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• Investigation of the heterogeneous at-
mospheric photolysis of pesticides.

• Fipronil shows the highest reactivity to
both xenon lamp and sunlight.

• Pesticide mixture can influence differ-
ently the photolysis constant rates.

• Pesticides in a mixture can act as a
photosensitizer.

• Complexity to transfer laboratory
photolysis rate constants to the real
atmosphere.
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A B S T R A C T

The currently used pesticides are mostly semi-volatile organic compounds. As a result, a fraction of them can be
adsorbed on atmospheric aerosol surface. Their atmospheric photolysis is poorly documented, and gaps persist in
understanding their reactivity in the particle phase. Laboratory experiments were conducted to determine the
photolysis rates of eight commonly used pesticides (i.e., cyprodinil, deltamethrin, difenoconazole, fipronil,
oxadiazon, pendimethalin, permethrin, and tetraconazole) using a flow reactor. These pesticides were individ-
ually adsorbed on hydrophobic silica particles and exposed to a filtered xenon lamp to mimic atmospheric
aerosols and sunlight irradiation, respectively.
The estimated photolysis rate constants ranged from less than (3.4 ± 0.3) × 10− 7 s− 1 (permethrin; >47.2 days)

to (3.8 ± 0.2) × 10− 5 s− 1 (Fipronil; 0.4 days), depending on the considered compound. Moreover, this study
assessed the influence of pesticide mixtures on their photolysis rates, revealing that certain pesticides can act as
photosensitizers, thereby enhancing the reactivity of permethrin and tetraconazole. This study underscores the
importance of considering photolysis degradation when evaluating pesticide fate and reactivity, as it can be a
predominant degradation pathway for some pesticides. This contributes to an enhanced understanding of their
behavior in the atmosphere and their impact on air quality.
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1. Introduction

The excessive use of pesticides has alarmed the scientific community
due to their detrimental effects on human health, such as accelerating
Parkinson's disease (Li et al., 2024; Paul et al., 2022), inducing prostate
cancer (Pardo et al., 2020), and affecting respiratory functions (Ye et al.,
2017). It also impacts the environment by contaminating all its com-
ponents (air, water, soil and biota), resulting in the death of numerous
living organisms (Pisa et al., 2021). Each year, pesticide pollution leads
to a minimum of nine million premature deaths worldwide (HEAL,
2023).
In agriculture, several pesticide application methods lead to their

dispersion into the air, such as aerial spraying that uses airplanes or
drones to treat large agricultural areas (Gupte et al., 2012; Natu and
Kulkarni, 2016) and ground spraying that uses tractors (Abbott et al.,
1987). These two techniques generate tiny droplets that wind carries
into the atmosphere. Furthermore, volatilization (Zivan et al., 2016) and
wind erosion (Glotfelty et al., 1989), can also contribute to carrying
these chemicals into the air. Moreover, Pimentel and Levitan (1986)
mentioned that due to spray drift, <1 % of pesticides reach their
intended targets, resulting in over 99 % of the chemicals being trans-
ferred to non-targeted parts of ecosystems, including the atmosphere.
Once released into the atmosphere, pesticides distribute among the

aqueous, gaseous, and particulate phases based on their physical and
chemical properties. However, their presence in the aqueous phase is
generally limited due to their low water solubility and the small fraction
(10 to 15 %) of the troposphere occupied by clouds. Currently, many
pesticides in use are semi-volatile compounds, and a fraction of them is
adsorbed onto the surface of atmospheric particles (Sauret et al., 2008).
On these surfaces, they may undergo direct and indirect photochemical
degradation, potentially leading to the formation of secondary products
that could be more toxic than their parents.
Despite the presence of these pesticides in the particulate phase, and

because the first pesticides used, such as organochlorines, were present
exclusively in the gaseous phase of the atmosphere, the majority of
studies on pesticide reactivity have focused on the gaseous phase frac-
tion, considering their photolysis (Muñoz et al., 2014 and references
therein) and their interactions with the three main atmospheric oxi-
dants: ozone (O3) (Borrás et al., 2017), hydroxyl radicals (OH) (Le
Person et al., 2007; Vera et al., 2015; Zhou et al., 2011, 2010), and ni-
trate radicals (NO3) (Aschmann et al., 2005a, 2005b; Aschmann and
Atkinson, 2006; Cheng et al., 2017).
In addition, to date, for the approval and market entry of pesticides,

concerning their atmospheric behavior, regulatory agencies rely exclu-
sively on their homogeneous reactivity with ⋅OH radicals, using data
estimated solely by the AOPWIN™ model (Atmospheric Oxidation
Program for Microsoft Windows, Software, Meylan and Howard, 1993).
This omission of the particulate phase reactivity leads to an underesti-
mation of their persistence in the atmosphere, as demonstrated by the
few recent studies on the heterogeneous degradation of pesticides by
atmospheric oxidants (Mattei et al., 2019a, 2019b, 2019c; Socorro et al.,
2015, 2016a, 2016b). These studies show that the reactivity of pesticides
is approximately 100 times slower when they are present in the par-
ticulate phase compared to the gaseous phase, resulting in prolonged
atmospheric persistence and potential for long-distance transport.
Nonetheless, there has been a lack of research on the interaction

