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Abstract
The degradation of three pesticides, azoxystrobin (AZO), difenoconazole (DFZ), and imidacloprid (IMD), commonly found in
the tomato rinse water, was studied through UVC (251–257 nm) and UVC/H2O2 photolysis. The results showed that direct
photolysis follows pseudo-first-order kinetics, with total AZO and IMD removals within 15 min, using 21.8 and 28.6 W m−2,
respectively, while the highest percentage of DFZ degradation was 51.7% at 28.6 W m−2 UVC. The estimated quantum yields
were 0.572, 0.028, and 0.061 mol Einstein−1 for AZO, DFZ, and IMD, respectively. With regard to UVC/H2O2, total pesticide
removal was achieved after 10 min, while optimal treatment conditions in relation to the pesticide removal rates, estimated
through the sequential Doehlert design, were about [H2O2]0 = 130 mg L−1 and 26 W m−2. Cytotoxicity and genotoxicity assays
carried out with Allium cepa, for real industrial tomato rinse water sampled fromwashing belts did not show abnormalities during
cell division, with total pesticides degradation after 15min, demonstrating the potential application of the UVC/H2O2 process as a
viable localized treatment with a focus on the possible reuse of treated water.
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Introduction

In recent years, the population’s demand for quality food has
increased and, as a result, pesticides have been increasingly
used for pest control in fruits and vegetable cultivations.
Currently, Brazil is one of the largest agricultural producers
in the world and since 2008, the largest pesticide consumer,
having used around 540,000 tons of active ingredients in 2017
alone (Bombardi 2017). Also, the number of new commercial
products registered has been growing every year, with 211
recorded until June 2020 (MAPA 2020).

Among these compounds, imidacloprid (IMD) is an effi-
cient systemic insecticide against sucking insects, acting di-
rectly on their central nervous system (Fenoll et al. 2015).
Azoxystrobin (AZO) is a systemic fungicide of the
strobilurine family, effective against a wide range of fungal
diseases (Calza et al. 2006). Difenoconazole (DFZ) is a fun-
gicide used for prevention and cure for several cultures, capa-
ble of interfering with the growth of fungi and inhibiting spore
germination (Li et al. 2013). These compounds are constitu-
ents of several commercial products handled in Brazilian cul-
tivations, including tomato and raw material for several prod-
ucts in the agroindustry. Their respective structural formulas
are given in Fig. 1.

In line with the good agricultural practices established by
legislation, a certain period before harvesting should be
respected after agrochemicals application, so that the com-
pounds can act properly in pest control, and food residues
can be reduced. Studies such as those by Andrade et al.
(2015) and Rodrigues et al. (2017) have shown that, even
though this period is respected, a fraction of the compounds
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that were not absorbed is transferred to water during fruit and
vegetable washing before final processing. However, even at
low concentrations, these contaminants can cause adverse
effects on human health and on the environment. Silva et al.
(2016) reported that the continuous exposure of bees to IMD
concentrations of 4.25 and 21.25 ng μL−1 alters their locomo-
tion ability, which may affect their search for food and
compromise hives. In addition, Han et al. (2016) veri-
fied the harmful effect of AZO upon aquatic organisms,
while Pan et al. (2017) observed that DFZ can act as an
endocrine disruptor.

According to Maurya et al. (2019), triazole fungicides,
such as DFZ, have high photochemical stability and low
biodegradability. Monsalvo et al. (2014) investigated the bio-
degradability and toxicity of three pesticides, among which
IMD, in an expanded granular sludge bed reactor, finding that
IMD was not removed after more than 20 days, while Tišler
et al. (2009) found that IMD was not rapidly biodegraded in
aquatic environments. However, specific studies on AZO bio-
degradability have not been found in the literature. As a con-
sequence, since conventional effluent treatment processes are
not able to completely remove these compounds, advanced
oxidation processes (AOP) have gained prominence as alter-
native treatment strategies. These processes are efficient in
removing persistent organic compounds through the ac-
tion of hydroxyl radicals (HO•), which can react with
pollutants and practically achieve their complete degra-
dation (Bethi et al. 2016; Ameta 2018).

With regard to wastewater treatment containing pesticides,
the literature reports studies related to IMD degradation by
AOPs, such as photo-Fenton (Segura et al. 2008),
photocatalysis (Rózsa et al. 2019; Kanwal et al. 2018), and
ozonation (Baghirzade et al. 2020) since this compound has
recently been included in the European List of Priority
Substances through Decision 2015/495/EU (Barbosa et al.
2016). Zapata et al. (2010) investigated combined solar
photocatalysis and biological treatments, applied to IMD deg-
radation, while at high concentrations (43 mg L−1). As for
AZO and DFZ, these compounds were detected in water
sources in Brazil (Caldas et al. 2013). However, there is a lack
of studies investigating AOPs for degrading these

compounds; some involving photo-Fenton, photo-Fenton
like, and photocatalysis have been found in the literature
(Bessergenev et al. 2017; Aliste et al. 2020; Garrido et al.
2020) but none concerning UVC/H2O2 or with the three target
contaminants in the mixture.

The UVC/H2O2 process consists in the generation of HO•
radicals through O–O bond breakdown of hydrogen peroxide
molecules by ultraviolet (UVC) radiation (Mierzwa et al.
2018). In comparison with other AOPs, the following advan-
tages of this process can be mentioned (Tang 2004): (i) organ-
ic pollutants can be degraded either by photolysis or by hy-
droxyl radicals; (ii) microorganisms present in the medium
can be inactivated by UVC radiation, while hydroxyl radicals
are effectively generated (Mierzwa et al. 2018); (iii) high
H2O2 water solubility allowing the storage of its solutions
and facilitating their handling and mixing with the effluent
to be treated, in contrast to ozonation, in which the transfer
of the gaseous oxidant to the aqueous phase is subject to mass
transfer limitations; (iv) there is no generation of sludge (as is
the case of Fenton and photo-Fenton) or air emissions; (v) no
further processing, separation (as is the case of TiO2

photocatalysis), or disposal is required; (v) simple operation
and implantation.

