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g r a p h i c a l a b s t r a c t
� CeN dual-CSIA and C-ESIA revealed
isotopic fractionation during pesti-
cide hydrolysis.

� Significant abiotic hydrolysis of the
pesticides was observed at pH� 4
and� 12.

� No enantiomeric isotopic fraction-
ation during abiotic hydrolysis of
chiral Metalaxyl.

� Pathway-specific carbon and nitro-
gen isotopic fractionation are
provided.
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Compound-specific Stable Isotope Analysis (CSIA) has been recently established as a tool to study
pesticide degradation in the environment. Among degradative processes, hydrolysis is environmentally
relevant as it can be chemically or enzymatically mediated. Here, CSIA was used to examine stable carbon
and nitrogen isotope fractionation during abiotic hydrolysis of legacy or currently used pesticides
(chloroacetanilide herbicides: Acetochlor, Alachlor, S-Metolachlor and Butachlor, acylalanine fungicide:
Metalaxyl, and triazine herbicide: Atrazine). Degradation products analysis and CeN dual-CSIA allowed
to infer hydrolytic degradation pathways from carbon and nitrogen isotopic fractionation. Carbon iso-
topic fractionation for alkaline hydrolysis revealed similar apparent kinetic isotope effects (AKIEC¼ 1.03
e1.07) for the 6 pesticides, which were consistent with SN2 type nucleophilic substitutions. Neither
enantio-selectivity (EFz 0.5) nor enantio-specific isotope fractionation occurred during hydrolysis of R
(AKIEC¼ 1.04± 0.01) and S (AKIEC¼ 1.04± 0.02) enantiomers of a racemic mixture of Metalaxyl. Dual
element isotope plots enabled to tease apart CeCl bond breaking of alkane (Lz εN/εCz 0, Acetochlor,
Butachlor) and aromatic p-system (Lz 0.2, Atrazine) from CeO bond breaking by dealkylation (Lz 0.9,
Metalaxyl). Reference values for abiotic versus biotic SN2 reactions derived from carbon and nitrogen CSIA
may be used to untangle pesticide degradation pathways and evaluate in situ degradation during natural
and engineered remediation.

© 2018 Elsevier Ltd. All rights reserved.
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1. Introduction

The frequent and ubiquitous detection of pesticides in ground-
and surface-waters reflects their extensive use and persistence
(Fenner et al., 2013). In the environment, pesticide concentrations
mainly decrease by degradation, but also by non-degradative
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processes, such as dilution or sorption. This hinders the estimation
of degradation extent in the field without detection of trans-
formation products, which are often unknown, or establishment of
mass balances. Hydrolysis is a major pathway of pesticide degra-
dation, which can be abiotically or biologically-mediated
(Mandelbaum et al., 1993; Meyer et al., 2009; Fenner et al., 2013),
depending on pH, temperature (Mabey and Mill, 1978) or dissolved
organic matter (Larson and Weber, 1994). However, degradation
pathways, such as hydrolysis, first have to be related to specific
transformation mechanisms to tease them apart in laboratory ex-
periments, and to eventually evaluate dissipation pathways under
field conditions.

In this context, Compound-specific Stable Isotope Analysis
(CSIA) is useful to evaluate in situ pesticide degradation because it
may provide independent estimates of pesticide degradation
(Elsner, 2010; Elsner and Imfeld, 2016). Pesticide CSIA relies on the
kinetic isotope effect (KIE) caused by slightly different cleavage
rates of molecule's bonds containing light and heavy isotopes. In
contrast, non-degradative processes, such as dilution, volatilization
or sorption generally result in insignificant isotopic fractionation
(Schüth et al., 2003; Wang and Huang, 2003; Imfeld et al., 2014;
Zhang et al., 2014; Elsner and Imfeld, 2016). The isotopic fraction-
ation 3relates changes of isotope ratios to the extent of degradation
following a Rayleigh approach (Hoefs, 1997). Some reference ε

values for specific biotic or abiotic transformation mechanisms of
pesticides, were retrieved from laboratory experiments
(Hartenbach et al., 2008; Meyer et al., 2009, 2014; Wu et al., 2017;
Masbou et al., 2018). Changes in carbon isotope ratios are, however,
smaller for larger molecules and may not be easily detected under
field conditions because non-reactive positions ‘dilute’ isotope ef-
fects at the reacting bond (Elsner, 2010). In this case, dual element
isotope plots of, e.g., 3Nitrogen versus 3Carbon, reveal the footprint of
underlying isotope effects (Elsner and Imfeld, 2016). For example, N
and C dual element isotope patterns enabled to discriminate bond
cleavagemechanisms during abiotic (acidic and alkaline) and biotic
hydrolysis of Atrazine in experimental (Meyer et al., 2008, 2009)
and theoretical (Grzybkowska et al., 2014) studies. However, C and
N isotope fractionation during hydrolysis of anilide pesticides have
yet to be evaluated.

Among anilide pesticides, S-Metolachlor, Acetochlor and Ala-
chlor are the most applied herbicides worldwide (Atwood and
Paisley-Jones, 2017), Butachlor is commonly used in Indian rice
fields (Armanpour and Bing, 2015), while Metalaxyl is a common
fungicide in European vineyards (Kom�arek et al., 2010). Anilide
pesticides are mainly made of carbon (z 60%, Table 1) and change
in d13C values have been used to evaluate chloroacetanilide
degradation (Elsayed et al., 2014; Alvarez-Zaldívar et al., 2018). In
Table 1
Physico-chemical properties and chemical structures of studied pesticides.

