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A B S T R A C T

Pulsed light (PL) is a technology using high-intensity pulses of polychromatic light enabling the photolysis of 
various organic compounds. This study examined the photodegradation by PL of 18 pesticides commonly used in 
viticulture using both chemical and ecotoxicological approaches. Pesticide concentrations were monitored in 
treated and untreated samples, along with the formation of degradation products using HPLC-MS/MS. PL suc
cessfully degraded the 18 pesticides from initial concentrations between 304 and 561 µg/L to < 30 µg/L after a 
treatment at 91 J/cm2 for 8.53 min duration. The concentrations of 14 pesticides were even reduced below their 
limit of quantification, and for 10 of them, below their limit of detection. Dimethomorph was the least degraded 
compound, with a 93.5 % reduction. Besides, 42 degradation products were observed. The study also showed 
that PL can degrade the degradation products themselves. The ecotoxicological approach assessed the acute 
toxicity of the pesticide mix before and after PL on three levels of the aquatic trophic chain: the bacteria Aliivibrio 
fischeri, the microalgae Raphidocelis subcapitata, and the fish Oryzias latipes. Acute toxicity was reduced two-fold 
for A. fischeri and 24-fold for R. subcapitata. For O. latipes, a mortality rate of 6.6 % was observed in treated 
samples, whereas it was 100 % in untreated samples. However, some sublethal effects, such as axial skeleton 
deformations appeared in 22.2 % of O. latipes, likely due to residual pesticides and degradation products. These 
results demonstrate that PL is a promising process to significantly lower both pesticide concentrations and acute 
toxicity.

1. Introduction

The world population is constantly increasing. Indeed, according to 
the projections of the United Nations (United Nations, 2022), the world 
population is set to grow by a further 25 %, reaching 10.3 billion by the 
mid-2080s, up from 8.2 billion in 2024. Faced with growing demand, 
feeding the world population is a major challenge that agriculture has to 
overcome. Mineral fertilization is one of the primary tools for increasing 
crop yields (Antonkiewicz and Łabętowicz, 2016). Next, the use of 
pesticides ensures the quality and the quantity of the production. Ac
cording to the FAO (Food and Agriculture Organization) (World Health 
Organization, 2019), the total import and export value of pesticides has 
increased in the past two decades by more than two times compared to 
the 1990s in Europe. These compounds can contaminate air, soil, water 

bodies or agricultural wastewater (Chowdhury et al., 2012; Hildebrandt 
et al., 2008; Massot et al., 2012; Manjarres-López et al., 2021; Pose-Juan 
et al., 2015) as a result of spraying methods, leaching phenomena or 
accidental contaminations. It is therefore essential to develop water 
remediation techniques using new and efficient methods.

There is a growing interest in the degradation of phytosanitary 
products using advanced oxidation processes (AOPs), such as cold 
plasma (Abedi-Firoozjah et al., 2021), photocatalysis (Varma et al., 
2020) and ozonation (Ikehata and Gamal El-Din, 2005). These methods 
are low-priced and have proven effective in removing pesticides from 
fresh products and water.

During the degradation of organic pollutants, photodegradation 
processes generate transformation products (TP) which may be more 
toxic than their parent compound, and this needs to be assessed. 
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Moreover, a single compound can give rise to numerous transformation 
products. In recent years, photodegradation processes and in particular 
pulsed light (PL), have demonstrated significant efficiency in degrading 
organic pollutants such as chlorophenol (Hadi et al., 2021), bisphenol A 
(Fadaei et al., 2022) and dyes (Martínez-López et al., 2019). PL is a 
non-thermal technology that utilizes a capacitor to accumulate high 
discharge voltage. The stored electrical energy is then delivered as 
intermittent short pulses through a light source filled with xenon gas. 
This technology operates over a wide wavelength range, from 200 to 
1000 nm, providing a greater probability of interactions with organic 
molecules. For comparison, continuous UV lamps only irradiates at a 
few specific wavelengths, such as 254 nm and 365 nm (Wekhof, 2000). 
Furthermore, the UV irradiance of flash lamps is about three or four 
orders of magnitude higher than standard mercury lamps (Schaefer 
et al., 2007). Continuous UV lamp degradation of pesticides has already 
been widely described in the literature (Lassalle et al., 2014; Skanes 
et al., 2021; Hong et al., 2021). Although these studies show the for
mation of at least ten photoproducts for each studied pesticide, they 
focused only on the degradation of 1–3 pesticides simultaneously and 
they required long exposure times ranging 40–150 min. In addition, 
these works rarely study toxicity through in vivo bioassay, as the possible 
toxicity of TPs is generally predicted using QSAR models.