Miklos et al. (2018) classified the UVC/H2O2 process as
energetically viable, together with ozonation, O3/H2O, O3/
UVC, UV/persulfate, and UV/chlorine, based on the reported
values for the parameter electric energy per order of
magnitude (EEO). This parameter represents the amount of
electric energy in kilowatt-hour necessary to degrade a con-
taminant by one order of magnitude in 1 m3 of contaminated
water, normally associated with the largest portion of operat-
ing costs (Bolton et al. 2001). The aforementioned processes
present median values of EEO < 1 kWh m−3 order−1, thus
presenting the potential for industrial application, unlike pho-
to-Fenton, plasma, and electrolytic AOPs (median values of
EEO = 1–100 kWh m−3 order−1), of high energetic cost, but
which can represent attractive solutions depending on the ap-
plication, and UV-based photocatalysis, ultrasound, and
microwave-based processes (median values of EEO > 100
kWh m−3 order−1), not considered energy-efficient AOPs so
far (Miklos et al. 2018). Moreover, Fast et al. (2017) carried

Fig. 1 Structural formulas of a azoxystrobin-AZO [methyl (E)-2-[2-[6-
(2-cyanophenoxy)pyrimidin-4-yl]oxyphenyl]-3-methoxyprop-2-enoate,
C22H17N3O5, CAS 131860-33-8]; b difenoconazole-DFZ [1-((2-(2-
Chloro-4-(4-chlorophenoxy)phenyl)-4-methyl-1,3-dioxolan-2-

yl)methyl)-1H-1,2,4-triazole, C19H17Cl2N3O3, CAS 119446-68-3]; and c
i m i d a c l o p r i d - IMD [ (NE ) -N - [ 1 - [ ( 6 - c h l o r o p y r i d i n - 3 -
yl)methyl]imidazolidin-2-ylidene]nitramide, C9H10ClN5O2, CAS
138261-41-3]
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out a comparative study of advanced oxidative processes in
the removal of contaminants of emerging concern based on
environmental, engineering, social, and economic aspects.
According to the proposed classification, with scores varying
from 1 to 5, the UVC/H2O2 process had an overall score of
3.36, being therefore advantageous in comparison with ozona-
tion, UVC/O3, Fenton, and TiO2-based photocatalysis (scores
3.30, 3.08, 2.89, and 2.11, respectively), especially with regard
to the criteria of acceptance and ease of application. In fact,
according to the authors, the UVC/H2O2 process is a well-
established technology, with low energy consumption and low
impacts on climate change. In any case, as remarked by
Katsoyiannis et al. (2011), the energy demand of the UVC/
H2O2 process strongly depends on parameters such as hydrogen
peroxide concentration, optical path length, nature of the target
pollutant, and complexity of the aqueous matrix to be treated.

This study thus aimed at evaluating the degradation of the
active ingredients AZO, DFZ, and IMD, commonly used in
Brazilian cultivations and found in the rinse water generated
in tomato processing in the agroindustry. The pesticides were
used at typical wastewater concentrations, and the efficiency
of direct photolysis and UVC/H2O2 on their degradation was
investigated by evaluating the effects of process variables (ini-
tial hydrogen peroxide concentration, [H2O2]0; 254-UVC ir-
radiance, EUVC) through sequential experimental design based
on the Doehlert matrix. Furthermore, additional experiments
were carried out using real rinse water sampled in the industry,
for which cytotoxicity and genotoxicity were investigated,
based on the test organism Allium cepa.

Materials and methods

Reagents

The commercial products Amistar Top® (Syngenta), contain-
ing in its formulation the active ingredients AZO and DFZ,
and Provado 200 SC® (Bayer), containing the active ingredi-
ent IMD, were used in all the experiments. For the UVC/H2O2

assays, a 30% (w/w) hydrogen peroxide solution (Labsynth)
was used. Acetonitrile (HPLC grade), purchased from Sigma
Aldrich, and ultrapure water were used in HPLC procedures.
HCl was obtained from Vetec. AZO, DFZ, and IMD analyti-
cal standards (Sigma Aldrich) were used for determining the
molar absorption coefficients (ɛ). All the solutions were pre-
pared in Milli-Q® water, produced in a Milli-Q® Direct-Q
system (Merck Millipore) (18.2 MΩ cm).

Molar absorption coefficients (ɛ)

In order to obtain the molar (decadic) absorption coefficients (ελ)
of the pesticides, pure stock solutions (80 mg L−1) were prepared
by dissolving the analytical standard of each active compound in

Milli-Q® water at room temperature. In the sequence, the stock
solutions were diluted to 0.8, 1.2, 1.6, 2.0, and 4.0 mg L−1 (i.e.,
1.98–9.92μmol L−1 AZO; and 1.97–9.85μmol L−1 DFZ) and to
0.63, 0.99, 1.27, 1.64, and 3.35 mg L−1 (2.46–13.1 μmol L−1

IMD). The decadic absorbance (A10) of each solution at a given
molar concentration cwas then measured as a function of wave-
length in the range 190–800 nm using a UV/VIS Varian Cary 50
spectrophotometer and a 1-cm path length quartz cuvette. The
values of ελ were then obtained for each pesticide and wave-
length from the slope of the straight line on a graph of A10,λ×
(Skoog et al. 2017).

Synthetic tomato rinse water

Concentrated aqueous solutions of the commercial products
Amistar Top® and Provado 200 SC® were first prepared
according to the manufacturer’s specifications for tomato cul-
tivation. Then, based on information provided by the State
Technical Assistance and Rural Extension Company of
Minas Gerais (EMATER-MG, Brazil), regarding the average
yield of tomato plants per hectare (~ 80,000-kg tomatoes per
hectare) and the manufacturers’ recommendations that 1000 L
of syrup is applied per hectare, it was found that about 0.0125
L of pesticides syrup is sprayed per each kilogram of toma-
toes. In addition, knowing that washing operations in the in-
dustry are usually repeated ten times before fruit processing,
using a proportion of about 3 L of water per kilogram of
tomatoes, the concentrations of each active ingredient in the
rinse water could be obtained, assuming that the pesticides are
retained in tomatoes surface and completely removed during
washing. Therefore, the concentrated solutions were diluted in
order to obtain the nominal concentrations 3.0, 2.0, and
3.0 mg L−1 of AZO, DFZ, and IMD, respectively. The
resulting solution, therein referred to as synthetic rinse water,
containing the three active ingredients, was used in the degra-
dation experiments. The calculations are detailed in the
Supplementary Material.

