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Abstract
In addition to direct photolysis studies, in this work the second-order reaction rate constants of pesticides imidacloprid (IMD) 
and ametryn (AMT) with hydroxyl radicals  (HO●), singlet oxygen (1O2), and triplet excited states of chromophoric dissolved 
organic matter (3CDOM*) were determined by kinetic competition under sunlight. IMD and AMT exhibited low photolysis 
quantum yields: (1.23 ± 0.07) ×  10–2 and (7.99 ± 1.61) ×  10–3 mol  Einstein−1, respectively. In contrast, reactions with  HO● 
radicals and 3CDOM* dominate their degradation, with 1O2 exhibiting rates three to five orders of magnitude lower. The 
values of kIMD,HO● and kAMT,HO● were (3.51 ± 0.06) ×  109 and (4.97 ± 0.37) ×  109 L  mol−1  s−1, respectively, while different 
rate constants were obtained using anthraquinone-2-sulfonate (AQ2S) or 4-carboxybenzophenone (CBBP) as CDOM prox-
ies. For IMD this difference was significant, with kIMD,3AQ2S* = (1.02 ± 0.08) ×  109 L  mol−1  s−1 and kIMD,3CBBP* = (3.17 ± 0.1
4) ×  108 L  mol−1  s−1; on the contrary, the values found for AMT are close, kAMT,3AQ2S* = (8.13 ± 0.35) ×  108 L  mol−1  s−1 and 
kAMT,3CBBP* = (7.75 ± 0.80) ×  108 L  mol−1  s−1. Based on these results, mathematical simulations performed with the APEX 
model for typical levels of water constituents  (NO3

−,  NO2
−,  CO3

2−, TOC, pH) indicate that the half-lives of these pesticides 
should vary between 24.1 and 18.8 days in the waters of the Paranapanema River (São Paulo, Brazil), which can therefore 
be impacted by intensive agricultural activity in the region.
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Introduction

Pesticides enter the environment through extensive use in 
agriculture, transport of soil particles and control of aquatic 
weeds, reaching aquatic environments mainly through run-
off, due to excess of unabsorbed rainwater (Syafrudin et al. 
2021). Many effects on human health have been associated 

with exposure to pesticides, the most worrying being chronic 
poisoning, resulting in infertility, impotence, abortions, 
malformations, and neurotoxicity (Oliveira et al. 2014). 
Pesticides are also classified as endocrine disruptors, caus-
ing hormonal disturbances and interfering with the normal 
functioning of the endocrine system in humans and animals 
(Mnif et al. 2011). For this reason, monitoring of these com-
pounds in surface water is necessary to ensure water quality 
and public health safety.

Among the pesticides most frequently found in ground 
and surface water are the herbicide ametryn (AMT) and the 
insecticide imidacloprid (IMD) (Montagner et al. 2019). 
Ametryn (AMT) (4-N-ethyl-6-methylsulfanyl-2-N-propan-
2-yl-1,3,5-triazine-2,4-diamine) belongs to the chemical 
group of triazines, which are used extensively to control 
weeds, due to their ability to inhibit photosynthesis (Tar-
ley et al. 2017). AMT is commonly found in surface and 
groundwater, as it is hardly adsorbed onto the soil. As this 
compound is characterized by being moderately toxic to 
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fish, highly toxic to crustaceans, and moderately to highly 
toxic to mollusks (Jacomini et al. 2009), its presence in 
aquatic environments becomes alarming. In addition, AMT 
has the potential to accumulate in sediments and aquatic 
biota (Jacomini et al. 2011). In turn, imidacloprid (IMD) 
((NE)-N-[1-[(6-chloropyridin-3-yl)methyl]imidazolidin-
2-ylidene]nitramide) is a neonicotinoid insecticide, which 
acts on the central nervous system of insects, where they 
bind to nicotinic acetylcholine receptors (nAChRs), induc-
ing neuromuscular paralysis and eventually death (El-
Akaad et al. 2020). Due to its low selectivity, this pesticide 
is also capable of causing damage to pollinators such as 
bees, affecting their locomotion or even causing the death 
of these animals (Kim et al. 2017). Classified by USEPA as 
highly toxic to aquatic invertebrates, it also has the poten-
tial to contaminate and persist in surface waters (Starner 
and Goh 2012). Moreover, Guo et al. (2020a) evaluated the 
damage caused to human lymphoblastoid TK6 cells by pro-
longed exposure to IMD, at a concentration of 0.1 µg  L−1, 
concluding that the insecticide can cause genetic muta-
tions. The presence of these pollutants in reservoirs can 
therefore cause difficulties in guaranteeing quality water 
for public supply (Neto and Sarcinelli 2009). IMD has been 
found in maritime regions and surface waters in countries 
such as Canada and the Netherlands, in the concentration 
range of 2–193 ng  L−1 (Van Dijk et al. 2013; Lalonde and 
Garron 2020). AMT, in turn, has been detected in rivers 
flowing to the coast in regions located near coral reefs in 
Australia, at concentrations between 0.11 and 2.3 ng  L−1 
(Mitchell et al. 2005; Kennedy et al. 2012). Regarding the 
presence of these pesticides in surface waters in Brazil, 
some studies found concentrations ranging from 0.03 µg 
 L−1 to 72 ng  L−1 for AMT and 8.1 ng  L−1 to 0.9 mg  L−1 for 
IMD (Monteiro et al. 2014; Rocha et al. 2015; Machado 
et al. 2016).