In the literature, only five studies have explored the degradation of 
pesticides by PL (Baranda et al., 2012, 2014, 2017; Clavero et al., 2025a, 
2025b) to our knowledge. Baranda et al. (2014) showed significant 
concentration reductions, above 80 % for 5 pesticides in a cocktail of 7 
(simazine, atrazine, phosmet, azinphos-methyl, parathion-methyl, 
pirimiphos-methyl, and chlorpyrifos-ethyl) with short treatment times 
(15 pulses of 325 µs). However, there is still a lot of work to be done, 
given the large number of existing pesticides. Additionally, the impact of 
PL treatment on toxicity of pesticide solutions through bioassays was not 
examined. In a previous work (Clavero et al., 2025a), we examined the 
acute toxicity on the bacteria Aliivibrio fischeri of water contaminated 
with pesticides after PL treatments. A significant reduction in acute 
toxicity was observed for 10 out of 18 individual pesticides, while the 
acute toxicity was unchanged for the remaining seven. For a cocktail 
solution, the acute toxicity decreased by 7.25-fold between the un
treated and the most treated solution.

To comprehensively assess the suitability of PL treatment for 
pesticide-contaminated viticultural effluents, it is essential to evaluate 
acute toxicity across multiple taxa representative of different trophic 
levels in aquatic ecosystems as toxicity may differ depending on the 
species considered. This is particularly important given that some 
transformation products may exhibit greater toxicity, persistence, or 
mobility than their parent compounds (Sinclair and Boxall, 2009). 
Although screening acute toxicity assays offer a relatively rapid 
approach to assessing water treatment efficacy, relying on a single test 
provides only a partial view of the overall toxicological impact. The 
toxicity bioassays across multiple taxa remain underutilized, largely due 
to the requirement for specialized equipment and their associated time 
and cost constraints. Nevertheless, they are critical for detecting effects 
of contaminants at environmentally relevant concentrations. In a recent 
review (Lashuk and Yargeau, 2021), it was highlighted that the results 
could be inconsistent across bioassays due to a heterogeneity of the 
sensitivity of the various biological models. This variability underscores 
the need to implement a battery of complementary bioassays to obtain a 
robust and comprehensive toxicity profile.

Therefore, the aim of the present study was to investigate the effi
ciency of PL technology as a new remediation process for pesticides in 
reducing acute toxicity on various taxa. To achieve this goal, chemical 
and ecotoxicological analyses were carried out on pesticide-spiked 
water samples. Firstly, the impact of PL on a cocktail solution of 18 
pesticides was studied by HPLC-MS/MS quantitative analysis. The 
degradation of pesticides and the formation of photoproducts were 
monitored. Secondly, the impact of pesticides-contaminated water 
samples treated by PL on acute toxicity was evaluated. Three aquatic 

species belonging to three trophic levels were tested: the bioluminescent 
marine bacteria Aliivibrio fischeri using Microtox® bioassays, the fresh
water algae Raphidocelis subcapitata, and the freshwater fish Oryzias 
latipes. Acute toxicity of PL treated and untreated solutions of pesticides 
were compared, providing information on toxicity level of pesticides 
relatively to their photoproducts.

2. Materials and methods

2.1. Chemicals

Azoxystrobin, benalaxyl, boscalid, cyprodinil, difenoconazole, 
dimethomorph, fenbuconazole, fenhexamid, fludioxonil, iprovalicarb, 
kresoxim-methyl, mandipropamid, metrafenone, pyraclostrobin, pyr
imethanil, tebuconazole, tebufenozide, and tetraconazole, along with 
triphenylphosphate (TPP) used as the internal standard (IS), were pur
chased from Sigma-Aldrich Chimie (St Quentin Fallavier, France).

These 18 pesticides were selected based on their relevance in viti
culture, with all chemical standards having a purity above 96.6 %. 
Difenoconazole-d6 (99.4 % isotopic purity), fenbuconazole-d5 (98.8 % 
isotopic purity), metrafenone-d9 (99.9 % isotopic purity), pyraclos
trobin-d6 (99.8 % isotopic purity), tebuconazole-d6 (97.5 % isotopic 
purity), and tebufenozide-d9 (98.9 % isotopic purity) used as IS were 
acquired from CLUZEAU INFO LABO (Sainte Foy la Grande, France).

