
RSC Advances

PAPER
Atmospheric oxid
aCollege of Biological and Environmental E

256600, P. R.China
bEnvironment Research Institute, Shandong
cShandong Provincial Eco-environment Mon
dLogistics Support Department, Shandong

E-mail: phj@sdu.edu.cn

† Electronic supplementary informa
10.1039/d0ra09429c

Cite this: RSC Adv., 2021, 11, 2346

Received 5th November 2020
Accepted 30th December 2020

DOI: 10.1039/d0ra09429c

rsc.li/rsc-advances

2346 | RSC Adv., 2021, 11, 2346–235
ation of Folpet initiated by OH
radicals, NO3 radicals, and O3†

Chenxi Zhang, ab Xiaomin Sun, b Wei Tanc and Hengjun Peng*d

Folpet, a nonspecific sulfenimide fungicide, is widely used to protect crops against mildew. It can be

dispersed and transported over long distances. The residence time of Folpet in the atmosphere depends

on the oxidation processes initiated by atmospheric oxidants such as O3, OH and NO3 radicals. In this

study, the reactions of Folpet with gas-phase O3, OH and NO3 radicals were investigated via quantum

chemical calculation methods, which can effectively provide information about the reaction

intermediates and pathways. The obtained results show that the room-temperature rate constants of the

reactions between Folpet and OH radicals, NO3 radicals and O3 are about 3.69 � 10�14, 5.40 � 10�15,

and 1.73 � 10�22 cm3 per molecule per s at 298 K, respectively. Considering the oxidant concentration

in the atmosphere, Folpet seems to be mainly scavenged by NO3 radicals, especially at night. This study

can contribute to a better understanding of the atmospheric fate of Folpet, elucidating a significant

impact of NO3 radicals on its degradation process in comparison with other oxidants such as O3 and OH

radicals.
Introduction

Pesticides are widely used to kill pests and increase crop yields
around the world. This inevitably leads to a release of envi-
ronmental and foodborne contaminants, which has been
shown to cause many diseases including cancer.1 Thus the
environmental fate of pesticides has become a hot topic. Up to
90% of pesticides applied in the agricultural eld do not reach
the target site, but end up being found in the soil, water and
atmosphere.2 It is worth noting that 30–50% of pesticides are
transferred to the atmosphere via spray dri, evaporation,
volatilization and windblown soil.2–5

Folpet (N-trichloromethyl-thio-phthalimide) is a nonspecic
sulfenimide fungicide, which consists of a phthalimide moiety
(PI) and a trichloromethylthio group (SCCl3) (Fig. 1). Since 1952,
Folpet has been widely employed on grapevines and other fruit
trees to prevent diseases caused by mildew, grey mould,
spoilage fungi and wood-decay fungi.6,7 In addition, Folpet is
also used as a raw material in the production of oil-based
paints, coatings and plastics.8

Due to a low vapor pressure (2.1� 10�5 Pa at 25 �C), Folpet is
expected to found in both gas phases and particulate phases of
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the atmosphere. In general, the reported values are the sum of
the pesticides present in both the gas and particulate phases,
although some studies have separately reported the distribution
in gases and particles. The air Folpet concentrations assessed in
different places of the world range from pg to ng per m3. A study
by Raina et al. in the Lower Fraser Valley agricultural region of
Canada reveals a maximum air Folpet total concentration of 1.7
ng m�3.9 The maximum Folpet total concentration detected by
Coscollà et al. in the Central Region of France during a period of
2006–2008 was as high as 82.2 ng m�3.10 In turn, Folpet
concentrations in the Centre of Reims (France), were reported
to be not higher than 4.70 ng m�3.11 Furthermore, these
assessed during sampling campaign by Schummer et al. varied
from 0.39 to 11.3 ng m�3, and Folpet was mostly present in the
gas phase (about 68%).12 Finally, high levels of PM10 Folpet
concentrations from 11.4 to 162.0 pg m�3 were found within 24
hours of sampling in Spain.13
Fig. 1 The structure of Folpet.
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Once in the atmosphere, the fate of pesticides is dictated by
dry and wet deposition,14 as well as by the chemical processes
including photolysis and oxidation initiated by atmospheric
oxidants such as O3, OH, and NO3 radicals.15–20 Wet and dry
deposition are physical removal processes and will not be
removed from the environment. In turn, the efficiency of
photolysis depends on three factors: absorption cross section,
quantum yield for photo-induced reactions, and actinic ux of
solar radiation. While the photon ux can be accurately calcu-
lated as a function of time of day, season and latitude, the
measurement of absorption cross-sections and quantum yield
can not presently be estimated.21 Thus, photolysis rates can not
be estimated reliably. Oxidation induced by atmospheric
oxidants is expected to play a major role in the atmospheric
chemistry of pesticides. In this respect, studying the mecha-
nism and kinetics of atmospheric chemical reactions to
understand the behavior of pesticides in the environment is an
important task.