Triazine Chloroacetanilide

Atrazine Alachlor

Molecular formula C8H14ClN5 C14H20ClNO2

Molecular structure

Molar mass (g mol�1)a 215.7 269.8
Solubility in water (20e25 �C, mg L�1)a 35 240

Dissociation constant (pKa)a 1.60 Non-Ionizable

a Data from (Lewis et al., 2016).
the case of chiral pesticides, such as Metalaxyl, CSIA and enantio-
selective analysis can be combined for Enantio-specific Stable
Isotope Analysis (ESIA) to evaluate separately the isotope compo-
sition of each enantiomer (Badea and Danet, 2015; Masbou et al.,
2018). Because substantial biodegradation can occur without sig-
nificant deviations of the enantiomeric fractions (EFs), ESIA has
become a promising new approach that can provide insight into
enantioselective fates and source apportionment of environmental
organic contaminants (Badea and Danet, 2015). Although high
detection limits of isotope ratio mass spectrometry and small
contribution of nitrogen (i.e., only one N heteroatom in the chlor-
oacetanilides) challenge multi-element CSIA of anilide pesticides at
environmental concentrations (Lutz et al., 2017), sample pre-
concentration (>1000 times) recently allowed dual N and C-CSIA
of S-Metolachlor at an agricultural catchment (Alvarez-Zaldívar
et al., 2018). However, reference C and N isotopic fractionation ε

for transformation reactions involving anilides are lacking so far. In
addition, CeN isotope dual plots derived during hydrolysis may
help to tease apart aqueous hydrolysis from other pathways of
pesticide dissipation.

The objectives of this study were (i) to evaluate reaction kinetic
rate constants for abiotic hydrolysis of chloroacetanilide herbicides
(Alachlor, Acetochlor, S-Metolachlor, Butachlor), one chiral acyla-
lanine fungicide (Metalaxyl), and one triazine herbicide (Atrazine)
as a function of pH, T�C and dissolved organic carbon concentra-
tions that may occur in natural water, (ii) to derive reference carbon
(εC) and nitrogen (εN) isotopic fractionations during pesticide hy-
drolysis, (iii) to identify degradation mechanisms of pesticide
degradation during abiotic hydrolysis using AKIE values and CeN
dual isotope plots, and (iv) to evaluate enantioselective degradation
of the chiral fungicide Metalaxyl during abiotic hydrolysis. Gas
chromatography combustion isotope ratio mass spectrometry (GC-
C-IRMS) methods were developed for d13C and d15N analysis of
pesticides and used together with parent compounds and degra-
dation products analysis to evaluate isotopic fractionation during
abiotic hydrolysis as a function of pH (from 2 to 12), temperature
(T�C, 20 �C and 30 �C) and dissolved organic carbon concentration
(DOC, from 0 to 20mg L�1).

2. Materials and methods

2.1. Chemicals and solution preparation

Chloroacetanilides (Alachlor, Acetochlor, Butachlor, S-Meto-
lachor), Atrazine, racemic Metalaxyl (rac-Metalaxyl, 50% R and 50%
S-Metalaxyl) and M-Metalaxyl (R enantiomer enriched Metalaxyl,
97%) standards (analytical grade purity: 99.6%), Metolachlor-d11
Acylalanine

Acetochlor Butachlor S-Metolachlor Metalaxyl

C14H20ClNO2 C17H26ClNO2 C15H22ClNO2 C15H21NO4

269.8 311.8 283.8 279.3
282 20 530 8400

Non-Ionizable Non-Ionizable Non-Ionizable 0
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and Alachlor-d13 (analytical grade purity, > 97%), solvents
(dichloromethane DCM, acetonitrile CAN, ethyl acetate EtOAc;
HPLC grade purity, > 99.9%) were purchased from SigmaeAldrich
(St. Louis, MO, USA). Sodium hydroxide (BioUltra, � 98.0%), potas-
sium phthalate (� 99.5%), potassium chloride (BioReagent, �
99.0%), potassium phosphate (� 99.0%), boric acid (BioReagent, �
99.5%), calcium chloride dehydrate (� 99.0%) and humic acid so-
dium salt (technical grade) were purchased from Sigma-Aldrich (St.
Louis, MO, USA).

Stock solutions for water spiking and standards for chromato-
graphic analysis were prepared at 5 g L�1 as individual pesticide or
mix solutions in DCM and ACN, respectively. Aliquots of the solu-
tions were stored at �20 �C until use and/or analysis. Physico-
chemical properties of the pesticides used in the experiment are
listed in Table 1.

2.2. Abiotic hydrolysis experiment

Hydrolysis depends on pH and temperature (Mabey and Mill,
1978), but dissolved organic carbon in aquatic environment may
also alter pesticide hydrolytic patterns (Larson and Weber, 1994).
Duplicate abiotic hydrolysis experiments were carried out in 1 L
Schott glass bottles under dark and sterile conditions (OECD, 2004).
Five aqueous buffer solutions (1 L) were prepared at pH¼ 2, 4, 7, 9
and 12 (details in section S-1 of the SI), sterilized by filtration
through a 0.22 mm cellulose membrane (Rotilabo®, Carl Roth®,
France) and split in autoclaved Schott bottles. Experiments with
dissolved organic carbon (DOC) were carried out at pH¼ 7 for
approaching environmental conditions. Briefly, humic acid salts
dissolved in 0.1mol L�1 NaOH solution by 45min sonication
(Mazzuoli et al., 2003) were filtered on 0.22 mm cellulose mem-
branes (Rotilabo®, Carl Roth®, France) and adjusted to pH¼ 7 to
reach final DOC concentrations of 4.9, 10.7 and 20.3± 0.1mgC L�1.

