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Abstract: Hydrolysis and photolysis kinetics of Fubianezuofeng (FBEZF) in water were investigated
in detail. The hydrolysis half-lives of FBEZF depending on pH, initial concentration, and
temperature were (14.44 d at pH = 5; 1.60 d at pH = 7), (36.48 h at 1.0 mg L-1; 3851 h at
5.0 mg L1 and 31.51 h at 10.0 mg L_l), and (77.02 h at 15 °C; 38.51 h at 25 °C; 19.80 h at
35 °C; and 3.00 h at 45 °C), respectively. The photolysis half-life of FBEZF in different initial
concentrations were 8.77 h at 1.0 mg L1, 835 h at 5.0 mg L1, and 8.66 h at 10.0 mg L1,
respectively. Results indicated that the degradation of FBEZF followed first-order kinetics, as the
initial concentration of FBEZF only had a slight effect on the UV irradiation effects, and the increase
in pH and temperature can substantially accelerate the degradation. The hydrolysis Ea of FBEZF
was 49.90 kJ mol~1, which indicates that FBEZF belongs to medium hydrolysis. In addition, the
degradation products were identified using ultra-high-performance liquid chromatography coupled
with an Orbitrap high-resolution mass spectrometer. One degradation product was extracted and
further analyzed by '"H-NMR, '*C-NMR, F-NMR, and MS. The degradation product was identified
as 2-(4-fluorobenazyl)-5-methoxy-1,3,4-oxadiazole, therefore a degradation mechanism of FBEZF in
water was proposed. The research on FBEZF can be helpful for its safety assessment and increase the
understanding of FBEZF in water environments.

Keywords: Fubianezuofeng; bactericide; kinetics; mechanism; water; abiotic degradation

1. Introduction

Rice bacterial leaf blight caused by pathogen Xanthomonas oryzae pv. oryzae (Xoo) is the
most important bacterial disease of rice in the rice-growing period. Fubianezuofeng (FBEZF,
2-(4-fluorobenzyl)-5-(methylsulfonyl)-1,3,4-oxadiazole, Figure 1) is a novel bactericide that exhibits
considerable inhibition effects against rice bacterial leaf blight and leaf streak with half-maximal
effective concentration (ECsp) values of 1.07 pg/mL and 7.14 ng/mL, respectively, which are superior
to commercial agents such as bismerthiazol and thiadiazole copper [1]. FBEZF has been developed as
a new oxadiazole sulfone bactericide and is classified as a sulfone derivative. Field trials have been
performed in 2015, and the results show that FBEZF has potent control efficiency against rice bacterial
leaf blight in China. Owing to the potential development prospect of FBEZF in China, rapid and
sensitive methods for detection of byproducts and the degradation studies on FBEZF are required.
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Hydrolysis and photolysis are crucial in the environmental behavior of pesticides. In the last
decades, many studies have reported the photolysis of pesticides [2—6] and effect of organic and
inorganic compounds in the environment on the degradation of pesticides [7,8]. The photocatalytic
degradation of 16 substituted phenylurea pesticides in water has been studied, 13 degradation products
have been identified, and a degradation mechanism proposed that indicates dealkylation is the main
degradation pathway [9]. Photolysis of bromoxynil and trifluralin has been reported by numerous
researchers [10-14]. For example, Chelme-Ayala et al. [15] found that hydroxylation and debromination
were the primary pathways for bromoxynil degradation, whereas hydroxylation and dealkylation were
the major degradation mechanisms of trifluralin. Moreover, the hydrolysis of pesticides was reported in
some papers. Wyer et al. [16] proposed the enhanced hydrolysis of diazinon, in which bidentate binding
of Ag* to S of the P = S electrophilic site in tandem with binding to N of the leaving group stabilizes
the SN, (P) transition state relative to the ground state. Zhang et al. [17] investigated the hydrolysis of
chlorpyrifos and diazinon in aqueous solution under ultrasonic irradiation. The hydrolysis, oxidation,
hydroxylation, dehydration, and decarboxylation were deduced to contribute to the degradation
reaction and the degradation pathway for both pesticides.

Figure 1. Chemical structure of FBEZF.

Temperature and pH are the factors that can influence the degradation of pesticides [18,19].
Soil degradation of the fungicide chlorothalonil (2,4,5,6-tetrachloroisophthalonitrile or TPN), was
studied under laboratory conditions. Although the dissipation was less at 30 °C and larger at 38 °C
than that at 25 °C, the dissipation rate of TPN increased with temperature [20]. The effect of temperature
on the degradation of 1-benzyltriazole and 4-fluoro fungicides was reported. The degradation rate
of the unsubstituted compound was sensitive to temperature changes, increasing eightfold as the
temperature rose from 5 °C (Ty,, = 240 days) to 10 °C (Ty,, = 34 days) [19]. Kinetic studies on
the degradation of aldrin, endosulfan, and lindane were reported under various temperatures and
pH, and the changes in pH and temperature influenced their degradation [21]. The degradation of
methyl parathion showed that the degradation rate increased as the pH level increased from 3.0 to
9.0 [22]. Isobutylurea was neither photolytic nor hydrolytic in water [23]. Xu et al. [24] reported
that the dissipation rates of isobutylurea were not affected by the increase in pH value from 6 to
11. The degradation rate of boscalid was increased with pH, rapidly proceeding in alkaline aqueous
solution [25].

