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of Environmental Catalysis and Pollution Control, School of Environmental Science and Engineering,
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ABSTRACT

Brominated organic compounds (BOCs)
originate from nature and anthropogenic
activities, and are plentiful in the environ-
ment. Most BOCs are hazardous and pose
significant risk to the environment and
human health. Controlling these pollutants
requires understanding their sources,
behaviors, and final environmental fates.
Compound-specific isotope analysis (CSIA),
which has been a new important tool for
scientific breakthrough in many research
areas, such as environmental, ecological,
and geochemical sciences, can help scien-
tists elucidate the sources, transformation
pathways and fates of BOCs. The appear-
ance of gas chromatography combustion
isotope ratio mass spectrometry (GC/C/IRMS) and gas chromatography multiple collector induct-
ively coupled plasma mass spectrometry (GC/MC/ICPMS) in the past decades, has greatly devel-
oped the application of CSIA for the stable isotope analysis of BOCs. This review first describes the
current analytical methods for measuring the carbon, hydrogen, oxygen and bromine stable iso-
topes of BOCs using mass spectrometry. Then, the review discusses the application for identifying
sources, tracing transformation pathways and biological metabolisms. This includes a discussion of
the kinetic isotope effects (KIEs), evaluated using (bio)chemical reaction, based on the reaction
mechanism. Finally, the review highlights the future challenges and prospects regarding bromine
isotope effects, multiple isotope enrichment, and position-specific isotope analysis. This review
ends with a perspective on future activities that may benefit the development of the fast-growing
field of CSIA.
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1. Introduction

Brominated organic compounds (BOCs) are ubiquitous organic contaminants in different envir-
onmental matrices, and are therefore of wide interest in environmental science, atmospheric
chemistry, marine chemistry, and geochemistry. BOCs have both natural and anthropogenic sour-
ces in the environment (Carrizo et al., 2011). More than 1600 kinds of BOCs are naturally pro-
duced, and may be generated through abiotic, photochemical, Fe-mediated, and enzymatic
reactions (Carrizo et al., 2011; Gribble, 1999). For example, brominated phenols are excreted by
marine organisms such as algae, polychaetes, and hemichordates (Teuten et al., 2006).
Anthropogenic BOCs can be generated in large amounts and are broadly used as flame retard-
ants, pesticides, germicides, disinfectants, gasoline additives and solvents (Alaee et al., 2003).
Industrial BOCs are mostly produced by bromination of hydrocarbon precursors using bromine
gas and by addition reactions of already brominated precursors. BOCs are usually discharged into
environment in large amounts as agricultural, industrial and urban contaminants (Jones & de
Voogt, 1999), and undergo various chemical and biochemical transformations through different
mechanistic pathways in the environment. In these pathways, cleavage of the carbon-bromine
specific bond is a significant step leading to the formation of debrominated product. High levels
of BOCs are detected in blood and tissue of wildlife and human beings (Currier et al., 2020; Lima
et al., 2005; Lin et al., 2020; Loseth et al., 2019). Unfortunately, many BOCs in the environment
exhibit the characteristics of persistence, bioaccumulation, long-range transport, toxicity, and bio-
magnification through food webs (Currier et al., 2020; de Wit et al., 2006; Dietz et al., 2013; Leat
et al., 2019; Lippold et al., 2019; Thanh et al., 2016). As such, many studies have focused on the
sources, transports, transformations, ecotoxicology, and final fates of BOCs. Among these studies,
compound-specific isotope analysis (CSIA), used to identify sources, clarify the transformation
mechanisms, and trace the metabolisms of BOCs, has attracted widespread attention.

CSIA enables the molecular stable isotope of organic compounds to be analyzed to trace their
origins and fates in various environmental matrices. Stable isotopes are naturally abundant; how-
ever, the degree to which these isotopes change in natural abundance is slight, usually in the level
of one part in 104 for the major isotopes (Preston, 1992). The ability to precisely analyze the sta-
ble isotopes of different organic elements could provide significant information for researchers.
However, the application of CSIA has been significantly limited due to poor precision or low sen-
sitivity of conventional stable isotope ratio analysis (SIRA). Because the conventional analytical
instruments require either large expensive doses of highly enriched labeled compounds or large
samples, these limitations originate from the nature of sample throughput, sample sizes, and the
difficulties of preparing gas samples manually with analytical instruments (Preston & Owens,
1983, 1985).

CSIA was mainly first used for elements carbon, nitrogen, and oxygen in geochemistry labora-
tories more than 70 years ago (Nier, 1947). A gas chromatography combustion isotope ratio mass
spectrometry (GC/C/IRMS) was first commercialized in the past 40 years. It was introduced spe-
cifically to enable high precision and accuracy analysis of carbon, hydrogen, oxygen, nitrogen,
and sulfur stable isotopes in the natural environment. The approach has small sample size
requirement and high sample throughput, allowing this form of stable isotope analysis to be
increasingly applied in geoscience and biogeoscience fields, including geology, ecology, oceanog-
raphy, and environmental science (Ahad et al., 2021; Lopes et al., 2021; Sun et al., 2021; Zakon et
al., 2021).

Generally, the isotopic compositions of organics vary due to the mass-dependent isotopic frac-
tionation effects: light isotopes react faster compared to heavy isotopes (Kozell et al., 2015;
Kuntze et al., 2016; Xiong et al., 2015). These isotopic fractionation effects may be expressed dur-
ing sample production, postproduction, storage, and handling. Moreover, isotopic compositions
are generally conserved during non-reaction processes. Therefore, CSIA can be applied to identify
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different sources of organic compounds (Ahad et al., 2021; Beneteau et al., 1999; Chen et al.,
2017; Drenzek et al., 2002; Jendrzejewski et al., 2001).

In addition, CSIA can be applied to characterize transformation pathway and describe trans-
formation mechanism of various organics (Horst et al., 2019; Hunkeler & Aravena, 2000; Keppler
et al., 2000; Kuntze et al., 2016). (Bio)chemical reaction can change the relative abundance of sta-
ble isotopes within molecules. Heavier isotopes form stronger chemical bonds and are therefore
less reactive than lighter ones, resulting in an enrichment of heavier isotopes in parent com-
pounds and lighter isotopes in their products (Horst et al., 2019; Melander & Saunders, 1980).
This change in stable isotopes of an element is called isotopic fractionation. Isotopic fractionation
mainly originates from bonding changes, especially bond cleavage in the rate-limiting step. This
fractionation leads to kinetic isotope effects (KIEs) for these reacting atoms. Their KIEs values
provide important information for the (bio)chemical reaction. For example, isotopic fractionation
measured in individual compounds during (bio)chemical reaction process can often be rational-
ized according to bonding change along with (bio)chemical reaction pathway. As such, they serve
as a valuable proxy for characterizing reaction types and describing mechanistic pathway of reac-
tion (Elsner et al., 2005; 2012; Kuntze et al., 2016; Ratti et al., 2015; Xiong et al., 2015; 2020).
Previous studies have also shown the broad applications of CSIA in characterizing transformation
reaction and describing transformation mechanism of organic compounds (Balaban et al., 2016;
Elsner et al., 2005; Fischer et al., 2016; Kuntze et al., 2016; Nijenhuis & Richnow, 2016; Wang et
al., 2015; Xiong et al., 2020).

Moreover, multielemental CSIA, which analyzes two or more elements, has emerged as a new
powerful approach for investigating conversion pathway of (bio)chemical reaction. The isotope
ratios of several elements are correlated to one another in (bio)chemical reaction. Therefore, iso-
tope ratios can be used to reveal pathway-specific information. The specific correlation factor and
corresponding bond cleavage for a given conversion pathway can be predicted when the isotopic
fractionation changes of two elements are correlated (Zwank et al., 2005). Several studies have
been conducted to show how multielemental CSIA can be applied to explain mechanistic path-
ways. For example, d13C-d2H analysis was used to study biotransformation of methyl tert-butyl
ether (MTBE) (Kuder et al., 2005), and d13C-d15N analysis was used to describe mechanisms of
atrazine degradation (Meyer & Elsner, 2013). Recently, a two-dimensional d13C-d81Br analysis
was developed to evaluate transformation mechanisms of BOCs (Balaban et al., 2016; Kuntze et
al., 2016; Woods et al., 2018; Zakon et al., 2013). Compared with one-element CSIA, the multiele-
ment CSIA generated more data related to isotopic fractionation during the degradation and
transformation of organics, and better and more accurately revealed their mechanistic pathways.