between sunlight irradiation and pesticides adsorbed on atmospheric
particles. To our knowledge, only two studies have examined the
photolysis of pesticides on solid phases. Bossan et al. (1995) exposed
eight pesticides adsorbed on three types of surfaces: kaolinite, fly ash,
and ammonium sulfate, using a lamp with a spectrum ranging from 260
to 700 nm. Aregahegn et al. (2018) investigated the photolysis of solid
films of neonicotinoids using two lamps: a low-pressure mercury lamp
emitting at 254 nm and a low-pressure organic phosphor-coated mer-
cury lamp emitting at 313 nm. Many other studies focus on the photo-
degradation of pesticides adsorbed on solid supports such as seed or

leaf surfaces. However, since the nature of the surface can influence
photolysis kinetics, these studies cannot be considered for atmospheric
photo-reactivity assessments.
These two studies focusing on atmospheric particle surface are

insufficient to address the significant gaps and uncertainties in calcu-
lating the atmospheric half-lives of particulate pesticides exposed to
sunlight. Therefore, this study aims to determine the photolysis rates of
eight pesticides (Cyprodinil, deltamethrin, difenoconazole, fipronil,
oxadiazon, pendimethalin, permethrin, and tetraconazole) representa-
tive of various chemical classes. They were selected based on their
partition between gas and particulate phases, toxicity, and persistence in
the atmosphere (Désert et al., 2018). These pesticides were adsorbed on
hydrophobic silica particles mimicking atmospheric particles crustal in
origin and exposed to a xenon lamp. The laboratory results were used to
carry out an extrapolation of the findings to real sunlight conditions.
Finally, since multiple pesticides are often adsorbed on the same at-
mospheric particles, this study provides insights on the influence of
pesticide mixture on the photolysis rate constant of the eight pesticides
under investigation.

2. Materials and methods

2.1. Chemicals

Cyprodinil (purity 99.8 %), deltamethrin (99.7 %), difenoconazole
(97.0 %), fipronil (97.5 %), oxadiazon (99.9 %), pendimethalin (98.8
%), permethrin (98.3 %), and tetraconazole (99.0 %) were purchased
from Sigma-Aldrich (PESTANAL®, analytical standard) and used as
received. The chemical structures of the eight pesticides under study are
presented in Fig. SI1 and their physicochemical properties are provided
in Table SI1.

2.2. Particles coating

Hydrophobic silica particles (AEROSIL R812, Degussa) were selected
to mimic atmospheric mineral aerosols. This choice is based on the
observation that 20 to 30 % of inorganic particles in the actual atmo-
sphere are believed to be oxides containing SiO2 (Seinfeld and Pandis,
2016). These particles were characterized by a SiO2 purity ≥ 99.8 %, an
average primary particle size of 7 nm, and a specific surface area of (260
± 30) m2⋅g− 1 (based on Brunauer-Emmett-Teller (BET) analysis con-
ducted at boiling temperature of N2, 77 K).
The SiO2 particles were coated with the eight pesticides, either

individually or in combination, using the solid/liquid adsorption
method that has been reported previously (Samia et al., 2024 and
reference therein). To prevent any potential photodegradation of pes-
ticides, the particle coating process was conducted in the dark. This
involved mixing 5 mL of pesticide solution at 20 mg⋅L− 1 in dichloro-
methane (HPLC grade ≥ 99.8 % purity, Sigma-Aldrich) with 500 mg of
silica particles and around 150 mL of dichloromethane in a 500 cm3

Pyrex flask. After 15 min of ultrasonication, dichloromethane was
evaporated for about 30 min using a rotary evaporator (Rotavapor R-
114, Büchi Switzerland) at 40 ◦C (Water bath B-480, Büchi Switzerland)
and 850 ± 85 mbar (Vac® V500 Vacuum controller B-721, Büchi
Switzerland).
The efficacy of the particle coating process was validated by

measuring the initial concentration of the pesticides immediately after
coating the silica particles with the pesticide and before placing them in
the reactor to be exposed to artificial light. For this purpose, a fraction of
the particles was extracted and analyzed to determine the initial con-
centrations of the studied pesticides. This step ensured the consistency
and robustness of the coating process by calculating the coverage rate of
particles by pesticides after each coating. The loading rate of silica
particles by pesticides was about 0.02 %, while the percentage of the
total coated particle surface was 2.8 %, which is significantly less than a
monolayer and prevents any shielding effect (Mattei et al., 2019a), with

B. Samia et al.
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the assumption of uniform particle surface coverage and spherical par-
ticle geometry (calculation details in SI).

