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Abstract

Pesticides cannot be stopped today, but at the same time, it is impossible to accept the use of them without understanding
their fate and behavior in the environment to accomplish their purpose and avoid their risks. To determine the behavior of
thiobencarb in two common Egyptian soil types, clay soil and sandy clay loam soil, the adsorption—desorption isotherms,
leaching, and dissipation processes were tested. Also, the obtained experimental data were modeled to predict the different
processes and to determine the characteristic parameters of each process. Thiobencarb residues were measured by GC-MS
and UV-Vis Spectrophotometer. The results indicated that thiobencarb dissipation is consistent with the 1st-order kinetic
model, and the half-life is 10.61 days in clay soil and 10.24 days in sandy clay loam soil. The pseudo-second-order kinetic
model and Freundlich isotherm model fit the experimental adsorption and desorption data. Both thiobencarb adsorption
and mobility were significantly correlated. Compared with sandy clay loam soil, thiobencarb adsorption was greater in clay
soil, producing S-type isotherms, whereas desorption in clay soil was lower, producing C-type isotherms. The leaching of
thiobencarb is moderate in clay soil and sandy clay loam soil. However, it was significantly more leachable in sandy clay
loam soil than in clay soil. Hence, it is very important to manage and pay attention to the irrigation of rice crop in order to
prevent the leaching potential of herbicide thiobencarb and the threat to groundwater resources, as well as to avoid reducing
weed control efficiency.
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Introduction

There is no expectation that pesticides will be dispensed in
the foreseeable future. Pesticides play an essential role in
pest control, since they improve the quality, quantity, and
sustainability of agricultural products. Approximately two
million tons of pesticides are applied each year (Bondar-
eva and Fedorova 2021; Lykogianni et al. 2021). More than
99% of applied pesticides are spread in the environment,
damaging soil, water, and other organisms (Ge et al. 2017).
It is possible for the soil to be contaminated with pesticides
by direct use as well as indirect contact such as agriculture
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spray drift, run-off, aerial sprayers, sub-surface drainage and
leaching. Consequently, pesticides can penetrate into deep
layers of the soil, increasing the risk of groundwater con-
tamination (Bhushan and Pathma 2021; Mojiri et al. 2020;
Yang et al. 2021).

In soil, the fate and behavior of pesticides are determined
by different processes, including adsorption, leaching, vola-
tilization, and degradation (Sondhia 2019). These processes
are influenced by a variety of factors, including characteris-
tics of the soil (soil texture, organic matter (OM) content),
the physicochemical properties of pesticides (solubility
in water, sorption coefficient), environmental conditions
(temperature, humidity), and practices (rate and method of
application) (Das et al. 2015; Tudi et al. 2021). Addition-
ally, persistence, movement, and bioactivity of herbicides
are affected by their adsorption—desorption processes (Palma
et al. 2015; Sarkar et al. 2020).

The equilibrium state of either adsorption process or des-
orption process was usually achieved within a few hours to
a day, but sometimes it required a few days or even months
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(Shankar et al. 2020). Adsorption kinetics, which are used
to determine the rate of adsorption, are always described
by empirical approaches that are based on different kinetic
models (Rodrigues and Silva 2016). The Elovich equation
is widely used in chemisorption kinetics and is suitable for
heterogeneous surfaces. It assumes that the adsorption rate
decays exponentially as the amount adsorbed increases (Sen-
thilkumaar et al. 2010). The model of intraparticle diffusion
is used to explain the adsorption process through porous
adsorbents (Itodo et al. 2010). The pseudo-first-order and
pseudo-second-order models are both commonly used for
describing soil sorption kinetics (Pan and Xing 2010). In
addition, about 15 adsorption isotherm models have been
developed and used (Foo and Hameed 2010). The most
popular adsorption isotherm models could have two, three,
four, or five parameters. There are numerous experimen-
tal adsorption data that have been characterized accurately
using Freundlich isotherm model, which can be applied to
both monolayer and multilayer adsorption (Yang 1998). The
Langmuir isotherm model originally was used to describe
gas adsorption on the solid surfaces, then it has been modi-
fied so that it fits solute adsorption on solid surfaces in
solutions (Rajahmundry et al. 2021). A three-parameter
adsorption isotherm model (Redlich-Peterson) avoids the
inaccuracies of Freundlich and Langmuir models (Chen
et al. 2022). In general, modeling the behavior of pesticide
in soil reduces the cost and time, and it also predicts its
behavior under various conditions.

Upon reaching the soil, pesticides are lost via two pro-
cesses, transport and degradation. The degradation rate of
pesticides is dependent on pesticide properties, soil char-
acteristics, and environmental conditions (Rahman et al.
2020). Pesticides leaching in soil and contaminating the
groundwater are extremely harmful to the environment (EI-
Aswad et al. 2002). The leaching of herbicides may also play
a role in reducing their activity (Peek and Appleby 1989).
The mobility potential of different pesticides in soils could
be classified depending on the physicochemical properties
of pesticides as well as short-term leaching tests (Gustafson
1989). Several researchers evaluated the leaching potential
of pesticides to determine which compounds deserve longer
consideration and may require more expensive studies of
leaching (Spadotto 2002).

