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otolysis of pyridaben and its main
photoproduct in aqueous environments under
simulated solar irradiation†

Mengyuan Pan, Shiyin Mu, Yunfang Li, Ya Yang, Yuping Zhang, Lingzhu Chen *
and Deyu Hu*

The photolytic fate of pyridaben and its main photolysis product was investigated in different aqueous

solutions. Results showed that the photolysis of pyridaben followed pseudo first-order kinetics or the

hockey-stick model. In buffer solutions, the half-life of pyridaben was the shortest at pH 4, while the

degradation rate within 24 h was the highest at pH 9. Humic acids (HA) at concentrations of 1–

20 mg L�1 favored the photolysis of pyridaben while fulvic acids (FA) did not have a significant effect.

Nitrate at low concentrations (0.01 mM) accelerated the photolysis and Fe(III) at high concentrations

(0.01 and 0.1 mM) significantly inhibited the photolysis. The photolysis rate of pyridaben in rainwater, tap

water, and river water was significantly higher than that in distilled water. The half-lives in distilled water,

rainwater, tap water, river water, and pond water were 2.36, 1.36, 1.61, 1.77, and 2.68 h, respectively.

Ultra-high-performance liquid chromatography/high-resolution mass spectrometry identified M328 as

a photolysis product. The degradation of M328 followed pseudo first-order kinetics in distilled water,

buffer solutions and aqueous solutions fortified with HA. The half-lives of M328 were in the range of

7.07–13.95 h. These results are essential for further environmental risk assessment of pyridaben.
1. Introduction

Pyridaben (IUPAC name: 2-tert-butyl-5-(4-tert-butylbenzylthio)-
4-chloropyridazin-3(2H)-one) (Fig. S1†) is a pyridazinone broad-
spectrum acaricide developed by Nissan Chemical Industries
Ltd in 1985.1 Because of its low application dosage and quick
effect, pyridaben has become the most widely used acaricide on
citrus trees, apple trees, and cabbage to control pests (e.g., red
spider and yellow striped beetle).1–4 It acts mainly by inhibiting
the synthesis of glutamate dehydrogenase in the chromosomes
of the muscle tissue, nerve tissue, and electron transport
systems.5,6 Pyridaben is the main ingredient of many commer-
cial pesticide products on the agrochemical market. To date,
399 insecticide products containing pyridaben as the main
ingredient have been registered in the China Pesticide Infor-
mation Network (https://www.chinapesticide.org.cn/hysj/
index.jhtml). Aer application, pesticides can enter natural
waters via deposition and disperse with rainfall, surface
runoff, and groundwater, consequently generating emerging
pollutants in aquatic ecosystems.7,8 The penetration of
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pyridaben into ground water and surface water is limited due
to its low solubility in water (0.22 mg L�1 at 20 �C).2

Nevertheless, as an acaricide used worldwide, pyridaben has
been detected in many rivers around the world at
concentrations of up to 0.49 mg L�1,9,10 which is higher than
the permitted value of 0.1 mg L�1 specied for drinking water
by the European Union (EU).11 Ma et al. showed that
pyridaben can cause severe cardiac malformations, functional
abnormalities, and disrupts heart development gene
expression in zebrash.1 Therefore, the fate of pyridaben in
aqueous solutions must be understood to evaluate its
potential hazard for aquatic ecosystems.

Photolysis is one of the most important abiotic conversion
pathways for pesticides in the aqueous environment.12,13 Pho-
todegradation has signicant effects on pesticide residues,
efficacy, toxicity, and environmental safety.8,14 The photolysis of
organic pollutants leads to changes in their chemical structures
and produces photolysis products.15–18 Studies by Xu et al. and
Villaverde et al. showed that the photolysis products of sulfa-
pyridine and clethodim are much more toxic than their parent
compounds.19,20 The photolysis of a pesticide in an aqueous
environment depends on its properties and the physicochem-
ical characteristics of natural waterbodies.21–23 In addition, the
photolysis of a pesticide depends on its interactions with
natural soluble substances such as humic acids (HA), fulvic
acids (FA), nitrates, and Fe(III) ions.19,24 Therefore, it is essential
to understand the photolytic fate of a pesticide in the aqueous
RSC Adv., 2022, 12, 21647–21654 | 21647
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View Article Online
environment to evaluate the effects of its application and
develop guidelines for its rational use.