To the best of our knowledge, no research on the degradation products and mechanism of FBEZF
in aqueous solution has been published. Only one proteomic analysis of FBEZF in Xanthomonas
axonopodis puv. citri was found [26]. In terms of analysis, only one article reported residue pretreatment
and JHXJZ residue (similar structure to FBEZF) in tomato [27]. In addition, after FBEZF is applied to
the field, may find its way into drinking water through runoff, leaching, or osmosis. Water is essential
to the survival of our human. FBEZF whether degradation in water, degradation of security or not
is the problem to be solved. So describing degradation kinetics, potential degradation products, and
the degradation mechanism of FBEZF in water is necessary. The objectives of the present study are
as follows: (1) to demonstrate the degradation kinetics of FBEZF in water under different conditions,
(2) to investigate the photolysis of FBEZF in water, and (3) to elucidate the potential degradation
intermediates and mechanism of FBEZF degradation in water.
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2. Materials and Methods

2.1. Chemicals and Reagents

An analytical standard of FBEZF (99.0% purity) was provided by the Key Laboratory of Green
Pesticide and Agricultural Bioengineering, Ministry of Education, Guizhou University (Guiyang,
China). HPLC-grade acetonitrile and methanol were purchased from Merck (Darmstadt, Germany).
Analytical-grade methylene chloride, ethyl acetate, petroleum ether, methanol, potassium biphthalate
(KHP), KH;POy4, Na;B4O7-10H,0, KCI and NaOH were purchased from Jinshan Chemical Reagent
Co. (Chengdu, China). Distilled water was obtained from Watsons Co. Ltd. (Dongguan, China).
Syringe filters (nylon, 0.22 um) were purchased from PeakSharp Technologies (Yibin, China).

2.2. UPLC Analysis

The detection of FBEZF in water was performed on a Waters ACQUITY UPLC H-class system
fitted with a sample manager, a quaternary solvent manager, a PDA detector, and an ACQUITY
UPLC BEH Shield RP18 column (50.0 mm x 2.1 mm i. d., 1.7 pm film thickness) (Waters Corporation,
Milford, MA, USA). The column temperature was at 40 °C. A total of 2 pL sample solution was
injected, and the chromatography was run with acetonitrile/water (30/70, v/v) at a flow rate of
0.2mL min~!. The chromatographic conditions were determined from the trial experiments for
optimal results in terms of peak shape, column efficiency, chromatographic analysis time, selectivity,
and resolution. FBEZF was detected at 212 nm. Retention time of FBEZF was 3.9 min under the
optimized chromatographic conditions.

2.3. UPLC-MS/MS Analysis

FBEZF and its degradation products in water were separated on an UltiMate 3000 ultra-high-
performance liquid chromatography (UPLC) system (Thermo Scientific Transcend, Thermo Fisher
Scientific, San Jose, CA, USA) coupled with a single-stage Orbitrap high-resolution mass spectrometer
(MS/MS) (Q-Exactive, Thermo Fisher Scientific, Bremen, Germany). The experiment sample was
detected with a heated electrospray interface (ESI, Thermo Fisher Scientific,) in positive ion mode
(ESI"). Xcalibur program version 3.0.63 (Thermo Fisher Scientific) with Qual and Quanbrowser was
used to process the data. Thermo Scientific Dionex Chromeleon 6.8 was employed to screen the target
compounds. Optimized tuning parameters were as follows: aux gas heater temperature at 300 °C;
capillary temperature at 300 °C; spray voltage at 3.70 kV; and sheath, auxiliary, and sweep gas flow
rates at 35, 10, and 2 a.u., respectively. UPLC separations were obtained using an ACQUITY UPLC
BEH Shield RP18 column (50.0 mm X 2.1 mm i.d., 1.7 um film thickness). The mobile phase comprised
component A accounting for 70% (H,O + 0.1% formic acid) and component B was 30% (CH3CN).
The injection volume was 5 pL and the flow rate was set at 0.2 mL min~!. Data were collected in a
positive mode within the range of 150 11/z to 500 m/z using full scan and t-SIM/ddMS? analysis with
resolution 140,000 during the entire process.

2.4. Calibration Curve

For the quantification experiment of FBEZF, a calibration curve was established by analyzing the
peak areas of FBEZF at concentrations of 0.105, 0.510, 1.05, 5.10, 10.5, 20.2, and 45.0 mg L~L. The curve
has a good linear correlation coefficient (>0.9999) with a regression equation of y = 27789x — 3813.7
(y = peak area; x = concentration, mg L~1). The LOD and LOQ of FBEZF in water were 0.0015 mg L~
and 0.005 mg L.~!, respectively.

