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ABSTRACT: Benoxacor is a safener paired with the high-use
herbicide S-metolachlor. Commercial formulations containing
both compounds are sprayed onto soil pre-emergence to
enhance yields of corn. In this study, we evaluated the sunlight
photolysis of metolachlor and benoxacor, individually and as
mixtures, in three different reaction environments: in water
and on two soil-simulating surfaces (quartz and kaolinite).
When irradiated individually, benoxacor degraded at least 19
times faster than metolachlor in each reaction environment,
consistent with its higher molar absorptivity within the solar
spectrum than metolachlor. When metolachlor and benoxacor were irradiated as mixtures, benoxacor promoted metolachlor
degradation on quartz and, to a lesser extent, in water, but not on kaolinite. On quartz, at a benoxacor/metolachlor molar ratio
of 0.1:1, metolachlor degraded 1.8 times faster than in the absence of benoxacor; as the benoxacor/metolachlor ratio increased,
metolachlor degradation rate also increased. The photolysis rate of benoxacor depended on its initial surface concentration and
was promoted by metolachlor. Benoxacor photoproducts were capable of absorbing sunlight and serving as photosensitizers for
metolachlor degradation. These results illustrate how a safener can influence the photochemistry of its coformulated herbicide
and suggest that such mixture effects should be considered when evaluating the environmental fate of agrochemicals.

1. INTRODUCTION

Sunlight photolysis is an important transformation process for
many herbicides. In addition to contributing to their
degradation in aqueous environments,1−3 direct and indirect
photolysis can also transform herbicides on soil surfaces.4−6

Because of the low light penetration into soil,7,8 direct
photolysis is typically limited to the top 0.4 mm of soil.8−12

In comparison, indirect photolysis can be more prevalent as
reactive intermediates diffuse further into the soil.9,12 Typical
soil has abundant photosensitizers, including minerals13,14 and
natural organic matter,15,16 which can form reactive species
such as singlet oxygen (1O2)

6,17−19 and hydroxyl radical
(•OH).6,13 These reactive species were shown to promote
contaminant degradation on soil surfaces.13,19

Commercial herbicide formulations often contain adjuvants
that enhance the performance of the active ingredient(s).20

Different herbicides can also be applied simultaneously. The
behavior of photoreactive herbicides and adjuvants on
environmental surfaces can vary depending on whether they
are applied individually or as mixtures. For example, when two
commercial herbicides (mesotrione and nicosulfuron) were
coapplied on maize wax surface, their photodegradation rates
were 1.5 and 2.3 times higher, respectively, than when they
were applied individually.21 Similarly, the herbicide cycloxydim
photodegraded three times faster on wax when coapplied with

similar amounts of the fungicide chlorothalonil.22 Conversely,
the presence of grape extract as a coformulant decreased the
direct photolysis rates of five pesticides on carnauba gray wax
surface by 38−72%.23
Safeners are a group of adjuvants that can selectively protect

crop plants from active herbicidal ingredients.24 Benoxacor is a
dichloroacetamide safener and is paired with the herbicide S-
metolachlor. S-Metolachlor is one of the most used herbicides
in the U.S.,25 with an estimated application of 2.3 × 107

kilograms in 2015.26 The commercial formulations use
benoxacor-to-S-metolachlor molar ratios ranging from 0.05:1
to 0.14:127−30 and are recommended for pre-emergent
application (i.e., spraying onto soil).31,32 Metolachlor has
four stereoisomers with both S- and R- enantiomers existing as
pairs of atropisomers.33 Regardless of the isomeric form, direct
photolysis of metolachlor in water is slow (half-life 4−8
days).34,35 Benoxacor, in contrast, exhibits a broad UV
absorbance band overlapping with the sunlight spectrum27

and therefore is likely to undergo direct photolysis.
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Despite the widespread global use of herbicide + safener
formulations,27 potential interactions between photoreactive
safeners and the corresponding herbicides have not been
studied on environmental surfaces. Investigations of possible
herbicide-safener photochemical interactions in solution
showed no mixture effects for the metolachlor-benoxacor
pair in water36 nor for the herbicide S-ethyl-N,N-dipropylth-
iocarbamate and its safener dichlormid in methanol or water.37

