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Benzisothiazolinone has been widely used to control bacterial and fungal diseases in various agricultural

crops by destroying the nuclear structure and interfering with the metabolism of microbial cells. In this

study, the dissipation, transformation and sorption–desorption of benzisothiazolinone (BIT) in five soils

were investigated to evaluate its environmental fate. Results showed that the degradation of BIT in all the

tested soils fitted the first order kinetics and increased with soil organic matter (OM) content.

Degradation differences between unsterilized natural and sterilized soils (t1/2 ¼ 0.09–26.66 and 6.80–

86.64 d) suggested that BIT degradation is primarily driven by biological processes and assisted by

abiotic degradation. Additionally, BIT dissipated fastest in flooded soils (t1/2 ¼ 0.20–4.53 d), indicating

that anaerobic microorganisms are more likely to degrade BIT compared to aerobic microbes. Also,

during the soil degradation process, two metabolites were monitored and identified for the first time. BIT

sorption was a spontaneous physical process with no desorption hysteresis effect, which fit the

Freundlich model. BIT causes relatively strong sorption (log KOC ¼ 3.76–4.19) and low persistence in

soils, thus exhibiting a low potential risk for groundwater contamination.
1. Introduction

The extensive utilization of pesticides has made great contri-
butions to the development of agriculture for the growing world
population.1 However, the excessive usage of pesticides has
incited great concern over the environmental issues and envi-
ronmental fate of pesticides. Soil leaching and runoff following
application of pesticides to crops are the primary routes of water
resource contamination by pesticides.2 Sorption affects leach-
ing and runoff, and it also governs pesticide bioavailability,
because it controls the amount of pesticide that is available for
leaching, runoff, plant uptake, and microbial degradation.3,4

Increased pesticide sorption oen reduces the degree of
degradation, thereby decreasing pesticide bioavailability.3 In
addition, compounds with poor sorption capacity have a high
risk of leaching into waterbodies.5 For example, oxyuorfen has
a low and acceptable leaching risk, due to its high sorption on
all three Hawaiian soils.6 Thus, the mobility and persistence of
pesticides in soil may affect its pollution potential to water, and
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consequently inuence human health through the food chain.
To protect the environment from contamination, knowledge of
the environmental behavior and fate of pesticides is required.

To a large extent, the partitioning and transformation of
pesticides in soil are affected by soil properties, pesticide
characteristics, and environmental conditions.7 Soils with
higher contents of organic matter (OM) cause larger sorption
and faster degradation.8–11 Pesticide degradation in the soil
involves chemical degradation and biological degradation.
Biodegradation performed by the microbial community present
in the soil plays an essential role in dissipating pesticides in the
soil.12,13 Chemical redox technology, photocatalytic degradation
and microbial remediation have been used to degrade pollut-
ants in soils. However, microbial degradation is considered
amajor technique and themain pathway for eliminating almost
all kinds of environmental pollutants.14

Benzisothiazolinone (1,2-benzisothiazolin-3-one; BIT), an
organic heterocyclic fungicide, has been widely used to control
bacterial and fungal diseases with high efficiency and broad
bactericidal spectrum.15,16 BIT (C7H5NOS) is white to off-white
ne, crystalline powder, molecular weight: 151.19 g mol�1,
boiling point: 327.6 �C, melting point: 156.6 �C, solubility in
water: 1.1 g L�1 (20 �C), pKa: 7.3 (25 �C), vapor pressure: 2.78 �
10�6 mm Hg (25 �C), log Kow: 0.76 (30 �C, pH 7). It has been
registered in China for use in various agricultural crops, such as
wheat, rice, cucumber, tobacco, citrus, and apple. Additionally,
BIT is also used as an important industrial bactericidal and
RSC Adv., 2021, 11, 5399–5410 | 5399
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mildew-proof preservative, which has remarkable effect of
inhibiting the growth of microorganisms (fungus, bacteria, and
algae).16 It can destroy the nuclear structure and interfere with
the metabolism of microbial cells, leading to physiological
disorders, collapse, and eventually death.17 However, BIT could
cause certain risks for human and animals. Human dermal
exposure to BIT at sufficient dose and duration can produce
skin sensitization and allergic contact dermatitis.18 Decreased
body weight, vomiting, damage to the lining of the stomach,
increased absolute liver weight, and changes in blood chemistry
were observed in laboratory animals (rats and dogs) exposed to
a moderate oral doses of BIT over a long period of time.19

Additionally, it is very toxic to aquatic organisms (Oncorhynchus
mykiss, 96 h LC50 ¼ 0.75 mg L; Lepomis macrochirus, 96 h LC50 ¼
0.54 mg L; Daphnia magna, 48 h EC50 ¼ 0.097 mg L�1).20 Studies
related to BIT mainly focused on synthetic method, control
efficiency on target organisms, and instrumental analysis
method of residue detection in crops (cucumber, wheat, and
tobacco) and soil.15–17,21,22 Previous investigation of our group
found BIT residues in citrus, and the results showed BIT
poses certain dietary exposure risk to human.23 United States
Environmental Protection Agency (EPA) have reported the
application amount of BIT to crops is 0.02 lbs per acre.19 BIT
may transfer to soil environment aer its large application to
crops, and cause adverse environmental effects. To our
knowledge, little published information regarding the envi-
ronmental behavior and fate of BIT in the soil is available.
Based on its extensive use, high solubility in water, and
potential risks to aquatic life and human health, the dissi-
pation and partitioning of BIT should be investigated to
ensure adequate degradation and low mobility prior to its
release into the waterbodies. Present study investigated the
dissipation, sorption–desorption of BIT in ve agricultural
soils, and identied the transformation products of BIT in
soil for the rst time.