At present, knowledge on the photolysis of pyridaben is
limited. Zhu et al. studied the kinetics of photolysis of pyr-
idaben in TiO2 suspensions and surfactant cetyl-
trimethylammonium bromide aqueous dispersions using
ultraviolet lamp irradiation, and photolysis products were
qualitatively identied using gas chromatography-mass spec-
trometry (GC-MS).24,25 However, the effects of various natural
environmental factors, such as pH and soluble substances, on
the photolysis of pyridaben and its products in aqueous envi-
ronments have not been addressed. In addition, GC-MS has
some drawbacks in the identication of transformation prod-
ucts. For instance, GC-MS is not suitable for the analysis of
compounds that are difficult to volatilize, thermally unstable, or
cannot be vaporized.26 Many transformation products show
a higher polarity than the parent compounds, which requires
a derivatization step prior to GC-MS analysis.27 Moreover,
compounds that do not exist in the spectral library cannot be
identied. In recent years, with the development and improve-
ment of high-resolution mass spectrometry (HRMS) technology,
ultra-high-performance liquid chromatography Q-Exactive
Orbitrap HRMS (UPLC-HRMS) has been extensively applied
for the qualitative and quantitative analyses of pesticides and
their transformation products because of its high resolution,
sensitivity, and accuracy.7,28,29 In summary, it is necessary to
investigate the effects of environmental factors on the photol-
ysis of pyridaben and its products in aqueous environments
using UPLC-HRMS.

This study aimed to comprehensively investigate the kinetics
of the photolysis of pyridaben and its photolysis products in
aqueous solutions using UPLC-HRMS under simulated solar
irradiation. As the emission spectra of a xenon lamp is similar
to that of sunlight, it was used as the light source.22UPLC-HRMS
was employed for the qualitative and quantitative analyses of
pyridaben and its photolysis products. The effects of pH, HA,
FA, nitrates, and Fe(III) on the kinetics of photolysis pyridaben
and its photolysis products were investigated. Finally, the
photolysis of pyridaben was investigated in environmental
waters. This research is essential for understanding the fate of
pyridaben in aqueous environments and to provide guidance
for its rational application.

2. Experimental
2.1 Materials and reagents

Pyridaben standards (99.8% purity) were provided by Dr
Ehrenstorfer GmbH (Augsburg, Germany). The methanol used
in UPLC-HRMS was supplied by Thermo Fisher Scientic Ltd
(San Jose, CA, USA). HA was purchased from Hefei BASF
Biotechnology Co. Ltd (Anhui, China). Analytical-grade sodium
hydroxide was obtained from Chongqing Chuandong Chemical
Co., Ltd (Chongqing, China). Potassium hydrogen phthalate
was supplied by Tianjin Youpu Chemical Reagent Co. Ltd
(Tianjin, China). Potassium dihydrogen phosphate and sodium
nitrate were purchased from Chongqing Jiyuan Chemical Co.
Ltd (Chongqing, China). Potassium chloride and
21648 | RSC Adv., 2022, 12, 21647–21654
dichloromethane were provided by Tianjin Komiou Chemical
Reagent Co. Ltd (Tianjin, China). Analytical grade boric acid
was acquired from Chengdu Jinshan Chemical Reagent Co., Ltd
(Chengdu, China). Ferric chloride hexahydrate, anhydrous
sodium sulfate, and sodium chloride were obtained from
Tianjin Zhiyuan Chemical Reagent Co. Ltd (Tianjin, China).
Distilled water was supplied by Watsons Co. Ltd (Dongguan,
China). The physicochemical characteristics of distilled water is
listed in Table S1.†

A stock solution of pyridaben was prepared using methanol,
with a concentration of 2500 mg L�1. A series of working stan-
dard solutions of pyridaben, with concentrations of 2, 1, 0.2,
0.1, 0.02, and 0.01 mg L�1, were prepared by serial dilution with
methanol. The standard solutions were stored at 4 �C in the
dark.