Thiobencarb (carbamate group) is a herbicide widely used
to control weeds in rice fields in many countries, including
Egypt. However, there is a paucity of literature describing
its environmental behavior. Accordingly, this study aimed to
determine the extent of the potential contamination of the
environment, especially the groundwater, with thiobencarb.
By studying adsorption—desorption kinetics and isotherms,
soil mobility, and dissipation under laboratory conditions,
the behavior of this compound was determined in two Egyp-
tian soil types and modeled under various conditions.
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Materials and methods
Chemicals

Technical grade 97.0% a.i. of thiobencarb (S-4-chlo-
robenzyl diethyl thiocarbamate) was obtained from Shan-
dong San Young Industry Co., Ltd. Calcium chloride
(CaCl,), potassium iodide (KI), anhydrous sodium sulfate
(Na,SO,), magnesium sulfate (MgSO,), sodium thiosul-
phate (Na,S,05), silver nitrate (AgNO;), hydrochloric acid
(HC1), sulfuric acid (H,SO,), hydrogen peroxide (H,0,),
and starch indicator, also commercial solvents including
methanol, ethanol, acetone and acetonitrile were purchased
from Algomhoria Chemical Co., Alexandria, Egypt. Sol-
vents HPLC-grade methanol, dichloromethane, n-hexane
and acetonitrile were purchased from Sigma-Aldrich Co.
(Spruce Street, Louis., MO, USA).

Tested soils

Experiments were performed on two common Egyptian
soil types, clay and sandy clay loam. The samples were
taken from the soil surface layer (0—20 cm) of different
locations that had no history of pesticide use. Samples of
alluvial soil were taken from the Agricultural Research
Station, Abis farm, Faculty of Agriculture, University of
Alexandria and the samples of calcareous soil were taken
from the Elnahda region, Elamria, Alexandria Governo-
rate. Physical and chemical properties of the soil were
determined by the Department of Soil and Water Sci-
ences, Faculty of Agriculture, University of Alexandria,
and are given in Table 1. The soil was air-dried, ground,
and sieved using a 2-mm sieve before being used. The
texture of the soil was determined using the hydrometer
method (Holliday 1990). The OM content was determined
by dichromate oxidation according to the Walkley—Black
method (Nelson and Sommers 1996).

Table 1 Physical and chemical properties of tested soils

Properties Soil Soil I
Particle Size distribution (%) Clay 42 20
Silt 18 13
Sand 40 67
Texture class Clay Sandy clay loam
Water holding capacity (mL) 46 38
EC (m mohs/cm) at 25 °C 1.32 5.03
Soil pH 8.25 8.15
Organic matter content (%) 3.31 1.54
Total carbonate (%) 7.87 44.64
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Determination of thiobencarb

Spectrophotometric determination and quantification
limits

Thiobencarb residues in aqueous samples of sorption and
leaching experiments were quantitively analyzed using
UV-VIS Spectrophotometer (Thermo Corporation, evolu-
tion 100, Nicolet, Germany). To determine the appropriate
wavelength (A,,,) for thiobencarb with minimum interfer-
ence, a scanning range of 200—400 nm was used to create
a spectral-density curve (S-D curve) for pesticide solution
containing 5 pg/mL. In order to generate the calibration
curve (C-D curve), triplicate samples (n=3) of known pesti-
cide concentrations (1-50 pg/mL) were plotted against their
respective absorbance levels at the 4, obtained (Fig. 1). As
part of the quality assurance and control process, triplicate
samples with a control and blank were used. For each batch,
pesticide standards were measured for inter- and intra-batch
variation (Abdo et al. 2010).

The limit of blank (LOB), the limit of detection (LOD)
and the limit of quantitation (LOQ) refer to the lowest con-
centration of a pesticide at which measurement is reliable
under experimental conditions. To validate the spectropho-
tometer method, guidelines were calculated for LOB, LOD,
and LOQ (El-Aswad et al. 2019). It was obtained that the
value of LOB was 0.117 pg/mL, LOD was 0.118 pg/mL and
LOQ was 0.196 pg/mL. In addition, the linearity of calibra-
tion curve was obtained. The value of LOL (limit of linear-
ity) was determined for the greatest concentration (50 pg/
mL) of the linear shape segment of thiobencarb standard
curve. The absorbance of samples above LOL was adjusted
to fall within the linear range between LOQ and LOL by
dilution and correction.

GC-MS determination and recovery

Stock solution of thiobencarb was prepared using HPLC-
grade methanol (1000 mg/L), by accurately weighing

analytical standard into volumetric flask, dissolving and
diluting with methanol, and storing at 4 °C in the dark. A
fresh working standard solution of thiobencarb was prepared
by diluting multiple stock solutions with dichloromethane
HPLC-grade. Immediately prior to the samples, an initial
standard solution (100 pg/mL) was measured.

In persistence experiment, the residues of thioben-
carb in soil samples were quantitively determined using
GC-MS (Thermo Scientific USA), gas chromatograph
Trace 1300 coupled with an EI Mass spectrometer ISQ
7000 model, including TR-50 MS capillary column (30 m
in length X 250 pm in diameter X 0.25 pm in thickness of
film), Spectroscopic detection (high energy electron ioniza-
tion system (70 eV); MS transfer line temperature 300 °C
and ion source temperature 300 °C). The carrier gas (pure
helium, 99.995%) with flow rate of 1 mL/min was used.
The temperature (60 °C) was initially set, after 2 min, it
increased with a rate of 10 °C/min to 100 °C, after 5 min, it
increased with a rate of 10 °C/min to 150 °C, after 5 min,
it increased with a rate of 10 °C/min to 200 °C, after 5 min,
it increased with a rate of 10 °C/min to 250 °C and kept for
20 min. The sample was injected (1 yL) in a split less mode.
Untreated soil samples were homogenized and spiked with
standard solutions of thiobencarb (50, 75, and 100 pg/g soil).
Two replicates were analyzed at each fortification level. The
recovery percentages were 90.89 and 88.34% in clay soil
and sandy clay loam soil, respectively (Camara et al. 2020;
Redondo et al. 1994).

