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Abstract

The improper and excessive use of pesticides is harmful to the environment, particularly to water and soil quality and non-target
organisms. It also increases pesticide residues in products beyond the Maximum Residue Limits (MRL). Nanoformulations with the
property of controlled release by increasing the performance and reducing the consumption of poisons have reduced the negative
effects of these compounds on the environment to negligible or low levels. For this purpose, in this study, monomers of glycerol
(Gly), adipic acid (Ad), maleic acid anhydride (Ma), polyethylene glycol (PEG) 1000 and zinc oxide nanoparticles (ZnO) were used
for the synthesis of dimethoate nanoformulations by polycondensation method. The dissipation kinetics of concentration and residue
of four nanoformulations of dimethoate Gly-Ad-Ma/DiM (Nano-DiM 1), Gly-Ad-Ma-ZnO/DiM (Nano-DiM 1/Zn0O), Gly-Ad-Ma-
PEG/DiM (Nano-DiM II) and Gly- Ad-Ma-PEG-ZnO (Nano-DiM II/ZnO) were evaluated in the leaves and pods of soybean
(Glycine max) with SFOK (Simple First-Order Kinetic) and FODED (First-Order Double-Exponential Decay) models under field
conditions and compared with the commercial formulation of dimethoate. To conduct this research, "Ketol" soybean plant was done
in the field near Gorgan (Kordkoi) in the form of a completely randomized block design with three replications in the middle of June
2019. At the beginning of flowering, when the populations of Thrips tabaci L. and Bemisia tabaci Genn, the treatments of different
nanoformulations of dimethoate in the recommended concentration (7%) and traditional formulation (EC=40%) were uniformly
sprayed onto the soybean plants. After extracting dimethoate residues with HPLC and quantifying them, the data were fitted with two
(SFOK) and (FODED) models. The high sensitivity of the analytical method and the efficiency of the extraction and purification
steps were confirmed by considering the detection limit (0.03) and recovery percentage (89% and 92%) were determined. The results
of analysis of variance showed that the data obtained were consistent with SFOK and FODED models and were significantly
different (P<0.01). Statistical indices (DTso, DT9o and PHI) in nanoformulations (Nano-DiM I) and (Nano-DiM 1I/ZnO) by fitting the
FODED model, respectively (0.43, 1.46 and 14 days) and (0.33, 1.10 and 7 days) respectively. Statistical indices in nanoformulations
(Nano-DiM 1II) and (Nano-DiM II/ZnO) were obtained by fitting the SFOK model (0.42, 1.42 and 7 days) and (0.33, 1.11 and 7
days), and in the case of commercial dimethoate by fitting both models (1.91, 6.38, and 14 days) were estimated. The results showed
that the residual dimethoate in synthetic nanoformulations dissipated rapidly in soybean leaves and pods. Therefore, the use of these
nano-pesticides is suggested due to low use of pesticide and rapid decomposition of residues. In addition, the biodegradable nature of
these nanoformulations and better efficiency suggest that they could be introduced as environmentally friendly pesticides into the
environment.
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Introduction

One of the most important issues in human life is food security. Pesticides must be used to eliminate pests
that reduce production (Ohkawa, 2008). Studies show that exposure to pesticide residues can pose serious
risks to human health (Given et al., 2007). Long-term consumption of foods containing pesticide residues
causes cancer, neurological diseases, reproductive disorders, and birth defects (Hadian et al., 2006). Today,
most research studies are in the field of agricultural productivity, maintaining human and ecosystems health,
in which nanotechnology has shown promising effects, while the potential effects of pesticides and
nanopesticides on food and the environment have received less attention (Chaud et al., 2021).
Nanoformulations with controlled release properties have resulted in zero or reduced negative impacts of
pesticides on the environment by increasing yields and reducing the use of these compounds (Tang et al.,
2012). Nanoencapsulation involves enclosing pesticides within a controlled-release membrane in which
pesticides are coated with any semipermeable membrane, which may consist of an organic or inorganic
polymer, so that the pesticides can dissolve in water and the active ingredients are released as a result of
diffusion, osmotic pressure, ion exchange or matrix degradation (Sopena et al., 2009). Researchers
encapsulated the insecticide imidacloprid with chitosan and sodium alginate and investigated the residue
levels of the imidacloprid nanoformulation in soil and soybeans after 35 days.