Furthermore, the analysis of stable isotopes has been proposed as a powerful approach to
investigate bioaccumulation and biotransformation of organic contaminants in biota, because the
analysis can identify potential routes of organic contaminant movement in biota and environment
(Luo et al., 2013). For example, in common carp (Cyprinus carpio), 2,20,4,40,5-pentabromodi-
phenyl ether (BDE-99) has been shown to mainly transform to 2,20,4,40-tetrabromodiphenyl ether
(BDE-47) (Stapleton et al., 2004), while debrominating to 2,20,4,50-tetrabromodiphenyl ether
(BDE-49) in common sole (Solea solea L.) (Munschy et al., 2011). Further, field studies found a
difference in the polybrominated diphenyl ether (PBDE) congener profiles in the same species
(Zhang et al., 2011). It is hard to differentiate PBDE congeners that were accumulated through
diet from congeners that represents the reductive debromination products of higher brominated
congeners (Xiong et al., 2016; Yu et al., 2019). Stable carbon isotope signatures of PBDEs have
been used to explore species-specific debromination and trophic dynamic process (Luo et al.,
2013), and the stable carbon isotope ratios of individual congeners of PBDE have been used to
study in-situ PBDE biodegradation in sediment cores (Huang et al., 2019). These examples show
that CSIA has become an increasingly significant approach for tracing the source and metabolism
of organics in biota (Luo et al., 2013; Zeng et al., 2013).
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This paper provides a detailed review of CSIA, to explore the potential application of CSIA for
investigating ecotoxicology and health effects of BOCs, by identifying environmental sources,
characterizing and describing transformation mechanisms, and distinguishing potential routes
of movement.

2. Stable isotope analysis (analytical method)

Carbon, nitrogen, hydrogen, oxygen, and bromine are the main elements of BOCs. These ele-
ments have two or more stable isotopes that can be differentiated using mass spectrometry (Table
1). To eliminate systematic isotopic bias and accurately calibrate isotopic results, the ratio of sta-
ble isotopes has been standardized to international reference standards issued by the International
Atomic Energy Agency (IAEA, Vienna, Austria). The ratio of the stable isotope is expressed in
delta (d) notation (Eq. 1) (McKinney et al., 1950):

dhEsample inpermilð Þ ¼
R hE=lE
� �

sample

R hE=lE
� �

std

� 1

 !
� 1000 (1)

where, dhEsample represents isotope ratio of sample relative to the standard of element (E).
R(hE/lE)std and R(hE/lE)sample represent the fractions of heavy (hE) to light (lE) isotopes in the
standard and sample, respectively. The 1 represents subtracted from R(hE/lE)sample/R(

hE/lE)standard
fraction; the result is that samples with a positive dhEsample value (per mil) are enriched in heavy
isotopes (hE) relative to the reference standard. In contrast, a negative dhEsample value (per mil)
reflects a depletion of heavy isotopes (hE) in the sample compared to the standard data. Usually,
isotopic changes are in the per mil range; as such, they are multiplied by a factor of 1000 for the
final result. The data of measured isotopic composition must be calibrated with the international
reference scale for the accurate interlaboratory comparison of results. These standard calibration
approaches include: single-point anchoring, linear shift between the measured and the true iso-
topic composition of two certified reference standards, two-point and multipoint linear normal-
ization methods, referring to (Paul et al., 2007).

2.1. Carbon

Approximately 98.8890% of all carbon on earth is composed of 12C stable isotope; approximately
1.1110% is the 13C stable isotope (Table 1). Stable 13C/12C isotope ratios can be determined using
CO2 gas during mass spectrometry, with masses of 44 for 12CO2 and 45 for 13CO2. The isotope
ratios are reported using d notation relative to an international reference standard, which is
PeeDee Belemnite (PDB), a belemnite fossil from the cretaceous Peedee formation in South
Carolina, US (Barrie et al., 1984).

The 13C stable isotope (d13C) analysis method has been well developed for various kinds of
organics using isotope ratio mass spectrometry (IRMS) (Abe et al., 2009; Horst et al., 2019;
Kuder et al., 2012; Vetter et al., 2008). In this method, a high-resolution capillary column is usu-
ally equipped in GC before an online combustion device, connected for online gas purification

Table 1. The relative natural abundance, analyzed gas and the international standard of element.

Element Natural abundance [%] Analyzed gas standard

H/D 99.9844/0.0156 H2 Vienna Standard Mean Ocean Water (V-SMOW)
12C/13C 98.8890/1.1110 CO2 Peedee Belemnite (PDB)
14N/15N 99.6340/0.3660 N2 Air
16O/18O 99.7628/0.2000 CO Vienna Standard Mean Ocean Water (V-SMOW)
79Br/81Br 50.7/49.3 – Strontium (Sr) (Gelman & Halicz, 2010)

Note: More information on international reference materials is provided by the International Atomic Energy Agency (http://
www.iaea.org).
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and IRMS analysis. Organics are first separated using GC column. The effluent from GC separation
is then oxidized with catalyst to CO2, N2 and H2O in the vacuum capillary combustion furnace;
while H2O was removed by passing the effluent from the combustion furnace through a water-per-
meable Nafion tube and the remaining gases moved to a vacuum sample tube for IRMS analysis
(Xiong et al., 2015). GC separation makes it possible for instrument to separate organics from com-
plex mixtures, and to evaluate their individual stable isotope ratios at natural abundances. The com-
bustion interface is often composed of oxidized coppers and/or nickel metal wires threaded through
a slim ceramic reactor tube. The ion source and fixed detector cups of IRMS cannot directly use
organic molecules; instead, they depend on gas (CO2) originated from organic molecule combustion
for 13C/12C analysis. This method has a reproducibility of 0.2& � 0.5& and provides outstanding
precision (� 0.2&) (Barrie et al., 1984; Meckenstock et al., 2004; Preston & Slater, 1994).

The stable 13C analysis method for BOCs has been well developed for investigating substances
e.g. PBDE (Vetter et al., 2008), brominated phenols (Xiong et al., 2015; Zakon et al., 2013), tetra-
bromobisphenol A (TBBPA) (Wang et al., 2015; Xiong et al., 2015), ethylene dibromide (EDB)
(Kuntze et al., 2016), and brominated ethenes (BE) (Woods et al., 2018). Previous studies over
the past decades have documented the development of GC/C/IRMS for 13C analysis of BOCs.
However, the methods have varied slightly for different BOCs. For volatile or less polar BOCs,
GC/C/IRMS can include GC separation to directly determine d13C values for individual com-
pounds. For example, Vetter et al. used GC/C/IRMS to directly determine d13C values of individ-
ual congeners in two technical PBDE products (Vetter et al., 2008). However, less volatile or
more polar BOCs, containing hydroxyl, carboxyl, or amino groups, are not directly amenable to
GC separation. Therefore, derivatization is needed to reduce the polarity of BOCs. This approach
achieves an improved thermal stability of BOCs and improves chromatographic separation.
Further, Xiong et al. developed a novel methodology to analyze d13C values in phenolic bromi-
nated flame retardants during biodegradation; N,O-bis(trimethylsilyl)trifluoroacetamide served as
a derivative to reduce polarity of brominated phenolic flame retardants (Xiong et al., 2015).