2.5. Degradation Kinetics Experiments

Photolysis experiments of FBEZF were conducted in a climate chamber with a 30 W UV lamp.
The photon fluxes of 30 W UV lamps were 41.03 umol m~2 s~ 1. Then, these photolysis experiments
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were performed in 250 mL quartz flasks with different initial concentrations of FBEZF (1.0, 5.0,
and 10.0 mg L~!) aqueous solution. Hydrolysis experiments of FBEZF were conducted in 500 mL
wide-mouth bottles in the dark. The effect of pH, temperature, and different initial concentrations on
the hydrolysis of FBEZF was investigated. All laboratory glassware was sterilized and 0.1 g NaNj3 was
added into the aqueous solution to prevent the growth of bacteria. The samples were filtered with
0.22 pm syringe filters for UPLC analysis. All experiment results were calculated on the average of
triplicate experiments.

2.6. Identification of Degradation Products

Standard FBEZF was directly dissolved in the water until a concentration of 100 mg L~! was
reached to obtain the detectable signals of potential degradation products on the UPLC-MS/MS
system. When most FBEZF have been degraded, the samples were filtered with 0.22 um syringe filters
and then detected on the UPLC-MS/MS system. These potential products were further analyzed to
elucidate their structures using the UPLC-MS/MS via retention times, MS, MS?, and observed mass
differences compared with those of FBEZF.

The degradation products of FBEZF were isolated and analyzed in this experiment. FBEZF (1 g)
was added to the water to obtain a sufficient amount of the degradation product. Liquid-liquid
extraction was selected for the extraction of the degradation products. The hydrolyzed sample was
extracted multiple times by dichloromethane. Extraction of the sample was concentrated and purified
by thin-layer chromatography (TLC) (ethyl acetate/petroleum ether, 3/1, v/v). The products were
further analyzed by TH-NMR, 3C-NMR, YF-NMR, and MS.

3. Results and Discussion
3.1. Hydrolysis Experiments

3.1.1. Effect of pH

The experimental results of the degradation kinetics are listed in Figure 2A and Table SI.
The half-lives of FBEZF in buffer solutions were 14.44 d at pH = 5 and 1.60 d at pH = 7. The results
indicated that FBEZF was relatively stable in acidic solution but unstable in alkaline solution, allowing
the hydrolysis ratio to reach nearly 100% in pH 9 buffer solution after 25 min. Therefore, pH values
played a critical role in the degradation rate of FBEZF in water because the degradation rate decreases
with pH, and FBEZF rapidly degrades in alkaline aqueous solutions. Because the degradation rate
of FBEZF in water environment is relatively fast, it won’t cause harm for the environment and
human health.

3.1.2. Effect of Initial Concentration

The effect of different initial concentrations on the hydrolysis rate of FBEZF and the corresponding
kinetic parameters are shown in Table S2. Figure 2B shows that the half-lives of FBEZF in different
initial concentrations were 36.48 h (1.0 mg L), 38.51 h (5.0 mg L~!), and 31.51 h (10.0 mg L~1).
The experimental results also demonstrate that the initial concentration of FBEZF only had a slight
effect on the degradation rate. Similar results have been reported on the degradation of acephate,
dufulin, and monocrotophos [28-30].

3.1.3. Effect of Temperature

The data are listed in Table S3 and Figure 2C. The results indicate that the half-lives of FBEZF were
77.02hat15°C, 38.51 hat 25 °C, 19.80 h at 35 °C, and 3.00 h at 45 °C. The hydrolysis rate increased
1.92-2.02 times with every 10 °C increase in temperature between 15 °C and 35 °C. An increase
in temperature leads to a high reaction rate within a certain range [31,32]. Some researchers have
indicated that the elevated temperature can result in the reduction of surface tension and threshold
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intensity required to produce cavitation, thus leading to the increasing degradation efficiency [33].
The effects of temperature on FBEZF degradation in aqueous solutions followed Van’t Hoff theory that
the hydrolysis rate usually doubled with every 10 °C increase in temperature [34].

The temperature dependence of the rate constant k for the process is described by the Arrhenius
equation as follows:

K= A-e_%, (1)

Ea
InK = InA — BT’ (2)
AH = Ea — RT, 3)
AS = R(lnA — KhBT), 4)

where A is constant, Kg is Boltzmann’s constant, h is Planck’s constant, K is the rate constant obtained
by the experiment, T is the absolute temperature of the experiment, and R is gas constant. The energy
of activation (Ea), enthalpy of activation (AH), and entropy of activation (AS) were obtained by the
preceding formula. Thermodynamic parameters of FBEZF’s hydrolysis at four temperatures are listed
in Table 1.