2.3. Photolysis experimental setup

To study pesticide photolysis, we adopted and adapted the experi-
mental setup previously used for investigating the heterogeneous reac-
tivity of pesticides with atmospheric oxidants (Mattei et al., 2019a;
Samia et al., 2024).
About 500 mg of coated silica particles were placed into a 500 cm3

Pyrex bulb attached to a modified rotary evaporator (Laborota 4000
efficient, Heidolph) and maintained at a constant temperature of 25 ±

1 ◦C using a water bath (Cf. Fig. 1). The constant rotation of the bulb
ensured uniform particle exposure to the 300 W xenon lamp (LOT,
Oriel), positioned 10 cm above the reactor surface, to simulate sunlight
irradiation.
A continuous flow of purified and dried air was generated at 500

mL⋅min− 1 using a Zero air generator ZA 1500P (F-DGS), ensuring
complete air volume renewal in the reactor every minute. This contin-
uous renewal dilutes and removes any potential secondary oxidants
formed by the photolysis of pesticides, maintaining their concentrations
at extremely low levels and preventing significant further reactions with
the pesticides. Socorro et al. (2016b), using a similar experimental setup
to investigate pesticide reactivity with OH radicals and ozone, demon-
strated that identified degradation products exclusively resulted from
their reactivity with these two oxidants without the involvement of
secondary products or radicals. This allows for confidently disregarding
the reactivity of pesticides with potential secondary oxidants in favor of
their degradation induced by light.
Additionally, this flow was sufficiently moderate to avoid particle

loss by entrainment towards the outside of the reactor. This airflow is
divided into two paths prior to entering the reactor (Cf. Fig. 1). The first
250 mL⋅min− 1 stream passed through an ultra-pure water-filled bubbler,
producing air fully saturated with 100 % humidity while the dry second
stream at 250 mL⋅min− 1 diluted the first one, achieving a consistent
relative humidity (RH) of 55 ± 5 % in the reactor.
The humidity level was measured using a hygrometric probe

(Hydrolog NT, Rotronic, USA), which also allows simultaneous moni-
toring of the temperature inside the reactor. The exposure to xenon lamp
light lasted for 26 h to accommodate the relatively slow degradation of
pesticides and to maximize the number of data points collected.

2.4. Exposure to xenon lamp

To measure the spectral irradiance received by the adsorbed pesti-
cides in the reactor during kinetic experiments, a spectroradiometer (SR-
501, Spectral Evolution) was placed at different positions inside the

Pyrex bulb of the rotary reactor, to measure the lamp's average emission
spectrum (Cf. Fig. SI2).
For comparison purposes, a reference solar spectrum based on the

American Society for Testing and Materials (ASTM) G 173-03 standard
from SMARTS v.2.9.2 (AM1.5 Direct) was used. This standard spectrum
is obtained under clear skies, at an inclination of 37◦ with respect to the
equator (elevation of 41.8◦ above the horizon), averaged over a year
across the 48 contiguous states of the United States of America (Guey-
mard et al., 2002).
Xenon lamps emit a continuous spectrum of light similar to natural

sunlight but with higher intensity, especially in the UV range, and at
lower wavelengths (down to about 200 nm for the xenon lamp compared
to 295 nm for sunlight).
The increased intensity between the two light sources is beneficial as

it only corresponds to an increase in actinic flux (photon.s− 1.surface− 1),
enhancing degradation kinetics, and reducing the duration of experi-
ments. The degradation kinetics are linearly dependent on the actinic
flux, allowing to extrapolate the results obtained with the xenon lamp to
solar light using a simple proportionality rule.
The wavelength difference between the two light sources is much

more problematic because the photolysis of a given molecule is highly
dependent on the wavelength it receives. Fortunately, the Pyrex wall of
the reactor filters out UV radiation and cuts off light at 280 nm. After
filtration by the Pyrex, the gap between the solar light and the lamp light
is only about 15 nm (280 for the lamp compared to 295 for the sun).
Even though the difference between the two spectra is only 15 nm, it
remains a challenge because some molecules can absorb light and un-
dergo photolysis between 280 nm and 295 nm but will no longer react,
or will react more slowly, beyond 295 nm. Thus, xenon lamps enable
more efficient photochemical processes compared to natural sunlight.
To eliminate all uncertainties regarding the results due to the dif-

ference between solar light and xenon lamp, a study in 2020 compared
the atmospheric reactivity of iodine molecules adsorbed on silica par-
ticles using the same experimental setup for both the filtered‑xenon
lamp and real sunlight exposure, with the setup placed outdoors. Iodine
molecules absorb between 280 and 600 nm. They concluded that the
photolysis constants obtained in both cases were of the same order of
magnitude, thus resolving the issue of this difference (Figueiredo et al.,
2020).
Furthermore, to reduce disparities, a corrective factor Flight was

calculated to provide an initial estimation of the photolysis frequency J′
when exposed to sunlight (Eq. (1)). This factor corresponds to the ratio
between the integration of the area under the lamp's emission spectrum
curve and the integration of the area under the measured average solar
emission spectrum curve, at the same wavelengths. An Flight was
calculated for each pesticide's absorption wavelength range. Calculating
J′ helps estimate the atmospheric half-life for each pesticide under sun

Fig. 1. Experimental setup used to study the heterogeneous photolysis of pesticides adsorbed on silica particles.

B. Samia et al.
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exposure, aiming to mimic real atmospheric conditions.

Jʹ =
J

Flight
(1)

Moreover, UV–visible spectra were obtained for each pesticide at
various concentrations on the surfaces of silica particles, employing a

spectrophotometer (Jasco V-670 spectrophotometer, horizontal inte-
grating sphere PIN-757), capable of conducting solid-phase measure-
ments. The particles and their preparation match those used in
experiments, ensuring a representative spectrum for each pesticide
under experimental conditions. Detailed UV–visible spectra for each
pesticide, along with the spectrophotometer's specifications, are pro-
vided in SI.
Please note that in the following sections, we will always be referring

to the filtered xenon lamp.