2.2. Hydrogen

Among all Earth elements, hydrogen has the most naturally occurring variations in the ratio of
its stable isotope. This leads to the frequent scientific need to analyze 2H in organic compounds.
Generally, hydrogen from organic compounds is released during pyrolysis at high temperature,
thus analyzing hydrogen requires a separate combustion tube filled with chromium oxide instead
of copper oxide used for carbon and nitrogen analysis. Hydrogen isotope ratios are determined
using H2 gas, with masses of 3 for 2H-1H and 2 for 1H-1H. The isotope ratios are reported in
d2H notation relative to Vienna Standard Mean Ocean Water (V-SMOW), which is an inter-
national reference standard. However, the measurement of masses 2 and 3 from H2 in the pres-
ence of He carrier gas (He/H2�500) and incomplete conversion of analytes, make the analysis of
hydrogen isotope ratios less sensitive than that of carbon isotopes. The resulting reproducibility
ranges only from 2.0& � 5.0& (Hilkert et al., 1999). In 1998, researchers first used commercial
GC/C/IRMS to analyze hydrogen isotope ratios (Burgoyne & Hayes, 1998; Hilkert et al., 1999).
Since then, few studies are known to have analyzed hydrogen stable isotopes for BOCs. This may
be because low natural abundance of 2H (only 0.0156% of all hydrogen) makes it hard to produce
a sufficiently strong 2H-containing ion current in the IRMS (Burgoyne & Hayes, 1998; Elsner et
al., 2012; Hilkert et al., 1999).

2.3. Oxygen

Oxygen has three stable isotopes 16O (99.762%), 17O (0.038%) and 18O (0.200%). The analyses of
oxygen stable isotope (18O/16O) rely on pyrolysis and reduction of organic compounds over
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carbon to quantitatively yield CO as the analyzed species. The first commercial GC/IRMS instru-
ment for oxygen stable isotope analyses of organic compounds has been available in 1996
(Sessions, 2006). Between GC and IRMS, the instrument introduced a pyrolysis reactor for the
compound-specific conversion of molecularly bound oxygen into CO analyte gas and direct
18O/16O determination via IRMS (Hitzfeld et al., 2017; Tuthorn et al., 2014). Usually, the pyroly-
sis reactor systems were constructed of alumina and lined with Pt or Ni tubes (Sessions, 2006).
The d18O measurements were carried out on CO by monitoring the ion currents at masses of 28
for C16O, 29 for C17O and 30 for C18O. The isotope ratios are reported in d18O notation relative
to V-SMOW, which is an international reference standard.

2.4. Bromine

Bromine has two stable isotopes, 79Br and 81Br, with natural abundances of approximately 50.7%
and 49.3% (average 81Br/79Br ¼ 0.97277), respectively. Bromine isotope ratio in a sample is
expressed in d81Br (in per mil) notation; the ratio 81Br/79Br in sample is relative to the corre-
sponding ratio in the reference material (Eq. 1). Bromine isotopic composition in BOCs is a
potentially effective indicator for the sources, degradation, transformation mechanism of BOCs
(Xiong et al., 2020). There are relatively small differences in the relative mass of different bromine
isotopes, because of their high mass. As such, they are expected to exhibit only slight isotope
changes, highlighting the need for a more precise bromine stable isotope analysis of BOCs.

The bromine isotopes of organics have been analyzed in studies since 1978 (Willey & Taylor,
1978). In the study, dual inlet-isotope ratio mass spectrometry (DI/IRMS) to evaluate the bromine
isotopic composition of methyl bromide was adapted; and this studies found that relative stand-
ard deviation of measured bromine isotope ratio for methyl bromide was 7� 10�6 (Willey &
Taylor, 1978). However, the analytical approach proposed was unable to analyze bromine isotopic
composition of individual BOCs, because the method was unable to separate BOCs in com-
plex mixtures.

Sylva et al. first introduced gas chromatography coupled to multiple collectors inductively
coupled with plasma mass spectrometry (GC/MC/ICPMS) to analyze bromine isotopes in a mix-
ture of three brominated benzenes (Sylva et al., 2007). Based on the on-line separation of three
brominated benzenes by GC, followed by the introduction of individual brominated benzenes
into MC/ICPMS, the analysis of bromine isotope was achieved using GC/MC/ICPMS system,
without any preliminary chemical conversion of the sample. That study obtained a bromine iso-
tope analysis precision of 0.3&, when 0.3 nmol of bromine was injected for three brominated
benzenes (Sylva et al., 2007). For sample containing bromine at a level more than 0.3 nmol, the
precision of analysis was within 3 times of the shot-nose limits. During analysis, 1,4-dibromoben-
zene (DBB) has been generally used as a reference standard for d81Br (d81Br ¼ 0& for DBB was
proposed in that study).

Later, Gelman and Halicz used strontium (84Sr/86Sr) as an external spike for instrumental
mass bias correction to improve the precision of bromine isotope analysis using GC/MC/ICPMS
(Gelman & Halicz, 2010). Using the proposed methodology, an analytical precision of approxi-
mately 0.1& (2SD) was achieved for a sample with less than 1 nmol of bromine. Holmstrand et
al. utilized GC/MC/ICPMS to analyze bromine isotope (d81Br) of brominated diaromatic com-
pounds, by way of constructing heated transfer lines from GC to MC/ICPMS (Holmstrand et al.,
2010). In that experiment, PBDEs in the technical flame-retardant mixture Bromkal 70-5DE,
including mainly BDEs-47, �99 and �100, were used as test substances, using monobromoben-
zene (MBB) with a known d81Br of �0.39& as an internal standard. The analytical precision of
d81Br for MBB and BDEs was found to be 0.4& (1SD, n¼ 18) and 1.4&-1.8& (1SD, n¼ 10-12),
respectively. The difference in the precision for MBB and BDEs may reflect different temperatures
required to avoid condensation of the analytes in ICP torch assembly. Horst et al. also used GC/
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MC/ICPMS to determine 81Br/79Br isotope ratio in methyl bromide (Horst et al., 2011). Sample
amounts larger than 40 ng were determined with a precision of 0.1& (1SD, n¼ 3). Using this
analytical method, the measurement of bromine isotopic composition of atmospheric methyl
bromide was achieved for the first time (Horst et al., 2013).

Due to significant improvements in the precision of the bromine isotope ratio analysis of
BOCs by GC/MC/ICPMS, bromine stable isotope analysis using GC/MC/ICPMS has been suc-
cessfully applied to analyze bromine isotopes in many BOCs, and the instrumental setup is given
as Scheme 1. These include bromobenzene and bromophenol (Bernstein et al., 2013; Carrizo et
al., 2011; Hitzfeld et al., 2011; Zakon et al., 2013), 3-bromo-2,2-bis(bromomethyl)propanol
(TBNPA) (Balaban et al., 2016), ethylene dibromide (Kuntze et al., 2016), and brominated ethenes
(Woods et al., 2018). The standard deviation is generally less than 0.2& (1SD).

3. Source identification

Certain anthropogenic BOCs have been shown to exhibit properties of environmental concern
persistence and long-range transport. This highlights the importance of identifying their environ-
mental sources and environmental dynamics. Information about the relative magnitude of natural
and anthropogenic sources may be useful for reducing BOC sources. Understanding the isotopic
compositions of BOCs may provide considerable information about sources and other fate proc-
esses of BOCs in the environment.

BOCs are commonly detected in different matrices, including environment and living organ-
isms, and have both natural and anthropogenic sources. Natural BOCs can be produced through
photochemical (Pelizzetti & Calza, 2002), abiotic, and enzymatic reactions (Theiler et al., 1978).
The isotopic compositions of these natural BOCs formed in-situ are consistent in natural environ-
ments, and their temporal and spatial abundances correlate with the abundances of organisms
that generate these metabolites (Fielman et al., 1999). Anthropogenic BOCs are generated through
additional reactions of brominated precursors, and/or bromination reactions of hydrocarbon pre-
cursors, using bromine gas (Gelman & Dybala-Defratyka, 2020). The isotopic compositions of
these anthropogenic BOCs change based on the characteristics of their precursor compounds and
synthesis. During these processes, lighter isotopes react faster than heavier isotopes. This results
in enriching lighter isotopes in products and heavier isotopes in reactants; these are called kinetic
isotope effects (KIEs) (Melander & Saunders, 1980). Stable isotope ratios are generally

Scheme 1. Instrumental setup of GC/MC/ICPMS system.
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conservative for non-reaction processes. Thus, BOCs provided by different sources may display
various stable isotopic compositions because of differences in the isotopic compositions of their
precursors and their different synthetic processes. Hence, isotopic compositions can be used to
identify BOC sources (Horst et al., 2019; Huang et al., 2019; Xiong et al., 2020).