Dissipation study of thiobencarb

Thiobencarb dissipation in two soil types; clay and sandy
clay loam, was studied under laboratory conditions. A
weight of 150 g of each soil type was placed in 500-mL
glass bottle and treated with tested pesticide (75 pg a.i./g
soil). Three replicates were used for treatments and control.
The tested pesticide was dissolved in an amount of distilled
water equals 60% of water holding capacity (WHC) of the
tested soil. All bottles were incubated at 25 °C up to 84 days.
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A sufficient amount of water was added to replace lost soil
moisture during the incubation period (Badawy et al. 2017).
The soil was sampled at different times (0, 2, 5, 13, 20, 27,
48, 55 and 84 day). Thiobencarb residue was extracted from
air dried soil samples by dichloromethane HPLC-grade.
After evaporation of the samples using rotary evaporator, the
pesticide residues were dissolved in 1 ml n-hexane HPLC-
grade and determined using GC-MS (Redondo et al. 1994).

In order to obtain the disappearance curve of thiobencarb
in soil, the concentration of pesticide residues against time
were plotted. The calculated dissipation rate and half-life
value of thiobencarb were assessed by the following equa-
tions (Badawy et al. 2017; Yuan et al. 2020).

C
K = 2.303 jog( =L )& DTy, = 0.6932

where, K is the dissipation rate, C; and C, the concentration
of pesticide residues at two times ¢, and #,, respectively. DT,
is the time required to reduce an amount of a compound by
half (Fardillah et al. 2020).

Adsorption and desorption study of thiobencarb
Adsorption and desorption kinetics

The batch sorption kinetics experiment was repeated twice
on each soil in order to determine the equilibration time for
sorption process. Thiobencarb (30 pg/mL) in 0.01 M CaCl,
solution was used as (1:5 soil: solution). A mechanical shake
at 150 rpm has been performed in the dark at room tempera-
ture for 1, 2, 3, 6, 12, 24, 30, and 48 h. After centrifuging for
15 min at 4000 rpm, thiobencarb residues in the supernatant
were measured with a UV- Visible Spectrophotometer. After
adsorption experiments, a decant refill technique was used to
carry out the desorption experiments. Fresh 0.01 M CaCl, as

a background solution was used. Based on the final concen-
tration of thiobencarb solution and the weight of the retained
solution, the amount of desorbed pesticide was corrected for
the amount of solution left behind in the centrifuge sediment
(El-Aswad et al. 2019).

The fit kinetic model of the pesticide adsorption—des-
orption processes was determined using four mathematical
kinetic models (Table 2) (Al-Ghouti and Da'ana 2020; Fouad
et al. 2019). In tested kinetic models, g,=the amount of pes-
ticide adsorbed or desorbed (ug g_l) in time ¢ (k). In Elovich
kinetic equation, f=a constant that indicates surface cover-
age and activation energy required in chemisorption; and
a is a constant related to chemisorption rate (ug g~' h™").
Therefore, a linear relationship should be obtained from a
plot of g, versus In t, the slope is 1/f and the intercept is 1/f
In (af). In Intraparticle diffusion equation, Kd = apparent
diffusion rate coefficient. A linear relationship should be
obtained from a plot of g, versus ", the linear form illus-
trates that the reaction compatible to parabolic diffusion law
(Ahmed et al. 2018). In the equations of Pseudo-first-order
rate and Pseudo-second-order rate, g, = amount of pesticide
adsorbed or desorbed (ug g~!) at equilibrium and K, = appar-
ent adsorption or desorption rate coefficient, K, =rate con-
stant of the second-order adsorption (g ug™' min~!) (Ezzati
2020). Regarding the boundary conditions g=0to g=¢g and
t=0 to t=t, and rearranging, the linearized form can be
obtained. If the pseudo-second-order kinetic is applied, the
linear relationship should be obtained from the plot of #/g
against ¢, K, and ¢, are determined from the intercept and
slope of the plot (Carneiro et al. 2015).

Adsorption and desorption isotherms
Using batch equilibration, the adsorption and desorption iso-

therms of the pesticide by soil were quantified. Experiments
were conducted in duplicate with a soil mass to pesticide

Table 2 Adsorption and

X e . Models Empirical formula Linear form Plot
desorption kinetic and isotherm
models and their linear forms Kinetic models
i d
Elovich dl,l = aexp(—fq,) 4= (é)ln(aﬂ) " (%)mr q,vs. Int
Intraparticle diffusion q, = K 1'? ¢ = Cy + Kyt qvs.t'’
Pseudo-first-order q,=q.(1-éb") In(g,—q,) =Ing, —kt In(g, — q,)vs.t
Pseudo-second-order dg _ 2 1 1 1)1 11
E—Kz(qg_q;) Z:Z+(@)7 qIV5~t
Isotherm models
Freundlich q, = K.C\/" log g, = logKy + ilOgCe logg,vs.logC,
Langmuir — wbC 1_ 1 L1 1oL
£ ¢ IHC, @ ot PR
i 4o _ 4e
Elovich Z_,, = K,C,exp (_Z_e> lna =1n(Kzq,) — o ln(% )Vs‘qe
Redlich-Peterson = % lnj—: = fInC, — InK, lnC—:vs.lnCe

]
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solution ratio of 1:5. Initial thiobencarb concentrations
of 10-50 pg mL~! range were prepared in CaCl, solution
(0.01 M). After shaking at 150 rpm at room temperature for
a time period to achieve equilibrium and centrifugation at
4000 rpm for 15 min, thiobencarb concentration in superna-
tants was determined by spectrophotometer. The amount of
thiobencarb sorbed at equilibrium was calculated,
CS=(Ci—Ce)xA%
where C| is the sorbed thiobencarb amount per soil mass
unit (ug g71), C, is the initial thiobencarb concentration (ug
mL™"), C, is the equilibrium thiobencarb concentration (ug
mL™"), Vis the solution volume (mL) (Palma et al. 2015)
and M, is the soil sample weight (g) (El-Aswad et al. 2019;
Sun et al. 2011).