2.5. Pesticide extraction and analysis

Pesticides adsorbed on silica particles were extracted by accelerated
solvent extraction (ASE 300, Dionex). Each sample of 40 mg of particles
was placed in a 33 mL stainless steel extraction cell and spiked with an
internal standard solution of TPP (Triphenyl phosphate, 99.9 %, Sigma-
Aldrich) and then extracted with dichloromethane at 100 ◦C, 100 bars.
Following extraction, analytes dissolved in dichloromethane were
concentrated under a nitrogen flow using a concentration workstation
(TurboVap II, Biotage) until a 500 μL extract was obtained. Further in-
formation regarding the ASE extraction and concentration step can be
found in Socorro et al. (2015).
These solutions underwent analysis using gas chromatography

coupled to tandem mass spectrometry (GC–MS/MS), employing a Trace
GC Ultra (Thermo Scientific) coupled to a TSQ Quantum™ Triple
Quadrupole (Thermo Scientific) with electron impact ionization (70 eV).
The parameters and experimental conditions of the GC–MS/MS analysis,
along with a chromatogram of the 8 pesticides and the internal standard,
are presented in the SI.

2.6. Determination of photolysis rate constants and atmospheric half-lives

The photolysis reaction of pesticides adsorbed on silica particles,
induced by xenon lamp radiation is a first-order dissociation reaction
(Finlayson-Pitts and Pitts, 2000) that has a kinetic constant J (s− 1),
referred to as the photolysis rate constant.
The photolysis rate constant over all wavelengths of radiation is

defined by Eq. (2):

J =
∫

σ(λ) ×

∫

ϕ(λ) ×

∫

F(λ) (2)

where σ(λ) is the absorption cross-section, which describes the efficiency
of a molecule in absorbing light at a specific wavelength
(cm2⋅molecule− 1), ϕ(λ) is the quantum yield, representing the probabil-
ity of photolysis occurring when a molecule absorbs a photon of light
and is defined as the ratio of the number of transformed molecules to the
number of absorbed photons (molecule⋅photon− 1), and F(λ) is the actinic
solar flux, which describes the intensity of available radiation that can
be absorbed by the pesticide, typically measured in photons
(photon⋅cm− 2⋅s− 1).
In the present, determining these parameters or finding them in

existing literature for the pesticides under study presents challenges.

Therefore, we opted to calculate the J constant by monitoring the evo-
lution of pesticides concentrations over the 26 h.
However, the decrease in pesticide concentration on silica surfaces

involves various processes, including photolysis, hydrolysis, and
desorption, as shown in Eq. (3).

In this equation, kobs (s− 1) is the observed first-order rate constant, J
(s− 1) is the photolysis rate constant, kdesorption (s− 1) is the desorption
first-order rate constant, khydrolysis (s− 1) is the hydrolysis rate constant, t
(s) is the time of exposure to xenon lamp radiation and [Pesticide ads] is
the normalized pesticide concentration adsorbed on the silica particles.
In order to determine the photolysis rate constant J, a light-free

control experiment was conducted under the same experimental con-
ditions, prior to each pesticide photolysis experiment. The decays of
normalized concentrations relative to their initial concentration of the 8
pesticides under study caused by hydrolysis and desorption are pre-
sented in Fig. SI3.
This was carried out to quantify the potential loss of pesticides due to

hydrolysis or desorption over the 26 h of experiment. As a result,
considering the uncertainties in our experiments, minimal to zero losses
were observed for all 8 pesticides under study. The highest loss rate of
(6.7 ± 5.3) × 10− 7 s− 1, was obtained for pendimethalin.
To determine the degradation kinetics, for each pesticide, any non-

zero loss rates was subtracted in advance from the raw data.
Furthermore, by integrating Eq. (3) and subtracting the rate con-

stants associated with desorption and hydrolysis, the J photolysis rate
constant is determined via linear regression of the following Eq. (4):

ln
(
[Pesticideads]t
[Pesticideads]0

)

= − J× t (4)

Additionally, pesticide atmospheric half-lives (t1 /2 in s) towards

direct photolysis by the xenon lamp are obtained by using Eq. (5):

t1 /2 =
ln2
J

(5)

The obtained half-lives are then converted into days, considering 12-
hour exposure to light per day. These calculations correspond to the
direct photolysis of studied pesticides with respect to the lamp used. To
better simulate actual atmospheric conditions, all of these calculations
will be adjusted using the Flight factor.