Table 1. Thermodynamic parameters for hydrolysis of FBEZF.

Kelvin Temperature (K) 288 298 308 318 Average
Rate constant k 0.009 0.018 0.035 0.231 /

Ea (k] mol 1) 50.7 50.74 50.74 474 49.90
AH (k] mol~1) 48.31 48.27 48.18 44.76 47.38
AS (k] mol~! *K) —-106.36  —114.8 —12325 —131.69 —119.03
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Figure 2. Effect of different pH values ((A), spiked at 5 mg L~1,25°C), initial concentrations ((B), 25 °C,
pH =7), and temperatures ((C), spiked at 5 mg LT, pH =7) on the hydrolysis of FBEZF in water.
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A plot of In k against 1/T provided a linear line in the temperature range 288-318 K and yielded
the Arrhenius expression In k = —6103.4 (1/T) + 16.464. The Ea and AH were calculated as 49.90
and 47.38 k] mol !, respectively. Ea and AH determined the occurrence rate of pesticide hydrolysis.
The large activation energy means it has a large energy difference between ground and transition
states. Because few reacting molecules collided with sufficient energy to climb the high activation
energy barrier resulted in a slow reaction. The low activation energy means it has a small energy
difference between ground and transition states. Because reacting molecules were sufficiently energetic
to climb to the activation energy barrier resulted in rapid reaction velocity. According to classification
of hydrolysis [35], the hydrolysis of compound was easy at room temperature when Ea is less than
33.49 k] mol~?, and the hydrolysis of compound was difficult when Ea is greater than 167.5 k] mol !
The hydrolysis Ea of FBEZF was 49.90 k] mol~!, indicating the hydrolysis of FBEZF ability among the
above classification. Furthermore, activation entropy (AS) was crucial in hydrolysis reaction because
it was a measure of the degree of order. The results (Table 1) indicated that AS gradually decreased
with the increase in temperature and reactant molecules had a greater degree of freedom than that of
activation complex molecules in the hydrolysis reaction process.

3.2. Photolysis Experiments

Effect of Initial Concentration

The photolysis experimental data are listed in Figure 3 and Table S4. The photolysis experimental
results showed that the half-lives of FBEZF in 1.0, 5.0, and 10.0 mg L1 were 8.77, 8.35, and 8.66 h,
respectively. These results were similar to the hydrolysis data of FBEZF in various initial concentrations.
The photolysis experimental results also revealed that the initial concentration of FBEZF only had a
slight effect on the degradation rate.

Figure 3. Effect of different initial concentrations on the photolysis of FBEZF in water (pH = 7).
3.3. Identification of Degradation Product

During the degradation experiments, the degradation products of FBEZF were characterized
on the high-resolution MS system. Two peaks were regarded as potential degradation products by
comparing the UPLC-MS/MS profiles of the degradation and the blank control samples. The peaks
were identified by retention times and protonated molecular ions as follows: t = 3.08 min, m/z
209.07236, labeled Pj; t = 4.03 min, m/z 257.03918, labeled P, (Figure 4). The degradation products
were identified by MS, MS? of fragmentation of the protonated molecular ions or potassium-adducted
ions, which were used to illuminate the structures of degradation products. For the second peak, the
retention time, MS, and MS? of P were the same as FBEZF, thereby confirming Py as FBEZFE.

Py had m/z of 209.07236; if it was a protonated ion, then the molecular weight (MW) should be
208.0. According to the molecular weight, the degradation product of FBEZF has been previously
assumed as 2-(4-fluorobenzyl)-5-methoxy-1,3,4-oxadiazole (Figure 5). The fragmentation pattern of
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P;’s MS? was studied to confirm product P;. Four fragment ions at m/z 109.04520 (1), m/z 113.03490
(2), m/z 134.04016 (3), and m/z 177.04591 (4) were discovered (Figure 6).

RT:000-600 P P a NL: 1.42E8
100 1 1 . X

TIC MS
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Figure 4. (a) Total ion current chromatogram of FBEZF degradation sample, (b) Full mass
chromatogram, (c) Mass range chromatogram MS at m/z 209.07236, and (d) Mass range chromatogram
MS? at m/z 209.07236.

The fragment ion at 71/z 109.04520, which appeared in the MS? spectrum of P, was considered
by a protonated molecule cleavage of an oxazole ring C-C bond. Corresponding protonated molecular
fragment ion at m/z 113.03490 and a potassium-adducted fragment ion at m/z 134.04016 represented
such a cleavage by one protonated molecular cleavage of a benzene ring C—-C bond. The two protonated
molecular fragment ions formed tropylium cation. Another ion at m/z 177.04591 was due to the loss
of one —OCH3, indicating that P; had one —OCHj;. Therefore, P; was tentatively confirmed as
2-(4-fluorobenzyl)-5-methoxy-1,3,4-oxadiazole.