2.2 Tap water and natural water sampling

Tap water samples were collected from the Fine Chemical
Research and Development Center of Guizhou University. Rain-
water samples were collected from an open space at Guizhou
University on September 13, 2021. River and pond water samples
were collected from the Huaxi River (Guiyang, Guizhou Province)
and a pond near a citrus garden in the Guizhou University
teaching experimental eld, respectively. All water samples were
used without pretreatment. The pH and dissolved organic carbon
of the water samples were measured using a pH meter (PB-10,
Sartorius Scientic Instruments Co., Ltd, Beijing, China) and
fully automatic total organic carbon analyzer (Vario TOC, DKSH
Commercial Co., Ltd, Shanghai, China). The conductivity,
salinity, and total dissolved solids were measured using
a portable conductivity meter (DDBJ-350, Shanghai INESA Scien-
tic Instrument Co., Ltd, Shanghai, China). The physicochemical
characteristics of the water samples are listed in Table S1.†

2.3 Photolysis procedure

Photolysis was performed using a photochemical apparatus
(BL-GHX-V, Shanghai Bilon Instrument Co., Ltd, Shanghai,
China) equipped with a 500 W xenon lamp (l $ 290 nm) and
a quartz cold trap. Samples were magnetically stirred and irra-
diated in a quartz tube 8 cm from the lamp. Each quartz tube
contained 30 mL of aqueous solution. The photolysis experi-
ments were conducted in triplicate at a temperature of 20 �
1 �C. At various time intervals (0, 1, 3, 5, 7, 10, 12, 24, 30, 36 and
48 h), aliquots of 1 mL were removed from every quartz tube,
ltered using a 0.22 mm nylon membrane and injected into the
UPLC-HRMS intermediately for qualitative and quantitative
analyses.

Photolysis experiments were performed at an initial concen-
tration of 2.0mg L�1 of pyridaben.MeOHwas used as a cosolvent
to facilitate the dissolution of pyridaben in water. The photolysis
samples were prepared by adding 0.08 mL of the pyridaben stock
solutions (2500mg L�1 inMeOH) into 100mL of buffer solutions
and distilled water. The effect of pHwas investigated using buffer
solutions with pH values of 4, 7, and 9. All buffer solutions (pH 4,
7, and 9) were prepared with distilled water obtained from Wat-
sons Co., Ltd, as previously described.22 Buffer solutions and
© 2022 The Author(s). Published by the Royal Society of Chemistry
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glass apparatuses were sterilized by autoclaving for 40 min at
120 �C to avoid microbial degradation. The pH of each solution
was measured and calibrated prior to the experiments. The
effects of different natural substances at different levels: HA at 1,
5, 10, and 20 mg L�1; FA at 1, 10, and 20 mg L�1; nitrates at 0.01,
0.1, and 1 mM; and Fe(III) at 0.001, 0.01, and 0.1 mM were
investigated in distilled water solutions. The photolysis of pyr-
idaben in different water matrices were investigated in water
samples collected in Section 2.2.
2.4 Analytical procedure

UPLC-HRMS analysis was performed on an Ultimate 3000 RS
(Dionex, Sunnyvale, CA, USA) coupled with a Q-Exactive Orbi-
trap mass spectrometer (Thermo Fischer Scientic, MA, USA).
Samples were detected with a heated electrospray interface in
positive ionization mode. Chromatographic separation was
performed on a reversed-phase InertSustainSwi C18 column
(2.1� 100 mm i.d., 1.9 mm) (GL Sciences, Tokyo, Japan), and the
temperature of the column was set to 40 �C. Chromatographic
analysis was performed using gradient elution with a mobile
phase consisting of distilled water (A) and methanol (B). The
mobile phase gradient was: 0 min, B 60%; 0.5 min, B 60%;
5 min, B 95%; 9 min, B 95%; 9.5 min, B 60%; 15 min, B. 60%.
The ow rate was 0.2 mL min�1, and the photolysis sample
injection volume was 2 mL. Qualitative and quantitative analyses
of the aqueous samples were performed in the full-scan/data-
dependent acquisition (full-MS/ddMS2) mode. The optimized
mass spectra parameters were as follows: auxiliary gas heater
temperature, 300 �C; capillary temperature, 350 �C; spray
voltage, 2.5 kV, ow rates of sheath, sweep, and auxiliary gases
at 35, 0, and 10 a.u., respectively. All MS2 data were acquired
using the following conditions: AGC target, 1.0 � 105;
maximum injection time, 50 ms; isolation window, 2 m/z;
microscan, 1. The resolution was set at 17 500. Collision ener-
gies were gradually set to 10, 30, and 50. Pyridaben and M328
were analyzed by their quasi-molecular ions with exact ion mass
of 365.14489 and 329.16821, respectively.
2.5 Data processing