Earlier studies reveal that pesticides undergo oxidation reac-
tions with atmospheric oxidants. Dang et al. investigated the
atmospheric oxidation of p,p0-dicofol by OH and NO3 radicals,
and the rate constants for the reactions of p,p0-dicofol with OH
and NO3 radicals are 1.51 � 10�12 and 8.88 � 10�14 cm3 per
molecule per s, respectively.22 El Masri et al. studied the kinetics
andmechanism of heterogeneous oxidation of chlorpyrifos (CLP)
and chlorpyrifos oxon (CLPO) by O3 and OH radicals at room
temperature using a photochemical reactor coupled to a GC/MS
analytical system.23 The result shown that the rate constants for
the reactions of CLP and CLPO with O3 are (1.2� 0.1)�10�19 cm3

per molecule per s and (2.9� 0.7)�10�21 cm3 per molecule per s,
respectively. And the rate constants of CLP and CLPO with OH
radical range between 6� 10�12 and 2� 10�14 cm3 per molecule
per s. There are also some pesticides with atmospheric oxidants
has already been studied. But unfortunately, there are still a few
studies concerning the degradation of Folpet by atmospheric
oxidants.24,25 To date, there are still a few studies concerning the
degradation of Folpet by atmospheric oxidants. Among them, two
works were dedicated to the determination of the kinetic rate
constants for the reactions between Folpet, O3 and OH radicals in
the heterogeneous phase.26,27 Their values were (2.6 � 0.2) �
10�20 cm3 per molecule per s for the reaction induced by O3 and
(1.6 � 0.9) � 10�13 cm3 per molecule per s in the case of the
process involving the OH radical. Furthermore, it was shown that
pesticide reactivity in the heterogeneous phase may be affected
by the chemical properties of the supporting surface.26 In this
study, the degradation processes of the gas-phase Folpet with O3,
OH andNO3 radicals were investigated via the quantum chemical
calculation approaches, which can effectively provide informa-
tion on the reaction intermediates and pathways. The rate
constants of all initial pathways were then used to assess the fate
and resistance of Folpet in the atmosphere.

Computational methods
Mechanism computations

All thermodynamics calculations were performed using
Gaussian 09 soware.28 The geometrical parameters of
© 2021 The Author(s). Published by the Royal Society of Chemistry
reactants, intermediates, transition states (TS) and products in
each elementary reaction were optimized by applying M06-2X
functional with a standard 6-31+G(d,p) basis set. Zheng et al.
has employed 348 model chemistries to calculate the 24 barrier
heights in the DBH24/08 database, which including heavy-atom
transfer (HATBH6), nucleophilic substitution (NSBH6), unim-
olecular and association (UABH6), and hydrogen-transfer
(HTBH6) reactions.29 The selected M06-2X/6-31+G(d,p) was
proven to meet the need of both high accuracy and low
computational cost. In this paper, TSs were examined by
vibrational frequency analysis. A larger basis set, 6-
311++g(3df,3pd), was used in the same method to obtain more
accurate single energies.
Kinetics computations

Using the above calculated potential energy surface, the kinetics
were obtained using KisThelP soware based on the Transition
State Theory (TST) with a Eckart tunneling correction factor.30,31