However, photolysis rates and pathways on surfaces can differ
significantly from that in the bulk solutions. For example, the
direct photolysis of 2,4-D herbicides on quartz was 85−245
times faster than that in methanol; moreover, photolysis on
quartz proceeded through unique pathways not observed in
methanol.38 Additionally, in contrast to the relatively low
concentrations of herbicides and safeners in surface water
proximate to agricultural lands (ng/L levels),39 their
concentrations on soil surface after initial application are on
the order of 1.5−15 μg cm−2 (5 × 10−3−5 × 10−2 μmol
cm−2),31 suggesting a higher probability of mixture effects
during photolysis.
The aim of the present work is to evaluate the interaction

between the safener benoxacor and the herbicide metolachlor
in their photodegradation on model soil surfaces. First, the
direct photolysis rate constants for benoxacor and metolachlor
were determined in three different reaction environments: in
water, on quartz, and on kaolinite. Quartz and kaolinite were
selected as model surfaces for soil.4,40,41 Subsequently, the
photolysis of benoxacor and metolachlor was evaluated when
applied as mixtures with varying benoxacor-to-metolachlor
ratios in all three reaction environments. Lastly, ultraviolet−
visible absorption spectrum and high-resolution mass spec-
trometry analyses were conducted to characterize the photo-
products.

2. MATERIALS AND METHODS
2.1. Chemicals. Detailed information on the chemicals

used in this study is shown in Text S1 in the Supporting
Information (SI). The metolachlor obtained from Sigma-
Aldrich contained >60% S-metolachlor.
2.2. Photolysis Experiments. Stock solutions of metola-

chlor and benoxacor were prepared in acetonitrile. The sample
preparation procedure for experiments in water is described in
SI Text S2 and Table S1. For surface experiments, quartz
dishes (diameter 55 mm, depth 15 mm, capacity 20 mL)
served as the quartz surface. Before experiments, the quartz
dishes were thoroughly rinsed by deionized water, wrapped in
aluminum foil, and baked in the oven at 450 °C for 3 h. The
preparation of kaolinite surface followed a published
procedure13 and is described in SI Text S3. The thickness of
kaolinite layer used in our experiments was estimated to be
0.08 mm. Solutions of metolachlor, benoxacor, or their
mixtures were deposited on quartz or kaolinite surfaces in 10
evenly spaced microdroplets (10 μL each). The surfaces were
stored in the dark for 0.5 h to allow the solvent (acetonitrile)
to evaporate. During this process, dishes were placed under a
box cover to minimize the deposition of indoor dust on the
surfaces. During preparation of surface samples, a sodium lamp
(λ = 589 nm) was used for laboratory illumination to minimize
unintentional photolysis. The initial concentrations of
metolachlor and benoxacor on surfaces are shown in SI
Table S2. The initial surface concentrations (4.8 × 10−4−1.0 ×
10−2 μmol cm−2) were lower than typical field applications (1.5
L ha−1, equivalent to 4.8 × 10−2 μmol cm−2)31 due to the

limits of microdroplet volume on surfaces and compound
solubility in acetonitrile. Sample irradiation was conducted in a
Q-SUN Xe-1 test chamber equipped with a Xenon arc lamp to
produce the full sunlight spectrum. Details of the test chamber
and sample irradiation procedure are provided in SI Text S4.
All experiments were conducted in triplicate and included dark
control samples.

2.3. Analysis of Metolachlor and Benoxacor Degra-
dation. The degradation of metolachlor and benoxacor in
aqueous samples was analyzed by high-performance liquid
chromatography with a diode array detector (HPLC-DAD).
Quartz surface samples were extracted by 5 mL acetonitrile
and analyzed by HPLC-DAD. For kaolinite surface samples, 10
mL acetonitrile were added to create a kaolinite slurry, and the
slurry was scrapped off by a spatula and transferred to a 50 mL
centrifuge tube. The tube was placed on an orbital shaker for
20 min, and then centrifuged for 10 min at 4000 rpm and 23
°C. The supernatant was filtered by a 0.45 μm glass fiber filter
and analyzed by HPLC-DAD. The recoveries of metolachlor
and benoxacor from the two surfaces were 82.8−110.9% (SI
Table S3). For samples with a 0.1:1 benoxacor-to-metolachlor
molar ratio in water and on quartz, benoxacor concentration
was quantified by an LC triple quadrupole mass spectrometer
(LC-QQQ) to achieve a lower detection limit. Additional
details on the HPLC-DAD and LC-QQQ methods are
provided in SI Text S5.

