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The advanced oxidation process based on persulfate has been proven to be a promising method for
degrading the highly toxic carbamate pesticide carbofuran (CBF). However, the mechanism of CBF
degradation by sulfate radicals (SO4-7) and hydroxyl radicals (-OH) is still unclear and requires further
research and discussion. This study investigated the mechanism and toxicity assessment of CBF
degradation using density functional theory (DFT) theory calculation methods. The results indicated that
SO4-~ and -OH can undergo addition and abstraction reactions with CBF. Thermodynamic and kinetic
analysis showed that the abstraction reaction between SO4-~ and the secondary H atom is the optimal
reaction pathway, exhibiting the highest branching ratio (I' = 41.84%). The rate constants for the
reactions of CBF with SO4-~ and -OH at room temperature were found to be 3.66 x 10° and 8.96 x 108

Mt st respectively, which are consistent with experimental data reported in previous studies. The
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1 Introduction

Carbofuran (CBF) is a broad-spectrum systemic N-methyl
carbamate pesticide widely used as an insecticide, nematicide,
and acaricide in agriculture, household, and industrial
sectors."* It belongs to the highly toxic pesticides among all n-
methyl carbamate insecticides, posing significant acute toxicity
to humans.>* CBF is particularly hazardous to birds among
various environmental organisms.>® When raptors, small
mammals, or reptiles feed on small birds that have been
poisoned to death by carbofuran, it can cause secondary
poisoning and lead to death. CBF is soluble in water and highly
mobile in soil, with a long half-life of up to 50 ~ 110 days.”® And
it can contaminate groundwater and nearby water bodies
through precipitation runoff.” Research indicates that exposure
to CBF concentrations of 0.0044 mg L™" or higher for more than
7 days in aquatic environments can alter the histology of gills,
liver, and kidneys in Nile tilapia, thereby compromising fish
health.” Moreover, studies suggest serious neurological
damage in humans associated with CBF, potentially linking it to
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cancer."* Therefore, due to its endocrine-disrupting effects and
neurotoxic inhibition, CBF poses high risks to aquatic ecosys-
tems and public health, emphasizing the critical need to control
its presence in aquatic environments.

Currently, methods for removing CBF from drinking water
and wastewater mainly include adsorption, bioremediation,
and chemical degradation."”® Sugarcane bagasse-peanut shell
magnetic composites, bamboo shoot shell-based activated
carbon, and coated polystyrene beads have been studied for
their adsorption capabilities in water containing CBF."”"* While
these methods show promising results, effective treatment of
the waste and pollutants generated during the adsorption
process is currently lacking, posing environmental risks.*
Additionally, bioremediation is considered a time-consuming
process.?** Therefore, chemical degradation is seen as
a viable approach for treating CBF-contaminated water bodies,
particularly through persulfate-based advanced oxidation
processes (AOPs).>* Many laboratory and field studies have
shown that persulfate-based AOPs has been widely applied to
pesticide pollutants in the environment, such as dimethoate,
ethyl-parathion, atrazine, and imidacloprid.***” This tech-
nology generates reactive oxygen species (ROS) such as sulfate
radicals (SO, -, E° = 2.5-3.1 V), which have a higher redox
potential compared to hydroxyl radicals (-OH, E° = 2.8 V).*®
Additionally, SO,- ~ has a longer half-life, faster kinetics, greater
stability, and a larger transport distance, can operate over

© 2024 The Author(s). Published by the Royal Society of Chemistry
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a broader pH range.* Therefore, it represents a promising
technology for the treatment of organic pollutants.