The researchers found that the residue levels in soil were below the detection limit and in soybeans were
below the maximum residue level of the United States Environmental Protection Agency, which is
considered safe for field use (Guan et al., 2010). Another study showed that encapsulating atrazine in
polycaprolactone nanocapsules improved the preemergence herbicide activity against the weed L. Bidens
pilosa and reduced the residual time of the herbicide in soybeans, which reduced environmental risks
(Preisler et al., 2020). For the first time, this study evaluates the kinetics of concentration and residue
depletion (i.e., loss rates and pre-harvest intervals) of synthesized dimethoate nanoformulations with
copolymers (Gly-Ad-Ma), (Gly-Ad-Ma-Zn0O), (Gly-Ad-Ma-PEG), and (Gly-Ad-Ma-PEG-ZnO) on soybean
(Glycine max) leaves and pods using the SFOK and FODED models under field conditions. Furthermore, the
results are compared with the commercial dimethoate formulation (EC=40%).The results of this study are
essential for risk assessment of the aforementioned synthesized dimethoate nanoformulations under field
conditions.

Methodology

The optimal copolymers developed in this study for encapsulating dimethoate were synthesized using a
polycondensation approach and the following precursors: Glycerol (Gly), Adipic acid (Ad), Maleic
anhydride acid (Ma), and Polyethylene glycol (PEG) 1000. ZnO nanoparticles (ZnO-NPs) were synthesized
using a chemical precipitation method and incorporated into the aforementioned copolymers to introduce
photodegradable properties. Nanocapsules containing dimethoate were characterized using spectroscopy,
microscopy, and thermal analyses. TEM images after 50 days of synthesis confirmed the average particle
sizes of 50 nm, 60 nm, 80 nm, and 100 nm for the Gly-Ad-Ma/DiM (Nano-DiM 1), Gly-Ad-Ma-ZnO/DiM
(Nano-DiM 1/Zn0O), Gly-Ad-Ma-PEG/DiM (Nano-DiM II), and Gly-Ad-Ma-PEG-ZnO (Nano-DiM 11/Zn0O)
formulations, respectively. To evaluate dimethoate residues in soybean plants, sampling was carried out on
days 1, 3, 7, 14 and 21 after spraying the treatments: (1) (Nano-DiM I), 2) (Nano-DiM 1/Zn0O), 3) (Nano-
DiM 1), 4) (Nano-DiM I1I/Zn0), 5) dimethoate and (6) distilled water. At each stage, for each replication, 5
plants were randomly selected and 10 soybean leaves and pods were removed from the upper, middle, and
lower parts of the plants and and stored at —20 °C until extraction. The QUEChERS method was used to
extract dimethoate from plant tissue and HPLC was used to measure pesticide residue levels. Mathematical
models (Simple First-Order Kinetic (SFOK) and First-Order Double-Exponential Decay (degradation) model
(FODED) were used to analyze the pesticide degradation process.
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Results and discussion