HPLC-grade acetonitrile was from VWR International SAS (Rosny- 
sous-Bois, France) and LC-MS grade acetonitrile (Optima®, 100 % pu
rity), used for chromatographic separation was provided by Fisher 
chemical (Illkirch, France). Ultrapure water was obtained using a Milli- 
Q Reference system (Merck Millipore, Fontenay-sous-Bois, France). The 
mobile phases employed for HPLC separation were acidified with 0.1 % 
of formic acid (CAS RN: [64–18–6], high purity grade, 100 %) from 
Amresco Inc. (Solon, Ohio, USA).

2.2. Pulsed light

The LPBox, manufactured by Sanodev (Limoges, France), was uti
lized for pulsed light treatments. The light pulses were generated by 
storing electric energy in a capacitor, which was then rapidly discharged 
through a xenon lamp, resulting in the emission of pulses. The LPBox 
was operated at 4 kV and 3 Hz, as optimized in our previous study 
(Clavero et al., 2025a). The emission spectrum of polychromatic light 
ranged from 200 to 1000 nm. The spectral distribution at 4 kV is as 
follows: UV-C 3.2 %, UV-B 6.2 %, and UV-A 19 %. This spectrum was 
recorded in a rectangular delimited area (10 × 20 cm) located 32 cm 
from the lamp using an Ardop Qwave spectrometer (Pessac, France).

The LPBox delivers a fluence of 0.05723 J/cm2 per flash at 4 kV 
within the delimited area. This value was measured using a sensor and a 
monitor from Thorlabs Inc. (Newton, USA). The total fluence (H) for 
each sample was calculated by multiplying the number of flashes by the 
fluence per flash.

2.3. Sample preparation

A concentrated cocktail solution containing azoxystrobin, benalaxyl, 
boscalid, cyprodinil, difenoconazole, dimethomorph, fenbuconazole, 
fenhexamid, fludioxonil, iprovalicarb, kresoxim-methyl, man
dipropamid, metrafenone, pyraclostrobin, pyrimethanil, tebuconazole, 
tebufenozide, and tetraconazole at approximately 3.0-5.6 g/L for each 
compound was prepared in acetonitrile (ACN). The concentrated solu
tion was then diluted with ultrapure water to obtain a 0.01 % ACN 
aqueous solution, with concentrations ranging from 304 to 561 µg/L 
depending on the pesticide.

A sample (10 mL of the aqueous cocktail solution (test sample) or 
10 mL of the 0.01 % ACN aqueous solution (control sample)) was placed 
in a glass Petri dish in the centre of the delimited area of the LPBox. The 
diameter of the Petri dish was 60 mm and the thickness of the liquid film 
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was 5 mm. PL treatment was operated with voltage set at 4 kV and 
fluence of 91 J/cm2 as these parameters were previously shown to be 
optimum for pesticide degradation (Clavero et al., 2025a). Any evapo
ration caused by high UV treatments was compensated for by adding 
ultrapure water, with a maximum evaporation of 8 %, the maximum 
temperature after treatment was 42◦C. Each PL-treatment was per
formed in triplicate.

2.4. LC-MS analysis

LC-MS analyses were performed in multiple reaction monitoring 
(MRM) mode as described in Clavero et al., 2025a). PL-treated and 
untreated samples were filtered on 0.2 µm PTFE membrane and 1 mL of 
filtered sample was precisely withdrawn and transferred to an HPLC 
vial. Ten µL of IS solution was added and the vial vortexed before LC 
injection of 10 µL of the sample. Pesticides were quantified through 
calibration lines established in water in the range 1–300 µg/L with 
duplicate preparation. Regarding photoproducts, the quantification was 
relative (comparison of peak areas) due to unavailability of analytical 
standards. Simultaneously, 18 pesticides and their 81 photoproducts 
were monitored (Table S1). Limits of detection (LODs) and quantifica
tion (LOQs) for parent pesticides are reported in Table S2.

2.5. Toxicity bioassay

For all acute toxicity analyses, the toxicity was corrected with the 
one of a 0.01 % ACN aqueous solution for untreated samples and with 
the one of a PL-treated 0.01 % ACN aqueous solution for treated sam
ples. This percentage of ACN was previously determined to have toxicity 
effects below 10 % for all aquatic species studied.

For all toxicity analyses the pH of the solutions analysed were 
measured between 6.4 and 6.8.