The photolysis of pyridaben followed the pseudo rst-order
kinetics or the hockey-stick model. Pseudo rst-order kinetics
was described using eqn (1):

Ct ¼ C0 e
�kt (1)

where Ct is the concentration of pyridaben residue at time t (mg
L�1), C0 is the initial concentration (mg L�1), t is the irradiation
time (h), and k is the degradation rate constant (h�1). The half-
life value (t1/2) was estimated using eqn (2):

t1=2 ¼ ln2

k
(2)

Hockey-stick model was described using eqn (3) and (4):

Ct ¼ C0 e
�k1t(t # tb) (3)
© 2022 The Author(s). Published by the Royal Society of Chemistry
Ct ¼ C0 e
�k1tb e�k2(t�tb) (t > tb) (4)

where Ct is the concentration of pyridaben at time t (mg L�1), C0

is the initial concentration (mg L�1), k1 is the rate constant
before the break point (h�1), k2 is the rate constant aer the
break point (h�1) and tb is the break point (h). The half-life value
(t1/2) was estimated using eqn (5) and (6):

t1=2 ¼ ln2

k1

�
t1=2 # tb

�
(5)

t1=2 ¼ tb þ ln2� k1tb

k2

�
t1=2 . tb

�
(6)

The concentration–time relationship of M328 in the degra-
dation phase of evolution curves was tted. The t was started
aer the inection points of the evolution curve, and at least six
points were used. The degradation of M328 in the buffer solu-
tions, distilled water and distilled water fortied with HA fol-
lowed a pseudo rst-order reaction (eqn (1)), and t1/2 was
calculated with eqn (2).

All statistical analyses were accomplished using IBM SPSS
Statistics 24.0 soware (SPSS Inc., Chicago, IL, USA). All half-life
values were described as mean � standard deviation (SD) of
triplicate data. The differences between treatments and control
were compared at a condence level of 0.05 with one-way
analysis of variance (ANOVA).

3. Results and discussion
3.1 Validation of analytical method

The performance of the analytical method for pyridaben
detection was evaluated. Pyridaben showed a symmetrical peak
shape with a retention time of 8.46 min (Fig. S2a†). The stan-
dard curve of pyridaben was plotted using the peak area as the
ordinate and concentration as the abscissa. The linear regres-
sion equation of pyridaben was y ¼ 6 478 090x + 74 716, with
a coefficient of determination (R2) of 0.9996 at a concentration
range of 0.01–2.00 mg L�1. These results demonstrate that the
analytical method performed well.

3.2 Identication of photolysis product

Post-collection data mining was carried out using Compound
Discoverer 2.0 soware to screen for the photolysis products of
pyridaben. Monoisotopic peaks of 35Cl and 37Cl were observed
for the parent compound with mass-to-charge ratios (m/z) of
365.14362 and 367.14035, respectively (Fig. S3a†). In addition,
MS2 fragments, which provide structural diagnostic informa-
tion, are shown in Fig. S3b.† The main fragment ions had anm/
z of 309.08115, which resulted from the loss of (CH3)3C, and an
m/z of 147.11650 corresponding to [(CH3)3CC6H4CH2]

