.

A: Current Method (CM)
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Figure 3.3.Changes of aqueous concentration and carbon andrehisotope signatures during
dechlorination of TCE to cis-DCE in the aqueous sghaf the three-phase system (i.e. gas-
organic-aqueous). Dotted lines in Panel A are désalts using CM, solid lines in Panel B are the
results using IM, blue circles and red triangles #ire experimental data for TCE and cis-DCE
reported in Aeppli et al. [20]. The kinetic paraerstand the simulation results for the organic
phase and the total system are available in the@tipg Information (Table S2.4 and Figure
S2.3).

To further illustrate the potential of the present®l approach we consider a scenario
where a mass-transfer limited step is followedegzithy aerobic or anaerobic degradation.
We consider the setup of the previous applicatiar fnass-transfer limited
biodegradation of TCE. Besides anaerobic reductieehlorination we allow TCE
undergoing an aerobic degradation pathway and welual isotope analysis to detect the
actual degradation mechanism. For anaerobic degpadae consider the formulation
described above, whereas under oxic conditions lee&v & CE degradation through an
aerobic cometabolic pathway and we select the lemeanit factorgc rce=-20%0 from [35]

and ecitce=-1%. We performed the simulations of aerobic anthesiobic TCE



58

INTEGRATED CARBON AND CHLORINE ISOTOPE MODELING: APPLICATIONS TO
CHLORINATED ALIPHATIC HYDROCARBONS DECHLORINATION

degradation in both well-mixed and mass-transfaitéid systems. The results using the
CM and IM approaches are reported in Fig.3.4. it loa noticed that, in agreement to the
applications described in the previous section, &M IM give similar results in well-
mixed systems with differences that become sigaifionly at late reaction times. Under
such conditions both methods allow identifying tie@ction mechanism and to clearly
discern between aerobic and anaerobic degrad&iiompletely different is the outcome
in the mass-transfer limited setup. In fact, undech conditions the bias of CM is
magnified and the outcomes show a variable slopgkerdual isotope plot (Fig. 3.4, A2).
For instance, the computed slope for aerobic degi@u covers a range which overlaps
the one characteristic of the anaerobic processrefbre, under such conditions, by
applying CM it is not possible to reliably evaludhe isotopic data and to identify the
underlying degradation mechanism. Using the progodategrated and unbiased
approach (IM) we can accurately “de-mask” the affifcmass-transfer limitations. The
lines in panel B2 agree perfectly with the outcormadger well-mixed conditions. The
integrated method allows a meaningful evaluatiorthef dual isotope data. Thus, such
modeling approach allows one to fully take advaatafy the potential of dual isotope
analysis to identify, elucidate and quantify enmimeental transformation processes even

in complex mass-transfer limited systems.

Well-Mixed 0 Mass-Transfer Limited 30 Well-Mixed 30 Mass-Transfer Limited
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Figure 3.4. Simulated TCE carbon and chlorine isotope ratgiangiCM and IM in well-mixed
(Al and B1) and mass-transfer limited systems (A2 B2). The red and black lines indicate
reductive dechlorination and aerobic degradatiespectively.
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Implications for Environmental Applications

There has been increasing interest in the duabocaahnd chlorine isotope approach, since
it improves the understanding of the reaction meidms of chlorinated organic
contaminants degradation. Recent advances haveretbvanalytical techniques, in
particular the on-line measurement of chlorine Istagotopes, as well as laboratory and
field applications. In this contribution, we propas modeling approach which represents
a suitable framework for the quantitative interptiein of dual C and ClI isotope data. In
fact, our approach naturally integrates carbon @ndrine isotope modeling schemes by
considering the simultaneous evolution of all caroblorine isotopologues. The three
different applications shown in this study demaaistithe validity and the potential of the
proposed modeling approach. Particularly promisirg the outcomes of the simulations
of the mass-transfer limited biodegradation examyhé&h demonstrate the capability of
the method to correctly “de-mask” the effects deiphase mass-transfer. Mass-transfer
limitations in environmental processes occur aa@ety of scales and in different natural
and engineered systems and should be taken intu@icevhen evaluating isotope data
[34]. For instance, our method could be appliedréactive transport models of
contaminant fate in groundwater systems, where +massfer limitations are extremely

common and are often found to limit the overallteomnant degradation.

In this study we have focused exclusively on car@od chlorine stable isotopes, but the
proposed framework is versatile and can be appiieathy dual-element isotope analysis
(36-38) of reactive processes where the cleavageceftain bond involves simultaneous
isotope fractionation of both elements.

Supporting Information Available

Additional material includes initial abundances oérbon-chlorine isotopologues,
validation of the proposed approach with data feomell-mixed experimental setup, the
governing equations and the kinetic parameters usdbe mass-transfer limited TCE
biodegradation example. For the latter applicatedep the simulation outcomes for the

organic phase and the total system are provided.
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Chapter 4

Mechanistic Approach to Multi-Element Isotope
Modeling of Organic Contaminant Degradation’

Abstract

We propose a multi-element isotope modeling apgrdacsimultaneously predict the
evolution of different isotopes during the trangfiation of organic contaminants. The
isotopic trends of different elements are explcdimulated by tracking position-specific
isotopologues that contain the isotopes locatdrhationating positions. Our approach is
self-consistent and provides a mechanistic desonipif different degradation pathways
that accounts for the influence of both primary aetondary isotope effects during
contaminant degradation. The method is particulsuliyed to quantitatively describe the
isotopic evolution of relatively large organic camtinant molecules. For such
compounds, an integrated approach, simultaneoustyisidering all possible

isotopologues, would be impractical due to thedamgmber of isotopologues. We apply
the proposed modeling approach to the degradatidol@ene, methyl tert-butyl ether

(MTBE) and nitrobenzene observed in previous expental studies. Our model

successfully predicts the multi-element isotopeaddoth 2D and 3D), and accurately
captures the distinct trends observed for differegdction pathways. The proposed
approach provides an improved and mechanistic rdetbgy to interpret multi-element

isotope data and to predict the extent of multiredat isotope fractionation that goes
beyond commonly applied modeling descriptions antpkfied methods based on the

ratio between bulk enrichment factors or on linegression in dual-isotope plots.

* Modified from Jin, B.; Rolle, M., 2014. Mechanistipproach to Multi-Element Isotope Modeling of
Organic Contaminant Degradation. Chemosphere, 35,189. Copyright 2014 Elsevier.
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4.1 Introduction

Compound specific isotope analysis (CSIA) is a able tool for assessing the
transformation and fate of organic contaminan@snwironmental systems (Schmidt et al.,
2004). To date, carbon has been the most commamdyyzed element for practical
applications of CSIA to investigate the degradatidrnvarious organic contaminants in
both laboratory and field studies (Bill et al., 20&herwood Lollar et al., 2001; Hunkeler
et al., 2002; Slater et al., 2002; Blessing et2009; Liang et al., 2009; Amaral et al.,
2011). In recent years, stable isotope techniqae® been extended to other elements
such as hydrogen, oxygen, nitrogen and chlorine. iRstance, recent advances in
analytical techniques promoted the developmentiampdementation of chlorine CSIA
(Sakaguchi-Soder et al., 2007; Aeppli et al., 2@&xnstein et al., 2011; Hitzfeld et al.,
2011; Jin et al., 2011). The possibility to analyhe isotopic evolution of different
elements has led to an increasing number of apigicaof dual-element (2D) isotope
approaches that have shown considerable advantaggsared to single-element CSIA
and a great potential to identify, elucidate anargify environmental transformation
processes (Morasch et al., 2001; Mancini et al032@wank et al., 2005; Vogt et al.,
2008; Abe et al., 2009; Fischer et al., 2010; Kuetaal., 2013). By combining CSIA of
different isotope pairs, reaction pathways candantified and effectively visualized in
dual-isotope plots. Numerous experimental studies lapplied 2D isotope approaches to
investigate the transformation of common groundwatganic contaminants including
toluene (Morasch et al., 2001; Fischer et al., 20@f)t et al., 2008), MTBE (Kuder et al.,
2005; Elsner et al., 2007) and nitrobenzene (Htiéstet al., 2008b).

The assessment of 2D isotope experimental data omitgmelies on the interpretation of
dual-isotope plots based on the ratio between lmikchment factors or on linear
regression of measured dual-isotope data. As veeisked in a previous study focused on
chlorinated ethenes degradation (Jin et al., 20th®) interpretation of dual-isotope data
becomes more challenging when the bulk enrichreeriofs of the different fractionating
elements differ significantly and in the presenéenass-transfer limitations which can
occur in both batch (Thullner et al., 2008; Tob&dral., 2008; Aeppli et al., 2009;
Thullner et al., 2012) and flow-through systemsli@&et al., 2010; Eckert et al., 2012).
Despite the fact that modeling approaches are medjuo improve the interpretation of

multi-element isotope data for environmentally-valet transformation processes of
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organic contaminants, their development and apdicaare still rather limited and have
been mainly focused on carbon and chlorine isotapegredict C and Cl isotope
fractionation of chlorinated solvents during degt#mh reactions (Hunkeler et al., 2009;
Van Breukelen and Rolle, 2012; Jin et al., 2013).

This study aims at contributing to fill the gapWweéen the mechanistic understanding of
contaminants transformation based on multi-elemisotope analysis, which has
considerably improved, facilitated by the advangesanalytical techniques, and the
current state of the art of modeling approacheguantitatively describe and interpret
multi-element isotope evolution. We study the ddgteon of important organic
contaminants such as toluene, MTBE and nitrobenaedewe focus on the evolution of
carbon-hydrogen (C, H) and carbon-nitrogen (C,d9djape pairs as well as on 3D (C, H,
N) isotope fractionation as in the case of nitratmsme oxidative transformation. The
organic contaminants selected for this study alaively large molecules for which an
integrated method, simultaneously tracking allapologues, such as the one we recently
proposed for chlorinated solvents (Jin et al., 20@®uld not be practical due to the large
number of isotopologues. Therefore, we proposevamelti-element modeling approach
based on position-specific isotopologues which oobnsiders isotopically-sensitive
atoms (i.e., atoms directly located at reactiveitmrs or at positions adjacent to a
reactive bond). To illustrate and validate the psgzl methodology, we apply the model
to predict the multi-element isotopic evolution fdifferent degradation pathways

observed in previous experimental studies.

4.2 Modeling Approach

During the transformation of organic contaminahts ¢dleavage of chemical bonds results
in primary or secondary isotope effects for thenatolocated at the reacting bond
positions or in adjacent positions, respective\s mentioned above, for relatively large
organic contaminant molecules an integrated approadased on the simultaneous
tracking of all multi-element isotopologues, is magtical due to the large number of
isotopologues (i.e., 72, 78 and 84 molecular isoltmypues for the organic compounds
considered in this study: toluene, MTBE and nitratene, respectively). Therefore, we

define a limited number of position-specific isadtggues which are exclusively based



66

MECHANISTIC APPROACH TO MULTI-ELEMENT ISOTOPE MODELING OF ORGANIC
CONTAMINANT DEGRADATION

on the isotopically-sensitive atoms. We start lastrate the proposed methodology for
dual-element (2D) isotope modeling.

The relative abundances of position-specific isologues containing two elements, X
and Y, can be computed with a binomial distributtmmbining the occurrence of both X

and Y isotopes:
hy . _
Aﬁ{:j-x}:»w[ijm'w (@.1)

whereA is the relative abundance of tfe position-specific isotopologue containing
heavy X- isotopes out of total X-atoms and heavy Y-isotopes out of totah Y-atoms
andX andY are the abundances of X and Y isotopes.

When a reaction occurs, each isotope of a posgpEtific isotopologue is fractionating
and the corresponding apparent kinetic isotopetfAKIES) are given as (Elsner et al.,
2005):

1
AKIE~— L
1+n/ X g, (4.2)
G 4.3)
AKIE

wheren is the number of atoms of the element considerexithe number of the atoms of
the element located at fractionating positiag,kis the bulk enrichment factogis the

fractionation factor at fractionating position.

Assuming first-order kinetics, the reaction ratetlud j"™" position-specific isotopologue,

XuYh, reads as:

eruYh =—-k-(ay) - (ay) -C, (4.4)

where! v, IS the reaction rate for thi position-specific isotopologueX,Ys, which

containsv heavy X-isotopes out of total X-atoms and heavy Y-isotopes out df Y-
atoms,C; is the concentration of th'lé1 position-specific isotopologue, angt anday are
the fractionation factors on the isotopically-séwsi positions for X and Y, respectively
(see Eqg. 4.3). The product of the fractionatiortddexctakes into account that both X and
Y can fractionate during the considered reactiome Exponenty andi of ax and ay

indicate that several atoms of the same elementsaanltaneously fractionate. This
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occurs, for instance, when several atoms of theeselement are located adjacent to a
reactive position and undergo secondary isotometsf
The concentration change of a certain organic camgaan be described by tracking
each position-specific isotopologue. Therefore,gbeerning mass balance equation for a
given organic compound consists of a system ofhagi differential equations based on
the degradation rates of the position-specificagotogues:

dC O

—=—) T 4.5

a2 (4.5)
whereC is the total concentration of the organic compouris the timem is the number

of all possible position-specific isotopologuesd (ji\IQuYh is the reaction rate of a position-

specific isotopologue that, in case of first ordeaction kinetics, reads dsq. 4.4.

