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Abstract

:

A new multi-residue method using gas chromatography–mass spectrometry electron ionization selective ion monitoring mode (SIM) has been developed for the simultaneous determination of eight 1,3,5-triazine herbicides such as 1,3,5-triazine-2,4-diamine (atrazine), ametryn, prometryn, propazine, terbuthylazine, terbutryn, and simazine simetryn in water and soil samples. Quantification is done using lindane (gamma benzene hexachloride) as an internal standard. A specific Capillary DB-Wax column of 30 m length, 0.32 mm internal diameter, and 0.25 µm film thickness is used for the separation of eight 1,3,5-triazine-2,4-diamine. The method was applied for the determination of residues in groundwater and soil samples. The lowest detection limit by GC-MS-SIM (selective ion monitoring mode) is 0.1 pg/mL. Recovery in water samples is in the range of 93–103%, and in soil samples, 91–102% for different individual compounds. Forty-five groundwater and soil samples were collected in and around Kancheepuram district in Tamilnadu (India), and they were analyzed for the respective residues. A detailed discussion of the GC-MS analysis results has been presented.
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1. Introduction


Herbicides are agro-chemical substances that inhibit or interrupt plant growth and cause huge losses for agricultural businesses. They are widely used in weed management. Herbicides are cost-effective in weed control with minimum labor [1]. However, improper herbicide use can always result in crop injury, environmental contamination, and pose a threat to the applicator. For many years, triazine herbicides have been used in the agriculture industry for corn and sugarcane fields and have shown that herbicides are more persistent in the water body. The environmental fate of residues was found in a number of authors as listed in water [2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20], in soil [16,17,18,19,20,21,22,23,24], and in plants determined [21,22,23,24,25], blood/plasma [26,27,28,29,30,31], saliva/urine [9,10], milk [5], mode of action, metabolism, photostability [32], decontamination [33], bioaccumulation [34], and mammalian toxicity [15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32,33,34,35] have been widely described by different researchers [35,36,37,38,39,40].



The majority of the reports say that the most heavily used triazine herbicide, atrazine, is relatively persistent in the environment and has been found in drinking water supplies. This is of significant concern because atrazine is a mammalian carcinogen [22] endocrine disrupter and suppresses immune function in males [38]. Numerous analytical methods are available for determining residues of different individual triazine herbicides in various crops, water, and soil. Nevertheless, reported work clearly shows that many of the monitoring studies are based on individual herbicides. In view of the greater demand for miniaturized techniques in monitoring human health and environment exposure [39,40,41,42,43,44,45,46] and in continuation of our investigations on occupational exposure of herbicides in soil and water bodies.



The residual nature of herbicide atrazine and its metabolites was determined simultaneously using the LCMS/MS method in soil and water [43] from agricultural production, leading to environmental contamination. The method was sensitive to detecting the sample and concluded that the soil contamination was higher than in water due to the strong adsorption of atrazine into the soil, compared to the leaching in water with various pH and climatic changes. The method recovery of LCMS analysis of soil, surface water, and groundwater was in the range of 75% to 94%, 78% to 90%, and 83% to 106% in three difference fortified levels of 0.1 µg/kg, 0.5 µg/kg, and 1.0 µg/kg, respectively.



The relevance of the abovementioned eight herbicides was present in the environment from the wastewater treatment and led to the impact on sensitive aquatic species in the food chain [44]. The determination of the presence of the triazine herbicide was assessed by using the GCMS method. The toxicity to algae and daphnia was evaluated for the 11 triazine herbicides, proving the treated wastewater still has the contamination of residual level to affect such aquatic species by GCMS. The solid phase extraction of the matrix (wastewater) was done for the GC-MS analysis.



The crop safety and soil degradation of triazine compared with chloro sulfuron and its derivatives were evaluated by the proton and carbon-13 NMR techniques [45]. The newly synthesized triazine herbicides in the 4,6 di-substitution accelerated the high degradation rate on acidic and alkaline soil. The alkaline soil resulted in a 22 times more degradation rate compared with the chloro sulfuron herbicide. Pyrimidine and triazine herbicides were also confirmed with HRMS for the purity of molecular mass and structural relationship for high degradation pattern compared with existing sulfonylurea herbicides. The efficacy of the herbicide and crop safety was maintained by the substitute triazine herbicide and the pyrimidine in soil [46].