+. The
extracted ion chromatogram of the 12 h photolysis sample in
distilled water is shown in Fig. S2b.† In addition to the parent
compound, one more peak was detected at 8.71 min (Fig. S2b†),
presenting an m/z of 328.16039 (Fig. S4a†) with the molecular
formula C19H24N2OS (M328). M328 was identied as 2,9-di-tert-
butyl-2,6-dihydro-1H-isothiochromeno[3,4-d]pyridazin-1-one,
RSC Adv., 2022, 12, 21647–21654 | 21649
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as reported by EFSA.2 The formation of M328 can be attributed
to the intramolecular elimination of HCl from pyridaben,
resulting in the formation of a cyclization product. The struc-
ture of M328 was veried using reasonable structures of frag-
ment ions illustrated in Fig. S4b.† The main fragment ions had
an m/z of 273.10492, resulting from the loss of (CH3)3C, and an
m/z¼ 217.04259, resulting from the loss of another (CH3)3C and
subsequent rearrangement. Mass spectral data for pyridaben
and M328 are summarized in Table 1.
3.3 Kinetics of photolysis of pyridaben and M328

Dark control experiments using distilled water and buffer
solutions of pH 4, 7, and 9 were carried out for 24 h to inves-
tigate the hydrolysis rate of pyridaben. Results showed that
pyridaben did not signicantly decrease within 24 h, with
a degradation rate of less than 13% (Fig. S5†). Thus, during
irradiation over 24 h, the hydrolysis of pyridaben was negligible,
and the degradation of pyridaben in aqueous solutions was
mainly governed by photolysis. The kinetic parameters of the
photolysis of pyridaben and M328 under different conditions
are summarized in Tables S2 and S3.†

3.3.1 Effects of pH. Previous studies have shown that the
fate of photolysis products and the dissociation of pesticides in
natural waters are affected by pH.12,23 Therefore, the effect of pH
on the photolysis of pyridaben was investigated. Aer 24 h of
xenon lamp irradiation, the degradation rates of pyridaben in
distilled water, and acidic, neutral, and alkaline buffer solutions
were 93.50%, 93.00%, 96.24%, and 99.50%, respectively. As
shown in Fig. 1a, the photolysis of pyridaben in neutral and
alkaline buffer solutions can be well described using pseudo
rst-order reaction kinetics, while the photolysis in acidic buffer
solution and distilled water followed the hockey-stick model.
The half-lives were 2.36, 1.91, 5.46, and 3.47 h in distilled water
and pH 4, 7, and 9 buffer solutions, respectively (Table S2†). A
Table 1 Mass spectra and structural data of pyridaben and M328

Compound tR (min)

Ions

Measured mass

Pyridaben 8.46 365.14362
309.08115
147.11650
132.09305
119.08549
105.07007

M328 8.71 329.16742
273.10492
258.08130
217.04259

21650 | RSC Adv., 2022, 12, 21647–21654
signicance analysis revealed that the photolysis of pyridaben
was pH dependent (p < 0.05, Fig. 2). Under acidic conditions,
the half-life of pyridaben was the shortest. The same results
were observed for the photolysis of nitrofurantoin,30 hexa-
umuron,31 and metribuzin.32 Fig. 3a shows that M328 attained
its maximum quantity aer the irradiation of pyridaben in
distilled water for approximately 3 h, and it then gradually
decreased with increasing irradiation time. In the buffer solu-
tions of pH 4, 7, and 9, the quantity of M328 peaked 10 h aer
irradiation and then gradually degraded. The degradation
phase of the evolution curves followed the pseudo rst-order
kinetic model (Fig. S6†). Compared with neutral and alkaline
conditions, acidic conditions promoted the formation of M328
(Fig. 3a), while inhibited the degradation of M328 (p < 0.05,
Fig. 4). The degradation half-lives of M328 were 9.37, 13.95,
12.16, and 11.46 h in distilled water, acidic, neutral and alkaline
buffer solutions, respectively (Table S3†), which were longer
than those of pyridaben (Table S2†).

3.3.2 Effects of HA. HA is a predominant constituent of
dissolved organic matter that is widely present in surface
waters.12,33 Studies have demonstrated that HA has a complex
effect on the photolysis of organic compounds in natural
waters.33,34 Therefore, the effects of HA on the photolysis of
pyridaben were investigated. The kinetics of pyridaben with
different concentrations of HA agreed with the hockey-stick
model (Fig. 1b). In general, HA favors the photolysis of pyr-
idaben in an aqueous solution. The half-lives of pyridaben were
1.47, 1.44, 1.62, and 1.94 h in aqueous solutions fortied with
HA concentrations of 1, 5, 10, and 20mg L�1, respectively (Table
S2†). The photolysis rate of pyridaben was related to the
concentration of HA, and the promoting effect of HA was more
signicant at low concentrations (p < 0.05, Fig. 2). The presence
of HA can promote the photolysis by accelerating the energy
transfer and electron transfer to the ground state of organic
Error (ppm) Elemental compositionTheoretical mass