T: FTMS + p ESI Full ms [150.00-500.00]
209.07236

100
20
80
0 +
- op oS
-+ N
- F
60 m/z 209.07

50
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40
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20

15896156 199.98828 | 22504929

24397787 27593472 30502597 32599973 37391159 411.85840 44734723 469.78284
160 180 200 220 240 260 280 300 320 340 360 380 400 420 440 460 480 500
miz

Figure 5. Mass spectrum of MS of P; at m/z 209.0723.

Liquid-liquid extraction and TLC were selected for the extraction of degradation product to
further confirm the degradation product of FBEZF. The product was then analyzed by 'H-NMR
(Figure S1), 13C-NMR (Figure S2), PE-NMR (Figure S3), and MS spectra (Figure S4). Figure 54
shows that the product had a molecular ion at m/z 209.0 and a sodium-adduct ion at m/z 231.0.
The 'H-NMR, '3C-NMR, and F-NMR data of the degradation product were as follows: 'H-NMR
(500 MHz, DMSO-dg, ppm) 6: 7.34 (dd, ] = 8.6, 5.6 Hz, 2H, Ar-H), 7.15 (t, ] = 8.8 Hz, 2H, Ar-H), 4.12
(s, 2H, Ar—-CH,-), 4.06 (s, 3H, ~OCHj3); 3C-NMR (125 MHz, DMSO-ds, ppm) J: 166.58 (s), 162.86 (s),
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161.63 (s), 160.93 (s), 131.29-131.13 (m), 130.84 (s), 115.81 (s), 59.86 (s), 30.72 (s); 1F-NMR (471 MHz,
DMSO—d¢) § 115.46.

2015091703_150917150806 #372 RT: 3.07 AV: 1 NL: 7.73E6
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miz

Figure 6. Mass spectrum of MS? of Py at m/z 209.07236.

The degradation product (P1) was thus confirmed as 2-(4-fluorobenzyl)-5-methoxy-1,3,4-oxadiazole.
Moreover, based on the study of degradation product identification, a probable degradation mechanism
was proposed. Degradation of FBEZF in water involves a nucleophilic attack on the sulfone group.
Then, the intermediate combined with methanol and formed the degradation product by the loss of
one HyO. These results can explain the relative instability of FBEZF in alkaline conditions.

3.4. Future Research

First, the experimental results also demonstrate that the initial concentration of FBEZF only had
a slight effect on the degradation rate, but kinetic half-lives are expected to depend on first order
kinetic rate coefficients rather than initial concentrations. Through the experiment proved that the
degradation rate is related to the initial concentration or not is necessary. Second, also under field
conditions a dissolved organic chemical would likely interact with suspended particles. That would
influence the reaction mechanisms for either hydrolysis or photolysis. It is necessary to investigate
the influence of dissolved organic matter for the degradation. Third, chemical units would have to be
used for kinetics and mechanism to establish the chemical stoichiometry for kinetics. At last, about
the toxicity and security of degradation product, it will be taken into consideration in the next step
of work.

4. Conclusions

The hydrolysis and photolysis of FBEZF in water were studied in this paper. The effects of different
factors were investigated in detail. The results showed that pH and temperature played critical roles
in the degradation rate of FBEZF in water. The degradation rate of FBEZF in water decreased with
pH, FBEZF rapidly degraded in alkaline aqueous solutions, and temperature substantially accelerated
the degradation. Thermodynamic parameters were also obtained for hydrolysis of FBEZF under four
hydrolysis conditions. The dissipation rate of FBEZF was hardly affected by the initial concentration.
According to the result of the experiments, the degradation of FBEZF in water was relatively fast, and
the half-lives of FBEZF were 14.44 d at pH = 5, and lower than 3 days under the other conditions
studied. When FBEZF was applied to the field, it should be relatively safe due to its rapid degradation.
The degradation rate of FBEZF in a water environment is relatively fast, so it won’t cause harm for the
environment and human health. Moreover, the degradation product and mechanism of FBEZF were
proposed. The degradation product was identified as 2-(4-fluorobenzyl)-5-methoxy-1,3,4-oxadiazole by
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NMR and MS. The degradation mechanism indicated that nucleophilic attack on the sulfone group and
combination of the resulting intermediate combined with methanol, formed the degradation product
by the loss of one H,O. The study of FBEZF’s degradation kinetics and degradation mechanism
can contribute to its safety assessment and increase our understanding of the behavior of FBEZF in
water environments.

Supplementary Materials: Supplementary Materials: The following are available online at http:/ /www.mdpi.
com/1660-4601/15/12/2741/s1, Figure S1. 1H NMR spectrum of degradation product P1; Figure S2. 13C NMR
spectrum of degradation product P1; Figure S3. 19F NMR spectrum of degradation product P1; Figure S4. Mass
Spectrum of degradation product P1; Table S1. Hydrolysis parameters of FBEZF in water with different pH values;
Table S2. Hydrolysis parameters of FBEZF with different initial concentrations in water. Table S3. Hydrolysis
parameters of FBEZF in water under different temperature; Table S4. Photolysis parameters of FBEZF with
different initial concentrations in water.