The adsorption partition coefficient (Kd) is defined as
the ratio between the adsorbate concentration in soil and
that in solution at equilibrium state, C,=Kd C,. Values of
Kd (mL g~") can be obtained graphically by plotting C, vs.
C, (Sundaram 1994) or mathematically as a mean corre-
sponded to different concentrations (Cox and Flin 1998).
The Kd value is related to soil organic matter by the follow-
ing equation, K, = (Kd/%OM) x 100, where K, is the soil
OM partition coefficient; it is related with soil OC by the
relation of K,.=(Kd/%OC) x 100, where K,,. is the soil OC
partition coefficient; and it is related with soil clay content
as K,y =(Kd/%clay) X 100, where K, is the clay partition
coefficient (Hermosin and Cornejo 1994). Immediately after
adsorption experiments, the desorption isotherm experi-
ments were carried out using parallel system.

The experimental adsorption and desorption data were
modeled with the Freundlich, Langmuir, Elovich and
Redlich-Peterson models (Table 2) (Al-Ghouti and Da'ana
2020; Hamdaoui and Naffrechoux 2007; Ulfa and Iswanti
2020). In the case of Freundlich equation, K. is a coefficient
indicating the sorption capacity (ug'~"" mL~"" g=1) and
1/n is a constant indicating the adsorption affinity. The maxi-
mum sorption capacity q,, (ug g~') could be theoretically
determined, K,= 4,/C,""™, a constant initial concentration C,
should be used; thus log g,, is the obtained value of log g for
C=C, (Ulfa and Iswanti 2020). In Langmuir model, g, is the
quantity of the adsorbate per weight unit of the adsorbent
at equilibrium (ug g !), C, the equilibrium concentration of
the solution (ug mL™"), ¢,, the maximum sorption capacity
(ug ¢~) and b is a constant related to adsorption free energy
(mL ,ug‘l) (Martinez-Vitela and Gracia-Fadrique 2020). For
the Elovich isotherm equation, g,, is the Elovich maximum
sorption capacity (ug g~') and K, is the Elovich equilib-
rium constant (mL xg~!). The linear relationship should be
obtained from the plot of In q/C, vs. gq,, the values of g,, and

K; are determined from the intercept and slope of the plot
(Fouad et al. 2019). On the homogeneous or heterogene-
ous surfaces, adsorption processes can be modeled by the
Redlich-Peterson isotherm model, assuming simultaneous
monolayer formation and multi-site adsorption. In which
ag (ug™") and Ky, (mL g‘l) are the Redlich-Peterson con-
stants and g is the Redlich-Peterson exponent. Using the
linear form of the plot In C/q, vs. In C,, the parameters can
be obtained from the slope and the intercept (Matias et al.
2019).

Validation of the mathematical models

The validity of kinetic and isotherm models was tested using
the computation of the determination coefficient (R%) (Var-
eda 2023), the normalized standard deviation (Aqe%) and
summed squared error (Manohar et al. 2006) calculated as
follows:

EXp _ cal exp12
Age(%) =100 X \/z qu Nilel )/Qe ]

2
Z (qe(exp) - qe(cal))

& SSE =
qe(exp)

where N is the number of measurements, g,y i amount
of experimentally pesticide adsorbed, g, is amount of
calculated pesticide adsorbed.

Mobility study of thiobencarb

Thiobencarb leaching potential in soil was estimated using
bench-scale soil columns in laboratory conditions. In the
test, soil was loaded into columns (10 cm in diameter PVC
pipes with a 60 cm height and a ceramic plate at the bottom
end cap), each column was packed to a known bulk den-
sity by using 3 kg of soil (Pérez-Lucas, 2019). Soil column
as a control was similarity mixed for consistency. The col-
umns were preconditioned by saturation with 0.01 M CaCl,
according to (Tian, 2019). Once established, the flow rate
was selected to provide saturated flow conditions and to limit
the duration of leaching experiments, thereby decreasing the
possibility of pesticide degradation. The solution of KI as
water tracer (20 mL 0.5 M) was applied for each column
(Fouad 2017). A pesticide solution was applied dropwise to
the soil surface of each column, corresponding to 25 pg/g
soil. Next, the CaCl, solution was applied, and the leachates
(100 mL leachate) were collected. The KI was determined in
leachate samples based on the Iodimetric method according
to (Vogel et al. 2009). Also, thiobencarb residue was deter-
mined in all leachates by UV-Spectrophotometric method.
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The leaching potential of pesticide can be predicted by
different leaching indicators such as the groundwater ubiq-
uity score (GUS,, 4.,) (Bottoni et al. 1996) and the relative
leaching potential (RLP;,.,) (Hornsby et al. 1991). GUS,;_ 4.«
is calculated using the empirical model proposed by (Gus-
tafson 1989).

GUSindex = [logDT50] X [4 - logKOC]

The RLP;, ., is basically a ratio of Koc and DTsy,

expressed as follows:

K,
RLP = —2€ 4 10
DT,

Statistical analysis

All experiments were repeated twice. Experimental data
were statistically analyzed using Minitab® (16.1.0.0. 2006
Inc) and displayed as mean =+ standard error (SE).