Buffer solutions were spiked with 3.2mg L�1 (z 12 mmol L�1) of
Alachlor, Acetochlor, Metalaxyl and S-Metolachlor, 4.3mg L�1 (z
20 mmol L�1) for Atrazine and 2.4mg L�1 (z 8 mmol L�1) for Buta-
chlor from a 5 g L�1 stock solution in DCM. The solutions were
stirred at 20 �C until total DCM evaporation. Intermolecular effects
between pesticides were negligible at those concentrations as
confirmed by very similar results obtained for Atrazine in our study
compared to previous studies with Atrazine only ((Meyer et al.,
2008), see Part 3.2.). Bottles were tightly capped with screw caps
(Schott), covered with aluminum foil and incubated separately at
20± 1 �C and 30± 1 �C. From 20mL to 100mL of different buffers
were sampled at t¼ 0 (all conditions), t¼ 9 (all), t¼ 22 (pH¼ 12),
t¼ 30 (pH¼ 12), t¼ 36 (all), t¼ 44 (pH¼ 12), t¼ 57 (pH¼ 12),
t¼ 94 (all), t¼ 200 days (all), depending on pH conditions and
dissipation kinetics.

2.3. Pesticide analysis

Solid phase extractions (SPE) of water samples were carried out
using SolEx C18 cartridges (1 g, Dionex®, CA, USA) and an Autro-
Trace 280 SPE system (Dionex®, CA, USA) (Elsayed et al., 2014).
Briefly, extraction cartridges were washed with 5mL ethanol,
rinsed with ACN (5mL), conditioned with deionized water (10mL),
loaded with samples and dried under nitrogen flux for 10min.
Target molecules were eluted by 5mL of EtOAc followed by 5mL of
ACN before concentration to 1 droplet under nitrogen flux and
addition of 500 mL of ACN. Chloroacetanilides and Metalaxyl
contain a single nitrogen atom contributing to z 5% of the total
mass. This challenges nitrogen isotope measurements compared to
carbon measurements (z 60% of the total molecular mass), and
required an additional concentration by solvent evaporation to
reach sufficient nitrogen (m/z 28) signal on GC-IRMS. The absence
of SPE extraction effect on carbon/nitrogen isotope compositions is
detailed in Part 3.1. and in section S-4 of the SI.

Pesticide quantification was performed by gas chromatography
(GC, Trace 1300, Thermo Fisher Scientific) coupled to a mass
spectrometer (MS, ISQ™, Thermo Fisher Scientific). Pesticide
degradation products (DP) were identified by GC-MS in fullscan
mode (Acetochlor, Alachlor and Butachlor) and by Liquid-
Chromatography-Mass-Spectrometry (LC-MS) in selected-ion
monitoring mode (Atrazine, Metalaxyl, Acetochlor, Alachlor, S-
Metolachlor and Butachlor). Mass spectrometry, GC and LC pa-
rameters are provided in section S-2 of the SI. Due to the lack of
commercial standards for most DPs, the reported normalized DP
peak areas correspond to DP peak area relative to Alachlor-d13 (LC-
MS internal standard) (Tsipi et al., 2015).
2.4. Carbon and nitrogen stable isotope analysis of pesticides

The C and N isotope compositions of the pesticides were
measured using a GC-C-IRMS system consisting of a TRACE™ Ultra
Gas Chromatograph (ThermoFisher Scientific) coupled via a GC
IsoLink/Conflow IV interface to an isotope ratio mass spectrometer
(DeltaV plus, ThermoFisher Scientific) (Alvarez-Zaldívar et al.,
2018). GC and IRMS conditions are given in section S-3 of SI. The
d13C and d15N values were calibrated using a three-point calibration
against the V-PDB and Air standards, respectively, using interna-
tional reference materials AIEA600, USGS40 and USGS41
(s< 0.05‰). The carbon and nitrogen isotope ratios were reported
in d notation in parts per thousand [‰] according to (Eq. (1) and Eq.
(2)):

d13C ¼
 �13C

12C

�
sample�13C

12C

�
VPDB

� 1

!
� 1000 (1)

d15N ¼
 �15N

14N

�
sample�15N

14N

�
air

� 1

!
� 1000 (2)

In-house BTEX and IAEA-600 caffeine standards were measured
every 10 samples to control the quality of d13C and d15N measure-
ments, respectively. An in-house pesticide mixture standard, con-
sisting of the 6 studied pesticides with known isotope composition,
was also measured at least every ten injections. Average long term
reproducibility d13C and d15N values of pesticides did not signifi-
cantly differ (Dd13CEA-IRMS-GC-IRMS� 0.7‰, Dd15NEA-IRMS-GC-

IRMS� 0.5‰, Table S-4) from values obtained at our isotope facility
using an elemental analyzer-isotopic ratio mass spectrometer
(Flash EA IsoLinkTM CN IRMS, Thermo Fisher Scientific). The re-
ported uncertainties, including both accuracy and reproducibility
were based on long term measurements standard deviations (±s,
Table S-4 of the SI), which were systematically larger than the
standard deviation (s) calculated from triplicate sample
measurements.
2.5. Carbon and nitrogen isotopic fractionation

Bulk isotopic fractionations (ε) were calculated using the line-
arized form fo the Rayleigh equation (Eq. (3)).

ln

 
d13Ct þ 1000

d13C0 þ 1000

!
¼ εC

1000
� ln

�
Ct
C0

�
(3)

where d13C0 and d13Ct are the measured carbon (or d15N0 and d15Nt
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for nitrogen) isotope ratios at the beginning (t¼ 0 day) and at t days
from the beginning of the experiment, and C0 and Ct are the cor-
responding concentrations. The error of isotopic fractionation ε is
given as the 95% confidence interval (CI) and determined using
regression analysis as described earlier (Elsner et al., 2007). In our
experiment, C and N stable isotopic fractionation (i.e., εC and εN
values) were not affected by temperature (p> 0.05) because they
are primarily related to the cleavage mechanism and not to the
process intensity (see SI, Table S6). Data obtained for experiments
at 20 �C and 30 �C were thus combined to derive ε values.