Author Contributions: Conceptualization, X.M., D.H. and B.S.; Methodology, Formal Analysis and Investigation,
X.M. and L.C.; Resources, D.H. and B.S.; Data Curation and Supervision, Y.Z.; Writing-Original Draft Preparation
and Writing-Review & Editing, X.M.; Project Administration and Funding Acquisition, D.H. and B.S. All authors
have read and approved the final manuscript

Funding: This research was funded by the National Natural Science Foundation of China (No. 21672044) and
Subsidy Project for Outstanding Key Laboratory of Guizhou Province in China (20154004) and Special Fund for
Agroscientific Research in the Public Interest (No. 201203022) for financial support.

Acknowledgments: The authors thank the National Natural Science Foundation of China (No. 21672044) and
Subsidy Project for Outstanding Key Laboratory of Guizhou Province in China (20154004) and Special Fund for
Agroscientific Research in the Public Interest (No. 201203022) for financial support.

Conflicts of Interest: The authors declare that they have no conflict of interest.

References

1. Li, P; Shi, L; Yang, X.; Yang, L.; Chen, X.W.; Wu, F; Shi, Q.C.; Xu, WM.; He, M.; Hu, D.Y,; et al.
Design, synthesis, and antibacterial activity against rice bacterial leaf blight and leaf streak of
2,5-substituted-1,3,4-oxadiazole/thiadiazole sulfone derivative. Biloorg. Med. Chem. Lett. 2014, 24, 1677-1680.
[CrossRef] [PubMed]

2. Mason, W.A.; Meloan, C.E. Degradation products of phoxim (Bay 77488) on stored wheat. J. Agric. Food Chem.
1976, 24, 299-304. [CrossRef] [PubMed]

3. Hoehl, H.U.; Barz, W. Metabolism of the insecticide phoxim in plants and cell suspension cultures of soybean.
J. Agric. Food Chem. 1995, 43, 1052-1056. [CrossRef]

4. Roberts, T.R.; Hutson, D.H.; Lee, PW.; Nicholls, PH.; Plimmer, J.R. Metabolic Pathways of Agrochemicals:
Insecticides and Fungicides; JSC International: Harrogte, UK, 1999; p. 447.

5. Dai, K, Peng, TY,; Chen, H.; Liu, J.; Zan, L. Photocatalytic degradation of commercial phoxim over La-doped
TiO; nanparticles in aqueous suspension. Environ. Sci. Technol. 2009, 43, 1540-1545. [CrossRef] [PubMed]

6.  Benzi, M.; Robotti, E.; Gianotti, V. Study on the photodegradation of amidosulfuron in aqueous solutions by
LC-MS/MS. Environ. Sci. Pollut. Res. 2013, 20, 9034-9043. [CrossRef]

7. Guerard, J.J.; Miller, P.L.; Trouts, T.D.; Chin, Y.P. The role of fulvic acid composition in the photosensitized
degradation of aquatic contaminants. Aquat. Sci. 2009, 71, 160-169. [CrossRef]

8.  Mao, L; Meng, C.; Zeng, C.; Ji, Y.F; Yang, X.; Gao, S.X. The effect of nitrate, bicarbonate and natural
organic matter on the degradation of sunscreen agent p-aminobenzoic acid by simulated solar irradiation.
Sci. Total Environ. 2011, 409, 5376-5381. [CrossRef]

9. Fenoll, J.; Sabater, P.; Navarro, G.; Pérez-Lucas, G.; Navarro, S. Photocatalytic transformation of sixteen
substituted phenylurea herbicides in aqueous semiconductor suspensions: Intermediates and degradation
pathways. J. Hazard. Mater. 2013, 244, 370-379. [CrossRef]

10. Kearney, P.C.; Muldoon, M.T.; Somich, C.J. UV-Ozonation of eleven major pesticides as a waste disposal
pretreatment. Chemosphere 1987, 16, 2321-2330. [CrossRef]

11. Machado, E; Collin, L.; Boule, P. Photolysis of bromoxynil (3,5-dibromo-4-hydroxybenzonitrile) in aqueous
solution. Pestic. Sci. 1995, 45, 107-110. [CrossRef]