Photochemical reactor

Degradation experiments were conducted in a benchtop pho-
tochemical reactor, placed inside a closed reaction cabinet,
and equipped with UVC lamps (Philips TUV 8W/G8TS)
emitting at in the wavelength range 251–257 nm (λmax =
254 nm) . I r r a d i an c e s we r e mea su r e d u s i ng a
spectroradiometer (Luzchem, SPR-4002), at 15 cm away from
the lamps, giving EUVC = 15.0, 21.8, and 28.6Wm−2, for 2, 3,
and 4 lamps, respectively. A 250-mL capacity jacketed beaker
was filled with 150 mL of synthetic rinse water; the liquid
surface was placed 15 cm away from the lamps, and a ther-
mostatic bath was used to maintain its temperature at 21 °C.
The solution was continuously stirred to keep homogeneity.
Figure 2 presents a scheme of the experimental apparatus.
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Photodegradation experiments using synthetic rinse
water: direct photolysis and UVC/H2O2

For photolytic experiments in the absence of H2O2, 150 mL of
the synthetic rinse water containing the three active ingredi-
ents (AZO, IMD, and DFZ) was placed in the photochemical
reactor and irradiated at 15.0, 21.8, and 28.6 W m−2 for 15
min. One-mL aliquots were withdrawn at 0, 0.25, 0.50, 0.75,
1, 2, 5, 10, and 15 min, and analyzed by HPLC.

In the case of UVC/H2O2, the experiments were carried out
for 15 min, using 150 mL of the synthetic rinse water contain-
ing the three active ingredients (AZO, IMD, and DFZ), vary-
ing the initial H2O2 concentrations and UVC irradiances. The
amount of 30% (w/w) hydrogen peroxide solution was added
at time zero to obtain the desired value of [H2O2]0. One-mL
aliquots were withdrawn at 0, 0.25, 0.50, 0.75, 1, 2, 5, 10, and
15 min; diluted with 100 μL methanol to quench the reaction,
according to the methodology of Lastre-Acosta et al. (2019);
and analyzed by HPLC. The experiments were conducted
following sequential Doehlert experimental designs, com-
bined with response surface analysis, aiming to explore the
effects of the initial H2O2 concentration and irradiance on
active ingredients degradation and to obtain the best experi-
mental condition in terms of the highest pseudo-first-order
specific degradation rate of each compound. This experimen-
tal design approach was first proposed by Doehlert in 1970
(Novaes et al. 2017) and has the following advantages: low
number of experiments required to reach the optimal result,
hence requiring less reagents and time; spherical experimental

domain, with uniformity in space filling; easy extension of the
experimental domain by adding another factor or displacing
the design, making it possible to use data from previous ex-
periments (Sena et al. 2012; Caldas et al. 2012).

In this work, a Doehlert matrix with two variables was
used, with x1 equivalent to the initial H2O2 concentration
and x2 to the irradiance. Table 1 shows the conditions of the
base design (runs 1–9, Fig. 3), comprising seven runs plus two
replicates at the central point conditions, with [H2O2]0 varying
in the range 24.9–99.5mg L−1, corresponding to 1–4 times the
stoichiometric amount needed to achieve the complete miner-
alization of the active ingredients present in the synthetic rinse
water. The values of EUVC were set in the range 15.0–28.6 W
m−2 (2–4 Philips TUV 8W/G8TS UVC lamps).

In order to explore the effect of [H2O2]0 on pesticide deg-
radation, the design was then moved across the x1 axis in the
experimental domain, for both higher and lower oxidant dos-
ages. For this purpose, three additional experiments (runs 10–
12) were first added. Subsequently, a second experimental
matrix was built (runs 13–18), with [H2O2]0 ranging from
12.4 to 37.3 mg L−1, i.e., 0.5 to 1.5 times the calculated stoi-
chiometric ratio (Fig. 3). In any case, Table 1 presents the
coded and real values of the independent variables used
in the UVC/H2O2 experiments; xi and Ci are related by
Eq. (1), where Ci and xi correspond to the coded and
real values of variable i, respectively; xi

0 refers to the
conditions of the central point of the base design, Δxi is
the step of variation, and α is the coded value limit of
each variable (Ferreira et al. 2004).

Fig. 2 Scheme of the
experimental apparatus
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Ci ¼ xi−x0i
Δxi

� �
α ð1Þ

STATGRAPHICS Plus®, 5.0 Version (Statgraphics
Technologies Inc.) was used for data analysis and response
surface calculations.

Treatment of real rinse water by UVC/H2O2

In order to evaluate the performance of the UVC/H2O2 pro-
cess with real aqueous matrices, samples of tomato rinse water
were collected at two points in the industry (Figure S1): (i)
during the unloading of truck bodies containing freshly har-
vested fruits, which is done with the aid of water jets (pre-

washing) and (ii) in the final washing stage carried out on
conveyor belts, immediately before the selection of fruits for
processing intended for the manufacture of food products
(washing belts). Some characteristics of these water samples
are presented in Table S1. The samples were stored at − 4 °C
until used in the experiments. For that, the rinse water samples
were spiked with the commercial products Amistar Top® and
Provado 200 SC® to obtain the working nominal pesticides
concentrations (3.0, 2.0, and 3.0 mg L−1 for AZO, DFZ, and
IMD, respectively). One-mL aliquots were withdrawn during
irradiation in the presence of hydrogen peroxide at 0, 0.25,
0.50, 0.75, 1.0, 2.0, 5.0, 10.0, and 15.0 min, diluted with 100
μL methanol, filtered using 0.45-μm PVDF membranes, and
analyzed by HPLC.