Results and discussion

Dissipation kinetic and the half-life of thiobencarb
in soil

The disappearance curve of thiobencarb in the two soil
types, clay and sandy clay loam throughout 12 weeks incu-
bation under laboratory conditions is shown in Fig. 2. It was
found immediately after treatment that the concentrations of
thiobencarb in the two soil types at 0 time were lower than
the applied concentration. This might be attributed to the
formation of soil-bound residue, which was in the range of
7 to 90% depending on the type of pesticide used and the
soil type (Khan and Dupont 1986). Thiobencarb residues
were detected in all samples up to 8 weeks of incubation,
with concentrations decreasing over time, with the residue

Residue (ng/g soil)

0 4 T T T - T *
0 14 28 42 56 70 84
Time (day)
—— Clay soil  ---*&--- Sandy soil

Fig.2 Disappearance curve of thiobencarb in soils
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equivalent to about 1.00% of the initial concentration after
56 days, in two soil types. In addition, thiobencarb residue
had been detected in clay soil by the 84th day (0.24 pg/g
soil equivalent with 0.36% of the initial concentration).
Thiobencarb disappeared from the soil very quickly, just two
weeks after treatment, the maximum concentrations were
reduced to about one fourth in both soil types of clay and
sandy clay loam. Over the next six weeks, there was a slow
and gradual decline following this steep decline. There was
higher thiobencarb dissipation in the sandy clay loam soil
compared to clay soil. It may be due to the fact that clay soil
is often richer in organic matter than other soil types (Fouad
et al. 2021).

The pesticide residue data in the tested soils should be
statistically analyzed to estimate the statistical parameters
that describe this process, as suggested by (Likas and Tsiro-
poulos 2007). Using the formal models in Table 3 one can
obtain a linear regression after an appropriate transforma-
tion of the pesticide residue. A value of the determination
coefficient (R?) for each of the models was calculated in
order to select the best fit. In general, (R2 <1), means that the
decline curve fits the experimental data better; if R” is nega-
tive or zero, then the fit will be rejected (Lopez-Lopez et al.
2004). Among all the kinetic models, the first-order model
with an R? of 0.950 has the highest R?, while other mod-
els have a R? of 0.560 to 0.747 and 0.448 to 0.600 for clay
and sandy clay loam soil, respectively. As a consequence,
the thiobencarb dissipation in two soils studied fits the 1st-
order kinetic model. There have been many studies fitting
decline curves to first-order models for a variety of pesti-
cides (Adhya et al. 1987). Thus, the amount of thiobencarb
residue was estimated using the first-order kinetics model,
C,=C, ¢, where C, is thiobencarb residue in soil after
time t, C, is the concentration of initial thiobencarb solution,
and k is the constant of first-order rate (Badawy et al. 2017).
Thiobencarb dissipated at a rate constant (k) of 0.065 in clay
soil and 0.068 in sandy clay loam soil, and at an estimated
DTs, of 10.61 days in clay soil and 10.24 days in sandy
clay loam soil. This is in agreement with previous studies,

Table 3 Determination coefficient (R?) for thiobencarb residues in
soil using different dissipation kinetic models

Model Empirical equation Soil R?
Zero order C,=C,—kt Clay soil 0.560
Sandy soil 0.600
Lst order C,=C,e™ Clay soil 0.950
Sandy soil 0.912
2nd order 1/C;=(1/C,) +kt Clay soil 0.747
Sandy soil 0.564
3rd order 1/C2=(1/C 2+ 2kt Clay soil 0.615
Sandy soil 0.448
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which estimated that thiobencarb has a half-life of 12 days
in soil (Redondo et al. 1994). Nevertheless, another study
found that thiobencarb had a half-life of 14 to 21 days (Wau-
chope et al. 1992). The differences in the half-life values can
be attributed to the relationship between the persistence of
pesticide and the soil characteristics as well as the environ-
mental conditions (Scholz-Starke et al. 2017).

Adsorption and desorption kinetics of thiobencarb
in soil

To study adsorption kinetics, the rate of solute adsorption
is measured with respect to time at a constant concentra-
tion. Adsorption kinetics describe the adsorption rate and
also controls the time of equilibrium (Ahmed et al. 2018).
Adsorption—desorption kinetics is therefore essential for
understanding the dynamic interactions of various pollut-
ants with solid phases, and it can also be used to predict their
fates over time (Et and Shahmohammadi-Kalalagh 2011).
Figure 3 shows the adsorption and desorption of thioben-
carb in clay and sandy clay loam soil versus time at 30 pg/
mL concentration at room temperature. As a consequence
of the adsorption and desorption kinetics, there are two dis-
tinct stages: the early stage includes a rapid process, then
the later stage includes a slow process. There could be a
rapid stage due to the filling of surface vacant positions in
the soil particles rapidly, then a slow movement, followed
by pesticide diffusion into the matrix of soil organic matter
and soil minerals (Spuler et al. 2019).

The adsorption rate of thiobencarb onto clay soil and
sandy clay loam soil increased during the first six hours of
shaking, but then slightly increased at 12 h and reached the

Thiobencarb (pg/ g soil)

Time (h)

Adsorption in clay soil

—_—

Desorption in clay soil =~ ---=

Adsorption in sandy clay loam soil

Desorption in sandy clay loam soil

plateau at 48 h of shaking. Therefore, the adsorption—desorp-
tion experiments were conducted using 30 h as an equilib-
rium time. The data displayed graphically in Fig. 3 showed
thiobencarb presented a stronger affinity for clay soil than
for sandy clay loam soil. This result might be due to clay soil
containing more clay and OM than sandy clay soil. The soil
clay content is correlated positively with pesticide adsorp-
tion (Copaja and Gatica-Jeria 2021).