We exhaustively reviewed the removal of atrazine and evaluated the sample by different analytical methods, including a review of different techniques to remove atrazine in contaminated soil and water samples [46]. Ozone oxidation and photocatalysis of the atrazine were also studied, and we quantified the amount of atrazine degradation. The TiO2 photocatalyst is employed as the proven catalyst in the removal of atrazine herbicide in the environmental soil and water. In the biological method, different biological strains were used to degrade the atrazine at 9 mg to 300 mg/L from 3 hr to 30 hrs. Compared to the phytoremediation method using effective biological removal was obtained in the material combined with the biological strains. There were several methods used to achieve the removal of atrazine from the environmental samples. Chemical and biological, including photochemical and photobiological methods, are reviewed for the removal of atrazine in the soil and water samples.



The cost-effective analytical method was developed based on bio-enzymatic sorption and detection. Furthermore, biosensors for the control of pesticide contamination in the environmental samples by amperometric detectors used were developed [47]—the photosystem II affective triazine herbicide with the LOD of 2 nM to 10 nM. Atrazine and simazine triazine herbicides are the major PSII system inhibited for synechococcous bi granualtus photosynthetic enzyme. By using the fluorescence detector, the whole cells of the chlamydomonas reinhardt enzyme inhibition were detected for atrazine and propazine at 0.5 nM. The method was validated with a 0.2 ppt–2 ppb linear range in the amperometric detection method.



Atrazine concentration and the microbial growth of the water circulation body and the stagnant water body were evaluated [48]. In both cases, the atrazine dissipation and microbial growth were very significant, as per the statistical analysis. The validated HPLC (high-pressure liquid chromatography) method was detected at LOD from 2.0 to 2.6 µM. The atrazine degradation was quantified in the sediment slurries as low as 0.8–1.9 mg/L. The liquid phase of atrazine concentration was 2.6 µg/L, and the sediment contained 8.6 µg/g. The degradation compounds of atrazine were not found in the sediments. The sensitivity of the method of detection was very low in comparison with the advanced LCMS method.



The paper by Barry J. Allred titled “Batch Test Screening of Industrial Product/Byproduct Filter Materials for Agricultural Drainage Water Treatment” investigates the effectiveness of various industrial filter materials in treating agricultural drainage water [49]. The study used a batch testing method to evaluate six different filter materials, including coal slag, crushed glass, sand, zeolite, clinoptilolite, and biochar. The objective was to identify filter materials that could remove nutrients and sediment from agricultural drainage water before being discharged into surface waters. The results showed that all the filter materials effectively removed nutrients and sediment from the water. However, some materials performed better than others. Zeolite, clinoptilolite, and biochar were the most effective filter materials for removing nutrients, while coal slag, crushed glass, and sand were more effective in removing sediment. The study also found that the performance of the filter materials was affected by factors such as pH, contact time, and flow rate. Overall, the study concludes that industrial filter materials can be an effective and affordable solution for treating agricultural drainage water. The findings suggest that a combination of filter materials may be necessary to achieve optimal results, and further research is needed to evaluate the long-term performance of these materials. The study provides important insights into sustainable water management practices for agricultural systems, essential for protecting the environment and human health.