2.5.1. Acute toxicity assay on bacteria (A. fischeri)
The marine bacteria, Aliivibrio fischeri, known for its bioluminescent 

properties, was used as the reference organism in the Microtox® assay. 
The Microtox® test kits were supplied by Modern Water Inc. (New 
Castle, Delaware, USA). The assays were conducted according to the NF 
EF ISO 11348–3 guidelines (ISO, 2007). The Microtox® reagents were 
stored at − 20 ◦C. The analyses were performed subsequently to the 
rehydration of lyophilized bacteria with 1 mL of ultrapure water at 5◦C 
in test cuvettes for luminescence measurements. PL-treated and un
treated cocktail solutions of pesticides were diluted at 0 %, 50 % and 
75 % with a 20 g/L NaCl solution (2 %), in order to determine the EC20 
(effective concentration 20 %) (Domínguez et al., 2023), i.e. the con
centration inducing 20 % of bioluminescence inhibition for the bacterial 
culture. The positive control solutions were prepared with K2Cr2O7 at 
25, 50, 100, and 200 mg/L in 2 % NaCl aqueous solution. Negative 
controls consisted of an aqueous solution containing 0.01 % of ACN 
either treated or untreated with PL depending on the sample analyzed. 
The bacteria were exposed to the various test solutions for a duration of 
30 min at 15◦C. The bioluminescence emitted by the bacterial culture 
was quantified at 5◦C using Modern Water’s M500 Toxicity Analyzer 
luminometer. To ensure the reliability of the results, each analysis was 
carried out in triplicate within a maximum of 2 h following rehydration, 
in accordance with the protocol outlined by Gómez et al. (2023) and 
Laranjeiro et al. (2024).

2.5.2. Acute toxicity assay on microalgae (R. subcapitata)
The freshwater green microalgae Raphidocelis subcapitata was used as 

reference organism. These algae were obtained from the AlgalToxkit F 
supplied by Microbiotest (Gent, Belgium). The protocol implemented 
was in compliance with ISO 8692 (EN ISO, 8692, 2012) and OECD 201 
(OECD, 2011) and adapted for 96-well microplates (Blaise et al., 2018). 
The algae culture (2.105 cells/mL) was diluted at 1/10th in the cocktail 
pesticide solutions in 96-well microplates (Figure S1). The microplates 

were then covered with cling film and cultured for 96 h in a climatic 
chamber (Snijders Scientific, Tilburg, The Netherlands). The culture 
conditions in the chamber were 24 ± 1 ◦C with an agitation of 120 rpm 
on an orbital shaker. The algae were illuminated continuously during 
the experiment with a white LED (SF Retroled Bright T8/JT5 and 
Fluorescent Lamp Sylvania F36W/2084 BriteGro, Sylvania Lighting 
France, Gennevilliers, France). The light intensity was equalized for 
each microplate by measuring the light intensity with a luxmeter 
(LUTRON RS232 LX105, Coopersburg, PA, USA). The mean light in
tensity was 680 lux. Additionally, every 12 h the position of each 
microplate was moved randomly, with the aim of limiting the impact of 
the position of each microplate on the growth of algae. Negative controls 
consisted of an aqueous solution containing 0.01 % of ACN either 
treated or untreated with PL depending on the sample analyzed. 
PL-treated and untreated cocktail solutions of pesticides were diluted at 
10, 65, 77, 89, 94 and 97 %, in order to draw the dose-response curve 
and then determine the EC20. Positive control solutions consisted of an 
aqueous solution of K₂Cr₂O₇ at 10, 1.8, 1, 0.56, 0.32, 0.18, and 0.1 mg/L. 
The microalgae culture growth was monitored every day with a reverse 
microscope and Malassez counting cell. Finally, at 96 h, cell count was 
made in each well in order to quantify the cellular growth for each 
modality. Algae cell concentrations at 96 h are available in Table S3. The 
growth inhibition for each modality was deduced from the growth 
observed in the negative control. A growth rate greater than 16 was 
observed for all the negative controls. Each modality was analysed in 
triplicate.

2.5.3. Acute toxicity assay on fish pro-larvae (O. latipes)
The freshwater fish Oryzias latipes was used as reference organism for 

