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Pesticides are commonly applied in agriculture to protect crops from pests, weeds, and harmful pathogens.
However, chronic, low-level exposure to pesticides can be toxic to humans. Photochemical degradation of
pesticides in water, soil, and other environmental media can alter their environmental fate and toxicity.
Compound-specific isotope analysis (CSIA) is an advanced diagnostic tool to quantify the degradation of
organic pollutants and provide insight into reaction mechanisms without the need to identify
transformation products. CSIA allows for the direct quantification of organic degradation, including
pesticides. This review summarizes the recent developments observed in photodegradation studies on
different categories of pesticides using CSIA technology. Only seven pesticides have been studied using

photodegradation, and these studies have mostly occurred in the last five years. Knowledge gaps in the
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Accepted 14th July 2021 current literature, as well as potential approaches for CSIA technology for pesticide monitoring, are
discussed in this review. Furthermore, the CSIA analytical method is challenged by chemical element

DOI-10.1039/d1ra01658) types, the accuracy of instrument analysis, reaction conditions, and the stability of degradation products.
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Introduction

Pesticides are chemicals that control and prevent arthropod
pests, weeds, insects, and fungi in agriculture and urban envi-
ronments." The worldwide use of pesticides has significantly
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Finally, future research applications and the operability of this method are also discussed.

increased since the 1960s. Pesticides can be categorized by
chemical type, physical state, and main use (ESI,} Table) (the
WHO Recommended Classification of Pesticides by Hazard and
Guidelines to Classification 2009).> The listed chemical cate-
gories are included for convenience, and some pesticides may
fall into more than one category.’

Pesticide production and use have increased globally with
increased agricultural activity.* While pesticide application has
addressed some of the problems associated with limited crop-
land and the food requirements of a growing global pop-
ulation,® after application, pesticide residue and runoff can lead
to numerous environmental risks. Pesticide persistence,
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intrinsic toxicity, and their accumulation threaten the health of
humans and the environment, and carcinogenesis and neuro-
toxicity are some of the potential adverse health effects that can
result from pesticide exposure.®® The degradation of pesticides
in the natural environment mainly includes chemical, biodeg-
radation,” and photodegradation.” Among these methods,
photochemical degradation is dominant due to the abundance
of solar light and its ability to destroy pesticides in surface soil
and water, as well as plant surfaces and other media."* The
photochemical reactions of pesticides in environmental
matrices occur through direct and indirect photolysis.'> During
direct photolysis, the pesticide molecules become excited after
absorbing UV or visible light energy and are transformed. The
reaction pathways of indirect or sensitized photolysis include
energy transfer, electron and hydrogen transfer, and the
formation of reactive species, which involve the reactions of
ground-state pesticides with other photochemically produced
species in an environmental matrix.

Predicting the migration and transformation of pesticides in
the environment requires a study on photodegradation mech-
anisms. Using current methods, mechanistic studies conducted
in laboratory settings differ from degradation in the natural
environment due to the lower concentrations in natural
samples and interference from other compounds. However,
compound-specific isotope analysis (CSIA) has a unique
potential to bridge the differences of mechanism studies in the
laboratory and natural environment." CSIA offers a comple-
mentary approach for identifying contaminant sources and
degradation pathways, as well as tracing the transformation
reaction, even if several processes occur simultaneously. This
can be accomplished by analysing the isotope ratios of single
compounds and detecting and quantifying isotope fraction-
ation.™ CSIA also correlates well with existing methods to reveal
pesticide degradation reactions, and can be used to quantify
degradation and understand contaminant reaction mecha-
nisms without the need for identifying transformation prod-
ucts.” The relative abundance ratios of isotopes can be
described by calculating the stable isotope enrichment factors
and further linking isotopic changes due to degradation to the
extent of degradation using the Rayleigh fractionation model
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(ESIt). The apparent kinetic isotope effect (AKIE) can also be
used to compare the kinetic isotope effect of bond cleavage
reactions of different molecules, while the isotope fractionation
of two (or more) elements can be used to evaluate degradation
pathways.'® Thus, CSIA technologies have been used to study
organic matter isotopic fractionation patterns for biodegrada-
tion, chemical substitution, and oxidation-reduction reactions
of contaminants."”

However, there are still many gaps in CSIA technology that
need to be addressed. First, elements that can use CSIA tech-
nology to determine stable isotope ratios remain limited.*®
Second, for pollutants such as pesticides, using CSIA is chal-
lenging, as it requires lower concentrations and pre-
concentration information, purification, and high chromato-
graphic performance.” In addition, isotope fractionation
should be avoided during sample preparation to ensure the
accuracy of the test results.”® Thus, it is worth exploring how
indirect photodegradation produces free radicals, as singlet-
state oxygen does not occur during direct photolysis, and how
using CSIA can be used to calculate the contributions of indirect
photolysis and direct photolysis to degradation. Third, isotope
fractionation originates not only from bond cleavages but also
from the photophysical processes of excited states in photolytic
transformations.

Therefore, it is important to study whether the photo-
degradation process of pesticides is accompanied by isotope
fractionation and whether different pesticide types have unique
isotope fractionation modes under the photodegradation
pathway." Light isotopic fractionation during degradation may
result from the breaking of chemical bonds and may be due to
the excited states of photophysical processes.>* In this review,
we summarize the photodegradation process and discuss its
mechanisms and applications by using compound-specific
isotope fractionation technologies on different types of pesti-
cides. Furthermore, the utilization and analysis of the current
status of photodegradation processes using CSIA technology are
discussed, specifically in comparison to the study of biodegra-
dation or hydrolysis by CSIA technology. We also forecast the
future trends of CSIA applications for pesticide
photodegradation.
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Pesticide categories and CSIA
technology

The current literature comprises of few studies on monitoring
the photodegradation of pesticides using CSIA technology, and
most of these studies were conducted in the last ten years (Table
1). The different studies for each category of pesticides are
explained in detail in the following subsections.

Organophosphorus compounds

Wau et al.”* reported that OP esters are susceptible to hydrolysis,
but photolytic degradation of dimethoate, a commonly known
OP, was also used to demonstrate the utility of the CSIA method
for different degradation mechanisms. The amide-acidic group
in dimethoate was found to enhance the positive electrical
properties of the phosphorus atom and therefore it hydrolysed
rapidly in alkaline solutions. However, it was more stable in
acidic solutions. In a comparative study of the acid hydrolysis of
dimethoate using CSIA, only a slight enrichment of '*C
occurred. Under alkaline conditions, water molecules or OH™ as
nucleophilic reagents were found to be capable of bimolecular
nucleophilic substitution reactions (SN,). Thus, a clear carbon
isotope fractionation was observed during hydrolysis (A6**C =
1.9%,). The carbon isotope enrichment factor (—1.0 + 0.19%,) was
significantly larger than the carbon isotope enrichment factor
in the alkaline hydrolysis process of the organophosphorus
pesticide dichlorvos (¢¢ = —0.2 + 0.19,), especially when
combined with the hydrolysis paths of the two pesticides.***
When combined with hydrolysis reaction mechanism studies, it
can be hypothesized that under alkaline conditions, nucleo-
philic OH-attack on phosphorus atoms will lead to P-S bond
cleavage without primary carbon isotope effects. Furthermore,
the hydrogen atoms next to bond cleavage sites may produce
secondary isotope effects. However, under neutral and acidic
conditions, parallel nucleophilic OH attacks on C-O bonds may
lead to C-O bond cleavage, and they are associated with primary
stable carbon isotope effects. Thus, the two C-O bonds in
dimethoate may break during photodegradation under direct
UV irradiation.”® In comparison, the photolysis of dimethoate
caused a larger enrichment than hydrolysis. The carbon isotope
fractionation factor was 3.7 £+ 1.19,,, which was quantified by
the Rayleigh model, providing a distinction between hydrolysis
and photolysis. To further elucidate the reaction mechanism,
AKIE values were calculated to characterize the isotopic effect of
chemical bond breakage at the reaction site. Because it was
unclear whether the photodegradation of dimethoate was
a synergistic or stepwise reaction, only the AKIE values Table 1
were calculated and compared for both cases (Table 1) with
a theoretical value of C-O bond breakage (1.061). Consequently,
both values were found to be low. The kinetic isotope effect
alone could not be used to determine the type of reaction during
the photodegradation process of dimethoate. Thus, a weak
depletion of carbon isotopes occurred during the initial stage of
the reaction from zero to 5 h, though the reasons for this change
were not discussed in the study.
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Based on a direct photodegradation study of dimethoate,
a more accurate prediction of the degradation mechanisms
cannot be made using carbon isotopes alone. However, multi-
element isotope analysis may be used to obtain information
about OP pesticides through multi-element isotope analysis in
future studies. Wu et al* also highlighted the carbon and
hydrogen fractionation patterns, which have the potential to
reveal the transformation of ethyl parathion (EP) during direct
photolysis and OH radical oxidation induced by UV/H,0,
photolysis. In this case, ¢c was low compared with dimethoate,
and no detectable ¢; was observed during both experiments of
EP. Therefore, combining the photodegradation products of EP
with the analysis of the direct photolysis conversion mecha-
nisms and OH radical oxidation processes, suggested that the
rate-limiting step of EP was proceeded by an oxidative attack on
the P=S bond by an OH radical to the central phosphorus atom,
yielding a phosphorenyl radical. This was stationed by the
elimination of a sulfhydryl radical to produce P=0, or the
elimination of nitrophenol from the phosphoric center. None of
the presumed direct C single bond breakage mechanisms were
involved, which verified that the primary isotope effect did not
occur with the low values of the carbon isotope enrichment
factor. This meant that the carbon and nitrogen isotope
enrichment factor could not be used to distinguish direct
photodegradation from indirect photolysis. Photosensitizers
that promote indirect photolysis are also naturally occurring
degradation processes that are important for the production of
free radicals, such as hydroxyl radicals, which are required for
photodegradation and are important for controlling the fate of
organic pollutants in the environment.* In conclusion,
multiple isotope fractionation patterns characterize the bond
cleavage mechanisms of photosensitization and are therefore
valuable tools for studying the fate of pesticides in surface water
and atmospheric media containing photosensitizers. Likewise,
the pH value causes changes in the reaction mechanism of the
degradation process, and carbon and hydrogen isotope
enrichment factors have been measured for the hydrolysis of
dimethoate under different pH conditions. The values of ¢
were smaller and ey larger under alkaline conditions, whereas
the opposite was true for neutral conditions (Table 1). In
combination with the hydrolysis reaction mechanism study,* it
is possible that under alkaline conditions, the attack of nucle-
ophilic OH™ on the phosphorus atom will lead to P-S bond
cleavage without the primary carbon isotope effect, and the
hydrogen atom next to the bond cleavage site may produce
a secondary isotope effect. However, under neutral and acidic
conditions, the attack of parallel nucleophilic OH™ on the C-O
bond may lead to C-O bond cleavage, and is associated with the
primary stable carbon isotope effect. Furthermore, tributyl
phosphate (TBP) is an OP compound used in herbicide
formulations. Liu et al.*® used TBP as a model compound to
study stable isotope fractionation associated with bond cleavage
reactions. The results showed that identifying radical reactions
and distinguishing hydrolysis processes was determined by
correlating the *H and '*C isotope fractionation of TBP. This
revealed that dual isotope analysis has diagnostic value. The
photodegradation process is was also influenced by pH. Thus, it

