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ARTICLE INFO ABSTRACT
Handling Editor: Keith Maruya Many processes can contribute to the attenuation of the frequently detected and toxic herbicides atrazine and
metolachlor in surface water, including photodegradation. Multi-element compound-specific isotope analysis has
Keywords: the potential to decipher between these different degradation pathways as Cl is a promising tool for both
Photodegradation

pathway identification and a sensitive indicator of degradation for both atrazine and metolachlor. In this study,

Ism(?p,e fractionation photodegradation experiments of atrazine and metolachlor were conducted under simulated sunlight in buffered
Pesticides . . . . . Lo . . .

Chlorine isotopes solutions (direct photodegradation) and with nitrate (indirect photodegradation by OH radicals) to determine
Atrazine kinetics, transformation products and isotope fractionation for C, N and for the first time Cl. For metolachlor, the
Metolachlor C-Cl dual isotope slope (Ac/c = 0.46 + 0.19) is identical to previously reported values for hydrolysis and
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biodegradation in soils, suggesting the same reaction mechanism (C-Cl bond breakage by SN; nucleophilic
substitution). For atrazine, both direct and indirect photodegradation resulted in a pronounced inverse isotope
effect for chlorine (ec; = 6.9 + 3.3 %o, and ec) = 2.3 + 1.2 %o, respectively), leading to characteristic dual isotope
slopes (Ac/c = —0.49 £ 0.17 and Acyq = —0.31 + 0.10, respectively). These values are distinct from those
previously reported for abiotic hydrolysis, biotic hydrolysis and oxidative dealkylation which are all relevant
processes in surface water, opening the path for pathway identification in future field studies.

1. Introduction

Man-made organic chemicals such as pesticides are increasingly
detected in groundwater and surface water worldwide and pose a major
threat to ecosystems (Vijver et al., 2017) and public health (Kim et al.,
2017; Evans et al., 2019). For example, exposure to the herbicide atra-
zine (ATR) is associated with endocrine disruption in amphibians
(Tavera-Mendoza et al., 2002) and possibly birth defects in humans
(Almberg et al., 2018). ATR is ubiquitous in Québec, Canada, not only in
surface water but it also has been detected in drinking water
(Montiel-Leon et al., 2019). Similarly, the frequently detected herbicide
metolachlor (METO) is toxic to humans and aquatic ecosystems and is
classified as a possible human carcinogen by the US EPA and the Eu-
ropean Chemicals Agency (Agency., 2008; European Chemicals Agency,
2022). Therefore, it is necessary and urgent to unveil the processes
responsible for the transformation of these contaminants in the envi-
ronment to be able to predict their long-term impact on water resources
(persistence, presence of transformation products-TPs) and to develop
strategies to mitigate pollution.

The degradation of micropollutants in the environment often ap-
pears as a black box since many processes, that are often difficult to
disentangle, can occur. In surface waters, photodegradation can sub-
stantially contribute to their overall degradation (Huntscha et al., 2008;
Gerecke et al., 2001), but other processes such as biodegradation and
abiotic hydrolysis can also play a major role, and the relative importance
of each process is usually unknown (Fenner et al., 2013, 2021; Imfeld
et al., 2021). Photodegradation can be direct (a compound absorbs
photons and undergoes transformation) or indirect (a compound is
transformed by energy transfer from another excited species or by re-
action with very reactive, short-lived species formed in the presence of
light) (Schwarzenbach et al., 2003). Such intermediates often come from
dissolved organic matter (DOM excited triplet states), or nitrate (hy-
droxyl radicals). Indirect phototransformation is expected to be the main
process for most pesticides because i) the electronic absorption spectrum
of most of them shows little overlap with the spectrum of sunlight
(Schwarzenbach et al., 2003), and ii) nitrate is ubiquitous in surface
water in agricultural areas and it produces OH radicals that react with
pesticides even at very low concentrations (Zeng et al., 2013). Indeed,
previous studies have shown that photodegradation of both ATR and
METO mainly occurs through reaction with OH radicals, especially in
the presence of nitrate (Vione et al., 2010; Mabury et al., 1996).

Process-specific information such as isotope fractionation given by
Compound-Specific Isotope Analysis (CSIA) is crucial to tease apart
transformation pathways. During their transformation, molecules with
light isotopes (e.g., 12C) are usually degraded at a different rate than
those with heavy isotopes (e.g., 1°C), leading to a fractionation in
undegraded molecules. This approach is powerful because this frac-
tionation helps to identify specific degradation processes when isotopes
of two elements or more are monitored (Hohener et al., 2022) and
quantify these processes (Aelion et al., 2009), which is extremely diffi-
cult to do with approaches relying only on concentration measurements.
CSIA has been applied to characterize photodegradation of several
micropollutants, such as organophosphorus pesticides (Wu et al., 2014,
2018), a-hexachlorocyclohexane (Zhang et al.,, 2014), bromoxynil
(Knossow et al., 2020), terbutryn (Junginger et al., 2022), triclosan (Liu
et al., 2020), sulfamethoxazole (Liu et al., 2024) or diclofenac (Maier
et al., 2016). Most CSIA studies only monitored carbon isotopes or

carbon and nitrogen isotopes because i) they are usually easier to
measure and, ii) there is more literature on isotope fractionation asso-
ciated to different degradation pathways for these elements. However,
recent analytical advances have made chlorine isotope analysis acces-
sible in micropollutants either by gas chromatography—single quadru-
pole mass spectrometry (GC-MS (Ponsin et al., 2019)), GC
multiple-collector inductively coupled plasma MS (GC-MC-ICP-MS
(Renpenning et al., 2018; Vinyes-Nadal et al., 2024)), or more recently
by high-resolution liquid chromatography quadrupole time-of-flight
mass spectrometry (LC-QTOF-MS (Prieto-Espinoza et al., 2023)). This
is particularly relevant as organochlorine pesticides usually contain a
high number of carbon atoms and one or two chlorine atoms, meaning
that C could be affected by strong dilution of the isotope effect while this
would not be the case for Cl. For example, Torrento et al. (2021)
measured a strong Cl isotope fractionation during abiotic hydrolysis of
metolachlor and acetochlor, which suggests that Cl isotopes are sensitive
indicators of degradation for these compounds, even if the extent of
degradation is limited. For atrazine, Cl isotopes helped differentiating
degradation pathways relevant under environmental conditions (e.g.,
acidic hydrolysis and biotic hydrolysis) that were undistinguishable
with C and N data only (Torrento et al., 2021).