CSIA can provide vital information that clarifies the sources of BOCs in environment. Vetter
et al. used a GC interfaced with a IRMS to analyze individual PBDE congeners in two technical
PBDE products: DE-71 (pentabromo diphenyl ether mixture) and DE-79 (octabromo diphenyl
ether mixture) (Vetter et al., 2008). In both products, a higher degree of bromination in products
was associated with more negative d13C values. The d13C values of the three hexa-BDEs were
more depleted in d13C in more highly brominated technical octabromo diphenyl ether DE-79.
This demonstrated that a carbon stable isotope analysis may support research about source and
synthesis process associated with PBDE.

As another example, Holmstrand et al. used GC/ICPMS to determine d81Br values of BDE-47
and methoxy-BDE-47 in environmental samples (Holmstrand et al., 2010). In their study, samples
were extracted from the blubber of a whale. The average difference in bromine isotopic compos-
ition (d81Br), using BDE-47 component as the isotope reference, was �0.3& ± 0.7& (1SD,
n¼ 6). The negligible difference between d81Br values of BDE-47 and methoxy-BDE-47 indicates
that formation mechanisms of the two compounds imprint very similar bromine isotope features.
Thus, either these BOCs have similar sources, or if those sources differ, the differences in isotope
effects are smaller than that can be analytically resolved. Carrizo et al. used GC/MC/ICPMS to
analyze the bromine stable isotope composition (d81Br) of six industrially synthesized BOCs and
one natural BOC (Carrizo et al., 2011). The measured d81Br values for the six industrial BOCs
ranged from �4.3& to �0.4&. In contrast, average d81Br value of natural 2,4-dibromophenol
was 0.2& ± 1.6& (1SD), and average value for industrial 2,4-dibromophenol was �1.1& ± 0.9&
(1SD). That is, d81Br values of four out of the six industrial BOCs significantly differed from the
natural sample.

These results verified that the variability of bromine isotopes can be established among indus-
trially produced BOCs when compared to a natural sample. Therefore, bromine stable isotope
analysis can be used to distinguish the sources of BOCs. For example, bromine isotope analyses
have also been applied to identify sources of BOCs in atmosphere. Horst et al. analyzed bromine
isotope composition of atmospheric methyl bromide (CH3Br) using GC/MC/ICPMS, using stand-
ard mean ocean bromide (SMOB) as a reference standard (Horst et al., 2013). This was the first
study to determine d81Br values of atmospheric CH3Br, and showed that d81Br values of different
atmospheric source regions vary from �0.47& to þ1.75& SMOB. By comparing relationship
between d81Br value and concentration, the researchers described the mixing trend and isotopic
fractionation processes that create a reservoir for atmospheric CH3Br.

In addition to using one-element CSIA to trace BOC sources, multielement CSIA has been
increasingly used for the same purpose. Chen et al. applied a two-dimensional bromine and car-
bon isotopic fractionation to identify PBDE congener sources (Chen et al., 2017). They measured
d13C and d81Br values of two different PBDE congeners (BDE-47 and BDE-209) from different
suppliers, and found that the d13C values for BDE-47 from three different suppliers were
�26.40 ± 0.37&, �26.41 ± 0.21&, and not detected, respectively, the corresponding d81Br values
were �0.34 ± 0.13&, �0.33 ± 0.16&, and �0.26 ± 0.09&; while the d13C values for corresponding
BDE-209 from three different suppliers were �28.26 ± 0.18&, �25.81 ± 0.24&, and
�27.17 ± 0.48&, respectively, the d81Br values were �0.50 ± 0.24&, �0.43 ± 0.15&, and not
detected. This indicates that individual PBDE congeners have distinct isotope characteristics,
because of the different precursor compounds and production processes. This illustrates that
determining isotopic compositions is a significant emerging method for identifying sources of
PBDE congeners. The researchers completing that study noted that caution is needed to mitigate
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problems like indistinguishable differences of organic compounds from different sources in iso-
topic compositions.

4. Description of the transformation pathway

BOCs have different transformation processes; as such, their distribution in environment is influ-
enced by (bio)chemical reaction and physical processes like dilution, adsorption, and mass-trans-
fer. Therefore, their environmental fates are difficult to monitor and explain. Nevertheless, using
CSIA to determine the isotopic fractionation of hydrogen, carbon, and bromine stable isotopes of
BOCs may serve as a basis to describe their reaction pathways. According to an experimental
comparison of the apparent kinetic isotope effect (AKIE) with the theoretical known kinetic iso-
tope effect (KIE), the reaction pathways and products (intermediates) may be identified without
analyzing and determining the products.

For example, element E (carbon, hydrogen, and other elements) related to a bond cleavage
reaction generally exhibits a conventional isotope effect. In other words, molecules with a lighter
isotope at specific cleavage location react faster compared to those with a heavier isotope. The
different reaction speeds of heavier and lighter atom are quantified using (pseudo)-first order rate
constants hk and lk, respectively. Therefore, an intrinsic kinetic isotope effect KIEE is expressed as
(Elsner et al., 2005):

KIEE ¼
lk
hk

(2)

Usually, (bio)chemical reactions exhibit a normal isotope effect (KIEE > 1); however, when
formation or strengthening of bonds is the rate-limiting step, an inverse isotope effect (KIEE < 1)
may occur (Marlier, 2001; Paneth & O’Leary, 1991; Zakon et al., 2013). A heavy isotope may be
located at positions that are not involved in a reaction; in contrast, a molecule may have two or
more reacting positions, but only one of the positions reacts. As such, a simplified mathematical
formula was developed to relate fractionation factor (a) to KIEs, where a is the reciprocal of KIE
value, i.e., a ¼ KIEE

�1 (Elsner et al., 2005).
The experimentally determined isotope fractionation and isotope enrichment factor (e) result-

ing from the prioritized cleavage of bonds involving lighter isotope is generated according to the
Rayleigh equation (Meckenstock et al., 2004):

ln
Rt

R0
¼ a� 1ð Þ � lnf ¼ ebulk

1000
� lnf (3)

where, a represents fractionation factor; f represents the fraction of remaining compound; ebulk
represents experimental bulk isotope enrichment factor (ebulk ¼ 1000�(a-1) [&]); R0 and Rt repre-
sent the isotopic composition of compound at times t and 0, respectively.

The isotopes of interest in a compound may be in several positions, with only some participating
in reaction. As a result, the changes in ebulk may be smaller because of “dilution” effect from non-
reactive isotopes. Thus, a position-specific isotope enrichment factor is calculated by converting
bulk isotope enrichment factor to a position-specific isotope enrichment factor (Elsner et al., 2005):

ereactive position ¼ n
x
� ebulk (4)

where, ereactive position represents the reactive position-specific isotope enrichment factor; n repre-
sents number of atoms in the molecule; x represents the number of atoms in a reactive position.
Considering the uncertainty of ebulk, a 95% confidence interval from isotope measurements at dif-
ferent time points is established. The mean of individual uncertainties is used for final calculation.
AKIE is also estimated based on previous studies (Elsner et al., 2005; Vanstone et al., 2008):
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AKIEE ¼ 1
1þ z � nx � ebulk=1000

(5)

where, n represents the number of atoms in molecule; x represents the number of atoms located
at the reactive site; z represents the number of chemically equivalent reactive positions that com-
pete for reaction.

The transformation of the determined ebulk into a reactive position-specific AKIE provides two
advantages when explaining the transformation pathways of BOCs in environment. One is that
when the (bio)chemical reactions (e.g., reduction of a C-Br bond) are the same, reactive position-
specific AKIE can be compared between different compounds or between structurally dissimilar
compounds, regardless of molecular size. The other is that common trends with respect to isotope
fractionation can be established and used to infer nonfractionating step, even when the reactive
position-specific AKIE and theoretical KIE significantly differ. These advantages have been widely
used to describe multiple BOC transformation pathways (Kuntze et al., 2016; Woods et al., 2018;
Zakon et al., 2013).