In general, the ROS produced during the activation process
of persulfates vary depending on the activation method used.
These species primarily include SO,-~, -OH, singlet oxygen
(*0,), and superoxide anions (O, ~).** Accurately analyzing the
ROS in AOPs is crucial for understanding the degradation
mechanisms of pollutants. Identification methods include
electron paramagnetic resonance (EPR), high performance
liquid chromatography (HPLC), fluorescence probes, and
quenching experiments.** EPR is effective in detecting reactive
species in water but cannot detect surface-bound radicals.**
HPLC is affected by various factors in complex systems, and its
accuracy needs further improvement.** Fluorescence probe
methods can be interfered with by background light sources
when detecting '0,.** Quenching experiments, as a simple and
effective ROS detection method, not only identify the types of
ROS but also calculate and analyze their contribution rates and
concentrations, and have been widely used in ROS detection.**
Samy et al. synthesized a novel nanocomposite of magnetite for
the first time, combining photocatalysis with persulfate activa-
tion to synergistically generate more radicals, achieving
a degradation efficiency of 92.8% for CBF in a short time.*
Through quenching experiments, with the addition of the
ethanol (SO,-~ scavenger), isopropanol (-OH scavenger),
sodium azide (O, scavenger) and benzoquinone (O, scav-
enger), the degradation efficiency decreased to 28.8%, 46%,
90.3% and 80.4%, respectively, confirming the crucial roles of
-OH and SO,- . Jiang et al. developed cobalt-based catalysts to
activate persulfate for CBF degradation, determining the
contributions of -OH and SO,-~ through quenching experi-
ments and EPR tests.”® Persulfate technology rapidly oxidizes
and decomposes recalcitrant CBF, achieving effective treatment
with better environmental and safety profiles compared to other
chemical degradation methods. However, the precise mecha-
nism of persulfate technology for CBF degradation remains
unclear and requires further research and discussion.

Density functional theory (DFT) calculations can assist in
studying the mechanism of radical reactions and in researching
the kinetic processes of reactions.*®*” Atifi et al. studied the
photodegradation of CBF in aqueous medium using DFT
method and explained the dissociation behavior after irradia-
tion based on thermodynamic analysis of the bond dissociation
energy of CBF.*® According to the calculations, the photo-
degradation of CBF is predicted to occur through the C-O bond
cleavage in the carbamate moiety. The results of the Laser Flash
Photolysis (LFP) experiment showed the generation of phenoxyl
groups, which is consistent with the theoretical calculations.
Cwielgg—Piasecka et al. applied DFT method to study the
oxidation reaction of CBF with -OH, where hydrogen atom
transfer is the preferred mechanism.*® Currently, there is no
theoretical study on CBF with SO,-~, and research on the
interaction with -OH is limited to initiation steps, with the
degradation mechanism remaining unclear. Therefore, this
study proposes to use DFT calculations to investigate the
degradation mechanisms of CBF with SO,-~ and -OH. In
addition, in many cases, products formed during degradation
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often exhibit higher toxicity than the parent compounds.*®*
Thus, ecological toxicity assessments also explore the potential
environmental risks of CBF and its products. These findings will
provide theoretical support for the treatment of CBF wastewater
using persulfate oxidation.

2 Computational methods

All geometrical optimizations involved in the degradation
process were performed using Gaussian 16 program.*” The
geometric configurations of reactants (R), intermediates (IM),
transition states (TS), and products (P) were optimized at the
M06-2X/6-31+G(d,p) level of theory. Previous studies have
shown that M06-2X is one of the best functionals for a combi-
nation of main-group thermochemistry and kinetics.**** For
more accurate energy evaluations, single-point energy calcula-
tions were performed at the M06-2X/6-311++G(3df,3pd) level on
all structures. To account for solvent effects in the entire system,
the solvation model density (SMD) model based on self-
consistent reaction field theory was employed.*

KisThelP software, based on transition state theory (TST) and
Wigner tunneling correction, was used for the kinetic calcula-
tions.***” The thermodynamic equivalent of eqn (1) is employed
in KiSThelP.*¢

AGY*(T)

kT - kT 1)

0g——¢€

TST _
KIU(T) = o=

Where ¢ is the reaction path degeneracy, k;, is the Boltzmann's
constant, T is the temperature, /7 is the Planck's constant,
AG®” (T) represents the standard Gibbs free energy of activation
for the considered reaction.

Lastly, toxicity assessments of CBF and its degradation
products were conducted using the Ecological Structure Activity
Relationship (ECOSAR) predictive model.*® In the model, fish,
water fleas, and green algae were selected as aquatic organisms
to assess acute and chronic toxicity risks. Acute toxicity to fish
and water fleas was evaluated using the median lethal concen-
tration (LC50), indicating the concentration at which 50% of
fish and water fleas die after 96 hours and 48 hours of exposure,
respectively. The acute toxicity to green algae was determined
using the median effective concentration (EC50), representing
the concentration at which 50% of the algae show adverse
effects after 96 hours of exposure.