As far as we know, only two studies have assessed isotope fraction-
ation of ATR and METO during direct and indirect photodegradation:
Hartenbach et al. (2008) evaluated C, N and H isotope fractionation
associated to direct photodegradation of ATR with UV light (A = 254
nm) and indirect photodegradation with OH radicals or with excited
triplet states of 4-carboxybenzophenone (A range = 308-410 nm);
Drouin et al. (2021) evaluated C and N isotope fractionation associated
to direct photodegradation of ATR and METO with UV light (A = 254
nm), and under simulated sunlight (A range = 270-720 nm), and indi-
rect photodegradation with OH radicals, DOM or both (A range =
270-720 nm). Contrasting C and N isotope fractionation between direct
and indirect photodegradation and within each process demonstrated
the influence of the choice of irradiation source on fractionation factors
and therefore on the occurrence of different reaction pathways. Frac-
tionation factors obtained for ATR and METO during indirect photo-
degradation with nitrate and DOM (Drouin et al., 2021) supported
previous studies suggesting that indirect photodegradation is driven by
OH radicals produced by nitrate in surface water impacted by agricul-
ture. The formation of 2-hydroxy-atrazine and 2-hydroxy-metolachlor,
resulting from a C-Cl bond cleavage during direct and indirect photo-
degradation of METO and ATR, has been reported by several studies
(Torrents et al., 1997; Dimou et al., 2005; Nicol et al., 2015), which
makes Cl an ideal candidate for sensitive detection of degradation and
potentially identification of transformation processes.

The overall objective of this study was therefore to evaluate the
sensitivity of stable Cl isotopes as indicators of photodegradation and for
pathway identification for ATR and METO by providing the first data set
on Cl isotope fractionation for the photodegradation of these com-
pounds. The specific objectives were 1) to determine Cl, C and N isotope
fractionation and dual-isotope slopes during direct and indirect photo-
degradation of ATR and METO, and 2) to assess two-dimensional isotope
fractionation patterns to tease apart photodegradation from other
degradation processes of these environmentally relevant pesticides for
future field studies. Photodegradation experiments were conducted
under simulated sunlight either in phosphate buffer (direct photo-
degradation) or in the presence of OH radicals generated by nitrate
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(indirect photodegradation). Cl, C and N fractionation factors were
derived from these experiments and TPs were monitored.

2. Materials and methods
2.1. Chemicals

Atrazine (ATR, 98% purity), metolachlor (METO, 98% purity), dee-
thylatrazine (DEA, 98 % purity), deisopropylatrazine (DIA, 98% purity)
and deisopropylhydroxyatrazine (DIAOH, 98% purity) were purchased
from Toronto Research Chemicals (TRC, North York, ON, Canada). 2-hy-
droxy-metolachlor (METOH, 98% purity) and metolachlor ethane-
sulfonic acid (METO-ESA, 95.7% purity) were supplied by Dr.
Ehrenstorfer (Augsburg, Germany). Metolachlor oxanilic acid (METO-
OA, >98.0% purity), 2-hydroxy-atrazine (ATROH, 99,7% purity), and
deethyldeisopropylatrazine (DEDIA, 97.8% purity) were purchased
from Sigma-Aldrich (Saint-Louis, MO, USA). Internal standards used for
quantification were supplied by TRC (metolachlor-d6, 97% purity),
Sigma-Aldrich (atrazine-d5, >99.0% purity), and CDN isotopes (2-hy-
droxy-atrazine-d5, 99.7% purity, Pointe-Claire, QC, Canada).

2.2. Photodegradation experiments

All experiments were made in solutions buffered at pH 6.5 (28 mL of
0.1 M NaOH mixed with 100 mL of 0.1 M KH3PO4 in a final volume of
200 mL) to avoid acid or alkaline hydrolysis. For indirect photo-
degradation, NaNO3 was added to the buffered solution to obtain a final
concentration of 10 mg/L of NO3. These buffered solutions were then
spiked with ATR or METO to obtain a final concentration of 20 mg/L and
50 mg/L, respectively. Each compound was first dissolved in dichloro-
methane (HPLC grade) and this stock solution was added to the buffered
aqueous solution under constant agitation. 24h were allowed for the
DCM to evaporate and the solution to be evenly mixed.

80 mL of the final pesticide solution were transferred to 100 mL
quartz tubes (Technical Glass Products, Painesville, OH, USA) plugged
with a rubber cap coated with Teflon and placed in a Q-Sun Xe-1 pho-
toreactor (Q-Lab, Westlake, OH, USA) equipped with a 1800 W Xenon
lamp and a daylight Q filter simulating a summer day at noon (Q-Lab,
295-800 nm, light intensity of 0.68 Wm at 340 nm, Fig. S1), main-
tained at a constant temperature of 25 °C. The lamp irradiance spectrum
was regularly calibrated using a CR20 calibration radiometer (Q-Lab).
20 mL of the pesticide solution was transferred in a 60 mL serum flask
and covered with aluminum foil at room temperature as controls. Ex-
periments were made in triplicate. pH was measured at the beginning of
each experiment and on an aliquot when samples were removed from
the photoreactor (SenTix® 940 pH electrode, MultiLab IDS 4010-3W,
YSD).

Once removed from the photoreactor, samples were transferred in
serum flasks and kept frozen in the dark until further processing. 10 mL
of each sample was extracted by solid-phase extraction (SPE) with 0.2 g
of Sepra ZT sorbent (Phenomenex, Torrance, CA, USA) as explained
elsewhere (Ponsin et al., 2019; Torrento et al., 2019), except for samples
taken toward the end of the reaction, for which most of the available
volume was used for extraction. A previous study has shown that SPE
does not create isotope fractionation (Torrento et al., 2019). After SPE,
eluates were evaporated to dryness and reconstituted in ethyl acetate
with appropriate volumes for isotope analyses. The remaining volume of
each sample was used for determining analyte concentrations.