Table 1 Experimental conditions
used in the UVC/H2O2

experiments and values of the
pseudo-first-order specific degra-
dation rates for each pesticide

Run Coded values Experimental values

C1 C2 x1, [H2O2]0 (mg L−1) x2, irradiance
(EUVC) (W m−2)

1 0 0 62.2 21.8
2 0 0 62.2 21.8
3 0 0 62.2 21.8
4 1.0 0 99.5 21.8
5 0.500 0.866 80.9 28.6
6 − 1.0 0 24.9 21.8
7 − 0.500 − 0.866 43.5 15.0
8 0.500 − 0.866 80.9 15.0
9 − 0.500 0.866 43.5 28.6
10 1.500 0.866 118.2 28.6
11 1.500 − 0.866 118.2 15.0
12 2.0 0 136.8 21.8
13 − 0.667 0 37.3 21.8
14 − 0.833 0.866 31.1 28.6
15 − 1.333 0 12.4 21.8
16 − 1.167 − 0.866 18.7 15.0
17 − 0.833 − 0.866 31.1 15.0
18 − 1.167 0.866 18.7 28.6

Fig. 3 Doehlert matrices used in
the UVC/H2O2 experiments
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Analytical methods

Active ingredients concentrations were followed over time
using a Shimadzu ultra-fast liquid chromatograph (UFLC,
LC 20AD), equipped with a UV/VIS detector (SPD 20A)
and a C18 column (250 × 4.60 mm, 5-μm particle size).
Based on the methods developed by Al-Rimawi (2016),
Yaqub et al. (2017), and Tsochatzis et al. (2011), the mobile
phase at 1.0 mL min−1 consisted of Milli-Q® water (A) and
acetonitrile (B); elution followed the gradient: 50% B (0–3
min); increase to 80% B (3–12 min); 80% B (12–14 min);
decrease from 80 to 50% B (14–18 min). The oven tempera-
ture was maintained at 40 °C and the injection volume was
100 μL. AZO and DFZ were determined at 254 nm and IMD
at 270 nm. A calibration curve was obtained for each pesti-
cide; the values of the determination coefficient (R2), limit of
detection (LOD, mg L−1), and limit of quantification (LOQ,
mg L−1) obtained are, respectively 0.996, 1.282, and 2.564
(AZO); 0.988, 0.355, and 1.077 (DFZ); and 1.000, 0.122,
and 0.244 (IMD). The values of LOD and LOQ were estimat-
ed according to Ribani et al. (2004).

Cytotoxicity and genotoxicity assays

For the study of cytotoxicity and genotoxicity, experiments
were carried out using tomato rinse water sampled in the in-
dustry (from pre-washing and washing belts, Figure S1 and
Table S1), spiked with the commercial products Amistar
Top® and Provado 200 SC®, and submitted to the UVC/
H2O2 treatment at the optimum conditions of [H2O2]0 and
EUVC indicated by the Doehlert design. The tests were carried
out using Allium cepa, according to the methodology pro-
posed by Fiskesjö (1985). For this purpose, onion bulbs pur-
chased in a local market were placed in water to germinate for
72 h, without direct sunlight. After the roots grew, they were
exposed in duplicate to tap water (negative control), as well as
to treated and untreated rinse water, for 48 h, at room temper-
ature. The roots were then collected and subjected to hydro-
lysis with 1.0-mol L−1 HCl solution at 60 °C for 10min. Slides
were then prepared with root meristem cells, which were
stained using the Panótico Rápido® kit (Laborclin) in all cell
colorations, and observed under an optical microscope (Zeiss
Axio Scope A1). Qualitatively, genotoxic effects are as-
sociated with changes such as micronuclei, binucleate
cells, and nuclear buds, while the cytotoxic effects are
quantified through the analysis of mitotic changes, con-
sidering the phases of cell division (prophase, meta-
phase, anaphase, and telophase). The mitotic index
(MI) was calculated as the ratio between the number
of cells observed in any of the division phases (NDC)
and the total number of cells analyzed (NTC) (with a
count of up to 100 cells), according to Eq. (2):

MI %ð Þ ¼ NDC

NTC
� 100 ð2Þ

Results and discussion

Direct photolysis

The highly energetic electronically excited state of a contam-
inant molecule, reached by UV radiation absorption, deacti-
vates very rapidly to the lowest excited state (Oppenländer
2003), which then deactivates to the ground state through
radiative (fluorescence, phosphorescence) and non-radiative
physical processes (Parsons 2005). The lowest electronic ex-
cited states of contaminant molecules may also undergo
chemical reactions through hemolytic bond scission in the
solvent cage, forming carbon-centered radicals (R•); however,
the likelihood of radical recombination is high, explaining the
usual low photolysis quantum yields and thus limiting the
industrial application of direct photolysis. Despite that,
carbon-centered radicals may escape from the solvent cage
and react with dissolved oxygen, giving peroxyl (RO2•) and
oxyl (RO•) radicals, generating further photoproducts.
Intramolecular electron transfer, resulting in heterolytic bond
scissions, may also occur in water. In addition, triplet excited
states of organic pollutants may interact with dissolved
oxygen through energy and electron transfer processes,
resulting in contaminant molecules in the ground state
and singlet oxygen, and contaminant radical cations and
superoxide radica l anions (O2 •

− ) , respect ively
(Oppenländer 2003; Parsons 2005).

The results of AZO, DFZ, and IMD degradation by direct
photolysis are shown in Fig. 4.