The paper “Effect of the Presence of Nonionic Surfactant Brij35 on the Mobility of Metribuzin in Soil” investigates the impact of the nonionic surfactant Brij35 [50] on the mobility of the herbicide metribuzin in soil. The study aimed to understand the factors affecting the behavior and fate of metribuzin in the environment, as it is a commonly used herbicide in agricultural systems. The results of the study showed that the addition of Brij35 to soil significantly increased the mobility of metribuzin. This was attributed to the increased solubility of metribuzin in the presence of the surfactant, leading to increased leaching and potential groundwater contamination. The study also found that the mobility of metribuzin was influenced by soil properties such as organic matter content and pH. The study findings have important implications for pesticide management and environmental protection. The use of surfactants in pesticide formulations can significantly impact the behavior and fate of pesticides in the environment. The results suggest that adding surfactants to herbicide formulations should be carefully considered to minimize the potential for groundwater contamination. Overall, the study provides important insights into the factors affecting the mobility of metribuzin in soil and highlights the importance of sustainable pesticide management practices to protect the environment and human health.



The preparation and application of simetryn-imprinted nanoparticles (SINPs) for analyzing triazine herbicide residues were discussed in [51]. Synthesized SINPs used a precipitation polymerization method with simetryn as the template molecule, methacrylic acid as the functional monomer, and ethylene glycol dimethacrylate as the cross-linker. The synthesized SINPs were characterized using scanning electron microscopy, Fourier-transform infrared spectroscopy, and thermogravimetric analysis. The results showed that the SINPs had a uniform size distribution and high selectivity for simetryn. The synthesized SINPs were then applied to determine simetryn residues in soil and water samples. The samples were extracted using a Quenchers method, and the extracted simetryn was purified using the SINPs. The purified samples were then analyzed using high-performance liquid chromatography. The results showed that the SINPs had a high selectivity for simetryn and could effectively remove interference from other triazine herbicides. The method was found to have good linearity, sensitivity, and accuracy. In conclusion, the authors demonstrated that SINPs could be used as effective sorbents to analyze simetryn residues in soil and water samples. The method has the advantages of high selectivity, sensitivity, and accuracy and can be used for the rapid detection of simetryn residues in environmental samples.



The paper presents a streamlined method for the determination of triazine herbicides and their metabolites in multiple medicinal parts of traditional Chinese medicines using ultra-fast liquid chromatography-electrospray ionization tandem mass spectrometry (UFLC-ESI-MS/MS) [52]. The authors developed an extraction method that uses a mixture of acetonitrile and water for the pretreatment of samples. The extracted samples were then cleaned up using solid-phase extraction cartridges before being analyzed by UFLC-ESI-MS/MS. The developed method was validated by analyzing different medicinal parts of traditional Chinese medicines, including roots, stems, leaves, flowers, and fruits. The results showed that the developed method had good linearity, accuracy, precision, and sensitivity. The limits of detection and quantification for the analytes ranged from 0.01 to 0.05 ng/g and 0.03 to 0.17 ng/g, respectively. The recoveries of the analytes ranged from 76.6% to 104.9%, and the relative standard deviations were below 10%. The developed method was then applied to the analysis of real traditional Chinese medicine samples. The method has the advantages of high sensitivity, accuracy, and precision and can be used to analyze other complex samples.



A new rapid and highly sensitive analytical technique has been developed for the sequential determination of residues of eight triazine herbicides in water and soil. The method has been successfully applied to evaluate residual contamination groundwater and soil in Kancheepuram district, Tamilnadu state, India. The selected 1,3,5-triazine 2,4 diamine herbicides are classified under the heading chlorotriazine herbicides (atrazine, propazine, simazine, and terbuthalazine) and methylthiotriazine herbicides (ametryn, prometryn, simetryn, and terbutryn), they are shown in Figure 1.




2. Materials and Methods


2.1. Reagents and Chemicals


The chemicals used in the study were pure and organic trace analysis grade (E.merck, Darmstadt, Germany). The details of analytical reference standards of different triazine herbicides, atrazine (99.0%), propazine (99.0%), terbuthalazine (98.1%), terbutryn (98.2%), simazine (99.0%), prometryn (99.5%), and simetryn (98.0%) were obtained from Chem. service, (West Chester, PA, USA). Ametryn (98.2%) and lindane (IS) (99.9%) were obtained from PESTANAL, Riedel de-Haen., (Seelze, Germany).