2.3. Analytical methods

Concentrations of ATR, METO and their expected transformation
products (DEA, DIA, DIAOH, ATROH, and DEDIA for ATR; METOH,
METO-ESA and METO-OA for METO) were determined by high pressure
liquid chromatography triple quadrupole mass spectrometry (HPLC-
QqQ-MS, Nexera Series, Shimadzu, Columbia, MD, USA, coupled with a
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QTRAP 5500, Sciex, Concord, ON, Canada). Separation was achieved on
a Zorbax Eclipse Plus C18 column (Agilent, Santa Clara, California, USA)
with dimensions 4.6 x 50 mm, 1.8 pm maintained at 40 °C at a flow rate
of 0.5 mL/min. The mobile phase consisted of water with 0.1% formic
acid (A) and acetonitrile with 0.1% of formic acid (B). The elution
gradient started with 3% B, increasing linearly until it reached 50% B at
15 min, then to 95% B at 18 min, holding at 95% B for 3 min and re-
equilibration at 3% for 6 min. The MS/MS was operated in multiple
reactions monitoring (MRM) mode, in both positive and negative ioni-
zation modes (MRM transitions are given in Table S1). Ion source and
MS parameters were as follows: ESI voltage, 5000V in positive and
—4500V in negative; source temperature, 500 °C; curtain gas, 35 psi;
nebulizer and drying gases both at 50 psi. Peak integration was per-
formed using MultiQuant™ 3.0 (Sciex), using peak area ratios of ana-
lyte/internal standard and linear regression of the calibration curve for
quantitation. A standard mixture solution of ATR, ATROH and DEDIA
was prepared at 0.5 pM, 0.25 pM for DEA and DIA, and 0.1 pM for
DIAOH in water. A standard mixture solution of METO, METO-ESA and
METO-OA was prepared at 0.5 pM, and 0,25 pM for METOH in water. A
calibration curve was prepared by diluting these stock solutions in water
to obtain 1, 2, 5, 10, 20, 40, 60, 80, and 100% of the above-mentioned
concentrations. Internal standards ATR-d5, ATROH-d5 and METO-d6
were added to samples and calibration curve standards at 0.2 pM final
concentration.

Untargeted analysis of select METO and ATR samples was performed
using high-resolution HPLC-MS/MS for exact mass. A list of potential
transformation products was prepared based on a literature review.
Suspect-screening was made by injecting 10 pL of the samples used for
concentration analysis on the same HPLC (and under the same separa-
tion conditions) coupled to a quadrupole time of flight mass spectrom-
eter (HPLC-Q-TOF-MS, Sciex Triple TOF 5600 Concord, ON, Canada)
operated both in positive and negative ion modes. The Q-TOF had an ion
spray voltage of —4500V in negative mode and 5000V in positive mode
and a source temperature of 450 °C. Data was analyzed using Peak-
View™ 2.2 and MasterView™ 1.1 (Sciex) to extract ion chromatograms
of potential transformation products.

Determination of carbon isotope ratios was made with a Trace 1310
GC coupled to a Delta V Advantage isotope ratio mass spectrometer
(IRMS) via a GC Isolink II interface equipped with a Pt/Ni reactor
operated at 1000 °C (all from Thermo Fisher Scientific, Bremen, Ger-
many). 2 uL of samples were injected in a large volume injector operated
in split mode (split 10) at 280 °C and equipped with a Carbofrit liner
(Restek, Bellefonte, PA, USA). Chromatographic separation was made
on a TG-5ms column (30 m x 0.25 mm x 0.25 pm, Thermo Fisher Sci-
entific). The oven program started at 50 °C for 1 min, increased to 250 °C
at a rate of 30 °C/min, then stayed at 250 °C for 5 min. Three in-house
standards (caffeine 513%C = —32.5 + 0.2%o, and two alkane mixes C12
813C = —40.7 + 0.3%0, and C16 5'3C = —29.0 + 0.4%o) were analyzed at
the beginning of each day to ensure the stability and reproducibility of
measurements, and pesticide in-house standards (Table 1) were inter-
spersed in each sequence for referencing on the Vienna PeeDee Belem-
nite (VPDB) scale via a two-point calibration. Samples and standards
were diluted to a similar concentration and measured in triplicate.

N isotopes in ATR were measured using the same equipment and the
same GC methods as described previously for C isotopes, except that
injections of 2-8 pL were performed in splitless mode and a liquid ni-
trogen trap after the combustion furnace eliminated the produced COs.
Pesticide in-house standards were interspersed in each sequence. N
isotopes in METO were determined following a method described else-
where (Drouin et al., 2021). C and N isotope ratios are expressed as
arithmetic means of replicate measurements with one standard devia-
tion (+1c). Total uncertainty for carbon and nitrogen isotopes was
calculated considering uncertainties associated with sample and stan-
dard measurements.

Chlorine isotope ratios were measured following a previous study
(Ponsin et al., 2019), using a 7890 B GC coupled to a 5977 B qMS
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Table 1
Isotope ratios of ATR and METO in-house standards.
Compound  Standard  8'3C + SD 515N 5%7al Purpose
(%0) + SD + SD
(%0) (%0)
ATR ATR_1 —-26.8 £ 0.1 1.0 £ n.d. Cand N
0.1 measurements
ATR #4 -26.4 £ 0.1% n.d. -0.9 Cl
+0.2¢ measurements
ATR -282+01> -0.6 36+ al
#11 +0.1° 0.4° measurements
METO MET_1 —28.1 £ 0.1 0.0 + n.d. Cand N
0.1 measurements
MET-I -286+0.1° nd. -4.3 cl
+ 0.2¢ measurements
MET-F —225+01° nd. 51+ cl
0.3¢ measurements

n.d. not determined. (Ponsin et al., 2019)®(Torrenté et al., 2021)°(Lihl et al.,
2019)

(Agilent, Wilmington, DE, USA). 1 pL of sample was injected splitless in
a split/splitless injector operated at 250 °C. A DB-5ms (25 m x 0.2 mm x
0.33 pm, Agilent) operated in constant flow mode (1.6 mL/min) was
used for separation. The temperature program started at 60 °C (0.6 min),
ramped at 33.3 °C/min to 190 °C (3 min), then 2.8 °C/min to 210 °C
(3.2 min). The interface was maintained at 280 °C, the ion source at
230 °C and the quadrupole at 150 °C. Selected ion monitoring (SIM)
mode was chosen for measurements and the following ions were
monitored: m/z 200 and 202 for ATR and m/z 238 and 240 for METO.
Samples were diluted to 10 mg/L and standards concentrations were
adjusted to those of the samples with a 20% tolerance. Each sample was
analyzed 10 times, and a two-point calibration was used to report
isotope values (Ponsin et al., 2019). Total uncertainty for chlorine iso-
topes was calculated considering uncertainties (as standard error of the
mean) associated with sample measurement and with the measurement
of the two standards (Ponsin et al., 2019; Bernstein et al., 2011).