A sharp decrease in AZO concentration occurred for short
irradiation times, under all irradiation conditions. Direct pho-
tolysis using 15.0 W m−2 achieved 89.4% pesticide removal
within 15 min, with AZO concentrations below the detection
limit for 21.8 and 28.6 W m−2. DFZ showed to be more per-
sistent and not completely degraded by direct photolysis
(maximum 51.7% removal after 15 min for EUVC = 28.6 W
m−2). The pseudo-first-order specific photolysis rates (k′) in-
creased with increasing irradiance for the three pesticides,
varying in the ranges 0.128–0.249 s−1 (AZO), 0.019–0.048
s−1 (DFZ), and 0.129–0.266 s−1 (IMD) (Fig. 5 and
Table S2); the corresponding determination coefficients were
satisfactorily high, with R2 = 0.895–0.928, 0.986–0.997, and
0.981–0.995 for AZO, DFZ, and IMD, respectively
(Table S2). The direct photolysis quantum yields of AZO,
DFZ, and IMD were calculated from the concentration-time
data, knowing the absorptivity of each compound in the UVC
and the irradiance in each case.
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The absorption of UV-vis radiation by a compound at a
given wavelength is proportional to the product of its molar
absorption coefficient (ε) and molar concentration, c (mol
L−1). On the other hand, according to Braun et al. (1991),
the quantum yield Φ of a photochemical reaction corresponds
to the number of moles of reactant consumed or product
formed, in a given time interval, divided by the number of
moles of photons (i.e., Einstein) absorbed by the reactant over
the same time. The rate at which a photochemical reaction
occurs following irradiation depends on the overlap of the
absorption and activation spectra (curves ελ and Φλ, respec-
tively) of the compound under consideration within a given
wavelength range. Given these considerations, for the UVC
radiation emitted by the lamps (251–257 nm, λmax = 254 nm),
comparing AZO (εAZO = 1572 L mol−1 cm−1) and DFZ (εDFZ
= 1701 L mol−1 cm−1) (Figure S2), the lower specific photol-
ysis rate of DFZ can therefore be attributed to its lower value
of ε ×c at time zero (0.011 and 0.006 cm−1 for AZO and DFZ,
respectively) and to its low photolysis quantum yield (ΦDFZ =
0.028 mol Einstein−1). In the case of IMD, even though this
compound has the highest molar absorption coefficient at
254 nm among the three pesticides (εIMD = 12817 L mol−1

cm−1, see Figure S2), and the highest initial ε × c (0.135
cm−1), its estimated photolysis quantum yield was consistent-
ly low (ΦIMD = 0.061 mol Einstein−1). Therefore, the values of
k′IMD are higher than those of k′DFZ but similar to the values of
k′AZO. The highest photolysis quantum yield in the

wavelength range 251–257 nm was obtained for AZO
(ΦAZO = 0.572 mol Einstein−1), which is one order of magni-
tude higher than those found for DFZ and IMD.

Bo u d i n a e t a l . ( 2 0 0 7 ) s u g g e s t e d t h a t t h e
phototransformation of AZO in aqueous solution at wave-
lengths > 290 nm involves multiple, parallel reaction path-
ways, including photo-isomerization; photo-hydrolysis of the
methyl ester and of the nitrile group; cleavage of the acrylate
double bond; photohydrolytic ether cleavage between the
aromatic ring, giving phenol; and oxidative cleavage of the
acrylate double bond. Zheng et al. (2004) studied the direct
and sensitized photolysis of aqueous IMD at 254 nm, observ-
ing the formation of CO2, Cl

−, and NO3
−, the latter occurring

by the formation of NH4
+ and NO2

−. In turn, according to
Todey et al. (2018), the urea derivative was identified as the
most common product formed from the hydrolysis and pho-
tolysis of neonicotinoid insecticides, among which IMD.

UVC/H2O2 process

The influence of irradiance and [H2O2]0 on AZO, DFZ, and
IMD degradation was investigated through the nine prelimi-
nary experiments of the base Doehlert design (Table 1 and
Fig. 3). In comparison with direct photolysis, complete pesti-
cide removal was achieved, with concentrations falling below
the detection limit in the first ten min of irradiation for most
conditions (Figures S3-S8). As expected, pesticides

Fig. 4 AZO, DFZ, and IMD
decay over time by direct
photolysis, for EUVC = 15.0 W
m−2 (blue square), 21.8 W m−2

(red circle), and 28.6 W m−2

(green triangle). Experiments
were performed with synthetic
rinse water containing the three
pesticides: [AZO]0 = 2.83 ±
0.06 mg L−1; [DFZ]0 = 1.54 ±
0.03 mg L−1; [IMD]0 = 2.74 ±
0.01 mg L−1. The average errors
are 1.8% (AZO), 1.1% (DFZ),
and 2.8% (IMD)
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degradation occurred faster for higher oxidant concentration
(at fixed EUVC) and irradiance (at fixed [H2O2]0), as confirmed
by the pseudo-first-order specific degradation rates kAZO,
kDFZ, and kIMD, which varied in the ranges 0.475–2.998 s−1,
0.226–0.726 s−1, and 0.182–0.562 s−1, respectively (Fig. 5
and Table S3). The determination coefficients (R2) for the k-
values varied in the range 0.871–0.998 (AZO), 0.965–0.998
(DFZ), and 0.963–0.999 (IMD) (Table S3), while the experi-
mental error, estimated from the three replicates in the condi-
tions of the central point (runs 1–3) was 3.0% (AZO), 2.2%
(DFZ), and 2.5% (IMD).

The k-values were consistently much higher for AZO, for
both the photolytic and UVC/H2O2 processes, and all irradi-
ances studied (Fig. 5 and Table S3). In addition, kAZO in-
creased steadily with increasing initial hydrogen peroxide
concentration, achieving almost constant values of about 1.0
s−1 ([H2O2]0 = 80.9 mg L−1, EUVC = 15 W m−2), 1.9 s−1

([H2O2]0 = 99.5 mg L−1, EUVC = 21.8 W m−2), and 1.8 s−1

([H2O2]0 = 80.9 mg L−1, EUVC = 28.6 W m−2); for EUVC =
21.8 W m−2, a further increase in [H2O2]0 to 136.8 mg L−1

resulted in about 55% increase in kAZO. In contrast, the values
of kDFZ and kIMD were closer to each other, particularly for
low [H2O2]0 and/or EUVC; the highest values found were
about 0.73 s−1 and 0.55 s−1, respectively, for [H2O2]0 =
118.2 mg L−1 and EUVC = 28.6 W m−2. Finally, the results
also suggest that the contribution of direct photolysis to the
initial rate of pesticide degradation during the UVC/H2O2

process followed the order IMD > AZO > DFZ. This is ex-
pected, given the competition between H2O2 and pesticides
molecules for incident photons, due to the much higher values
of the molar absorption coefficients of the latter in comparison
with that exhibited by H2O2 in the same wavelength range
(251–257 nm). In fact, if the effect of unknown absorbing
intermediate compounds is neglected for simplification, the
fraction of UVC radiation absorbed by the pesticides com-
pared with hydrogen peroxide at time zero would be around
64–95% (IMD), 13–61% (AZO), and 7–46% (DFZ) (depend-
ing on [H2O2]0), clearly varying with time as both H2O2 and
pesticides concentrations decrease. Nevertheless, it is
worth remarking that the role of the direct photolysis
of each pesticide during the UVC/H2O2 process, partic-
ularly for the lowest initial H2O2 concentration levels, is
intimately related to their particular UVC absorption
properties and photolysis quantum yields.