Next, this review discusses the observed stable isotope KIEs for different reaction mechanisms,
to describe the application of stable isotope analysis in environment. The discussion describes sta-
ble isotope effect related to transformation pathway of BOCs for the reactions of nucleophilic
substitution (SN2), radical oxidation, and reductive dissociation of C-Br bond.

4.1. 1,2-Dibromoethane (termed as ethylene dibromide, EDB)

Ethylene dibromide (EDB) is a typical BOC, and has been widely used as an agriculture fumigant
and lead scavenger in gasoline over the past few decades (Falta et al., 2005; Pignatello & Cohen,
1990). It is transformed through chemical and biological pathways, e.g. hydrolysis, dibromoelimi-
nation, oxidative transformation, and aerobic and anaerobic biotransformation (Scheme 2)
(Kuntze et al., 2016). The carbon and bromine kinetic isotope effect reflect chemical bond cleav-
age in particular reaction type.

4.1.1. Nucleophilic substitution
Under alkaline hydrolysis, one study found that EDB transformation occurred through the
nucleophilic substitution (SN2) mechanism, resulting in 13C-AKIE ¼ 1.0620 ± 0.0052 and 81Br-
AKIE ¼ 1.0020 ± 0.0002 (Kuntze et al., 2016). The resulting carbon isotope effect was consistent
with the following values: 13C-AKIE ¼ 1.0678 ± 0.0070 (SN2 reaction of EDB with hydrogen sul-
fide) (Kuder et al., 2012) and 13C-AKIE ¼ 1.0520 ± 0.0080 (SN2 of tribromoneopentyl (TBNPA))
(Kozell et al., 2015) (Table S1). Further, the observed bromine isotope effect approximate to the
values 81Br-AKIE ¼ 1.0017 ± 0.0000 (SN2 reaction of n-butyl bromide) (Willey & Taylor, 1980),
81Br-AKIE ¼ 1.0012 ± 0.0003 (SN2 reaction of TBNPA) (Kozell et al., 2015) and 81Br-AKIE ¼
1.0012 ± 0.0004 (SN2 reaction of methyl bromide) (Horst et al., 2019). Therefore, by comparing
the observed apparent bromine and carbon kinetic isotope effect during EDB transformation,
with the known and determined carbon or bromine kinetic isotope effect, researchers inferred the
reaction type of chemical bond cleavage of EDB and clarified the transformation pathway.

To study aerobic biotransformation of EDB by Ancylobacter aquaticus, a study assumed a SN2
nucleophilic substitution pathway (Kuntze et al., 2016). Previous studies found that the chlori-
nated analogue 1,2-dichloroethane (1,2-DCA) was catalyzed by analogue dehalogenases and fol-
lowed a SN2 reaction route with the 13C-AKIE ¼ 1.06� 1.07 and 37Cl-AKIE ¼ 1.009 (Hunkeler
& Aravena, 2000; Lewandowicz et al., 2001; Palau et al., 2014a). The carbon isotope effect of 1,2-
DCA was consistent with the value obtained for EDB reaction under alkaline conditions (13C-
AKIE ¼ 1.062 ± 0.0052 and 81Br-AKIE ¼ 1.0020 ± 0.0002). Therefore, the reaction of 1,2-DCA
catalyzed by analogue haloalkane dehalogenases followed a SN2 mechanism. However, the
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observed carbon isotope effect (13C-AKIE ¼ 1.0140 ± 0.0008) and bromine isotope effect (81Br-
AKIE ¼ 1.0012 ± 0.0002) for aerobic biodegradation of EDB significantly differed from the values
of EDB generated in alkaline conditions (13C-AKIE ¼ 1.0620 ± 0.0052 and 81Br-AKIE ¼
1.0020 ± 0.0002) (Kuntze et al., 2016); they also differed from the value of 1,2-DCA (13C-AKIE ¼
1.06� 1.07) obtained from reaction catalyzed by analogue haloalkane dehalogenases (Poma et al.,
2014). This highlighted the presence of a different reaction mechanism. The equilibrium isotope
effect led to a different isotope effect between the two analogues, because of the nature of sub-
strate’s binding to enzyme.

4.1.2. Dibromoelimination
With Zn (0)/corrinoids (Norpseudovitamin B12 and Cyanocobalamin), the transformation of EDB
involved in dibromoelimination results in both carbon and bromine isotope effects.
Dibromoelimination of EDB, either by Zn (0) or corrinoids, leads to a lower carbon isotope frac-
tionation value, as follows: 13C-KIE (1.0223 ± 0.0022� 1.0350 ± 0.0018) (stepwise, z¼ 2) and 13C-
KIE (1.0110 ± 0.0011� 1.0172 ± 0.0009) (concerted, z¼ 1). However, it leads to higher values for
81Br-KIE (1.0042 ± 0.0006� 1.0079 ± 0.0008) (stepwise, z¼ 2) and 81Br-KIE
(1.0021 ± 0.0003� 1.0039 ± 0.0004) (concerted, z¼ 1), compared to the isotope fractionation of
EDB (13C-AKIE ¼ 1.062 ± 0.0052 and 81Br-AKIE ¼ 1.0020 ± 0.0002) under alkaline hydrolysis,
respectively (Kuntze et al., 2016). These data were hard to interpret, so researchers recommended
more experimental and theoretical work to explain the mechanism associated with this reaction.

Scheme 2. Transformation pathways of BDE: 1. Nucleophilic substitution (SN2); 2. Dibromoelimination with Zn (0); 3. Radical
reaction with Fenton (Kuntze et al., 2016).
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For anaerobic biotic transformation of EDB with crude extract of Sulfurospirillum multivorans
(S. multivorans), the carbon isotope enrichment factor was ereactive position ¼ �5.3 ± 0.5&. Ethene
was the sole detected intermediate. A previous study had hypothesized that an anaerobic enrich-
ment culture of EDB with a ereactive position of approximately �5& was likely a dibromoelimina-
tion reaction (Henderson et al., 2008). Furthermore, the bromine isotope effects of EDB with
81Br-AKIE ¼ 1.0023 ± 0.0002 (concerted mechanism, z¼ 1) and 1.0046 ± 0.0004 (stepwise, z¼ 2)
were consistent with the values from dibromoelimination with Zn (0) and corrinoids: 81Br-AKIE
¼ 1.0021 ± 0.0003� 1.0079 ± 0.0008), respectively (Kuntze et al., 2016). Therefore, the reaction of
EDB by S. multivorans was assumed as dibromoelimination reaction.

4.1.3. Fenton oxidation
A carbon isotope effect (13C-AKIE ¼ 1.0086 ± 0.0006) was found during the oxidative transform-
ation of EDB using Fenton reagent (Kuntze et al., 2016). This was within the scale of the typical
13C-AKIE (1.01� 1.03) characteristics for an oxidative C-H bond cleavage mechanism (Elsner et
al., 2005). In this case, H abstraction from C-H bond limited transformation rate, and all C-H
bonds equally competed for the transformation. The carbon isotope effect value of EDB using
Fenton oxidation (13C-AKIE ¼ 1.0086 ± 0.0006) was well aligned with the carbon isotope effect
value of TBNPA for a similar mechanistic reaction (1.012 ± 0.0015) (Kozell et al., 2015). It was
also well aligned with the value observed for oxidative transformation of 1,1,1-trichloroethane
using heat activated persulfate (13C-AKIE ¼ 1.008) (Palau et al., 2014b). The oxidative C-H bond
cleavage mechanism of these two similar compounds and their carbon isotope effects for corre-
sponding mechanism were understood; as such, this supported the conclusion that oxidative C-H
bond cleavage mechanism of EDB by Fenton reagent was generated by the carbon isotope effect.