2.4. Evaluation of stable Isotope data

Isotopes values are reported in per mil (%o) using the delta notation
(8) relative to the international standards Mean Ocean Chloride (SMOC)
for Cl, VPDB for C and air for N, following Eq. (1):

5Esample (%0) =1000e (m — 1> )

E std

Where E is the considered element, and Rgsample and Rggq are the
isotope ratios of the element E in the sample and the corresponding
standard, respectively. The reference values for the in-house ATR and
METO isotope standards used in this study are provided in Table 1.
Carbon and nitrogen isotope ratios of these in-house pesticide standards
were determined by IRMS (Isoprime 100, Micromass) coupled to an
elemental analyzer (EA, Vario MicroCube, Elementar Americas, Ron-
konkoma, NY, USA). For carbon, two international reference materials
(NBS19, 8'3C = —28.73 + 0.06%o and LSVEC §'3C = —11.85 + 0.04%0)
were used to normalize the results on the NBS19-LSVEC scale. For ni-
trogen, three international reference materials were used: USGS61
(6'°N = —2.87 + 0.04%0), USGS73 (5'°N = —5.21 + 0.05%c) and
USGS64 (615N = +1.76 £ 0.06%o). For carbon and nitrogen, an addi-
tional reference material (DORM2, shark tissue, §'3C = —17.04 +
0.11%0 and 8'°N = 6.3 + 0.06%0) was analyzed as an unknown to assess
the exactness of the normalization. Chlorine isotope ratios of the two
compound-specific chlorine standards used in this study were deter-
mined by GC-MC-ICP-MS, as explained elsewhere (Lihl et al., 2019). For
C, N and Cl isotope analyses, 1 mg/mL standard stock solutions were
prepared in ethyl acetate. Standards used for Cl isotope analyses were
diluted in ethyl acetate to a final concentration comprised between 5
and 20 mg/L. For carbon and nitrogen isotope analyses, standards were
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diluted in ethyl acetate to final concentrations ranging between 30 and
800 mg/L.

The fractionation factors (ec, ec) and ey) were determined according
to the Rayleigh equation (Rayleigh, 1896):

In 6E, +1
OE; +1

):eExlnf 2

where 6E and JE; are the isotope values of element E at the beginning of
the reaction and at any time t, respectively, and f is the remaining
fraction of substrate at time t. Errors given for € values correspond to the
95% CI of the York regression in Rayleigh plots, to take into account
measurement errors in both X (concentrations) and Y axes (isotope
values) (Ojeda et al., 2019).

To distinguish between different degradation pathways, a dual
isotope diagram or 2D-isotope plot, representing one element as a
function of the other, is usually more useful than a Rayleigh plot. Dual-
element isotope fractionation patterns were characterized by the slope A
of the York regression in a 2D-isotope plot:

ASN
ASYCl

_ASPN
- astc

ASEC

— 3
ASYCT @

Acja= N/C N/CL =

Uncertainties given for A values correspond to the 95% CI. Re-
gressions were done in R using the ‘bfsl” package. Statistical differences
between different experimental conditions and with previously reported
A and ¢ values were assessed using statistical two-tailed z-score tests
(Ojeda et al., 2019). Differences were considered statistically significant
at the a = 0.05 confidence level. Significance of regressions was deter-
mined by a Student test (a = 0.05). Grubbs’ tests were used to detect

outliers in datasets («x = 0.05).
3. Results and discussion
3.1. Kinetics and transformation pathways

ATR and METO photodegradation followed pseudo first-order ki-
netics. pH values remained stable throughout the reactions (data not
shown) and controls showed no sign of degradation (Fig. S2). METO
generally reacted faster than ATR, with half-lives of 39.0 and 7.4 days
for direct and indirect photodegradation of ATR, respectively, and 24.6
and 4.2 days for direct and indirect photodegradation of METO,
respectively (Table S2). Indirect photodegradation was faster than direct
photodegradation for both compounds due to the hydroxyl radical
emission from nitrate in addition of direct photodegradation that was
occurring in both experiments. Half-lives in this study were within the
same order of magnitude (ATR and METO indirect) or one order of
magnitude higher (ATR and METO direct) than previously reported ki-
netics under similar conditions, i.e., experiments with simulated or
natural sunlight, including for direct photodegradation, and without
organic matter (Drouin et al., 2021; Torrents et al., 1997; Dimou et al.,
2005; Gutowski et al., 2015a; Kochany et al., 1994; Konstantinou et al.,
2001; Wilson et al., 2000; Wu et al., 2021). Slightly longer half-lives in
our experiments can be explained by a combination of i) higher initial
concentrations of pesticides (20 mg/L for ATR and 50 mg/L for METO),
required to be able to perform multi-element CSIA at an advanced stage
of degradation, and ii) by lower nitrate concentration compared to other
studies (Drouin et al., 2021; Torrents et al., 1997). Another explanation
for longer half-lives observed during direct photodegradation lies in the
lamp spectrum that was used. Hensen et al. (2019) have shown that
minimal spectral differences between different irradiation source setups
can have strong impact on degradation kinetics of three pesticides with
limited sunlight absorption. In this setup there was no emission below
295 nm, whereas xenon lamps typically emit below these values with a
cut-off at 290 nm, 270 nm or even below depending on the study. This
makes emissions in this study very close to solar radiation (atmospheric
UV cutoff is around 290-296 nm at earth surface (Hirt et al., 1960)), but
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a significant part of the UVB spectrum (280-315 nm) was excluded,
which restricts further the spectral overlap for ATR and METO that do
not significantly absorb radiations above 320 nm (Cessna et al., 2008;
Feigenbrugel et al., 2005).