We solve the differential equations using Matlak are run the models for a simulation
time corresponding to 90% reduction of the init@ntaminant concentrations. The
computed concentrations of each position-spedfitoipologue are used to determine the
isotope ratios. The position-specific isotope mtiof element X and Y for the
isotopologuesX, Y, are calculated by considering the total numbehedvy and light

isotopes, and are described by the equations pedpnoslin et al. (2011):

m

Tot(X,) VO
R, = Ho - 1= 4.6
Tot(X,) S -G, (4.6)

Si-ic,,

CTot(Y,) 4 o
R = Tot(Y,) (@.7)

Z(h_ i)' ij \A
i1 ’

in which Rx and Ry are the isotope ratios of all the X and Y atomsismtopically-
sensitive positionsC is the concentration of tH& position-specific isotopologue, ang

v, h andi are the same as defined in Eq. 4.4.

With the exception of a few studies that have peui position-specific isotope ratios
(Corso and Brenna, 1997; McKelvie et al., 2010;i@reand Hunkeler, 2011; Wuerfel et
al., 2013) in most practical applications the hislitope ratios are reported. Therefore, to

derive the bulk isotope ratios from the positiordific ratios Rx andRy computed in
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Eq. 4.6 and Eq. 4.7) it is necessary to accounthferdilution of non-reactive molecular

positions:
X n, — X
Ry =R 'n_+ Fs,x' (4.8)
. n,—y
R =R+ R, = (4.9)
y y

whereRxand Ry are the bulk isotope ratios for the elemedsand Y, respectiverR'x
andRyare the position-specific isotope ratios (Egs. #.,6R0x and Ryy are the initial
isotope ratios for X and Yh, andny are the total number of X and Y atoms in the oigan

molecule, anc andy are the number of X or Y atoms at fractionatingipons.

2.1. Reaction mechanisms and evolution of position-$§ipeisiotopologues: illustrative
examples

The compounds selected to illustrate the proposediting approach are toluene, MTBE
and nitrobenzene. Due to their widespread use imynredustrial activities these organic
contaminants are frequently found in different emwmental compartments such as soil
and aquifer systems where they can undergo deguadidirough a number of reaction
pathways. Recent experimental studies showed thidti-element isotope analysis is a
powerful tool to identify and elucidate the diffate reaction mechanisms. To
guantitatively describe the degradation of thesetamninants and the associated multi-
element fractionation we apply the procedure oetlimbove for each compound and
reaction pathway.

Toluene degradation can occur, under both aeroficamaerobic conditions, through the
breaking of one C-H bond in the methyl group (Etseteal., 2005; Vogt et al., 2008). We
consider the C-H bond cleaved in the enzymatichtta the methyl group and we define
position-specific isotopologues which include alkpible combinations of C and H atoms
affected, through primary or secondary isotope ct$feby the cleavage of this bond.
Therefore, four position-specific isotopologues énéheen considered for the selected
reaction pathways: aerobic degradation, nitrateiggdn and sulfate reduction for which
the bulk enrichment factors of both C and H areoreg in Vogt et al. (2008). The
relative abundances of the position-specific isologues are determined based on Eq. 1

and their degradation rates are computed accotdifg|. 4.4.
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A number of studies have investigated the mechaniemMMTBE degradation under
different environmental conditions (Gray et al. 020 Kuder et al., 2005; Elsner et al.,
2007). Three main mechanisms: methyl group oxidatyl-type hydrolysis and -
type hydrolysis have been identified by dual-isetamalysis. The methyl group oxidation
was observed during aerobic biodegradation of MTBEay et al., 2002) and involves
the cleavage of a C-H bond in the methyl groupmiadel MTBE degradation according
to this mechanistic pathway we consider, as donedloene, the four position-specific
isotopologues associated with the C-H bond. Undeesobic conditions biodegradation
of MTBE was observed to occur through an enzymaticleophilic attack, &-type
hydrolysis (Kuder et al., 2005; Elsner et al., 200/he C-O bond is cleaved resulting in
primary carbon isotope effects and in secondarp effects on the adjacent hydrogen
atoms in the methyl group. We model this reactie@chanism considering eight carbon-
hydrogen position-specific isotopologues (G\Hepresenting all possible combinations
of C and H atoms for the methyl group, with aburcdsnand degradation rates computed
as Eqg. 1 and Eq. 4, respectively. A similar mecsranbccurs during the acidic hydrolysis
(S\1 reaction), which also involves the cleavage &-® bond and primary C isotope
effects. However, this mechanism involves secondligdrogen isotope effects for nine
hydrogen atoms located at the three adjacent meftogps. The modeling of MTBE
degradation through this reaction pathway requinesconsideration of twenty position-
specific carbon-hydrogen (CgHisotopologues.

Biodegradation of nitrobenzene has been shown twrocnder aerobic conditions
through both a reductive and an oxidative transidiom pathways (Hofstetter et al.,
2008a; Hofstetter et al., 2008b). Concerning tliicéive mechanism, primary nitrogen
isotope and secondary carbon isotope effects d¢tofistetter et al., 2008b). Therefore,
we apply dual-isotope modeling considering the fposition-specific isotopologues
associated with the C-N bond. The oxidative tramsfiion mechanism of nitrobenzene
proceeds with an initial dioxygenation at the artmaing (Hofstetter et al., 2008b,
Scheme 2). Such enzymatic attack causes primaryoraisotope fractionation and
secondary isotope effects on the hydrogen and gatroatoms located at adjacent
positions. In this case, we need to consider tls#tipa-specific isotopologues of the three
elements, C, N and H at the reactive positionstaaidfacent positions to the attacked

bond in the aromatic ring, N-C=C-H. Therefore, a Bldtope modeling approach is
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required to describe this reactive system whicholves twelve position-specific

isotopologues whose relative abundances are cochpste
u v u-v h i i e f
A, :[vj. X+ X (i ) Y, Yf% (fj ZH. Z, (4.10)

whereAygis the relative abundance cp‘F position-specific isotopologue of nitrobenzene,
X, Y andZ represent the relative abundances of carbon, bgdrand nitrogen isotopes,

i andf are the number of heavy isotopes of carbon, retncand hydrogen, respectively,
u, h ande are the total number of certain atoms in jl‘ﬁésotopologue. Accordingly, the
reaction rate of th¢™ position-specific C-H-N isotopologue needs to bedified to
include the dependency on the fractionation facbbtbe three elements.

A summary of the illustrative examples considenedhis study including the reaction
pathways, the stable isotope pairs, the bulk emit factors and the number of

position-specific isotopologues is reported in Eadbll.



MECHANISTIC APPROACH TO MULTI-ELEMENT ISOTOPE MODELING OF ORGANIC 71

CONTAMINANT DEGRADATION

Table 4.1. Degradation pathways of the selectedrocgcontaminants, enrichment factors and

number of position-specific isotopologues

T

c 4 Reaction | s Ebulk € Position-Specific
ompoun sotope n
P (and Mechanism) P [%q] (%] Isotopologues
aerobic degradatién “crc -3 21 4
(methyl monooxygenase) H/'H 8 -135  -360
Ycic 7 -3 21
anaerobic nitrate reductidn : 4
Toluene (benzilsuccinate synthase) *HI'H 8 -40  106.
7
Ycic 7 25 -175
anaerobic sulfate reductibn - 4
(benzilsuccinate synthase) 2H/"H 8 -64  170.
7
aerobic degradatién “crc 5 -2 -10 A
(methyl group oxidation) *HI'H 12 -37 -148
MTBE acidic hydrolysis Tcrc 5 4.8 -24f
21 20
anaerobic degradatibn ~ **C/?C 5 -13 -65 o
(Sy2-type hydrolysis) HH 12 -16 -64
aerobic degradatién “crc 6 0.5 -3 4
(partial reduction) NN 1 -27 -27
Nitrobenzene . . BcMc 6 -39  -11.7
aerobic degradation -
a on) H'H 6 7 42 12
ioxygenation
Yo PNAN 1 -08 -08

5 number of atoms of the element considered:;

Tt number of atoms of the element located at tretifnaating position

t position-specific enrichment factor

A/ogt et al., 2008'Gray et al., 200ZElsner et al., 2007Kuder et al., 2005Hofstetter et al., 2008fiofstetter et al., 2008a
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4.3 Results and Discussion

4.3.1. Toluene degradation

Toluene was selected as first model compound andbiddegradation under aerobic,
nitrate-reducing and sulfate-reducing conditionssweonsidered. Dual carbon and
hydrogen compound specific isotope analysis wasopeed in previous experimental
studies and the observations are reported in Figue The three distinct reaction
pathways show a similar extent (~7%.) of C isotopactionation, whereas the H
fractionation is significantly larger during aerobdegradation (67.6%c — 429.9%o),
followed by sulfate reduction (-0.1%. — 209.7%o) ang fitrate reduction (13.6%. —
97.0%0). In the same figure the lines representahteome of the modeling approach
outlined in the previous section. For each of thasidered reaction pathways (aerobic
degradation: pathway 1; nitrate reduction: path®agnd sulfate reduction: pathway 3)
the modeling results allowed us to accurately mtettie evolution of both C and H
isotopes observed in the experimental studies.cbneparison between the data and the
simulation results is reported in terms of bulkiige ratios (Eg. 4.8 and Eq. 4.9) since
such compound average values were observed inxfrerimental studies. However, as
shown in the previous section, the proposed mogepproach is based on the evolution
of position-specific isotopologues; thus, it allowacking position-specific isotope ratios
(Eq. 4.6 and Eq. 4.7). The simulated results fer“tmdiluted”, position-specific isotope
fractionation are reported in Figure 4.1B. Notibattthe obtained patterns are similar to
the ones shown in Figure 4.1A but the extent ohhmatrbon and hydrogen fractionation
associated with the oxidation of the methyl grodghe toluene molecule through the
three distinct reaction pathways is considerablyensignificant. Values of up to 50%. are
obtained fors™*C, whereas hydrogen fractionaticifH) are in the range 60-1177.3%o for
aerobic degradation, 15.6-248.4%. for nitrate redunctand -7.5-610.0%. for sulfate

reduction.
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Fig. 4.1. Evolution of carbon and hydrogen isotoptos during different toluene degradation
pathways (A). The symbols represent the experinheaia reported by Vogt et al. (2008), and
the solid lines represent the simulation resultsee iumbers indicate the three distinct reaction
patways (1: aerobic degradation, 2: anaerobicteitreduction, 3: anaerobic sulfate reduction).
Panel B shows the corresponding position-specitoipe fractionation at the methyl group for
the three different reaction mechanisms.

The dual isotope trends show a significant bendifgch is caused by the different
change between isotope ratios of the two elemehishwbecomes increasingly important
at late reaction times (Jin et al., 2013). Théoraketween the incremental changes in
hydrogen 46°H) and carbonA¢s*3C) isotope values can be expressed as:
ASH &, x(5%H +1)
ASBC g x(6™C+1)

(4.11)

whereey andec are the bulk hydrogen and carbon enrichment fac®y combining Eq.
4.2 and Eg. 4.11, a similar expression can be wdtafor the position-specific isotope

fractionation of C and H via the three distinctatan pathways:

ASH &y Ny X (5°H +1) (4.12)

Figure 4.2 shows the experimental data (symbols) the modeling results using our
mechanistic modeling approach (solid line) and@aszte dual-isotope approach (dashed
line), respectively. The latter is a typical apmioaused to simulate isotope evolution

which considers the average behavior of light aedvig isotope species. In the case of
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multi-element modeling such light and heavy speees computed separately for the
different elements. In Figure 4.2 we also showlithear trends (dotted line) given by the
ratio of the bulk enrichment factorsy(ec), which represent a simplified and commonly
adopted approach to interpret dual-isotope datéh Bwdeling approaches predict dual-
isotope trends which are initially close to theelm approximationef/ec) but tend to
deviate from the linear relation as the reactioocpeds. Such deviations from the linear
approximation are more pronounced in the caseseabbic degradation and sulfate
reduction for which the differences between therd & bulk enrichment factors are
larger. Notice that significant differences exigttleeen the two simulation approaches.
The proposed mechanistic position-specific isotogoé approach shows a more
remarkable non-linear behavior with slopes in ayea6.0-137.5 for aerobic degradation,
13.5-18.6 for nitrate reduction, and 25.4-56.6 $oifate reduction. The dual-isotope
trends computed with the separate isotope methoee leas pronounced slopes and show
a less satisfactory agreement with the experimaetllts at later times (Fig. 4.2A and
4.2B). The differences between the two simulatioppraaches stem from the
inconsistencies introduced by the simplified iset@pproach in computing separately C
and H isotope evolution. Such shortcomings aredmtiwith the proposed mechanistic
method, since it consistently takes into accouiith & more fundamental and integrated

approach, the evolution of each position-specgatapologue.

Aerobic degradation Nitrate reduction Sulfate reduction
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Fig.4.2. Observed (symbols) and simulated (sotidd) dual-isotope ratios using the mechanistic
position-specific isotopologue method of this stfdglid line) and a separate isotope approach
(dashed line). The dotted line is the approximéiteehr interpretation with constant slope given
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by enlec. The comparison is reported for the three distiredction pathways of toluene
degradation (panels A, B and C).

4.3.2 MTBE degradation.

Previous experimental studies (Gray et al., 2002&]df et al., 2005; Elsner et al., 2007)
have shown that different reaction mechanisms oBMTegradation result in different

extents of carbon and hydrogen isotope fraction.
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Fig. 4.3. Evolution of carbon and hydrogen isotoggos during different MTBE degradation
pathways (1: methyl group oxidation; 2: acidic tolgsis, S1-type; 3: hydrolysis by nucleophilic
attack, {2-type). In panel A the symbols represent publistquerimental data (Gray et al., 2002;
Kuder et al., 2005; Elsner et al., 2007) and thediare the simulated bulk isotope ratios. Panel B
shows the corresponding position-specific isotapetionation at the methyl group for the three
different reaction mechanisms.