This study aims to (1) investigate the dissipation of BIT in
ve soils as well as determine the inuence of soil properties,
ooding, and autoclaving on degradation rates, (2) identify
the transformation products of BIT in soils and (3) study
sorption kinetics and thermodynamics, and sorption–
desorption isotherms of BIT in soils. Present study will
provide a scientic basis for assessing the mobility and
persistence of BIT in the soil, as well as evaluating its poten-
tial environmental risks.
Table 1 Physicochemical properties of five experimental soils

No.

Texture (%)

Textural class pH CEC (%)Clay Silt Sand

#1 25.3 22.4 52.3 Sandy clay 5.82 24.3
#2 9.2 31.2 59.6 Sandy 7.91 17.5
#3 8.2 15.1 76.7 Loamy sand 8.71 18.2
#4 45 28.3 26.7 Clay 8.15 18.6
#5 7.8 30 62.2 Sandy loam 8.96 16.6
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2. Materials and methods
2.1. Chemicals

BIT standards with purity of 99.37% were purchased from Xi'an
Hytech Agrochemicals Co., Ltd. (Xian, China). LC-grade methanol
and formic acid were obtained from Thermo Fisher Scientic
(Waltham, MA, USA). Distilled water was supplied by the Watson
Group (Hong Kong, China). Other solvents used (sodium chloride
(NaCl), acetonitrile, calcium chloride (CaCl2)) were of analytical
grade. A stock standard solution of BIT at a concentration of
200 mg L�1 was prepared by dissolving BIT in methanol.
2.2. Soil samples collection

Five typical soil samples with no history of BIT application were
collected from Jilin (soil #1), Anhui (soil #3), Guizhou (soil #4), and
Shandong (soil #5) provinces, as well as Beijing city (soil #2), repre-
senting different regions with BIT usage in China. At each location,
surface soil (0–20 cm) was randomly sampled, air dried, sieved
through a 2 mm sieve, and then stored at 4 �C in the dark until use.
Physicochemical properties of these soils, including soil organic
matter (OM) content, pH, cation-exchange capacity (CEC) and
texture, were determined according to a series of standard
methods,24–27 and presented in Table 1. Soil #1 is sandy clay soil, pH
5.82, OM (%) 7.50, CEC (%) 24.3; soil #2 is sandy soil, pH 7.91, OM
(%) 6.10, CEC (%) 17.5; soil #3 is loamy sand soil, pH 8.71, OM (%)
6.57, CEC (%) 18.2; soil #4 is clay soil, pH 8.15, OM (%) 3.10, CEC (%)
18.6; soil #5 is sandy loam soil, pH 8.96, OM (%) 2.35, CEC (%) 16.6.
2.3. Instrumental analysis conditions

2.3.1. Determination of the BIT by LC-MS/MS. BIT analysis
was conducted on a Shimadzu 20AD-XR LC system (SHIMADZU
Corporation, Tokyo, Japan) coupled with an AB Sciex 4000Q TRAP
mass spectrometer (Applied BioSystems, Foster City, CA, USA).
Chromatographic separation was conducted on an Eclipse XDB-C18

column (4.6mm� 150mm, 5 mmparticle size, Agilent, Santa Clara,
CA, USA) with column temperature of 40 �C. The mobile phase
comprised 0.1% (v/v) formic acid in ultrapure water as eluent A and
LC-grade methanol as eluent B with a ow rate of 1 mLmin�1. The
gradient elution mode was set as: 0–0.5 min, 10% B; 3–4 min, 90%
B; 4.1–6 min, 10% B. Throughout the analysis, the injection volume
was 5 mL. Analyses were performed by positive electrospray ioniza-
tion (ESI+) with the multiple reaction monitoring mode (MRM).
Representative chromatograms of BIT are available in Fig. S1.†
OC (%) OM (%) Soil sites

4.35 7.50 Baishan, Jilin (41� 560 N, 126� 260 E)
3.54 6.10 Beijing (39� 920 N, 116� 460 E)
3.81 6.57 Hefei, Anhui (31� 860 N, 117� 270 E)
1.80 3.10 Guiyang, Guizhou (26� 570 N, 106� 710 E)
1.36 2.35 Qingdao, Shandong (36� 070 N, 120� 330

E)

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Limits of detection (LOD) and quantitation (LOQ) for the
developed method were determined using matrix-matched stan-
dard solution. The LOD was calculated as the concentration
resulting in a signal-to-noise ratio (S/N) of 3, whereas the LOQ was
determined as the concentration resulting in a signal-to-noise ratio
(S/N) of 10. The LODs and LOQs for BIT in ve blank soil samples
were detected to be 0.06 mg kg�1 and 0.2 mg kg�1 respectively
(Table S1†). Mean recoveries of BIT in soils were satisfactory with
a recovery of 74.40–103.67% and RSD of 0.92–8.28% (Table S2†).

2.3.2. Identication of metabolites by UHPLC-HRMS. The
identication of metabolite was conducted on a Dionex UltiMate
3000 RSLC UHPLC system (Dionex, Sunnyvale, CA, USA) connected
to a Q-Exactive Orbitrap mass spectrometer (Thermo Fischer
Scientic, MA, USA). A Kinetex Polar C18 column (2.1 mm � 100
mm, 2.6 mm, 100 Å, Phenomenex) was used at 30 �Cwith 5 mL of the
injection volume. Eluent A was ultrapure water acidied with 0.1%
formic acid, and eluent B was methanol containing 0.1% formic
acid. The gradient elution mode with a ow rate of 0.25 mL min�1

was set as: 0–1 min, 100% A; 11.5–12.5 min, 100% B; 12.6–15 min,
100% A. The mass spectrometer was operated with an electrospray
ionization source (ESI) in positive full-scan mode at a resolution of
70 000 (at 50–300 m/z). Spectra data were analyzed using Xcalibur
4.0 (Thermo Fisher Scientic, Carlsbad, CA) and Compound
Discoverer 2.0 (Thermo Fisher Scientic, Carlsbad, CA) soware.