The same transformation products (TPs) were detected during direct
and indirect photodegradation of ATR, but in different proportions over
the course of the experiments (Fig. 1). ATROH was the main TP during
direct photodegradation representing 62% of quantified TPs at about
50% degradation, followed by DEA (21% at 50% degradation), DIAOH
(12% at 50%) and DIA (5% at 50%). ATROH represented only 6% of the
quantified TPs at 50% degradation during indirect photodegradation,
while the main TPs were DEA (42% at 50%) and DEDIA (30% at 50%)
followed by DIA (21% at 50%). ATROH was further degraded in both
direct and indirect photodegradation, as well as DEA, DIA, DIAOH and
DEDIA during indirect photodegradation. The dominance of ATROH
during direct photodegradation (simulated sunlight and UV light) and
dealkylated TPs during indirect photodegradation has been observed
before (Hartenbach et al., 2008; Cessna et al., 2008). On the other hand,
other studies have detected only traces of ATROH during direct photo-
degradation (Drouin et al., 2021; Marchetti et al., 2013; Rejto et al.,
1983).

Fig. 1 shows that i) most of the quantified TPs were further degraded,
and that ii) mass balances did not reach 100% (quantified TPs accounted
for over 90% of all produced TPs until about 40% degradation for direct
photodegradation and 20% degradation for indirect photodegradation
and their concentrations subsequently decreased). Suspect-screening
allowed the detection of five additional TPs: 6-amino-4-acetamido-2-
chloro-s-triazine (CDAT, major TP for indirect photodegradation, minor
for direct photodegradation, see Fig. S3), deethylhydroxyatrazine
(DEAOH, major TP for both conditions, see Fig. S3), and 4-acetamido-2-
chloro-6-isopropylamino-s-triazine (CDIT minor TP for both conditions)
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Fig. 1. Concentration of ATR (red dots) and several transformation products
during direct (A) and indirect (B) photodegradation. Error bars stand for the
standard deviation of concentrations in triplicate experiments. Black squares
represent the sum of these transformation products. DEA: deethylatrazine; DIA:
deisopropylatrazine, DEDIA: deethyldeisopropylatrazine, DIAOH: deisopro-
pylhydroxyatrazine and ATROH: 2-hydroxy-atrazine.
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that were detected in both experiments; ammelide and 4-acetamido-2-
chloro-6-ethylamino-s-triazine (CDET) were minor TPs detected during
indirect photodegradation only. Spectra and retention times for each of
these additional TPs are provided in Figs. S4 and S5. Another TP that
could correspond to ammeline was also detected but its retention time
did not match the one from the standard compound, so it was not further
considered. All of these additional TPs were previously described in
literature (Torrents et al., 1997; Cessna et al., 2008).

A complete picture of primary and secondary TPs detected for ATR is
shown in Fig. 2. Direct and indirect photodegradation of ATR lead to the
formation of the same five primary TPs whose relative abundance
depended on experimental conditions (a sixth TP, CDET, was exclusive
to indirect photodegradation). The fact that ATROH was the main TP
during direct photodegradation under simulated sunlight indicates that
dechlorination followed by hydroxylation was a major transformation
pathway under these conditions. The major transformation pathways
during indirect photodegradation were N-ethyl oxidation and N-iso-
propyl dealkylation, leading to the formation of DEA and DIA, respec-
tively. Direct photodegradation generally leads to photoproducts that
had lost their Cl atom, while most TPs in indirect photodegradation still
contain the Cl atom. The preferential formation of DEA over DIA during
direct and especially indirect photodegradation with nitrate (Fig. 2) has
been reported before and is probably due to sterical hindrance at the N-
isopropyl group, as well as a weaker dissociation energy associated to
the cleavage of N-C bond in the N-ethyl group compared to the N-iso-
propyl group (Drouin et al., 2021; Torrents et al., 1997; Marchetti et al.,
2013; Rejto et al., 1983).

No TPs were detected during direct and indirect photodegradation of
METO (quantified TPs and suspect-screening), except for trace amounts
of METOH (<LOQ), indicating that this TP was further degraded along
the course of the reaction (Fig. S6). It is possible that TPs were too polar
to be retained by the column used for both quantification and suspect-
screening (reverse-phase Agilent Zorbax Eclipse Plus C18), although
previous studies on METO photodegradation successfully detected and
quantified TPs with similar stationary phases (Drouin et al., 2021; Nicol
etal., 2015) or even by GC-MS (Dimou et al., 2005; Coffinet et al., 2012).
Our results partly corroborate those from Drouin et al. (2021) who did
not detect TPs for indirect photodegradation of METO in the presence of
nitrate, and who explained this by the non-selectivity of hydroxyl rad-
icals, reacting fast with TPs as they were produced. They also hypoth-
esized that METOH was not detected during direct photodegradation
under simulated sunlight because it was readily degraded, which was
confirmed in this study. However, they measured substantial amounts of
METO-OA during direct photodegradation (simulated sunlight), which
was not the case here. Previous studies have also reported the formation
of HMETO during direct photodegradation under simulated sunlight and
in the presence of nitrate (Dimou et al., 2005; Gutowski et al., 2015a,
2015b; Kochany et al., 1994). Most of the previously reported TPs,
whether METOH, METO-OA or TPs formed with UV light have in
common the loss of the chlorine atom, suggesting that the C-Cl bond
cleavage is the first step of the process. Indeed, photodegradation of
METO has been found to proceed through several routes including a
C-Cl bond cleavage, including dechlorination, hydroxylation, and
dehydrochlorination followed by cyclization (Dimou et al., 2005;
Kochany et al., 1994; Katagi, 2018).