3. Results and discussion

3.1. Solar spectral irradiance and pesticides absorption

For a precise interpretation of the kinetic results and their extrapo-
lation to real environmental conditions, it is crucial to accurately
characterize the actinic flux of the employed lamp and compare it to
solar radiation. The same spectroradiometer was used for both the lamp
and the sun. Solar spectrum data was collected on July 20, 2015, in
Marseille, France, (Latitude: N 43◦18′21.3″and Longitude: E 5◦22′46.4″),
from 9 am to 1 pm, at regular one-hour intervals to obtain an average
spectrum (Data collected is presented in SI).
The ASTM G173-03 solar reference standard was used to compare

these actinic flux measurements. The measured solar spectra at 12 pm in
Marseille closely match the reference, validating the spectroradiometer's
accuracy. The average solar spectral irradiance is then calculated for

−
d[Pesticideads]

dt
= kobs × [Pesticideads] = J× [Pesticideads] + kdesorption × [Pesticideads] + khydrolysis × [Pesticideads] (3)

B. Samia et al.
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comparison with the lamp's irradiance.
A comparison between the average lamp emission spectrum and the

average sun spectrum in Marseille, along with the absorption spectra of
the 8 pesticides adsorbed on silica particles at concentrations of 2
mg⋅g− 1, is presented in Fig. 2.
As previously mentioned, these results indicate that the irradiance

received by the pesticides inside the reactor is approximately 1.5 times
more intense than solar irradiance. Furthermore, below 295 nm, the sun
emits negligible radiation, while the filtered xenon lamp continues
emitting radiation down to 280 nm. Thus, the xenon lamp emits more
intense radiation than the sun and across a broader UV emission range,
thereby more effectively photolyzing pesticides that absorb radiation
from 295 nm down to 280 nm.
As we can see, seven pesticides exhibit an absorption band between

280 and 360 nm. Pendimethalin is unique, possessing two consecutive
absorption bands with maxima around 280 and 430 nm. Therefore, the
eight studied pesticides are susceptible to degradation upon exposure to
the xenon lamp, which emits radiation between 280 and 550 nm.
Meanwhile, five pesticides have absorption bands at wavelengths >295
nm: cyprodinil, pendimethalin, oxadiazon, fipronil, and difenoconazole.
These five pesticides are potentially degradable upon solar exposure.
The other three pesticides (deltamethrin, permethrin, and tetracona-
zole), have absorption bands below or around 295 nm, implying that
these pesticides may or may not undergo photolysis via solar radiation.

3.2. Corrective factor Flight

To extrapolate the pesticide degradation results obtained from the
xenon lamp in the laboratory to real atmosphere with solar irradiation, a
corrective factor is calculated for each pesticide, to estimate its
photolysis rate constant (J′). This factor corresponds to the ratio between
the integrated area under the emission energy curve of the lamp and the
integrated area under the average solar emission energy curve. The
limits of these integrations are defined by the wavelength range specific
to the absorption of the pesticide under study. The calculated corrective
factors (Flight) are presented in Table 1.

The corrective factors listed in this table range from 1.72 for pen-
dimethalin to 4.72 for difenoconazole.

3.3. Heterogeneous photolysis

The eight pesticides were separately adsorbed onto silica particles
and exposed to a 300 W xenon lamp for 26 h. The decay of normalized

Fig. 2. Average spectral irradiance measured from the xenon lamp and the sun (in Marseille), along with the absorbances of the 8 pesticides adsorbed on sil-
ica particles.

Table 1
Corrective factors derived from integrating lamp and solar average emission
spectra.

Pesticide Absorption
wavelength
range (nm)

Integration area
of the lamp's
spectrum
(W⋅m− 2)

Integration area
of the sun's
spectrum
(W⋅m− 2)

Flight

Cyprodinil 280–359 26.29 ± 0.12 8.55 ± 0.06 3.07
±

0.18
Oxadiazon 280–318 4.12 ± 0.04 0.90 ± 0.01 4.60

±

0.05
Fipronil 280–319 4.42 ± 0.04 0.98 ± 0.01 4.53

±

0.05
Difenoconazole 280–316 3.55 ± 0.04 0.75 ± 0.01 4.72

±

0.05
Permethrin 280–299 0.72 ± 0.01 0.205 ± 0.01 3.53

±

0.02
Deltamethrin 280–299 0.72 ± 0.01 0.21 ± 0.01 3.53

±

0.02
Tetraconazole 280–298 0.64 ± 0.01 0.19 ± 0.01 3.36

±

0.02
Pendimethalin 280–565 319.62 ± 0.46 185.93 ± 0.29 1.72

±

0.80

B. Samia et al.
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concentrations relative to their initial concentration for the pesticides
under study is shown in Fig. SI4. The photolysis rate constants and the
atmospheric half-lives of the eight pesticides under study, when exposed
to xenon lamp, as well as their estimated values under sunlight exposure,
are presented in Table 2.
Results show that seven of the eight pesticides studied undergo sig-

nificant direct photolytic degradation. The reactivity sequence is as
follows: fipronil > oxadiazon > difenoconazole > deltamethrin >

cyprodinil > pendimethalin > tetraconazole > permethrin. Despite
being subjected to the same experimental conditions, the extent of
degradation varies, ranging from low as 6 % for tebuconazole to over 98
% for both fipronil and oxadiazon after 26 h of exposure. Notably, only
permethrin exhibits negligible degradation under these conditions.
The obtained photolysis frequencies vary (1.7 ± 0.1) × 10− 4 s− 1 for