3 Results and discussion
3.1 Structural analysis of CBF

The structure of CBF is depicted in Fig. 1(a), with each atom
numbered for clarity. In the structure of CBF, there is a phenyl
ring, a furan ring, an amino formate group, and three methyl
groups. To elucidate the sensitivity of its potential reaction
sites, we plotted the electrostatic potential (ESP) distribution of
CBF in Fig. 1(b) and highlighted the Fukui function () and dual
descriptor (CDD) values of CBF in Table 1.

In the ESP distribution map, red and blue colors represent
electron-deficient and electron-rich regions of CBF, respectively.
It can be observed that the phenyl ring and the carbamate group
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Fig. 1 (a) The structure of CBF. (b) Molecular surface ESP distribution
diagram of CBF.

Table1 Condensed f° and CDD indices for CBF

Atom f CDD Atom f CDD
1(C) 0.0341 —0.0513 17(H) 0.0269 —0.0199
2(C) 0.0312 —0.0267 18(H) 0.0324 —0.0370
3(C) 0.0674 —0.1068 19(H) 0.0354 —0.0046
4(C) 0.0281 —0.0385 20(H) 0.1086 0.1935
5(C) 0.0319 —0.0626 21(H) 0.0983 0.1685
6(C) 0.0400 —0.0760 22(H) 0.0283 0.0466
7(C) 0.0279 0.0498 23(H) 0.0615 0.0946
8(C) 0.0494 0.0797 24(H) 0.0050 —0.0037
9(C) 0.0109 —0.0121 25(H) 0.0149 —0.0085
10(C) 0.0097 —0.0049 26(H) 0.0216 —0.0130
11(C) 0.0122 —0.0116 27(H) 0.0183 —0.0101
12(C) 0.0054 —0.0087 28(H) 0.0179 0.0001
13(0) 0.0189 —0.0138 29(H) 0.0111 —0.0033
14(0) 0.0198 0.0249 30(H) 0.0222 —0.0159
15(0) 0.0622 —0.1301 31(H) 0.0215 —0.0212
16(N) 0.0232 0.0150

have lower electrostatic potential values, making them suscep-
tible to attack by electrophilic reactive oxygen species SO,-~ and
-OH. According to the values of f° and CDD for CBF, higher f°
values indicate greater susceptibility to attack by reactive radi-
cals, while more negative CDD values suggest greater suscepti-
bility of that region to attack by electrophilic reagents.*’ The f°
values at C; and Cg positions on the phenyl ring are highest, and
the CDD values at C; and Cs on the phenyl ring are most
negative, indicating that these are the sites most susceptible to
attack by SO, -~ and -OH. Furthermore, the f° value at O,
position is relatively high, and its CDD value is the lowest,
suggesting it is susceptible to attack by reactive radicals or
electrophilic reagents. However, being a saturated site, it makes
it difficult for it to react with radicals.

In addition, SO, and -OH are highly oxidative and readily
undergo hydrogen atom abstraction reactions.*® Therefore, the
next focus will primarily be on the addition reactions of SO4-~
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and -OH with the phenyl ring and the C=0 bond in the formate
group, as well as their hydrogen atom abstraction reactions.

3.2 The addition reaction of CBF with SO,-~ and -OH

Fig. 2 and 3 illustrate the addition reactions of CBF with SO,-~
and -OH, respectively. In the figures, AG” represents the Gibbs
free energy barrier, and A,G denotes the change in Gibbs free
energy of the reaction, measured in kcal mol~*. The transition
state configurations of CBF reacting with SO,-~ and -OH are
depicted in Fig. S1 and S2,t respectively.

For the addition reaction of CBF with SO,-~, the analysis of
AG” and A.G for all C positions on the phenyl ring was con-
ducted. It is observed that AG” ranges between 2.11 and
6.49 kcal mol ™. Notably, the AG™ values at the C; and Cgq
positions are the lowest, at 2.11 and 2.76 kcal mol *, respec-
tively. This is consistent with the results obtained from the
analysis using f° and CDD values.

Apart from the A,G value being positive at the C; position, all
others are negative, indicating that the addition reaction of
SO,-~ with the phenyl ring is spontaneous. The addition reac-
tion of SO,-~ with the C=0 bond in the formate group shows
a AG” of 22.35 kcal mol ™, indicating that the potential barrier
is much higher than that of the addition reaction with the
phenyl ring. The A.G is 17.42 kcal mol *, which is positive,
indicating that the reaction cannot proceed spontaneously.