© 2021 The Author(s). Published by the Royal Society of Chemistry
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is worthwhile to investigate whether fractionation of different
carbon, hydrogen, or other isotopes also occurs.

Organophosphorus pesticides include a variety of phos-
phorothioate (e.g., EP) and dithiophosphorothioate (e.g,
dimethoate) salts, while some organophosphorus pesticides are
phosphates. Also, tris(2-carboxyethyl)phosphine (TCEP), which
is a synthetic phosphate substance, was observed by carbon and
hydrogen isotope fractionation during the indirect photo-
degradation process (ec, yvm,o0, = —1.4 £ 0.1%; ey, vvim,o0, =
—56 + 3%,), and it was postulated that hydroxyl radicals could
undergo C-H bond cleavage during photooxidation, resulting in
H abstraction.”” The P-O bonds in phosphates are resistant to
inorganic hydrolysis, thus any changes observed in oxygen
isotope composition (**0/*°0) may be used as a signature to
distinguish phosphonates from phosphor-esters and organo-
phosphorus, due to the changes in the phosphate §'%0.4
Sandy et al.*® used the oxygen isotope labelling of ambient water
and atmospheric oxygen, and hypothesized that photoexcited
water produces hydroxyl radicals, while atmospheric oxygen
produces peroxyl radicals for nucleophilic substitution reac-
tions. Consequently, the C-P bonds break based on changes in
680 in the reactants and degradation products, combined with
the models and reaction mechanisms. Humic acids have also
been found to absorb UV light and act as photosensitizers, and
can promote the photo-oxidation of bound glyphosate, which is
a phosphate herbicide, forming reactive intermediates such as
singlet oxygen. Zakon et al.** studied both carbon and bromine
isotope effects during UV-photolysis of bromophenols and
found a correlation between isotope fractionation and the
potential reaction mechanism of profenofos. The anomalous
inverse bromine isotope (up to +5.1%,) and carbon isotope
effects (from —12.6%, to —23.4%,) were associated with mole-
cule photoexcitation. This interesting inversion as a result of Br
fractionation was due to the magnetic field isotope effect (mass-
independent isotope effect, MIE) during the photochemical
reaction.*>** MIE is a mass-independent isotopic effect caused
by the magnetic field interactions between the electron and the
spin-generating nucleus, resulting in the generation of free
radical pairs with different spin states. Chemical reactions are
spin-selective, so significant MIE occurs for nuclei composed of
zero-spin and non-zero-spin isotopes (ESIf). The element
bromine has two stable isotopes, "°Br (2.7089) and *'Br (2.9210),
which, although they have the same nuclear spin, have different
magnetic points and therefore impose different ultrafine
interactions on the electron spins. This in turn affects the spin
conversion rate and leads to the observed Br isotope effect. This
conjecture has also been mentioned in the photodegradation
reaction of triazine pesticides.

Tang et al.>> assessed the extent and mechanisms involved in
the biodegradation of chlorpyrifos using CSIA for different types
of integrated recirculating constructed wetlands. Similar
studies were also performed®*** on six pyrethroids (bifenthrin,
fenpropathrin, permethrin, o-cypermethrin, fenvalerate, and
deltamethrin), using CSIA to estimate their bioavailability
(ESIT). The photodegradation of OP diazinon was a potential
source of eutrophication in water, including direct and indirect
photolysis, because phosphate was released following diazinon

© 2021 The Author(s). Published by the Royal Society of Chemistry
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photodegradation.® High-performance liquid chromatography
coupled with electrospray ionization quadropole time-of-flight
mass spectrometry (HPLC-ESI-Q/TOF-MS) analysis indicated
that the photodegradation of diazinon was initiated by cleavage
of the P-O bond.”® Compound oxygen stable isotope analysis
was used to verify the release pathway of phosphates from
diazinon degradation in the Fe(ur)-oxalate complex system. In
addition, CSIA was applied to distinguish commercial glyph-
osate produced by different brands or manufacturers based on
0" N and 6"°C, and trace the source of glyphosate and AMPA
according to the magnitude of the value. Kujawinski et al*”
suggested that carbon isotope ratio (**C/'>C) measurements
allow for the study of the glyphosate chemical source or sources.
Mogusu et al.’® provided a compound-specific *>N/"*N analysis
of glyphosate and aminomethylphosphonic acid (AMPA) in
a two-step derivatization process during oxidative degradation.
This process focused on abiotic degradation, and the research
complemented the results of Kujawinski et al’> A double
isotope also better detects the aminoacylation of glyphosate and
AMPA molecules. The results thus confirmed that different pH
values influence the derivatization of the N-H group during the
isopropyl chloroformate processes. Of these, buffering solu-
tions at pH 10 were critical for obtaining accurate nitrogen
isotope ratios. In conclusion, the main difference between
phosphorothioate and dithiophosphorothioate is the sulfur
content. Because oxygen is more electronegative than sulfur and
has a greater electron-absorbing capacity, we speculate that the
enhanced positivity of the phosphorus atom is greater, allowing
the P=S in phosphorothioate (e.g., EP) to oxidize to P=0 in
a rate-determining step, resulting in minimal or no carbon and
hydrogen fractionation. Conversely, the dithiophosphor-
othioate (e.g., dimethoate) undergoes C-containing side-chain
breakage, resulting in higher carbon fractionation. For phos-
phate structures replaced by alkyl groups (e.g., glyphosate), the
mechanism of C-P bond breakage needs to be further analysed
and verified using carbon isotopes.

Organochlorine compounds

Hexachlorocyclohexanes (HCHs) have been used as insecticides
since 1942, and are of great environmental concern because of
their bioaccumulation and persistence.” Zhang et al*
compared the direct photolysis and indirect photolysis (UV/
H,0,) of a-HCH with biodegradation and quantified carbon
isotope enrichment factors (ec). Hydrogen abstraction by
hydroxyl radicals due to UV/H,0, led to an ¢c of —1.9 £ 0.29,,
with an apparent kinetic carbon isotope effect (AKIEc) of 1.012
=+ 0.001. The obtained carbon isotope fractionation value was
smaller than the value during direct photodegradation (ec =
—1.9 + 0.29%,), which may have been due to the different types of
rate-limiting reactions. While the direct photodegradation
process considers the rate-limiting step to be dechlorination
through cleavage of single-bonded C-Cl, which occurs directly
with breakage of single-bonded carbon, a moderate degree of
carbon isotopic fractionation was observed (e¢c = —2.8 £ 0.2%,).
This phenomenon was consistent with the change in ec when H
abstraction occurred at TCEP, as described above (¢¢ = —1.4 +