2.4. Analysis of the Sunlight Absorption Ability and
Photoproducts of the Irradiated Samples. Aqueous and
quartz surface samples featuring an initial 10:1 benoxacor/
metolachlor molar ratio were analyzed for their photoproducts.
First, the 200−800 nm absorption spectra (corrected against a
solvent blank) were measured by a UV−vis spectrophotometer
(Agilent Cary 60) for the irradiated mixtures collected at
selected time points. Water samples were analyzed directly.
Quartz surface samples were extracted by 5 mL acetonitrile,
and the extracts were analyzed. The sunlight absorption ability
of the samples, W(t), in units of Einstein cm−2 s−1, was
calculated by eq 1:

∑ λ λ= − Δ
λ

λ−W t E( ) ( )(1 10 )p
a l0 ( )t

(1)

where t is the irradiation time (h); Ep
0(λ) is the incident light

intensity (Einstein cm−2 s−1 nm−1) at wavelength λ (nm);
a(λ)t is the absorbance coefficient (cm−1) of the sample
(aqueous or acetonitrile extracted) collected at time t at
wavelength λ; and l is the sample path length (cm). The a(λ)tl
exponent for surface samples was approximated by that of the
acetonitrile extract (see SI Text S6 for additional discussion).
Second, the aqueous samples and the acetonitrile extracts of
surface samples were analyzed by HPLC-DAD (SI Text S5) to
explore light-absorbing photoproducts and to evaluate their
polarity compared with the parent compounds based on
relative retention times. Third, samples were analyzed using
ultra performance liquid chromatography interfaced with a
quadrupole/time-of-flight mass spectrometer using an electro-
spray ionization source (operated in positive ionization mode)
(UPLC-ESI(+)-qTOF). Product identification was based on
accurate mass measurements. Details of the UPLC-ESI(+)-
qTOF method are shown in SI Text S5.

3. RESULTS AND DISCUSSION
3.1. Direct Photolysis of Metolachlor and Benoxacor.

Figure 1A shows the time profile of metolachlor concentrations
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in irradiated and dark control samples. In water, metolachlor
showed no discernible photodegradation over 60 h, suggesting
a rate constant smaller than 9 × 10−4 h−1. On kaolinite surface,
metolachlor photolysis followed pseudo-first-order kinetics,
with a rate constant of (1.8 ± 0.1) × 10−2 h−1 (mean ±
standard error, same below). On quartz surface, loss of
metolachlor was observed in the dark, but it did not account
for the majority of the loss in irradiated samples. Because
pseudo-first-order kinetics were observed in both irradiated
and dark control samples, the photolysis rate constant on
quartz (kphoto) was calculated as eq 2.

= −k k kphoto obs dark (2)

where kobs and kdark are the rate constants (h
−1) for the loss of

metolachlor in irradiated and dark control samples, respec-
tively. This yielded the photolysis rate constant for metolachlor
on quartz (3.5 ± 0.5) × 10−2 h−1. The loss of metolachlor from
quartz surface in the dark was likely due to volatilization (see
SI Text S7 for further discussion).
This is the first report of metolachlor photolysis on quartz

and kaolinite surfaces. The rate constants for these two
surfaces were within a factor of 2 (Figure 1C). Although
kaolinite was previously shown to participate in photochemical
reactions by generating •OH13 while quartz is considered an
inert surface, metolachlor photolysis on kaolinite was slower