The persistence and fate of pollutants in the environ-
ment depend on biotic and abiotic processes (hydrolysis, 
photolysis, volatilization, complexation, oxidation, dilu-
tion, sorption, biodegradation, and/or accumulation). In 
natural waters, photochemical reactions driven by solar 
radiation play an important role in pesticide degrada-
tion (Starling et al. 2019). Direct photolysis depends on 
the absorption of sunlight by contaminants, whereas in 
indirect photolysis, pollutants react with reactive photo-
induced species (RPS), such as hydroxyl radicals  (HO●), 
singlet oxygen (1O2), and triplet exited states of chromo-
phoric dissolved organic matter (3CDOM*). RPS are 
generated by the interaction of sunlight with waterborne 
chemical species, such as nitrate, nitrite, and humic sub-
stances (Mompelat et al. 2009; Vione et al. 2010; Vione 
2020). Thus, knowing the persistence of emerging pollut-
ants in environmental waters is necessary to assess their 

impacts and propose actions that ensure the preservation 
of water resources. Carena et al. (2020) studied the pho-
todegradation of the herbicide bentazone (BNTZ) through 
the irradiation of solutions prepared with water samples 
from lakes and rice fields in the Piedmont region, in Italy. 
The authors concluded that at pH 7 direct photolysis was 
the main BNTZ degradation mechanism. Silva et al. (2015) 
evaluated the photochemical behavior of the herbicide 
amicarbazone in aqueous systems, whose main degrada-
tion pathway depends on reactions with hydroxyl radicals. 
Regarding insecticides, Dell’Arciprete et al. (2010) studied 
the kinetics and reaction mechanisms of thiacloprid and 
acetamiprid with singlet oxygen and the triplet state of 
Rose bengal. According to the authors, the half-lives of 
the target contaminants through reactions with 1O2 usu-
ally varied between 7 h and 21 days. In turn, Derbalah 
et al. (2020) investigated the influence of 1O2 and  HO● on 
the degradation of two carbamate insecticides, methomyl 
and carbaryl, concluding that indirect photolysis in the 
presence of  HO● resulted in 60% and 62% degradation, 
respectively, while reactions with 1O2 resulted in 26% and 
30% degradation, respectively.

Considering that there are few works in the scientific 
literature on the photochemical persistence of pesticides 
in natural waters, the aim of the present study is to inves-
tigate the photochemical fate of ametryn (AMT) and imi-
dacloprid (IMD) in aqueous media as a result of exposure 
to sunlight and reactions with  HO●, 1O2 and 3CDOM*. 
The photochemical degradation of these pesticides was 
then simulated taking into account the different conditions 
of pH, depth of the water layer, and concentrations of dis-
solved organic matter and inorganic species found in a 
Brazilian water body (Paranapanema River), located in a 
region of intensive sugarcane cultivation.

Materials and methods

Reagents

Ametryn (AMT,  C9H17N5S) and imidacloprid (IMD, 
 C9H10ClN5O2) were purchased from Sigma-Aldrich 
and employed as model pesticides of emerging con-
cern. Hydrogen peroxide, furfuryl alcohol (FFA), para-
chlorobenzoic acid (pCBA), anthraquinone-2-sulfonate 
(AQ2S), 4-carboxybenzophenone (CBBP), and 2,4,6-tri-
methylphenol (TMP) were all of reagent grade purity 
and purchased from Sigma-Aldrich; methylene blue was 
acquired from Synth. All the solutions were prepared 
using deionized water (18.2 MΩ cm) from a Milli-Q® 
Direct-Q system (Millipore).
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Photodegradation experiments under simulate 
solar light

Photodegradation experiments were performed using a solar 
simulator Peccell PEC-L01, equipped with a Xenon lamp, 
providing 43 W  m−2 in the wavelength range 290–800 nm 
(Fig. 1). The samples were placed in 2-mL Pyrex vials with 
no headspace and exposed to light and kept in a water bath 
maintained at 24.5 °C. The radiation source was positioned 
over the vials at a distance of 15 cm from the liquid surface; 
the irradiated path length inside the vials was 10 mm. The 
experiments were performed in duplicates. The initial con-
centration of both pesticides was fixed at 10 mg  L−1, which 
is suitable for kinetic competition experiments and allows 
quantification by HPLC without the use of pre-concentration 
steps. Likewise, other studies on the photochemical fate of 
pollutants were conducted in the same mg  L−1 range (Gornik 
et al. 2021; Carena et al. 2020; Vione et al. 2011).

Kinetic study

In order to determine the second-order rate constants of the 
reactions between the pesticides and RPS  (HO●, 1O2, and 
3CDOM*), the kinetic competition method described by 
Shemer et al. (2006) was used. All the competition kinetic 
experiments were performed in duplicates. The method con-
sists of irradiating a mixture containing a compound gen-
erating the RPS, the pesticide, and a reference compound, 
whose reactivity with each RPS under conditions identical to 
the experimental system is known. Under these conditions, 
the second-order reaction rate constant between the RPS 
species of interest and the pesticide is calculated by Eq. 1:

where kP,RPS is the second-order rate constant of the reac-
tion between the pesticide and each RPS  (HO●, 1O2, and 
3CDOM*); kP(obs) and kref(obs) correspond to the experimental 
pseudo-first-order degradation rate constant of the pesticide 
and reference compound, respectively; and kref,RPS is the 
second-order kinetic rate constant of the reaction between 
the reference compound and each RPS, the value of which 
is known from the literature. The terms kP(dir. photo) and 
kref(dir. photo) correspond to the pseudo-first-order photoly-
sis rate constants of the pesticide and reference compound, 
respectively.

In this study, pCBA, FFA, and TMP were used as the 
reference compounds in the kinetic competition experiments 
for  HO●, 1O2, and 3CDOM*, respectively; in all cases, the 
pesticide:reference compound molar ratio was fixed at 1:1 
 ([IMD]0 = 39.1 µmol  L−1 and  [AMT]0 = 43.9 µmol  L−1). 
Additionally,  H2O2 (50 mmol  L−1) and methylene blue 
(31.3 µmol  L−1) were used as the sources of  HO● and 1O2, 
respectively. In nature CDOM is a mixture of over a thou-
sand compounds; thus, 3CDOM* is not yet fully understood, 
nor is its reactivity with pollutants, making prediction of 
waterborne pollutants’ reactivity with this species an impor-
tant issue. As an alternative, different model compounds 
(proxies) for CDOM have been proposed. In this work, two 
different proxies are compared, anthraquinone-2-sulfonate 
(AQ2S) (30.5 µmol  L−1), which has been largely used, 
although recently its reactivity has been considered higher 
than expected for 3CDOM*; and 4-carboxybenzophenone 
(CBBP) (44.2 µmol  L−1), whose reactivity has been found to 
be closer to that of real CDOM in water bodies (Carena et al. 