© 2021 The Author(s). Published by the Royal Society of Chemistry
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0.1%,). It is also possible to estimate a numerical range of
carbon isotope enrichment factors for the H abstraction
process. The initial step of hydrolysis should be the simulta-
neous cleavage of the C-H and C-Cl bonds through a bimolec-
ular synergistic elimination reaction, thus resulting in a larger
and maximum carbon isotope fractionation (ec of —7.6 & 0.4%,)
compared to the photolysis process, which cleaves only the C-Cl
and H-abstracted carbon isotopes. The binding of the
substrates to enzymes during biodegradation reduces the
degree of carbon isotope fractionation, and thus the degree of
fractionation will be lower compared to hydrolysis.®® Thus, we
were able to validate and complement the apparent kinetic
effects (AKIE values) of different types of carbon isotopes for
different processes, such as OH radical-induced H extraction,
C-H bond breaking, dehydrogenation, and homogeneous
cleavage of C-Cl bonds. Ivdra et al.®~** used carbon, hydrogen,
and chlorine stable isotope fingerprinting, specifically the most
positive 6°H, 6">C, and 6*’Cl values, as baselines and considered
’H-, C-, and *’Cl-enriched HCHs as evidence of the degrada-
tion processes. In other studies, Badea et al.** used a gas
chromatography-combustion-isotope ratio mass spectrometry
(GC-C-IRMS) system equipped with carbon isotopes to reveal -
values of —32.5 + 0.8%,and —32.3 4+ 0.5%, for (—) -HCH and (+)
-HCH, respectively. HCHs and major stereoisomers (o-, B-, 3-
and y-HCHs) were degraded most efficiently on a 2.24 mg cm >
TiO, thin film under 400 W of UV irradiation at 365 nm and
a high-pressure mercury lamp.**** This meant that CSIA can be
used to identify the manufacturer and source of the HCHs, as
well as assess the different degradation types of a-HCHs.

Due to the large IT bond on the benzene ring and the low
polarity of chlorobenzenes, chlorinated organochlorine pesti-
cides are structurally stable, and the benzene ring is not easily
broken. Therefore, compound-specific isotope analysis of chlo-
rine (CSIA-6°’Cl) is commonly used to provide quantitative data
on the transport and transformation of chlorinated organochlo-
rine pesticides. Dichloro diphenyltrichloroe thane (DDT) is an
organochlorine pesticide that was banned in 1983 in many
countries, including China. Most DDT studies involve source
analysis and use CSIA as an indicator,*” while some studies have
focused on the biodegradation process® analysis for DDT. The
main degradation products of DDT are 1,1-bis-(4-chlorophenyl)-
2,2-dichloroethene (DDE) and 1-chloro-4-[2,2-dichloro-1-(4-
chlorophenyl)ethyl]benzene (DDD). CSIA-Cl has been used to
study the degree of degradation of bioaccumulating persistent
organic pollutants (POPs) at environmental concentrations. The
apparent enrichment of *’Cl in DDT and 1,1-
(dichloroethenylidene)bis(chloro-benzene) (DDE) derives from
the kinetic isotope effect (KIE) associated with the environmental
degradation of DDT, but has not been shown to involve biological
or abiotic factors (6*’CL,DDT = —0.69 + 0.21%,, 6°’Cl,DDE =
—2.98 + 0.579,).*” However, issues related to the differences in
chlorine isotope fractionation between DDT and its derivatives by
compound-specific chlorine/bromine isotope analysis (CSIA-Cl/
Br) have received considerable attention. Cl/Br isotope fraction-
ation of DDT has been studied by gas chromatography-mass
spectrometry (GC-MS) or GC double-focusing magnetic sector
high-resolution mass spectrometry (GC-DFS-HRMS).***° GC-DFS-
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HRMS, with its unique dual-GC formulation and mass calibra-
tion that is independent of scan speed, polarity, and ionization
mode, exhibits exceptional specificity and sensitivity compared to
other GC-MSs. However, CSIA results are equally affected by peak
retention time and peak shape. The results have shown that o,p’-
DDT (37.49%,) and pp'-DDT (36.0%,) are similar in terms of
chlorine isotope fractionation, with brominated compounds
showing opposite isotope fractions and lower isotope fractions
than chlorinated compounds.

CSIA studies related to hexachlorobenzene (HCB) have
focused on experimental methods such as the fractionation of
chlorine and bromine isotopes on gas chromatographic
columns,®® and the fractionation of chlorine and bromine
isotopes during fragmentation by gas chromatography-electron
ionization high-resolution mass spectrometry.® However, they
did not focus on photodegradation. Rather, HCB was used as
a typical chlorinated aromatic compound and the effect of the
solvent on its photodegradation pathway and products was
evaluated. The photodechlorination of HCB and other chlori-
nated benzenes (CBz) have also been analysed.” Understanding
this trend and analyzing degradation mechanisms using new
technologies such as CSIA will therefore allow us to predict the
molecular structures of the main products.” Isotope-related
analytical methods have been evaluated, and determining the
chlorine isotope abundance ratios of HCB wusing gas
chromatography-high resolution time-of-flight mass spectrom-
etry (GC-HR-TOF MS) has been studied.” This method is ex-
pected to be used for characterizing and studying the
degradation process of organochlorine pollutants. The CSIA-Cl/
Br method using GC-HR-TOF MS significantly simplifies sample
pretreatment; however, asymmetric and/or broad peaks that
appear during analysis make it difficult to accurately integrate
peak areas, which affects the accuracy of the CSIA results.
Consequently, GC-IRMS is limited to the analysis of certain
compounds and molecular fragments by fixed Faraday detector
alignments. CSIA has been used to evaluate the biodegradation
of HCB and monitoring the in situ microbial reductive dehalo-
genation of highly halogenated benzene by carbon isotope
fractionation.”

Triadimefon (TDF) [(R,S)-1-(4-chlorophenoxy)-3,3-dimethyl-
1-(1H-1,2,4-triazol-1-yl)butan-2-one] is a chiral systemic broad-
spectrum 1,2,4-triazole fungicide and organochlorine pesti-
cide used for controlling plant diseases and insect pests. More
than 30% of pesticides are chiral.”> When triadimefon was
added to 100% of D,O and H,O, the racemization rate revealed
significant isotope effects, suggesting that the rate-determining
step is the cleavage of the C-H (C-D) bond” during the race-
mization of triadimefon. Thus, methods that use isotopes in the
detection of triadimefon and other pesticides involve estab-
lishing an isotope-labelled internal standard method of various
pesticides or even mixtures.” The photophysics and photo-
chemistry of triadimefon have also been associated with other
factors, such as irradiation wavelength and solvent.”® Studies
related to CSIA of triadimefon have not been conducted.
Specifically, chlorinated organochlorine pesticides, such as
DDT, HCB, and chlorothalonil, characterize the photo-
degradation processes using CSIA-Cl because of their stable
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benzene ring structure and the absence of alkyl- or nitrogen-
containing side chains. However, the differences in molecular
volume between the heavier and lighter chlorine isotopes, for
example, the differences in vibrational frequency, bond energy,
and length of the intramolecular bonds, are less pronounced.”
Chlorine isotopic fractionation thus is more difficult to observe
and requires a more precise method development, whereas
chlorinated organochlorine pesticides such as TDF, which have
carbon or nitrogen-containing side chains, can be degraded
using multiple isotopes if photodegradation occurs with side
chain breaks and if isotopic fractionation follows the kinetic
isotope effect.