than on quartz. Therefore, any additional contribution of •OH
was seemingly offset by the reduced light exposure within the
kaolinite layer. The photodegradation of metolachlor on
surfaces contrasted its recalcitrance toward photolysis in
aqueous solution. Previous studies showed that the absorption
spectra of organic compounds on surfaces can experience
bathochromic shifts compared with their absorption spectra in
water due to compound-compound as well as compound-
surface interactions.42−44 Such shifts could increase the ability
of sorbates to absorb sunlight and to thereby undergo direct
photolysis. SI Figure S1B shows the absorption spectrum of
metolachlor on quartz, which indeed has a greater overlap with
the sunlight spectrum compared with its absorption spectrum
in water. Our measurements were not, however, able to yield a
molar extinction coefficient. Future work should include
further characterization based on diffuse reflectance spectros-
copy.42 The lack of metolachlor photolysis in water (<9 × 10−4

h−1) in this study (light intensity 320 W m−2) contradicts the
previously reported rate constants 8.0 × 10−3 h−1 and 9.5 ×
10−3 h−1 under light intensities of 750 W m−2 and 765 W m−2,
respectively.34,35 Since the absorbance spectrum of metolachlor
in water under our experimental conditions (buffered at pH 7
by phosphates) did not overlap with the simulated sunlight
spectrum (SI Figure S1A), direct photolysis of metolachlor is
unlikely. The observed degradation in previous studies may be

Figure 1. Photodegradation of (A) metolachlor and (B) benoxacor individually in water and on quartz and kaolinite surfaces. (C) Pseudo-first-
order photolysis rate constants of metolachlor and benoxacor. Error bars represent the standard error of triplicate experiments (SI Text S9).
Simulated sunlight 320 W m−2 as determined by actinometer 2-NB; 26 °C; aqueous sample pH 7 (5 mM phosphate buffer). The initial
concentrations of metolachlor and benoxacor are summarized in SI Tables S1 and S2. *No degradation of metolachlor was observed over 60 h in
water. Beno = benoxacor; Meto = metolachlor.

Environmental Science & Technology Article

DOI: 10.1021/acs.est.9b01243
Environ. Sci. Technol. 2019, 53, 6784−6793

6786



attributed to the more acidic pH (5.35)34 or unbuffered
reaction solution35 and higher light intensity.
Figure 1B shows the time profile of benoxacor concen-

trations in irradiated and dark control samples. In all reaction
media, benoxacor photolysis followed pseudo-first-order
kinetics. The rate constants in water and on kaolinite surface

were 1.6 ± 0.06 and 0.72 ± 0.01 h−1, respectively; the rate
constant on quartz, after accounting for the loss in the dark (SI
Text S7), was 0.67 ± 0.02 h−1. Benoxacor photolysis was at
least 19 times faster than metolachlor in the same reaction
environment (Figure 1C), consistent with its higher molar
absorptivity within the sunlight region of 290−350 nm (SI

Figure 2. Time profiles of (A) metolachlor and (B) benoxacor degradation in mixtures with a 1:1 initial benoxacor/metolachlor molar ratio.
Pseudo-first-order photolysis rate constants of (C) metolachlor and (D) benoxacor in mixtures with varying initial benoxacor/metolachlor molar
ratios. (E) Comparison of benoxacor photolysis rate constants on quartz when applied at different initial concentrations individually or as
benoxacor/metolachlor mixtures. Error bars represent the standard error of triplicate experiments (SI Text S9). Simulated sunlight 320 W m−2 as
determined by actinometer 2-NB; 26 °C. The initial concentrations of metolachlor and benoxacor are summarized in SI Tables S1 and S2.
Metolachlor degradation was not observed in water after 72 h for mixtures with 0.1:1, 0.5:1, and 1:1 benoxacor/metolachlor ratios. The 10:1
benoxacor/metolachlor ratio was not evaluated on kaolinite surface. Beno = benoxacor; Meto = metolachlor.
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Figure S1A). The quantum yield of benoxacor photolysis in
water was determined to be 6.1 × 10−2 (see SI Text S8 for
calculation method), somewhat lower than a recently reported
value (1.4 × 10−1).36 This difference may be attributed to the
usage of different chemical actinometers, 2-NB in the present
study versus the para-nitroanisole/pyridine actinometer system
in the previous study.
3.2. Photolysis of Benoxacor/Metolachlor Mixtures.