The primary position-specific apparent kinetic isotope effects
(AKIE) were calculated from the isotopic fractionation (ε) according
to Eq. (4) (Elsner et al., 2005).

AKIEz
1

1þ z� �nx�� ε

1000
(4)

where n is the number of atoms of a given element, x is the number
of indistinguishable reactive positions, and z is the number of po-
sitions in intramolecular competition. Details of the parameters
used for the six pesticides are given in section S-5 of SI. The un-
certainty of AKIE values was estimated by error propagation cal-
culations (Fischer et al., 2010).

2.6. CeN dual element isotope plots

The d13C and d15N values were plotted against each other to give
the slopes of the regression lines (L, Eq. (5)) and to compare their
isotope effects (Meyer et al., 2014):

L ¼ Dd15N

Dd13C
� εaverage; nitrogen

εaverage; carbon
(5)

In the dual element isotope plot, the slopes of the regression
lines (LÞ are equal to εNitrogen/εCarbon and, therefore, reveal the
footprint of underlying isotope effects (Elsner et al., 2005; Meyer et
al., 2014).

2.7. Enantiomeric fractionation and C-ESIA

Metalaxyl is a chiral compound with the S-Metalaxyl and the R-
Metalaxyl enantiomers. Change in the proportion of each enan-
tiomer was calculated by EFS-Metalaxyl and EFR-Metalaxyl enantiomeric
fractionation according to Eq. (6):

EFS�Metalaxyl ¼
Peak areaS�Metalaxyl

Peak areaS�Metalaxyl þ Peak areaR�Metalaxyl
(6)

Racemic-Metalaxyl mixture then displays EFS-Metalaxyl¼ 0.5,
while an enriched S-Metalaxyl solution yields an EFS-Metalaxyl> 0.5.

C-ESIA allows to determine the isotope composition of S-Met-
alaxyl and R-Metalaxyl enantiomers. Details of the GC and IRMS
conditions for Metalaxyl C-ESIA are provided in (Masbou et al.,
2018). Enantio-specific isotope parameters (d13CS-Metalaxyl, d13CR-

Metalaxyl, εS-Metalaxyl, εR-Metalaxyl, AKIEC (S-Metalaxyl) and AKIEC (R-
Metalaxyl)) were determined by similar calculations as for CSIA (Eq.
(1) to (4), (Badea and Danet, 2015)).

2.8. Statistical analysis

Rate constants (k) (and associated half-life, i.e., DT50) were
determined using a Single First-Order Rate Model (SFO) from plots
of ln (C/C0) versus time (see section S-5 of SI). For slope comparison,
Real Statistics Resource Pack for Microsoft Excel® provided by
http://www.real-statistics.com was used. All data are displayed as
mean± s.

3. Results and discussion

3.1. Validation of CeN dual-CSIA and C-ESIA methods

The developed CeN dual-CSIA and C-ESIA methods were suit-
able for the range of pH and DOC concentrations encountered in the
hydrolysis experiment. The minimum peak amplitudes m/z 44 for
linear d13C measurements were z300mV for all the compounds,
except for Butachlor (m/z 44z 500mV, Table 2, Figure S-2), which
corresponds to 5e8 ng of carbon injected on column. Linearity tests
also revealed minimum m/z 28 amplitudes ranging from 150 to
200mV (and 300mV for Atrazine, Figure S-3), corresponding to
17e21 ng (37 ng for Atrazine) of nitrogen injected. For both nitro-
gen and carbon measurements, analytical error (n¼ 3) and long
term reproducibility was 0.3‰� s� 0.8‰ (Table 2), which was
consistent with previous studies (Meyer et al., 2008). No significant
shift (Dd13C� 0.7‰ and Dd15N� 0.5‰) compare to EA-IRMS mea-
surements confirmed the absence of significant carbon and nitro-
gen isotope fractionation during GC-IRMS analysis (Table 2).
Method validation was also carried out for C-ESIA of Metalaxyl,
using racemic-Metalaxyl and M-Metalaxyl (i.e. R enantiomer
enriched formulation) standards (Masbou et al., 2018).

For the six pesticides, independently of pH and DOC concen-
trations, extraction recoveries were larger than 80%, except for
Butachlor (recoveryz 60%). Hence, pH did not affect SPE extraction
efficiency using C18 cartridges. Comparison with EA-IRMS mea-
surements indicated limited effects of extraction methods using
SPE on C and N isotope composition (Dd13C� 1‰ and
Dd15N� 0.5‰, Table 2).