the acute toxicity bioassay for the trophic level fish (Figure S2 and S3). 
Eggs of Japanese medaka (O. latipes) were supplied by INRAE (Rennes, 
France). Upon receipt, fish embryos at 24 h-post-fertilization (hpf) were 
placed in a Petri dish containing ERS (Egg Rearing Solution). The 
composition of the ERS was: 17.11 mM NaCl, 0.4 mM KCl, 0.36 mM 
CaCl2, 1.36 mM MgSO4, with the pH set between 7 and 7.5. The ERS was 
supplemented with 4 g/L of NaCl to ensure proper embryonic devel
opment and to prevent bacterial contamination. Each Petri dish con
tained a maximum of 100 eggs. The Petri dishes were placed in a 
climatic chamber (Snijders Scientific) with conditions set at 28 ± 1◦C 
and an agitation of 34 rpm on an orbital shaker. The eggs were illumi
nated with a photoperiod of 12 h light / 12 h dark until they hatched 
(8–9 days at 28◦C). The development of the embryos was monitored 
daily under stereomicroscope. Any embryos with developmental de
fects, or that were dead or unfertilized, were discarded. Once the 
hatching peak was reached, 15 freshly hatched larvae were incubated 
for 48 h in 30 mL of the different solutions tested with an agitation of 
34 rpm and a temperature of 26◦C and a 12 h/12 h light/dark cycle. 
Exposure solution was renewed by half after 24 h. For this experiment, 
only the acute toxicity of the undiluted treated or untreated cocktail 
solution was studied, as a study of a range of dilutions would have 
required too many larvae. The oxygen saturation was measured daily 
and was always higher than 88 %. For this acute toxicity analysis, both 
lethal and sublethal effects (immobility and deformations of the axial 
skeleton) were recorded. All samples were analysed in triplicates.

2.6. Data analysis

Data of each experiment were analyzed by t-test, two samples were 
considered as different for a p-value < 0.05.

3. Results

3.1. Chemical analysis

3.1.1. Pesticide degradation
An aqueous cocktail solution of 18 pesticides with concentrations 
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ranging from 304 to 561 µg/L was subjected to PL treatment at 4 kV with 
a fluence of 91 J/cm2. These parameters were selected for pesticide 
degradation as Clavero et al. (2025a). previously demonstrated that the 
highest voltage and highest fluence enabled the highest degradation 
rate. PL proved once again significantly efficient in decreasing pesticide 
concentrations (t-test, n = 3, p-value < 0.05, Fig. 1), in accordance with 
our previous study. The concentration of 14 compounds was reduced to 
levels below their LOQs, and for 10 compounds, the concentrations were 
even below their LODs (Table S2) in the treated samples. Only 4 com
pounds remained at concentrations higher than their LOQ (boscalid, 
dimethomorph, iprovalicarb, and pyrimethanil). They have, however, 
been significantly degraded. Indeed, post-treatment degradation rates 
reached 94.7 %, 93.5 %, 97.7 %, and 97.5 %, respectively.

These results are in agreement with the classification proposed in 
Clavero et al. (2025a) in which these compounds were among the 5 least 
sensitive compounds to PL with half fluences (H1/2) above 30.8 J/cm2. 
Tebufenozide completed this shortlist. However, due to its higher LOQ 
(20 µg/L) compared to the other compounds it reached a concentration 
below its LOQ. These results confirm that the ranking previously 
established using H1/2 effectively determine the sensitivity of a com
pound. The poor sensitivity, in other words the higher resistance, of 
these compounds to photodegradation may be attributed to their large 
number of conjugated bonds and phenyl groups (Clavero et al., 2025a). 
The wide variety of wavelengths produced by the continuous spectrum 
of the LPBox, especially in the UV part of the spectrum (UV-C 3.2 %, 
UV-B 6.2 %, and UV-A 19 %), allows a significant impact on the con
centrations of all the compounds studied (>93.5 % reduction).

3.1.2. Photoproduct formation
LC-MS analyses of the treated samples revealed 42 out of the 81 

photoproducts investigated in MRM mode (Fig. 2). These compounds 
were observed with small peak areas for the majority of them. This is 
likely due to the high voltage and fluence applied to the samples. The 
degradation products that were not observed were probably formed and 
then degraded, as reported in Clavero et al. (2025a). Indeed, in the 
present work, intermediate fluences (11, 22, and 45 J/cm2) were not 
studied due to the high cost and time involved in the toxicity analyses. It 
is also important to note that for all the pesticides whose degradation 
products are monitored in the method, at least one degradation product 
was observed, except for mandipropamid. In this experiment, 24 addi
tional photoproducts were detected compared to the previous study, 
which found only 18 compounds stable at 91 J/cm2. This may be due to 
the fact that the initial concentrations of the parent pesticides are higher, 
leading to the observation of a greater number of TPs. Indeed, TPs 
formed in smaller quantities in our previous study could not be observed 

due to low initial concentration of parent pesticides.
The different photoproducts are listed in (Clavero et al., 2025a). As 

described in our previous study, the hypothetical structures proposed 
suggest different photodegradation pathways for the halogenated com
pounds, with dehalogenation and hydroxylation (boscalid, difenocona
zole, fenbuconazole, fenhexamid, metrafenone, pyraclostrobin, 
tebuconazole, and tetraconazole) being the most common. For the 
non-halogenated pesticides, breaking bonds were observed (benalaxyl, 
pyrimethanil) as well as hydroxylation (iprovalicarb, pyrimethanil). 
Numerous photoisomerizations were also observed for the compounds 
without halogen atoms (azoxystrobin, cyprodinil).