We simulate MTBE degradation and the evolutionarbon and hydrogen isotope ratios
via the identified reaction pathways: methyl groaxidation (reaction 1 in Fig. 4.3),

acidic hydrolysis (reaction 2 in Fig. 4.3), and rolgisis by nucleophilic attack (reaction 3
in Fig. 4.3). We obtain a good agreement between @kperimental data and the
simulation results for all three reaction pathwélygy. 4.3). The methyl group oxidation
(reaction 1) shows a remarkable variatiors®1 values, ranging from -96.6%o to -18.5%.

This is due to large hydrogen isotope fractionatt@used by primary isotope effects
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associated with the mechanism of methyl group didda The observed hydrogen
fractionation is also substantial for thglStype hydrolysis (reaction pathway 2) although
only secondary hydrogen isotope effects are agsaciith this pathway. Conversely,
the extent of H fractionation is considerably smafior reaction pathway 3 (3-type
hydrolysis) where the secondary isotope effecty mabult in a small change &fH
(13%0). The most significant variation a3t°C values, from -28.2%o to -17.9%o, was
observed for the hydrolysis of MTBE by nucleophaitack (reaction pathway 3). Notice
that for MTBE the bending of the dual isotope plist¢ess important than in the case of
toluene degradation. The model results indicatettieslopes of the dual isotope plots of
MTBE show a remarkable deviation from a linear tr€@8.0 - 25.8) only for reaction
pathway 1, for which the difference between bulkboa and hydrogen enrichment
factors are more relevant (Table 1). Figure 4.3Borts the corresponding position-
specific dual-isotope evolution that can be desdtilby the proposed mechanistic
modeling approach. The position-specific fractiaoratof both C and H is considerably
larger than the bulk value8*C’ values vary from -29%. to 0.6%. (reaction pathway 1),
from -25%0 to 19%o (reaction pathway 2), and from.522& to 36.7%o (reaction pathway
3); 8°H’ values vary from -105%. to 395%. (reaction pathwayfm -75%o. to -374%o
(reaction pathway 2), and from -71%o. to -51%. (reacipathway 3).

4.3.3. Nitrobenzene degradation

In this section, we consider nitrobenzene degradaticcurring through two distinct
reaction mechanisms and the associated multi-elensetopic changes observed in

previous experimental studies and predicted usimgrmdeling approach.
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Fig. 4.4 Nitrogen and carbon isotope fractionatéuring partial reduction and oxidation of
nitrobenzene (A). The symbols represent the pubdisbxperimental data (Hofstetter et al.,
2008b), and the lines are the model results. Tinetreus indicate the different reaction pathways
(1: partial reduction, 2: oxidation). Panel B shothe 3D (C, N and H) isotope plot for
nitrobenzene oxidative transformation with obsergath (Hofstetter et al., 2008a) and simulated
results for C and H (red symbols and line) andd3and N (black symbols and line). The red and
black arrows indicate the corresponding y-axishiertwo datasets.

For the considered cases of nitrobenzene degrad#igoselected experimental references
(Hofstetter et al.,, 2008a; Hofstetter et al., 2Q08kso include data on the temporal
evolution of nitrobenzene concentrations during hbahicrobially-mediated partial
reduction byPseudomonas pseudoalcaligengtsain JS45 (reaction 1) and oxidation
(dioxygenation) byComamonas spstrain JS765 (reaction 2), thus allowing a direct
comparison between the progress of the reaction thed extent of multi-element
fractionation. To reproduce the observed conceotratirends, we modeled the
biodegradation reaction with a Michaelis-Mentenekio formulation. As supplementary
material we provide the governing equations, theupater values and the comparison
between observed and simulated nitrobenzene caatiens (Fig. S3.1 and Fig. S3.2).
Here we focus on the multi-element isotopic evelutduring nitrobenzene degradation.
In the partial reduction reaction, a significantregen isotope fractionation (8.0%. to
55.4%0), but only a small carbon isotope fractiomat{-28.9%. to -28.0%.) were observed
(reaction 1 in Fig. 4A). This is due to the facattithe cleavage of the N-O bond in the
rate-determining step of the transformation (Hdtsteet al., 2008b, Scheme 2) results in

primary nitrogen isotope fractionation, while therlson atom in the adjacent position is
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only affected by a small secondary isotope eff€onversely, significant carbon isotope
fractionation (-28.0%o to -18.3%0) and a much smatigrogen isotope fractionation (0.5%o
to 2.36%0) were observed during oxidation of nitnobene (reaction 2). As shown by
Hofstetter et al. (2008b), a primary carbon isoteffect occurs during the attack of the
aromatic ring , while only secondary isotope effeaffect the nitrogen and hydrogen
atoms in the adjacent positions (Hofstetter et20Q8a). For this reaction pathway, the
simulation of the multi-element isotopic evolutiorequires a 3D approach to
simultaneously consider the changes in C, N andiié. modeling results are reported in
Figure 4B and show a good agreement with the @xpetal data presented by
(Hofstetter et al., 2008a).

4.3.4. Comparison of mechanistic isotopologue appaioh and separate bulk

isotope method in presence of position-specific igpic signatures

Since bulk isotope ratios are typically measured agported in most experimental
investigations, isotope modeling studies are conmiynaonducted with the aim of
capturing the bulk isotopic evolution during trasrshation of organic compounds.
However, recent advances on position-specific tanalysis allow tracking position-
specific isotope signatures at reactive positi@uh applications are not yet widespread,
and experimental data are reported only for a fegamic compounds (McKelvie et al.,
2010; Breider and Hunkeler, 2011; Wuerfel et abd13). It is very likely that position-
specific isotope techniques will be applied in aoréasing number of studies in the near
future and they will provide essential data forimproved mechanistic understanding of
contaminant transformation. In this section wesiitate the capability of our mechanistic
modeling approach to capture the position-spe@fiolution of isotopic signatures and
we highlight the differences with conventional bigktope modeling. We selected, as an
illustrative example, the aerobic degradation df¢ne. We performed scenario modeling
of dual C and H fractionation considering toluenelenules with 0%. bulk carbon and
hydrogen isotope values but different carbon isetopmpositions at the reactive methyl
group: -30%o., 0% and 30%., respectively. The restdtsthe bulk and position-specific
dual-isotope evolution are reported in Fig. 4.5.eToutcomes of the bulk isotope
evolution are shown in panels Al, B1 and C1 fohbubdeling approaches. The scenario
shown in panel B1, with no distinction between Ibldk and the position specific isotopic

signatures, represents the same results showreicdmparison with the experimental
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data (Fig. 4.2A). As shown in Fig. 4.5 (A1-C1), treaiation of thes*3C’ signatures at the
methyl group, leads to changes in the slopes otltte-isotope trends in the three cases:
46.5-141.7 (Al), 46.1-137.5 (B1) and 43.8-133.5 (Cé}ppectively. These differences
on the slopes are observed since more enristi& values result in higher abundances
of 13C at the reactive methyl group, thus causing aedser of the overall position-
specific reaction rates. Such effects are captbyethe proposed mechanistic approach
but cannot be reproduced by the separate dualpeateethod. In fact, the latter produces
exactly the same dual isotope plots (red solidslimeFig. 4.5, A1-C1) for the three cases
since it only considers the bul¢C values (i.e., 0 %o) under the assumption of even
distribution of isotopes in all molecular positiodus, such method is not sensitive to
the variation of the isotopic composition at thaateve position and cannot capture its
influence on the overall bulk isotope evolution. eTllifferences between the two
modeling approaches become more evident considehagisotopic evolution at the
reactive position. The results in panel A2-C2 shibvat the mechanistic approach can
capture the significant effect of the differenttguic signatures in the reactive methyl
group position. On the contrary, the conventionaldsotope approach cannot reproduce
such mechanistic effects since it assumes the s@otepic composition at each
molecular position, thus resulting in the same omites as for the bulk ratios’ evolution
(i.e., same red lines in panels A1-C1 and A2-C2).
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Fig. 4.5. Results of bulk (panels Al, B1, C1) amdipon-specific (panels A2, B2, C2) isotope
fractionation using the mechanistic isotopologueesfit modeling approach (black lines) and the
separate isotope modeling method (red lines). Thalations were performed for toluene aerobic
degradation in three distinct scenarios with défeis**C’ values at the methyl group: -30%o, 0%o
and +30%o.

Conclusions

The development of analytical techniques allows sugag an increasing number of
stable isotope ratios of different elements. Feeasing the fate of organic contaminants
in the environment it is important to determineiastsuch as**C/*?C, 2H/*H, N/*N,
1800, 3*sP%s and®'Cl/**Cl. Multi-element isotope analysis offers the pbiiy to
obtain mechanistic information valuable for ideyitip and elucidating transformation
processes (Elsner, 2010; Elsner et al.,, 2012; Sithamd Jochmann, 2012). For an
improved interpretation of multi-element isotopetajathe development of analytical
techniques and mechanistic understanding of isa@ptition should be accompanied by

advances in modeling approaches. In fact, mathealathodeling is a critical tool to
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transfer detailed and mechanistic laboratory olzdems to practical applications in

complex environmental systems. In this study weppsed a new modeling approach to
simulate multi-element isotope evolution during tlegradation of organic contaminants.
Specifically, the advantages of the proposed metlogy can be summarized in the
following key aspects:

- The proposed modeling approach allows the mechanidescription of
contaminant degradation through different reacpathways and the associated
multi-element isotope evolution, including bothrpary and secondary isotope
effects. This goes beyond current interpretati@ciices and modeling techniques.
For instance, as shown for the case of tolueneadegion, the model allowed us
to better capture the non-linearity of dual isotppes which arises when the bulk
enrichment factors are significantly different.

- The modeling methodology described in this studpased on position-specific
isotopologues. This allows tracking directly thetepic evolution that occurs at
fractionating positions specific for distinct compals and reaction mechanisms.
Such possibility is of great advantage also foruangjtative interpretation of
position-specific isotope analysis which is deveélgpat a fast pace due to the
advances of analytical techniques (McKelvie et 2010; Breider and Hunkeler,
2011; Wuerfel et al., 2013).

Further investigation is required to assess thaluidipes of the proposed mechanistic
approach to describe multi-element isotope evahuitiocomplex environmental systems,
where coupled physical and transformation proceskdermine the fate of organic

contaminants.

Supporting Information Available

Supplementary material (S3) associated with thigkwaludes the computed relative abundances
of the different isotopologues for the considerammpounds as well as the concentration

evolution and modeling description for nitrobenzeegradation.
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Abstract

Laboratory experiments were performed to investigahd quantify the extent of
diffusive isotope fractionation of organic contamms in aqueous solution. We selected
petroleum hydrocarbons (toluene and ethylbenzene,1:2 mixtures of labeled
(perdeuterated) and non-labeled isotopologues)catatinated solvents (trichloroethene
(TCE) and cis-dichloroethene (cisDCE), at theirunalt isotopic abundance) as model
compounds. The experimental approach using gelisidgh tubes allowed us to resolve
concentration and isotopic gradients induced byomaogue-specific diffusion, and to
determine aqueous diffusion coefficients in agresnveth the values calculated using
published empirical correlations. The experimemngsiults were quantitatively evaluated
with numerical simulations to determine the aquediisision coefficients, D, and the
exponent of the inverse power-law relation betw&eand the molecular mass of the
isotopologues. The results show remarkable difeussotope fractionation for all the
investigated organic compounds. The outcomes of #tudy are relevant for the
interpretation of the isotopic signatures of orgazontaminants in environmental systems
and for the quantitative application of compounecsfic isotope analysis (CSIA) that
needs to take into account the fractionation effeftboth physical and transformation

processes.
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5.1 Introduction

Compound specific isotope analysis (CSIA) is a pdwdool to assess transformations
of various organic pollutants in environmental sys$ [1-3]. This technique is finding an
increasing number of applications as summarizete@ent reviews [2, 4, 5]. The basic
principle of the CSIA approach for organic contaamits is that light isotopes located at a
certain reactive position react faster than the/y@mes. The isotopic composition in the
remaining organic compound fraction is monitored @SIA, which allows obtaining
direct information on (bio)degradation and otha@nsformation processes. An increasing
number of investigations have demonstrated the itapbrole of physical processes on
isotope fractionation of organic contaminants. Sywbcesses include mass transfer
limitations [6-8], sorption [9, 10], volatilizatiofll, 12], aqueous diffusion [13] and
transverse dispersion [14-16]. In particular, angbwnderstanding of the impact of
aqueous diffusion on isotope fractionation is oimary importance for a quantitative
interpretation of isotopic data in many fields g@ipded and environmental geosciences.
The research in this direction has been mainly $eduwon the investigation of diffusion-
induced isotope fractionation of dissolved tracsega(e.g., noble gases, methane ang) CO
[17-20], and ionic species (e.g., BICI, SQ*, Mg?* and C&") [21-27] in various
diffusion-dominated laboratory and environmentaltsypns. Important experimental
evidence was provided in the studies of Richtealef24] and Eggenkamp and Coleman
[23], who showed the effects of kinetic isotopecfianation during diffusion of selected
cations and anions in aqueous systems. Furtherrtmrayork of Bourg and Sposito [19,
21] and Bourg et al. [25], based on molecular dyicamsimulations, helped to interpret
the experimental observations and to deepen therstahding on the mass dependence
of the aqueous diffusion coefficient for monoatonsiolutes in liquid water. Such
advances are yet not well documented for diffussdbruncharged polyatomic species,
such as organic contaminants, in aqueous systdtheugh an improved understanding
of diffusive isotopic fractionation of such compaisnis of critical importance for a
correct interpretation of isotopic data in grountlhvasystems, allowing a quantitative
assessment of contaminant transport and transfamby CSIA techniques. In fact, the
importance of diffusion as major transport mechanis saturated porous media is

increasingly acknowledged in studies on plume ntignain groundwater. For instance,
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several investigations have pointed out the roleback diffusion from silt and clay

aquitards for the persistence of organic plumes 283 29]. Also, recent high-resolution
investigations in contaminated aquifers point toedfiect of diffusion on the observed
isotopic signatures at the plume fringes [30, 3A¢reover, experimental and modeling
investigation of transverse hydrodynamic dispersion advection-dominated flow-

through systems has shown an explicit dependencmenthanical dispersion on the
aqueous diffusion coefficients of the transportpecges. These findings have significant
implications for conservative and mixing-controllegactive transport in porous media
[32, 33], for coupled displacement of charged spedeading to multicomponent ionic
dispersion [34], for transport of different orgamientaminant isotopologues and for the
interpretation of isotopic signatures in groundw§id, 16]. The latter task requires high-
resolution data and a quantitative understandinthefeffects of aqueous diffusion on

isotope fractionation of organic pollutants in ague systems.