3.2. Compound specific Isotope analysis (CSIA)

3.2.1. C, N and Cl isotope fractionation associated to the photodegradation
of atrazine

Direct and indirect photodegradation of ATR caused a normal
isotope effect for carbon (e¢ = —4.6 + 1.0 %o, and e¢ = —1.4 + 0.2 %o,
respectively) and nitrogen (ey = —4.4 £ 0.8 %o, and ey = —0.6 £ 0.2 %o,
respectively), while a strong inverse isotope effect was observed for
chlorine (ec; = 6.9 + 3.3 %o, and e¢; = 2.3 £ 1.2 %o, respectively, see
Table 2 and Fig. 3). C-Cl and N-C dual isotope slopes were significantly
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Table 2

Carbon, chlorine and nitrogen isotope fractionations (ec, €c en) and 2D-isotope slopes (Ac/q1, Anyc, and An/q) for direct and indirect photodegradation of ATR and
METO. ¢ and A values were calculated by the York regression and uncertainty is shown as the 95% confidence interval (95% CI). When differences between direct and
indirect photodegradation were not significant (p > 0.05), data were merged to derive combined ¢ and A values. n.s. = not significant.

Compound Experiment ec (%o) ec1 (%o) en (%o) Acsal Anyc Anyal
+95% CI +95% CI +95% CI +95% CI +95% CI +95% CI
ATR Direct photodeg. —4.6 +£1.0 6.9+ 3.3 —4.4+08 —0.49 + 0.17 1.08 + 0.31 —0.68 + 0.44
Indirect photodeg. -1.4+£0.2 23+1.2 —0.6 +£0.2 —0.31 + 0.10 0.40 + 0.23 n.s.
Combined - - - - - —0.87 + 0.33
METO Direct photodeg. -1.2+0.3 —-22+1.6 n.s. 0.48 + 0.25 n.s. n.s.
Indirect photodeg. —-0.4+£0.1 -1.1+1.1 -1.7 £ 1.3 0.37 + 0.30 n.s. n.s.
Combined - -1.0 £ 0.7 - 0.46 + 0.19 n.s. 1.0 £ 0.8

different between direct and indirect photodegradation, but not N-Cl
dual isotope slopes, hence data from both experiments were merged
(Table 2). For both ATR and METO, a comparison between ordinary
linear regression and York regression for epsilon and lambda determi-
nation is provided in Tables S3 and S4. Cl isotope values were not cor-
rected for the presence of two *3C atoms, as corrected values would have
been within the uncertainty range (Ponsin et al., 2019).

Isotope fractionation was systematically higher during direct
compared to indirect photodegradation. This higher isotope fraction-
ation has been observed before for several micropollutants, including
ATR and METO (Zhang et al., 2014; Knossow et al., 2020; Hartenbach
et al., 2008; Drouin et al., 2021). Inverse N isotope effects during direct
photodegradation of organic contaminants have also been reported,
including for ATR (Liu et al., 2024; Hartenbach et al., 2008; Drouin
et al., 2021; Ratti et al., 2015), while a normal isotope effect was
measured in this study. However, experimental conditions were
different as direct photodegradation was done with shorter wavelengths
in these studies and the amount of energy received was much higher
than under simulated sunlight. Only one study looked at isotope frac-
tionation during direct photodegradation under simulated sunlight,
which led to insignificant C and N isotope fractionation for ATR (Drouin
et al., 2021). The authors explained this result by various co-occurring

reactions caused by the generation of diverse excited triplet states by
the Xe lamp leading to compensating C and N isotope fractionation.
Direct photodegradation has been hypothesized to proceed via
excitation of ATR followed by dechlorination and hydroxylation
(Torrents et al., 1997; Katagi, 2018) and TPs detected during the reac-
tion indicated this was the main transformation pathway in this study.
The strong normal isotope effect observed for C is consistent with a
hydrolysis step and C isotope fractionation is identical to previously
reported values measured during abiotic hydrolysis of ATR, where
ATROH was also the main TP (e¢ = —5.6 % 0.8 %o, (Masbou et al., 2018),
ec = —5.6 + 0.1 %o (Meyer et al., 2008), e¢ = —4.0 £ 3.3 %o (Torrento
et al., 2021)). The proposed mechanism was a SN nucleophilic substi-
tution that also caused a normal isotope effect for N during alkaline
hydrolysis (Torrento et al., 2021), which is a secondary isotope effect as
N atoms are present in the aromatic n-system only and are not directly
involved in the reaction. Interestingly, the C-N slope obtained for direct
photodegradation under simulated sunlight in this study is identical to
the one obtained for direct photodegradation under UV light (A = 254
nm) by Hartenbach et al. (2008), although the isotope effect for C and N
are opposite (Fig. S7 and Table S5). This would not affect process
identification during field studies, as the atmospheric cutoff around 290
nm would prevent shorter wavelengths to reach the ground. In cases
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Fig. 3. Logarithmic plots according to the Rayleigh equation for C, Cl and N isotopes during direct and indirect photodegradation of ATR. Error bars show the
uncertainty calculated by error propagation (for both concentration and isotope measurements). Solid lines represent York regressions with 95% CI (grey areas).

where the A value is identical despite opposite isotope effects, the
isotope value of the source has to be known to be able to tease apart
processes.

Although the amplitude of fractionation factors for C and N isotopes
was different between i) indirect photodegradation in this study and that
of Hartenbach et al. (2008) on one hand (ec = —0.5 & 0.2 %o and ey =
—0.3 £ 0.1 %o), and ii) this study and oxidative dealkylation catalyzed
by cytochrome P450 enzyme on the other hand ((Meyer et al., 2014), e¢
=—1.44+ 0.3 %o and ey = —0.3 £ 0.1 %0), C-N dual isotope slopes were
undistinguishable for the three experiments (Fig. S7 and Table S5). This
result points to the same underlying mechanism: H abstraction from
N-H and C-H bonds at the N-ethyl (DEA) or N-isopropyl (DIA) group
respectively, which leads to a normal isotope effect for C and N
(Hartenbach et al., 2008; Meyer et al., 2014). Hartenbach et al. (2008)
additionally found undistinguishable C-N slopes for indirect photo-
degradation with DOM or with OH radicals generated by HyO (and with
indirect photodegradation in this study, Table S5), suggesting that the
reaction mechanism was the same with the two photooxidants. Drouin
et al. (2021) also reported similar fractionation patterns for indirect
photodegradation in the presence of nitrate or nitrate + DOM, and they
concluded that a reaction with OH radicals generated by nitrate was the
dominant process for indirect photodegradation in natural waters