The following thermodynamic equivalent is employed in
KiSThelP:32

kTSTðTÞ ¼ s
kbT

h

�
RT

P0

�Dn

e�DG
0;sðTÞ=kbT (1)

where s is the reaction path degeneracy, kb is the Boltzmann's
constant, T is the temperature, h is the Planck's constant, RT/P0

has units of inverse concentration (R is the ideal gas constant at
P0 ¼ 1 bar), Dn is 1 or 0 for gas-phase bimolecular or unim-
olecular reactions, respectively, and DG0,s(T) represents the
standard Gibbs free energy of activation for the considered
reaction. A scaling factor of 0.967 was imposed on the
frequencies calculated at the M06-2X/6-31+G(d,p) level.33
Results and discussion
Reactions with OH radicals

Atmospheric OH radical mainly originates from the photolysis
of ozone in the presence of water (O(1D) + H2O / 2OH).34 It is
oen called the “detergent” of the troposphere: reacting with
many organic compounds and pollutants, it decomposes them
through “cracking”, oen acting as the rst step to their
removal. Furthermore, OH radical plays an important role in
eliminating some greenhouse gases like methane and ozone, as
well as inactivating pathogenic viruses and bacteria and neu-
tralising allergenic pollens and mould spores. The reaction of
the OH radical with an organic compound can be described by
the two general processes: OH radical addition and H-atom
abstraction.35 For convenience, the atom number of Folpet is
labeled in Fig. 1. As seen, a Folpet structure has four different
carbon sites relative to the –SCCl3 group, which can be attacked
by OH radicals: the carbon atom of C]O (CA, CB), a-position
carbon (Ca-C1, C6), b-position carbon (Cb-C2, C5), and l-position
carbon (Cl-C3, C4). To avoid repetition, C1, C2 and C3 positions
were described in following article. H-atom abstraction will
occur at the H atom linked with Cb and Cl atoms. C2 and C3

positions were described as examples. The reaction pathways of
OH radical addition and H atom abstraction are depicted in
RSC Adv., 2021, 11, 2346–2352 | 2347



Fig. 3 The optimized transition state structures of Folpet with OH and
NO3 radicals.
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Fig. 2. In this gure, the potential barriers (Eb) and the reaction
heat (Er) are marked as well. The optimized transition state
structures of Folpet with OH radicals are shown in Fig. 3.

(A) OH radical addition pathways. OH radical addition to
an aromatic ring can occur at C1, C2 and C3 positions through
three transition states, i.e., TS1-1(OH), TS1-2(OH), and TS1-
3(OH), respectively. The potential barriers for these processes
are at the level of 3.30–4.25 kcal mol�1. The distance between
the OH radical and the C atom inside the transition state covers
a range from 1.964 to 1.992 Å. All these processes are strongly
exothermic, resulting in at least 9.06 kcal mol�1 of the energy
released. Compared with addition reactions involving the
aromatic rings, the OH radical added to CA at the C]O bond
generates IM1-A(OH) with a higher potential barrier
(12.60 kcal mol�1). The length of a newly formed CA–O bond in
TS1-A(OH) is 1.826 Å. This process is also exothermic, but the
amount of energy released (4.68 kcal mol�1) is less than that
during the addition to the aromatic ring. Thus, OH radical
addition to the aromatic ring is an energetically more favorable
reaction pathway.

(B) H atom abstraction pathways. As seen in Fig. 2, due to
its nucleophilicity, OH radical can abstract the H atoms at C2

and C3 positions, generating two intermediates (IM1-10 and M1-
20) and H2O. The potential barriers for these processes are 2.73
and 4.53 kcal mol�1, respectively, which are comparable to the
above described OH radical addition to the aromatic ring. What
is more, these reactions are also exothermic, yielding the
energies of 3.70 and 5.92 kcal mol�1, which are inferior to the
value associated with the addition reaction to the aromatic ring.

(C) Reaction rate calculations. The contributions of the six
pathways during the reactions between Folpet and OH radicals
were evaluated via the kinetics studies of the initial reaction. For
this, reactions were simulated in a temperature range of 268–
313 K (at a step of 5 K) using KisThelP soware. The rate
constant k of each reaction pathway and the branching ratio R at
different temperatures are shown in Fig. 4. The rate constant of
the overall OH radical addition reaction for a multichannel
reaction of Folpet with the OH radical is denoted as kadd(OH).
Fig. 2 The potential barriers Eb (kcal mol�1) and reaction heats Er (kcal
mol�1) at 298 K for the possible reactions of Folpet with OH radicals.