Modeling of thiobencarb adsorption and desorption
kinetics

In the search for a valid kinetic model that can describe
thiobencarb experimental data, there were four different
models applied (Elovich, intraparticle diffusion, pseudo-
first-order and pseudo-second-order). To determine the
kinetic model parameters for thiobencarb, the linearized
plot of g, (the amount of solute adsorbed) and contact time
values are used. The presented results in Table 4, showing
that the R? value varies from pseudo-second-order (high-
est value) to pseudo-first-order to Elovich to intraparticle
diffusion model (lowest value). Additionally, the results
show low values of Aqe% and SSE. A model which pro-
duces relatively high R? and low Aqe% and SSE values is
known to be the best fit for describing the experimental
data (Manohar et al. 2006; Kumar et al. 2018). Also, as
seen from Table 4 high values of R? (> 0.96) and accept-
able values of Aqe% and SSE for desorption of thioben-
carb on clay soil and sandy clay loam soil. Therefore, the
pseudo-second-order equation may be more applicable in
terms of thiobencarb adsorption and desorption on clay
soil and sandy clay loam soil. The Pseudo-second-order

150 1
125 4
100 +

75 1

Thiobencarb (ng/g soil)

50 4

25 1

Initial concentration (ng/mL)

+

.

Fig.3 Adsorption and desorption kinetics + SE (left) and isotherm + SE (right) of thiobencarb in clay and sandy clay loam soil
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Table 4 Kinetic and isotherm parameters for adsorption and desorption of thiobencarb in clay and sandy clay loam soil

Models Parameters Adsorption Desorption
Clay soil Sandy clay loam Clay soil Sandy clay loam soil
soil

Kinetic parameters

Elovich augg'h™ 5.647x10° 4.752x 107 11.167 16.387
pugg™ 0.191 0.412 0.107 0.241
R? 0.977 0.866 0.990 0.983
Ag, (%) 1.523 3.145 25.866 4.545
SSE 0.108 0.310 1.601 0.182

Intraparticle diffusion K,y (ug g~! min'?) 3.204 1.390 6.037 2.670
Cy 60.477 40.975 0.349 5.134
R? 0.873 0.620 0.972 0.969
Ag, (%) 4.124 4.398 36.213 14.820
SSE 0.823 0.824 3.835 0.808

Pseudo-first-order K, ) 0.066 0.113 0.057 0.055
q, (ug g™ 16.824 6.187 34.988 15.470
R? 0.939 0.879 0.981 0.986
Ag, (%) 2.017 2.083 15.163 15.203
SSE 0.697 0.644 4774 1.000

Pseudo-second-order K, (gug™'h7h) 0.038 0.075 0.001 0.021
g, (ug g™ 77.519 48.780 60.606 19.763
R? 0.976 0.994 0.988 0.987
Ag, (%) 2.183 0.767 15.316 7.596
SSE 0.179 0.012 3.395 0.497

Isotherm parameters

Freundlich K (ug' " mL~"" g7t 2.417 0.030 4.099 4.837
l/n 1.539 2.533 1.020 1.001
R? 0.927 0.931 1.000 1.000
Age (%) 21.442 33.264 2.951 3.202
SSE 6.893 9.222 0.117 0.036

Langmuir b (mL ug™") —0.053 —-0.037 —0.004 -0.011
g, (ug g™ —69.930 —16.694 —909.091  —416.667
R? 0.876 0.838 0.998 1.000
Age (%) 26.456 37.102 3.177 6.992
SSE 8.729 17.391 0.101 1.892

Elovich K (mL pug™") —-0.027 -0.014 —0.006 0.002
g, (ug g™ —185.185 —66.667 —666.7 2000.000
R? 0.615 0.919 0.797 0.134
Age (%) 22.460 19.800 2.480 3.442
SSE 13.866 9.171 0.054 0.029

Redlich-Peterson Ky (mL g™ 2.417 0.029 4.100 1.780
B —-0.539 —1.533 —-0.020 —0.001
R? 0.543 0.715 0.483 0.089
Age (%) 24.338 42.186 3.975 70.664
SSE 16.265 15.191 0.130 56.683

model exhibited good fit to the adsorption process of dif-
ferent pesticides, including fenitrothion, trifluralin, 2,4-D,
carbofuran, glyphosate, and diuron (Carneiro et al. 2015;
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Lule and Atalay 2014; Pandiarajan et al. 2018). However,
it was found that the pseudo-first-order kinetic equation
was the most appropriate model for adsorption of 2,4-D,
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methyl parathion, atrazine, and DDT (Ahmed et al. 2018;
Gupta et al. 2011).

Adsorption and desorption isotherm of thiobencarb
in soil

In clay soil and sandy clay loam soil, the adsorption—des-
orption isotherm of thiobencarb was investigated at initial
concentrations ranging from 10 to 50 pg/mL (Fig. 3). In both
soil types, adsorption occurred in a similar pattern, with
statistical differences at all initial concentrations, where
clay soil exhibited higher adsorption than other soil type.
At initial thiobencarb concentrations of 10, 20, 30, 40, and
50 pg/mL, thiobencarb adsorbed to clay soil is calculated
to be 20.90, 56.18, 82.85, 126.43, and 147.02 pg/g, and to
sandy clay loam soil is calculated to be 7.49, 20.67, 55.95,
79.69, and 121.75 pg/g, respectively. It is apparent that the
quantity of thiobencarb adsorbed on clay soil and sandy clay
loam soil correlates positively with the initial herbicide con-
centration. There was a maximum equilibrium concentra-
tion of 16.45 pg/mL in clay soil and 24.26 pg/mL in sandy
clay loam soil. Thiobencarb behavior may be affected by
the slurry upon which it adsorbs (Aryal et al. 2020; Phong
et al. 2008).

As thiobencarb desorption isotherms differed from its
adsorption isotherms, it indicated a very large hysteresis,
independent of the initial herbicide concentration. Inter-
estingly, this result is consistent with those obtained by
Mahmoudi et al. (2013) who indicated that strong hysteresis
can be attributed to differences in desorption and adsorp-
tion isotherms. While hysteresis may occur during physical
adsorption, their causes are unknown.