2.4. Degradation experiments

The degradation of the BIT in ve soils were studied under
sterilized, unsterilized, and ooded conditions. To investigate the
role of soil microorganism in the degradation of BIT, a subsample
of each soil was sterilized at 120 �C for 30 min in triplicate before
incubation. For all treatments, a portion of 5.0 g soil was weighed
into 50 mL polypropylene centrifuge tube and maintained at 60%
water holding capacity (WHC) adjusted using distilled water. Then,
soil samples were pre-incubated for 5 d in an incubator at 25 �C
before spiking with BIT to achieve an initial nominal concentra-
tion of 10 mg kg�1. For ooded treatments, additional 5 mL of
distilled water was added to raise the level of water to approxi-
mately 1 cm above the soil surface. Soil samples were incubated in
the dark in an incubator at 25 �C for 0, 0.5, 1, 2, 5, 10, 20, 60, and
120 d under sterilized and unsterilized conditions, and for 0, 0.5, 1,
2, 5, 10, 20, and 60 d under ooded condition (0, 2, 4, 6, 8, 10, 12,
and 24 h for soil #1 under unsterilized and ooded conditions).

At each period, triplicate soil samples from each treatment
were collected and extracted using 5 mL of distilled water and
20 mL acetonitrile, and vigorously vortexed for 5 min at
2500 rpm. Aer the addition of 5 g NaCl, sample tubes were
immediately vortexed for 2 min, and then centrifuged at
6000 rpm for 5 min. Then, 1 mL of the supernatant solution was
transferred into a 2 mL plastic centrifuge tube containing
100mg C18, and vortexed for 1 min. Finally, the supernatant was
ltered through a 0.22 mm lter and analyzed by liquid
chromatography-tandem mass spectrometry (LC-MS/MS).

2.5. Sorption–desorption experiments

Sorption–desorption studies of BIT were conducted in ve
sterilized soils by a batch equilibrium method using an
© 2021 The Author(s). Published by the Royal Society of Chemistry
Erlenmeyer ask (250 mL) in a thermostatic water bath shaker
(25 � 2 �C, darkness). Solutions used in this experiment were
prepared by diluting BIT stock solution with 0.01 mol L�1 CaCl2
aqueous solution to the required concentration. For sorption
kinetics experiments, 50 mL of 5 mg L�1 BIT was added to the
250 mL Erlenmeyer ask containing 5.0 g air dried soil,
resulting in a soil/solution ratio of 1 : 10 (w/v). Then, the sample
asks were closed with caps, shaken manually for 1 min, and
then agitated on a shaker for specic periods (0.5, 1, 2, 4, 8, 12,
and 24 h). Sorption isotherm experiments in soils were evalu-
ated at ve different concentrations of BIT (0.1, 0.5, 1, 5, and
10mg L�1) and shaken for 24 h. Blanks were prepared by adding
50.0 mL of 0.01 mol L�1 CaCl2 solution without BIT to 5.0 g soil
and treated as described above. Simultaneously, 50 mL of
0.01 mol L�1 CaCl2 solutions spiked with BIT were included for
each treatment as a control. Aer specic shaking periods, soil
suspensions were transferred and centrifuged at 6000 rpm for
5 min. Then, an aliquot of 1.0 mL supernatant from each
sample was removed and ltered through a 0.22 mm lter.
Subsequently, the ltrate was directly analyzed by LC-MS/MS.
The determination of BIT in soils was the same as that for the
degradation experiments.

Desorption isotherm was determined immediately aer
sorption by adding 50 mL of 0.01 mol L�1 CaCl2 without BIT to
soils used for sorption isotherms. Aer 24 h of agitation at 25 �
2 �C, the solution was transferred, centrifuged, ltered, and
analyzed as described for sorption determination. All experi-
ments were performed in three replications.

2.6. Calculation and statistical analyses

The degradation rate constants k of BIT in soils were deter-
mined from eqn (1), and the half life (t1/2, d) was calculated from
eqn (2).

C ¼ C0e
�kt (1)

t1/2 ¼ ln 2/k ¼ 0.693/k (2)

where C0 (mg kg�1) is the initial concentration of BIT in soils, C
(mg kg�1) is the concentration of BIT at time t (d), k is the
degradation rate constants of BIT.

Sorption kinetic data were analyzed using pseudo-rst-order,
pseudo-second-order and intraparticle diffusion models. They
are expressed as eqn (3)–(5), respectively.

log(Cs � Ct) ¼ log Cs � k1t/2.303 (3)

t/Ct ¼ 1/(k2Cs
2) + t/Cs (4)

Ct ¼ kpi � t0.5 + Ci (5)

where Cs and Ct are the concentration (mg kg�1) of BIT absor-
bed to the soils at the equilibrium state and at time t (min),
respectively; while k1 and k2 are the pseudo-rst-order rate
constant (min�1) and the pseudo-second-order rate constant
(kg (mg min)�1), respectively; kpi is the intraparticle diffusion
rate constant (mg (kg min0.5)�1), Ci is the intercept which is
proportional to the boundary layer thickness.
RSC Adv., 2021, 11, 5399–5410 | 5401
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Data obtained from sorption isotherm experiments were
tted to the linear isotherm, the Freundlich sorption isotherm,
and the Langmuir isotherm. They are shown in eqn (6)–(8),
respectively.