Triazine derivatives

Atrazine (2-chloro-4-ethylamino-6-isopropylamino-s-triazine) is
one of the most widely used herbicides and is of special
interest* due to its ready transport in the environment.”® Pho-
todegradation of atrazine and other s-triazine herbicides have
been studied,” and most studies focused on LC-MS/MS and GC-
MS techniques. Researchers often use atrazine as a model
substance for atrazine pesticides because both atrazine and
atrazine share the same structural characteristics such as
a triazine ring, and some of the side chains are identical.
Furthermore, it has a relatively simple structure, a wide range of
use, and a diversity of degradation products and mechanisms
such as photolysis, hydrolysis, and biodegradation. Nearly 35
different atrazine degradation by-products have been charac-
terized, including hydroxyatrazine, desethylatrazine, and desi-
sopropylatrazine.®®® Dual element isotope fractionation (6"°C
vs. 6'°N) showed characteristic carbon and nitrogen isotope
patterns during the alkaline hydrolysis of atrazine,*® and
isotopic enrichment factors écarbon = —5.6%, £ 0.19, and
&nitrogen = —1.2%, & 0.19, were obtained. Based on the alkaline
hydrolysis mechanisms of atrazine, and the differences between
the carbon and nitrogen isotope enrichment factors, it is
believed that carbon isotope fractionation is due to the primary
isotopic effect produced by the nucleophilic aromatic substi-
tution of heterocyclic atrazine due to the substitution of Cl by
OH. Although nitrogen isotope fractionation occurs even
though the nitrogen atoms are neither bonded nor unbonded
during the reaction, and the nitrogen isotope enrichment factor
is small but not negligible, the nitrogen isotope effect in this
reaction is presumed to be secondary. This is because all of the
nitrogen atoms are embedded in the aromatic 7-system, which
is disturbed by the C-Cl position reaction. The model-
calculated values of the apparent kinetic effects also validate
the mechanism of atrazine alkaline hydrolysis by demon-
strating that the nitrogen atoms embedded in the aromatic
system are also involved in the nucleophilic substitution reac-
tion. The primary carbon isotope effect of a given element
present in a C-Cl bond of atrazine is position-specific. However,
an opposite effect, ey = 1.3 &+ 0.69,, has been observed under
acidic conditions, possibly due to the additional step of
protonation at one of the N atoms.** Carbon isotopic fraction-
ation does not significantly vary, which implies the same
disruption of C-Cl single bond.
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For the same reaction, each molecular position has
a different isotope effect, and the same position shows different
isotope effects in different reactions. One set of results reported
by Hartenbach et al.** showed very different results for e.arpon
and  ehjrogen  during photolytic transformation (Table 1)
compared to a parallel study on atrazine hydrolysis. The studies
have associated '*C, ®H, and "N fractions with light-induced
transformations of atrazine under neutral conditions. Further-
more, the **C and *H enrichment factors for use of 34-CBBP* as
an oxidant in the photo-oxidation process were about two to
three times higher than those of -OH as an atrazine oxidant.
This may be due to the fractionation of C and H isotopes, which
was mainly caused by the breakage of the N-isopropyl side chain
and/or the N-ethyl side chain during atrazine photo-oxidation.
However, *4-CBBP* as an oxidant, is more selective for the
reaction of these two side chains, thus can change the values of
the isotope enrichment factors. Nevertheless, despite the
differences in values, both oxidants result in the enrichment of
C and H isotopes, indicating linear enrichment relationships.
The less pronounced difference in N isotope fractionation may
be the result of the homotriazole benzene ring staying intact
during the reaction, causing a secondary kinetic isotope effect
in N isotope fractionation. This is consistent with the trend of N
isotope fractionation during hydrolysis, and the numerical
changes are not significant. On the contrary, an inverse isotope
fractionation of *C and '°N during the reaction of direct atra-
zine photolysis occurs, and the enrichment of *H is almost
identical to the control 6°H trend, suggesting that the changes
in the atrazine 6°H may not be related to direct photolysis. This
shows that the triazine ring is mainly involved in the photo-
chemical transformation of the reaction mechanism. The first
hypothesis is that atrazine in excited mono- and triplet states
will return to lower energy levels by radiation-free jumps,® such
as vibrational relaxation and internal transfer, and/or returns to
the fundamental state by radiative jumps, such as fluorescence
or phosphorescence, resulting in depletion of the **C and *°N
isotopes. However, this speculation cannot be currently quan-
tified or measured, and therefore lacks sufficient evidence. The
second hypothesis is that the nuclear spins of different isotopes
differ in the number of spins in the nucleus (i.e., **C (spin 1/2)
vs. '*C isotopologues (no spin) or °N (spin 1) vs. "N (spin 1/2)).
Consequently, the nuclear spins act as “applied magnetic
energies”, starting the non-equilibrium spin transition process
of the excited state atrazine radical pairs, thus affecting the
triazine ring. Thus, the magnetic interaction of the excited state
species, specifically the magnetic isotope effect rather than the
kinetic isotope effect, is the dominant factor. This magnetic
field effect has been proposed by Buchachenko® for photo-
chemical reactions involving species with unpaired electrons,
but still needs to be supported by more relevant studies. The
slope of direct photolysis was found to be 1.05 £ 0.14 (two-
dimensional isotope analysis of Ad'°N/A§"*C), which is signifi-
cantly different from the slopes observed for photooxidation of
atrazine with *4-CBBP" and OH radicals.** The study of
photolysis of atrazine illustrates that CSIA can be used to
distinguish between direct and indirect phototransformation
pathways of pesticides in the environment.
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During atrazine biodegradation, carbon isotope enrichment
factors were negative among the different species of degrading
bacteria, and nitrogen isotope enrichment factors were positive.
However, the inverse nitrogen isotope effect was in agreement
with the results obtained from abiotic hydrolysis (ecarpon =
(—1.4 to —5.4)%, enitrogen = (0.8 t0 3.3)%,),* indicating triazine
ring protonation.** However, this was different from the
depletion that occurs during nitrogen isotope fractionation in
indirect photolysis, where the kinetic isotope effect is still the
dominant, secondary kinetic isotope effect. Thus, the values of
the C and N enrichment factors differed, depending on the
location and effect of the degrading bacteria. A comparison of
hydrolysis, biodegradation, and photolysis studies of atrazine
using CSIA indicated that CSIA can quantify the degree of bond
breakage, and consequently degradation, for different reaction
types. For example, no hydrogen isotope fractionation was
observed during direct photodegradation, indicating that the
triazine ring is the fraction involved in the photochemical
transformation of atrazine. The large differences in the values
of carbon and nitrogen isotopes also indicate a significant
correlation between the primary and secondary isotopic effects
and the degree of isotopic fractionation, while the occurrence of
carbon and nitrogen isotopic anti-patterns during direct pho-
todegradation confirm that isotopic effect type causing the
fractionation, as well as the type of nucleophilic substitution
reaction, can affect the results.

In the photolysis study of atrazine using CSIA, only photol-
ysis under neutral conditions was studied. Nevertheless, it is
still worth investigating whether the acid-base conditions will
cause the same CSIA results, as well as analysing the degrada-
tion mechanism using this technique for the hydrolysis process.
Recent studies®* have pointed out that photosensitizers, as
triplet dissolved organic matter, will also affect the photo-
degradation process of atrazine. How the fractionation of stable
carbon and nitrogen isotopes and the size of the enrichment
factor change during the photosensitization reaction should
also be investigated. Thus, we infer that the photodegradation
of ametryn and other atrazine substances, such as cyanazine,
propazine, and simazine, can be productively studied using
CSIA technology, and many other influencing factors should be
considered.

Pyrethroids

Analysis of pyrethroids and pyrethroids in combination with
CSIA has not been frequently reported, and analytical methods
have progressed from GC* toward LC-MS/MS or GC-MS/MS.*®
Ultra-performance liquid chromatography-tandem mass spec-
trometry (UPLC-MS-MS) has been used to identify and quantify
residues and metabolites of 15 selected pyrethroids.®” Further-
more, eight pyrethroid pesticide analogues can be quantified
using negative chemical ionization gas chromatography with
the assistance of mass spectrometric detection (NCI-GC-MS),*®
using a stable isotope as the internal standard. This includes
deuterium labeling, for the correction of matrix effects and
instrument variability. The photodegradation pathways of
pyrethroids include four main groups: isomerization, 3,3-
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dimethacrylate formation, ester bond cleavage and related
pathways (C-C, O-C bond cleavage), as well as decarboxylation
and reductive dehalogenation.** Therefore, if the photo-
degradation process of pyrethroids can be predicted by carbon
stable isotope analysis, the enrichment of 13C can be observed,
and it is worthwhile to analyse whether the cis-trans isomeri-
zation affects the vibration strength of the bond and, thus, CSIA
analysis.

Pyrethroid degradation studies with compound-specific
stable isotope assays have focused on biodegradation, using
CSIA to study the microbial degradation of lambda-cyhalothrin
in soil.”* Changes in the carbon isotope ratio have been
observed, and the enrichment factor ¢ of lambda-cyhalothrin
has been identified. This may be because soil biodegradation
is mainly responsible for lambda-cyhalothrin disintegration.
Similarly, CSIA can be used for qualitative detection of
biodegradation, and the quantitative assessment of biodegra-
dation® rates during alpha-cypermethrin decay. The enrich-
ment factor e was —1.879,,, and there was a positive correlation
between the microbial degradation percentage and soil organic
carbon content.”® Thus, CSIA was developed to assess the
bioavailability of six pyrethroids (bifenthrin, fenpropathrin,
permethrin, o-cypermethrin, fenvalerate, and deltamethrin)
under soil microbial degradation conditions using stable
carbon isotope ratios, and to characterize trends in the
bioavailability of pyrethroids and reduce abiotic elimination
interference.>*

Studies on CSIA for pyrethroids have also been explored in
the context of chemical reactions. Dichlorobenzenes (DCBs)
occur as chemical intermediates of pesticides such as
permethrin. Carbon isotope fractionation of the three DCB
isomers was investigated during anaerobic reductive dehalo-
genation, and the results showed large isotope fractionation of
1,3-DCB and 1,4-DCB, whereas only a small isotopic effect
occurred for 1,2-DCB.” Therefore, a study on isotopic frac-
tionation during the photolytic transformation of pyrethroids is
still in its infancy and needs to be benchmarked against other
processes such as biodegradation, and hydrolysis through the
accumulation of CSIA techniques.

Carbamates

Stable isotope analysis has been used to trace the source of
methomyl,” as the degradation products of carbamate pesti-
cides are generally non-toxic substances such as NH, ™, SO,>7,
and CO,. Isotopic fractionation during CSIA can be used to
determine the type of reaction that triggers the degradation of
a contaminant, specifically by describing the chemical bond
changes in the reaction pathway. One reason why fewer pho-
todegradation studies on CSIA have been conducted, compared
to biodegradation or hydrolysis studies, is because photo-
degradation products can completely degrade into non-toxic
and harmless substances. Thus, because carbamate pesticides
are capable of complete mineralization under photo-
degradation conditions, unlike other types of pesticides, CSIA,
as an assay technique based on tracking parent isotope frac-
tionation, may pose some difficulties for CSIA studies.