The addition reaction of CBF with -OH, as shown in Fig. 3,
follows a pathway similar to the addition reaction with SO, .
The AG” for the addition to the phenyl ring ranges from 5.39 to
8.98 kecal mol %, with the lowest AG™ still observed at the C; and
Ce positions. All reactions exhibit negative A,G values, indi-
cating that the addition of -OH to the phenyl ring of CBF is
spontaneous. Through the analysis of AG™ and A.G, it is
evident that the addition reaction of -OH with the C=0 bond in
the formate group presents a higher energy barrier (AG™ =

N
\ C CH,
HO! - C
nc (.« e ©°
HC 2
o—C
Si H, “Hy . CHy
035m & CH; HN-—CH; H;C
H ! . ¢ cH IMI-1(50,) we—en
A oo o
HC (- Jc O TSI-1(50,) “‘(J 0“’;’ HC c
ArG=042 .
HC—C o ~ ! HE € o
TS1-2(S0,) H,  CH,
o C ¥ c? CHs TSI1-7(S0,) v o
HN-CH, AG'=649 i} ¢ cHy 0,5m=—0 HN-—CHy
IM1-2 " aG—03s yamn AGT2235 IM1-7
2809 HC c© ArG=17.42 7509
. cn,  TSIS(50, — 0 CHy
Hy  CH,; 4 HC—C / - CH, :
osmg, e AGH =211 0—C TS1-6(50;) ¢ CH,
iH( C AIG=-3.05 CBF HN—CH; AG'=276 ™~
o 4 L0 ¢
Hi € - )C ArG=-144 HC ( - (\0/505
HC ¢ P He ¢ p
o—d TS1-4(S0) /aG*=5.28 AG*=2.89\ TS1-5(S0,) o-C
AN—cH, ArG=-024 ArG=-3.96 . N—cn,
IM1-3(S0,) ?z CHy Hy CH; IM1-6(S0,)
¢
CCH,
HC—C ° HC—C C—CH
el . e © wd (Ve ©
—c 0 Ho i 0
os? o C
0,570
HN-——CH; > HN-— CH;
IMI-4(S0,) IMI-5(50,)

Fig. 2 The Gibbs free energy barrier AG* (kcal mol™) and the Gibbs
free energy change A,G (kcal mol™?) at 298 K for the addition pathways
of CBF with SO4- .
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Fig. 3 The Gibbs free energy barrier AG™ (kcal mol™) and the Gibbs
free energy change A,G (kcal mol ™) at 298 K for the addition pathways
of CBF with -OH.

21.72 kcal mol™') and is

6.88 kcal mol ).

non-spontaneous (A,G =

3.3 The abstraction reaction of CBF with SO,-~ and -OH

Due to the strong oxidizing properties of SO,-~ and -OH, they
are prone to undergo hydrogen (H) atom abstraction reactions.
There are four types of H atoms on CBF: H atoms on the phenyl
ring (H;7, Hyg, and H;o), H atom on the amino group (H,),
primary H atoms (H,; ~ Hyg), and secondary H atoms (Hjz, and
Hj,). The specific reaction pathways are shown in Fig. 4 and 5.

For the H atom abstraction reactions between CBF and
S04+, the AG™ for H atom abstract from the phenyl ring is
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Fig. 4 The Gibbs free energy barrier AG™ (kcal mol™) and the Gibbs
free energy change A,G (kcal mol™) at 298 K for the abstraction
reactions of CBF with SO4- .
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Fig. 5 The Gibbs free energy barrier AG* (kcal mol™) and the Gibbs
free energy change A,G (kcal mol™) at 298 K for the abstraction
reactions of CBF with -OH.

between 19.05 to 21.99 kcal mol !, with A.G being negative or
close to negative; for H atom abstract from the amino group, the
AG™ is 11.20 kcal mol ™!, with A,G of —4.75 kcal mol; for the
abstraction reactions of primary H atoms, the AG” ranges from
11.37 to 14.24 kecal mol ', while the A,G ranges from —10.40 to
—15.86 kecal mol; for the abstraction reactions of secondary H
atoms, AG” is 1.54 kcal mol ™, with A.G of —24.99 kcal mol*.
From a thermodynamic perspective, the activation barrier for
secondary H atoms abstraction has the lowest potential barrier
and is most likely to occur spontaneously.