3.2. Acute toxicity on 3 aquatic species

3.2.1. Acute toxicity test on the bacteria A. fischeri
The acute toxicity of the PL-treated (T) and untreated (UT) cocktail 

solutions of pesticides was measured on the bacteria Aliivibrio fischeri 
following the Microtox® protocol. The assays were validated using a 
positive control (K2Cr2O7) and a negative control (NaCl 2 %).

The results indicate that the bioluminescence of the bacteria culture 
exposed to the treated sample was much higher than that exposed to the 
untreated one, indicating a reduction of the acute toxicity of the pesti
cide cocktail after the PL treatment. This result is illustrated by the EC20 
(effective concentrations at 20 %) values (Fig. 3), which increased by a 
factor of 2 after PL treatment of the pesticide cocktail. The 2-fold in
crease of the EC20 implies a division by 2 of the acute toxicity, as EC20 is 
inversely correlated with toxicity. These results are consistent with those 
of (Clavero et al., 2025a), in which a significant reduction in acute 
toxicity for A. fischeri was observed for PL-treated pesticide cocktail 
samples. However, the acute toxicity reduction is moderate for the 
present study, since a 7.25-fold reduction in acute toxicity was previ
ously noted.

This difference could be explained by the fact that initial pesticide 
concentrations are higher in the present experiment, leading to higher 
residual pesticide concentrations under the same treatment conditions. 
Indeed, in the previous study, only three pesticides had concentrations 
above their LOQ: boscalid, dimethomorph and pyrimethanil at 6.9, 7.2 
and 6.0 µg/L respectively, i.e. 2.0 %, 2.1 % and 2.2 % of their initial 
concentrations. In the present study, boscalid, dimethomorph, iprova
licarb and pyrimethanil had concentrations of 28, 30, 9 and 14 µg/L 
respectively i.e. 5.3 %, 6.5 %, 2.3 % and 2.5 % of their initial concen
trations. These higher concentrations could therefore explain the dif
ference in acute toxicity observed. On the other hand, the higher 
pesticide concentrations also led to the detection of 24 additional TPs 
compared to the previous study. It is therefore possible that these 24 TPs 

Fig. 1. Pesticide concentrations of the treated and untreated cocktail solution (t-test, n = 3, p-value < 0.05).
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induced higher acute toxicity which could have been at the origin of this 
discrepancy.

3.2.2. Acute toxicity test on the microalgae R. subcapitata
The acute toxicity of the treated and untreated cocktail solutions was 

measured on the freshwater algae R. subcapitata after 96 h of exposure. A 
growth rate greater than 16 was observed for all the negative controls 
carried out with water at 0.01 % ACN with a mean cell concentration of 
49.105 cells/mL. The population was multiplied by 248 in 96 h. This 
indicates a favourable development of microalgae and negligible effect 
of ACN at 0.01 % on cell growth. The assays were validated using a 
positive control (K2Cr2O7) with a EC50 (effective median concentration) 
at 0.52 mg/L after 96 h which complies with the supplier’s provided 
value ranging 0.42–0.63 mg/L.

The growth inhibition of the PL-treated samples was significantly 
lower than that of the untreated ones, and the development of 
R. subcapitata was particularly slowed down in the untreated samples, 
with a very low algal concentration compared to the PL-treated samples 
(Figure S4). In fact, the EC20 (Fig. 4) of the treated samples was 24 times 
higher than that of the untreated samples, indicating an acute toxicity 
reduction by a factor of 24 for the algae between the untreated and 
treated samples. The acute toxicity profile follows the same trend as the 
one on the bacteria model.

3.2.3. Acute toxicity test on fish larvae O. latipes
The acute toxicity of PL-treated (T) and untreated (UT) pesticide 

cocktail solutions was measured on larvae of the freshwater fish 
O. latipes after 48 h of exposure. Larval mortality at 48 h in the negative 

Fig. 2. Mean of peak areas (n = 3) of the photoproducts of the different pesticides tested.

Fig. 3. EC20 of PL-treated (T) and untreated (UT) pesticide cocktail samples on 
the bacteria A. fischeri (Mean ± Standard Deviation, t-test, n = 3, p-value 
< 0.05).