12.  Martins, A.F.; Henriques, D.M.; Wilde, M.L.; Vasconcelos, T.G. Advanced oxidation processes in the treatment
of trifluraline effluent. J. Environ. Sci. Health Part B 2006, 41, 245-252. [CrossRef] [PubMed]


http://www.mdpi.com/1660-4601/15/12/2741/s1
http://www.mdpi.com/1660-4601/15/12/2741/s1
http://dx.doi.org/10.1016/j.bmcl.2014.02.060
http://www.ncbi.nlm.nih.gov/pubmed/24631191
http://dx.doi.org/10.1021/jf60204a038
http://www.ncbi.nlm.nih.gov/pubmed/1254811
http://dx.doi.org/10.1021/jf00052a038
http://dx.doi.org/10.1021/es802724q
http://www.ncbi.nlm.nih.gov/pubmed/19350932
http://dx.doi.org/10.1007/s11356-013-1900-x
http://dx.doi.org/10.1007/s00027-009-9192-4
http://dx.doi.org/10.1016/j.scitotenv.2011.09.012
http://dx.doi.org/10.1016/j.jhazmat.2012.11.055
http://dx.doi.org/10.1016/0045-6535(87)90289-X
http://dx.doi.org/10.1002/ps.2780450203
http://dx.doi.org/10.1080/03601230500354782
http://www.ncbi.nlm.nih.gov/pubmed/16484085

Int. J. Environ. Res. Public Health 2018, 15, 2741 10 of 11

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Le Person, A.; Mellouki, A.; Munoz, A.; Borras, E.; Martin-Reviejo, M.; Wirtz, K. Trifluralin: Photolysis under
sunlight conditions and reaction with HO radicals. Chermosphere 2007, 67, 376-383. [CrossRef] [PubMed]
Ormad, M.P; Miguel, N.; Claver, A.; Matesanz, ].M.; Ovelleiro, J.L. Pesticides removal in the process of
drinking water production. Chemosphere 2008, 71, 97-106. [CrossRef] [PubMed]

Chelme-Ayala, P.; El-Din, M.G.; Smith, D.W. Kinetics and mechanism of the degradation of two pesticides in
aqueous solutions by ozonation. Chemosphere 2009, 78, 557-562. [CrossRef] [PubMed]

Wyer, M.; Vanloon, G.W.; Dust, ].M.; Buncel, E. Silver ion binding to the organophosphorus pesticide
diazinon and hydrolytic pathways revealed by mass spectrometric and NMR studies. Can. J. Chem. 2015, 93,
1266-1275. [CrossRef]

Zhang, Y.Y,; Hou, Y.X.; Chen, F; Xiao, Z.Y.; Zhang, ].N.; Hu, X.S. The degradation of chlorpyrifos and
diazinon in aqueous solution by ultrasonic irradiation: Effect of parameters and degradation pathway.
Chemosphere 2011, 82, 1109-1115. [CrossRef] [PubMed]

Lartiges, S.B.; Garrigues, P.P. Degradation kinetics of organophosphorus and organonitrogen pesticides
in different waters under various environmental conditions. Environ. Sci. Technol. 1995, 29, 1246-1254.
[CrossRef]

Patil, S.G.; Nicholls, PH.; Chamberlain, K.; Briggs, G.G.; Bromilow, R.H. Degradation rates in soil of
1-benzyltriazoies and two triazole fungicides. Pest. Manag. Sci. 1988, 22, 333-342. [CrossRef]

Sato, K.; Tanaka, H. Degradation and metabolism of a fungicide, 2, 4, 5, 6-tetra-chloroisophthalonitrile (TPN)
in soil. Biol. Fert. Soils 1987, 3, 205-209. [CrossRef]

Ali, M.; Kazmi, A.A.; Ahmed, N. Study on effects of temperature, moisture and pH in degradation and
degradation kinetics of aldrin, endosulfan, lindane pesticides during full-scale continuous rotary drum
composting. Chemosphere 2014, 102, 68-75. [CrossRef]

Usharani, K.; Kadirvelu, K.; Muthukumar, M. Effect of pH on the degradation of aqueous organophosphate
(methylparathion) in wastewater by ozonation. Int. J. Environ. Res. 2012, 6, 557-564.

Koumaki, E.; Mamais, D.; Noutsopoulos, C.; Nika, M.C.; Bletsou, A.A.; Thomaidis, N.S.; Eftaxias, A.;
Stratogianni, G. Degradation of emerging contaminants from water under natural sunlight: The effect of
season, pH, humic acids and nitrate and identification of photodegradation by-products. Chemosphere 2015,
138, 675-681. [CrossRef] [PubMed]

Xu, Y.L; Nguyen, T.V,; Reinhard, M.; Gin, K.Y.H. Photodegradation kinetics of p-tert-octylphenol,
4-tert-octylphenoxy-acetic acid. Chemosphere 2011, 85, 790-796. [CrossRef] [PubMed]

Lagunas-Allué, L.; Martinez-Soria, M. T.; Sanz-Asensio, J.; Salvador, A.; Ferronato, C.; Chovelon, ].M.
Photocatalytic degradation of boscalid in aqueous titanium dioxide suspension: Identification of
intermediates and degradation pathways. Appl. Catal. B: Environ. 2010, 98, 122-131. [CrossRef]