2348 | RSC Adv., 2021, 11, 2346–2352
The rate constant for the H-atom abstraction is referred to as
kabs(OH). The total rate constant for the reaction involving
Folpet and OH radicals is ktotal(OH), where ktotal(OH)¼ kadd(OH)
Fig. 4 The rate constants and branching ratios of the reaction of
Folpet with OH radical at 268-313 K using the TST theory.

© 2021 The Author(s). Published by the Royal Society of Chemistry



Fig. 5 The potential barriers Eb (kcal mol�1) and reaction heats Er (kcal
mol�1) at 298 K for the possible reactions of Folpet with NO3 radicals.

Table 1 The total rate constants (k) and the branching ratios (R) at 298
K for each reaction site of Folpet with NO3 radical

Reaction
k298 K (cm3 per
molecule per s) R (%)

Folpet + NO3 / IM1-a(NO3) 1.03 � 10�16 1.9
Folpet + NO3 / IM1-b(NO3) 2.88 � 10�15 53.3
Folpet + NO3 / IM1-l(NO3) 2.42 � 10�15 44.8
Folpet + NO3 / IM1-C]O(NO3) 4.19 � 10�28 0
Folpet + NO3 / IM1-b0(NO3) 2.07 � 10�21 0
Folpet + NO3 / IM1-l0(NO3) 4.28 � 10�20 0
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+ kabs(OH). The branching ratio (R) for the ith entrance channel
is determined as ki(OH)/ktotal(OH).

As seen in Fig. 4(a), the rate constants of a-add, b-add, l-add,
C]O-add, b-abs and l-abs reactions are 1.38 � 10�15, 1.80 �
10�15, 1.02 � 10�14, 1.48 � 10�21, 1.66 � 10�14, and 6.86 �
10�15 cm3 per molecule per s at 298 K and 1 atm pressure,
respectively. Since the rate constant of C]O-add reaction is
much lower than others, this pathway is not dominant and can
be negligible. The kadd(OH) and kabs(OH) values are found to be
1.34 � 10�14 and 2.35 � 10�14 cm3 per molecule per s, respec-
tively, thus both OH radical addition reactions and H atom
abstraction are important for Folpet. The ktotal(OH) parameter is
3.69 � 10�14 cm3 per molecule per s, which is slightly lower
than that of (1.6 � 0.9) � 10�13 cm3 per molecule per s in the
heterogeneous phase.27

The branching ratio (R) can more intuitively express the
contribution of each pathway. Fig. 4(b) shows the R values of all
reaction pathways. Here, the dominant pathways are b-abs and
l-add, whose R values are around 47% and 27% within
a studied temperature range. While the R value of b-abs pathway
decreases from 51.8 to 42.3% with increasing temperature, that
of l-add rises from 25.2 to 28.5% within the above range of
temperatures, implying that the increase of temperature is
benecial to l-add pathway. As for other pathways, their degrees
of contribution to the OH-initiated transformation of Folpet can
be described by the following sequence: l-abs > b-add > a-add >
C]O-add.

Based on these results, it can be concluded that both OH
radical addition and H-abstraction are important in the reac-
tions between Folpet and OH radicals. Among them, b-abs is
a dominant abstraction process, whereas the OH radical addi-
tion mainly acts on the Cl sites.
Reactions with NO3 radicals

The atmospheric NO3 radical is derived from the reactions NO +
O3/NO2 + O2 and NO2 + O3/NO3 + O2.36 Since this is a short-
lived component with a lifetime of just about 5 s, its concen-
tration remains low during the day, but it can be accumulated at
night. Similar to the reactions with OH radicals, the NO3 radical
can be attached to the aromatic ring or the C]O bond, or can
abstract an H atom from the C–H bond. The possible reactions
of Folpet with NO3 radicals are illustrated in Fig. 5, and the total
rate constants (k) along with branching ratios (R) of each reac-
tion site at 298 K are listed in Table 1.