2.2. Methods


Gas Chromatograph–Mass Spectrometry


A gas chromatograph–mass spectrometer (GC-MS-EI) attached with an AOC 20 i auto-injector (Shimadzu Corporation, Tokyo, Japan), model GC-MS QP-5050 A interfaced to a computer for data acquisition supported by Class-5000 software was used. A Shimadzu GC-17 A gas chromatograph, a DB-Wax capillary column of length 30 m, 0.32 mm internal diameter, and 0.25 µm film thickness (J&W scientific, Folsom, CA, USA), was used for the quantification purpose. Helium was used as the carrier gas at a constant column flow rate of 1.0 mL min−1. The temperature conditions were: column oven—initial 210 °C for isothermal, for 20 min; injector and interface temperature were kept at 220 °C and 240 °C, respectively. Split ratio was 1:5. The total ion chromatogram (TIC) of GC-MS scan spectra (Figure 2) recorded in electron impact ionization mode shows the following retention times; atrazine (10.07 min), ametryn (14.07 min), prometryn (10.94 min), propazine (7.72 min), terbuthalazine (8.43 min), terbutryn (12.19 min), simazine (13.14 min), simetryn (18.03 min), and lindane (γ-BHC or gamma benzene hexachloride) (6.43 min) was used as the internal standard. The selective ion monitoring (SIM) method was adopted to determine triazine residues. Details of ions selected for quantification proposes are presented in Table 1.





2.3. Preparation of Reference Analytical Standard Stock Solutions


The 1000 mg L−1 stock solutions of all the individual triazine herbicides were prepared in separate volumetric flasks using trace analytical grade acetone. The different working standard solutions were prepared by suitable aliquots of the standard solutions and diluted with acetone. An Artic 380 deep freezer (Froilabo, Meyzieue, France), with an automatic temperature recorder and display facility, was used for storing the stock solutions (at −25 °C). The pretreatment procedure is to sample concentration with Buchi Rotavapor and resolve in acetonitrile and then filter through a 0.22-micron syringe filter before each analysis.




2.4. Collection of Water and Soil Samples


Groundwater and soil (0–15 cm depth) samples are collected in and around Kancheepuram, Tamilnadu, India.




2.5. Extraction of Residues from Water


A 50 mL water sample was taken in a 500 mL separatory flask, and dilute sodium hydroxide solution was added until the solution reached pH 8–9 (indicate paper) and was extracted twice with 100 mL of chloroform in a separating funnel. The chloroform extract was dried with anhydrous sodium sulfate and evaporated to dryness in a rotary vacuum evaporator.




2.6. Extraction of Residues from Soil


A total of 50 g of representative soil sample (≈20–30% moisture) was taken in a 500 mL extraction flask with added 100 mL methanol and shaken for 2 h using a mechanical shaker. The total extracts were transferred into a 500 mL separating funnel. We diluted it with the same amount of water and added 20 mL of aqueous sodium chloride solution, and shook it with a 100 mL portion of chloroform. The combined total extract was dried with anhydrous sodium sulfate and evaporated to dryness in a rotary vacuum evaporator.




2.7. Column Chromatography


A total of 10 g of alumina (grade V) was filled in a chromatographic column using n-hexane, and the sample was dissolved in 5 mL of benzene poured into the column. We washed the column with 40 mL of n-hexane. Finally, we eluted the residues with 150 mL of n-hexane and ethyl acetate (2:1 v/v). Then, we evaporated the solvent to dryness in a rotary vacuum evaporator and added 5 mL of n-hexane: ethanol (1:1 v/v) to the residue and added a known concentration (20 µL) of lindane as the internal standard and analyzed by GC-MS-EI in selective ion monitoring mode. The DB wax is highly stable at high temperatures and has a good resolution of the compound without affecting the target molecules.




2.8. Recovery Process and Methodology Study


A mixture of triazines atrazine, ametryn, prometryn, propazine, terbuthalazine, terbutryn, simazine, and simetryn were spiked with control samples from the stock solutions. All experiments were conducted at six concentration levels: 10, 20, 40, 60, 80, and 100 pg mL−1 of water and pg g−1 soil. Water and soil samples were collected and fortified with a known amount of 1,3,5-triazine 2,4 diamine standards with regular shakings. The samples were allowed to equilibrate and extracted by the above methods.