Gao, M.; Yu, L.; Li, P; Song, X.; Chen, Z; He, M.; Song, B.A. Label-free quantitative proteomic
analysis of inhibition of Xanthomonas axonopodis pv. citri by the novel bactericide Fubianezuofeng.
Pestic. Biochem. Phys. 2017, 138, 37-42. [CrossRef] [PubMed]

Linghu, R.; Jin, M,; Pan, S.; Zhang, J.; Tang, M.; He, J.; Hu, D.Y. Determination and Method Validation of
the New Sulfone Fungicide 2-(4-Fluorophenyl)-5-Methylsulfonyl-1, 3, 4-Oxadiazole in Tomato and Soil by
UPLC in Field Trial Samples from Guizhou Province, China. Bull. Environ. Contam. Toxicol. 2015, 95, 373-378.
[CrossRef] [PubMed]

Chai, L.K.; Wong, M.H.; Mohd-Tahir, N.; Hansen, H.C.B. Degradation and mineralization kinetics of acephate
in humid tropic soils of Malaysia. Chemosphere 2010, 79, 434—440. [CrossRef]

Wang, H.Z.; Zuo, H.G,; Ding, Y.J.; Miao, S.S.; Jiang, C.; Yang, H. Biotic and abiotic degradation of pesticide
Dufulin in soils. Environ. Sci. Pollut. Res. 2014, 21, 4331-4342. [CrossRef]

Gundi, VA K.B,; Reddy, B.R. Degradation of monocrotophos in soils. Chemosphere 2006, 62, 396—403.
[CrossRef]

Sehgal, C.M.; Wang, S.Y. Threshold intensities and kinetics of sonoreaction of thymine in aqueous solutions
at low ultrasonic intensities. J. Am. Chem. Soc. 1981, 103, 6606-6611. [CrossRef]

Adewuyi, Y.G. Sonochemistry: Environmental science and engineering applications. Ind. Eng. Chem. Res.
2001, 40, 4681-4715. [CrossRef]

Mukesh, G.; Hu, H.Q.; Mujumdar, A.S.; Madhmita, B.R. Sonochemical decomposition of volatile and
non-volatile organic compounds-a comparative study. Water Res. 2004, 38, 4247-4261.


http://dx.doi.org/10.1016/j.chemosphere.2006.09.023
http://www.ncbi.nlm.nih.gov/pubmed/17166544
http://dx.doi.org/10.1016/j.chemosphere.2007.10.006
http://www.ncbi.nlm.nih.gov/pubmed/18023468
http://dx.doi.org/10.1016/j.chemosphere.2009.11.014
http://www.ncbi.nlm.nih.gov/pubmed/20022622
http://dx.doi.org/10.1139/cjc-2015-0248
http://dx.doi.org/10.1016/j.chemosphere.2010.11.081
http://www.ncbi.nlm.nih.gov/pubmed/21176942
http://dx.doi.org/10.1021/es00005a016
http://dx.doi.org/10.1002/ps.2780220406
http://dx.doi.org/10.1007/BF00640631
http://dx.doi.org/10.1016/j.chemosphere.2013.12.022
http://dx.doi.org/10.1016/j.chemosphere.2015.07.033
http://www.ncbi.nlm.nih.gov/pubmed/26246277
http://dx.doi.org/10.1016/j.chemosphere.2011.06.069
http://www.ncbi.nlm.nih.gov/pubmed/21745677
http://dx.doi.org/10.1016/j.apcatb.2010.05.020
http://dx.doi.org/10.1016/j.pestbp.2017.02.004
http://www.ncbi.nlm.nih.gov/pubmed/28456302
http://dx.doi.org/10.1007/s00128-015-1597-2
http://www.ncbi.nlm.nih.gov/pubmed/26155964
http://dx.doi.org/10.1016/j.chemosphere.2010.01.046
http://dx.doi.org/10.1007/s11356-013-2380-8
http://dx.doi.org/10.1016/j.chemosphere.2005.04.076
http://dx.doi.org/10.1021/ja00412a013
http://dx.doi.org/10.1021/ie010096l

Int. J. Environ. Res. Public Health 2018, 15, 2741 11 of 11

34. Yang, KW,; Mo, HH.,; An, EC; Xu, X.B. Method for studying hydrolysis of organic chemicals as a function
of pH. Environ. Chem. 1994, 13, 206-209.

35. Lin, ZX,; An, CJ.; Liu, Y. Physical Chemistry: Kinetics, Electrochemistry, Surface and Colloid Chemistry; Wuhan
University Press: Wuhan, China, 2013.

® © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).



http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Chemicals and Reagents 
	UPLC Analysis 
	UPLC–MS/MS Analysis 
	Calibration Curve 
	Degradation Kinetics Experiments 
	Identification of Degradation Products 

	Results and Discussion 
	Hydrolysis Experiments 
	Effect of pH 
	Effect of Initial Concentration 
	Effect of Temperature 

	Photolysis Experiments 
	Identification of Degradation Product 
	Future Research 

	Conclusions 
	References