Figure 2A,B and SI Figure S2 show the time profile of
metolachlor and benoxacor degradation when they were
applied as mixtures with varying benoxacor/metolachlor
molar ratios. Dark control samples for quartz experiments
again showed loss of parent compounds over time, but the
associated rate constants did not show any dependence on the
benoxacor/metolachlor ratios (SI Figure S3, Text S7).
On quartz, metolachlor degraded faster when coapplied with

benoxacor than when it was applied individually; the higher the
benoxacor/metolachlor ratio, the faster metolachlor degraded
(Figure 2C). At the lowest benoxacor/metolachlor ratio tested
(0.1:1), the rate constant of metolachlor (6.2 ± 0.6) × 10−2

h−1 was 1.8 times higher than in the absence of benoxacor (3.5
± 0.5) × 10−2 h−1. Considering that benoxacor more strongly
absorbs sunlight than metolachlor, if the photosensitizing effect
were absent, light shielding by benoxacor should slow down
metolachlor photolysis. Therefore, with the observed trend,
photosensitization likely contributed to metolachlor decay. In
water, metolachlor photodegradation remained undetectable
across benoxacor/metolachlor molar ratios from 0.1:1 to 1:1;
in the mixture with 10-fold excess of benoxacor, photo-
degradation of metolachlor was detected but slow, with a rate
constant of (2.6 ± 0.3) × 10−3 h−1. On kaolinite, degradation
of metolachlor in mixtures proceeded with similar rate
constants (1.1 × 10−2−1.9 × 10−2 h−1) as in the absence of
benoxacor (1.8 ± 0.1) × 10−2 h−1. These results suggest that
benoxacor served as a photosensitizer for metolachlor
photodegradation on quartz and, to a lesser extent, in water,
but not on kaolinite. The absence of sensitized reaction on
kaolinite may be attributed to the greater distance between
metolachlor and benoxacor as a result of the larger specific
surface area provided by kaolinite particles.45,46 The stronger
sensitizing effect of benoxacor on quartz than in water was
similar to that observed for phenol, furfuryl alcohol,
tryptophan, and bisphenol A in ice, where sensitized reactions
by excited triplet state 3,4-dimethoxybenzaldehyde and 1O2
were more than 50 times faster than those in water.47,48 Two
factors may have contributed to the stronger sensitizing effect
on quartz: First, the half-life of reactive species such as •OH
and 1O2 are typically longer in air than in water.49,50 Second,
metolachlor and benoxacor molecules were ostensibly in closer
proximity on quartz, facilitating the interaction between
metolachlor and the reactive species generated by benoxacor.
It was noteworthy that on quartz, metolachlor continued to

decay after most benoxacor had degraded. For example, in the
benoxacor/metolachlor 1:1 mixture, metolachlor degradation
continued over 14 h, despite that >99% of benoxacor was
degraded within the first 3 h (Figure 2A and B). Additionally,
the decay profile of metolachlor showed deviation from
pseudo-first-order kinetics (Figure 2A). In order to identify
whether direct photolysis accounted for all of the metolachlor
decay after nearly complete degradation of benoxacor,
metolachlor’s time profile data were fitted to pseudo-first-
order kinetics in two consecutive time periods, with benoxacor
surface concentration 2.5 × 10−5 μmol cm−2 as the cutoff

(corresponding to HPLC detection limit 0.1 μM after
extraction). SI Figure S4 is an example of the fitting and SI
Table S4 shows the rate constants within each time period.
With a low benoxacor/metolachlor ratio of 0.1:1, metolachlor
degradation rate constant in the second time period (3.9 ±
0.5) × 10−2 h−1 was similar to its direct photolysis (3.5 ± 0.5)
× 10−2 h−1. When the benoxacor/metolachlor ratios increased
to 0.5:1 and 1:1, however, metolachlor degradation rate
constants in the second time period (7.3 × 10−2−1.0 × 10−1

h−1) were 2−3 times faster than its direct photolysis,
suggesting that the photoproducts formed in the benoxacor/
metolachlor mixtures can sensitize metolachlor degradation.
Because metolachlor has limited sunlight absorption, we first