containing nitrate, even in the presence of DOM. However, they
measured contrasting isotope fractionation compared to this study and
Hartenbach’s: insignificant isotope fractionation for C, and an inverse
isotope effect for N during indirect photodegradation with nitrate (exy =
0.7 £ 0.3 %o) or nitrate + DOM (ey = 0.9 £ 0.6 %o), although DEA and
DIA were also the main TPs formed during the reaction. Accordingly,
their C-N dual isotope slope was also quite different (A¢/y = 6.6 £+ 2.2,
Fig. S7). Differences and similarities observed between these three
studies could be due to the emission range of the xenon lamps: cut-offs
were all different, and it has been shown that small differences in
emission ranges have consequences on degradation pathways, hence on
isotope fractionation (Hensen et al., 2019). Our cut-off at 295 nm
allowed less UVB than the one used by Drouin et al. (270 nm).
Surprisingly, a strong inverse isotope effect was measured for Cl
under both conditions, especially for direct photodegradation (ec; = 6.9
=+ 3.3 %o, and e¢) = 2.3 £ 1.2 %o for indirect photodegradation). This is,
to the best of our knowledge, the first report of an inverse Cl isotope
effect measured during the transformation of an organic compound.
Magnetic interactions between spin carrying nuclei and unpaired elec-
trons of excited ATR radicals leading to magnetic isotope effects (MIE)
have been invoked to explain the inverse isotope effect measured for C
and/or N during direct photodegradation of ATR (Hartenbach et al.,
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2008; Drouin et al., 2021; Buchachenko, 1995), bromoxynil (Knossow
et al., 2020) and chloroanilines (Ratti et al., 2015). For example, mol-
ecules containing a light isotope at the reactive bond tend to recombine
back from singlet states to their original state while molecules con-
taining the heavy isotope undergo conversion to a triplet state and tend
to hydrolyze, leading to an inverse isotope effect (Hartenbach et al.,
2008). A strong inverse isotope effect has been reported previously for
bromine during direct photodegradation (UV light) of bromophenols
(Zakon et al., 2013). This isotope effect was also, at least partially,
associated to a MIE: although both 7°Br and 8!Br share the same spin,
they have slightly different nuclear moments, which could affect the rate
of the spin conversion affecting both isotopes and lead to the observed
inverse isotope effect. Unless mass-dependent kinetic isotope effects,
mass-independent MIEs usually do not appear during rate-limiting steps,
and their sign depends on the direction of the spin conversion
(Buchachenko, 1995). 3°Cl and *7Cl also share the same spin (spin 3/2),
but display a different nuclear moment (0.8218 and 0.6841 in units of
the nuclear magneton, respectively (Stone, 2014)), which could lead to
the inverse isotope effect observed in this study. Alternatively, excited
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different photophysical processes that could be responsible for the
observed isotope fractionation for Cl (Oliva et al., 2005). The relevance
of these effects for the direct photodegradation of ATR would require
further study.

3.2.2. C, N and Cl isotope fractionation associated to the photodegradation
of metolachlor

Direct and indirect photodegradation of METO caused a normal
isotope effect for carbon (ec = —1.2 + 0.3 %o, and e¢ = —0.4 + 0.1 %o,
respectively), chlorine (ecy = —2.2 &+ 1.6 %o, and e¢) = —1.1 £ 1.1 %o,
respectively), and nitrogen (insignificant fractionation for direct pho-
todegradation, ey = —1.7 £ 1.3 %o for indirect photodegradation,
Table 2 and Fig. 4). N-Cl and C-Cl dual isotope slopes were not signif-
icantly different between both conditions; hence data were merged
(Fig. S8). As the maximum measured shift in 513C was +3.5%o during
experiments, chlorine isotope values for METO were not corrected for
the presence of two 13¢ atoms (Ponsin et al., 2019).

Isotope fractionation was systematically higher during direct
compared to indirect photodegradation, although to a lesser extent than

singlet and triplet states of ATR can return to the ground-state via for ATR. Isotope fractionation for C and N during indirect
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Regression lines are only shown when p < 0.05.
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photodegradation with nitrate are similar to those reported by Drouin
et al. (2021), who also failed to detect TPs. However, C and N isotope
fractionation were insignificant during direct photodegradation in their
study, while we observed a normal isotope effect for both elements. As
for ATR, this difference in reactivity could be linked to different emis-
sion ranges from the Xe lamps. A comparison with the only study
reporting Cl isotope data for METO (degradation in soils, and during
acidic and alkaline hydrolysis (Torrento et al., 2021)), shows that all
these processes have undistinguishable C-Cl dual isotope slopes (Fig. 5
and Table S6). Detection of METO OA and METO ESA during biodeg-
radation in soils and METOH during acidic and alkaline hydrolysis
pointed to a C-Cl bond breakage as the rate-limiting step (SN2 nucleo-
philic substitution (Torrento et al., 2021),). It seems likely that the same
mechanism was responsible for METO degradation in this study,
although the lack of TPs (except for traces of METOH) makes it chal-
lenging to confirm. Previous studies about alkaline hydrolysis of METO
reported no N isotope fractionation (Torrento et al., 2021), or a normal
effect similar to the one measured here (ey = —2.0 & 1.3 %o (Masbou
etal., 2018),). As SN5 nucleophilic substitution is not expected to induce
a primary N isotope fractionation for METO, this fractionation would be
associated to a secondary isotope effect.