In this work we performed controlled laboratory ekments to quantify the effect of
diffusive isotope fractionation on the displacemait neutral organic contaminant
isotopologues. We selected, model compounds, repta&tsve of organic contaminants
frequently found in groundwater, including petroteu hydrocarbons (toluene;
ethylbenzene) and chlorinated solvents (cis-diddtrene; trichloroethene). The
experiments with toluene and ethylbenzene wereopedd using mixtures of labeled
(perdeuterated) and non-labeled isotopologues, edlsathe experiments with cisDCE and
TCE were carried out using these compounds at tiegtural isotopic abundance and
determining the spatial and temporal evolutionh# thlorine isotope ratio. The results
allowed us to clearly capture the effects of difbnsinduced spatial isotope gradients and
their temporal evolution. A one-dimensional modglirmpproach was used to
quantitatively interpret the experimental obsexvadi and to extrapolate the findings to a

larger scale scenario relevant for practical ajpgilic of CSIA in subsurface systems.

5.2 Materials and Methods

5.2.1 Diffusion Experiments
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The experiments were performed in cylindrical glagdses filled with agarose gel. We
prepared the gel using deionized water and a minaoacentration of phyto agar (1%
w/w) to obtain a medium in which the extent of d#ffon is very similar to the one that
would be observed in purely aqueous systems [3a. dxperimental setup is similar to
the one used to investigate fractionation of chierand bromine stable isotopes during
diffusive transport of chloride and bromide ion8][2The glass tubes (25 cm long; 1.1 cm
inner diameter) are glass sealed on one end, anthealosed using crimp caps on the
open opposite side. We prepared solutions with agataining the organic contaminants
as well as blank solutions (i.e., without contamifaThe glass tubes were partially filled
up to 15 cm with a volume of 14.2 ml of solutionntaining the blank liquid agar
representing the pristine fraction of the test tub® which diffusion occurs. After
solidification of this blank medium, agar solutio(&5 mL) containing the individual
dissolved organic contaminants were added to fiilthe tubes. These solutions contained
known concentrations of different isotopologues2(Imixture perdeuterated: non-
deuterated for toluene and ethylbenzene; natunahddnce of isotopologues of cisDCE
and TCE). Once solidified, these solutions actedaamination sources, progressively
releasing the organic contaminant to the adjacdamhkbmedium. During the setup
preparation, the hot agar medium was injected ugig§-ml gas-tight syringe (Hamilton,
Bonaduz, Switzerland) with a 20 cm stainless stee¢dle (UNIMED; Lausanne,
Switzerland). After filling the agar medium conti@ig the contaminant, the glass tubes
were first covered with aluminum foil and crimp-Eghusing caps with Teflon-coated
silicone septa. To prevent gas exchange and con&nimass losses we applied an
additional sealing using wax. For a given experitnseveral tubes were prepared starting
from the same contaminant solution. The tubes \péaeed horizontally in a thermally-
insulated box and kept at a constant temperatur2O®€. As shown in the schematic
description of the experimental protocol providedtihe Supporting Information, after
several days necessary for diffusive isotopic gmadi to establish, the tubes were
sacrificed and sampled. The sampling procedureestavith breaking the glass tube and
removing the gel that was successively cut intonlstices with a scalpel. Each slice was
immediately put in a 10 ml glass vial for subseduagadspace GC-analysis and closed
with screw caps with Teflon coated silicone sefta.correct for small errors due to
uneven cutting, we weighted each vial on a pregisoale and used these data as a

gravimetric correction of the concentration measwets. The 25 vials were heated to
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melt the gel and measurements were performed u8QgMS at an incubation
temperature of 50°C. An overview of the experimastsrovided in Table 1 and Table 2

for the petroleum hydrocarbons and the chlorinatddents, respectively.

5.2.2 Chemicals

The organic compounds (acronym; manufacturer) usedhe experiments include:

ethylbenzene (ETB, ACROS, New Jersey, USpgrdeuterated ethylbenzene (D-ETB,
Sigma-Aldrich, Steinheim, Germany), toluene (TOLergk, Darmstadt, Germany),

perdeuterated toluene (D-TOL, Sigma-Aldrich, See@ermany), cis-1,2-dichloroethene
(cisDCE, Sigma-Aldrich, Steinheim, Germany), ttaroethene (TCE, Merck, Darmstadt,
Germany), and phyto agar in powder (Duchefa, Hagrietherland).

5.2.3 Analytical Methods

Gas chromatography (GC) was used to determine @heeatrations of all analytes as
well as the chlorine isotope ratios for the chlated compounds. Compound specific
chlorine isotope analysis using quadrupole MS leasntly been enabled by advances in
analytical techniques [36-40] and evaluation meshddl, 42] and fostered new
experimental and modeling applications [43-46].ths study we used a 7890A gas
chromatograph connected to a 5975C quadrupole rsatective detector (MSD)
(Agilent, Santa Clara, CA, USA) for both conceritratand chlorine isotope analysis.
Automated headspace sample injection was perfomvigdda COMBIPAL multipurpose
auto-sampler (Gerstel, Australia). The GC was gupdpwith a split/splitless injector and
a capillary column (60 mX 250 um, 1.4um film thickness; Restek, USA). Helium at 1

ml/min was used as carrier gas. The GC oven progvamset as follows: 40 C (2 min)

—110 °C at a rate of 25 °C /mirr 200 °C at a rate of 15 °C /min (5min). 2pD of
headspace for each sample were injected for asalyBe quadrupole mass spectrometer
was operated in the selected ion mode (SIM) witlwall time of 50 ms applied to each
target ion. The analysis was conducted considdhiegions of different analytes: TOL
(91.1 m/z) and D-TOL (98.1 m/z) for toluene, and thost abundant ions ETB (91.1 m/z)
and D-ETB (98.1 m/z) for ethylbenzene. The targesifor the chlorinated ethenes were:
TCE (130, 132, 134, 136 m/z) and cis-DCE (96, 9¥) t/z). The sample concentration

was determined by calibration with external staddar
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The isotopic ratios of perdeuterated and lighteak and ethylbenzene were determined
by calculating the ratio of the corresponding motancentrations, and the chlorine
isotope ratios of chlorinated organic compoundsewedetermined using the method

proposed by Jin et al. [38]:

_Tot(*'Cl) _ ;i’cj 5.0
Tot(*Cl) i(h—i)-cj '

Re

where R is the chlorine isotope ratio, TOtCl) and Tot{°Cl) are the total number of
heavy and light chlorine isotopdsandi are the total number of chlorine atoms and the
number of heavy chlorine atoms in a certain mokecuthlorine isotopologue,
respectively.

Modeling Diffusive Isotope Fractionation.Diffusion of dissolved organic contaminants
in the glass tubes filled with agarose gel is dbsdr by Fick's second law in one

dimension:

ac_ | o

= g 52
ot N (-2)

where c= c(x,t) is the contaminant concentratiohicl is function of space (x) and time
(t). Dav is the diffusion coefficient of the orgaritompound. Tracking independently the

concentration of each isotopologue, eq 5.2 carxpeessed as:

Far :3)
X

wherec; is the concentration of a given isotopologue &nds the isotopologue-specific

diffusion coefficient.

The diffusion coefficients of the different isotdpgues are related to their molecular
massesr(). Based on the outcomes of previous experimentastigations of isotopic
fractionation during diffusion of ionic species water, we used an inverse power law
model: IZ}ocm,-'B to describe the dependency of isotopologue-spedifiusion coefficients

on the molar masses of the considered isotopolog@gen any two distinct
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isotopologues of an organic compound, the invemseep law relation can be written as
[24]:

D (ﬂf (5.4)

D, \m

whereD; and D, are the diffusion coefficients of the two isotapglies with molecular
massesm andmy. S is the inverse power law exponent, which equddrOthe ideal case
of kinetic gas theory. The magnitude/bénd the value of this coefficient used to model
diffusive fractionation in aqueous systems causedesdiscussion in the geochemistry
literature [22, 47, 48]. In this study we deternairike value of the diffusion coefficient as

well as the paramet@rfrom the experimental data.

In the experiments with petroleum hydrocarbons dagiit and heavy (perdeuterated)
isotopologue could be measured individually. Themef to evaluate the experimental
results, we solved eq 5.3 for each toluene andllethyene isotopologue in a one-
dimensional system with same geometry, initial amoundary conditions as the
experimental setup. We used a numerical approath an implicit finite-difference

scheme to solve the forward problem and an autaiaiecedure to fit the model to the
experimental data, usirg; as fitting parameter. The fitting procedure waglemented

using the capability of the Matlab function Isgrionto solve nonlinear least square
problems. Details on the optimization procedure amarror propagation are provided in

the Supporting Information.

In the experiments with chlorinated compounds &tinad isotopic abundances, we could
not directly measure the concentrations of eactodogue. Therefore, eq 5.2 was used
to describe the spatial and temporal evolutionigD€E and TCE and to fit the values of
Dav from the measured concentration data. The geed#fusion coefficient of a given
compound can be expressed by the geometric meatheofindividual diffusion

coefficients of an isotopologug weighted by its relative abundanég) (49]:

v F, F, (5.5)
+—2+ +-—
D,

D

+...
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By combining eq 5.4 and eq 5.5, the isotopologuesiie diffusion coefficientsy;) can

be written as:

mj'1)ﬂ +F
m i (5.6)

Di = Dav.[Fl'(ﬂ)ﬁ'i'Fz'(ﬂ)ﬂ+"'+FJ1'(
m, m

Using the D,, obtained from the measured concentrations and ikgowhe relative
abundances of the chlorine isotopologues of cis@& TCE as well as the measured

isotope ratios, the value of the expongit fitted for each experimental run.

5.3 Results and Discussion

5.3.1 Diffusive isotope fractionation of isotopicdy-labeled petroleum

hydrocarbons

Diffusive isotope fractionation of isotopically-laled petroleum hydrocarbons. Diffusion
experiments using 1:2 mixtures of labeled (perdatte) and non-labeled toluene and
ethylbenzene were conducted and the measured doette@m and isotopic gradients are

shown in Figure 5.1.
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Figure 5.1. Spatial gradients of isotopologue concentrationsl aatios for toluene and
ethylbenzene diffusion experiments. The symbolsigses: light (nondeuterated) isotopologue;
triangles: heavy (perdeuterated) isotopologue)esgrt the measured concentrations (normalized
with respect to the initial source concentrationtloé light isotopologue) and isotope ratios
(circles); the solid lines are the best-fit modeduits (see Table 5.1 for further details).

All experiments showed consistent results and warighly reproducible. The

concentration of both light (blue square) and hedgwyd triangle) toluene and
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ethylbenzene isotopologues show clear spatial gnaslialong the direction of the
diffusive flux, from the source zone towards thiiatly pristine gel medium. Since the
light isotopologues tend to diffuse slightly fastkan the heavy ones, the isotopic ratio
between the heavy and the light isotopologues athngith the distance from the
interphase along the tube. Diffusive isotope fawtion results in a significant decrease
of the isotope ratio (up to 0.08) for both toludRégure 5.1, A2-D2) and ethylbenzene
(Figure 5.1, E2-H2). We fitted the one-dimensiod#fusion model (eq 5.2) to the
experimental data to estimate the diffusion cogffits of the light and heavy
isotopologues (D and 0y), and we obtained the inverse power law expon@ht (
expressing the dependence of D on the moleculas.nfé® outcomes of the evaluation

are summarized in Table 5.1.
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Table 5. 1.0verview of the experiments and best-fit paransefi@r toluene and ethylbenzene diffusion.