According to data in Fig. 5, the addition reactions at the
aromatic rings seem to be energetically favorable reaction
pathways. These processes are exothermic, releasing energies of
4.60–12.46 kcal mol�1, and possess low potential barriers (1.42–
3.13 kcal mol�1), being in contradiction to the reactions of OH
radical addition and H atom abstraction that proceed with high
activation barriers (Eb ¼ 8.02–19.63 kcal mol�1, Er ¼ 3.09–
6.98 kcal mol�1).

A comparative analysis of the k and R parameters at 298 K
(Table 1) allows one to conclude that the rate constants for the
addition reactions are much greater than those associated with
the abstraction reactions, thus indicating a 100% contribution
© 2021 The Author(s). Published by the Royal Society of Chemistry
of the addition reactions to the total process. The total rate
constant is found to be 5.40 � 10�15 cm3 per molecule per s,
which is close to the values of reference compounds, such as 4.0
� 10�15 cm3 per molecule per s of benzyl alcohol,37 6.8 � 10�14

cm3 per molecule per s of dibenzo-p-dioxins,38 and 9.3 � 10�15

cm3 per molecule per s of dibenzofurans.39
Reactions with O3 radicals

O3 is a powerful oxidizing agent, which comes from eddy
diffusion in the stratosphere or the photolysis of NO2.35,40Unlike
OH and NO3 radicals, the reaction of O3 with Folpet is only
possible via the addition to the aromatic ring or the C]O bond,
but never through the H-atom abstraction from a C–H bond. For
O3 added to Folpet, there are ve eventual pathways (see Fig. 6).

According to the thermodynamic perspective, the addition to
the aromatic ring is easier to occur than that to a C]O bond. In
all the pathways, the addition of O3 to C2]C3 and C3]C4 bonds
results in the lowest barriers and the highest energies released.
Table 2 show the total rate constants (k) and branching ratios
(R) of each reaction site. The total rate constant of Folpet with
O3 is 1.73 � 10�22 cm3 per molecule per s at 298 K, which is two
orders of magnitude lower than that obtained in the heteroge-
neous phase.26 As seen in Table 2, the addition reactions
involving Cb]Cl and C3]C4 bonds dominate over those with
RSC Adv., 2021, 11, 2346–2352 | 2349



Fig. 6 The potential barriers Eb (kcal mol�1) and reaction heats Er (kcal
mol�1) at 298 K for the possible reactions of Folpet with O3 radicals.

Table 2 The total rate constants (k) and the branching ratios (R) at 298
K for each reaction site of Folpet with O3

Reaction site k298 K (cm3 per molecule per s) R (%)

Ca]Cb (O3) 8.43 � 10�24 5.0
Cb]Cl (O3) 5.25 � 10�23 31.2
C3]C4 (O3) 1.02 � 10�22 59.9
C1]C6 (O3) 6.59 � 10�24 3.9
C]O (O3) 4.22 � 10�34 0

Fig. 7 The profile of the potential energy surface for the subsequent re

2350 | RSC Adv., 2021, 11, 2346–2352
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Ca]Cb and C1]C6 bonds within a studied temperature range.
Consequently, the addition to a C]O bond can basically be
ignored. It is worth noting that, while the branching ratios for
the reactions with Cb]Cl and C3]C4 bonds exhibit a slightly
downward trend over the investigated temperature range,
others are gradually rising.
The subsequent reactions of IM1-3(OH) and IM1-10(OH)

In all the reactions, the OH radical addition to l-site and H
atom abstraction from b-site are most kinetically favored, thus
IM1-3(OH) and IM1-10(OH) are chosen as examples to illustrate
the subsequent reaction in the atmosphere. The reaction paths
are shown in Fig. 7 and 8, respectively.

(A) The fate of IM1-3(OH). In the atmosphere, IM1-3(OH)
can be oxidized further by ubiquitous O2. The O2 addition to
the p-delocalized electron systems of the IM1-3(OH) adducts
occurs at both ortho-carbon atoms as well as the para-carbon of
the C3 position, producing peroxy radical isomers as depicted in
Fig. 8. The potential barrier of the addition reactions ranges
from 4.12 to 6.52 kcal mol�1, and all the reactions are
exothermic. Among them, the reaction barrier added to the
para-carbon is the lowest and most likely to occur. Then the
peroxy radical adduct IM2-2 can undergo further reaction via
isomerization under low-NOx conditions or reaction with NO
under high-NOx conditions.