3.2. Hydrolysis of Atrazine and isotopic fractionation

Atrazine was hydrolysed under both acidic (pH� 4) and alkaline
conditions (pH¼ 12), whereas it was not significantly degraded
(DT50> 200 days, p> 0.05), even with DOC addition and at cir-
cumneutral pH (pHz 7, Table S-8). At 20 �C, kinetic parameters
decreased from k¼ 0.009± 0.002 days�1 at pH¼ 4 up to
k¼ 0.033± 0.005 days�1 at pH¼ 12, with an intermediate
k¼ 0.013± 0.001 days�1 at pH¼ 2, in agreement with previous
observations (Meyer et al., 2008). As predicted by the Arrhenius
equation, temperature affected kinetics parameters (k20�C versus
k30�C) with systematically faster kinetics at 30 �C (p< 0.05). Atra-
zine degradation kinetic at pH¼ 2 was 5 time faster at 30 �C
compared to 20 �C, corresponding to an activation energy of
124 kJmol�1 (see section S-5 in SI for details). Similar activation
energy of 95 kJmol�1 was found at pH¼ 12, which is consistent
with 100 and 104 kJmol�1 in acidic and alkaline conditions
(Grzybkowska et al., 2014). The systematic detection of hydroxy-2-
Atrazine degradation product (See SI, Table S-2 and Figure S-11)
indicates nucleophilic substitution of the chlorine atom by a hy-
droxyl group (Meyer et al., 2008).

An opposite εN¼ 1.3± 0.6‰ at pH¼ 2 and εN¼�0.8± 0.5‰ at
pH¼ 12 revealed different intermediate mechanisms leading to
hydroxy-2-Atrazine in both cases (see Table S-9 for a comparison of
results from this study with those of Meyer et al., 2008). Nitrogen
inverse kinetic isotope effect under acidic conditions may result
from an additional step of protonation at one of the N atom (Meyer
et al., 2008). The εN values records a secondary kinetic isotope ef-
fects since all N atoms are embedded in the aromatic p-system that
can be disrupted by reaction at the CeCl position, implying an
adjacent a-carbon (Figure S-11). As primary kinetic isotope effect
recorders, carbon isotopic fractionation did not significantly vary
(from εC¼�6.1± 0.8‰ at pH¼ 2 to εC¼�5.6± 0.8‰ at pH¼ 12).

http://www.real-statistics.com


Table 2
Validation of CeN CSIA methods. EA-IRMS, GC-C-IRMS d13C and d15N values (mean± s, ‰) for pesticide standards are compared with GC-C-IRMS values for solid phase of
extracted pesticide standards. Data are given for SPE extraction at pH¼ 7 (see Table S-5 in the SI for other pH values).

Compound d13C (‰) Dd13C (‰) d15N (‰) Dd15N (‰)

EA-IRMS
(n¼ 3)

GC-IRMS (n) GC-IRMS
Extracted
(n¼ 3)

EA-IRMS vs.
GC-IRMS
(‰)

EA-IRMS vs.
Extracted
(‰)

EA-IRMS
(n¼ 3)

GC-IRMS
(n)

GC-IRMS
Extracted
(n¼ 3)

EA-IRMS vs.
GC-IRMS
(‰)

EA-IRMS vs.
Extracted
(‰)

Atrazine �26.3± 0.1 �26.3± 0.6
(n¼ 65)

�26.9± 0.2 0.1± 0.7 0.6± 0.3 �0.2± 0.1 �0.2± 0.4
(n¼ 30)

�0.1± 0.2 0.0± 0.5 ¡0.1± 0.3

Acetochlor �29.3± 0.1 �29.6± 0.5
(n¼ 68)

�29.8± 0.1 0.3± 0.6 0.5± 0.2 �2.2± 0.1 �2.1± 0.6
(n¼ 23)

�1.7± 0.3 0.1± 0.7 ¡0.4± 0.7

Alachlor �33.8± 0.1 �34.2± 0.4
(n¼ 55)

�34.5± 0.1 0.4± 0.5 0.7± 0.2 n.m n.m n.m n.m n.m

Butachlor �26.8± 0.1 �27.5± 0.5
(n¼ 58)

�27.3± 0.1 0.7± 0.6 0.5± 0.2 1.1± 0.1 1.0± 0.7 (n¼ 39) 1.0± 0.2 0.2± 0.8 0.1± 0.2

S-Metolachlor �30.9± 0.1 �31.2± 0.5
(n¼ 74)

�31.4± 0.1 0.3± 0.6 0.5± 0.2 0.4± 0.1 0.4± 0.7 (n¼ 34) 0.3± 0.1 0.1± 0.7 0.2± 0.2

Metalaxyl �31.7± 0.1 �31.8± 0.8
(n¼ 47)

�31.7± 0.1 0.1± 0.9 0.1± 0.2 0.4± 0.1 0.8± 0.3 (n¼ 26) 0.6± 0.3 0.5± 0.4 ¡0.2± 0.4

n.m: not measured.
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These results confirm that CeN dual element isotope plots allow
distinguishing oxidative dealkylation from biotic/abiotic hydrolysis
of Atrazine (Meyer et al., 2008). The same approach can be applied
to examine underlying isotope effects during hydrolysis of anilide
pesticides.
3.3. Hydrolysis of chloroacetanilides and isotopic fractionation