hypothesized that benoxacor photolysis in the mixtures was
not affected by metolachlor. Accordingly, we plotted in Figure
2D the photolysis rate constant of benoxacor in mixtures as a
function of its initial concentrations, rather than the
benoxacor/metolachlor ratio. In water, the rate constants of
benoxacor photolysis in mixtures were in the range of 1.5−2.2
h−1 (Figure 2D), similar to that when benoxacor was irradiated
alone (1.6 ± 0.06 h−1). On kaolinite, benoxacor degradation in
mixtures (0.50−0.67 h−1) was slightly slower than when it was
irradiated alone (0.72 ± 0.01 h−1). In contrast, on quartz, the
rate constant of benoxacor decreased from 2.1 to 0.92 h−1 as its
initial surface concentration increased from 4.8 × 10−4 to 8.3 ×
10−3 μmol cm−2. The time profile (SI Figure S2, frame B-2)
showed no appreciable deviation from pseudo-first-order
kinetics regardless of the initial surface concentration.
Because the relative concentrations of metolachlor and

benoxacor in the mixtures covaried with benoxacor’s initial
surface concentration, further experiments were conducted on
quartz for benoxacor alone with varying initial concentrations
corresponding to those in the mixtures (Figure 2E). When
benoxacor was irradiated alone, its degradation rate constant
also generally decreased with increasing initial concentration,
from 1.36 ± 0.3 h−1 at 4.8 × 10−4 μmol cm−2 to 0.67 ± 0.02
h−1 at 1 × 10−2 μmol cm−2. This may be attributed to the
higher degree of molecular aggregation with higher initial
surface concentrations, which reduces light exposure to the
molecules in the interior of the aggregates and thereby
attenuates photolysis. A previous study on the photolysis of 31
pesticides on glass also reported 31−71% decrease in the
pseudo-first-order rate constants when the surface concen-
trations were increased 10-fold.51 The dependence of
benoxacor photolysis rate on its initial surface concentration
seems to contradict the pseudo-first-order kinetics shown in
the degradation time profiles (i.e., benoxacor decay did not
accelerate over time; Figure 2B and SI Figure S2). We posit
that this was because of the sunlight screening effects of
benoxacor’s photoproducts; the benoxacor molecules in the
interior of the aggregates did not receive more light as those on
the exterior decayed. (Further discussion in SI Text S10. The
sunlight absorption property of the photoproducts will be
further discussed in Section 3.3.)
Figure 2E also shows that benoxacor degradation in mixtures

on quartz was 1.5−2 times faster than when it was applied
alone at the same initial concentration. The promotion of
benoxacor decay by metolachlor is similar to that reported for
the mixture of the herbicide cycloxydim and the fungicide
chlorothalonil on paraffin wax: Chlorothalonil absorbs less
sunlight than cycloxydim, but the presence of chlorothalonil
(5.6 × 10−3 μmol cm−2, 1:1 molar ratio with cycloxydim)
resulted in a 3-fold increase in cycloxydim degradation rate.22
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This phenomenon was attributed to hydrogen atom transfer
between triplet-state chlorothalonil and ground-state cyclo-
xydim.22,52,53 Metolachlor conceivably could also form an
excited triplet upon absorbing sunlight. Alternatively, the
weakly absorbing metolachlor may act as a relatively inert
component that increased the spacing between benoxacor
molecules, exposing them to more incident light and
promoting their direct photolysis. Further study is needed to
investigate these phenomena.
3.3. Absorption Spectra and Photoproducts of

Irradiated Benoxacor/Metolachlor Mixtures. The absorp-
tion spectra (220−500 nm) of the irradiated aqueous mixtures
and of the acetonitrile extracts of quartz surface mixtures
(benoxacor/metolachlor 10:1) are shown in Figure 3A and B,
respectively. Over the course of the experiments, the signature
absorption peaks of benoxacor (257 and 289 nm in water, and
257 and 293 nm in acetonitrile) diminished, but a change in
the shape of the absorbance spectrum was also observed.
Additionally, absorbance at wavelengths above 310 nm
increased, indicating that photoproducts capable of absorbing
sunlight were formed. Figure 3C shows the change in the
sunlight absorption abilityW(t) of the mixtures with increasing
irradiation time. Both in water and on quartz, there was
initially a rapid increase in the sunlight absorption ability of the
reaction mixtures concurrent with the decay of benoxacor. The
sunlight absorption ability of the aqueous and quartz samples