Cs ¼ Kd � Ce (6)

Log Cs ¼ lg Kf + (1/n)log Ce (7)

Ce/Cs ¼ 1/(KLQmax) + Ce/Qmax (8)

where Cs (mg kg�1) is dened in eqn (3), Ce (mg L�1) is the
equilibrium concentration of BIT in the aqueous phase. The
sorption coefficient, Kd (L kg�1), is the slope of the linear
isotherm model. Kf is the Freundlich sorption coefficient (L
kg�1), 1/n is the Freundlich exponent. KL is the Langmuir
constant (L mg�1), and Qmax is the maximum sorption capacity
(mg kg�1).

Kd values were normalized to soil organic carbon content
(OC%) to obtain the soil organic carbon–water partitioning
coefficient (KOC) using eqn (9). The OC was calculated from the
organic matter (OM) content obtained for each soil, and 1.724 is
the ratio of OM to OC content.28

KOC ¼ Kd � 100/OC% (9)

Data obtained from desorption isotherm experiments were
tted to the Freundlich desorption isotherm model (eqn (10)).

log Cs ¼ lg Kfd + (1/nd)log Ce (10)

where Cs is the concentration (mg kg�1) of BIT absorbed to the
soils at the equilibrium state, Ce (mg L�1) is the equilibrium
concentration of BIT in the aqueous phase. Kfd is the Freundlich
desorption coefficient (L kg�1), 1/nd is the Freundlich exponent
from desorption isotherms.

The hysteresis coefficient (H) was determined for the sorp-
tion–desorption isotherms according to eqn (11).

H ¼ (1/nd)/(1/n) (11)

where 1/n and 1/nd are the Freundlich constants obtained for
the sorption and desorption isotherms, respectively.

The thermodynamic parameter, standard free energy change
(DG�, kJ mol�1), of BIT sorption process at 25 �C was calculated
according to the following eqn (12) and (13).

DG� ¼�RT ln KOM (12)

KOM ¼ Kf/OM% � 100 (13)

where R is the molar gas constant (8.314 � 10�3 kJ (K mol)�1)
and T is the sorption temperature (K). In this study, T is
considered as 298.15 K, while KOM is the soil organic matter–
water partition coefficient.

In addition, data processing such as determining the average
value, standard deviation (SD), and relative standard deviation
(RSD) were performed using Excel 2013 soware (Microso
Corp., Redmond, WA, USA). Regression analysis was conducted
5402 | RSC Adv., 2021, 11, 5399–5410
using SPSS 16.0 (SPSS Inc., Armonk, NY, USA). Graphs were
plotted by OriginPro 2017 (OriginLab Corp., Northampton, MA,
USA).

3. Results and discussion
3.1. Degradation of BIT in soils

BIT degradation in ve soils under unsterilized, sterilized, and
ooded conditions well followed the rst-order kinetics model
with R2 between 0.8743–0.9991 (Fig. 1). Degradation rate
constants and half-lives for BIT are presented in Table 2. BIT
loss in hydrolysis controls was limited to 10% aer 120 d,
indicating that abiotic hydrolysis was slow. The degradation of
BIT was inuenced by OM content, soil microorganisms and
ooding condition.

3.1.1. Inuence of soil organic matter content on the
degradation of BIT. The degradation of BIT in soils was rapid
under unsterilized conditions (Fig. 1), approximately 100% of
the applied amount were degraded in 24 h for soil #1; however,
approximately 96.62%, 99.16%, 71.77%, and 37.19% of the
applied amount were degraded at 10 d for soils #2, #3, #4, and
#5, respectively. At the end of incubation (120 d), the dissipation
rate was >94.50% for soils #2, #3, #4, and #5. Some amide-
containing heterocyclic compounds have presented antimicro-
bial activity and adverse effects on microbial community in
soil.29,30 Nutrient depletion from soil microcosms was observed
with incubation time increasing.31 The cease of chloran-
traniliprole (CAP) was likely caused by depletion of available
micronutrients (such as nitrogen and phosphorus), resulting in
the death or dormancy of the microbial population degrading
CAP.13 Therefore, the slow degradation rate of BIT (amide-
containing heterocyclic compounds) in the later stage may be
attributed to a decreased microbial activity due to the antimi-
crobial action of BIT, and depletion of available micronutrient
such as nitrogen and phosphorus. The degradation of BIT in
ve unsterilized soils showed various half-lives during incuba-
tion, with the estimated t1/2 value of 0.09 d in soil #1, 1.89 d in
soil #2, 1.23 d in soil #3, 3.44 d in soil #4, and 26.66 d in soil #5
(Table 2). The degradation rate showed a decreasing sequence
soil #1 > soil #3 > soil #2 > soil #4 > soil #5, which is consistent
with the change of OM content in soils. In conclusion, higher
soil OM content is benecial to BIT degradation, and this agrees
with the report about the degradation of pyriproxyfen.32 Alter-
natively, since OM is a source of energy for soil microorganisms,
higher OM content may promote the growth of BIT-degrading
microbes. Thus, this result also conrmed that soil microor-
ganisms are an important factor affecting BIT degradation in
the soil.