365.14489 �3.49 C19H26ON2ClS ([M + H]+)
309.08229 �3.69 C15H18ON2ClS
147.11683 �2.22 C11H15

132.09335 �2.27 C10H12

119.08553 �0.33 C9H11

105.06988 1.81 C8H9

329.16821 �2.40 C19H25ON2S ([M + H]+)
273.10561 �2.53 C15H17ON2S
258.08214 �3.24 C14H14ON2S
217.04301 �1.95 C11H9ON2S

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The half-lives of photolysis for pyridaben in the different aqueous solutions. (Letters on the bars indicate significance levels between
treatments and control based on p < 0.05. Asterisks on the bars indicate significance levels between treatments and control: * indicate p < 0.05,
** indicate p < 0.01, *** indicate p < 0.001).

Fig. 1 The photolysis kinetics of pyridaben in buffer solutions (pH ¼ 4.00, 7.00, and 9.00) and distilled water (pH ¼ 5.50) (a) and distilled waters
fortified with HA (b), FA (c), nitrate (d), iron (e), and tap water and natural waters (f).
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compounds (e.g., from the excited HA state), and generating
reactive species (e.g., singlet oxygen, hydroxyl radicals, and
3HA*) as well.17,35 The similar results were also observed for the
photolysis of tetracycline,16 hexaumuron,.31 and 17b-
© 2022 The Author(s). Published by the Royal Society of Chemistry
Estradiol.36 The evolution curve of M328 in HA solutions is
shown in Fig. 3b. The quantity of M328 increased rapidly with
the degradation of pyridaben and then gradually decreased
aer reaching a maximum value. With an increase in HA, the
RSC Adv., 2022, 12, 21647–21654 | 21651
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Fig. 3 The evolution of M328 in buffer solutions (pH¼ 4.00, 7.00, and 9.00) and distilled waters (pH¼ 5.50) (a) and distilled waters fortified with
HA (b), FA (c), nitrate (d), iron (e), and tap water and natural waters (f).

Fig. 4 The half-lives of degradation for M328 in distilled water, buffer solutions and HA solutions (Letters on the bars indicate significance levels
between treatments and control based on p < 0.05. Asterisks on the bars indicate significance levels between treatments and control: ** indicate
p < 0.05, ** indicate p < 0.01, *** indicate p < 0.001.).
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inection points shied to the right, ranging from 1 to 7 h. The
degradation trend of M328 tted well with the rst-order
kinetics model (Fig. S7†). The half-lives of M328 in HA solu-
tions with concentrations of 1, 5, 10, and 20 mg L�1 were 8.67,
7.07, 9.30, and 10.59 h, respectively (Table S3†). The degrada-
tion of M328 in HA solutions was dose dependent (p < 0.05,
Fig. 4).