Compound Experiment Time DL DY B Average
[Days] [x10°nfs?] [x10° m’s’] [] D [x10° n?s?]  Dy[x10° nPs?] B[]
toluene A 10.0 0.859+0.061 0.829+0.060 0.430+0.074 0.775+0.037  0.455+0.023
B 10.8 0.800+0.032 0.769+0.031 0.485+0.031
C 12.5 0.779+0.053 0.750+0.051 0.455+0.054
D 12.8 0.780+0.048 0.752+0.046 0.450+0.027
ethylbenzene E 10.0 0.764+0.025 0.734+0.025 0.450+0.076 0.727+0.017  0.455%0.027
F 10.5 0.761+0.024 0.733+0.024 0.421+0.080
G 12.0 0.733+0.027 0.702+0.026 0.483+0.088
H 12.3 0.770+0.028 0.738+0.027 0.466+0.086
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The determined diffusion coefficients for the ligiitd heavy isotopologues were 0.805%10
m2/s and 0.775xI0 m2/s for toluene, and 0.757%10m2/s and 0.727x10 m2/s for
ethylbenzene. The higher diffusivities of the nabdled compared to the labeled
isotopologues substantiate, for both toluengp=1.039) and ethylbenzene (IDy=1.041),
the isotopic diffusive fractionation in the invegtted experimental setup. Furthermore, the
magnitude of the diffusion coefficient values imsistent with the values computed using
the empirical correlations proposed by Wilke anda@h [50] and Worch [51]. The
experimental results corrected by the effectivaurad fraction of the gel and the coefficient
of obstruction according to Lauffer [35] as well th& values computed using the above-
mentioned empirical correlations are reported ibl@&4.1 of the Supporting Information.
An averagep value of 0.455 was obtained for both toluene amhglieenzene, close to the
upper square root limit. It is considerably largfean the ones reported for ionic species but
lower than the ones for helium and for deuteratakzbne in water, from the experiments of
Jaehne et al. [20] and Mills [52], respectively.

5.3.2 Diffusive isotope fractionation of chlorinatd compounds at natural abundance

The experiments with chlorinated compounds weredaoted in the same experimental
setup using cisDCE and TCE at their natural isatapundance and measuring the evolution
of the chlorine isotope ratio. The measured comagahs and isotope ratios are reported in

Figure 5.2.
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Figure 5.2. Spatial gradients of concentrations and isotopegdbr cisDCE and TCE diffusion
experiments. The symbols represent the measuregtations (squares) and chlorine isotope ratios
(circles) sampled at different days; the solid diree the best-fit model results (see Table 5.2 for
further details).
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The results are qualitatively similar to the outesnfor the petroleum hydrocarbons. The
concentrations of both cisDCE and TCE show a ditigrofile from the source zone

towards the initially pristine gel medium. Cleaaspl isotopic gradients are obtained due to
the different displacement of cisDCE and TCE isotogues. The extent of change in the
chlorine isotope ratio is larger for cisDCE (0.0628035) than for TCE (0.009-0.011). The
values of D an@ were determined with the fitting procedure outlirebove, based on egs.

5.2, 5.5 and 5.6. The values of diffusion coefitge and beta obtained in the different
experiments are reported in Table 5.2, whereaslé¢taled isotopologue-specific properties
including computed relative abundances of the cisl2@d TCE chlorine isotopologues and

their aqueous diffusivity are summarized in Table2Supporting Information (S4)).

Table 5.2.0verview of the experiments and best-fit paransgfier cisDCE and TCE.

Compound Experiment Time D B Average
[Days]  [x10° nm’s’] [] D [x10° n?s’] BL-]
cisDCE | 7.0 1.098+0.109 0.104+0.006  1.108+0.011  0.088#8.0
J 9.0 1.105+0.128 0.07520.006
K 12.8 1.12040.141 0.08620.007
TCE L 8.0 0.898+0.252 0.049+0.007  0.898+0.002  0.04338.0
M 9.0 0.899+0.523 0.03420.001
N 10.3 0.89620.218 0.046+0.006

The values obtained for the average diffusion dciefits are 1.108x1Dm?s and 0.898x10

® m%s for cisDCE and TCE, respectively. As in the cak®oluene and ethylbenze, also the
determined diffusion coefficients for the considermehlorinated compounds are in fairly
good agreement with the values calculated usingighdal empirical correlations (Table S4.1,
Supporting Information (S4)). The values [ffor the chlorinated ethenes are 0.088 for
cisDCE and 0.043 for TCE. These values are largecbmparable to the ones reported for
charged ions [25] and calculated from data repoitedlissolved methane and ethane [17].
In comparison to the results for toluene and etydene, the values pffound for cisDCE
and TCE are considerably smaller. A possible rea$@uch remarkable dissimilarity is that

the deuterium substitutions in the case of labblgttocarbon molecules do not only imply a
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significant difference in the mass but also in #ee of the toluene and ethylbenzene
molecules. Recently, it was shown by high-resolutieutron powder diffractometry and by
theoretical arguments [53] that, starting from mperature of 170 K, the molecular volume
of fully-deuterated benzene (C6D6) was greater thanone of the light molecule (C6H6).
This could explain the large difference in aquediffusion coefficient between C6H6 and
C6D6 reported in the early work of Mills [52] as lha&s the extensive diffusive fractionation
between labeled and non-labeled petroleum hydroaarftoluene: ¢Hg/C;Dg; ethylbenzene:
CgH10/CgD10) Observed in our diffusion experiments and quatifoy an average beta of
0.455 (Table 5.1). Moreover, additional factorsttbantribute to the different beta values
observed in our experiments for the petroleum hyaifoons and for the chlorinated
compounds can be the polarity and the solute-soiméeractions. In fact, similarly to what
observed for ionic species, the more polar chléedanolecules interact more strongly with
the water molecules thus leading to more attenudiffdsive fractionation effects. Such
arguments, although still rather qualitative angurgng further evidence, might also explain
the relative difference between the beta valuesisDCE and TCE, with the latter being

smaller due to stronger solute-solvent interaction.

Using the average values for the diffusion coefints D) and for the exponenp) of the
inverse power law relation betwedd and the molecular mass determined from the
experiments, we performed forward modeling to asdbe temporal evolution of the
chlorine isotopic gradients for both cisDCE and T@& consider a time period that covers
and goes beyond the one of the experiments andhaw the results of chlorine isotope
ratios asd>'Cl, referenced to the chlorine isotope ratio ofnderd mean ocean chloride
(SMOC) (Figure 5.3). The outcomes of the simulaiatearly show remarkable isotopic
gradients for both cisDCE and TCE. Accordingly te texperimental findings, cisDCE
shows the largest isotopic differences (up to -5¢@inpared to TCE (up to -3%). The
profiles have steeper isotope gradients at earlggiwhen the sharp concentration fronts of
the different isotopologues propagate in the tubenfthe source zone towards the pristine
gel medium. As time progresses, the diffusion fsordgach the boundary and the spatial
concentration and isotope gradients tend to be 8radand they finally tend to disappear at
late times (200 days). This effect depends on #wmrgtry and boundary conditions of our
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experimental setup. The conditions are likely tallfierent in environmental systems, which
are typically open systems characterized by laggaies compared to the ones of our

experimental setup.

2.0 T 1.0 T T r .
cisDCE TCE
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-0.5
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O o-1.0
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Figure 5. 3.Spatial and temporal changed3fCl values for cisDCE and TCE diffusion.

Environmental Significance

The development of diffusive isotope gradients miyitransport of organic contaminants has
important environmental implications. For instanoeany subsurface environments (e.g.,
clay and silt aquitards, unweathered and unfradtuoeks, lake and marine sediments etc.)
are diffusion-dominated systems. The migrationrgaic compounds in such environments
is likely to be strongly affected by isotopologysesific diffusion. As an example, Figure 5.4
reports the expected extent of diffusive isotopactionation in an unbounded aquitard.
Simulations of diffusion were performed in a onadnsional domain representing a vertical
profile in a low-permeability porous medium. Thentaminant source containing cisDCE
and TCE was initially located at the bottom 0.5 fthe profiles. The paramet& andp
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were selected identical to the ones experimentdtgrmined in this study with the only
exception that, in the simulations, the effectiggeous diffusion coefficients were corrected
by a tortuosity of 2.5, taking into account thathis scenario diffusion occurs only through
the void space of the porous medium. The resulpagial isotopic gradients computed after
a 10-year diffusion period are shown in Fig. 5.@n8icant 5°'Cl gradients were obtained
for both cisDCE and TCE with more depleted valuethe initially pristine region at the top,
towards which the contaminants diffuse, and sligbtiriched values at the bottom due to the
faster migration of light isotopologues, which téndeave the source zone at a slightly faster

diffusive rate.
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Figure 5. 4. Diffusion-induced chlorine isotope fractionationd@rlow-permeability subsurface layer.
The continuous lines represent the values for cE@Gd TCE, after a simulation time of 10 years,
with the parameter® andf determined in this study; the dashed line is th&eawith no diffusive
isotope fractionation. The gray area delineateddbation of the initial source zone.

Besides the cases of purely diffusion-dominatedspart, the findings of this study are

important also for other conditions frequently fdun natural porous media. In fact, aquifer
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systems are complex heterogeneous formations wiusidn-limited mass transfer occurs
between high and low flow velocity zones. For instg solute back-diffusion from silt and
clay aquitards into more permeable layers has lveeognized as an important process
controlling the persistence of organic contaminghimes in groundwater [28, 29].
Furthermore, also in cases in which mass-transter advection-dominated, recent
experimental and multi-scale modeling studies hakewn a critical and quantitatively
important role of diffusion [34, 54]. The outcomefthe present work help understanding
and quantifying the significance of isotoploguefpe diffusion of selected widespread
organic contaminants. Due to the scarcity of culyeavailable data on diffusive isotope
fractionation of organic compounds in water andh® crucial importance of diffusion for
contaminant mass transport in many environmentsiesys such as geologic formations,
further research is required to extend the invasbg to other common groundwater
contaminants. This will produce high-resolution estmental data that are instrumental for
an integrated interpretation of isotopic signatumesenvironmental systems and for the
guantitative application of CSIA taking into accotime fractionation effects of both physical
and transformation processes. Moreover, we thiakftirther experimental investigation and
studies based on molecular dynamics simulationsh&ip to shed light on the role of factors
such as the molecular structure of the solute, éeatpre, polarity and the interaction
between solute and solvents molecule, on diffuss@opic fractionation of organic

compounds in aqueous systems.

Supporting Information Available

Schematic descriptions of the experimental protodwué parameter-fitting approach, the
comparison of the experimental results with theugal of aqueous diffusion coefficients
based on empirical correlations and a summaryefdbtopologue-specific properties of the

compounds at natural isotopic abundance are alailalbhe Supporting Information.
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Chapter 6

Conclusions and Outlook

6.1 Conclusions

This thesis focuses on the implementation of isetdpchniques to understand
transformation and physical processes that inflaete fate of groundwater organic
contaminants. The different works conducted witthie thesis, include the analytical
method for chlorine CSIA using GC-gqMS, the integchttarbon—chlorine dual-isotope
modeling approach, the mechanistic multi-elemeantojge modeling method, and the
laboratory experiments to quantify diffusion-inddcesotope fractionation of organic

contaminants. In the following, we summarize themeanclusions of each study.

e Chlorine CSIA using GC-gM®ur results demonstrate that the GC-gMS method
needs proper validation as its performance depemdshe applied evaluation
scheme, the selected instrumental parameters anddmpound analyzed. All
these factors need to be considered and optimizedder to obtain high quality
GC-gMS measurements. Also, it is important to nthi@ the chlorine isotope
ratios tend to be overestimated in the presencanoihcreasing number ¢fC
atoms in the analyte. This error is neglectable dbtorinated ethenes, but
becomes significant for chlorinated compounds daimg a higher number of
carbon atoms such as chlorinated benzenes. Thereforcorrection on the
chlorine isotope ratio is necessary in these cases.

e Integrated C-CI isotope modeling approadDur approach naturally integrates
carbon and chlorine isotope modeling schemes bgidering the simultaneous
evolution of all carbon-chlorine isotopologues. Timeee different applications
shown in chapter 2 demonstrate the validity and gbtential of the proposed
modeling approach. Particularly promising are thi&comes of the simulations of
the mass-transfer limited biodegradation exampleickvhdemonstrates the
capability of the method to correctly “de-mask” teffects of interphase mass-

transfer.
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e Mechanistic multi-element isotope modeling methbde modeling approach
proposed in chapter 3 allows the mechanistic desoni of contaminant
degradation through different reaction pathways #uedassociated multi-element
isotope evolution, including both primary and setamy isotope effects. The
modeling methodology described in this study iseba®n position-specific
isotopologues. This allows tracking directly thetapic evolution that occurs at
fractionating positions specific for distinct conymals and reaction mechanisms.
Such possibility is of great advantage also foruangjtative interpretation of
position-specific isotope analysis which is deveigpthe advances of analytical
techniques (McKelvie et al., 2010; Breider and Heiek, 2011; Wuerfel et al.,
2013).

o Diffusion-induced isotope fractionation of orgamientaminantsThe outcomes of
the experimental work allow to understand and dfarthe significance of
isotoplogue-specific diffusion of selected wideggr®rganic contaminants. The
values observed for the organic compounds direalgte the isotopologue-
specific diffusion coefficients with the ratio ofalecular masses. ThHg values
obtained for the experiments using mixture of petdeated and nondeuterated
ETB and TOL are much bigger than those obtainedisCE and TCE at natural
abundances. The differences prvalues can be influenced by several possible
factors, such as the relative mass difference letvisotopologues, the molecular
structure of the solute, temperature, polarity #mel interaction between solute

and solvents molecules.