3.1.2. Inuence of soil microorganisms on the degradation
of BIT. BIT degradation differences in sterilized and non-
sterilized soils could be considered as the effect of soil micro-
organisms (Fig. 1 and Table 2). The dissipation rate of BIT
under sterilized conditions (t1/2, 6.80–86.64 d) was lower than
that under unsterilized conditions for each soil (t1/2, 0.09–26.66
d), implying that soil microorganisms played a signicant role
in the degradation of BIT. Similar observations for other pesti-
cides have also been reported.6,13,33 Additionally, degradation
© 2021 The Author(s). Published by the Royal Society of Chemistry



Table 2 BIT dissipation curves and the half-lives in five different soils
under three incubation conditions

Treatments Soils Dissipation curve k (d�1) R2 t1/2 (d)

Unsterilized #1 C ¼ 5.9226e�7.443t 7.4430 0.9322 0.09
#2 C ¼ 7.2480e�0.3667t 0.3667 0.9012 1.89
#3 C ¼ 6.7144e�0.564t 0.5640 0.9797 1.23
#4 C ¼ 7.9579e�0.2014t 0.2014 0.8743 3.44
#5 C ¼ 7.0526e�0.026t 0.0260 0.9387 26.66

Sterilized #1 C ¼ 7.2116e�0.0862t 0.0862 0.9375 8.04
#2 C ¼ 7.5047e�0.102t 0.1020 0.9446 6.80
#3 C ¼ 7.8421e�0.022t 0.0220 0.9501 31.51
#4 C ¼ 7.3168e�0.015t 0.0150 0.9505 46.21
#5 C ¼ 7.3857e�0.008t 0.0080 0.9128 86.64

Flooded #1 C ¼ 5.0795e�3.4460t 3.4460 0.9192 0.20
#2 C ¼ 7.7783e�1.9686t 1.9686 0.9991 0.35
#3 C ¼ 7.1178e�1.5676t 1.5676 0.9773 0.44
#4 C ¼ 8.1966e�0.313t 0.3130 0.9622 2.21
#5 C ¼ 8.4968e�0.153t 0.1530 0.9732 4.53

Fig. 1 The dissipation curves of BIT in five soils under three different conditions: (A) in soil #1, (B) in soil #2, (C) in soil #3, (D) in soil #4, (E) in soil
#5. The error bars represent the standard deviation.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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under sterilized conditions may be attributed to the recovery of
soil microbes and enzymes aer autoclaving,34,35 as well as
abiotic degradation. Overall, biological degradation is a major
mechanism for BIT dissipation in the soil, which is mediated by
soil microbes capable of degrading BIT and assisted by abiotic
processes.

3.1.3. Inuence of ooding on the degradation of BIT. In
this study, 5 mL of distilled water was added to raise the level of
water to approximately 1 cm above the soil surface to simulate
the eld ooded conditions. According to previous investiga-
tions,36,37 anaerobic conditions occur rapidly when the soil is
ooded, resulting in great changes in dominant microbial
communities. The dissipation of BIT under ooded (anaerobic)
conditions was faster with t1/2 of 0.20–4.53 d, compared to
unsterilized (aerobic) conditions (t1/2, 0.09–26.66 d) for each
tested soils except soil #1 (Fig. 1 and Table 2). This result
showed that ooded (anaerobic) conditions accelerated the
microbial degradation of BIT in the soil, and this is similar to
the report on tricyclazole.7 Additionally, this nding further
RSC Adv., 2021, 11, 5399–5410 | 5403
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suggested that anaerobic microbes dominate BIT degradation
under ooded conditions.
3.2. Degradation products of BIT in soil

3.2.1. Identication of transformation products. Major
degradation products of BIT in unsterilized soil #1 during
incubation for 24 h were analyzed and identied using UHPLC-
HRMS. Post-acquisition data were mined using the soware
Compound Discoverer 2.0 to screen possible metabolites and
hypothesize themolecular formula of metabolites. In this study,
two transformation products were observed and analyzed in
addition to the BIT parent compound, which are labeled here as
TP 1 and TP 2. Their structures were hypothesized and identi-
ed based on the molecular ion [M + H]+, retention time, frag-
mentation pattern from the MS2 spectra, and comparison with
mass spectral data of the corresponding metabolite standard
under the same UHPLC-HRMS conditions. Molecular weights of
metabolites were obtained using full scan analysis in a positive
mode with high-mass accuracy (error ratio of <3.0 ppm).
Structure and fragmentation information are shown in Table 3.

BIT had a retention time of 7.42 min, and its mass spectrum
showed that ion fragments of BIT were at m/z 152.01707 [M +
H]+, including daughter ions of 134.00636 ([M + H]+ – H2O),
124.02221 ([M + H]+ – CO), 109.01106 ([M + H]+ – CONH), and
105.03387 ([M + H]+ – SNH) (Fig. 2A).

TP 1 with a UHPLC relative retention time of 6.76 min,
matched formula C7H7NO2. According to MS2 spectra of the
metabolites, TP 1 with a molecular ion of 138.05550 was iden-
tied as 2-hydroxybenzamide, as indicated by the characteristic
ion atm/z 121.02883 (Fig. 2B). The generation of fragment ion at
m/z 121.02883 could have resulted from the loss of an amino
group ([M + H]+ – NH3), and m/z 93.03384 was indicative of
phenol. Additionally, a fragment ion at m/z 120.04482 with the
loss of 18 mass units was likely generated from the loss of
a water molecule.

TP 2 with a UHPLC relative retention time of 9.04 min,
matched formula C7H5NS. The mass of major fragments at m/z
110.01436, 109.01117, 106.06582, 95.04954, and 65.03888 was
identical to BIT fragments (Fig. 2C). Based on similar
Table 3 The structure and fragmentation information for parent compo

Product ID Product name Mw

Parent BIT 151.01

TP 1 2-Hydroxybenzamide 137.05

TP 2 1,2-Benzisothiazole 135.01

5404 | RSC Adv., 2021, 11, 5399–5410
fragmentation patterns, which were compared with the struc-
ture and mass spectrum of the parent BIT, the proposed
structure for TP 2 with the protonated molecular ion at m/z
136.02207 [M + H]+ was identied as 1,2-benzisothiazole. Mass
fragment ions at m/z 106.06582 and 109.01117 indicated sulfur
atom and C]N bond losses, respectively.