(1)kP,RPS =
(kp(obs) − kp(dir.photo))

(kref(obs) − kref(dir.photo))
× kref ,RPS

Fig. 1  Simplified scheme of the 
experimental equipment used in 
the photodegradation experi-
ments under simulated sunlight
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2019). The concentrations of  H2O2, methylene blue, and 
AQ2S or CBBP were optimized in previous studies (Silva 
et al. 2015; Lastre-Acosta et al. 2019), in order to generate 
the respective RPS in excess for competition between the 
pesticides and reference compounds.

Water sampling

In this work, the Paranapanema River was chosen due to 
the fact that the region where it is located not only concen-
trates 80% of the sugarcane fields in the whole country, but 
is also a hub of agro-industries (Romangnoli and Manzione 
2018). The high productivity of the sugar and alcohol sec-
tor also involves an increase in the use of pesticides, which 
can result in increased contamination of river waters. The 
Paranapanema River is located in the western region of the 
State of São Paulo (Brazil), and its length is approximately 
929 km (Abreu et al. 2020). The samples were collected at 
three different points on the river (Fig. 2), whose geographi-
cal coordinates are listed in Table 1.

The following parameters were monitored: pH, tem-
perature, and the concentrations of nitrate, nitrite, car-
bonate, and total organic carbon. The determination of 
nitrite and nitrate concentrations was performed accord-
ing to the methods described in the NBR 12,619 (ABNT 
1992a) and 12,620 standards (ABNT 1992b), respec-
tively. In turn, carbonate concentrations were deter-
mined using the titration method, according to the NBR 
13,736 standard (ABNT 1996). Finally, the total organic 
carbon (TOC) was measured using a Shimadzu TOC-L 
equipment.

Simulations of the environmental photochemical 
persistence of pesticides

The simulation of the photochemical degradation of the 
pesticides and the prediction of their half-life times and 
main photodegradation pathways were performed using 
the APEX model (Vione 2020). The model considers a 
sunny summer day, corresponding to 10 continuous hours 
of irradiation at 22 W  m−2 of irradiance. With regard to 
pollutants’ concentrations, the model uses a default value 
 [P]0 =  10−8 mol  L−1 (Vione 2020), which can be consid-
ered environmentally significant for the pesticides stud-
ied in our work (Machado et al. 2016; Rocha et al. 2015; 
Monteiro et al. 2014; Britto et al. 2012). The seasonal 
characteristics of the Paranapanema River, as monitored 
monthly, together with the experimental data obtained 
(absorption spectra, direct photolysis quantum yields, and 
second-order reaction rate constants with  HO●, 1O2 and 
3CDOM*) were considered in the simulations. The values 
of kIMD,CO3•- = 4 ×  106 L  mol−1  s−1 (Dell’Arciprete et al. 
2012) and kAMT,CO3•- = 7.4 ×  106 L  mol−1  s−1 (Canonica 
et al. 2005) were found in the literature. In addition, the 
depth of the water body was fixed at the average value of 
the river (2.5 m).

Fig. 2  Water sampling 
points in the Paranapanema 
River (Source: Google Earth, 
2021, https://earth.google.com/
web).

Table 1  Geographic coordinates (south latitude/west longitude)

Point Coordinate

1  − 22.6055178/ − 51.906065
2  − 22.555778/ − 52.150157
3  − 22.597949/ − 52.873729
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Analytical methods

A Shimadzu ultra-fast liquid chromatograph (UFLC, 
LC 20AD), equipped with a UV detector (SPD 20A) 
and a C18 column (SGE Wakosil®, 250 mm × 4.6 mm; 
5 μm) was used to follow the concentration–time pro-
files of pCBA, FFA, and TMP. The following methods 
were used: pCBA (234 nm, 50% aqueous acetic acid 
1% (v/v) + 50% methanol, isocratic); FFA (219  nm, 
70% aqueous acetic acid 1% (v/v) + 30% methanol, 
isocratic); and TMP (220 nm, 50% aqueous acetic acid 
1% (v/v) + 50% acetonitrile, isocratic). For monitoring 
the pesticide concentrations, a C18 column (Phenom-
enex Luna, 250 mm × 4.6 mm; 5 μm) and the follow-
ing gradient elution method were used: Milli-Q® water 
(A) + methanol (B), with 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); AMT and IMD were deter-
mined at 227 and 270 nm, respectively. In all cases, the 
temperature, injected volume, and mobile phase flow 
rate were 40 °C, 100 μL, and 1 mL  min−1, respectively. 
The calibration curves were obtained from external 
standards prepared with known concentrations of the 
compounds analyzed; injections were performed in trip-
licates. The curves showed excellent linearity, with very 
low average relative errors for peak areas (< 1%), and R2 
values of 0.9984 (AMT), 0.9999 (IMD), 0.9999 (pCBA), 
0.9994 (FFA), and 0.9998 (TMP). The limits of detec-
tion (LOD) and quantification (LOQ) were 7.8 μg  L−1 
and 23.7 μg  L−1 for IMD, respectively, and 29.2 μg  L−1 
and 88.6 μg  L−1 for AMT, respectively; for the reference 
compounds (pCBA, FFA and TMP), the LOD values 
were 2.5, 21.1, and 11.3 μg  L−1, respectively, while the 
LOQ values were 7.6, 63.9, and 34.1 μg  L−1, respec-
tively. Detailed information on the calibration curves is 
presented in Table S1.