A normal isotope effect was observed for METO, which contrasted
with the inverse effect measured for ATR. This difference in the direction
of isotope fractionation could be explained by the position of the Cl atom
in the molecule (connected directly to the aromatic ring in ATR; con-
nected to an aliphatic carbon in METO), and to the difference in exci-
tation of aliphatic versus aromatic systems. Although the reaction
mechanism seems to be similar to degradation processes previously
studied for METO, the fractionation factor for Cl is much smaller (g¢; =
—1.0 £ 0.7 %o for combined experiments, versus ec; = —6.5 + 0.7 %o for
hydrolysis and e¢; = —5.0 + 2.3 %o for biodegradation in soils (Torrento
et al., 2021),). This suggests a masking effect from non-fractionating
steps (Elsner, 2010), also affecting C fractionation (e¢ = —1.2 + 0.3 %o
for direct photodegradation, versus e¢ = —3.9 + 1.3 %o for alkaline
hydrolysis (Torrento et al., 2021)), as the C-Cl dual isotope slope is
undistinguishable from slopes associated to a C-Cl bond breakage by
SN nucleophilic substitution (Fig. 5 and Table S6). This low isotope
sensitivity could be due to photophysical processes driving excitation
and relaxation of METO molecules, although this hypothesis would
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require further testing.

3.2.3. Multi-elements CSIA: a tool to track photodegradation of atrazine
and metolachlor in water?

Photodegradation can be a substantial process contributing to
pesticide attenuation in surface water, especially in systems with longer
residence times such as agricultural ponds (Imfeld et al., 2021), wet-
lands (Zeng et al., 2013), lakes (Huntscha et al., 2008) and some rivers
(Fono et al., 2006). As different degradation processes can lead to the
formation of the same TPs for both ATR and METO, these TPs cannot be
used for process identification in field studies. For example, HATR, DEA
and DIA are produced by photodegradation, but also by abiotic and
biotic hydrolysis (Marchetti et al., 2013; Lihl et al., 2020), which are
processes likely to happen in surface water concomitantly to
photodegradation.

Dual isotope slopes obtained in this study for ATR and METO (C-N,
Cl-C and CI-N, Table 2) were compared to data from literature for
processes relevant to natural attenuation in environmental conditions to
assess whether different degradation processes could be distinguished
(Fig. 5, Figs. S7 and S8). Statistical comparisons of the regression data (z-
score tests) are shown in Tables S5 and S6. For ATR, C and N data only
do not allow to distinguish between indirect photodegradation (A¢/n =
0.4 £+ 0.2, this study and (Hartenbach et al., 2008)) and oxidative
dealkylation (A¢/n = 0.5 £ 0.1 (Meyer et al., 2014; Lihl et al., 2020),),
which are both relevant processes in surface water. These two processes
can be teased apart when considering Cl-C plots (Acj,c = —0.3 £ 0.1 and
Aciyc = 0.6 £ 0.1, respectively, Fig. 5) and CI-N plots (Aqyn = —0.8 =
0.3 and Acyn = 0.4 £ 0.2, respectively, Fig. S7). The slope for indirect
photodegradation in C-Cl dual isotope plots also had the smallest ab-
solute value, which means that even for limited degradation, it could
still show a depletion in heavy isotopes for Cl. Indirect photodegradation
of ATR in surface water could potentially be identified with Cl isotope
only, provided that the signature of applied ATR is known (Masbou
et al., 2024). A complete determination of the relative contribution of
different pathways would still require a second element, C being the
most relevant element to measure.

There is limited data about isotope fractionation associated with
different degradation processes of METO compared to ATR. Unfortu-
nately, Cl-C slopes do not allow to distinguish between
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Fig. 5. Dual Cl and C isotope plots obtained for A) atrazine, and B) metolachlor for different degradation processes. Uncertainties for photodegradation are shown as
95% CI (this study). Data for direct and indirect photodegradation of METO were merged as they were not significantly different (two-tailed z-score test). Slopes
obtained in this study were compared for ATR to trends obtained for oxidative dealkylation and biotic hydrolysis (Lihl et al., 2020), and abiotic acidic hydrolysis
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neutral abiotic hydrolysis (Torrent6 et al., 2021). Data were not significantly different (« = 0.05), except for neutral hydrolysis versus all other processes.
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photodegradation, biodegradation and abiotic hydrolysis, whether
alkaline or acidic (Fig. 5). A distinction can be made between photo-
degradation and acidic hydrolysis in CI-N plots, although regressions
are associated with a high uncertainty and should be interpreted
accordingly (Fig. S8). However, N isotopes are more challenging to
measure in METO that contains only one N atom. The differences in C-N
dual isotope slopes for the different degradation pathways were not
statistically significant. As mentioned before, undistinguishable dual
isotope slopes point towards the same mechanism for all these processes,
i,e. a C-Cl bond cleavage associated to a SN, type nucleophilic
substitution.

4. Conclusions

This study provides a 3D-isotope (C, N, Cl) approach for direct and
indirect photodegradation with OH radicals in the presence of nitrate of
two frequently detected herbicides in surface water, atrazine and
metolachlor. C and N fractionation patterns provide new insights into
contrasting results from previous studies (Hartenbach et al., 2008;
Drouin et al., 2021), and reinforces previous observations about the
sensitivity of transformation pathways and fractionation patterns to
irradiation sources. Cl isotopes for ATR showed an unexpected and
strong inverse isotope effect during both direct and indirect photo-
degradation, which provides a unique pattern to tease apart photo-
degradation from other processes relevant in surface water such as
biodegradation (biotic hydrolysis and oxidative dealkylation) and
abiotic hydrolysis. The extent of Cl isotope fractionation also makes Cl a
sensitive indicator of degradation for ATR and underlines the benefit of
including Cl isotope analysis in future field studies. For METO the C-Cl
fractionation pattern is identical to other processes such as hydrolysis
and biodegradation but with limited amplitude, pointing to the same
reaction mechanism with masking effects. OH radicals are also assumed
to play a major role during indirect photodegradation in the presence of
DOM (Min et al., 2023), although the complexity of DOM and the di-
versity of its effects on photodegradation points to site-specific studies to
determine associated isotope fractionation. Recent developments in
SPE-CSIA for large volume environmental water samples (Torrento
et al., 2019), in the use of Polar Organic Chemical Integrative Sampler
(POCIS) associated to CSIA (Suchana et al., 2024), and on sample
clean-up approaches for CSIA (Glockler et al., 2023) represent major
promises to bring this approach to the field, at environmental concen-
trations, for a diversity of micropollutants.
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