25130 | RSC Adv, 2021, N, 25122-25140

View Article Online

Review

Consequently, the photodegradation process needs to be
prioritized before it can be measured. Furthermore, there are no
studies related to CSIA and the photodegradation of carbamate
insecticides. Thus, the photodegradation products and chem-
ical bond changes of TBC have been well studied, so we can use
TBC as a model substance for this class of pesticides to refine
and optimize the photodegradation of CSIA technology.

Phenoxyacetic acid derivatives

Substituted chlorobenzenes include many environmental
contaminants such as the herbicides 2,4-D, dichlorprop, and
chlortoluron.®* However, the reaction mechanisms governing
the direct and indirect photodegradation of substituted chlo-
robenzenes are not well understood. Therefore, studying the
isotopic fractionation potentials during the photodegradation
reactions of herbicide intermediates can help to determine the
reaction pathways of herbicides during the photolysis process.
Passeport et al.® studied only 4-nitrochlorobenzene and showed
that the slow, but clear, isotope fractionation during direct
photolysis was due to the pseudo first-order reaction rate as the
constants increased according to the order of NO, < Cl™ <
CH; substituted chlorobenzenes. The carbon enrichment
factors in CSIA were traced during indirect photodegradation,
which suggested that the rate-determining step in the reaction
with OH radicals was the addition of the electrophile in the
benzene ring. This resulted in the formation of O-chlorophenol
and P-chlorophenol. Additionally, the substitution of OH radi-
cals further attacking O-chlorophenol and P-chlorophenol pro-
ceeded at the ortho or para positions of the OH group. The
detection of phenol intermediates in indirect photodegradation
experiments with CMB isomers thus supported the preferential
attack of OH radicals on the ring rather than the methyl group,
which was consistent with the results of Zhang et al.> One study
developed a new analytical method for *’CI-CSIA of MCB, and
combined a chlorine isotope with >C-CSIA to estimate reduc-
tive dehalogenation during the biodegradation of MCB.*® The
data showed an enrichment factor of —0.6 & 0.1%, for *’CL
Thus, if differences in the values of Cl isotope enrichment
factors are observed in the photodegradation process, this may
suggest that CSIA can distinguish between aqueous photo-
degradation and other degradation processes.

Other pesticides

Substituted anilines are a class of toxic and mutagenic envi-
ronmental pollutants,®” and they are widely used as intermedi-
ates in the manufacturing of pesticides,”® such as alachlor,
butachlor, and molinate. Skarpeli-Liati et al.*® derived equilib-
rium isotope effects, specifically through enantiomer-specific
stable isotope analysis (EIEs), and found that they were perti-
nent to the aromatic amine protonation of 0.980 and 1.001 for N
and C, respectively. The values were similar for all compounds
investigated. Stronger N-H bonds in protonated heavy nitrogen
isotopologues of substituted anilines were due to the inverse N
equilibrium isotope effects in a similar range. The fractionation
associated with the protonation of aryl N atoms could poten-
tially interfere with the quantification of N isotope fractionation
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during contaminant transformation, if the latter involves reac-
tions with N-containing functional groups. Thus, the magni-
tude of C and N isotope fractionation for the photodegradation
processes of substituted anilines are currently unknown, and
more research in this area is needed.

Another study tested the herbicide bentazone using an
online methylation agent before isotope analysis, rather than
gas GC-IRMS and LC-IRMS. The results showed that by using
a higher trimethyl sulfonium hydroxide (TMSH) method to treat
the analyte, the ratios produced appreciable reverse carbon and
nitrogen isotope fractionation.'” Consequently, carbon and
nitrogen CSIA corroborated'®* the transformation of bentazone
with significant enrichment of **C and "N. Carena et al'®
showed that direct photolysis was the main photolytic pathway
for bentazone in natural water samples, and the results were
consistent with those of Katagi.'® Understanding the link
between CSIA and direct photolysis would therefore help
demonstrate degradation, persistence, and source identifica-
tion at various temporal and spatial scales.

Bromoxynil is a nitrile herbicide used to control annual
broadleaved weeds. During photodegradation processes, dual
isotope effects and 6"*C and 6'°N enrichment trends differed
from ec = 4.74 + 0.829,, and ey = 0.76 + 0.129,,, to ec = 0.34 +
0.44%, and ey = —3.70 £ 0.309,, respectively. This suggested
different mechanisms for the two processes, specifically
between laboratory conditions and natural conditions.” A
comparison of the carbon and nitrogen isotope enrichment
factors under natural and laboratory conditions revealed
significantly different trends, suggesting different mechanisms
for the two processes under laboratory and natural conditions.
This also suggested that the bromoxynil molecule recombines
back to its original state during the reaction, but the cause of
further degradation was not determined. However, the values of
carbon isotope enrichment factor under UV conditions were
higher than those under natural light conditions, which may
have been because the degradation mechanism of bromoxynil
under the two conditions was different. Furthermore, in
combination with the degradation mechanism, photolysis is
presumed to be the direct excitation mechanism, and debro-
mination of bromoxynil by homogeneous C-Br bond cleavage in
the solvent cage generates a singlet radical pair under UV
radiation. However, the nitrogen isotope effect is also inverse,
and though it is unexplained why fractionation of the N isotope
is sizable even though none of the five N atoms are directly
involved in the reaction. Under natural light conditions, the
reaction starts with the excitation of deprotonated bromoxynil
molecules into a triploid intermediate, which is also reflected by
the normal nitrogen isotope effect ex = (—3.7 £ 0.3)%,. This
indicates that the intermediate is further converted to a bro-
moxynil free radical and then delocalized on the aromatic ring
C=N. Insignificant carbon isotopic fractionation may also
result from multiple effects in the transition state, and cancel
each other out, including the weakening of the C-Br bond and
formation of a C=0, or “isotopic dilution” with nonreactive
carbon.’*'%* Although hydrogen and bromine elements have
not been incorporated into the current CSIA analytical methods
for the photolytic analysis of bromobenzonitrile, further

© 2021 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

developments could determine the isotopic effects of these
elements and result in a more in-depth mechanistic analysis.
The identical trends in isotopic values are obtained for both
bromoxynil and atrazine** after photodegradation by CSIA, it
can be assumed that the reaction mechanism have some simi-
larity, and it is speculated that the bromobenzonitrile mole-
cules may have recombined back to their original state during
the reaction, but the cause of further degradation was not
identified.

Chloroanilines can directly synthesize the insecticide diflu-
benzuron and can synthesize parachlorophenylurea or p-chlo-
robenzene isocyanate, which are two types of diflubenzuron
insecticide intermediates. Ratti et al.>* observed chloroaniline
with different substituents for the variation of C and N isotope
enrichment factors, ¢c and ey, between —1.2 + 0.29,, to —2.7 +
0.29%, for C, and —0.6 + 0.2%, to —9.1 + 1.69,, for N. The direct
photodegradation of chloroaniline was very sensitive to changes
in solution pH and ionic composition. The results also showed
that the initial concentration of 4-Cl-aniline did not signifi-
cantly affect the carbon isotope fractionation process during
photolysis, but the carbon isotope enrichment factor changed
from —1.2 £ 0.29, to +1.0 £ 0.39%, with increased initial
concentration. Coupling with another equivalent substrate also
leads to an enrichment of nitrogen isotopes, and different pH
conditions  exhibit  different reaction = mechanisms.
Specifically,4-chloroaniline and reactive intermediates below
pH 5 are unfavourably protonated, producing coloured
coupling products, which introduce carbon isotope enrichment
factors of different magnitudes and positive or negative
magnitudes. In the direct photolysis study of atrazine and
bromoxynil, the photophysical process of the excited state
caused the depletion of isotopes, however, this has not been
verified. Moreover, the photophysical process of the excited
state was proven via the direct photolysis discussion of chlor-
oaniline. With the addition of the quencher CsCl, the values of
&c and ey have increased to varying degrees. This is because
quencher CsCl, as a singlet quencher, decreases the lifetime of
excited singlet states via increased intersystem-crossing, and
thus increases excited triplet state formation. The results indi-
cated that the fractionation of C and N isotopes is affected by
the excited state of 4-Cl-aniline dechlorination, which may
determine the reactivity factor. The ¢¢ for 2-Cl-aniline photolysis
(1.3 £ 0.1%,) notably differs from 4-Cl-anline,* which may be
interpreted as evidence for increased bonding to C in the rate-
limiting step of the reaction. In conclusion, by comparing the
AKIE isotopic values at different substitution sites, we can use
the AKIE values to identify the isomers in which photo-
degradation occurs, and we can speculate on the mechanism of
degradation for different species. These data suggest that the
photophysical processes contribute to, or at least determine, the
isotopic effect and isotopic fractionation associated with the
photolysis of organic compounds. These results are difficult to
rationalize based on bond cleavages, though the conclusions
are consistent with the direct photolysis of atrazine.** However,
it is more difficult to rationalize the isotope effects from pho-
tophysical processes because of the sensitivity of excited-state
populations, different excited spin states, and the intersystem
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crossing to isotopic substitution. Notably, this analysis can also
be observed in the photochemical dechlorination of
chloroanilines.™