Validation results for dimethoate residues in soybean leaves and pods showed that, considering the detection
limit (0.03) and recovery percentage (92% and 89%), the high sensitivity of the analysis method and the
efficiency of the extraction and purification steps were confirmed. The standard deviation was less than 20%.
The results of fitting the decreasing trend of commercial dimethoate residues in soybean leaves and pods
under field conditions at the recommended concentration were consistent with the two SFOK and FODED
models and were statistically significant (P< 0.01). Based on the statistical indices, RMSE, CRM and R? in
the two models and their comparison, it was found that the decline in commercial dimethoate residues is also
consistent with both models. Therefore, the values of statistical indices including DTso, DT9o and PHI were
estimated as 1.916, 6.38 and 14 days respectively. The significance of the model parameters of both models
also showed that the data obtained are consistent with the two SFOK and FODED models, but with regard to
the percentage of dimethoate residue reduction, the SFOK model, i.e. the one-stage reduction process of
dimethoate with commercial formulations, was confirmed, indicating that most of the reduction of
dimethoate residues in soybean leaves and pods is occurs mainly during the first few days after spraying,
with a steep decline. The initial concentration of commercial dimethoate at the recommended dose was 19.22
mg/L. After 21 days, this value had decreased to 0.2, indicating that 99.02% of the dimethoate in soybean
leaves and pods had dissipated. Since soybean leaves and pods are not edible, no maximum residue limit has
been established for them. However, based on the maximum residue limits for similar herbaceous plants
specified by Health Canada, the reference value was 0.5 mg/kg. Therefore, a pre-harvest interval of 14 days
was estimated for commercial dimethoate. The results of the analysis of variance for the fitted the decreasing
trend of dimethoate residues in different nanoformulations in soybean leaves and pods under field conditions
with the recommended concentration showed that the data obtained are consistent with the two SFOK and
FODED models and were statistically significant (p<0.01). Based on the RMSE, CRM, and R? statistical
indicators for both models and their comparison, it was determined that the trend of dimethoate residue
reduction in nanoformulations (Nano-DiMI) and (Nano-DiMI/ZnO) were more consistent with the FODED
model, and indicating that in these nanoformulations at the recommended dose, the trend of dimethoate
residue reduction in soybean leaves and pods is two-stage. In the first stage, i.e. the initial days after spraying
these treatments, the trend of reduction has a steep slope, and in the second stage, the rate of residue
reduction slows down and the decline becomes less steep. Therefore, the values of statistical indices DTs,
DTy and PHI were calculated for the formulations (Nano-DiMI) (0.43, 1.46 and 14 days) and (Nano-
DiMI/Zn0), (0.33, 1.10 and 7 days), respectively. An examination of the statistical indices RMSE, CRM and
R? of both SFOK and FODED models in nano-formulation (Nano-DiMII) showed that the mentioned indices
had similar values, so the data are consistent with both models. However, examination of the parameters of
both models and the lack of significance of these parameters through the analysis of variance tables with the
FODED model, showed that the decreasing trend of dimethoate residues in soybean leaves and pods is well
expressed by the SFOK model, and indicating that in this nanoformulation at the recommended dose, the
decreasing trend of dimethoate residues in soybean leaves and pods proceeds at a constant rate. The DTso,
DTy and PHI values were obtained as (0.42, 1.42 and 7 days), respectively. In the Nano-DiMII/ZnO
nanoformulations, because of the low RMSE and CRM values, it was determined that the decrease of
dimethoate residues were more consistent with the SFOK model. Accordingly, the estimated values of DTsy,
DTy and PHI values were obtained as (0.33, 1.11 and 7 days), respectively. Pre-Harvest Intervals Finally, a
comparison of the half-life and pre-harvest interval of nanoformulations showed that these time intervals
were shorter than those of the commercial formulation for all nanoformulations, therefore, the use of these
nanoformulations is recommended.
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Conclusion

A comparative study of dissipation kinetics in nanoformulations (Nano-DiMI), (Nano-DiMI/Zn0O), (Nano-
DiMII) and (Nano-DiMII/ZnO) using the SFOK and FODED decay models showed that the statistical
indices DTsp, DToy and PHI at the recommended dose (7%) in the aforementioned dimethoate
nanoformulations were lower than those of the commercial formulation (EC=40%). This indicates that
dimethoate residues in these nanoformulations dissipate rapidly in soybean leaves and pods. Therefore, the
use of these nanopesticides is recommended because they require lower pesticide use and rapid
decomposition of residues. In addition, the biodegradability of these nanoformulations and better efficiency
suggest them as environmentally friendly pesticides for introduction into the market as environmentally
friendly pesticides.
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5. Simple First-Order Kinetic
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6. First-Order Double-Exponential Decay
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7. Instrumental Detection Limit
8. Instrumental Quantification Limit
9. Estimated Method Detection Limit
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