Results and discussion

Direct photolysis

Figure S1 shows the UV–Vis absorption spectra of IMD and 
AMT in aqueous solution, superimposed on the emission 
spectrum of the solar simulator used in the experiments. 
The molar absorption constants of IMD and AMT decrease 
above 290 nm, with ε < 6 ×  103 L  mol−1  cm−1 (IMD) and 
ε < 1.4 ×  102 L  mol−1  cm−1 (AMT), approaching zero with 
the wavelength going farther in the UVA and visible range. 
Accordingly, the time concentration profiles of IMD and 
AMT for direct photolysis under simulated sunlight at pH 
7 (Fig. 3) show that the pesticides decayed with pseudo-
first-order specific photolysis rates of (2.06 ± 0.13) ×  10–5  s−1 
and (2.17 ± 0.43) ×  10–6  s−1, respectively. The kinetic con-
stant found for the photolysis of aqueous IMD is similar to 
the few values reported in the literature close to the visible 
range (λ ≥ 290 nm), e.g., 1.6 ×  10–4  s−1 (Moza et al. 1998), or 
under sunlight, i.e., 3.6 ×  10–6-3.4 ×  10–5  s−1 (Lu et al. 2015) 
and 8.3 ×  10–5  s−1 (Kurwadkar et al. 2016). According to 
Redlich et al. (2007), the photo-induced reaction of imida-
cloprid results from a triplet-controlled intermediate state, 
giving a series of transformation products, among which 
1-[(6-chloro-3-pyridinyl)methyl]-2-imidazolidinimine is 
considered more toxic to warm-blooded animals than IMD. 
In turn, Dell’Arciprete et al. (2009) propose that the main 
photolysis route would involve photoreduction of the nitro-
group of IMD giving the nitroso derivative, 1-[(6-chloro-
3-pyridinyl)-methyl]-N-nitroso-2-imidazolidinimine, 
followed by internal reorganization of its nitroso-imidazoli-
dinimine moiety to an iminodiazohydroxide and loss of  N2, 
yielding 1-(6-chloro-3-pyridylmethyl)imidazolidin-2-one; 
according to the authors, both transformation products have 
been observed during UVC and visible light photolysis of 
IMD. In the case of AMT, for which information on its direct 
photolysis is scarce, the magnitude of the rate constant we 

Fig. 3  Direct photoly-
sis of IMD (a) and AMT 
(b) under simulated solar 
radiation in Milli-Q® water 
 ([IMD]0 = (10.20 ± 0.10) mg 
 L−1;  [AMT]0 = (10.40 ± 0.04) 
mg  L−1; at pH 7. Experiments 
run in duplicate
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found  (10–6  s−1) is within what has been reported for her-
bicides, i.e.,  10–6–10–7  s−1 (Konstantinou et al. 2001; Lam 
et al. 2003; Mathon et al. 2019).

The specific photolysis rates, together with the 
molar absorption coefficients, were used in the present 
work to calculate the corresponding photolysis quan-
tum yields in the wavelength range 290–800  nm, fol-
lowing the approach of Schwarzenbach et  al. (2003), 
giving ΦIMD = (1.23 ± 0.07) ×  10–2  mol  Einstein−1 and 
ΦAMT = (7.99 ± 1.61) ×  10–3 mol  Einstein−1 (see Supplemen-
tary Materials for details on the calculation procedure). The 
quantum yield of IMD photolysis in sunlight that we found 
is in good agreement with the value reported by Todey et al. 
(2018), 1.05 ×  10–2 mol  Einstein−1. Furthermore, ΦAMT is 
similar to that of atrazine (ATZ), another triazine pesticide, 
under natural sunlight, i.e., 4.37 ×  10–3 mol  Einstein−1 (Wu 
et al. 2021) which, according to the authors, is wavelength-
dependent, tending to be higher in the UVB/UVA range. 
The low values of ΦIMD and ΦAMT suggest the slow pesti-
cide degradation in the absence of reactive photo-induced 
species. In addition, the results show that the degradation 
was significantly faster for IMD compared to AMT, which 
is also related to the lower values of ε for AMT in the range 
290–350 nm (Figure S1). Other compounds whose quan-
tum yields have an order of magnitude  (10–3–10–2  mol 
 Einstein−1) similar to those found for IMD and AMT, such 
as the pesticide diuron, also show slow degradation while 
irradiated under visible light (simulated or natural) in aque-
ous solution (Wang et al. 2020).

Second‑order rate constants of the reactions 
between pesticides and reactive photo‑induced 
species

Direct photolysis can only be considered efficient when 
the photolysis quantum yield of the pollutants is signifi-
cantly high and if there is an overlap of the absorption 
spectrum of the pollutant with the emission spectrum of 
the radiant source. According to the discussion in the pre-
vious section, these requirements were not met for IMD 
and AMT, which is in agreement with the literature. In 
fact, it is known that indirect photolysis generally plays 
a more relevant role in the degradation of pollutants in 
sunlit waters (Lester et al. 2013; Zhang et al. 2020). In 
this case, the photodegradation of contaminants occurs by 
reactions with reactive photo-induced species (RPS)  (HO●, 
1O2, and 3CDOM*), which result from the absorption of 
light by chemical species present in water bodies, both 
organic and inorganic.  HO● radicals, whose concentra-
tions in surface water are between  10–17 and  10–15 mol  L−1 
(Dell’Arciprete et al. 2009), are mainly formed by the pho-
tolysis of  NO2

− and  NO3
− (Eqs. 2–5), with quantum yields 

of 2.5 ×  10–3-7 ×  10–3 mol  Einstein−1 (292–430 nm) and 

9.2 ×  10–3-1.7 ×  10–2 mol  Einstein−1 (290 nm), respectively 
(Helz et al. 2000). On the other hand, the exact mechanism 
of  HO● formation from chromophoric dissolved organic 
matter (CDOM) is not yet fully understood; however, it is 
known that it may involve the oxidation of water by triplet 
excited states of CDOM, following light absorption (Eqs. 6 
and 7) (Vione et al. 2010):

In turn, singlet oxygen (1O2) is formed by energy transfer 
between triplet excited states of organic matter and dissolved 
oxygen  (O2) (Eq. 8). Since 1O2 is quenched by solvent mol-
ecules (Eq. 9), its steady-state concentration near the surface 
of water bodies is proportional to DOM concentration, with 
values around  10–14 to  10–13 mol  L−1 (Schwarzenbach et al. 
2003). 3CDOM* can also react directly with waterborne 
contaminants through electron transfer, its steady-state con-
centrations  (10–14 to  10–12 mol  L−1, Mcneill and Canonica 
2016) depending on the organic matter content of the aque-
ous matrix, which is a balance between the rates of forma-
tion and consumption by natural processes.

All transient RPS are also consumed by natural water 
constituents  (HCO3

−/CO3
2−,  NO2

−, DOM), according to 
Eqs. 10–14 (Vione 2020), resulting in secondary radical 
species (e.g.,  CO3

●−,  NO2
●) which can also react with con-

taminants molecules.