peaked at 26 and 8.5 h, respectively, when it was 14- and 6-
times higher than that of the original mixture. In water, the
peak time (26 h) was much later than the time for benoxacor
to reach 90% decay (1.5 h) (SI Figure S2, frame A-2); on
quartz, the peak time (8.5 h) was the same as that for 90%
benoxacor decay (SI Figure S2, frame B-2). These results
suggest an accumulation of sunlight-absorbing products in the
irradiated mixtures, consistent with the observation on quartz
that sensitized metolachlor decay continued after complete
removal of benoxacor. In water, despite the accumulation of
sunlight-absorbing products, sensitized decay of metolachlor
was ostensibly slow.
Figure 4 shows the 3D plots of the HPLC-DAD data sets for

the irradiated samples from experiments in water and on
quartz. The samples initially contained benoxacor alone or a
10:1 benoxacor/metolachlor mixture. In all reaction systems,
product peaks were detected with retention times between 3.5
and 7 min, which were shorter than the retention times of
benoxacor (7.3 min) and metolachlor (8.4 min), suggesting
that the photoproducts featured more hydrophilic functional
groups and/or were smaller than the parent compounds.
Experiments using up to 90% acetonitrile as eluent did not
yield additional product peaks with retention time longer than
benoxacor or metolachlor. None of these product peaks were
detected in the dark control samples (SI Figure S5C).

Figure 3. Absorption spectra of irradiated mixtures of benoxacor/metolachlor (A) in water and (B) on quartz. The initial benoxacor/metolachlor
molar ratio was 10:1. (C) Sunlight absorption ability of the mixture as a function of irradiation time. Aqueous samples were directly analyzed.
Surface samples were extracted by 5 mL acetonitrile and the extracts were analyzed.
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Among different samples, peaks with the same retention
time and similar spectra were considered as the same product
(or the same group of products). Five distinct product peaks
were observed in the 3D plots, and their retention times are
summarized in SI Table S6. Fewer identifiable peaks were
observed on quartz than in water. Peak 3 was detected in all
samples; peaks 1 and 2 representing the most polar products
were only detected in water but not on quartz. There were also
unresolved peaks with retention times between 5 and 7 min in
all samples. In water, peaks 4 and 5 were only detected in
mixtures. The spectra of all five peaks showed absorption
within the sunlight range (>290 nm), suggesting that they
represent products contributing to the overall sunlight
absorption ability of the samples. Peaks 4 and 5 have
absorption bands with a maximum at 328 and 396 nm,
respectively. During irradiation experiments in water, a yellow
color gradually developed in the mixture samples over the
course of 72 h, consistent with the formation of products
absorbing light around 396 nm.
UPLC-qTOF analyses were conducted to further character-

ize the photoproducts. Table 1 summarizes the five photo-
products identified; their mass spectra are shown in SI Figure
S6. SI Figure S7 shows the chromatogram of the irradiated
10:1 benoxacor/metolachlor aqueous sample as an example.
All five products have structures similar to benoxacor. These
photoproducts are of comparable size as benoxacor, but have
shorter retention time. A comparison of molecular structures
between the putative products and benoxacor suggest that
dechlorination may be one of the first steps for benoxacor
photodegradation. In water, product I, with one remaining
chlorine atom, was detected after 5 min irradiation of
benoxacor, but was not detected after 1 h, suggesting that it
was an intermediate. In water, product III was detected in both

benoxacor only and benoxacor/metolachlor mixture samples;
products II and IV have similar retention times, but product II
was only detected in the benoxacor sample, whereas product
IV was only detected in the mixture. On quartz, a distinct
product V was detected in both benoxacor and mixture
samples, while products I−IV were not detected. All putative
photoproducts retained conjugated moieties, which could
explain the sunlight absorption ability of the irradiated samples.
None of these photoproducts were detected in the time zero
sample or the dark control samples. Because different columns
and eluent gradients were used in the HPLC-DAD and UPLC-
qTOF analyses, and because qTOF response depends on
ionization efficiency while DAD does not, we did not attempt
to correlate the peaks obtained from these two analyses. In this
project, our sample analysis included UPLC-TOF-MS; MS/
MS experiments were not conducted. Kral et al.36 also
conducted experiments to characterize the photoproducts of
benoxacor in water via high-resolution mass spectrometry as
well as nuclear magnetic resonance (NMR) spectroscopy,
including two-dimensional NMR. Products I, II, and III that
we observed from benoxacor photolysis in water when applied
individually matched the corresponding products in Kral’s
study. These products correspond to Level 2b (probable
structure by diagnostic evidence) of the confidence levels in
high-resolution MS analysis proposed by Schymanski et al.54