Under low-NOx conditions, the O atom of O2 can attack the C
atom of benzene ring to form ve-member ring adduct (IM3-1
and IM3-2) or the four-member ring adduct (IM3-3 and IM3-
actions of IM1-3(OH).

© 2021 The Author(s). Published by the Royal Society of Chemistry



Fig. 8 The profile of the potential energy surface for the subsequent
reactions of IM1-10(OH).
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4). All the isomerization reactions will pass through a high
potential barrier and require heat absorption. Among them, the
reaction forming IM3-2 has the lowest barrier. It will open up
the O–O bond to form the intermediate IM4-1 subsequently. A
three-member ring is formed simultaneously with the rupture
of the O–O bond. The carbonyl free radical IM4-1 can abstract
the H atom from H2O to reach a stable state P1 and the OH
radical will be regenerated simultaneously. The regenerated OH
radical will initiate a new round of reaction.

Under high-NOx conditions, it includes three elementary
reactions: NO addition, NO2 elimination, and reaction with
H2O. It should be pointed out that NO addition is a barrier-free
combination and a strong exothermic process, resulting in an
energy-rich intermediate that can be further reacted through
unimolecular decomposition. The NO2 elimination reaction has
a high potential barrier of 51.35 kcal mol�1, so it is the rate-
determining mining step in the reaction path. The carbonyl
free radicals IM4-2 can abstract the H atom in H2O to regenerate
OH radical and P2.

(B) The fate of IM1-10(OH). IM1-10(OH), as a radical, is quite
active and can further react with O2, NO and NO2 in the atmo-
sphere. Among them, NO and NO2 can be added with O
terminal or N terminal. The calculation results show that all
reactions are barrierless. In all the reactions, the O-terminal
addition reaction of NO2 releases the most energy, up to
76.80 kcal mol�1. The IM2-ONO can continue to react with H2O
to produce HONO and P3. The barrier of this reaction is
10.08 kcal mol�1, it will release 10.14 kcal mol�1 of heat. The
HONO is one of the main atmospheric sources of OH radicals
which drive the chemistry of the troposphere.
The atmospheric lifetimes

The atmospheric lifetimes (s) of Folpet corresponding to its
reactions with highly reactive oxidants are dened by the
formula: s ¼ 1/(kx[X]), where [X] is the atmospheric oxidant
concentration. The concentration ranges of OH radical, NO3

radical and O3 are 3.5 � 105 to 2.00 � 106, 3 � 107 to 9 � 108
© 2021 The Author(s). Published by the Royal Society of Chemistry
and 4.67 � 1011 to 1.17 � 1012 molecules per cm3, respec-
tively.40–42 Using the above determined rate constants k, the
lifetimes of Folpet with respect to O3 is hundreds of years
(159.2–398.9 years) in comparison to 5.2–29.8 months and 2.38
days to 2.38 months against OH radical and NO3 radical. If the
average concentration of OH radicals for 12 h daytime (1.6 �
106 molecule cm3)43 and the average concentration of NO3

radicals for 12 h nighttime (1.1 � 108 molecule cm3)42 are used,
the lifetime of about 6.5 months and 19.5 days are obtained,
which shows that Folpet is relatively persistent towards oxida-
tion removal processes.

Conclusions

The atmospheric oxidation mechanisms and kinetic
phenomena arising in the reactions of Folpet with OH radicals,
NO3 radicals and O3 were investigated using the DFT method.
Two general reaction mechanisms were used to describe the
above processes: (1) addition to the aromatic rings and C]O
bonds, initiated by the OH radicals, NO3 radicals and O3 and (2)
H-abstraction from C–H bonds, induced by OH and NO3 radi-
cals. While both the addition and H-abstraction were shown to
be important for the OH radical-initiated reactions, the addition
to the aromatic ring was found to dominate over the H-
abstraction in the case of processes with NO3 radicals. The
room-temperature rate constants of the reactions involving OH
radicals, NO3 radicals and O3 were about 3.69 � 10�14, 5.40 �
10�15, and 1.73 � 10�22 cm3 per molecule per s, respectively.
Considering the atmospheric oxidant concentrations, Folpet
was shown to be mainly scavenged by NO3 radicals, especially at
night time.
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