(2)NO3
− + h� → NO2

− + 1
/

2
O2

(3)NO2
− + h� → NO2

−∗
→ NO∙ + O∙−

(4)NO3
− + h� → NO3

−∗
→ NO2

∙ + O∙−

(5)O∙− + H2O → HO∙ + HO−

(6)CDOM + h� →
3CDOM

∗

(7)3CDOM
∗
+ H2O → CDOM∗ − H∙ + HO∙

(8)3CDOM
∗
+ O2 → CDOM + 1O2

(9)1O2 + H2O → O2 + H2O

(10)HO∙ + HCO3
−
→ H2O + CO3

∙−

(11)HO∙ + CO3
2−

→ HO− + CO3
∙−

(12)HO∙ + NO2
−
→ HO− + NO2

∙

(13)HO∙ + DOM → products
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Table 2 presents the second-order kinetic rate constants 
of pesticide (P) reactions with the primary RPS  (HO●, 1O2, 
and 3CDOM*), at pH 7 and  [P]0 = 10 mg  L−1, determined by 
competition kinetic experiments (see Supplementary Materi-
als for the full set of results, Figures S2–S17). The magnitude 
of kIMD,HO● = (3.51 ± 0.06) ×  109 L  mol−1  s−1 is consistent 
with previous values reported in the literature, lying in the 
range  109–1010 L  mol−1  s−1 (Zaror et al. 2010; Dell’Arciprete 
et al. 2009). On the contrary, kIMD,1O2 = (2.86 ± 0.65) ×  105 
L  mol−1  s−1 is lower than that reported by Dell’Arciprete 
et al. (2010), (5.5 ± 0.5) ×  106 L  mol−1  s−1. In turn, AMT 
belongs to the same chemical group as atrazine (ATZ), 
whose rate constants have been widely discussed. The val-
ues of the reaction rate constants between ATZ and  HO● 
of 3 ×  109 L  mol−1  s−1 (Acero et al. 2000) and 2.7 ×  109 L 
 mol−1  s−1 (Marchetti et al. 2013) are similar to the value 
found for AMT, kIMD,HO● = (4.97 ± 0.37) ×  109 L  mol−1  s−1. 
Likewise, Marchetti et al. (2013) found kATZ,1O2 = 4 ×  104 
L  mol−1  s−1 using Rose bengal as the source of 1O2 which 
is similar to that we found for AMT using methylene blue, 
kIMD,1O2 = (3.43 ± 0.58) ×  104 L  mol−1  s−1. Oppositely, the 
values of kAMT,3CBBP* and kAMT,3AQ2S* found by the kinetic 
competition method, in our study, are slightly smaller than 
the value kATZ,3CDOM* = (1.2 ± 0.2) ×  109 L  mol−1  s−1 found 
by Zeng and Arnold (2013) for ATZ photodegradation under 
natural sunlight.

The results suggest that the attack of both pesticide mol-
ecules by hydroxyl radicals and 3CDOM* is expected to be 
the dominant mechanism in their solar-driven photodegrada-
tion, with singlet oxygen playing a minor role. In fact, the 
competition kinetic experiments showed 89% decrease in 
FFA concentration and only 7% in IMD at the end of 60 min 
(Figures S4 and S5); as for the experiments with AMT, there 
was a decay of 98% of FFA and 6% of AMT, after the same 
time (Figures S12 and S13). Oppositely, Zhang et al. (2020) 
observed that 1O2 originating from DOM derived from pig 
manure biochar pyrolyzed at 500 °C played an important 
role in the phototransformation of IMD under UV radia-
tion, with the loss of the nitro group and oxidation in the 
imidazolidine ring as the main photodegradation pathways. 
Dell’Arciprete et al. (2010) propose the occurrence of a 
charge-transfer reaction between IMD and singlet oxygen, 

(14)3CDOM
∗
+ CO3

2−
→ CDOM∙− + CO3

∙− giving superoxide radical anions  (O2
•−) and the radical 

cation of IMD, which undergoes elimination of  H+ leading 
to a α-aminoalkyl radical in the methylene bridge, which 
subsequently reacts with dissolved oxygen and water to form 
6-chloronicotinic acid. Accordingly, this reaction pathway 
can also be initiated after the reaction with triplet excited  
states of DOM (Dell’Arciprete et al. 2010). Furthermore, 
Kan et al. (2020) suggest that the C1 position of IMD can 
be attacked by  HO●, resulting in the cleavage of C − N bond 
and forming (6-chloropyridin-3-yl) methanol, which gener-
ates 6-chloronicotinic acid through further oxidation. Addi-
tionally, Dell’Arciprete et al. (2009) argue that oxidation of 
IMD molecules by  HO● attack at the methylene group of the 
heterocycle can occur; likewise, both the methylene group 
bridging the heterocycles and the methylene group of the 
heterocycle of the photolysis product 1-(6-chloro-3-pyri-
dylmethyl)imidazolidin-2-one (“Direct pyrolysis” section) 
are prone to attack by  HO● radicals, giving transformation 
products whose further oxidation results in the formation 
of 6-chloronicotinic aldehyde and 6-chloronicotinic acid. 
All these metabolites, according to the authors, have been 
reported in the photodegradation and biological degradation 
of IMD, with its pyridine moiety remaining intact under con-
ditions of moderate oxidation and low levels of photolysis. 
In contrast, limited information is available in the litera-
ture on AMT degradation by RPS. De Oliveira et al. (2019) 
reported the formation of hydroxylated products and lower 
molecular weight intermediates through the attack of  HO● 
radicals on the aliphatic carbon chain of the AMT molecule 
and/or sulfur in the R–S–CH3 group, through  UV254/H2O2, 
Fenton and photo-Fenton processes.