6.2 Outlook

Stable isotope techniques significantly improve tinelerstanding of the fate of organic
contaminants in aquatic environmental systems,thns, have been increasingly applied
in contaminant hydrology during the last decadecdrRé advances on analytical
techniques allows precise measurements of isotapiesrof different elements, and
therefore extended this approach from single elért@emulti-dimension (i.e. 2D and 3D),
offering new possibility to obtain mechanistic infeation valuable for identifying and

elucidating transformation processes (Elsner, 2&1sher et al., 2012).
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Based on the results of this work, possible dioest for further developments of the

multi-element isotope approaches can be summairnzig following points:

GC-gMS approach for Cl CSI&o far, this approach has been mainly applied to
volatile compounds using headspace injection. Hewdwadspace analysis is not
feasible for some chlorinated organic compounds tmave relatively low
air-water partitioning coefficients, such as chiated benzenes, as well as for
samples at low concentrations. In these casesuyfficiesnt peak intensity can be
achieved for chlorine isotope ratio determinatiohserefore, different injection
(e.g., liquid injection) or extraction techniquesq(, solid phase micro extraction;
purge and trap) are necessary to increase the sntetteare injected on-column.
Moreover, brominated organic contaminants are afaqreat environmental
concern, and bromine CSIA has great potential wolysthe fate of brominated
compounds. In principle, the GC-qMS approach is alsle to be adapted for on-
line bromine CSIA. Thus, the applied evaluation esnk and the selected
instrumental parameters also need to be carefulpluated for brominated
organic compounds.

Modeling multi-dimensional isotope evolutiorihe assessment of 2D isotope
experimental data commonly relies on the interpi@taof dual-isotope plots
based on the ratio between bulk enrichment facboren linear regression of
measured dual-isotope data. Despite the fact thadletimg approaches are
required to improve the interpretation of multifalent isotope data for
environmentally-relevant transformation procesdesrganic contaminants, their
development and application are still rather limhiteFor an improved
interpretation of multi-element isotope data, thevelopment of analytical
techniques and mechanistic understanding of isotepelution should be
accompanied by advances in modeling approachesnduar reaction, isotope
fractionation often simultaneously involves two eren more elements and one
compound might also degrade simultaneously thralifjérent reaction pathways.
To address these complex cases, advanced multihdioral isotope modeling
should be self-consistent and mechanism-specific.

Diffusion-induced isotope fractionatiobue to the scarcity of currently available

data on diffusive isotope fractionation of organ@mpounds in water and to the
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crucial importance of diffusion for contaminant masransport in many
environmental systems such as geologic formatiomther research is required to
extend the investigation to other common groundwatsmtaminants. This will
produce high-resolution experimental data thatimsgumental for an integrated
interpretation of isotopic signatures in environtaénsystems and for the
guantitative application of CSIA taking into accouhe fractionation effects of
both physical and transformation processes. Momgowe think that further
experimental investigation and studies based orecatdr dynamics simulations
will help to shed light on the role of factors suahthe molecular structure of the
solute, temperature, polarity, and the interactm@iween solute and solvent
molecules, on diffusive isotopic fractionation afganic compounds in aqueous

systems.
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Supporting Information

S1. Chlorine Isotope Analysis of Organic Contaminats Using GC-gMS:
Method Optimization and Comparison of Different Evduation Schemes

S1. 3 Details on Chlorine Isotope Ratio Computatios

Deriving Relative |sotopologue Abundances. Expressing the relative isotopologue
abundances of molecular chlorinated compounds anmdsponding fragments is the first
step to compute the chlorine isotope ratio. Tal¥@E as an example and ligh€l (L
%) and heavy'Cl (H %) chlorine atoms; the probability of encoeniig a PCE molecule
containing two>Cl and two*'Cl is 6-H-H-L-L. The number, “6”, indicates six pibde
patterns of heavy and light isotope compositions. (HHLL, HLHL, HLLH, LHHL,
LHLH and LLHH). The computed probability stands fitne relative abundance of
C,*CI,*'Cl,. The probability that an event will occuk™times out of ‘" trials can be

computed by the binomial formula (1):

(n\ k n-k
PZLk) p‘(1- p) (S1.1)

(M (n—k+1)-(n—k+2)---(n—1)-(n)
k) k!

(S1.2)

wheren is the number of trialk is the specific number that an event will occund p is
the probability that the event is to occur on epahicular trial. Eqn. S1.2 expresses the

binomial coefficient, which represents the numlfguassible patterns (1).

For the general case of chlorinated compounds etiistion can be used to compute
the relative abundance of the chlorinated isotapuocontaining “k’*’Cl atoms out of a
total of “n” chlorine atoms. This corresponds to:

(n) Ky n-k
A:LkJ HL (S1.3)

whereA is the relative abundance of a certain isotopatogjua chlorinated compound,
(%) is the abundance &fCl, L (%) is the abundance &fCl, n is the total number of
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chlorine atoms in a certain chlorinated compounds the number of 'Cl atoms in a
specified isotopologue. Here, the binomial coeéinti is defined as the number of

possible positions of chlorine atoms on a certaitecule.

Due to the excessive electron impact (EI) energytha ion source of mass
spectrometry, not only charged molecular ions lsh fragment ions exist in the mass
spectrum. Isotopologues with different chlorinedg® compositions are identified by the
corresponding mass over charge ratios (m/z). Basethe statistical method explained
above, all the relative ion abundances of moleculalorinated ethenes and their

corresponding fragments are mathematically expdessd summarized in Figure S1.1.
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Figure S1.1.Evaluation scheme for chlorine isotope ratio deteation of chlorinated ethenes
based on relative abundances of different isotaqpm@s. The masses selected in the multiple ion
method are labelled (*). Arrows indicate the egsien for chlorine isotope ratio determination.
Rwv and R are the partial chlorine isotope ratios from thelenular and fragment ion groups,

respectively.
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Conversion of Mass Spectra into Partial Chlorine | sotope Ratios. The partial chlorine
isotope ratio can be determined indirectly using télative abundances of neighboring
isotopologues with a difference of two-mass unksr instance, the partial chlorine

isotope ratios of PCE can be determined as follows:

11
Ru (pce) :le_ﬁﬁ (S1.4)
164
1y
Reiper) = 3] (S1.5)
129
11
RFZ(PCE) =—.% (S1.6)
2 g,
|
) =|_61 (S1.7)
59
For TCE similar equations can be derived as follow:
11
RM(TCE) =§.ﬁ (51.8)
130
11
RFl(TCE) Za'ﬂ (51.9)
95
I
RFZ(TCE) =-2 (S1.10)

Calculation of Overall Chlorine Isotope Ratios. In order to calculate the overall
chlorine isotope ratio that represents the isotopmposition of a specific compound, the
weighted average of partidfCI/**Cl ratios from different ion groups needs to beetak
into account. In comparison to the previous worksakaguchi-Soeder et al. (2), here, the
weight factors are defined as the relative abunelasicthe two most abundant ions in
each ion group, instead of only the major ion. Heroth ions contributing to the partial
chlorine isotope ratio computation are taken irtooant. The overall isotope ratio can

then be determined as follows:
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Re=axR,+bxR +cxR, +dxR, (51.11

|166+ I164

(|166+ I164)+(I131+ I129)+(I96+ |94)+(|61+ I59)

_ |131+ |129

(|166+ |164)+(|131+ |129)+(I96+ |94)+(|61+ |59)

c= o + 1o,
(g6 Tiga) T (ligy T 1ige) + (Tgg +15,) + (gy + 1)

d= Lot 1o
(1 Liga) + (lgy + 1p0) + (lge + 1g,) + (g, + 1) (S1.12)

wherel is the corresponding molecular/fragment ion abundaat different m/z values.
The weight factorsa, b, candd are defined as the relative ion intensities amtongy
major ions from each groufrv, Re1, Rez and Res are the partial chlorine isotope ratios
determined from two major ions of each group. Samyl for TCE, DCE and VC (vinyl

chloride) the equations are:

Re=axR, +bxR +cxR., (S1.13)
— I130+|132 _ |97+I95
(|132+ |130)+(I97+ |95)+(I62+ IGO) (I132+ I130)+(|97+ I95)+(|62+ IBO)
|62+|60
c= (S1.14)

(|132+ |130)+(|97+ |95)+(|62+ |60)

Ryce =ax R, +bx R, (S1.15)

[+ | +1
a= % ° 98 b= 61 63 (S1.16)
(|96+|98)+(|6l+|63) (|96+|98)+(|61+|63)
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R.=R, (S1.17)

Differently from the multiple ion method, the colage ion method uses complete mass
spectral data to compute the total abundancésGdfand>’Cl atoms in each ion group.
The partial®*CI/*’Cl ratios of PCE molecule/fragment then can berdsted by taking
ratios of heavy over light chlorine atom abundarke®. PCE the equations correspond to:

ligs+ 2 (gt o+ 4
R, = 166 168 170 172 (S1.18)
4'164+ 3' 166+ 2 168+| 170

— |131+ 2| 133+ 3 135
RFl 3|129 + 2| 131-1-I 133 (8119)

— |96+ 2| 98
Rea= 20y, +1 o (51.20)
I
R,=—"% (S1.21)
|59
Then, the overaf°CI/*Cl ratio for PCE can be determined by taking wedghhean
Re=aR,+bR+¢R+ dR (S1.22)
M Ij F1 I |
—J= _ =
a=-y b= Ny
2l 2.
k=1 k=1
F2 I ] I ]
c=2 d=2 (S1.23)

[\_4;
[\_43

=
Il
i

where theny, Ne1, Nez, @andngzare the number of ions in each ion group, respelgtiny is
the total number of ion in the mass spedtdy, candd are weight factors.

Similarly, the corresponding equations for TCE are:
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I132 +2 134+ 3 136

RM =
Bligg+ 2 15+ 13 (S1.24)
R, - lg;+ 2l oo (S1.25)
1
20g5+1 g
R, e (S1.26)
leo
Re=aR,+b R+ ¢ R (S1.27)

a, bandc are the weight factors which can be computed byséP3.

S1.2. List of Instrumental Parameters

The principle GC-gMS settings used in this studythe following:

Injection parameters

Injection mode: split

Split ratio: 10:1

Injected volume: 50QL

Column and oven parameters

GC column: 60 m x 250m, 1.4um film thickness; Restek, USA

Carrier gas: Helium at 1ml/min

Oven program: 40 °C (2 mirp110 °C @ 25 °C /mir»> 200 °C @ 15 °C /min (5min)
Mass spectrometer parameters

Type of mode: selected ion monitoring (SIM)

lon Source Temperature: 230 °C

SIM list: See selected mass/ion (see Fig. 2) orgteta mass/ion for cis-DCE
El voltage: 70 eV
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S1.3. Experimental dataset

In the following we report in a tabular format teperimental data shown in Figure 2.3,
and the comparison of the selected evaluation ndstfar TCE and PCE.

Table S1.1.Evaluation of chlorine isotope ratios of PCE an@dETusing the conventional and
modified multiple ion methods.

Modified multiple ion

Conventional multiple ion method (2) method
Aqueous Mass on

Compoun Conc. Column eIl SOV RSD sl SOV RSD
d n° [ng/L] [pmol] Ratio (10) [%0] Ratio (10) [%0]
TCE 5 20 3.2 0.3237 0.00076 2.4 0.32344 0.00066 2.0
5 50 8 0.3230 0.00062 1.9 0.32266 0.00061 1.9

5 100 16 0.3224  0.00038 1.2 0.32208 0.00039 1.2

5 200 32 0.3227 0.00032 1.0 0.32240 0.00032 1.0

5 300 48 0.3231  0.00026 0.8 0.32277 0.00022 0.7

5 400 64 0.3229 0.00024 0.7 0.32263 0.00025 0.8

5 500 80 0.3230 0.00023 0.7 0.32273 0.00023 0.7

PCE 5 20 4.6 0.32159 0.00053 1.7 0.32144 0.00048 1.5
5 50 115 0.32228 0.00030 0.9 0.32216 0.00036 1.1

5 100 23 0.32210 0.00026 0.8 0.32195 0.00024 0.8

5 200 46 0.32214 0.00038 1.2 0.32199 0.00038 1.2

5 300 69 0.32233 0.00028 0.9 0.32217 0.00028 0.9

5 400 92 0.32233 0.00018 0.6 0.32217 0.00018 0.6

5 500 115 0.32232 0.00012 0.4 0.32216 0.00013 0.4

Table S1.2. Evaluation of chlorine isotope ratios of PCE ai€E mixtures (at 20Qg/L) using
the conventional and modified multiple ion methati® molecular ion method and the complete

ion method.
TCE PCE
Sicicel RSD SiciFEel RSD

Evaluation schemes n Ratio STDV(16)  [%o] n Ratio STDV(1o) [%o]
Molecular ion method 5 0.32122 0.00039 1.2 5 0.32002 0.00062 1.9
Conventional  multiple ion
method 5 0.32270 0.00032 10 5 0.32214 0.00038 1.2
Modified multiple ion method 5 0.32240 0.00032 1.0 5 0.32199 0.00038 1.2
Complete ion method 5 0.32488 0.00055 17 5 0.33570 0.00083 25

As shown in table S1.2, the complete ion methodlted in the highest chlorine isotope
ratios with the lowest precision (1.7%. for TCE, Z.5or PCE). The conventional and
modified ion method showed the highest precisidé (for TCE, 1.2%. for PCE). Note

that here the results using the complete ion meénedased on a full mass spectral data
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of PCE and TCE (see Figure S1.1). A larger numlbéorss (i.e. 14 ions for PCE, 9 for
TCE) were added into the SIM mode of MS, therefsignificantly lowering the scan
rates.

S1.4. Long-Time Monitoring of the Chlorine IsotopeRatios

Chlorine isotope ratios for PCE and TCE measureer @vperiod of approximately 6
months are reported in Table S1.3.