Phenylurea herbicides are of environmental concern because
they are often detected at concentrations above the legal
threshold in soil and water.'*® Abiotic degradation of phenyl-
urea herbicides are typically low, but they undergo different
types of chemical transformations through a variety of
processes, including photodecomposition. Isoproturon (IPU), 3-
(4-isopropylphenyl)-1,1-dimethylurea, is a systemic non-
biodegradable herbicide that acts as a photosynthesis inhib-
itor. The photocatalytic degradation of IPU'” was studied in the
presence of natural iron oxide, oxalic acid, and under UV irra-
diation. A recent study described the enhanced degradation of
IPU by solar light in aqueous systems in the presence of TiO,, as
well as diuron,'®' linuron,'*° chlor-
otoluron,"” monuron,'® fenuron,"** fluometuron,"* and their
main metabolites. Although the phototransformation process
may contribute to the degradation of IPU, biodegradation
appears to be the main phenomenon responsible for its natural
attenuation in the environment. This appears to be also true for
the other phenylureas, and CSIA is often used in biotransfor-
mation*” reactions of IPU. Recent studies**** have developed

monolinuron,"*
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a GC-based method to make IPU accessible to carbon and
nitrogen isotope analyses. They have also introduced CSIA to
obtain additional information regarding the photochemical
degradation mechanisms of isoproturon and methylamine.
Furthermore, the observed indirect photodegradation studies
of atrazine and 2-Cl-aniline may be related to the isotope's
nuclear magnetic moment/spin. However, based on the infor-
mation available so far, it is not possible to make a determina-
tion. Furthermore, the specific process leading to the inverse
enrichment phenomenon in the photodegradation of iso-
proturon is described.”” Normal heavy isotope enrichment
occurs during the reaction, but the degree of C isotope frac-
tionation during indirect photodegradation induced by nitrate
is low, resulting in a relatively low enrichment factor ec =
—0.002 +£ 0.0019,,, in contrast to direct photodegradation ec =
—0.018 + 0.0069%,. This observed difference in values is due to
two reasons. The carbon isotope fractionation effect is related to
the mass of the other bonding element. Analysis of the degra-
dation mechanism shows that the bond broken by demethyla-
tion of IPU in direct photolysis is the C-N bond, while the bond
broken by isopropyl hydroxylation in indirect photolysis is the
C-C bond. However, the C-atom reaction during the degrada-
tion of isoproturon does not necessarily occur at the active site,
resulting in the dilution of the C-rich factor in the end. It is also
possible that the carbonyl C of isoproturon and the N of
dimethylamine are the two reactive atoms whose breakage leads
to the primary carbon and nitrogen isotopic effects. In addition,
the secondary isotopic effects occur at the terminal nitrogen
and the two methyl carbons, specifically, the reaction of the
isopropyl chain does not cause C stable isotopic fractionation.
In contrast to the C stable isotope, the N stable isotope main-
tained stable retrograde fractionation under direct photo-
degradation (4 = —12.6615 £ 1.29%,), with normal C and anti-N
isotope fractionation. This is typical of the oxidation reaction
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and is characteristic of substituted aniline, suggesting that the
phenomenon of N stable isotopes maintaining retrograde
fractionation at later stages of degradation is related to the
oxidation reaction of isopropyl substituted aniline. Although
the key step of urea hydrolysis is breaking of the C-N bond,
which leads to N stable isotope fractionation, it is still consis-
tent with the bond breaking process that occurs during
biodegradation. Nevertheless, the degree of stable isotope
fractionation differs (Table 1), probably due to the slow trans-
lational degradation of organic substrates by microorganisms,
whereas photodegradation is a relatively rapid process in which
the organic molecules are directly converted by light energy. The
difference in stable isotope fractionation between different
degradation pathways is not only related to the reaction
mechanism of different degradation pathways, but also to the
specific degradation conditions. Jin and Rolle'® proposed
a mechanism-based modeling approach to simulate the
degradation of IPU. Their model can be used to explore the
phototransformation pathways in scenarios for which position-
specific isotope data are unavailable. The Kubelka-Munk model
can also be used for the photochemical study of carbaryl.""”

Polychlorinated phenols are widely used as fungicides.
Research has focused on sources and transformations of poly-
chlorinated phenols with the use of CI” and C-CSIA."* The
determined AKIE values have provided mechanistic insights
regarding reaction mechanisms. Stable carbon isotopes have
been coupled with dechlorination and soil redox of pentachlo-
rophenol, revealing the mechanism of biochemical
processes.”® Therefore, the use of CSIA to study this substance
has a high potential and operational basis. The former study
also demonstrated the benefits of 2D CSIA compared to one-
element CSIA for assessing the sources and transformations
of environmental contaminants.

Chlorinated solvents, such as 1,1,1-trichloroethane (1,1,1-
TCA) and 1,1,2-trichloroethane (1,1,2-TCA), have been widely
used as chemical intermediates of insecticides, and they are
found in groundwater. Broholm et al.'** used carbon isotopes
and CSIA to identify an alternative pathway, which cannot be
explained by assuming biotic reductive dechlorination. In
addition, single element kinetic isotope effects do not provide
conclusive information about the reaction mechanism. During
the biodegradation of 1,1,2-trichloroethane (1,1,2-TCA),’** the
AKIEs that were expected to cleave a C-Cl bond exhibited
masking of the intrinsic isotope fractionation. Thus, a dual-
element approach can reduce interpretation bias due to
isotope-masking effects, and overcome the limitations to reveal
the actual mechanism. However, neither of these studies
mentioned photodegradation.

Newly produced pesticides will likely have superior perfor-
mance compared to existing pesticides. For example, flua-
zaindolizine is a new, highly effective, and selective
nematicide, and data on the degradation of fluazaindolizine are
currently limited."”” The photodegradation kinetics of flua-
zaindolizine in aqueous solutions indicate a possible direct
photolysis mechanism for fluazaindolizine. In addition, some
direct transformation products have resulted from a series of
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photochemical reactions involving ring-opening and oxidation,
and have a high potential of being detected by CSIA.

For some pesticide types, such as arsenicals, bipyridylium
derivatives, pyrazoles, copper compounds, coumarin deriva-
tives, mercury compounds, and nitrophenol derivatives, no
relevant research related to photodegradation and CSIA has
been reported.