fipronil to less than (1.2 ± 0.3) × 10− 6 s− 1 for permethrin. Among the
studied pesticides and under our irradiation conditions, fipronil exhibits
the most rapid degradation rate. Its light-induced degradation rate is
five times higher than that of oxadiazon and over 140 times higher than
that of tetraconazole. Additionally, deltamethrin and permethrin, both
pyrethroids, demonstrate distinct responses to light. Specifically,
permethrin does not undergo photolysis under our experimental con-
ditions, unlike deltamethrin, which has a half-life of 1.4 days. Indeed,
our findings are consistent with existing literature studies on solid-
phase, which have already shown that chlorinated pyrethroids like
permethrin exhibit greater light stability compared to brominated py-
rethroids such as deltamethrin (Fernández-Álvarez et al., 2007; Ruzo
et al., 1982; Ruzo and Casida, 1980).
Additionally, the atmospheric half-lives presented range from 0.1

day for fipronil to over 13.4 days for permethrin (Table 2). However,
these values cannot be directly extrapolated to real atmospheric con-
ditions due to the difference in actinic flux between the xenon lamp and
the sun. Nonetheless, it's crucial to note that atmospheric half-lives are
inherently longer than those obtained in the reactor, given that the
actinic flux from the lamp surpasses that of the sun.
The corrective factors presented in Table 1 for each pesticide enable

the estimation of the photolysis rate constant (J′) and the atmospheric
half-lives for 12 h of sunlight exposure per day (Table 2). In this context,
J′ vary from (3.8 ± 0.2) × 10− 5 s− 1 for fipronil to less than (3.4 ± 0.3) ×
10− 7 s− 1 for permethrin, indicating values lower than those determined
using the xenon lamp.
The degradation rates under sunlight follow a different order

compared to the previous sequence, and it is as follows: fipronil >
oxadiazon > pendimethalin > deltamethrin > difenoconazole =

cyprodinil > tetraconazole > permethrin. Additionally, atmospheric
half-lives in this case range from 0.4 days for fipronil to over 47.2 days
for permethrin.

3.4. Influence of pesticide mixture on photolysis degradation rates

We also investigated the stability of the photolysis rate constants for
a pesticide when adsorbed individually on particles compared to a
mixture of several pesticides. This aspect is crucial to verify that the
kinetic constants determined in laboratory conditions with a specific
mixture of pesticides remain valid for real atmospheric conditions where
pesticides are associated on particles in highly diverse mixtures. To
achieve this, an experiment was conducted under the same conditions as
before, involving the simultaneous adsorption of eight pesticides on
silica particles, followed by direct exposure to xenon lamp light for 8 h.
The temporal evolution of the eight pesticides in the mixture is

shown in Fig. SI5, and the photolysis frequencies (Jmixture) obtained from
these experiments are presented in Table 3.
Seven of the eight studied pesticides undergo degradation. The

reactivity order for the pesticide mixture is as follows: fipronil > oxa-
diazon > cyprodinil > pendimethalin > deltamethrin > permethrin >

tetraconazole. Only difenoconazole shows no significant loss after 8 h of
exposure.
By comparing the results, a change in reactivity can be noted for

certain pesticides. Fipronil, oxadiazon, difenoconazole, deltamethrin,
and cyprodinil showed only slight modifications in reactivity, with a
factor of change less than or equal to 3. This means that, within the
uncertainty of the results, their behavior in the atmosphere will not be
significantly altered. In contrast, pendimethalin, permethrin, and tet-
raconazole demonstrate an increase in their photo-degradation. The
latter two pesticides degrade in the presence of the other seven adsorbed
pesticides but show no or slower degradation when adsorbed alone.
This phenomenon can be explained by a photosensitization effect,

where one pesticide absorbs xenon light and transfers this energy to
another molecule, such as permethrin or tetraconazole (Gómez Alvarez
et al., 2012). This is supported by the observation that permethrin and
tetraconazole are not easily photolyzed when adsorbed alone. Addi-
tionally, for these two pesticides, there is little overlap between their
absorption spectrum and the emission spectrum of the xenon lamp (cf.
Fig. 2). Photosensitization thus enables them to absorb energy more
efficiently, leading to their destabilization.
A previous study, (Dureja et al., 1984) demonstrated that the pres-

ence of a dinitroaniline-family pesticide with the 2,6-dinitroaniline
group stabilized pyrethroids adsorbed on glass or silica gel against
photodegradation. In our present study, pendimethalin, from the

Table 2
First-order photolysis frequencies and atmospheric half-lives of the 8 pesticides
exposed individually to the 300 W xenon lamp and their estimation under sun
exposure.

Pesticide Xenon lamp Sun

J (s− 1) t1 /2 (days)a J′ (s− 1) t1 /2 (days)a

Fipronil (1.7 ± 0.1) ×
10− 4

0.1 (3.8 ± 0.2) ×
10− 5

0.4

Oxadiazon (3.4 ± 0.1) ×
10− 5

0.5 (7.4 ± 0.1) ×
10− 6

2.2

Difenoconazole (1.4 ± 0.1) ×
10− 5

1.1 (3.0 ± 0.2) ×
10− 6

5.3

Deltamethrin (1.1 ± 0.1) ×
10− 5

1.4 (3.1 ± 0.1) ×
10− 6

5.2

Cyprodinil (9.2 ± 0.3) ×
10− 6

1.7 (3.0 ± 0.5) ×
10− 6

5.3

Pendimethalin (5.9 ± 0.4) ×
10− 6

2.7 (3.4 ± 1.2) ×
10− 6

4.7

Tetraconazole (1.2 ± 0.3) ×
10− 6

13.4 (3.6 ± 0.3) ×
10− 7

44.6

Permethrin < (1.2 ± 0.3)
× 10− 6

>13.4 < (3.4 ± 0.3)
× 10− 7

>47.2

a Atmospheric half-lives calculated for 12 h exposure per day.