Hydrolysis of chloroacetanilides was only observed under
alkaline conditions (pH¼ 12) and DOC addition did not influenced
hydrolysis at pH¼ 7 (Table S8). All chloroacetanilide molecules
underwent hydrolysis at 30 �C with similar degradation kinetics
(k¼ 0.038± 0.003 days�1 for Acetochlor, k¼ 0.038± 0.004 days�1

for Alachlor, k¼ 0.027± 0.005 days�1 for Butachlor), with the
exception of S-Metolachlor (k¼ 0.006± 0.001 days�1 at 30 �C and
insignificant hydrolysis at 20 �C). Hydrolysis kinetics for Acetochlor,
Alachlor and Butachlor in experiment at 30 �C were 3e4 fold faster
compared to those in experiments at 20 �C. This corresponds to
activation energies ranging from 70 to 100 kJmol�1 (see section S-5
of the SI for details). Except for S-Metolachlor, for which no
degradation products was identified, mass spectra interpretation
and comparison with literature (Zheng and Ye, 2001) indicates the
formation of N-(2,6-diethylphenyl)-2-hydroxy-N-(metoxymethyl)
acetamide, N-(ethoxymethyl)eN-(2-ethyl-6-methylphenyl)-2-
hydroxyacetamide and N-(2,6-diethylphenyl)-2-hydroxy-N-
(butoxymethyl)acetamide as degradation products for Alachlor,
Acetochlor and Butachlor hydrolysis, respectively (see Table S-2 for
Table 3
Bulk (CeN CSIA) and enantiospecific (C-ESIA) isotopic fractionation (εC and εN) for the stu
(AKIEC and AKIEN) and L values were calculated using Eqs. (4) and (5), respectively. Unc

Hydrolysis type εC (‰) εN

CeN CSIA Atrazine Acidic �6.1± 0.8 1.3
Atrazine Alkaline �5.6± 0.8 �0
Acetochlor Alkaline �4.0± 0.8 n.s
Alachlor Alkaline �4.9± 0.4 n.m
Butachlor Alkaline �3.7± 0.7 n.s
S-Metolachlor Alkaline �2.8± 0.6 �2
M-Metalaxyl Alkaline �2.1± 1.1 �2
Rac-Metalaxyl Alkaline �3.0± 0.4 �2

C-ESIA S-Metalaxyl Alkaline �2.8± 1.2 n.m
R-Metalaxyl �2.5± 0.8 n.m

n.s: not significant.
n.m: not measured.
chemical structures). Inspection of mass spectra obtained by both
GC-MS and LC-MS running in full-scan mode did not allowed to
detect other degradation produts (Figure S-1). The occurrence of
hydroxylated degradation products in all experiments revealed
nucleophilic substitution at the CeCl bond position of the chlor-
oacetanilide pesticides (see Fig. 3 for Alachlor, and Figure S-8 and
Figure S-9 in the SI for Acetochlor and Butachlor, respectively).
Our results are consistent with those obtained during alkaline
(NaOH 2N) hydrolysis of chloroacetanilides (Carlson et al., 2006). In
few cases, however, an additional pathway involving amide cleav-
age was observed, that we could not exclude for S-Metolachlor
under alkaline hydrolysis as no degradation products were un-
equivocally identified.

Acetochlor, Alachlor and Butachlor displayed similar carbon
isotopic fractionation during abiotic hydrolysis (εC¼�4.0± 0.8‰,
εC¼�4.9± 0.4‰ and εC¼�3.7± 0.7‰, respectively), whereas εC
for S-Metolachlor was lower (�2.8± 0.6‰, Table 3). In comparison,
εC values have been obtained for biotic degradation of S-Metola-
chlor (εCz 0‰, degradation� 30%), Alachlor (εC¼�2.0± 0.3‰,
degradation� 60%) and Acetochlor (εC¼�3.4± 0.5‰, degrada-
tion� 65%) in a constructed wetland (Elsayed et al., 2014) or for S-
Metolachlor biotic degradation (εC¼�1.5± 0.5‰, degrada-
tion� 80%) in soil incubation experiments (Alvarez-Zaldívar et al.,
2018). Small differences in isotopic fractionation during chlor-
oacetanilide hydrolysis and biotic degradation may reflect distinct
mechanisms, which is supported by the formation of different
degradation products. For instance, oxanilic (OXA) and
died pesticides during acidic or alkaline hydrolysis. Apparent Kinetic Isotope Effects
ertainties are given as 95% CI.

(‰) L¼ d13C/d15N¼ εC/εN AKIEC AKIEN

± 0.6 �0.29± 0.12 1.052± 0.006 0.994± 0.001
.8± 0.5 0.15± 0.08 1.047± 0.006 1.001± 0.001

n.s 1.060± 0.012 n.s
n.m 1.073± 0.005 n.m
n.s 1.067± 0.013 n.s

.0± 1.3 0.79± 0.71 1.043± 0.008 1.002± 0.001

.2± 0.2 1.05± 0.51 1.033± 0.017 1.002± 0.001

.7± 0.7 0.86± 0.46 1.047± 0.007 1.003± 0.001
n.m 1.044± 0.018 n.m
n.m 1.040± 0.012 n.m
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ethanesulfonic acids (MESA) prevailed in wetlands (Maillard et al.,
2016) but were not detected in this study.

Weak nitrogen isotopic fractionation (Dd15Nz 1.5‰) for Ala-
chlor, Acetochlor and Butachlor did not allow to derive εN values
given the analytical precision (z1‰). In contrast, S-Metolachlor
displayed small but significant εN¼�2.0± 1.3‰. Since S-Metola-
chlor contains a single nitrogen heteroatom, nitrogen isotope effect
is position specific and secondary. The absence of isotope dilution
effect likely resulted in larger εN values for S-Metolachlor compared
to Atrazine (εN¼�0.8± 0.5‰). However, AKIEN¼ 1.002± 0.001 for
S-Metolachlor was, as expected, similar to AKIEN¼ 1.001± 0.001
for Atrazine.
3.4. Hydrolysis of chiral metalaxyl and CeN isotopic fractionation

Independent hydrolysis experiments with racemic-Metalaxyl
and R enantiomer enriched (M-Metalaxyl) formulations were
conducted to evaluate enantiomeric and isotopic fractionation of
Metalaxyl formulations with different proportions of active
stereoisomers.