According to Remucal (2014), information on photodeg-
radation in the presence of chromophoric dissolved organic 
matter (CDOM) for insecticides and herbicides is limited. 
The order of magnitude of the rate constants for IMD and 
AMT in Table 2 is in line with the information that 3CDOM* 
would play an important role in the degradation of pollut-
ants in sunlit waters (Lastre-Acosta et al. 2019). Two val-
ues were obtained for each pesticide, one for each proxy 
used. According to Avetta et al. (2016), CBBP has been 
used as a proxy of CDOM, since its triplet excited state is 
less reactive when compared to 3AQ2S*. This fact explains 
why IMD degradation was slower in the presence of CBBP 
(see Figures S6 and S8). Accordingly, distinct second-order 

Table 2  Second-order kinetic rate constants for pesticides reactions with reactive photo-induced species under simulated sunlight in Milli-Q® 
water at pH 7

Pesticide kP,HO•
(L  mol−1  s−1)

kP,1O2
(L  mol−1  s−1)

kP,3CBBP*
(L  mol−1  s−1)

kP,3AQ2S*
(L  mol−1  s−1)

IMD (3.51 ± 0.06) ×  109 (2.86 ± 0.65) ×  105 (3.17 ± 0.13) ×  108 (1.02 ± 0.08) ×  109

AMT (4.97 ± 0.37) ×  109 (3.43 ± 0.58) ×  104 (7.75 ± 0.80) ×  108 (8.13 ± 0.68) ×  108
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kinetic rate constants were obtained at pH 7, kIMD,3AQ2S* = (
1.02 ± 0.08) ×  109 L  mol−1  s−1 and kIMD,3CBBP* = (3.17 ± 0.1
4) ×  108 L  mol−1  s−1. Avetta et al. (2016) compared the rate 
constants for naproxen and clofibric acid, using CBBP and 
AQ2S. The second-order reaction rate constants with AQ2S 
found by the authors were an order of magnitude higher 
than those obtained with CBBP, which is in agreement with 
the results we obtained. With respect to AMT, we observed 
that the degradation of the herbicide also occurred more 
slowly in the presence of CBBP (Figure S16) compared 
to the experiment in which AQ2S was used (Figure S14), 
although the choice did not substantially impact the rate con-
stants obtained by competition kinetics, kAMT,3AQ2S* = (8.13 
± 0.35) ×  108 L  mol−1  s−1 and kAMT,3CBBP* = (7.75 ± 0.80) ×  1
08 L  mol−1  s−1. Carena et al. (2019) compared the constants 

obtained experimentally using CBBP with values avail-
able in the literature based on AQ2S, finding that atrazine 
(ATZ) had quite similar reaction rates for the two proxies 
(kATZ,3AQ2S* = 1.4 ×  109 L mol  s−1 and kATZ,3CBBP* = 0.7 ×  109 
L mol  s−1). From these results, it can be concluded that both 
CBBP and AQ2S can be used to correctly assess the reac-
tivity of the two triazine herbicides, AMT and ATZ, with 
3CDOM*.

Characterization of the Paranapanema River water 
and simulation of photochemical environmental 
persistence of the pesticides

The parameters monitored (pH, concentrations of nitrate, 
nitrite, carbonate, and total organic carbon-TOC) are related 

Table 3  Results of the parameters selected for monitoring the Paranapanema River water, together with the predicted mean half-life times

Sampling point [CO3
2−] [NO2

−] [NO3
−] TOC pH t1/2 (IMD) t1/2 (AMT)

(mg  L−1) (mg  L−1) (mg  L−1) (mg  L−1) (days) (days)

Dec/2019
  1 27.0 ± 1.0 (0.011 ± 0.001) 1.12 ± 0.53 12.1 ± 1.0 7.40 ± 0.01 25.97 20.00
  2 37.0 ± 1.0 (0.013 ± 0.001) 2.24 ± 0.32 11.9 ± 0.0 7.36 ± 0.01 25.97 19.96
  3 38.0 ± 0.0 (0.010 ± 0.000) 1.38 ± 0.14 12.4 ± 0.6 7.36 ± 0.01 26.23 20.04

Feb/2020
  1 37.5 ± 0.5 (0.0083 ± 0.0004) 0.47 ± 0.14 12.9 ± 0.5 7.59 ± 0.04 26.83 20.12
  2 24.0 ± 0.0 (0.0091 ± 0.0003) 0.98 ± 0.09 9.42 ± 0.02 7.23 ± 0.005 22.65 19.46
  3 25.0 ± 1.0 (0.0096 ± 0.0001) 1.27 ± 0.42 9.51 ± 0.07 7.23 ± 0.01 22.77 19.48

May/2020
  1 33.0 ± 1.0 (0.0120 ± 0.0006) 1.13 ± 0.10 11.9 ± 1.6 7.93 ± 0.05 25.70 19.97
  2 29.0 ± 1.4 (0.0120 ± 0.0001) 0.71 ± 0.03 4.7 ± 0.9 7.45 ± 0.05 14.28 16.80
  3 28.0 ± 0.0 (0.0120 ± 0.0006) 1.17 ± 0.00 6.5 ± 1.3 7.44 ± 0.005 17.89 18.23

Jul/2020
  1 27.0 ± 1.0 (0.0100 ± 0.0004) 0.75 ± 0.08 5.3 ± 0.3 7.75 ± 0.05 15.68 17.42
  2 40.0 ± 0.0 (0.0090 ± 0.0004) 0.65 ± 0.03 12.0 ± 0.3 7.51 ± 0.03 25.86 10.00
  3 24.0 ± 1.0 (0.010 ± 0.001) 0.84 ± 0.04 4.2 ± 0.1 7.52 ± 0.02 13.11 16.21

Aug/2020
  1 28.0 ± 0.0 (0.0080 ± 0.0007) 1.45 ± 0.02 8.3 ± 0.5 7.48 ± 0.04 20.95 19.09
  2 26.0 ± 0.0 (0.0130 ± 0.0001) 2.58 ± 0.06 18.9 ± 3.9 7.13 ± 0.02 31.71 20.60
  3 24.0 ± 0.0 (0.009 ± 0.000) 1.36 ± 0.12 15.4 ± 0.2 7.52 ± 0.03 29.09 20.37

Sep/2020
  1 28.0 ± 0.0 (0.0130 ± 0.0003) 0.81 ± 0.20 12.0 ± 0.4 7.85 ± 0.10 25.84 19.99
  2 28.0 ± 0.0 (0.0130 ± 0.0002) 1.28 ± 0.04 13.0 ± 0.4 7.32 ± 0.03 26.86 20.12
  3 26.0 ± 0.0 (0.0170 ± 0.0009) 1.20 ± 0.07 4.4 ± 0.3 7.34 ± 0.01 13.68 16.50

Oct/2020
  1 31.0 ± 1.0 (0.0200 ± 0.0012) 0.57 ± 0.16 11.0 ± 3.3 7.96 ± 0.02 24.66 19.82
  2 26.0 ± 0.0 (0.0150 ± 0.0001) 1.48 ± 0.31 15. 5 ± 1.9 7.71 ± 0.00 29.13 20.38
  3 26.0 ± 0.0 (0.0180 ± 0.0008) 0.76 ± 0.01 6.6 ± 0.4 7.54 ± 0.005 18.19 18.34