Future outlook and challenges

The development and establishment of CSIA technology with
more elements will broaden its potential for studying organic
pollutants. CSIA technology also requires the integration of
different elements for multi-dimensional analysis, so that the
traceability results of organic pollutants are more accurate.
Multi-element stable isotope analysis can be used for source
identification, characterization, and identification of degrada-
tion mechanisms. Thus, it would be particularly useful for
contaminant accumulation,® source detection,’*® and the
development of regulatory and monitoring strategies.'” As
additional elements, such as *H,*”'2® 37CL**® and 3*S,"* are
included in the isotopic analysis of atrazine and its metabolite
desethylatrazine in a given transformation process, the oppor-
tunity to assess the underlying reaction mechanism(s)
increases.” This is particularly important for the photo-
transformation processes of agrochemicals, where different
functional groups or bonds of a molecule might be involved. For
example, chlorine isotope fractionation could also be a sensitive
indicator of even limited degradation, and CI-CSIA is a prom-
ising tool for assessing the transformation process of acetochlor
and metolachlor."*” The methods validated in this study are
therefore an important step toward accurate and precise Cl-
CSIA of extracts, in the mg 1™ concentration range in aquatic
systems. For a given element that exists in a covalent bond with
a comparable force constant, the isotopic effect tends to be
greater if the element is bonded to a heavier atom. For example,
the carbon isotopic effect is typically greater in C-O or C-Cl
bond breaks, rather than in C-H bond breaks, and thus chlo-
rine isotopes can characterize the breaking of C-Cl bonds. Even
when degradation is limited, chlorine isotopes can still be used
as sensitive indicators of the conversion process due to their
strong fractionation. This information, combined with carbon
and nitrogen isotope data, may be useful in laying the
groundwork for understanding the photolytic reaction mecha-
nism and quantifying the degradation mechanism of pesticides
in the field. Lihl et al™® discussed the compound-specific
standards of acetochlor and S-metolachlor enriched in
37Cl*°Cl. The researchers emphasized the need for chlorine
isotope standards that encompass a wider range of isotopic
values to ensure accurate results and provide a basis for accu-
rate chlorine CSIA. Yankelzon et al.*** presented a benchmark
for the routine application of Br—Cl-CSIA of micropollutants
with numerous carbon atoms, Br, and Cl. This would allow it to
be used for newer classes of contaminants, such as chlorinated
pesticides. CSIA technology measures the stable isotope ratio of
the target element of the target compound, and the results are
not disturbed by other reactants, products, and elements. Two-
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dimensional monomer isotope analysis (2D-CSIA) technology
can be used to analyse the isotopes of two elements. In addition
to the isotopic enrichment factors, dg represents the elemental
E isotopic composition of the residual parent reactant at some
point in the reaction, and A¢*H, A6*°N, and A§**C represent the
relative 6"°C, 6°H, and ¢"°N excursions during the reaction. In
previous reports,>”**>13¢ jsotopes or CSIA technology have
mainly been used to determine 6">C and other isotopic 6 values
of monomeric organic substances, removal efficiencies, and
pesticide residues. Researchers have compared the isotopic
effects of two elements plotted separately relative to each
other,*” creating two-element isotope plots, with different slopes
reflecting the isotopic effects of different underlying mecha-
nisms. Two-element isotope plots have the advantage of being
insensitive to masking, and if there are other rate-limiting steps
in the reaction, such as the binding of enzymes to substrates
during biodegradation, the apparent isotopic kinetics that are
observed may be greatly reduced.* The slope of the two-element
isotope diagram remains constant because the KIE fluxes of the
two elements usually decrease in equal proportions. In addi-
tion, this representation may also apply to hydrolysis reactions
at different pHs, making it easier to distinguish between
different types of hydrolysis processes because of the positive
and negative values of the slope.** However, this analysis may
also have its shortcomings due to the small number of
elements. In direct and indirect photodegradation studies
atrazine, AJ’H/A6"C, AS*H/A6"N, and A6"°N/AS™C were
correlated. Although characteristic carbon and nitrogen isotope
patterns emerged, the differences were small and similar to the
slopes of the transformation pathways that yielded the same
products. Furthermore, the values of the slopes could not be
used to determine the main reaction sites of the two photo-
oxidant reactions.***** These data therefore show that specific
isotopes in molecules become “fingerprints”, indicating the
source of trace organic pollutants in the environment. When the
composition changes (C-H, C-N, C-Cl), the effects of catalytic
stress on isotopic fractionation are effectively eliminated, and
the reliability and the accuracy of the results will improve.*”
The CSIA approach is commonly based on the KIEs, where
the chemical bonds of lighter isotopes are cleaved slightly faster
than the bonds on heavier isotopes. This leads to the enrich-
ment of the residual non-degraded fraction in the heavier
isotopes. Dual-element isotope enrichment has been estab-
lished for identifying the degradation mechanism. Usually,
several atoms of a given element are present at various positions
in a larger organic molecule. For this element, isotopically
graded separation is only possible at the positions where the
covalent bonds of the element are broken or formed, either
directly or indirectly, in a given rate-limiting step. Thus, many
isotopes are not directly involved in the reaction, and the
volume enrichment factor becomes smaller due to the “dilu-
tion” effect of the non-reactive isotopes. To address the vari-
ability of the enrichment factors, a large amount of isotopic
fractionation data are converted to site-specific AKIEs. The
element with the largest relative mass difference between the
light and heavy isotopes will obtain the highest fractionation,
and the hydrogen isotope effect is often much larger than the
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carbon isotope effect. The **C- and *>N-AKIE of 4-Cl-aniline® are
greater than 1.010 and 1.002, respectively, and can be used to
effectively distinguish isotopic fractionation under different
excited state conditions. In contrast, 3-chloroaniline is subject
to rate-limiting photophysical processes, with little change in C
isotopic composition and minor N isotopic fractionation, which
also suggests that photophysical processes may contribute to, or
even determine, isotopic effects. However, if KIE does not have
known reference data,"® the observed AKIE may occasionally be
considerably smaller. This may occur when the bond conver-
sion involving the measured element and representing the rate
determining step of the whole process is preceded by a process
that is either not fractionated, or only slightly fractionated, such
as adsorption to a reactive surface, before the actual trans-
formation. In the indirect photodegradation reaction of atra-
zine, AKIEy values are smaller when hydroxyl radicals are used
as photooxidants, and may be due to the near diffusion control
of the reaction rate in this system, as well as the masking of the
’H isotopic effect. In addition, the magnetic moment or nuclear
volume in the nucleus of an isotope may change, causing a non-
atomic mass-dependent isotopic fractionation effect. During
photodegradation, a number of factors result in an isotopic
fractionation pattern that is more difficult to analyse. For
example, the direct photodegradation isotope depletion of
atrazine may result mainly from the magnetic isotope effect of
photophysical processes. Thus, isotopic effects from photo-
physical processes are more difficult to rationalize and may be
more variable, as they depend on the population and reactivity
of different excited spin states. Research on the degradation
mechanism of organic matter is thus insufficient. The use of
CSIA in the traceability of pesticide residues provides valuable
information. However, using CSIA to identify pesticide photo-
degradation mechanisms requires further research.

During CSIA, some methods that are used during sample
pretreatment, testing, and analysis can be combined, giving
researchers a basis for systematic evaluation and identification
of isotopic fractionation and degradation pathways (Table 2).
The combination of CSIA and large volume extraction makes it
possible to measure herbicide and metabolite mixtures in the
natural environment, with the pre-treatment of carbon and
nitrogen isotopes with high accuracy and feasibility.’** During
testing, high temperature conversion (HTC) enables the direct
pyrolysis of organically bound hydrogen elements into
hydrogen analysis gas, thus facilitating hydrogen-containing
compound-specific isotope analysis (CSIA) and optimizing the
CSIA-H test method. This method is challenging for organics
that contain nitrogen, chlorine and sulphur, as the Cr-based
reactor system (Cr/HTC) can overcome interference by quanti-
tative removal of heteroatoms due to the presence of hydrogen
by-products.?® Thus, gas chromatography (GC) coupled with
mass spectrometry (GC-MS) has been applied to CSIA. The CSIA-
Cl/Br method that uses GC-quadrupole MS (GC-qMS) signifi-
cantly simplifies sample pretreatment,'*® but asymmetric and/
or broad peaks that appear during analysis, making it difficult
to accurately integrate peak areas, which affects the accuracy of
CSIA results. Gas chromatography/isotope ratio mass spec-
trometry (GC-IRMS) is limited to the analysis of certain
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compounds and molecular fragments by fixed Faraday detector
alignments. Modern CSIA techniques using multiple collector-
inductively coupled plasma MS (MC-ICPMS), in combination
with gas chromatography (GC-MC-ICPMS), are orders of
magnitude more accurate and therefore more commonly used
for chlorine isotope analysis. Although previous applications
were limited to volatile organic matter (VOCs), instrument setup
and sample handling methods have improved to include the
detection of semi-VOCs."' Gas chromatography-electron
ionization-mass spectrometry (GC-EI-MS) can reveal the degra-
dation of halogenated organic compounds. Chemical bonds
that are cut or formed in EI-MS can cause both intramolecular
and intermolecular isotope effects, and these inherent limita-
tions of GC-EI-MS may trigger uncertainty and bias in CSIA-Cl/
Br results. GC-DFS-HRMS and GC-HR-TOF MS have been dis-
cussed previously.” In GC-MS quantitative analysis, quantita-
tive results are adversely affected by a phenomenon known as
the “matrix effect”.**” Also, isotopic fractionation may occur on
a gas chromatography column, or on the entire gas chroma-
tography system, which is inherent to GC and may lead to
biased CSIA results. Due to the different boiling points and
thermal sensitivities of some pesticides, such as semi-volatile
pesticides, liquid chromatography rather than gas chromatog-
raphy in combination with mass spectrometry may be used for
the analysis of photodegradation processes. For example, ultra-
liquid chromatography can be coupled with quadrupole time-
of-flight mass spectrometry (UHPLC-Q-TOF/MS)*** or HPLC-
Qtof-MS.'** Research'* has shown that 6**C and 6'°N of CSIA for
non-volatile compounds can be detected by high-performance
liquid chromatography/isotope ratio mass spectrometry
(HPLC/IRMS). Other detection techniques and models may be
used to validate or supplement the photolytic or biodegradation
processes of pesticides that cannot be explained directly by
CSIA, such as the occurrence of inverse isotope fractionation. By
combining different techniques, we can verify if there is
a different degradation mechanism, or if it is due to an error in
the instrument itself. For example, "H NMR spectroscopy can
determine the identity of the intermediates and products ob-
tained upon UV-A photolysis, and has determined that benza-
zimide is the major final photoproduct of azinphos-methyl.**®
Christian et al.'** also illustrated the applicability of "H NMR
spectroscopy in the kinetic investigation and hydrolysis of
dichlorvos. More importantly, quantitative deuterium nuclear
magnetic resonance (NMR) spectroscopy can quantitatively
determine the *H/'H ratio in the active group of the reactants
and compare it with the *H/"H ratio measured by isotope ratio
mass spectrometry (GC/IRMS) applied in CSIA technology to
verify the authenticity of the 6°H value. The stable isotope
probing (SIP) technique is applied to the differences in the
community structure of microorganisms during microbial
degradation of organic matter, and can provide a complemen-
tary description of microbial population types for the biodeg-
radation CSIA analysis process.'*® The fate of commonly used
herbicides, such as flufenacet and metazachlor, along with the
ecohydrological Soil and Water Assessment Tool (SWAT
model),"® have been used to test the applicability of these
pesticides. In the SWAT model, pesticides are represented by
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Table 2 Some technical methods that can be used to assist compound-specific isotope analysis (CSIA)*