Similar results are observed for the H atom abstraction
reactions between CBF and -OH, with the order of AG” being
the abstraction reactions of secondary H atoms < the abstrac-
tion reactions of primary H atoms < H atom abstract from the
phenyl ring < H atom abstract from the amino group. This
research result is consistent with the findings on -OH and the
carbamate insecticide isoprocarb, where H atoms are more
easily abstracted from the -CH(CH3), and -CH; groups than
from the -CONH- group and the aromatic ring.** Additionally,
Xu et al. studied the reactions of N,N-diethyl-m-toluamide with
SO,-~ and -OH at the M06-2X/6-31 + G(d,p) level, found that
hydrogen abstraction from -CH,- is easier than from -CHj;-,
which is consistent with our findings.>® For the abstraction
reactions of secondary H atoms, AG™ is 7.66 kcal mol™", which
is higher than the reaction with SO,- . Therefore, from a ther-
modynamic perspective, the abstraction reaction of CBF with
SO, is slightly easier compared to that of -OH.

3.4 Rate constants analysis

At 298 K, the rate constants (k) for the reactions of CBF with
SO,-~ and -OH were calculated, including all possible addition
and abstraction reactions. The calculation results are shown in
Table 2. In the table, k,qq represents the rate constant for
addition reactions of SO,-~ and -OH, k.ps represents the rate

RSC Adv, 2024, 14, 30582-30589 | 30585
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Table 2 The k and I for in the reaction of CBF with -OH and SO4-~ at 298 K

Reaction krosx M ' s7Y) I (%) Reaction krosx M1 s7Y) T (%)
CBF + SO, — IM1-1(SOy) 2.46 x 107 0.54 CBF + -OH — IM1-1(OH) 1.49 x 107 0.33
CBF + SO, — IM1-2(SO,) 2.88 x 10° 0.06 CBF + -OH — IM1-2(OH) 1.89 x 10° 0.04
CBF + SO, — IM1-3(SO,) 1.09 x 10° 23.86 CBF + -OH — IM1-3(OH) 1.03 x 10° 2.26
CBF + SO, — IM1-4(SO,) 1.99 x 107 0.44 CBF + -OH — IM1-4(OH) 1.81 x 10° 0.04
CBF + SO, — IM1-5(SO,) 1.47 x 108 3.22 CBF + -OH — IM1-5(0H) 5.54 x 10° 0.12
CBF + SO, ~ — IM1-6(SO,) 4.73 x 10° 10.38 CBF + -OH — IM1-6(OH) 7.93 x 10° 16.20
CBF + S0, ~ — IM1-7(SO,) 2.77 x 107* 0 CBF + -OH — IM1-7(OH) 9.13 x 10* 0
kadaSO4- 1.75 x 10° 38.51 kaqqa-OH 8.66 x 10° 18.99
CBF + SO,-~ — IM1-8 + HSO," ~ 1.42 0 CBF + -OH — IM1-8 + H,0 3.95 x 10* 0
CBF + SO,-~ — IM1-9 + HSO," ~ 1.07 x 10* 0 CBF + -OH — IM1-9 + H,0 5.36 x 10° 0
CBF + SO, ~ — IM1-10 + HSO,- 1.89 x 1072 0 CBF + -OH — IM1-10 + H,0 9.48 x 10° 0
CBF + SO, ~ — IM1-11 + HSO,- ~ 8.49 x 10° 0 CBF + -OH — IM1-11 + H,0 1.87 x 10* 0
CBF + SO, ~ — IM1-12 + HSO,* ~ 4.46 x 10* 0 CBF + -OH — IM1-12 + H,0 1.65 x 10° 0.04
CBF + SO, ~ — IM1-13 + HSO4- ™ 3.61 x 10° 0 CBF + -OH — IM1-13 + H,0 4.31 x 10° 0.10
CBF + SO,-~ — IM1-14 + HSO4- 1.24 x 10° 0 CBF + -OH — IM1-14 + H,0 5.82 x 10° 0.01
CBF + SO,-~ — IM1-15 + HSO,- 1.91 x 10° 41.84 CBF + -OH — IM1-15 + H,0 2.32 x 107 0.51
kabsSO4* ~ 1.91 x 10° 41.84 kaps-OH 2.98 x 107 0.66

constant for abstraction reactions of SO,-~ and -OH, and I
represents the branching ratio. The calculation formula for I' is
I' = kilkora, Where keoar is the sum of the rate constants for
addition and abstraction reactions of SO,-~ and -OH with CBF.