It is shown in Table 5 that the average of the adsorbed
quantities for thiobencarb in clay soil was 86.68 ug/g
(55.05%, as initial concentration 100%) and in sandy clay
loam soil was 57.11 pg/g (32.30%). It is interesting to
observe that the averages of the adsorption, Kd, log Kom,
log Koc and log Kclay were more in clay soil compared
to sandy clay loam soil. This suggests that the thioben-
carb adsorption in clay soil was the highest. Based on the
desorption process, the pesticide desorption rate can be

Table 5 Average of adsorption and partition parameters for adsorp-
tion of thiobencarb in clay and sandy clay loam soil

Parameters Clay soil Sandy clay
loam soil

Adsorption (ug g™ 86.676 57.111

Kd (ug g™") 8.249 2729

log Kom 2.378 2.168

log Koc 2.614 2.405

log Kclay 1.274 1.055

categorized into three kinds: rapid desorption, rate-limited
desorption, and un-desorbed fractions (Sharer et al. 2003).
Compared with sorption, desorption is significantly ham-
pered or delayed (Sarkar et al. 2020). Therefore, the average
of thiobencarb desorbed was 33.55 pg/g soil corresponding
to 33.52% from clay soil whereas, it was 28.67 pg/g soil
corresponding to 43.24% from sandy clay loam soil, based
on the adsorbed quantity for each initial concentration of
100%. Clearly, thiobencarb desorbed from clay soil is less
than that from sandy clay loam soil, the low release of this
herbicide is a result of its strong binding with soil particles
and hydrophobic properties.

Modeling of thiobencarb adsorption-desorption
isotherms

Modeling of experimental adsorption data is an essential
technique in order to predict the mechanisms of different
adsorption systems. By modeling the experimental values
of ge (the amount of solute adsorbed) and Ce (the equilib-
rium concentration) with linearized models, the equation
parameters are determined, and then the isotherms are recon-
structed with those parameters. Several authors have studied
the modeling of pesticide adsorption—desorption isotherms
(Matias et al. 2019; Narayanan et al. 2017; Pandiarajan et al.
2018; Ulfa and Iswanti 2020). The adsorption isotherm
models, and their empirical and linear forms are presented
in Table 2. Among other isotherm models, the Freundlich
model produced the highest R* value and lowest values of
Aqe% and SSE in clay soil and sandy clay loam soil. This
model can be used in adsorption processes on heterogonous
solid surfaces (Ayawei et al. 2015). Although the Langmuir
model showed high R? values from 0.9 to 1.0, it also showed
high Aqe (%) and SSE values, indicating that it is limited to
explaining the experimental data of thiobencarb (Table 4).
This result is consistent with those reported by (Shanavas
et al. 2011), who stated that the Langmuir isotherm has only
limited applicability. Moreover, the Elovich and Redlich-
Peterson models give lower R values and higher Aqe% and
SSE values compared to those produced by other isotherm
models (Table 4). Therefore, both isotherm models Elovich
and Redlich-Peterson are unable to describe the experimen-
tal adsorption and desorption data of thiobencarb in clay
soil and sandy clay loam soil. In the literature, it has been
shown that the Freundlich isotherm model was appropriate
for describing experimental data for various compounds;
including fenitrothion (Sakellarides and Albanis 2000),
aldicarb (El-Aswad et al. 2002), spinosad (Hedia and El-
Aswad 2016), 2,4-D (Matias et al. 2019; Pandiarajan et al.
2018), and metribuzin (Fouad et al. 2019).

The Freundlich parameters K (4g/g), a coefficient indicat-
ing the sorption capacity, and 1/n, a constant indicating the
adsorption affinity, can be calculated from the intercept and

* @ Springer
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slope of the linearized plot log ge vs. log Ce, respectively
(Table 4). In clay soil and sandy clay loam soil, K, values
were 2.42 and 0.03, and 1/n values were 1.54 and 2.53,
respectively. A higher Kf value was observed for thiobencarb
isotherm in clay soil than in sandy clay loam soil, indicating
clay soil had the highest sorption capacity (Narayanan et al.
2017). A high OM content in clay soil was observed to be
associated with greater thiobencarb adsorption (larger Kf
value). This result is in agreement with those reported by
Garcia-Delgado et al. (2020) and El-Aswad et al. (2002),
which claimed that clay loam soil shows greater ability to
adsorb pesticides than sandy loam soil. Since the sandy
loam soil contains a high level of calcium carbonate which
reduces its ability to adsorb pesticides. that contains a high
level of calcium carbonate, which may reduce its ability
to adsorb pesticides. In clay soil and sandy clay loam soil,
1/n values were greater than unity, indicating a low affin-
ity between adsorbent and adsorbate at low concentrations
(showing S-type isotherm) (Hedia and El-Aswad 2016). Lit-
erature also indicates that S-type isotherms are associated
with clays and low organic matter soils (Kumari et al. 2020;
Sakellarides and Albanis 2000). In the desorption isotherm,
values of 1/n for the two tested soils were unity, indicat-
ing C-type isotherm. Further, using 1/n values according to
(Barriuso et al. 1994), the hysteresis coefficient (H) can be
estimated using H = (1/n4.)/(1/n,4,), indicating that thioben-
carb adsorption in clay soil and sandy clay loam soil is an
irreversible process (Hjpgex < 1).