Nov/2020
  1 30.0 ± 0.0 (0.0030 ± 0.0003) 0.49 ± 0.00 17.3 ± 0.6 8.36 ± 0.02 30.61 20.52
  2 26.0 ± 0.0 (0.0030 ± 0.0003) 0.35 ± 0.12 5.4 ± 0.6 7.61 ± 0.02 15.83 17.49
  3 24.0 ± 0.0 (0.0060 ± 0.0006) 0.60 ± 0.23 11.7 ± 0.1 7.56 ± 0.04 48.44 19.95
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to the quantification of the RPS formed in the water bod-
ies, which are essential for determining the photochemical 
persistence of pollutants in real matrices. The results are 
shown in Table 3. The mean concentration of nitrite found 
for the three sampling points in the monitored months was 
(0.01100 ± 0.00005) mg  L−1. As for nitrate, the mean con-
centrations found in all monitored points of the Paranap-
anema River were (1.070 ± 0.006) mg  L−1. Although no 
significant changes were observed in the concentrations of 
nitrite and nitrate, it can be seen that in February (summer) 
and November (spring) their values were slightly lower. This 
can be explained by the fact that the region has a rainy tropi-
cal climate with dry winters, so that in these months there 
is high rainfall, and lower concentrations may be associated 
with the dilution effect. Also, seasonality had no notable 
influence on pH and  CO3

2− concentrations. In contrast, the 
total organic carbon (TOC) seemed to be more influenced by 
seasonality and sampling point, exhibiting an average value 
of (10.26 ± 0.39) mg  L−1.

The mathematical simulations were carried out based on 
the measured direct photolysis quantum yields and second-
order rate constants of the reactions between each pollut-
ant and the RPS, considering the characteristics of the Par-
anapanema River, for an average depth of the water body 
of 2.5 m. In this work, the mathematical simulations were 
performed using kIMD,3CPPB* and kAMT,3CPPB* as conserva-
tive estimates of pollutants reactivity with 3CDOM*, as pre-
viously discussed. The estimated average mean half-lives 
of IMD and AMT are (24.1 ± 7.6) and (18.8 ± 2.3) days, 
respectively (Table 3), which are within the range of values 
described in the literature. In fact, the USEPA reports that 
t1/2 of IMD in water ranges from 0.2 to 29 days (Starner and 
Goh, 2012), and according to Bonmatin et al. (2015) and 
Guo et al. (2020b), despite the degradation of IMD when 
subjected to photolysis, the compound can remain in aquatic 
environments and in sediments, and in this case its half-life 
can reach 30–162 days. With regard to AMT, the half-life of 
the herbicide in water is around 22 and 28 days, according 
to USDA (2006) and Kegley et al. (2014), respectively. In 
addition, Konstantinou et al. (2001) evaluated the degrada-
tion of triazine herbicides (atrazine, propazine, and prom-
etryne) under natural sunlight in different waters (river, lake, 
sea, groundwater, and distilled water), reporting that t1/2 for 
these herbicides ranges from 26 to 73 days. Considering the 
ranges of values of  [NO3

−],  [NO2
−],  [CO3

2−], and [TOC] 
used in the simulations, it can be said that the concentration 
of TOC (i.e., dissolved organic matter content) seems to be 
the parameter that most significantly impacted the values of 
t1/2 obtained in our work. This can be attributed to the fact 
that TOC was noticeably influenced by the sampling point 
and season of the year, varying in the range 4.2–18.9 mg 
 L−1. Although seasonality has not been a highly relevant 
factor for the variation in TOC concentration, it is expected 

that in rainy periods the concentration of organic matter is 
lower due to dilution, suggesting a scenario in which pesti-
cide half-lives may be smaller.

Also based on the characteristics of the water body, the 
first-order degradation rate constants corresponding to each 
of the main photo-induced pathways (direct photolysis and 
attack by 3CDOM* and  HO●) were also obtained, in all sea-
sons, for all three monitoring points (Figs. 4 and 5). With 
these constants, the pesticides’ half-lives for each of these 
routes were estimated using the APEX model and Eq. 15. 
Since the experimental second-order kinetic degradation rate 
constants found for the reactions of IMD and AMT with 1O2 
were three to five orders of magnitude lower compared to 
those obtained for  HO● radicals and 3CDOM* (Table 2), 
the half-lives predicted from kinetic simulations consider-
ing only the reactions of pesticides with singlet oxygen were 
very large, on the order of months, and therefore are not 
included in these graphs.

It can be inferred that the degradation of both pesti-
cides occurs mainly by direct photolysis and reactions with 
3CDOM*, the latter particularly influencing the degradation 
of AMT. As reported by Vione et al. (2018), photodegra-
dation mediated by 3CDOM* tends to be faster for higher 
concentrations of organic matter in the water, in this work 
evaluated through the concentration of TOC. On the other 
hand, when the organic matter content decreases, direct pho-
tolysis then becomes the main pollutants’ degradation route. 
Noteworthy, IMD degradation appears to be more influenced 
by seasonality and geographic location compared to AMT.

Additionally, the depth of the water body plays an impor-
tant role in the photodegradation of pollutants, which  tends 
to be favored in shallower environments, since the surface 
layer is fully illuminated while the bottom is darker, thus 
inhibiting the process (Vione and Scozzaro 2019; Vione 
et al. 2018). Therefore, simulations were performed vary-
ing the water depth to understand the influence of this 
parameter on the environmental fate of the pesticides in the 
Paranapanema River. For these simulations, the maximum 
concentrations of the parameters in Table 3 were defined for 
each of the sampling points. As can be seen in Fig. 6, the 
degradation of the pesticides becomes considerably slower 
as the depth increases, with the half-lives increasing linearly, 
particularly for AMT.