Analysis of the calculation results reveals that the abstraction
reaction between SO,-~ and secondary H atom has the highest
I' (41.84%). Next are the addition reactions of SO,-~ at the C;
position of the benzene ring (I' = 23.86%), the addition reac-
tions of -OH at the Cs position of the benzene ring (I' =
16.20%), the addition reactions of SO,-~ at the C4 position of
the benzene ring (I' = 10.38%), the addition reactions of SO, ~
at the C; position of the benzene ring (I' = 3.22%), the addition
reactions of -OH at the C; position of the benzene ring (I' =
2.26%), and the abstraction reaction between -OH and
secondary H atom (I" = 0.51%). The other reaction pathways can
be considered negligible. At 298 K, the calculated total rate
constants for the reaction of CBF with SO,-~ and -OH are 3.66
x 10° and 8.96 x 10° M~" s, respectively. Zhang et al. exper-
imentally measured the rate constant of CBF and -OH to be 9.4
x 10" M~* s7!, which is an order of magnitude lower than the
theoretical value.®* This may be due to the fact that theoretical
calculations are typically based on simplified reaction mecha-
nism models, while actual reactions may involve more complex
intermediate steps or parallel reactions. Due to the lack of
experimental data for CBF with SO,-~, we compared it with the
experimental rate constant of phenylurea with SO,-~, approxi-
mately 5 x 10° M~ " s, which is consistent with our calculated
value.*>** These results indicate that the calculated results and
subsequent theoretical analysis are reliable and valuable.

In summary, based on the analysis of thermodynamic and
kinetic results, it is evident that the abstraction reaction
between SO,-~ and secondary H atom is the optimal reaction
pathway. Additionally, the addition reactions of SO,-~ at the C;
and C¢ positions of the benzene ring, as well as the addition
reactions of SO,-~ at the Cs position, cannot be ignored.
Therefore, we will focus on studying the subsequent reactions of
IM1-3(SO,), IM1-6(SO,), IM1-3(OH), IM1-6(OH), IM1-5(SO,),
and IM1-15.

30586 | RSC Adv, 2024, 14, 30582-30589

3.5 Subsequent reactions of main intermediates

The reaction pathways of the addition products IM1-3(OH) and
IM1-3(SO,) are similar, both of which can be abstracted by
SO,-~ and -OH to form stable structures. The specific path is
shown in Fig. 6.

IM1-3(OH) and IM1-3(SO,) can proceed with very low
barriers to form products P1 and P2. P1 was detected during the
activation of persulfate degradation experiments using nano-
magnetite/ZnO/activated carbon nanohybrid.* However, the
sulfate-originated product P2 was not detected in the experi-
ment, which may be due to its weak stability and rapid evolution
into hydroxylated compounds through substitution.> The A,G
of this process is negative, indicating that the reaction will
proceed spontaneously.

IM1-6(OH) and IM1-6(SO,) undergo bond cleavage reactions
by breaking the C¢-O;5 bond, thereby opening the furan ring. As
shown in Fig. 7, the AG™ of these two reaction processes is
relatively high, measured at 23.96 and 24.01 kcal mol™"
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Fig. 6 Subsequent reactions of IM1-3(OH) and IM1-3(SOy,).
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respectively. The A,G is positive, indicating that the reaction will
not proceed spontaneously. P3 and P4 were not detected in the
experiment, which also confirms that the reaction is difficult to
proceed.”

The subsequent reaction of IM1-5(SO,) is depicted in Fig. 8.
This process involves
10.35 kcal mol ! and releases a significant amount of heat,
making it easily spontaneous. This process yields products P5
and intermediate IM4, which can abstract an H atom from the
water in the system to obtain stable product P6. The sulfate-
originated product P5 has weak stability, will rapidly convert
into hydroxylated compounds.? The P6 is carbamic acid, which
has been proven to decompose into carbon dioxide and
methylamine.>