3.3.3 Effects of FA. FA is another predominant constituent
of dissolved organic matter.23 The role of FA in pyridaben
photolysis was investigated at concentrations of 1, 10, and
20 mg L�1. The kinetics of pyridaben with different concentra-
tions of FA agreed with the hockey-stick model (Fig. 1c), with
half-lives ranging from 2.02 to 2.54 h (Table S2†). The results of
signicance analysis suggested that the photolysis rate of pyr-
idaben was unrelated to the concentration of FA (p > 0.05, Fig. 2).
The evolution curve of M328 in FA solution is shown in Fig. 3c.
The quantity of M328 increased rapidly with the degradation of
pyridaben, and then gradually decreased, with the inection
point occurring at between 5 and 10 h of irradiation.
21652 | RSC Adv., 2022, 12, 21647–21654
3.3.4 Effects of nitrates. The effects of nitrate on the
photolysis of pyridaben were investigated at concentrations of
0.01, 0.1, and 1 mM based on the levels detected in natural
waters.12,18 The kinetics of the photolysis of pyridaben with
different concentrations of nitrates agreed with the hockey-stick
model (Fig. 1d), and the half-lives were in the range of 1.90–
2.48 h (Table S2†). Compared with photolysis in distilled water,
the photolysis of pyridaben was promoted with nitrate at low
concentrations (0.01 mM) (p < 0.01, Fig. 2 and Table S2†).
However, nitrate at concentration of 0.1 mM and 1 mM had
a slight effect on the photolysis of pyridaben (p > 0.05, Fig. 2 and
Table S2†). Previous studies have demonstrated that nitrate
exhibited conicting effects on the photolysis of organic
compounds. Xu et al. reported that nitrate at concentrations
from 0.5 to 10 mM did not play an important role in the
photolysis of sulfapyridine.18 However, Dong et al. observed that
nitrates at 5 and 10 mg L�1 marginally accelerated the photol-
ysis of uopyram and then inhibited it with a further increase in
concentration.23 On the one hand, nitrates are a major source of
© 2022 The Author(s). Published by the Royal Society of Chemistry
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hydroxyl radicals, which was benecial to the photolysis of
organic compounds.31,35,37,38 On the other hand, nitrate had
a scavenging effect on hydroxyl radicals at high concentrations,
which inhibited the photolysis of organic compounds.23,35,38 The
UV-vis spectra of nitrates showed that the absorbance of nitrates
increased with increasing concentration at l $ 290 nm
(Fig. S8c†); thus, the inhibitory effects of nitrates increased with
an increasing concentration. The evolution curves of M328
indicated that nitrates at low concentrations promoted the
formation of M328 (Fig. 3d). The quantity of M328 in aqueous
solutions fortied with nitrates at concentrations of 0.01, 0.1,
and 1 mM reached a maximum aer irradiation for approxi-
mately 5, 12, and 10 h, respectively, and then gradually
decreased as the irradiation time increased.

3.3.5 Effects of Fe(III). Fe(III) is a representative component
of natural waters with concentrations of 10�7 to 10�4 M, and it
plays an important role in the photolysis of pesticides.39 In this
study, ferric chloride hexahydrate was used as the source of
Fe(III) to study its effects on pyridaben photolysis. The photol-
ysis of pyridaben at different concentrations of Fe(III) agreed
with pseudo rst-order kinetics or the hockey-stick model
(Fig. 1e), with half-lives ranging from 1.95 to 9.56 h as the Fe(III)
concentration increased from 0.001 to 0.1 mM (Table S2†). The
photolysis of pyridaben was signicantly inhibited at high Fe(III)
concentration compared with photolysis in distilled water (p <
0.001, Fig. 2 and Table S2†). Previous studies have demon-
strated that the degradation of organic pollutants is dose
dependent in the presence of Fe(III). For example, Lin et al.
noticed that Fe(III) can marginally promote the photolysis of
uazaindolizine at a concentration of 0.1–5 mg L�1.12 Never-
theless, Li et al. observed that Fe(III) inhibited the photolysis of
oxytetracycline at concentrations of 2.5–15 mM.39 Fang et al.
also reported that the photolysis of upyradifurone was
inhibited in the Fe(III) solutions, and the photolysis rate grad-
ually slowed with increasing Fe(III) concentrations.40 Fe(III) could
generate cOH via the following reactions:41,42

Fe3+ + H2O # Fe(OH)2+ + H+

Fe(OH)2+ + hv / Fe2+ + cOH

Under acidic conditions, the formation of Fe(OH)2+ is
inhibited, thereby inhibiting the formation of hydroxyl radical.
The pH values of Fe(III) solutions with concentrations at 0.001,
0.01, and 0.1 mM were 5.73, 4.97, and 3.78, respectively.
Therefore, the photolysis rate of pyridaben was slower in solu-
tions with higher concentrations of Fe(III) due to the presence of
more hydrogen ions and fewer hydroxyl radicals. In addition,
overlaps between the absorptions of Fe(III) and pyridaben were
observed at l $ 290 nm (Fig. S8d†). Thus, under xenon lamp
irradiation, pyridaben and Fe(III) competed for photons, and
this competition increased with the increasing of Fe(III)
concentration. Overall, Fe(III) exhibited an inhibitory effect at
high concentrations for the photolysis of pyridaben. The
evolution curve of M328 in Fe(III) solutions is shown in Fig. 3e.
The concentration of M328 reached a maximum aer 3–7 h of
© 2022 The Author(s). Published by the Royal Society of Chemistry
irradiation in the Fe(III) solutions at concentrations of 0.001–
0.1 mM. However, in one Fe(III) solution (0.1 mM), the forma-
tion of M328 was signicantly inhibited, which may have been
caused by the low photolysis rate of pyridaben (Fig. 3e).