Additionally, to further verify the structure of TP 2, 1,2-ben-
zisothiazole was synthesized, and identied by 1H and 13C NMR
(Fig. S2 and S3†). 1,2-Benzisothiazole and 2-hydroxybenzamide
were analyzed using UHPLC-HRMS under the same conditions
as the soil samples. Results showed that TP 1, its characteristic
fragment ion peaks (m/z ¼ 121.02883), and retention time were
consistent with the MS spectrum of 2-hydroxybenzamide. TP 2
had the same retention time as 1,2-benzisothiazole, which was
further conrmed by the presence of ions withm/z¼ 106.06582,
109.01117, and 136.02207.

3.2.2. Degradation pathway of BIT in soils. The peak areas
of two metabolites over the incubation time are presented in
Fig. 3, which reects the trend of metabolites concentration
during degradation. TP 2 emerged at the beginning of incuba-
tion and was detected during the entire incubation period. TP 1
emerged at an incubation time of 4 h, then reached its
maximum concentration at 12 h. Based on the information of
the identied intermediates, the possible degradation pathway
of BIT in soils under unsterilized condition was proposed. BIT
degradation in soil mainly occurred on the thiazole ring. The
cleavage of ve membered ring via the S–N bond, then followed
the conversion of hydrosulphonyl to a hydroxyl to produce TP 1.
TP 2, 1,2-benzisothiazole, was likely generated from a reduction
of the carbonyl group and then dehydration, thereby resulting
in the formation of a double bond between carbon and
nitrogen.
3.3. Sorption–desorption of BIT in soils

3.3.1. Sorption kinetics. The sorption process of BIT on
tested soils involved two steps, an initial rapid sorption stage on
the most accessible sites followed by slower and gradual sorp-
tion on less accessible sites to equilibration stage (Fig. 4A).
Sorption equilibrium times for BIT differed among these ve
und and degradation products

Chemical structure ESI(+) MS m/z ESI(+) M2 m/z

152.01707

134.00636,
105.03390
109.01106
124.02221

138.05550

121.02883,
120.04482,
93.03384,
65.03889

136.02207

109.01117
103.04203
65.03888
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Fig. 2 The mass spectrum of BIT and metabolites in the identification
process: (A) BIT, (B) TP 1, (C) TP 2.
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soils. In soil #1, BIT attained sorption equilibrium very quickly
within 4 h. However, in soils #2, #3, #4, and #5, BIT reached
equilibrium between 12–24 h; increases in the sorption amount
aer 24 h were insignicant, approximately 82.09% (soil #1),
58.31% (soil #2), 51.66% (soil #3), 43.32% (soil #4), and 39.84%
(soil #5) of BIT was absorbed within 24 h at an initial concen-
tration of 5 mg L�1. The different sorption equilibrium times
© 2021 The Author(s). Published by the Royal Society of Chemistry
and sorption amount at equilibrium for each soil may be due to
variations in physicochemical properties of soils. Soil sorption
of BIT was non-linear with respect to time (Fig. 4A), perhaps
because of the heterogeneity of retention reactions and variable
affinities of the organic matter sites for sorption of the pesti-
cides.38 Initial surface sorption is fast sorption to easily acces-
sible soil particle sites, while diffusion to internal sites is slower
sorption to less accessible sites.39 The fast sites are lled rst,
and may be limited in number, while slower sorption most
likely occurs simultaneously with fast sorption, and continues
until equilibrium is reached. A period of 24 h was sufficient to
achieve sorption equilibrium for all tested soils; therefore, it
was taken as the equilibrium time of BIT and used in subse-
quent sorption–desorption isotherm experiments.

Sorption kinetics provides useful information about the
sorptionmechanism of BIT. In this study, sorption kinetics data
were tted to pseudo-rst-order, pseudo-second-order and
intraparticle diffusionmodels (Tables S3 and S4†). In the case of
sorption preceded by diffusion through a boundary, adsorption
kinetics followed the pseudo-rst-order model.40 The pseudo-
second-order model is based on the hypothesis that the sorp-
tion capacity is directly proportional to the number of active
sites on the sorbent.41 The sorption kinetics for soils #3, #4, and
#5 followed the pseudo-rst-order model (R2 ¼ 0.9445, 0.9609,
and 0.8724) better than the pseudo-second-order model (R2 ¼
0.6700, 0.9039, and 0.1871), and the calculated amounts of BIT
sorbed (Cs,cal) using the pseudo-rst-order kinetic model were
closest to the experimental value (Cs,exp). This result indicated
that the sorption of BIT to soils #3, #4, and #5 was preceded by
diffusion. Sorption kinetics data of soils #1 and #2 tted the
pseudo-second-order kinetic model well, as conrmed by high
correlation coefficients (R2 ¼ 1 and 0.9865) and the Cs,cal

calculated from the equation close to the Cs,exp obtained from
experiment. This result suggested that the sorption capacity of
BIT in soils #1 and #2 is controlled by the number of available
active sites on the soil.