Table S1.3:Chlorine isotope ratios of PCE and TCE over time

PCE TCE
Date 37CI*®Cl Ratio STDV (o) 37CI*®Cl Ratio STDV(le)
07-Jul-09 0.32107 0.00034 0.32219 0.00078
16-Jul-09 0.32163 0.00064 0.32215 0.00061
22-Jul-09 0.32159 0.00032 0.32270 0.00090
30-Jul-09 0.32222 0.00039 0.32299 0.00019
05-Jan-201% 0.32195 0.00026 0.32266 0.00061
06-Jar-1C 0.3221° 0.0002 0.3227¢ 0.0002(
13-Jan-10 0.32199 0.00038 0.32240 0.00032
PCE TCE
Average’ 0.322 Average 0.32255
STDV (I5)° 4E-04 STDV (10) 0.00031

a: changing of GC column: before: DB-5 capillagjuznn (30 m x 25@m 1.D., 0.25um film); after: Restek capillary column (60 m x
250pum, 1.4um film thickness
b: average of'CI/*°Cl ratio over time;

c: standard deviation 8fCI/*Cl ratio over time

S1.5. Evaluation of**C Error

Differences of two mass units in the MS spectraraeonly caused bff’CI and®’Cl
atoms, but can also be caused by t#® atoms. Neglecting the influence 6€ atoms
results in an error oCI/**Cl ratios. This can be quantifiatsing the equation reported
by Aeppli et al. (3), which reads as:

Error = Rchlorine - Rchlorine=

ix—%(r;_l)x R (S1.28)

|
where Reorine is the apparenf’CI/A°Cl ratios (experimental valuesR ghorine IS the
theoretical®’CI/**Cl ratios (corrected values)ciis the number of chlorine atoms per

molecule, gis the number of carbon atoms per molecule.
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Table S1.4:Quantification of error caused B3C

Nc* Nc’ Rivorine — Ronorne  Overestimated Errofdo]°

2 1 Riarbon

0.100
2 2 % |%2arbon 0.050
’ ° % R 0.033
2 4 % |%2arbon 0.0t
° ' 15 R 1.500
° ’ 1_25 R 0.750
° ° 5 Raren 0.500
6 4 175 Iizarbon 0.375
° ° 3 R 0.200
6 6 g |%2arbon 0.250

a: Number of carbon atoms in molecule or fragment
b: Number of chlorine atoms in molecule or fragment
¢: Assuming Rurvo=1%

In addition, the stable hydrogen isotopes (ti¢.and ?H) can also contribute to the
potential error with the presence of two deuteriatdms in certain molecules and
fragments. Similarly, the error can be also deteeadiin a way that three elements,
chlorine, carbon and hydrogen, are all involvedointhe probability computation.
However, due to the extremely low natural abundasfcdeuterium (about 0.0001) (4),
this error can be neglected unless the considesetbeunds has a very large number of

hydrogen atoms.
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S2. Integrated Carbon and Chlorine Isotope Modelig: Applications to
Chlorinated Aliphatic Hydrocarbons Dechlorination

S2.1 Initial abundances of carbon-chlorine isotopalgues

VC and cis-DCE, have chemically equivalent C-Cld®nThus, eq 3.1 (in the manuscript)
is used to compute the initial carbennlorine isotopologues abundances of those
compounds according to the international standafasrbon and chlorine isotope ratios
(i.e. VPDB and SMOC [1]). Table S2.1 and S2.2 reploe carbon-chlorine VC and cis-
DCE isotopologues, the number?€, *C, 3°Cl and®’Cl, and the isotopologues’ relative
abundance.

Table S2.1.Initial abundances of VC carbon-chlorine isotopales;

vC Carbon Chlorine Abundance®
Isotopologue 12c 13- 350 370 [%]
1 2 0 1 0 74.1065
2 1 1 1 0 1.6651
3 2 0 0 1 23.6838
4 1 1 0 1 0.5322
5 0 2 1 0 0.0094
6 0 2 0 1 0.003(
sum 100.0000

& computed according to eq 3.1 in the manuscript
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Table S2.2.Initial abundances of cis-DCE carbon-chlorine ipofogues.

cis-DCE Carbon Chlorine Abundancée®
Isotopologue 126 130 350 370 [%]

1 2 0 2 0 56.1586
2 2 0 1 1 35.895°
3 2 0 0 2 5.736(
4 1 1 2 0 1.2619
5 1 1 1 1 0.8066
6 1 1 0 2 0.1289
7 0 2 2 0 0.0071
8 0 2 1 1 0.0045
9 0 2 0 2 0.0007

surr 100.000!

& computed according to eq 3.1 in the manuscript

Differently from cis-DCE and VC, the three C-Cl lhsnof TCE are not chemically
equivalent (Figure S1), and the cleavage of diffef@nds results in different products
(i.e. 1>cis-DCE; 2>trans-DCE; 31,1-cis-DCE, according to the schematic of Figure
S1). Given that the three bonds of TCE are alltreacthe initial abundances of TCE
isotopologues have to be computed by eq 3.2 (inrthruscript) and are listed in Table
S2.3.

A: 12 ——35ClI

: 12C L 37CI

B
C: 3¢ ——35Cl
D

. 13¢ —_37C|

Figure S2.1.Cleavage of different isotopic C-Cl bonds durif@Edechlorination reaction.
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Table S2.3. Initial abundances of TCE carbon-chlorine isotogales. The bond
numbering (1, 2, 3) and isotopic composition (A D) refer to the schematic of Figure
S2.1.

Isoto;(():ligue 12(C:arbcigc 35CCI hlor;?gl Abu[E’]/?]anCé bond 1 bond2  bond3
1 2 0 3 0 42.5622 A A A
2 2 0 2 1 13.6025 A A B
3 2 0 2 1 13.6025 A B A
4 2 0 2 1 13.6025 B A A
5 2 0 1 2 4.3473 A B B
6 2 0 1 2 4.3473 B A B
7 2 0 1 2 4.3473 B B A
8 2 0 0 3 1.3894 B B B
9 1 1 3 0 0.4758 A A C
10 1 1 2 1 0.1521 A A D
11 1 1 2 1 0.1521 A B C
12 1 1 2 1 0.1521 B A C
13 1 1 1 2 0.0486 A B D
14 1 1 1 2 0.0486 B A D
15 1 1 1 2 0.0486 B B C
16 1 1 0 3 0.0155 B B D
17 1 1 3 0 0.4758 C C A
18 1 1 2 1 0.1521 C C B
19 1 1 2 1 0.1521 C D A
20 1 1 2 1 0.1521 D C A
21 1 1 1 2 0.0486 C D B
22 1 1 1 2 0.0486 D D B
23 1 1 1 2 0.0486 D D A
24 1 1 0 3 0.0155 D D B
25 0 2 3 0 0.0053 C C C
26 0 2 2 1 0.0017 C C D
27 0 2 2 1 0.0017 C D C
28 0 2 2 1 0.0017 D C C
29 0 2 1 2 0.0005 C D D
30 0 2 1 2 0.0005 D C D
31 0 2 1 2 0.0005 D D C
32 0 2 0 3 0.0002 D D D

sum 100.0000

& computed according to eq 3.2 in the manuscript
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S2.2 Validation with Data from a Well-Mixed Experimental Setup

We apply our modeling approach to simulate the caéde dechlorination experiments in

[2]. We describe the degradation kinetics with &ihdielis-Menten formulation:

K...C

r= max
K, +C (S2.1)

where knax [UM-day'] is the maximum degradation rate alg [UM] is the half-
saturation constant. The values of the paramet&ksxdc=4.8, Kupce=1.9 and
Kmax,vé=5.76,Kuvc=602) are adopted from a similar batch study [ZTe dual isotope
simulations are performed with the integrated C &ldmodeling approach (IM)
described above. We used the experimentally detexnicarbon and chlorine bulk
enrichment factorse€ cispce=-18.5%o, eci cispce=-1.5%o; ec vc=-25.2%o, el vc=-1.8%o, from
[18]) and simulated simultaneously the degradatiball the combined carbeichlorine
isotopologues of cis-dichloroethene and vinyl cider(9 isotopologues for cis-DCE and
6 isotopologues for VC, see Table S2.1 and Tabl@)SZhe results of the simulations
are shown in Figure S2.2 together with the expeamntaiedata published by Abe et al. [2].
The measured C and Cl isotope ratios are mostithénzone where the dual isotope
relation can be well approximated with a constdopes given by the ratio of the bulk
chlorine and carbon enrichment factors (~0.07 ard08- for VC and cis-DCE,
respectively). It can be noticed that both the QM ¢he IM approaches can capture the
observed dual isotope behavior for cis-DCE and V@e discrepancies between the
methods become significant at late reaction timsthe end of the simulation the
differences aré™3C=9.8%o andd®*'Cl=1.0%. for VC ands**C=7.2%o ands*'CI=0.2%. for
cis-DCE.
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Figure S2.2.Simulated carbon and chlorine isotope ratios of AT and cisDCE (B) during
dechlorination processes using CM (red line) and (tdrk line). The symbols represent the
experimental data published by Abe et al. [2].

S3.3 Governing equations and parameters used in tmeass-transfer limited TCE
biodegradation application
We used our model to simulate the carbon and ctdoisotope fraction of TCE in a
three-phase system (i.e. -@rganic-aqueous). A doubMonod kinetic was used to
model the reaction in the aqueous phase, and éndiy
(e . tcH  H]
e [TCEJ+ KM,TCE [ Hz] + KM,HZ

(S2.2)

wherer is the reaction ratemax [umol- cell™h™] is the maximum consumption rate,
Kwrce [pmolL™] and Ky no[umol- L™ are the half-saturation constants for TCE and H
respectively, an¥ [cellsL™] is the biomass concentration. The governing égnstfor

the mass-transfer limited TCE biodegradation sysdestribed in Aeppli et al. [3] can be

written as:
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Aqueous phase

d| 'TCE m
|: :Iaq _ _Z )+ k2929 929, ([ jTCE]i?q_ TCH aq) (52.3)
k=1
d[ 'cisDCE] mo _ _
== )+ k%82 a3 ([ leisDCH %[ cisDCE ) (S2.4)
d/H mo
Al dj]a‘* ==Y el (M 5 H] ) (52.5)
k=1

dXx >
| S

Organic phase

d[ 'TCE] | , |
SR A ([ TCB I TCE ) —x5&™ ¢ 'TOEQA 'TOE,)
(S2.7)
l' -
d[ CISDCEJOrg — 4092 aoorg.([ jCiSDCE eq_[ jCiSDCE )_KOT& gas éfrg.
dt cisDCE aq aq cisDCE
(I'cisDCE, - ! cisDCE ) (S2.8)

d [ Hz]org _ org-aq _

dt KH ([ H2] _[ JHJ aq) Org_ = Org (I 1 gas—[ H]Z ; (82 9)
Gas phase
d[iTCE}gas — 4 c0ra-gas, gas ([ TI-CH _[ jTCE S) (82.10)

dt
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d| 'cisDCE

[ = Lo =+ %% " ([ tisDCH & 'cisDCE ) (S2.11)
d[H

[ di]gas _ +ch_>|rzgfgas.aogas_([H2] gzc;_[ H; gas) (52.12)

wherej indicates each carbon-chlorine TCE or cis-DCEaigotogues, r/ is the bond-

specific reaction rateX is the biomass concentration [celld], Y [cellsumol!] is the

yield factor, x [cm-h™] is the interphase mass-transfer coefficient oETaE cis-DCE, and
ag" [cm™] is the interface area per unit volume of the aysephase.

The input parameters are taken from Aeppli ef3dl.and are summarized in Table S2.4.

Table S2.4 Kinetic parameters for the mass-transfer limitedETGiodegradation

example [3].

Parameter Values
Kpax [umol cell*h] 6.1¢9
Kw,rce [umOI-L'l] 70
Kmpz [pmol-L™] 1
K -2t [ 13.€
Ko &2 agh™] 13.8
K2 agih] 1
werek = -ag" ] 5
Ko es-ag"[h] 5
Ki o2 h] 5

Xo [cellsL™] 1.09e10
Y [umol L™ 2.31e+7

Solving the system of governing differential eqoas (eqs S2.3-S2.12) allows describing
the evolution of the reactive species in the tiplease system. The concentration profiles,
the 5°’Cl ands™*C values and the corresponding dual isotope ploteénaqueous phase
are shown in the manuscript Figure 3.3 (panels BL-B Figure S2.3 we report the

results for the organic phase and the total system.
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Organic Phase
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Figure S2.3.Simulation results for organic phase (1-4) andl ®fatem (5-8) using the IM. Blue
and red lines are TCE and cis-DCE concentratiospaetively, red lines are cis-DCE
concentration, blue circles and red triangles leeetxperimental data for TCE and cis-DCE from
reference [3].
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S3. Mechanistic Approach to Multi-Element Isotope Mdeling of
Organic Contaminant Degradation

S3.1 Relative abundances of position-specific is@ologues

The initial relative abundances are computed fa plosition specific isotopologues,
which are specified for different reaction mecherss of toluene, MTBE and
nitrobenzene. Eqg.4.1 in the manuscript is usedtopute these values according to the
international standards of isotope ratios (de Lagttal., 2009).