4.2. Tribromoneopentyl alcohol (TBNPA)

The carbon and bromine isotope effects of TBNPA were analyzed during three different chemical
reactions: reductive dehalogenation by Fe (0) nanoparticles in anoxic condition (nZVI); a conver-
sion reaction in alkaline solution (pH ¼ 8); and oxidative degradation by H2O2 in the presence
of CuO nanoparticles (nCuO) (Kozell et al., 2015). In alkaline solution (pH ¼ 8), researchers
found a carbon isotope effect (eC ¼ �10.4 ± 1.6&) and a bromine isotope effect (eC ¼
�1.9 ± 0.2&) (Table S1). To relate these obtained isotope enrichment factors to the specific trans-
formation pathways, the carbon and bromine isotope enrichment factors were converted to
AKIE, with values of 13C-AKIE ¼ 1.052 ± 0.008 and 81Br-AKIE ¼ 1.0012 ± 0.0003, respectively.
These values aligned well with the values for SN2 reaction of EDB (13C-AKIE ¼ 1.062 ± 0.0052)
(Kuntze et al., 2016) and n-butyl bromide (n-BuBr) (81Br-AKIE ¼ 1.00169 ± 0.00003) (Table S1)
(Willey & Taylor, 1980). Therefore, researchers hypothesized the presence of SN2 reaction path-
way, based on the bromine and carbon isotope effects for TBNPA transformation in alkaline
solution (pH ¼ 8). In alkaline solution, for TBNPA molecule, all C-Br bonds equally competed
for the reaction, and the nucleophilic substitution of intramolecular C-Br bond cleavage was a
rate-determining step (Scheme 3).

With nZVI in anoxic conditions, researchers observed values of 13C-AKIE ¼ 1.038 ± 0.0035
and 81Br-AKIE ¼ 1.0057 ± 0.0003 for a TBNPA transformation (Kozell et al., 2015), indicating
that the cleavage of C-Br bond was a rate-determining step. The 81Br-AKIE value
(1.0057 ± 0.0003) was greatly higher than the value (� 1.0008) measured for reductive debromina-
tion through stepwise reductive debromination of brominated phenols (Bernstein et al., 2013).
The value was consistent with the semiclassical Streitwieser limit of maximum KIE ¼ 1.002.
Based on the AKIE values and the relatively high 81Br-AKIEs, researchers hypothesized that path-
way involved simultaneous reductive debromination at several C-Br positions (Scheme 3).
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With H2O2/nCuO process, TBNPA degradation led to a carbon isotope fractionation, where eC
¼ �2.4 ± 0.3& (13C-AKIE ¼ 1.012 ± 0.0015); there was no statistically significant detection of
bromine isotope fractionation (Kozell et al., 2015). This indicated that C-H bond cleavage was
the rate-determining step. The 13C-AKIE ¼ 1.012 ± 0.0015 value aligned well with the scale of the
typical 13C-AKIE (1.01� 1.03) for oxidative C-H bond cleavage pathway (Elsner et al., 2005).
Thus, the C-H bond cleavage pathway of TBNPA during oxidative degradation by H2O2/nCuO
was proposed (Scheme 3).

In summary, different isotope effects accompany different chemical processes of TBNPA, and
specific transformation mechanism is clarified by information about the element’s isotope
effect values.

4.3. Tribromoethene (TBE)

Biotransformation of TBE to vinyl bromide (VB) and ethene enzyme-catalyzed by S. multivorans
and Desulfitobacterium hafniense PCE-S (D. hafniense PCE-S) was studied and stable isotope ana-
lysis was utilized to monitor its fate (Woods et al., 2018). The 13C-AKIE values for the debromi-
nation of trans1,2-dibromoethene (trans1,2-DBE) and cis-1,2-dibromoethene (cis-1,2-DBE) by S.

Scheme 3. Transformation pathways of TBNPA: 1. Alkaline solution (Intramolecular nucleophilic substitution); 2. nZVI (Reductive
dehalogenation (SET)); 3. H2O2/CuO (Oxidative C-H cleavage) (Kozell et al., 2015).
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multivorans were 1.035 ± 0.0036 and 1.044 ± 0.0032, respectively, and of TBE, trans1,2-DBE and
cis-1,2-DBE by D. hafniense PCE-S were 1.016 ± 0.0030, 1.019 ± 0.0024, and 1.030 ± 0.0007,
respectively (Table S1). All these values were close (in the same order of magnitude) to the calcu-
lated KIE value (13C-AKIE ¼ 1.043) for a common C-Br bond cleavage (Zakon et al., 2013).
However, 13C-AKIE (1.002 ± 0.0004) value for the debromination of TBE by S. multivorans was
one order of magnitude smaller than the calculated KIE value (13C-AKIE ¼ 1.043) for a common
C-Br bond cleavage. That the hydrophobicity of these compounds may cause rate-limiting step at
the active site of the enzyme, resulting in masking of intrinsic isotope effects. It is expected that
this is an enzyme-specific effect, related to physico-chemical properties of the reductive dehaloge-
nase. Thus, the results indicated that either there was a rate-limiting step before C-Br bond cleav-
age, which leads to covering intrinsic isotope effect, or the reaction pathways differed.

The bromine isotope fractionations were also determined during biotransformation of TBE,
trans1,2-DBE, and cis-1,2-DBE by S. multivorans and D. hafniense PCE-S. The 81Br-AKIE values
for debromination of trans1,2-DBE, cis-1,2-DBE and TBE by S. multivorans were 1.001 ± 0.0003,
1.002 ± 0.0005, and 1.004 ± 0.0004, respectively; the values for cis-1,2-DBE, trans1,2-DBE, and
TBE by D. hafniense PCE-S were 1.002 ± 0.0006, 1.003 ± 0.0006, and 1.003 ± 0.0011, respectively
(Table S1). All measured 81Br-AKIE values were close to the semiclassical Streitwieser limit of
KIE ¼ 1.002 (Hunkeler & Elsner, 2009). Of note, some 81Br-AKIE values of trans1,2-DBE and
TBE biotransformation by S. multivorans and D. hafniense PCE-S exceeded the semiclassical
Streitwieser limit. However, all these 81Br-AKIE values were within the same order of magnitude.
This similarity indicated that biotransformation of TBE, trans1,2-DBE, and cis-1,2-DBE by S.
multivorans and D. hafniense PCE-S have the same debromination reaction mechanism.
Therefore, the reductive debromination reaction mechanism can be applied (Scheme S1).

4.4. Brominated phenols (BP)

The photodegradation of 2-bromophenol (2-BP), 3-bromophenol (3-BP), and 4-bromophenol (4-
BP) was investigated in aqueous and ethanolic solution under UV light irradiation, allowing
researchers to study their possible reaction pathways (Scheme S2-1) (Zakon et al., 2013). All pho-
todegradation reactions involved the C-Br bond cleavage of these brominated phenols; however,
their primary detected intermediates varied between research groups. Furthermore, Pinhey and
Rigby reported that phenol was the primary intermediate in light-induced reaction of different
halophenols in ethanol/isopropanol solution; they hypothesized that a radical reaction mechanism
was caused by C-Br bond homolysis (Pinhey & Rigby, 1969). Lipczynska-Kochany reported that
3-BP reacted via ionic mechanism, accompanied by heterolysis of C-Br bond. In contrast, 4-BP
photodegraded via radical pathway that included homolytic C-Br bond cleavage (Scheme S2-2)
(Lipczynska-Kochany, 1992). Finally, Durand et al. proposed that 4-BP experienced photodegra-
dation via ionic pathway that includes heterolytic C-Br bond cleavage (Durand et al., 1998).

Many researchers have studied the photodegradation intermediates and pathways of bromi-
nated phenols, however, details related to the photodegradation pathways remained unclear using
traditional methods. As such, researchers used CSIA to determine the carbon and bromine iso-
tope effects to better describe the pathway details. This stable isotope analysis has served as a
powerful tool for identifying the photodegradation mechanism of brominated phenols.