The UVC-driven decomposition of hydrogen peroxide
(εH2O2, 254 nm = 19 L mol−1 cm−1, see Oppenländer 2003)
follows the Haber-Weiss chain mechanism, according to
which hydroxyl radicals formed by the photolytic cleavage
of the O–O bond (Eq. (3), ΦHO•, 254 nm = 0.98 mol
Einstein−1) are scavenged by H2O2 molecules, giving
hydroperoxyl (HO2•) radicals (Eq. (4)). These would form a
six-membered cyclic complex (HOO•…H2O2), which then
rearranges by one-electron shifts to H2O, O2, and HO• (Eq.
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Fig. 5 Pseudo-first-order specific degradation rates for the UVC/H2O2

experiments of the Doehlert experimental design, carried out with different
initial hydrogen peroxide concentrations and irradiances. a EUVC = 15 W
m−2; b EUVC = 21.8 W m−2; and c EUVC = 28.6 W m−2
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(5)), the latter continuing the propagation cycle (Oppenländer
2003). The termination step of the chain mechanism involves
radical-radical recombination reactions (Eqs. (6)–(8)). On the
other hand, oxidation of target pesticides by HO• radicals
mainly involves hydrogen abstraction and electrophilic addi-
tion to unsaturated bonds and aromatic systems (Oppenländer
2003), giving rise to carbon-centered organic radicals. The
latter react immediately with dissolved O2 to form peroxyl
radicals, which then undergo numerous molecular rearrange-
ments and/or elimination reactions, leading to complex mix-
tures of oxidation products.

H2O2 þ hν→2HO• ð3Þ
H2O2 þ HO•→H2Oþ HO2• ð4Þ
HO2•þ H2O2→H2Oþ O2 þ HO• ð5Þ
HO•þ HO•→H2O2 ð6Þ
HO•þ HO2•→H2Oþ O2 ð7Þ
HO2•þ HO2•→H2O2 þ O2 ð8Þ

Some important information on the degradation of the tar-
get pesticides by AOPs is reported in the literature.
Baghirzade et al. (2020) observed that IMD is resistant to
degradation by O3 but indirectly degraded by hydroxyl radi-
cals, involving the loss of NO2, HNO2, and Cl

−. Fiorenza et al.
(2020) studied the use of photocatalysis, Fenton, and photo-
Fenton in the degradation of IMD in water and found that its
degradation is characterized by the formation of products such
as amines and chloropyridine. In addition, according to the
authors, the degradation mechanism of IMD involves the
cleavage of the C−N and N−N bonds, followed by the forma-
tion of small molecules such as CO2, NOx, water, and ClO2.
Navarro et al. (2011) investigated the removal of ten pesti-
cides, including AZO, from leaching water in a pilot-scale
plant by the sunlight-irradiated photo-Fenton treatment. In this
study, hypotheses were raised regarding the reactions involv-
ing the hydroxyl radical and the target pesticides, through the
abstraction of hydrogen from the C−H, N−H, or O−H bonds,
and HO• addition to the double bond between carbon atoms or
aromatic rings. Moreover, the authors comment on the pres-
ence of heteroatoms, which can result in the formation of
inorganic acids. Since AZO contains nitrogen in its molecule,
the authors argue that HNO3 and NH4

+ can be formed during
degradation. Calza et al. (2006) verified the occurrence of
concomitant AZO reaction pathways, in a study involving
the transformation of different fungicides by TiO2

photocatalysis. In this case, the AZO degradation pathways
involved hydroxylation of the cyanophenyl ring, oxidation of
the methyl groups, and breaking of the ether group between
the cyanophenyl and pyrimidinyl rings. Finally, Pushkareva
and Zenkevich (2018) studied the electrochemical oxidation

of DFZ and identified transformation products resulting from
the substitution of chlorine of the aromatic ring and hydrogen
atoms bonded to carbon atoms by hydroxyl groups or addition
of oxygen to the molecule.

The corresponding analyses of variance (ANOVA) and
Pareto charts indicate that for AZO and DFZ, only the linear
effects of x1 ([H2O2]0) and x2 (EUVC) showed statistically pos-
itive significant values at the 95% confidence level (Tables S4
and S5; Figures S9 and S10, respectively), while for IMD,
only the linear effect of EUVC was significant (Table S6 and
Figure S11). Therefore, although a fairly good fitting of the
experimental data was obtained for AZO, DFZ, and IMD (R2

= 0.782, 0.947, and 0.815, respectively), the statistical analy-
sis suggests that the base Doehlert design was not capable of
identifying any quadratic effects of the independent variables
within the experimental domain studied.

Therefore, additional experiments were included, varying
the initial hydrogen peroxide concentration (Table 1 and Fig.
3). The results are shown in Table S3 and Fig. 5. Considering
all the experiments performed, the ANOVA (Tables S7-S9)
and the Pareto charts (Figures S12-S14) indicate the positive
effects of both independent variables on the degradation
rates of the three pesticides. For AZO and DFZ,
[H2O2]0 appears as the most influencing factor on
kAZO and kDFZ, while irradiance showed to be more
important regarding kIMD. The negative value of the
quadratic effect of EUVC was statistically significant at
the 95% confidence level for AZO and IMD, showing
that the photooxidation rates of these pesticides increase
with increasing irradiance, go through a maximum, and
then stabilize. In contrast, for DFZ, the quadratic effect
of the initial hydrogen peroxide concentration was sta-
tistically significant and negative, showing that kDFZ in-
creases with [H2O2]0 and then decreases, suggesting the
scavenging effect of radical species by the oxidant, an
effect not observed for AZO and IMD. The correspond-
ing response surface and contour plots (Fig. 6) confirm
these trends for the three pesticides studied.