Mobility of thiobencarb in soil

The results showed that the water tracer I” leached rapidly
in soil columns, the iodide applied was leached in about
1.7 L, and the highest concentrations were detected in
the first 0.8 L of leachates from clay soil columns, and in
the first 0.5 L of leachates from sandy clay loam soil col-
umns (Fig. 4). Thiobencarb breakthrough curves (BTCs)
in clay soil and sandy clay loam soil obtained in Fig. (4)
were almost identical in shape and tended to percolate

Fig.4 Breakthrough curves of 2500 1
thiobencarb and water tracer
iodide in columns of clay soil
and sandy clay loam soil. @
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Fig.5 Cumulative leachate curve of thiobencarb in clay and sandy
clay loam soil

within 4 L, although clay soil had longer tail. In columns
of clay soil and sandy clay loam soil, respectively, the
top of BTCs was flat within percolation of (1.1-2.3 L)
and (0.7-2.4 L); the thiobencarb concentration in the lea-
chates reached a maximum at the top of the peaks corre-
sponding to about 2 L percolate. It was shown that BTCs
for mobile chemicals had flatter peaks or longer tailing
(Frank et al. 2021; Paswan and Sharma 2023). Based on
Fig. 5, it can be seen that thiobencarb leaches signifi-
cantly more readily in sandy clay loam soil than in clay
soil. This result might be explained by the fact that sandy
clay loam soil contains more sand and more macropores
than clay soil (Hellner et al. 2018; Shipitalo et al. 1990).

In sandy clay loam soil and clay soil, the cumulative
curves for thiobencarb reached a plateau at about 60 and
50 mg/leachate, respectively. According to the chemical
collected in leachates and applied amounts on the column,
the cumulative percentage of iodide ion recovered from
the leaching process was close to 100%, and thioben-
carb collected in 8 L was 67% and 79% from clay soil
and sandy clay loam soil, respectively. Physicochemi-
cal properties of chemicals and soil structure determine
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Table 6 Prediction indicators for leaching of thiobencarb in soil

Parameters Clay soil Sandy
clay loam
soil

GUS ;e 1.402 1.530

RLP 404.81 298.54

index

the leachability of chemicals (Shipitalo et al. 1990). The
results of this experiment are in agreement with earlier
results on adsorption—desorption of this compound.
There is a correlation between pesticide adsorption and
mobility (Aryal et al. 2020). In soil, pesticide mobility is
dependent on the kinetics and mechanisms of the adsorp-
tion—desorption processes (Cueff et al. 2020). Leaching
of pesticides through soil can be controlled by several
factors such as flow of water and pesticide aging (Barba
et al. 2020).

Modeling of thiobencarb mobility

In many countries, mathematical mobility models have
become important in the registration of pesticides (Car-
pio et al. 2020). There are different leaching indicators
that could be used to predict pesticide leaching poten-
tials (Arias-Estévez et al. 2008). A number of pesticides
ranked by Gustafson (Bottoni et al. 1996) have a relatively
high leaching potential (GUS >2.8), a marginal leaching
potential (1.8 < CUS <2.8) and a low leaching potential
(GUS < 1.8). In addition, the RLP;, 4., measures leach-
ing potential, so a lower index indicates more leaching.
Data in Table 6 showed that the values of GUS;, 4., were
lower than 1.8 and the RLP; 4., values calculated were
moderate for thiobencarb in tested soils. Consequently, it
can be said that the leaching of herbicide thiobencarb in
clay soil and sandy clay loam soil is moderate. However,
the irrigation must be managed carefully to avoid excess
leaching, thus protecting the groundwater resources.
As well as to prevent the compound from transferring
far away from the plow layer, therefore maintaining the
herbicide efficiency. The leaching of pesticides depends
mainly on the type of soil, agricultural practices, and
pesticide properties (Cueff et al. 2020). Pesticide leach-
ing and persistence in groundwater are important envi-
ronmental aspects of pesticide application (Pérez-Lucas,
2019; Tudi et al. 2021). Herbicide activity is negatively
affected by leaching in general, during heavy rain or when
large amounts of irrigation water are applied, the herbi-
cide disappears from the upper soil layers, where most
weed seeds reside. Therefore, herbicides must be chosen
based on their sorption and leaching characteristics in
soil. Consequently, leaching results provide important

information for understanding and predicting the behav-
ior of pesticides in soil.

Conclusion

Thiobencarb disappeared rapidly, following the 1st-order
kinetic model, where the DT, value was 10.61 days and
10.24 days for clay soil and sandy clay loam soil, respectively.
Adsorption—desorption kinetics exhibited two distinct stages,
early stage as a rapid and later stage as a slow. The Pseudo-
second-order followed by Pseudo-first-order kinetic models
and the Freundlich followed by Langmuir isotherm models fit
the data for adsorption and desorption in clay and sandy clay
loam soil. Compared with sandy clay loam soil, clay soil had a
higher thiobencarb adsorption isotherm; however, clay soil had
a lower desorption isotherm. It was observed that adsorption
and mobility of thiobencarb are correlated with each other.
As predicted by the leaching prediction indicators, GUS;, 4.
and RLP;, ;... thiobencarb leaches in soils (clay and sandy clay
loam) at a moderate rate; however, it is highly leachable in
sandy clay loam soil compared to clay soil. Practically, it is
very important to take good care of irrigation, especially of
rice crop. The persistence, adsorption—desorption, and leach-
ing of thiobencarb affect the extent of the threat to groundwater
resources as well as the efficacy of weed control. Furthermore,
the modeling of pesticide behavior in soil reduces the cost and
time compared to the experimental studies that are expensive
and time consuming. Also, by modeling, the behavior of pesti-
cides might be predicted under various conditions. Therefore,
the suitable mathematical models must be used to predict the
behavior of pesticides under Egyptian conditions for pest con-
trol and environmental protection as well as risk assessment.
Finally, new pesticides and alternative pesticides will need to
be studied and further researched in order to understand their
fate and behavior.
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