For example, Zakon et al. investigated the carbon and bromine isotope effects of 4-BP, 3-BP,
and 2-BP during UV-irradiation in water and ethanol (Zakon et al., 2013). Except for 2-BP in
water, inverse high bromine isotope effects (81Br-AKIE < 1) were observed for the other bromi-
nated phenols (Table S1). Three brominated phenols in ethanol, and 4-BP in water, became
enriched with 13C; however, the carbon isotope composition of 2-BP and 3-BP showed no frac-
tionation in water. Therefore, according to the observed carbon and bromine isotope effect, a
superposition of mass-independent magnetic isotope effect (MIE) and mass-dependent kinetic
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isotope effect (KIE) for phototransformation was proposed to illustrate bromine isotope effects
(Eq. 6).

Br� AKIE ¼ Br� KIEþ Br�MIE (6)

This allowed for the development of a hypothesis related to photodegradation pathways of
brominated phenols (Scheme S3). For three brominated phenols in ethanol and 4-BP in water,
there was both a normal carbon isotope effect (13C-AKIE > 1) and an anomalous inverse brom-
ine isotope effect (81Br-AKIE < 1) (Table S1). This indicated that photodegradation was related
to an analogous radical mechanism induced by homolytic C-Br bond cleavage in the rate-deter-
mining step (Zakon et al., 2013). In this context of homolytic C-Br bond cleavage, the bromine
isotope effect is a synergistic contribution of normal KIE caused by a bond cleavage between the
lighter isotopes, and MIE resulting from different rates of intersystem-crossing between singlet-
triplet states. For 2-BP in water, there were no carbon and bromine isotope effects (13C-AKIE ¼
1, 81Br-AKIE ¼ 1) (Zakon et al., 2013). This demonstrated that C-Br bond cleavage was not the
rate-determining step, and therefore there was no KIE. The absence of MIE shows that photode-
gradation reaction of 2-BP in aqueous solution underwent an ionic mechanism. In contrast, for
3-BP in aqueous solution, an inverse bromine isotope effect (81Br-AKIE < 1) and no carbon iso-
tope effect (13C-AKIE ¼ 1) were obtained.

In these cases, the bromine isotope effect may result entirely from MIE related to triplet-singlet
conversion. In contrast, for carbon isotope effect, it may be that C-Br bond cleavage has no rate-
limiting step for conversion, and therefore does not have a significant mass-dependent KIE. This
indicates that 3-BP photodegradation in water proceeds through an ionic pathway. The measured
carbon and bromine isotope effects can effectively describe the photodegradation pathway details
of these brominated phenols; however, Zakon et al. found that further experiments combined
with theoretical calculations are important for verifying the correlation between the observed iso-
tope fractionation and possible reaction mechanism (Zakon et al., 2013).

In addition, TBBPA was degraded under LED white light (k> 400 nm) illumination and the
isotope fractionation of carbon and bromine was used to describe the cleavage of C- Br and C-C
bonds (Xiong et al., 2020). Furthermore, TBBPA photodegradation in water under simulated solar
light illumination was investigated and the carbon isotope effects during photodegradation were
measured (Wang et al., 2015). Inverse isotope effects were also observed for TBBPA photolysis
with rose bengal as the 1O2 photosensitizer (13C-AKIE ¼ 0.9821 ± 0.0009) or without rose bengal
in air (13C-AKIE ¼ 0.9678 ± 0.0030) and N2 atmosphere (13C-AKIE ¼ 0.9525 ± 0.0032) (Table
S1). Thus, a MIE-hydrolysis mechanism has also been identified as a main pathway.

5. Tracing metabolic activity

CSIA is also a promising tool for studying biodegradation of in-situ organics in environment,
and for improving descriptions of organics during in-situ biotransformation. During biodegrad-
ation, light isotopes are more favorable for transformation than heavy isotopes, leading to enrich-
ing heavy isotopes in the parent compounds of the remaining substrate (Elsner et al., 2005).
CSIA has been extensively applied to evaluate the in-situ biodegradation of chlorinated ethenes
(Lollar et al., 2001), halogenated benzene (Sohn et al., 2018), and chlorpyrifos (Tang et al., 2017).
However, few studies have applied CISA to analyze BOC biodegradation.

Recently, a stable carbon isotope analysis was conducted to explore the in-situ biodegradation
of PBDE congeners at an e-waste recycling site (Huang et al., 2019). The d13C values of five
PBDE congeners (2,4,40-tribromodiphenyl ether (BDE-28), BDE-47, BDE-49, BDE-99, and
2,20,4,40,5,50-hexabromodiphenyl ether (BDE-153)) were measured in sediment at different depths.
The heavy isotope (13C) was enriched with increasing core depth. Compared with d13C values in
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PBDE commercial mixtures, d13C values of PBDEs demonstrated the potential for tracing the fate
of PBDEs through in-situ microbial degradation.

Multi-elemental CSIA has also been used to trace the fate of organic contaminants. Balaban et
al. used dual carbon and bromine stable isotope analysis to investigate biotransformation of
TBNPA (brominated flame retardant) using indigenous aerobic microorganisms enrichment cul-
ture (Balaban et al., 2016). In laboratory experiment, bromine and carbon isotope effects were
determined throughout TBNPA biotransformation. Under aerobic condition, biotransformation
was rapid and full debromination occurred within a few days. Significant carbon isotope enrich-
ment occurred, with eC bulk ¼ �8.8 ± 1.5& but no variation in the bromine isotope composition.
Under anaerobic condition, no biodegradation was observed. This indicates that the initial step of
TBNPA biotransformation was H abstraction from C-H bond under aerobic conditions. The C-H
bond cleavage led to generating less stable intermediates, which were quickly debrominated
(Balaban et al., 2016). In the in-situ experiment, carbon, and bromine isotope analysis of TBNPA
in the polluted groundwater was also performed, to provide information about the in-situ biodeg-
radation of TBNPA. Result showed that both bromine and carbon had the same isotope compos-
ition as the isotope composition of TBNPA in the production line. Therefore, when bromine and
carbon isotope values of TBNPA in in-situ contaminated groundwater were compared with
TBNPA values in the production line, and when they were combined with TBNPA oxidative
pathway created by aerobic biodegradation in a groundwater enrichment culture, the bromine
and carbon isotope values measured in TBNPA in-situ contaminated groundwater indicated a
lack of TBNPA in-situ biodegradation.

Most BOCs possess greatly persistent, bioaccumulative, and ecotoxic properties. This means
they are potentially harmful to ecosystems and humans; and verifying their metabolism and
trophic dynamics in biota is critical for effective scientific risk assessments. CSIA has been
recently used to describe biological metabolism and trophic dynamics of BOCs. For example, Luo
et al. applied CSIA to track debromination and trophic dynamics of PBDE congeners in fish (Luo
et al., 2013). Stable carbon isotope compositions of five PBDE congeners (BDE-28, BDE-47, BDE-
49, 2,20,4,40,6-pentabromodiphenyl ether (BDE-100), and BDE-99) in three kinds of fish were
accurately measured. Results indicated that d13C values of BDE-100 did not significantly differ
among PBDE commercial mixture DE71 (-27.78 ± 0.15&), tiger barb (-27.90 ± 0.11& and
�27.88 ± 0.25&), oscar fish (-27.83 ± 0.23& and �27.78 ± 0.22&), and redtail catfish
(-27.82 ± 0.12& and �27.83 ± 0.19&).

Based on the structure-activity relationship in fish with respect to debrominating PBDE conge-
ners (Roberts et al., 2011), and the same isotope signature of BDE-100 in fish and in diet. It can
be concluded that fish were directly exposed to BDE-100 through their diet. The d13C values of
BDE-99 in tiger barb were a little higher compared to DE71, and the discriminations were smaller
than the total analytical uncertainty of 0.5&. This demonstrates that no obvious isotope fraction-
ation took place. This is because of the masking effect created by large amount of BDE-99 in tiger
barb, which did not debrominate or dilute the other 11 carbons that did not participate in the
reaction. However, d13C values of BDE-99 decreased as trophic level increased (from �26.25& in
DE71 to �27.76& in oscar fish and to �27.33& in tiger barb). Carbon isotope fractionation of
BDE-47 in these fish species was a result of the debromination of highly brominated congeners,
e.g., BDE-99 and 2,20,3,4,40-pentabromodiphenyl ether (BDE-85). A similar variation in d13C val-
ues was also seen for BDE-28. The d13C values of BDE-49 experienced no significant differences
among DE71 within three fish species. Compared with d13C values of PBDE congeners, the con-
servation of d13C values of BDE-49 among fish species indicated that BDE-49 was not the inter-
mediate of highly PBDE congeners.