3.3.6 Photolysis in tap water and natural waters. To obtain
a better understanding of the comprehensive photolytic fate of
pyridaben in aqueous environments, its photolysis kinetics
were investigated in tap water, rainwater, river water, and pond
water. The degradation of pyridaben under dark conditions was
shown in Fig. S9.† Results showed that the 24 h degradation
rates of pyridaben in rainwater, river water, pond water, and tap
water were 16.50%, 5.50%, 1.00%, and 7.50%, respectively. The
photolysis kinetics of pyridaben in the four water samples fol-
lowed the hockey-stick model (Fig. 1f). The half-lives of pyr-
idaben were 1.36, 1.61, 1.77, and 2.68 h in rainwater, tap water,
river water, and pond water samples, respectively (Table S2†).
Compared with photolysis in distilled water, the photolysis rate
of pyridaben was signicantly accelerated in tap water, rain-
water and river water (p < 0.001, Fig. 2 and Table S2†), while was
inhibited in pond water (p < 0.05, Fig. 2 and Table S2†). These
results can be attributed to the combined effects of the
compositions and pH of the water samples.33 The photolysis
rates of pyridaben in natural waters have a correlation with the
levels of dissolved organic carbon (DOC) (Table S1†). In general,
higher DOC level indicated slower photolysis rate. The short
half-life of pyridaben in rainwater can be attributed to the high
degradation rate under dark conditions and low pH value of
rainwater. The formation and evolution of M328 in environ-
mental waters are shown in Fig. 3f. The quantity of M328
reached its peak value aer irradiation for 3–7 h and it then
gradually decreased with increasing irradiation time.

4. Conclusions

In this paper, the photolysis behaviors of pyridaben and its
main photolysis product in aqueous solutions were compre-
hensively investigated. The photolysis of pyridaben followed the
pseudo rst-order kinetics in neutral and alkaline buffer solu-
tions, and 0.1 mM Fe(III) solution, while followed hockey-stick
model in distilled water, acidic buffer solution, and aqueous
solutions fortied with HA, FA, nitrate, and low concentration
of Fe(III) (0.001 and 0.01 mM). The photolysis of pyridaben was
pH dependent. The half-life of pyridaben in acidic buffer solu-
tion was shorter than that in neutral and alkaline buffer solu-
tions. For dissolved organic matter, HA at concentrations of 1–
20 mg L�1 favored the photolysis of pyridaben while FA had
a slight effect on photolysis. For inorganic ions, nitrate at low
concentrations accelerated the photolysis and Fe(III) at high
concentrations signicantly inhibited the photolysis. The
photolysis of pyridaben in tap water and natural waters followed
hockey-stick model, with half-lives of 1.36–2.68 h. Compound
M328, resulting from cyclization via the loss of HCl, was iden-
tied as the photolysis product of pyridaben using UPLC-
HRMS. In the photolysis process, the quantity of M328 rst
increased with the degradation of pyridaben, and then gradu-
ally degraded aer reaching the peak value within 48 h. The
degradation of M328 in distilled water, buffer solutions, and
RSC Adv., 2022, 12, 21647–21654 | 21653
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aqueous solutions fortied with HA tted well with pseudo rst-
order kinetics, with half-lives ranging from 7.07 to 13.95 h.
These results are important for understanding the environ-
mental behavior of pyridaben in aqueous environments and can
guide its rational use. Further toxicity studies should be con-
ducted on M328 and photolysis solutions to evaluate the risk to
aquatic organisms during the photolysis of pyridaben.
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21 V. Lavtižar, C. A. M. van Gestel, D. Dolenc and P. Trebše,
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