In terms of intraparticle diffusion plots in the present study,
it is obvious that the sorption process of BIT on test soils
present multilinearity indicating three stages occur in the
sorption processes (Fig. 4B). The parameters in the three linear
portions of each plot calculated by the intraparticle diffusion
equation were listed in Table S4.† It was found that all the Ci

values (intercept) were nonzero. Based on the diffusion theory,
intraparticle diffusion is considered to be an only rate-
controlling step if the intraparticle diffusion plot is linear and
passes through the origin (Ci ¼ 0),42 otherwise more than one
mechanisms were involved in the sorption process.43 Therefore,
the three-stage linear sorption process and the nonzero Ci

values indicate that BIT sorption to the tested soils involved
multiple steps. Based on previous studies,44,45 the rst step was
controlled by lm diffusion (or external surface sorption) with
a high rate because of sufficiently sorption sites, while the
second step was associated with intraparticle diffusion when
external surface sites were occupied and the adsorbate molecule
transferred through inner soil pores. The third step was the
equilibrium stage when the intraparticle diffusion gradually
slowed down. The good linear regression indicates that
RSC Adv., 2021, 11, 5399–5410 | 5405



Fig. 3 Peak area–time curves of TP 1 and TP 2 in soil #1. The error bars represent the standard deviation.
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intraparticle diffusion occurred in the stages 1 and 2 of BIT
sorption on all ve soils, and this also applies to the third stage
of BIT sorption on soils #2, #3 and #5. However, the relatively
lower R2 values of BIT sorption step 3 onto soil #1 and #4
indicates that no more intraparticle diffusion is expected in the
last stage of the sorption process. Higher intercept (Ci) usually
indicates the thicker boundary layer and the stronger boundary
layer effect.46 In present study, soil #1 showed the largest
intercept (Fig. 4B), indicating that the boundary layer effect was
greater than that of other soils, which may be related to the
higher OM content. In addition, the intraparticle diffusion rate
(kp2) was lower than the lm diffusion rate (kp1) (Table S4†),
indicating that the BIT diffusion towards the soil external
surfaces is faster compared to the intraparticle diffusion in step
2, and also indicating the BIT sorption to the agricultural soils
was related to both intraparticle diffusion and boundary layer
diffusion, but the former was the rate-limiting step.

3.3.2. Sorption isotherms. In this study, linear, Freundlich,
and Langmuir models were used to describe the BIT sorption
isotherms in soils. Freundlich sorption model was used to
describe the multilayer sorption equilibrium on heterogeneous
surfaces.47 while the Langmuir model is oen employed to
describe ideal sorption to a homogeneous sorbent.48 The sorp-
tion isotherms are shown in Fig. S4,† and corresponding
parameters are summarized in Table 4. Due to the highest
sorption in soil #1, the Ce values were less than the LOQ, so
isothermal data for soil #1 were not obtained. Results showed
that sorption isotherm data of BIT for other four soils (soils #2,
#3, #4, and #5) tted the Freundlich sorption model with higher
5406 | RSC Adv., 2021, 11, 5399–5410
regression coefficients (R2) of 0.8831–0.9826, compared with the
linear models (R2 > 0.7328 for all samples except for soil #2 R2 ¼
0.3060) and Langmuir sorption model (R2 > 0.8245 for all
samples except for soil #5 R2 ¼ 0.1928). Thus, BIT sorption to
these four soils was non-ideal sorption to heterogeneous
sorbents, which is consistent with the DBP (di-n-butyl phtha-
late) sorption to different soil fractions.49 The 1/n values of the
Freundlich model are used to characterize the linearity of an
isotherm, which is convex, linear, and concave when 1/n < 1, 1/n
¼ 1, and 1/n > 1, respectively.50 In this study, the 1/n values of
the Freundlich model ranged between 0.31–1.12 (Table 4). For
soils #2 and #3, the values of 1/n (0.31, 0.46) were signicantlly
<1, suggesting nonlinear and convex BIT sorption isotherms, in
which sorption decreased with increasing BIT concentrations.
However, the values of 1/n (0.85, 1.12) for soils #4 and #5 were
close to 1, indicating the linearity of BIT sorption isotherm in
soils #4 and #5, which were consistent with the results obtained
from the linear sorption model with R2 of 0.9078 and 0.9940,
respectively. This result also suggested the affinity of BIT sorp-
tion to soils #4 and #5 in the tested concentration range was
relatively constant, similar results were found for per-
uorooctanoic acid sorption isotherms to all soil fractions.51

The Kf values—Freundlich sorption distribution coeffi-
cients—illustrate the sorption affinity between BIT and tested
soils. The Kf values of BIT sorption to tested soils varied between
1.83–8.60 (Table 4). To illustrate the effects of the physico-
chemical properties of the soils on BIT sorption, the relation-
ships between physicochemical properties of soils and Kf values
of the Freundlich model were analyzed. Multiple linear
© 2021 The Author(s). Published by the Royal Society of Chemistry



Fig. 4 Sorption kinetics of BIT to five different soils: sorption of BIT to each soil as a function of contact time at concentration of 5 mg L�1 (A).
Intraparticle diffusion model of BIT on five agricultural soils (B). The error bars represent the standard deviation.
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regression analysis between Kf value and physicochemical
properties showed that OM content and pH values are main
factors affecting the sorption of BIT on soils (Kf ¼ 1.20 � OM �
2.06 � pH + 17.14, R2 ¼ 0.9400). This result indicated that Kf

values had positive correlations with OM content, while had
negative correlations with pH, and the effect of pH on BIT
sorption is greater than that of OM. Soil OM is formed from
plants, animals and microbes residues, which include humus
(fulvic acid, humic acid and humin) and non-humus (such as
protein, hydrocarbon, organic acid, sugar and fat). Non-ionic
organic compounds can be adsorbed to the hydrophobic
surface (including beeswax, fat, resin, aliphatic side chain of
humic acid and fulvic acid) of soil organic matter through
hydrophobic interaction.52 Therefore, higher OM contents may
provide more active sites for BIT (non-ionic organic compound)
sorption via hydrophobic interactions. Additionally, humus
© 2021 The Author(s). Published by the Royal Society of Chemistry
contains a large number of acidic groups, high pH value will
increase the degree of ionization of humus and reduce the
tendency to form hydrophobic area.53,54 Therefore, higher pH
value is not conducive to the sorption of BIT.