In addition to the depth, the average flow velocity of the 
river water also plays an important role in the assessment 
of pesticides photodegradation. This is because the velocity 
interferes with the pollutant’s residence time in the water 
bodies. In periods of intense drought, the volume and water 
velocities of rivers decrease, making photochemical-driven 
processes more efficient in comparison with rainy periods, in 

(15)t1∕2 = ln2k−1
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which they are often insignificant (Carena et al. 2021; Vione 
and Scozzaro 2019). That is why it is necessary to measure 
the half-life length, which consists of the length of the illu-
minated path necessary to halve the concentration of the pol-
lutant (Vione 2020). The half-life length (l1/2) can be calcu-
lated using Eq. 16, where 

−
� corresponds to the average water 

flow velocity of the Paranapanema River (0.15–0.85 m  s−1, 
according to Granado et al. 2009), and t1/2 is the predicted 
half-life time (Carena et al. 2021).

From Eq. 16 and considering half-lives of up to 40 days, 
it can be found that the values of l1/2 vary in the range from 
518.4 to 2937.6 km for 

−
� = 0.15 and 0.85 m  s−1, respec-

tively. Therefore, considering that point 1 is 27.65 km from 
point 2, which is 80.53 km from point 3, the half-life length 
required to degrade both IMD and AMT is greater than 
the distance between the sampling points. It is possible to 
infer two effects from this information. The first is that the 
degradation rates increase as the water flow rate decreases, 
resulting in shorter half-lives, favoring photodegradation. 

(16)l1∕2 =
−
� t1∕2

The second is that the river is not long enough to guarantee 
to halve the concentration of the pesticides, for which t1/2 lies 
in the range 19 to 24 days.

Finally, half-life estimates were obtained using the values 
of kP,3AQ2S* and kP,3CBBP* to assess the impact of different 
model compounds (proxies) in predicting the persistence of 
IMD and AMT in sunlit waters. For these simulations, the 
maximum and minimum concentrations of the input param-
eters for each of the sampling points of the Paranapanema 
River were selected. The results are shown in Table S2. The 
choice of proxies for CDOM (AQ2S or CBBP) did not influ-
ence the measured values of kAMT,3CDOM* for AMT, both 
being suitable for evaluating the degradation kinetics of 
this herbicide by triplet excited states of chromophoric dis-
solved organic matter; therefore, the respective estimated 
half-lives do not differ significantly (Table S2). In contrast, 
for IMD the experimental values of kIMD,3CDOM* were more 
impacted by the choice of the CDOM model, resulting in 
t1/2 values with differences of up to 10 days, reinforcing the 
need to properly select the proxy to avoid the photochemical 
persistence of emerging contaminants such as IMD being 
underestimated.

Fig. 4  Predicted rate constants of IMD photodegradation in the Paranapanema River induced by the main photochemical processes (direct pho-
tolysis-DP and attack by 3CDOM* and  HO●). a Point 1, b Point 2, and c Point 3
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Conclusions

Photo-induced reactions represent one of the main pathways 
of pollutant degradation in water, promoted by solar radia-
tion and the action of reactive species, that is, by direct and 
indirect photolysis. In our work, we aimed to investigate the 
photochemical fate of two pesticides, imidacloprid (IMD) 
and ametryn (AMT) in sunlit water. In addition to photolysis 
studies, the second-order reaction rate constants of IMD and 
AMT with reactive photo-induced species-RPS (hydroxyl 
radicals,  HO●; singlet oxygen, 1O2; and triplet excited 
states of chromophoric dissolved organic matter, 3CDOM*) 
were determined by the kinetic competition method at pH 
7. Direct photolysis relies on the absorption of sunlight by 
contaminants, a process that is only efficient if the contami-
nant’s absorption spectrum overlaps with the solar emission 
spectrum. This was not the case for IMD and AMT, which 
exhibited low direct photolysis quantum yields under simu-
lated sunlight, ΦIMD = (1.23 ± 0.07) ×  10–2 mol  Einstein−1 
and ΦAMT = (7.99 ± 1.61) ×  10–3 mol  Einstein−1.

The results obtained in this work confirmed that 
hydroxyl radicals have an important effect on the 

degradation of both pesticides, with second-order kinetic 
rate constants at pH 7 of kIMD,HO● = (3.51 ± 0.06) ×  109 L 
 mol−1  s−1 and kAMT,HO● = (4.97 ± 0.37) ×  109 L  mol−1  s−1. 
Reactions with 3CDOM* should also contribute to pesti-
cide degradation in surface water, with second-order rate 
constants an order of magnitude lower. Different values 
of kinetic constants were obtained using anthraquinone-
2-sulfonate (AQ2S) or 4-carboxybenzophenone (CBBP) 
as proxies to estimate the reaction kinetics between the 
pesticides and organic matter in the triplet state. For IMD 
this difference was significant, on the contrary, the values 
found for AMT are close. These results highlight the need 
to carefully consider which model compound (proxy) to 
use, as for some pollutants there is a risk of underestimat-
ing the real value. That said, regardless of the choice of 
proxy and although the values of kpollutant,3CDOM* may vary, 
its determination is a valuable reference given its impor-
tance in pesticides degradation. On the other hand, unlike 
other RPS, 1O2 did not significantly affect IMD and AMT 
degradation, exhibiting rates three to five orders of mag-
nitude lower compared to those obtained for  HO● radicals 
and 3CDOM*.

Fig. 5  Predicted rate constants of AMT photodegradation in the Paranapanema River induced by the main photochemical processes (direct pho-
tolysis-DP and attack by 3CDOM* and  HO●). a Point 1, b Point 2, and c Point 3
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Simulations of the environmental photochemical persis-
tence of pesticides, performed using the APEX model and 
taking into account the different conditions of pH, depth of 
the water layer, and concentrations of dissolved organic matter 
and inorganic species, indicated predicted half-lives of IMD 
and AMT of about 24.1 and 18.8 days, respectively, consider-
ing the ranges of values found for  [NO3

−],  [NO2
−],  [CO3

2−], 
and [TOC] in the monitoring of the Paranapanema River. It 
was noticed that the depth of the river, the speed of water flow, 
and the concentration of organic matter are the factors that 
most influence pesticide degradation. Thus, shallower water-
courses and with lower flow rates result in longer detention 
times, which favors the photodegradation of contaminants.

In summary, the results we present in this work consti-
tute essential information to understand the extent of per-
sistence of imidacloprid and ametryn in environmental 
waters in regions of intensive agricultural activity—mainly 
sugarcane cultivation—as well as to assess their impacts on 

ecosystems and propose actions to ensure the preservation 
of water resources and the quality of water for public supply, 
given the hazardous characteristics of these contaminants.
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