Racemic-Metalaxyl degraded at pH¼ 9 and 30 �C
(k¼ 0.010± 0.002 days�1). Degradation kinetic was particularly
high at pH¼ 12 (k¼ 0.29± 0.02 h-1), in agreement with previous
observations (Sharom and Edgington, 1982). Enantiomeric frac-
tionation could not be observed during abiotic degradation, and
enantiomeric ratios (EFz 0.5) did not change significantly across
the experiment (Fig. 1), which is consistent with previous studies
(Maia et al., 2017). Identical degradation kinetics (k¼ 0.29± 0.02 h-

1) for degradation of M-Metalaxyl further confirmed this
assumption.

Demethyl-metalaxyl acid was the main degradation products
detected during Metalaxyl hydrolysis, while hydroxylated com-
pounds could not be detected (Fig. 1). Ester cleavage via SN2 type
dealkylation is a common transformation pathway for organic
molecules (Mc Murry, 1976) and may be favoured by the absence of
chlorine atom in the Metalaxyl molecule. In soils, Metalaxyl was
degraded by both dealkylation (Sukul and Spiteller, 2000) and hy-
droxylation (Masbou et al., 2018).

Racemic-Metalaxyl and M-Metalaxyl hydrolysis yielded similar
carbon isotopic fractionation (εC¼�3.0± 0.4‰ and
εC¼�2.1± 1.1‰, respectively), suggesting a similar fractionation
pattern among enantiomers. Similar εC values for S-Metalaxyl
(εC¼�2.8± 1.2‰) and R-Metalaxyl (εC¼�2.5± 0.8‰) obtained by
carbon enantiospecific stable isotope analysis (C-ESIA) during
Fig. 1. d13CS-Metalaxyl (‰, left axis), d13CR-Metalaxyl (‰, left axis), and EFS-Metalaxyl (%, right axis)
uncertainty (±s), which incorporates both accuracy and reproducibility of long term measu
racemic-Metalaxyl degradation indicated the absence of enantio-
selective isotopic fractionation during alkaline hydrolysis.

Worthy of note, εC values for hydrolysis were close to those for
racemic-Metalaxyl in soil degradation experiment
(εC¼�0.9± 0.5‰ and εC¼�2.0± 1.3‰ in vineyard and crop soils
respectively (Masbou et al., 2018)). As for carbon, nitrogen isotopic
fractionations for hydrolysis were similar for racemic-Metalaxyl
(εN¼�2.7± 0.7‰) and M-Metalaxyl (εN¼�2.2± 0.2‰). However,
εN values slightly differed from those obtained in soil biodegrada-
tion experiment where hydroxylation was observed
(εN¼�1.2± 0.9‰ in the vineyard soil; see section S-9 of the SI).
Altogether, the results suggest that CeN dual-CSIA bears potential
to tease apart Metalaxyl dealkylation from hydroxylation in the
field.
3.5. AKIEs dependence from bond cleavage: insights from CeN
isotope plots

AKIEC values derived from isotopic fractionation for both alka-
line and acidic hydrolysis (Table 3) ranged from 1.033 to 1.073 for all
the pesticides, which is consistent with primary isotope effect
during SN2 type mechanisms (AKIEC¼ 1.03e1.07 (Elsner et al.,
2005)). Small differences occurred between AKIEC values for CeCl
bond cleavage (AKIEC ranged from 1.047 to 1.073 for Atrazine, Al-
achlor, Acetochlor, and Butachlor), and those observed for other
bond cleavage (AKIEC values ranged from 1.033 to 1.047 for Met-
alaxyl (CeO cleavage) and S-Metolachlor (undetermined reaction).
Despite the occurrence of primary isotope effects and AKIEC
calculation that limit isotopic dilution effects, carbon isotopic
fractionations lack of sensitivity to tease apart hydrolysis mecha-
nisms. As anilide pesticides contain 1e3N heteroatoms, dual CeN
isotope analysis may circumvent the issue of isotope effect ‘dilution’
encountered with C isotopes and show sufficient sensitivity to
distinguish hydrolysis mechanisms.

Secondary nitrogen isotope effect occurred for all molecules,
except for S-Metolachlor. Despite low AKIEN values ranging from
0.994 to 1.003, dual plot of d13C versus d15N values suggests that
degradation mechanism for Acetochlor and Butachlor during hy-
drolysis differ from that of Metalaxyl and S-Metolachlor (Fig. 2).
Although Acetochlor and Butachlor did not display significant ni-
trogen isotopic fractionation (�1.5‰), CeN isotope fractionation
patterns for Metalaxyl and S-Metolachlor (L¼ 0.86± 0.46 and
L¼ 0.79± 0.71, respectively) appear similar. Isotopic fractionation
patterns in dual plots thus revealed the footprint of underlying
values during hydrolysis (pH¼ 12, 20 �C). Error bars correspond to the total analytical
rements (see Table S-4 in the SI), and can be smaller than the symbols.