Organic carbon content-normalized sorption coefficients
(log KOC) were calculated to evaluate the BIT sorption capacities
of different soils. In this study, log KOC was 3.76–4.19 (Table 4).
Based on the Test Guidelines on Environmental Safety Assess-
ment for Chemical Pesticides in China,55 pesticides are classi-
ed into ve types, highly adsorbed pesticide (log KOC > 4.30),
subhighly adsorbed pesticide (3.70 < log KOC # 4.30), medium-
adsorbed pesticide (3.00 < log KOC # 3.70), sub-difficult adsor-
bed pesticide (2.30 < log KOC # 3.00), and difficult adsorbed
pesticide (log KOC < 2.30). Therefore, BIT was ranked as a sub-
highly adsorbed pesticide. This result indicated that BIT pres-
ents a relatively high affinity and low mobility in the soil,
RSC Adv., 2021, 11, 5399–5410 | 5407



Table 4 Sorption–desorption parameters of BIT in different soils

Models Parameters #1a #2 #3 #4 #5

Linear sorption Kd — 2.06 2.34 2.31 2.11
R2 — 0.3060 0.7328 0.9078 0.9940
log KOC — 3.76 3.79 4.11 4.19

Freundlich sorption Kf — 8.60 6.81 3.63 1.83
R2 — 0.9733 0.8831 0.9598 0.9826
1/n — 0.31 0.46 0.85 1.12
DG� — �23.68 �22.92 �23.22 �22.21

Langmuir sorption KL — 3.56 0.90 0.15 —
R2 — 0.9943 0.8531 0.8245 0.1928
Qmax — 15.17 18.38 31.65 —

Freundlich desorption Kfd — 15.93 22.77 5.24 23.98
R2 — 0.6760 0.8022 0.9833 0.9106
1/nfd — 0.24 0.37 0.55 0.84
H — 0.77 0.81 0.65 0.75

a For soil #1, due to the highest sorption in soil #1, the Ce values at equilibrium were less than the LOQ, thus isothermal data for soil #1 were not be
obtained.
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consequently exhibiting a low potential for groundwater
contamination.

3.3.3. Sorption thermodynamics. The standard free energy
change, DG�, was determined to elucidate the sorption mecha-
nisms of BIT. In this study, the values of DG� were negative for
investigated soil samples, varying from�22.21 to�23.68 kJ mol�1

(Table 4), which showed that the sorption of BIT to soils was
spontaneous and feasible, and the degree of spontaneity increased
with increasing temperature. Additionally, the sorption process is
considered a physical sorption when the value of DG� ranged from
�20 to 0 kJ mol�1, whereas it was a chemical sorption when
ranged from �400 to �80 kJ mol�1.56,57 In this study, the DG�

values were close to �20 kJ mol�1, implying that the sorption of
BIT to soil was a physical process.

3.3.4. Desorption isotherms. Freundlich isotherms well
described the desorption data of BIT in soils #2, #3, #4, and #5,
as indicated by the R2 of 0.6760–0.9833 (Table 4 and Fig. S4†).
Values of 1/nfd for the desorption process were <1, implying
that the relationship between BIT concentration and its
desorption on these four tested soil samples was nonlinear. All
tested soils had an average desorption rate less than 4.49%,
which showed that BIT did not readily desorb. Additionally,
the values of desorption distribution coefficient (Kfd) ranged
between 5.24–23.98, which were consistently higher than
those obtained for the sorption Kf on tested soils, conrming
that the combination of BIT to soils was stronger, similar to
previous study for non-steroidal anti-inammatory drugs.58

Higher Kfd values indicated lower desorption of BIT, thus, the
desorption capacity of BIT was in the decreasing order soil #4 >
soil #2 > soil #3 > soil #5. This result showed that the desorption
rate of BIT decreased with an increase in OM contents. The
hysteresis coefficient, H, measures the extent of hysteresis in the
desorption procedure. Previous studies emphasized that a value of
H < 1 means that the rate of desorption is lower than that of
sorption.59,60 Moreover, Barriuso et al. reported that no hysteresis
effect exists when 0.7 < H < 1.61 In this study, H values for BIT were
0.65–0.81, close to 1, indicating that the desorption rate is lower
5408 | RSC Adv., 2021, 11, 5399–5410
than the sorption, and showing an insignicant desorption
hysteresis effect.

4. Conclusions

The degradation of BIT in all the tested soils tted the rst order
kinetics and increased with soil OM content. Degradation
differences between unsterilized natural and sterilized soils
suggested that BIT degradation is primarily driven by biological
processes and assisted by abiotic degradation. The fastest
dissipation rate of BIT under ooded conditions implied that
anaerobic microorganisms are more likely to degrade BIT
compared to aerobic microbes. During the soil degradation
process, two metabolites were monitored and identied for the
rst time, which are 1,2-benzisothiazole and 2-hydrox-
ybenzamide respectively. The sorption of BIT was a sponta-
neous physical process with no desorption hysteresis effect, and
was enhanced by soil OM content. Based on relatively strong
sorption to soils and low persistence in soils, it can be inferred
that the potential risk of groundwater contamination by BIT
may be low. Present study may be helpful to guide BIT reason-
able use and decrease its potential risks for human and
animals, and provides a feasible method of effectively identi-
fying metabolites of BIT in soils. To fully understand the fate of
BIT in the environment, further investigation should be con-
ducted on the specic microbial community degrading BIT.
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