Table 3
First-order photolysis frequencies and atmospheric half-lives of the 8 pesticides
adsorbed separately or in combination, when exposed to 300 W xenon lamp.

Pesticide Jseparately (s− 1) t1 /2(days)
a Jmixture (s− 1) t1 /2 (days)a

Fipronil (1.7 ± 0.1) ×
10− 4

0.1 (5.1 ± 0.3) ×
10− 5

0.3

Oxadiazon (3.4 ± 0.1) ×
10− 5

0.5 (2.6 ± 0.2) ×
10− 5

0.6

Difenoconazole (1.4 ± 0.1) ×
10− 5

1.1 < (1.1 ± 0.1)
× 10− 5

>1.4

Deltamethrin (1.1 ± 0.1) ×
10− 5

1.4 (1.9 ± 0.3) ×
10− 5

0.8

Cyprodinil (9.2 ± 0.3) ×
10− 6

1.7 (2.1 ± 0.2) ×
10− 5

0.7

Pendimethalin (5.9 ± 0.4) ×
10− 6

2.7 (1.9 ± 0.2) ×
10− 5

0.8

Tetraconazole (1.2 ± 0.3) ×
10− 6

13.4 (1.1 ± 0.1) ×
10− 5

1.4

Permethrin < (1.2 ± 0.3) ×
10− 6

>13.4 (1.5 ± 0.2) ×
10− 5

1.1

a Atmospheric half-lives calculated for 12 h exposure per day.
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dinitroaniline family, does not stabilize the pyrethroids, deltamethrin
and permethrin. Instead, it enhances the reactivity of permethrin and
shows no significant modification in reactivity for deltamethrin.
The results obtained raise questions about the transferability of

pesticide photolysis constants adsorbed on particulate phases obtained
through laboratory experiments under controlled conditions to the real
atmosphere, where pesticides coexist with an infinite mixture of other
pesticides or semi-volatile organic compound (SVOCs) that may act as
photosensitizers or photostabilizers.
This contrasts with our recent study (Samia et al., 2024), where no

mixture effect was observed when investigating the heterogeneous at-
mospheric reactivity of pesticides towards ozone and OH radicals.

3.5. Comparison with pesticide's photolysis in the gas-phase

The available literature on the photolysis of pesticides in the gaseous
phase does not cover the eight pesticides examined in this study. How-
ever, upon comparing the estimated sun exposure reactivity of pendi-
methalin from Table 2 with another pesticide from the same
dinitroaniline family in Table 4, it becomes evident that photolysis in the
particulate phase is significantly slower than in the gas phase since our
pesticide exhibited a half-life of 4.7 days, while trifluralin, in four
separate studies, presents a half-lives ranging from 20 min to 1 h.
Furthermore, when comparing the atmospheric half-lives of pesti-

cides adsorbed on the particulate phase in this study (ranging from 10 h
for fipronil to >47 days for permethrin) with those of pesticides in the
gaseous phase reported in the literature (ranging from a couple of mi-
nutes for parathion to 8 h for chloropicrin) with methyl isothiocyanate,
the only pesticide that exhibited an atmospheric half-life of two days in
the gaseous phase, it is clear that pesticides are more reactive towards
light in the gaseous phase than in the particulate phase.
These discrepancies were expected, as previous studies investigating

pesticide reactivity with atmospheric oxidants in the particulate phase
(Mattei et al., 2018, 2019a, 2019b, 2019c; Samia et al., 2024; Socorro
et al., 2015, 2016a, 2016b) have demonstrated comparable behaviors.
This could potentially be attributed to the presence of holes and crevices
in the solid phase where pesticides might shield themselves from light
radiations and atmospheric oxidants, leading to prolonged persistence in
the solid phase and, consequently, in the atmosphere.

4. Atmospheric implications

By combining the photolysis half-lives obtained for the eight pesti-
cides under study (considering estimations after exposure to sunlight
and excluding the mixture effect) with their half-lives towards atmo-
spheric oxidants (O3, OH radicals, and NO3 radicals) reported in the
literature for the particulate phase, an overall half-life in this phase can
be calculated using Eq. (6). The calculated half-lives are presented in
Table 5.

1
t1 /2 Overall (part)

=
1

t1 /2 hv(part)

+
1

t1 /2O3 (part)

+
1

t1 /2OH(part)

+
1

t1 /2 NO3 (part)

(6)

The overall half-lives range from 0.4 days for fipronil to >4.2 days
for tetraconazole. It is notable that the prevailing degradation pathway
for these pesticides is direct photolysis, followed by NO3 radicals
oxidation for tetraconazole and permethrin in the particulate phase. In
fact, according to the guidelines of the Stockholm Convention (2001), an
organic compound with atmospheric half-life of 2 days or more is clas-
sified as a Persistent Organic Pollutant (POP). Considering the half-lives
presented above, six of these eight pesticides can be classified as POPs.
The two exceptions are fipronil and oxadiazon.
However, this conclusion is not entirely accurate, as the half-life

values do not account the partitioning of these pesticides between the
gaseous and particulate phases, which is crucial to accurately simulating
atmospheric processes.