Fig. 4. EC 20 of PL-treated (T) and untreated (UT) pesticide cocktail samples 
on the microalgae R. subcapitata (Mean ± Standard Deviation, t-test, n = 3, p- 
value < 0.05).
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control with 0.01 % ACN aqueous solution was 7 ± 7 %. Dead larvae 
were recorded in both pesticide cocktail exposure conditions but the 
larval mortality in the PL-treated samples was significantly reduced in 
comparison to the untreated one (Fig. 5). For the untreated cocktail 
solution, the mortality was at 100 % for all the replicates after 48 h of 
exposure, while for the PL treated samples the mortality was only of 
6.6 % on average for all the replicates. This result highlights a drastic 
reduction in acute toxicity after PL treatment. However, it is important 
to note that sublethal effects were noticed in 22.2 % of the larvae 
exposed to the PL-treated pesticide cocktail but not in the untreated 
pesticide cocktail due to 100 % of dead larvae. In particular, induction 
of axial skeletal deformations (Figure S5) was observed, with some 
variability between replicates. These results therefore indicate that PL 
treatment appears to be very effective in reducing the acute toxicity of 
samples with high pesticide loads. However, a residual sublethal toxicity 
remained in the experimental conditions, putatively induced by photo
products of pesticides or residual parent pesticides.

4. Discussion

PL treatment significantly reduces pesticide concentrations by pho
todegradation, but also generates TPs that may be more or less toxic 
than the parent compounds (Sinclair and Boxall, 2009). The study by 
Esposito et al. (2021). showed 100 % degradation of imidacloprid, 80 % 
of terbuthylazine, and 70 % of azoxystrobin after 8 h of UV-treatment of 
pesticide-spiked aqueous solutions. However, the impact on toxicity 
toward bioluminescent bacteria varied. Thus, for imidacloprid, no 
observable toxicity remained after treatment, whereas for terbuthyla
zine, toxicity did not decrease during the treatment, and the biolumi
nescence inhibition rate remained at 100 % despite substantial 
degradation of the compound.

In the current study, we conducted acute toxicity assessments across 
the aquatic trophic chain to investigate the impact of PL on pesticide- 
contaminated waters for different taxa of aquatic ecosystem. Our re
sults demonstrated that, for all three tested species, PL treatment led to a 
significant reduction in the acute toxicity of all samples. These results 
are in agreement with the study of Stamatis et al. (2015), which showed 
an absence of toxic effects on A. fischeri of the tebuconazole samples 
treated by photocatalysis. The degradation mechanisms in this study 
were tert-butyl chain cleavage, hydroxylation, oxidation and dehalo
genation. Their study revealed the formation of two tebuconazole TPs 

also observed in the present work, TP-tebuco-278 and TP-tebuco-250.
Del Puerto et al. (2022) reported similar results for tebuconazole 

using a combined vacuum UV and UVC treatment. A test battery 
including the bioluminescent bacterium A. fischeri, the Gram-positive 
bacterium Bacillus subtilis, the fungus Fusarium graminearum, the green 
microalga R. subcapitata, and the microcrustacean Daphnia magna was 
performed to represent different trophic levels. The combined vacuum 
UV / UVC treatment of drinking water containing tebuconazole effec
tively degraded the parent compound at concentrations ranging from 
μg/L to mg/L. These reductions in pesticide concentration were 
accompanied by significant decreases in toxicity at a fluence of 
12.5 J/cm². For F. graminearum, B. subtilis, and D. magna, toxicity was 
reduced to such an extent that no EC50 could be determined following 
vacuum UV / UVC irradiations. In the case of R. subcapitata, toxicity was 
reduced by a factor of 4.8. Results for A. fischeri, however, were more 
mitigated due to a weak response of this microorganism, highlighting 
the importance of assessing multiple trophic levels in ecotoxicological 
studies.

On the other hand, Man et al. (2021) studied the degradation, 
particularly through photolysis, of difenoconazole in water and soil. The 
main degradation mechanisms observed were again oxidation, dechlo
rination, and hydroxylation. TP-difeno-278, TP-difeno-370, and 
TP-difeno-388 were detected in their study as in the present work. 
Toxicity analyses were conducted using ECOSAR predictions and labo
ratory tests. They showed that the acute toxicities of the four novel TPs 
selected on Brachydanio rerio, D. magna, and Selenastrum capricornutum 
were substantially lower than that of difenoconazole. However, all the 
TPs, except TP-difeno-278, were predicted to be very toxic to fish after 
chronic exposure, which may pose a potential threat to aquatic ecosys
tems. This potential toxicity further highlights the need to conduct 
chronic toxicity assessments when developing remediation techniques 
based on compound breakdown. However, the implementation of such 
tests is often challenging due to their high cost and time-consuming 
nature.