Methods Category

Remarks (CSIA method or photodegradation

development) Reference

Solid-phase extraction (SPE) Pre-treatment

High-temperature conversion (HTC) Test
Chromium-based HTC (Cr/HTC) Test
GC-quadrupole MS (GC-qMS) Analysis
Gas chromatography (GC-MC-ICPMS) Analysis
Gas chromatography-electron ionization- Analysis
mass spectrometry (GC-EI-MS)

GC double focusing magnetic sector Analysis
high-resolution mass spectrometry (GC-

DFS-HRMS)

High-performance liquid Analysis

chromatography/isotope ratio mass
spectrometry (HPLC/IRMS)

"H NMR spectroscopy Verified method

Stable isotope probing (SIP) Verified method

Soil and Water Assessment Tool (SWAT Model
model)
Bioavailability (BA) Model

Extraction conditions, including the nature and Torrentd et al.**°
volume of the elution solvent, the amount of
sorbent, and the solution pH were optimized
Direct pyrolysis of organically bound hydrogen into
hydrogen gas for analysis

Chromium-based reactor systems can eliminate
interference from impurities by quantitatively
removing heteroatoms

Continuous flow analysis of non-combustible
molecules of the substance to be measured;
analysis and elimination of influencing factors for
the quantitative analysis of chlorine isotopes, such
as different instruments and detection times
Method for compound-specific chlorine isotopic
analysis of volatile organics and some semi-volatile
organics and GC-MC-ICPMS is nearly one order of
magnitude more precise and universal and is
straight forward to calibrate

GC-EI-MS can cut and form chemical bonds while
producing intra- and intermolecular isotopic
effects, which in turn can bias CSIA results

CSIA results are also influenced by peak retention
time and peak shape

Wu et al.?®

Wu et al.*®

Bernstein
et lll 140

Renpenning
et al'™

Tang et al.*®®

Tang et al.®®*°

0"C and 6"°N of CSIA of non-volatile compounds Sivaperumal

can be detected et al.,"** Sandin-
Espafia et al.'*?

Comparison of the measured *H/"H ratio verifies Christian

the validity of the calculated 6*H values from CSIA et al.'**

analysis

Identify the differences in the community structure Jiang et al.**®

of microorganisms during microbial degradation
Test applicability for use with flufenacet and
metazachlor

Fohrer et al.**®

b Xu et al.>*>*

BA=1-
o x [(1+6°C)/(1 +6)>C))"*

“ The physical quantities listed in the BA formula are marked in the ESI (see ESI).

one constant value for each parameter and are not adjusted
according to changing environmental conditions. CSIA tech-
nology may also be used with enantioselective analysis to eval-
uate the degradation extent and mechanisms of chiral
pesticides in the soil. In the analysis of pesticide degradation
processes by CSIA, the calculation results and the speculation of
the degradation mechanism are often validated by chemical
models. In the CSIA enrichment factor or apparent kinetic
constant evaluation process, simplified kinetic models are used
to assess the degradation kinetic constants or the influence of
factors such as pH on the degree of degradation.** Bioavail-
ability models can also be used to reflect the rate at which
contaminants enter the body from the food chain during CSIA
testing.**** Chemical calculation models such as the relative
change in isotopic ratio between reactants and products (AZE)
can also be used to characterize the magnitude and direction of
fractionation when testing the accuracy and sensitivity of the
instrument.®® ESIA, which combines two approaches—enan-

tiospecific concentration analysis and CSIA—provides

© 2021 The Author(s). Published by the Royal Society of Chemistry

information on "*C/**C ratios. This method was applied to the
insecticide a-hexachlorocyclohexane,® and studies®®'** have
provided a method for investigating the biodegradation of three
polar pesticides, specifically 4-CPP ((RS)-2-(4-chloro-phenoxy)-
propionic acid), mecoprop (2-(4-chloro-2-methyl-phenoxy)-
propionic acid), and dichlorprop (2-(2,4-dichlorophenoxy)-
propionic acid), or the biodegradation of the chiral fungicide
metalaxyl. Accordingly, the results indicated that hydroxylation
is the major enantioselective degradation pathway in soils.
Thus, ESIA has the potential to distinguish enantiomer degra-
dation from non-destructive dissipation.

Conclusions

CSIA can be used to evaluate in situ pesticide degradation and
estimate independent pesticide degradation procedures.®
Reference ¢ values for specific abiotic transformation mecha-
nisms of pesticides have been obtained from laboratory exper-
iments.***** These results quantify the isotopic composition at
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the mechanistic level and provide an additional and sometimes
the only means for identifying and quantifying the trans-
formation reactions of organic compounds.” However, there
have been improvements such as multi-element stable isotopes
of existing analytical methods for chlorine and hydrogen
CSIA."™> C-N isotope dual plots derived from photodegradation
may help to separate photodegradation effects from other
pesticide dissipation pathways.*®

Based on the reviews provided for each category of pesticides
using CSIA, we summarize some of the main findings below.

(1) Carbon stable isotope and nitrogen stable isotope frac-
tionation enrichment factors under different photolysis path-
ways for the same pesticide can vary widely, indicating that the
differences in reaction mechanisms due to different reaction
pathways can affect product formation and thus fractionation
and enrichment. The differences can also explain the reaction
mechanisms of direct photodegradation, and indirect photol-
ysis can be verified by the fractionation results of stable
isotopes.

(2) The values of carbon stable isotope enrichment factors
for different pesticides under the same photolysis pathway
exhibited large differences in both normal and inverse values,
indicating that different reaction sites, formation groups, and
the degree of reactive degradation of the photodegradation
process differed among the pesticides, depending on KIE or
MIE. Nitrogen stable isotope fractionation and enrichment
factors have been measured for some pesticides (chloroaniline,
atrazine, isoproturon, and bromoxynil) but not for others,
depending on whether nitrogen-containing groups were
involved in the reaction and the content of the nitrogen-
containing groups.

(3) The differences in the stable isotope concentration coef-
ficients may be due to differences in the mass of other elements
bound to the reacting atoms during photodegradation, or due
to dilution by heavy isotopes of the same species but not in the
active site. It is also possible that the secondary isotope effect is
the determining step for the stable isotope enrichment factor.

(4) In pesticide photodegradation studies, the most
commonly used stable isotopes are carbon and nitrogen. In
addition to the widely used carbon isotopes, isotopes such as
oxygen and hydrogen have received special attention, depend-
ing on the maturity and accuracy of the detection technology.

(5) Stable isotope enrichment factors for pesticides under-
going photodegradation are numerically different from other
types of degradation processes (Table 1). This indicates that it is
possible to use stable isotopes to effectively identify photo-
degradation pathways with other degradations. However,
because CSIA does not require the determination of degrada-
tion products, by-product studies need to be integrated into the
analysis. Other techniques, such as HTC, SIP, '"H NMR spec-
troscopy, and the chemical model, may also be used (Table 2).

Abbreviation index

AKIE
AKIEC

Apparent kinetic isotope effect
Apparent kinetic carbon isotope effect
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AMPA Aminomethylphosphonic acid

CSIA Compound specific isotope analysis

CSIA-Cl/Br Compound-specific chlorine/bromine isotope
analysis

DCBs Dichlorobenzenes

DDD 1-Chloro-4-[2,2-dichloro-1-(4-chlorophenyl)
ethyl|benzene

DDE 1,1-Bis-(4-chlorophenyl)-2,2-dichloroethene

DDT Dichloro-diphenyl-trichloroethane

EI-MS Electron ionization mass spectrometry

GC/IRMS Gas chromatography/isotope ratio mass
spectrometry

GC/MS Gas chromatography/mass spectrometry

GC-C-IRMS Gas chromatography-combustion-isotope ratio
mass spectrometry

GC-DFS- GC bifocal sector high-resolution mass

HRMS spectrometry

GC-EI-MS Gas chromatography EI-MS

GC-HR-TOF  Gas chromatography-high resolution time-of-

MS flight mass spectrometry

GC-IRMS Gas chromatography-isotope ratio mass
spectrometry

GC-MC- Gas chromatography interfaced with multiple-

ICPMS collector inductively coupled plasma mass
spectrometry

GC-MS Gas chromatography-mass spectrometry

HCB Hexachlorobenzene

HCHs Hexachlorocyclohexanes

HPLC High-performance liquid chromatography

HTC High-temperature conversion

IPU Isoproturon

LC-MS Liquid chromatography-mass spectrometry

MET Methomyl (S-methyl-N-(methylcarbamoyloxy)
thioacetimide)

OPs Organophosphorus

SIP Stable isotope probing

SPE Solid phase extraction

SWAT Soil and water assessment tool

TBC Thiobencarb (S-4-chlorobenzyl diethyl
thiocarbamate)

TCEP Tris(2-carboxyethyl)phosphine

TMSH Trimethyl sulfonium hydroxide

UHPLC-Q- Liquid chromatography coupled with

TOF/MS quadrupole time-of-flight mass spectrometry

UPLC-MS-MS Ultra-performance liquid chromatography-
tandem mass spectrometry

USE Ultrasound assisted extraction

UV-0OZ Ultraviolet photolysis ozonation
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