5. Conclusion

This study provides a first estimation of the photolysis rates of eight
pesticides (Cyprodinil, deltamethrin, difenoconazole, fipronil, oxadia-
zon, pendimethalin, permethrin, and tetraconazole) adsorbed on silica
particles and exposed to a 300 W xenon lamp and 55 % RH. Under these
experimental conditions, fipronil exhibited the highest reactivity with a
photolysis rate of (1.7 ± 0.1) × 10− 4 s− 1, whereas tetraconazole and
permethrin showed very slow degradation rates ≤ (1.2 ± 0.3) × 10− 6

s− 1. Photolysis rates for the other pesticides ranged from (5.9 ± 0.3) ×
10− 6 to (3.4 ± 0.1) × 10− 5 s− 1, with pendimethalin being the slowest,
followed by cyprodinil, deltamethrin, difenoconazole, and oxadiazon.
When extrapolated to actual sunlight conditions, the calculated

Table 4
Photolysis frequencies available in the literature for pesticides in the gaseous phase (studied separately) and corresponding atmospheric half-lives.

Chemical family Pesticide Temperature (◦C) RH (%) Light source Jphotolysis (gas) (s− 1) t1 /2 (hours)
a References

Dinitroaniline Trifluralin Unknown Unknown Sunlight (3.8 ± 2.3) × 10− 4 1.0 Mongar and Miller (1988)
29 ± 1 20–30 Sunlight ~5.7 × 10− 4 ~0.7 Woodrow et al. (1978)
60–80 Unknown Xenon (5.0 ± 0.2) × 10–4b 0.8 Hebert et al. (2000)
<32 Unknown Sunlight (1.2 ± 0.5) × 10− 3 0.3 Le Person et al. (2007)

Ethafluralin 27 ± 5 Unknown Sunlight (1.3 ± 0.2) × 10− 3 0.3 Muñoz et al. (2014)
Organophosphorus Phorate Unknown Unknown Sunlight (2.2 ± 0.7) × 10− 3 0.2 Hebert et al. (1998)

Parathion 29 ± 1 20–30 Sunlight ~5.7 × 10− 3 0.1 Woodrow et al. (1978)
Chlorpyrifos 60–80 Unknown Xenon 1.9 × 10− 4–9.6 × 10–5b 2.0–4.0 Hebert et al. (2000)

Organochlorine Chloropicrin Unknown Unknown Sunlight ~5.7 × 10− 5 6.7 Carter et al. (1997)
25 ± 5 <2 Sunlight ~5.1 × 10− 5 7.5 Vera et al. (2010)

Carbamate Methyl Isothiocyanate 26 ± 16 Unknown Sunlight ~6.7 × 10− 6 57.5 Geddes et al. (1995)

a Atmospheric half-lives calculated for 12 h exposure per day.
b Values corrected for sunlight exposure.

Table 5
Overall half-lives of the eight pesticides under study in the particulate phase.

Pesticide hv
(days)a

O3
(days)b

OH
(days)c

NO3
(days)d

Overall
(days)

Fipronil 0.4 >24.0 >24.9 14.0 >0.4
Oxadiazon 2.2 >24.0 >24.9 10.9 >1.6
Difenoconazole 5.3 >24.0 >24.9 Unknown >3.7
Deltamethrin 5.2 10.2 15.5 15.4 >2.4
Cyprodinil 5.3 9.2 11.0 11.2 2.1
Pendimethalin 4.7 24.0 24.9 16.1 2.8
Tetraconazole 44.6 >24.0 >24.9 7.6 >4.2
Permethrin >47.2 13.6 19.4 8.6 >3.8

a This study.
b Atmospheric half-lives calculated for [O3(gas)] = 9,85 × 1011 molecule-
s⋅cm− 3 with an exposure time of 24 h (Socorro et al., 2015).
c Atmospheric half-lives calculated for [OH•

(gas)] = 1.5 × 106 molecules⋅cm− 3

with an exposure time of 12 h (Socorro et al., 2016a).
d Atmospheric half-lives calculated for [NO3(gas)] = 5 × 108 molecules⋅cm− 3

with an exposure of 12 h (Mattei et al., 2019c).
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photolysis frequencies and atmospheric half-life values, reveal signifi-
cant variations in photolysis constants. Furthermore, the study evalu-
ated the impact of pesticide mixtures on the photolysis rate constant of
each pesticide revealing noticeable influences. Specifically, in the
presence of a pesticide cocktail, permethrin and tetraconazole exhibited
increased reactivity, while others showed no significant change. This
underscores the complex interactions between pesticides on aerosol
surfaces.
These works highlight the importance of considering pesticide

photolysis in the particulate phase when assessing their fate in the at-
mosphere as it represents a significant degradation pathway for
pesticides.
For future studies, it would be interesting to calculate the quantum

yields of the pesticides under study, for more precise values of their
atmospheric persistence. Additionally, using a solar simulator or con-
ducting experiments directly in an outdoor atmospheric simulation
chamber would enhance understanding of direct pesticide photolysis
under clear conditions.
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