The two products unique to our investigation (IV and V) were
postulated based on exact mass and UPLC retention time data
(i.e., polarity relative to benoxacor). Due to the absence of
corroborating MS/MS or NMR data, these structural assign-
ments can be assigned Level 3 confidence (tentative
candidates) based on the scale proposed by Schymanski et al.54

Figure 4. Three-dimensional plots of the HPLC-DAD data sets of irradiated benoxacor samples (A) in water and (B) on quartz, and irradiated
mixtures (C) in water and (D) on quartz. Mixtures feature a 10:1 initial benoxacor/metolachlor molar ratio. The sampling time and corresponding
parent compound decay are shown in SI Table S5.
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4. ENVIRONMENTAL SIGNIFICANCE

We evaluated the sunlight photolysis of the herbicide
metolachlor and the safener benoxacor (individually and as
mixtures) in water and on quartz and kaolinite surfaces.
Although considered an “inert” ingredient in the formulations,
benoxacor exhibited complex photochemical behavior. Using
results from the kaolinite experiments (Figure 1C), the direct
photolysis half-lives of metolachlor and benoxacor on soil were
estimated to be 4.7 days and 2.9 h, respectively, based on the
sunlight intensity for a midsummer day at 40°N latitude (sea
level) under clear skies and accounting for diurnal
variation.55,56 The identified photoproducts of benoxacor
shared structural similarity to the parent compound, suggesting
that their ecotoxicity and transformation processes, in addition
to those of benoxacor, should be considered in future
environmental fate studies.
This research is one of the few attempts to investigate the

photochemical behavior of commercial agrochemical mixtures
on surfaces. At the field-relevant benoxacor/metolachlor ratio
(0.1:1), the presence of benoxacor accelerated metolachlor
degradation on quartz by 2-fold; both benoxacor and its
photoproducts acted as photosensitizers. It should be noted
that field application of benoxacor and metolachlor typically
uses higher surface concentrations than this study, which can

lead to a higher probability for benoxacor and its photo-
products to sensitize metolachlor degradation. On the other
hand, it should be acknowledged that soil is a heterogeneous
system containing domains of clay minerals and organic
matter.4 Metolachlor (log Kow = 2.90)57 and benoxacor (log
Kow = 2.79),57 both being nonionic compounds, are likely to
partition into the organic matter phase. We expect the close
proximity of benoxacor and metolachlor to facilitate similar
interactions as observed on quartz. Future studies should
evaluate the roles of soil organic matter in benoxacor-sensitized
metolachlor degradation, considering the partitioning behavior
of the agrochemicals as well as the potential scavenging and
sensitizing effects of organic matter.
Our results also showed that photochemical reactions on

surfaces can be distinct from those in water in terms of rates
and products. The benoxacor-sensitized metolachlor degrada-
tion was much more pronounced on quartz than in water. The
photoproduct of benoxacor identified from quartz samples was
not detected in aqueous samples. Overall, our findings suggest
that the environmental fate models for agrochemicals should
consider the interaction between active ingredients and other
constituents in the commercial formulations, especially for
their photolysis on environmental surfaces.

Table 1. Photoproducts of Benoxacor and Benoxacor/Metolachlor Mixtures Characterized by UPLC-ESI(+)-qTOF.a

aThe initial concentrations of metolachlor and benoxacor are shown in SI Tables S1 and S2. Product identification was based on measurements of

exact masses. RT = retention time; m/z = mass-to-charge ratio; = ×−m/z difference 10measured m / z calculated m / z
calculated m / z

6.
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