The statistical analysis using STATGRAPHICS Plus® en-
abled to obtain the quadratic response surface models for the
dependent variables kAZO, kDFZ, and kIMD (Eqs. (9)–(11)) in
terms of real independent variables, considering the signifi-
cant factors only. The corresponding values of R2 were 0.827,
0.923, and 0.834, respectively, confirming the good fitting of
the experimental data. From the quadratic models given by
Eqs. (9)–(11), the optimum conditions were estimated as
[H2O2]0 = 136.8 mg L−1 and EUVC = 24.3 W m−2 (kAZO =
2.53 s−1); [H2O2]0 = 127.3 mg L−1 and EUVC = 28.6 W m−2

(kDFZ = 0.75 s−1); and [H2O2]0 = 136.8 mg L−1 and EUVC =
27.8 W m−2 (kIMD = 0.55 s−1).

kAZ0 ¼ −4:48949þ 0:01249x1 þ 0:43657x2−0:00898x22 ð9Þ
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kDFZ ¼ −0:12759þ 0:00733x1

þ 0:01435x2−0:00003x21 ð10Þ
kIMD ¼ −0:62688þ 0:00133x1

þ 0:071654x2−0:00129x22 ð11Þ

Application of the UVC/H2O2 process to the treatment
of real rinse water

Figure 7 presents the results of the experiments carried
out with real tomato rinse water sampled in the industry
(pre-washing and washing belts), spiked with the com-
mercial products Amistar Top® and Provado 200 SC®,
submitted to the UVC/H2O2 treatment with [H2O2]0 =
130 mg L−1 and EUVC = 28.6 W m−2, i.e., the optimum
conditions determined from the Doehlert design. Both
aqueous matrices absorb UVC radiation at 254 nm,
while the water generated in the pre-washing operation
has a high content of TOC and solids (Table S1).

Despite these characteristics, complete removal of AZO
was achieved for both matrices after 15 min, while the
total degradation of DFZ and IMD was obtained only
for the water collected in the washing belts; in contrast,
removals of about 70% and 79% were achieved for
DFZ and IMD, respectively, for the water generated in
the pre-washing operation.

The corresponding pseudo-first-order specific degrada-
tion rates were kAZO = 0.128 ± 0.002 s

−1 (R2 = 0.902), kDFZ =
0.025 ± 0.005 s−1 (R2 = 0.985), and kIMD = 0.129 ± 0.004 s−1

(R2 = 0.995) (pre-washing water) and kAZO = 0.249 ± 0.004
s−1 (R2 = 0.928), kDFZ = 0.055 ± 0.001 s−1 (R2 = 0.997), and
kIMD = 0.266 ± 0.022 s−1 (R2 = 0.994) (washing belts water).
Compared with the k-values obtained for the synthetic rinse
water (Figure S15), these values confirm that the water ma-
trix does not influence AZO removal, unlike DFZ and IMD.
Therefore, aiming at the complete removal of the active
ingredients after 15 min, the UVC/H2O2 process can be
considered a viable alternative for the treatment of the rinse
water generated in the washing belts.

Fig. 6 Response surfaces and contour plots for kAZO, kDFZ, and kIMD (UVC/H2O2 process, runs (1)–(18)). Conditions: [AZO]0 = (2.81 ± 0.23) mg L−1;
[DFZ]0 = (1.86 ± 0.16) mg L−1; [IMD]0 = (2.71 ± 0.19) mg L−1
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Cytotoxicity and genotoxicity of untreated and
treated real rinse water

The cytotoxicity and genotoxicity tests were performed using
the test organism A. cepa, which has been found to be suitable
for environmental monitoring and is recognized as a toxicity
bioindicator by the International Programme on Chemical
Safety of the United Nations (WHO 1985) and the United
States Environmental Protection Agency (USEPA 1996),
due to its high sensitivity to chemical compounds and the
presence of a small number of large chromosomes (2n =
16), which allows to check the damage to cell DNA, such as
chromosome anomalies. In addition, it is a test of easy appli-
cability and low cost and has shown reliable results in the
analysis of several compounds, among which several pesti-
cides (Leme and Marin-Morales 2009).

The results of the tests performed with real tomato rinse
water sampled in the industry (pre-washing and washing
belts) are presented in Table 2 and Fig. 8. These matrices were
previously fortified with Amistar Top® and Provado 200
SC® and then treated by the UVC/H2O2 process in the opti-
mum conditions mapped by the Doehlert design ([H2O2]0 =
130 mg L−1; EUVC = 28.6 W m−2). For both untreated water

samples (Fig. 8b and c), a decrease in the rate of cell division
was observed, resulting in a lower mitotic index compared to
that of the control (Fig. 8a). According to Leme and Marin-
Morales (2009), MI values lower than those of the control
may indicate changes in the growth and development of the
cells, due to the exposure to pesticides. The UVC/H2O2 treat-
ment, although not able to completely remove all the pesti-
cides from pre-washing rinse water, proved to be efficient to
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Fig. 7 AZO, DFZ, and IMD decay over time for the experiments carried
out with rinse water sampled in the industry, spiked with the commercial
products Amistar Top® and Provado 200 SC® and submitted to the
UVC/H2O2 treatment with [H2O2]0 = 130 mg L−1 and EUVC = 28.6 W

m−2. Washing belts water (violet square); pre-washing water (brown cir-
cle). [AZO]0 = 2.22 ± 0.05mg L−1; [DFZ]0 = 1.48 ± 0.04mg L−1; [IMD]0
= 2.94 ± 0.14 mg L−1 mg L−1. The average errors are 5.5% (AZO), 13.9%
(DFZ), and 2.8% (IMD)

Table 2 Mitotic index (MI) of the root meristem cells of Allium cepa (×
40 magnification), performed with real tomato rinse water sampled in the
industry, spiked with the commercial products Amistar Top® and
Provado 200 SC®, and submitted to the UVC/H2O2 treatment at the
optimum conditions of [H2O2]0 = 130 mg L−1 and EUVC = 28.6 W m−2

indicated by the Doehlert design

Assay MI (%)

Negative control (tap water) 74.7 ± 6.2

Pre-washing water, untreated 66.3 ± 5.2

Washing belts water, untreated 52.9 ± 4.2

Pre-washing water, after the UVC/H2O2 treatment 74.8 ± 6.3

Washing belts water, after the UVC/H2O2 treatment 77.6 ± 4.0
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improve the MI values. Regarding the genotoxic effects, ab-
normal cells were observed, with micronuclei found for the
pre-washing water before treatment (Fig. 8b), which is asso-
ciated with a decrease in cell division, confirmed by the lower
MI value. According to Fernandes et al. (2007), the occur-
rence of micronuclei is generally understood as an indication
of damage to the genetic material when exposed to mutagenic
agents, although they can occur spontaneously. In addition,
telophasic bridges were present in the cells after the applica-
tion of the UVC/H2O2 treatment (Fig. 8d).