CSIA has also been used to track transfer and biological metabolism of PBDE congeners in
fish (Zeng et al., 2013). The d13C values were determined for PBDE congeners, including BDE-
47, �99, and �100 in sediments, and BDE-47, �49, and �100 in northern snakehead and mud
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carp. The d13C values of BDE-47, �99, and �100 (-23.91 ± 0.21&, �27.54 ± 0.76&, and
�29.97 ± 1.80&, respectively) in sediments are consistent with values of PBDE commercial mix-
tures (Vetter et al., 2008). These results showed that BDE-47, �99, and �100 cannot degrade and
transform in sediments, or if degradation and transformation occur, these processes do not
change the stable isotope composition.

However, d13C values of BDE-47 were significantly higher in sediments compared to in mud
carp (-26.59 ± 0.21&) (Zeng et al., 2013). This is because debrominating highly brominated con-
geners may cause the pool of BDE-47 in mud carp to exhibit lower d13C values compared to the
point of origination. As such, decreasing d13C values of BDE-47 demonstrates metabolic debromi-
nation of PBDE in mud carp. Furthermore, d13C values of BDE-47 in northern snakehead
(-26.84 ± 0.47& – �26.65 ± 0.08&) approximated to those in mud carp; they were expected to
have a lower d13C value compared to prey mud carp. This result may be because BDE-47 was
superimposed from metabolic debromination of highly brominated congeners by northern snake-
head and BDE-47 from other prey species. However, d13C values of BDE-49 in northern snake-
head (-25.25 ± 0.08& – �24.49 ± 0.47&) were significantly higher compared to mud carp,
resulting from hydroxylation of BDE-49 in northern snakehead and/or metabolism from other
prey species. In contrast, for BDE-100, there were no significant differences in d13C values among
mud carp, northern snakehead, and sediment, indicating that BDE-100 cannot undergo metabolic
debromination in the two fishes. This example illustrates that CSIA can effectively trace the meta-
bolic transformation of BOCs in organisms, and is an effective tool for tracking metabolic trans-
formation of organic contaminants in organisms.

6. Future work and challenges

This paper has reviewed major aspects related to the recent application of CSIA for studying
BOCs. The associated stable isotope analysis provides information on the source, abiotic and
microbial transformation mechanism, and biological metabolism, helping scientists better under-
stand the fate of BOCs in environment. CSIA has developed quickly and expanded to enable pre-
cise measurement of different elements (e.g., nitrogen, sulfur, chlorine, and bromine) (Elsner &
Imfeld, 2016) and many organic compounds (e.g., trichloroethene, tetrachloroethene, and BOCs)
(Elsner & Imfeld, 2016; Gelman & Halicz, 2010); it is also applied to study some areas, like bio-
transformation and biomagnification of toxic compounds (e.g., PBDEs) via food chain (Luo et al.,
2013; Zeng et al., 2013). The advantages of CSIA are clear with respect to identifying sources,
assessing transformation pathways, and tracing BOC metabolism in environment. However, the
technology is still new and great benefits are likely to come from further development. Research
in the following four areas would significantly advance the application of CSIA in the environ-
mental and geochemical sciences.

1. Developing new analytical methods to analyze bromine stable isotope of BOCs: Over the past
decades, CISA has been further developed to determine bromine stable isotope, and signifi-
cant advances have been made in understanding bromine isotope effect for various BOCs in
environmental/geochemical processes. GC/MC/ICPMS and GC/quadrupole mass spectrom-
etry have been used to analyze the bromine isotope composition of individual compounds,
and GC/MC/ICPMS analysis has been considered as the most promising technique for deter-
mining bromine isotope composition of BOCs. However, new methods face challenges. To
compare bromine isotope data generated by different operators, equipment, and laboratories,
there is a significant need for international standard materials with defined bromine isotope
composition. For example, Holmstrand et al. used MBB with a known d81Br of -0.39& as a
standard reference material to determine PBDEs (Holmstrand et al., 2010), while another
research group applied strontium as a standard reference material to measure 3-
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bromotoluene, tribromobenzene, tribromophenol, and bromochlorobenzene (Gelman &
Halicz, 2010). Many BOCs contain hydroxyl, carboxyl, alcohol, or amino groups, which may
reduce their volatility and increase their polarity. These are challenges those current methods
do not address well, because BOCs tend to decompose when injected on a GC column, or
adsorbed in the chromatography column. They are not easy to desorb. Even without these
problems, the BOCs may adhere onto the interface between GC and MC/ICPMS. Therefore,
the new high-precision bromine isotope analysis methods still face challenges when analyzing
BOCs in different environments.

2. Deciphering the mechanisms involved in isotope fractionation during chemical reactions:
When isotope fractionation occurs in a reaction, the KIEs obtained for specific elements pro-
vide significant information about the reaction to the pathway. However, CSIA mainly
describes isotope characteristic of individual compounds. Therefore, isotope fractionation
may be masked by non-reacting atoms and the isotope fractionation effects may be smaller
than expected. Even though isotope enrichment factors of multiple elements may sometimes
be effective, the CSIA technique still cannot meet the needs of mechanistic studies. In this
situation, position-specific isotope analysis may be useful to investigate the pathway, and pos-
ition-specific enrichment factor values can provide more important information about the
mechanism. There is significant potential for advancing approaches to multiple isotope
enrichment analyses and position-specific isotope analyses of BOCs; however, challenges
remain with respect to developing the tools for better elaborating transformation mechanism
of BOCs.

3. Distinguishing different degradation pathways of BOCs. Combining both experimental and
computational approaches are an ideal way to clarify the transformation of BOCs.
Nevertheless, only four studies have conducted in-depth analyses to characterize the bromine
isotope effect using both theoretical predicted and experimentally determined methods. In
one study, Willey and Taylor reported that the Br KIE of tert-butyl and n-butyl bromides
during solvolysis could be significantly attributed to SN1 and SN2 transformation pathways
(Willey & Taylor, 1980). The other three studies were conducted by researchers in Israel.
They focused on bromine isotope effect during Grignard reaction in view of metal insertion
mechanism (Szatkowski et al., 2013) and Finkelstein reaction based on SN2 pathway ( _Zaczek
et al., 2017); they also observed the carbon isotope effect and bromine isotope effect during
dehydrobromination and nucleophilic substitution reaction of BOCs under alkaline condi-
tions (Manna et al., 2018). These studies show that computational methods are very promis-
ing to further describe the transformation pathways of BOCs and the isotope effect.

4. Applying CSIA to study bioaccumulation and biotransformation of BOCs: Different applica-
tions of CSIA have matured to trace the biotransformation of a few organic pollutants in
biota (Yanik et al., 2003). However, we have identified only two studies that applied CSIA to
track the bio-metabolism of BOCs (PBDEs) in environmental biota and to identify the iso-
tope composition of PBDE congeners in food web (Luo et al., 2013; Zeng et al., 2013).
Currently, the isotope fractionation of BOCs with trophic transfers has not been well
recorded, and the species-specific metabolism increases the challenges of tracing trophic
transfer of BOCs using stable isotope analysis. In addition, CSIA is also an innovative
method to distinguish intrinsic biotransformation of BOCs. Therefore, many challenges lie
ahead in advancing CSIA in environmental applications, and we recommend that CSIA
should be applied in more in this field to obtain more AKIE for biotransformation, in order
to provide reference AKIE data and methods.

In summary, recent advances in GC/C/IRMS and GC/MC/ICPMS have opened the door to
the development of CSIA investigations and application. This has led to significant applications
of this technology across a range of new areas in environmental science, environmental ecology,
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and geochemical science. It is important to further develop and apply CSIA with more organic
compounds and to improve the method’s accuracy and precision. In particular, attempts to use
CSIA to trace the metabolic transformation of organic contamination in organisms remain lim-
ited, but hold great potential for future scientific discoveries.
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