Zhu et al. (2022) in turn, studied the photodegradation of enestro
burin, also known as enoxastrobin, in water using simulated sunlight 
irradiation. They employed an untargeted approach with LC-HRMS, 
which allowed the detection of 12 TPs. The main transformation re
actions included hydration, hydrolysis, oxidation, reduction, and 
decarboxylation. They estimated the toxicity of these TPs using the 
QSAR model ECOSAR, and 2 TPs (M-313 and M-327) were classified as 
“very toxic”, highlighting that insufficient photodegradation can lead to 
hazardous TPs whose toxicity could pose a problem for ecosystems.

These studies thus showed that while the acute toxicity of photo
products generally decreases compared to their parent compound, sig
nificant sublethal residual toxicity may remain. Hence, it is possible that 
the sublethal toxicity observed for fish in the current experiment may be 
due to TPs with low acute toxicity but with high chronic toxicity. It 
would therefore be crucial to optimize photolysis to not only degrade 
pesticides but also their TPs. Such optimization requires the use of non- 
targeted analytical tools like LC-HRMS (Guo et al., 2020). Indeed, 
LC-MS/MS in MRM mode only tracks known TPs, whereas non-targeted 
methods would provide a comprehensive view of TPs evolution as a 
function of fluence. LC-HRMS would also provide more accurate struc
tural information on TPs, which could enable their toxicity to be studied 
using QSAR models. This optimization should also be based on a joint 
approach that measures both acute and sublethal toxicity across various 
taxa in aquatic and terrestrial trophic chains, in order to demonstrate the 
safety of pesticide-contaminated water that has been treated by PL 
photolysis.

5. Conclusion

PL technology was investigated as a pesticide removal process for 18 
phytosanitary products widely used in viticulture. PL was able to 
degrade all compounds, with 14 compounds decreasing from 

Fig. 5. Lethal and sublethal effects induced in larvae of the fish O. latipes after 
48 h of exposure to PL-treated (T) and PL-untreated (UT) pesticide cocktail 
samples. (Mean ± Standard Deviation, t-test, n = 3, p-value <0.05).
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concentrations between 304 and 506 µg/L to concentrations below their 
LOQs. Among these compounds, 10 were even reduced at concentra
tions below their LOD. The remaining pesticides were degraded by more 
than 93.5 %. These results demonstrated that PL is a very efficient 
process for degrading pesticides, due to the wide range of wavelengths 
emitted. The LC-MS analysis enabled the detection of 42 out of 81 ex
pected photoproducts. This could be explained by the formation and 
then the degradation of photoproducts by PL. This work shows the in
terest of using mass spectrometry to monitor the impact of a process on 
the degradation of pesticides and their photoproducts. The mass spec
trometry enabled also to study the photodegradation products from a 
structural point of view and the mechanisms involved during photo
degradation. The major probable pathways observed for degradation 
products were dehalogenations and hydroxylations for the halogenated 
compounds. For the non-halogenated pesticides, breaking bonds, pho
toisomerizations, and hydroxylations were observed. The acute toxicity 
of the cocktail solution of 18 pesticides was significantly reduced for all 
taxa studied (bacteria, algae and fish) after PL treatment at 91 J/cm2. 
These results therefore show that PL appears to be an interesting tech
nology for reducing the acute toxicity of pesticide-contaminated water. 
However, it is important to note that sublethal toxicity was observed for 
the treated samples. This sublethal toxicity is likely due to residual 
parent pesticide and TPs not degraded which, although less toxic than 
their parent compounds, may still remain significantly harmful to 
aquatic life. It will therefore be essential, in order to avoid any envi
ronmental risks, to optimize photolysis in such a way that it degrades not 
only the pesticides but also the TPs. This research demonstrates the 
value of optimizing a process using combined analytical chemistry and 
ecotoxicological approaches. PL therefore appears to be a promising 
process for treating fresh water or wastewater contaminated with high 
concentrations of pesticides. Further optimizations are required to 
ensure complete degradation of pesticides and their degradation prod
ucts to mitigate any remaining toxicity. These optimizations could lead 
to the development of a continuous PL treatment process for wine
growing wastewater. The implementation of continuous processing will 
enable the process to be scaled up, allowing for semi-industrial-scale 
processing.

An in-depth study of the impact of the continuous PL process on 
pesticide degradation and chronic toxicity for various aquatic and 
terrestrial taxa would be necessary to demonstrate the safety of such 
technology for ecosystems.
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