These results emphasize the importance of analyzing both
effects in toxicological tests, because, although the cells exposed
to treated pre-washing rinse water had MI values close to that of
the negative control, the rate of cell division being similar to the
control does not guarantee that chromosome anomalies are ab-
sent; this effect is probably due to the presence of remaining
parent compound molecules and/or their transformation interme-
diates. In contrast, for thewater collected in thewashing belts, the
three active ingredients were completely removed after 15 min
by the UVC/H2O2 treatment, and the test showed that no abnor-
malities occurred during cell division (Fig. 8e). Thus, although
the MI was slightly higher than that observed for the negative
control, the cells were healthy, confirming the efficiency of the
treatment process from a toxicological point of view. In any case,
in order to better understand how the target pesticides and their
degradation intermediates contribute to the observed effects, fur-
ther investigations on their transformation route in aqueous me-
dia are needed.

Few studies are found in the literature in which the cytotoxic
and genotoxic effects of DFZ and IMDwere investigated, alone or
in the mixture, using A. cepa. Bernardes et al. (2015) observed

phytotoxic, cytotoxic, and genotoxic effects of DFZ after 96 h of
exposure to concentrations ranging from 7.81 to 125.0 μg L−1 and
found a decrease in MI and an increase in the incidence of
chromosome anomalies in cells with increasing DFZ
concentration. In addition, it has been observed that despite the
greatest phytotoxic damage occurring at higher concentrations,
DFZ causes mutations in DNA more frequently at residual
concentrations. Bianchi et al. (2016) investigated the individual
effects of IMD and in mixture with the herbicide sulfentrazone
and after 24 h of exposure, observing indirect genotoxic effects of
IMD, with the presence of chromosome anomalies, in most cases
consisting in bridges and adhesions. In the mixture, the two com-
pounds showed genotoxic and cytotoxic effects, reducing the MI
value. The same genotoxic behavior of IMD was observed by
Fioresi et al. (2020), with more concentrated solutions causing a
reduction in the mitotic index. In contrast, no studies have been
reported for AZO using the test organism A. cepa, which
highlights the contribution of the present study not only
with regard to the applicability of the UVC/H2O2 pro-
cess in the treatment of real rinse water but also to the
toxicological reduction potential of this technology.

Conclusions

The results of the present study demonstrate that the UVC
direct photolysis of azoxystrobin (AZO), difenoconazole
(DFZ), and imidacloprid (IMD), pesticides commonly found
in the tomato rinse water generated through washing opera-
tions in the industry, follows pseudo-first-order kinetics, with
AZO and IMD reaching concentrations below the respective

Fig. 8 Results of the genotoxic assays with Allium cepa (× 40
magnification), performed with real tomato rinse water sampled in the
industry. aNegative control (tapwater); b pre-washingwater, untreated; c

washing belts water, untreated; d pre-washing water, after the UVC/H2O2

treatment; e washing belts water, after the UVC/H2O2 treatment
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detection limits after 15-min irradiation at 21.8 and 28.6 W
m−2. In contrast, only 51.7% removal was obtained for DFZ,
using 28.6 W m−2. The highest photolysis quantum yield in
the wavelength range 251–257 nm was obtained for AZO
(ΦAZO = 0.572 mol Einstein−1), which is one order of magni-
tude higher than those found for DFZ (0.028 mol Einstein−1)
and IMD (ΦIMD = 0.061 mol Einstein−1).

With regard to UVC/H2O2, total pesticide removal was
achieved in the first 10 min for most conditions of [H2O2]0 and
irradiance (EUVC). The results also suggest that the contribution
of direct photolysis to the initial rate of pesticide degradation
during the UVC/H2O2 process followed the order IMD > AZO
> DFZ, which is expected, given the competition between H2O2

and pesticides molecules for incident photons. In this case, the
statistical analysis using the sequential Doehlert design enabled a
better understanding of the influence of the process variables. In
fact, [H2O2]0was shown to bemore influential onAZOandDFZ
removal rates, while IMD degradation seemed to be more im-
pacted by irradiance. Moreover, the negative quadratic effect of
EUVC was statistically significant for AZO and IMD, whilst
[H2O2]0 was significant for DFZ, at the 95% confidence level.
The quadratic response surface models confirmed that the opti-
mum conditions, regarding pesticide removal rates, were about
[H2O2]0 = 130 mg L−1 and EUVC = 26 W m−2.

Under these conditions, complete removal of AZO was
achieved for real tomato rinse water sampled in the industry
(pre-washing and washing belts), spiked with the commercial pes-
ticides, while the total degradation of DFZ and IMDwas obtained
only for the water collected in the washing belts; in contrast, re-
movals of about 70% and 79%were achieved for DFZ and IMD,
respectively, for the water generated in the pre-washing operation.
Although the cells of A. cepa exposed to treated pre-washing rinse
water had mitotic index values close to that of the negative control
(tapwater), chromosomeanomalieswere identified,which is prob-
ably due to the presence of remaining parent compoundmolecules
and/or their transformation intermediates. In contrast, for the water
collected in the washing belts, the three active ingredients were
completely removed after 15 min by the UVC/H2O2 treatment,
with no abnormalities observed during cell division. Therefore, the
UVC/H2O2 process can be considered a viable alternative for the
localized treatment of rinse water generated in the washing belts
during tomato processing in the industry, with a focus on the
possible reuse of treated water.
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