Table S3.1Initial abundances of toluenosition specific isotopologues (C-H)

Toluene Isotopologue 4, Carbo?e 1 Hydm?e” Abundance [%]
C C H H
1 1 0 1 0 98.8776
2 1 0 0 1 0.0114
3 0 1 1 0 1.1109
4 0 1 0 1 0.0001

sum 100.0000
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Table S3.2Initial abundances of MTBIRoSsition specific isotopologues for different reant
pathways (C-H, C-gland C-H)

MTBE Isotopologue 12CC&I’bO:IL'13C 1HHydrog2e|_r|1 Abundance [%]
1? 1 0 1 0 98.8776
2 1 0 0 1 0.0114
3 0 1 1 0 1.1109
4 0 1 0 1 0.0001
sum 100.0000
1° 1 0 3 0 98.8549
2 1 0 2 1 3.41e-2
3 1 0 1 2 3.92e-6
4 1 0 0 3 1.50e-10
5 0 1 3 0 1.1106
6 0 1 2 1 3.83e-4
7 0 1 1 2 4.41e-8
8 0 1 0 3 2.00e-12

sum 100.0000
1° 1 0 9 0 98.7867
2 1 0 8 1 0.1023
3 1 0 7 2 4.70e-5
4 1 0 6 3 2.62e-8
5 1 0 5 4 2.18e-12
6 1 0 4 5 2.50e-16
7 1 0 3 6 1.92e-20
8 1 0 2 7 9.47e-25
9 1 0 1 8 2.72e-29
10 1 0 0 9 3.48e-34
11 0 1 9 0 1.1099
12 0 1 8 1 1.15e-3
13 0 1 7 2 5.29%e-7
14 0 1 6 3 1.42e-10
15 0 1 5 4 2.45e-14
16 0 1 4 5 2.81e-18
17 0 1 3 6 2.16e-22
18 0 1 2 7 1.06e-26
19 0 1 1 8 3.06e-31

20 0 1 0 9 4.00e-36
sum 100.0000

dmethyl group oxidatiorfSy2-type hydrolysis®Syl-type hydrolysis
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Table S3.3Initial abundances of nitrobenzepesition specific isotopologues during partial
reduction (C-N)

Nitrobenzene Isotopologue ,, Carbolral 14 Nmogenls Abundance [%]
C C N N
1 1 0 1 0 98.5290
2 1 0 0 1 0.3600
3 0 1 1 0 1.1070
4 0 1 0 1 0.0040
sum 100.0000

Table S3.4.Initial abundances of nitrobenzengosition-specific isotopologues during
oxidation (C-N-H)

Nitrobenzene Isotopologuelzgarb?% 14|\||\l|trog££ 1IH_|ydrogHen Abundance [%]
1 2 0 1 0 1 0 97.4232
2 1 1 1 0 1 0 2.1891
3 0 2 1 0 1 0 0.0123
4 2 0 0 1 1 0 0.3559
5 1 1 0 1 1 0 0.0080
6 0 2 0 1 1 0 4.49e-5
7 2 0 1 0 0 1 0.0112
8 1 1 1 0 0 1 0.0003
9 0 2 1 0 0 1 1.41e-6

10 2 0 0 1 0 1 4.09e-5
11 1 1 0 1 0 1 9.20e-7
12 0 2 0 1 0 1 5.00e-9
sum 100.0000

S3.2 Model evaluation for nitrobenzene degradation
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A Michaelis-Menten kinetic formulation was used simulate the degradation of
nitrobenzene (NB):
d[NB]_ [NB]

d TN K &2

where knax [umol cel™h] is the maximum consumption ratéy ns [pmolL™] is the
half-saturation constant for NB, aXdcellsL™] is the biomass concentration.

The dynamics of the biomass was described includiggowth and a linear decay term:

%:Y'K“a*'—[NE!FTiM,NB. ~b X (53.2)
whereY [cellsumol'] is the yield factor, and [T™] is the decay rate for microbial
growth.

We used Eg. S3.1 and S3.2 to describe the evolwfonitrobenzene concentrations
observed in the biodegradation experiments perfdrine Hofstetter et al. (2008) using
two distinct microbial straind?seudomonas pseudoalcaligestisin JS45 (nitrobenzene
partial reduction) andComamonas spstrain JS765 (nitrobenzene dioxygenation). An
optimization procedure based on a trust-regioreotifte method for the minimization of
the non-linear least squares problem was adoptdid tiee experimental data using the
reaction kinetic parameterkna, Kung and the initial biomasX, as fitting parameters.
The results are reported in Figure S3.1 and S3r2tle partial reduction and

dioxygenation pathways, respectively.



142 SUPPORTING INFORMATION

0.0012

NB reduction

0.0010f

0.0008f

c. [M]

> 0.0006¢

Con

0.0004f

0.0002r

G(J 2 4 6 8 10

time [h]

Fig. S3.1. Observed (symbols) and simulated (line) nitrobeneze&oncentrations during
biodegradation byseudomonas pseudoalcaligerstsin JS45 (nitrobenzene partial reduction).
This figure corresponds to reaction pathway 1 i@ thulti-element isotope fractionation plot
reported in Fig. 4.4 A of the paper.
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Fig. S3.2. Observed (symbols) and simulated (line) nitrobenezeoncentrations during
biodegradation byComamonas spstrain JS765 (nitrobenzene dioxygenation). Thigsire
corresponds to reaction pathway 2 in the multi-elenisotope fractionation plot reported in Fig.
4.4A of the paper.
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Table S3.5. Reaction kinetic parameters for nitnakee degradation.

Parameters NB Partial Reduction NB Dioxygenatior
Kmas [umol- cell™h?] 1.06e-8 7.73e-9

Ky ng [pmolL™] 73.00 89.99
Xo[cellsL™] 2.88e+9 5.12e+9

Y [cellspmol’] 2.31e+7 2.31e+7

b" [hY] 0.0045 0.0045

" estimated based on literature values
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S4. Effects of Aqueous Diffusion on Spatial IsotopiGradients of
Organic Contaminants

S4.1 Experimental protocol

A schematic description of the experimental setepngetry and of the experimental
protocol is illustrated in Figure S4.1. The figwieows the sequence of fundamental steps
we followed in performing the diffusion experimentiescribed in the section “Materials
and Methods” of the manuscript. These step inchindeinitial filling of the blank agar
medium in the diffusion tubes (B); the filling ohd source medium containing the
organic contaminants (C); the diffusion phase &20F€, where the contaminants diffuse
from the source to the initially pristine medium){Ehe slicing of the gel medium and the

sampling procedure (E); and the final steps ofyaitall measurement and data evaluation

(F).

| 1~10 cm |
) source ! pristine medium (blank agar gel)
A | | | @=1.1cm
l I
! L ~25¢cm I
B | | |
C | o W
Light Heavy
D
E O
F GC-gMS Analysis & Data Evaluation

Figure S4.1. Schematic illustration of the experimental procedure. A: geometry of the glass tubes
(L: total length; 1: source zone length; : inner diameter); B: filling of blank agar solution; C:
filling of source agar solution; D: diffusion of organic compounds at a constant temperature of
20°C; E: slicing and sampling; F: sample analysis using GC-MS and data evaluation using a one-
dimensional modeling approach.



SUPPORTING INFORMATION 145

S4.2 Modeling approach and parameter fitting

An inverse modeling procedure was used to estithat&ey parameters of this study (i.e.,
diffusion coefficientsD, and the exponeng, of the inverse mass law relation) from the
experimental data. We use the one-dimensional dgiiffu equation (eq 5.2, in the
manuscript) as forward model to fit the concentratand isotopic values measured at
each sampling point. The inverse modeling appraadfased on the minimization of the
sum of normalized squared errors (SNSE) of botltenination and isotope data between
the experimental observations and the simulatisalte

SNSE= SNSE.+ SNSE,

(S4.1)
il )
Z (CiObS _ q S|m)2
SNSEDnc == 2 (842)
O
i (Robs _ Rlsirr)z
SNSEotope: = 2 (843)

Or

where C°™ are the observed concentration8®™ are the simulated concentratiof®>
are the observed isotope ratié8™ are the simulated isotope raties,and ox are the
variance of concentration and isotope ratio daspectivelyng andn. are the number of
measured concentration and isotopic data, resjdgctiv
The best-fit parameterB, andp, were obtained for each experimental run by sgltire
nonlinear least square data fitting problems ughg Matlab function Isgnonlin. The
uncertainties of the estimated parameters wereddsermined. Such uncertainties were
estimated according to the procedure describetl]in [

Vo SNSE (37 A

N+ nNg—N, (S4.4)

where V is the mean square error (MSE) matrik,is the Jacobian matrixof first
derivatives of the model outcomes with respecteoghrametersA is a diagonal matrix
of the variance of all concentration and isotopéads, is the number of estimated

parametersng andncare the same as defined in eqs S4.2 and S4.3.tdmaasd error for
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the estimated parametei3 &ndp) can be calculated from the diagonal elementhef t

mean square error matrix, W, /Vll and iw/VZZ , respectively.

S4.3 Comparison of Experimentally-Determined and Claulated Diffusion
Coefficients
The aqueous diffusion coefficients of the selectedanic compounds were also
calculated with empirical correlations proposedhie literature. The classical formula of
Wilke and Chang [2] was used to calculate the diffn coefficients of toluene,
ethylbenzene, cisDCE and TCE:
_ 7.4x10°%- gM J°.T

Ve (S4.5)

whereD [cm?s™] is the diffusion coefficient,¢[-] is an empirical parameter equal to 2.6

D

for water; M [g/mol] is the molecular weightT [K] is the absolute temperaturg;
[centipoise] is the dynamic viscosity of watst{cm®mol™?] is the molar volume of the
solute.
The diffusion coefficients were also calculatedwat more recent correlation proposed,
by Worch [4], for organic compounds:

3.595 10"-T
T MO (S4.6)

whereD [m?s?] is the diffusion coefficientT [K] is the absolute temperaturiel [g/mol]

D

is the molecular weight; [Pas] is the dynamic viscosity of water.
The diffusion coefficients in our experimental sefire determined in a gel system with
minimal differences from a purely agueous systeroweéler, to take into account the
effect of such small differences and to directlynpare the experimental results with the
results obtained with eq S4.6 and eq S4.7, we eghpie correction proposed by Lauffer
[3I:
Dwater = gel'M

A-a-9) (S4.7)
whereDyaer andDgelare the diffusion coefficients of the consideretuoin water and
agar. ¢ is the effective volume fraction of the gel subst anda is a coefficient of
obstruction. The values of these empirical coeffics (0.05 and 1.67, respectively) were
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taken by Lauffer [3] who used a similar gel comfiosi to the one in our diffusion
experiments.

Table S4.1 reports the calculated and experimgrdeflermined aqueous diffusion
coefficients; the latter are corrected accordingdd4.7.

Table S4.1 Calculated and experimentally-determined aqueédtission coefficients.

D [x10° m%s"]

Compounds i
Worch Wilke and Chang EXP. Corrected
TOL 0.957 0.901 0.834
D-TOL 0.915 0.857 0.803
ETB 0.887 0.827 0.785
D-ETB 0.846 0.784 0.753
cisDCE 0.931 1.105 1.148
TCE 0.793 0.996 0.931

*calculated assuming the same density as for theladzeled compounds

Considering the correction betweBggar andDyater has no effect on the extent of isotope

fractionation. In fact, expressing the correctiactbdr in eq S4.7 as a tortuosity factor

? =(l-¢)/ 1-a-¢) (e.g. Eggenkamp and Coleman [4]), the extent fifislive isotope

fractionation can be written as:

H
DH Dwater H
o = gel _ 2_2 _ Dwater
DT L ~ QL T L
Dgel Dwater Dwater (84 ' 8)

2_2

whereq; is the diffusive fractionation factor.

S4.4 Isotopologue-specific properties of cisDCE anfCE at natural isotopic
abundance

For a chlorinated organic compound, the relativainalance of an isotopologue
containing “k”*'Cl atoms out of a total of “n” chlorine atoms candxpressed as:

n N (S4.9)
L =(k]H KLk
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(M (n-k+1)-(n—k+2)---(n—1)-(n) (S4.10)
k) k!

wherel is the relative abundance of a certain isotopaogfua chlorinated compounH,

is the abundance 6fCl, L is the abundance &FCI, n is the total number of chlorine
atoms in a certain chlorinated compound &gl the number of'Cl atoms in a specified
isotopologue. The binomial coefficient (eq S4.1)resents the number of possible ways
in which k atoms of®'Cl can be distributed ovem positions of chlorine atoms in a
molecule. Applying eq S4.9 and eq S4.10 to cisD@& BCE results in 3 and 4 chlorine

isotopologues, respectively, with the calculatedralances reported in Table S4.2.

Furthermore, based on tRevalues and the average diffusion coefficients iolethin the
diffusion experiments (see Table 5.2 in chapter v, calculated the isotopologue-
specific diffusion coefficients for cisSDCE and T@keach experiment. The properties of
cisDCE and TCE isotopologues are summarized in€T84l12.

Table S4.2 Summary of properties for cisDCE and TCE isotogaks.

cisDCE TCE
Chlorine Isotopologue LL LH HH LLL LLH LHH HHH
Molecular Mass 96 98 100 130 132 134 136
Abundance [%] 57.4 36.7 5.9 43.5 41.7 13.4 14
D [x10°m%sY]
Exp. | 1.0991 1.0968 1.0945
Exp. J 1.1058 1.1041 1.1024
Exp. K 1.1210 1.1190 1.1170
Average cisDCE (Exp. I-K) 1.1090 1.1070 1.1050
Exp. L 0.8985 0.8978 0.8972 0.8965
Exp. M 0.8993 0.8989 0.8984 0.8980
Exp. N 0.8965 0.8958 0.8952 0.8946

Average TCE (Exp. L-N) 0.8984 0.8978 0.8973 0.8967
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