The abstraction product IM1-15, with the highest branching
ratio, can rapidly undergo barrier-free addition reactions with
-OH present in the system to form stable product P7, releasing
a substantial amount of heat. Subsequently, as depicted in
Fig. 7, P7 can continue to undergo addition reactions with -OH.
The addition at the C5 position facilitates the formation of small
molecule products through bond cleavage. The AG™ for this
addition process is low, at 10.61 kcal mol™', and the A,G is
negative, indicating that the reaction will readily proceed
spontaneously. After bond cleavage, product P8 will be
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Fig. 8 Subsequent reactions of IM1-5(SO4) and IM1-15.
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generated, which corresponds to the product with m/z of 181
detected by liquid chromatography-tandem mass spectroscopy
(LC-MS/MS) in the experiment.>***

3.6 Ecotoxicity assessment

Studies have shown that during the degradation of pesticides
using persulfate based AOPs, a large amount of more toxic
parent pesticide by-products are generated.”® Therefore, it
crucial to estimate the toxicity of intermediates during pesticide
degradation. ECOSAR is widely used to test the toxicity of by-
products of pesticides.”” Xu et al. used ECOSAR software to
predict the toxicity of chlorpyrifos products after treatment with
persulfate-based AOPs.*” The results indicated that the acute
and chronic toxicity of eight major degradation products to fish,
aquatic invertebrates, and green algae were lower than that of
the parent. Kan et al. predicted the acute and chronic toxicity of
imidacloprid degradation products using ECOSAR software.
The study found that products P1, P2, and P8 were more
hazardous than the parent chemical.”® The ECOSAR ecological
toxicity model was used to predict the acute and chronic toxicity
of CBF and its products to fish, water fleas, and green algae.
Table S1t lists the acute and chronic toxicity values of CBF
and its degradation products. From the table, it can be seen that
the chronic toxicity value of CBF to fish is 0.408 mg L ™", which is

wn
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Fig. 9 Classification of acute toxicity of CBF and transformation
products to aquatic organisms. (a) The acute toxicity index: LCso/ECsq
and (b) the chronic toxicity index: ChV (unit: mg L™%).
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consistent with the results of 0.44 mg L ™" for tilapia obtained by
Américo-Pinheiro et al.*® Fig. 9 categorizes the toxicity of CBF
and its degradation products. As shown in Fig. 9(a), CBF, P1, P3,
and P7 are highly toxic compounds in terms of acute toxicity to
water fleas. For fish and green algae, only CBF and P1 are toxic
compounds, while most of the other degradation products are
harmless. In Fig. 9(b), from the perspective of chronic toxicity,
only CBF and P1 are highly toxic to water fleas, while P3 and P7
are toxic compounds. For fish and green algae, most degrada-
tion products are harmless. The changes in acute and chronic
toxicity indicate that the degradation products have lower acute
and chronic toxicity to fish, water fleas, and green algae
compared to the parent compound CBF. The main product P8 is
harmless to all organisms. This result is consistent with the
toxicity assessment of degradation products of CBF using
persulfate-based AOPs by Samy et al.?* Additionally, Singh et al.
evaluated the ecological toxicity of CBF wastewater treated with
OH radicals using algal cell vitality assays and found that the
toxicity gradually decreased, with minimum toxicities of 3.04%,
4.43%, and 7.30% at 24, 48, and 72 hours, respectively.** This
suggests that persulfate-based AOP is an effective method for
remediating CBF pollution in water bodies.

4 Conclusions

This study investigated the mechanism of CBF degradation
based on persulfate oxidation using DFT theory calculation
methods. The optimal pathways initiated by SO,-~ and -OH
were identified for degradation. Further evaluation of the
toxicity of CBF degradation products was conducted to assess
the feasibility of using persulfate-based AOP to degrade CBF.
The results indicated that SO, and -OH can undergo addition
and abstraction reactions with CBF. Thermodynamic and
kinetic calculations have confirmed that SO,-~ and -OH readily
adds to the benzene ring, while the abstraction reaction
primarily occurs on the furan ring. The initiating effect of SO,
is greater than that of -OH, which is consistent with experi-
mental results. And the abstraction reaction between SO,-~ and
the secondary H atom on the furan ring is the optimal reaction
pathway. The acute and chronic toxicity changes indicate that
the degradation products exhibit lower toxicity compared to the
CBF. In the products, P1, P3 and P7 still exhibits toxic or highly
toxic levels, potentially posing a risk to human health. However,
the primary product P8 is harmless to all organisms. The
significant reduction in acute toxicity confirms that this system
is a promising technology for treating CBF-contaminated water.
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