Fig. 2. C-N isotope plot for carbon and nitrogen for Atrazine, Metalaxyl (racemic and R enantiomer formulation (M-Metalaxyl)) and S-Metolachlor during acidic and/or alkaline
hydrolysis. S-Metolachlor data are zoomed at the top of the figure. Error bars correspond to the total analytical uncertainty (± s), which incorporates both accuracy and repro-
ducibility of long term measurements (see Table S-4 in the SI), and can be smaller than the symbols. Displayed linear regression are significant except for Butachlor and Acetochlor
(p> 0.05).
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isotope effects for (i) Acetochlor, Alachlor and Butachlor, which
undergo SN2 CeCl bond breaking in alkyl chain, (ii) Atrazine un-
dergoing SN2 CeCl bond breaking in the aromatic p-system, and
(iii) Metalaxyl, which likely undergo SN2 CeO bond breaking.
Further work is needed to minimize analytical uncertainties and
enhance interpretation when degradation extent and/or isotope
fractionation are modest.

3.6. d13C values of hydrolysis degradation products

Pesticide degradation products (DP) may be more polar than
their parent compounds (PC), thereby limiting their measurement
using GC-IRMS. GC-IRMS detection of Acetochlor, Alachlor and
Butachlor DP formed during alkaline hydrolysis allowed to follow
the isotopic composition of DP versus PC during hydrolysis in the
closed laboratory experiments. In addition to DP/PC ratios, carbon
isotope ratios of chloroacetanilides and DP may be used to evaluate
degradation state of chloroacetanilides and their DP under field
conditions.

DP formed during alkaline hydrolysis were isotopically lighter
than their corresponding parent compounds. For instance, d13C
values of Alachlor increased from �34.3± 0.1‰ to �32.3± 0.1‰,
while corresponding degradate got progressively lighter
from�33.9± 0.3‰ to�37.4± 0.4‰ in experiments at 20 �C (Fig. 3).
However, the effect of extraction procedure on recovery and iso-
topic fractionation could not be evaluated because commercially
available standards for the detected DP are currently lacking.
Nevertheless, a mass balance ([DP þ PC]t¼ [PC]0) and isotope
balance (d13CDPþPC,t¼ d13CPC,0) were established based on CO2 peak
areas integration (GC-IRMS) and assuming the formation of a
unique DP for Alachlor, Acetochlor and Butachlor and no isotopic
effects for DP extraction and analysis (see section S-7 in SI for de-
tails). Mass balance ([DPþ PC]t/[PC]0� 90%, Table S-11) and isotope
balance (d13CDPþPC,t/d13CPC,0� 90%, Table S-11) for experiments at
20 �C support the notion that a unique DPwas formed and acquired
the complement isotope signature of its PC.

A similar pattern was observed in experiments at 30 �C,
although amount of DP and d13C values did not change until t¼ 9
days (Fig. 3). While a single DP likely occurred until t¼ 9 days
(d13CDPþPC,t/d13CPC,0� 90%, Table S-11), mass balance estimations
further suggest degradation of DP after 30 days (d13CDPþPC,t/
d13CPC,0z 70%, Table S-11 in the SI). Small changes in the d13C
values of the degradation product (Fig. 3) likely reflect a balance
between DP formation in the experiments at 30 �C, with concom-
itant enrichment in 12C, and DP degradation, leading to an
enrichment in 13C. However, no degradates from the initially
formed DP were detected by GC-MS or LC-MS analysis. This may be
due to low SPE extraction recoveries with C-18 cartridges that
mainly target nonpolar to moderately polar compounds.

Altogether, when a unique and stable degradation product is
ideally formed, values of d13CPC, t and d13CPC,t obtained from the
same water sample may be a proxy of the initial isotope ratio
d13CPC,0. This can help to determine in some cases the d13CPC,0
source signature, often encountered when evaluating pesticide
degradation in the field.



Fig. 3. Alachlor concentrations (filled symbols) and alachlor degradation products (DP, open symbols) peak areas normalized with internal standard peak areas (top), and cor-
responding d13C values (down) during alkaline hydrolysis (pH¼ 12) at 20 �C (left) and 30 �C (right). Error bars correspond to the total analytical uncertainty (±s), which in-
corporates both accuracy and reproducibility of long term measurements (see Table S-4 in the SI), and can be smaller than the symbols.
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4. Conclusions

Abiotic hydrolysis of Acetochlor, Alachlor, S-Metolachlor, Buta-
chlor, Metalaxyl, and Atrazine at most common environmental pH
(4< pH< 9) is a slow process (DT50> 200 days) associated with
insignificant isotopic fractionation (Dd13C� 0.5‰). Abiotic hydro-
lysis of studied pesticides thus may be neglected in most CSIA
studies when pH of surface and groundwater systems ranges be-
tween 6 and 8.5, although hydrolysis may also occur locally at
water-mineral interface in aquifer (Smolen and Stone, 1997). Only
Metalaxyl was significantly degraded during hydrolysis at pH¼ 9,
which resulted in significant isotopic fractionation
(εC¼�4.2± 1.5‰). In contrast, significant hydrolysis occurred at
pH < 4 and pH > 9. Pesticide degradation ranged from a few hours
(Metalaxyl, pH¼ 12) to several weeks (S-Metalaxyl, pH¼ 12) under
alkaline conditions, which may occur in carbonate-rich minerals
drainage (pHz 10e12, (Khoury et al., 1992; M€oller and Bau, 1993)).
Most importantly, the combination of degradation products anal-
ysis and CeN dual-CSIA allowed to elucidate degradation mecha-
nisms of chloroacetanilide and acylalanine pesticides. These first
reference isotopic fractionation values for hydrolysis of anilide
pesticides can be compared in the future with 15N and 13C frac-
tionation patterns during microbial degradation, and used to tease
apart degradation pathways in the field.
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