2.9. Method Validation and Demonstration


After the identification of the respective triazines in the EI scan mode, two characteristic fragments of individual analytes were monitored in selective ion monitoring mode (SIM).



GCMS SIM mode is used at positive and negative electron ionization (GCMS-EI-SIM) for detecting the target molecules. Evolution was done by the peak area calculation of the active substance (Figure 3 and Figure 4). The linear regression analysis method is adopted for each analyte over the concentration range between 1 and 100 pg mL−1. The linearity of the method was investigated by calculation of the regression line using least squares and expressed as correlation coefficient R2. Once R2 had been achieved between the 0.99 and 1.00 range, linear regression equations were used to quantify the analytes in samples. The linearity of each compound was measured at six levels. The limit of detection (LOD) and limit of quantification (LOQ) parameters were used to study the sensitivity of the method. The lowest LOD was measured as the quantity of analyte needed to give a response of three times higher than the baseline noise at the expected retention time of the analyte in the chromatogram of a non-fortified water extract. The LOQ was measured by the lowest standard with a signal:noise ratio of at least five. Table 2 demonstrates the results of the method validation as a mean of six replicate analyses.





3. Results and Discussion


Simultaneous and rapid determination of 1, 3, 5-triazine herbicides is more difficult when compared with other herbicides because the majority of the compounds structurally contain 1,3,5-triazine2,4 diamine content. Hence, this study focuses on the simultaneous determination of eight triazine herbicide residues that were quantified as a mixture. Additional chromatographic peaks do not appear in the sample analysis. The result clearly shows that the analysis of water samples showed a recovery of 93–103%, and soil samples showed a recovery of 91–102% (Table 3 and Table 4). The data clearly shows that the deviations in the measurements are within 4%. The study was tested by analyzing real samples using the optimized recommended procedure described earlier. Different water and soil samples were collected from vulnerable sites in and around Kancheepuram, Tamilnadu, India, where extensive agriculture is practiced; the results are tested for the residues. Samples were collected during mid-summer. The maximum temperature during the day is 41 °C. Further emphasis was given to collecting the water sample nearer to small ponds/lakes where acute water shortage is experienced. The results of the residue analysis are shown in Table 5.



A modified quick, easy, cheap, effective, rugged, and safe (QuEChERS) method for the determination of triazine herbicides in fish and seafood using ultra-high-performance liquid chromatography-tandem mass spectrometry (UHPLC-MS/MS). The authors developed a modified QuEChERS method [53] that uses ethyl acetate as the extraction solvent and magnesium sulfate, sodium chloride, and primary–secondary amine as the sorbents for the cleanup of the extracted samples. The developed method was validated using spiked fish and seafood samples, and the results showed that the method had good linearity, accuracy, precision, and sensitivity. The limits of detection and quantification for the analytes ranged from 0.004 to 0.008 mg/kg and 0.01 to 0.02 mg/kg, respectively. The recoveries of the analytes ranged from 76.8% to 110.2%, and the relative standard deviations were below 10%. The developed method was then applied to analyze real fish and seafood samples. The results showed that none of the samples were contaminated with triazine herbicides, indicating that the risk to human health from these contaminants in fish and seafood is low. In conclusion, the developed method provides a simple, fast, and reliable approach for determining triazine herbicides in fish and seafood using UHPLC-MS/MS. The method has the advantages of high sensitivity, accuracy, and precision and can be used to analyze other complex samples.



The paper reports on a study of the occurrence and health risks of triazine herbicides in drinking water in the Yangtze River Delta region of China [54]. The authors collected water samples from 20 drinking water treatment plants and analyzed them for the presence of 10 triazine herbicides using solid-phase extraction and liquid chromatography-tandem mass spectrometry. The results showed that six of the ten triazine herbicides were detected in the drinking water samples, with the most frequently detected herbicides being atrazine and simazine. The concentration of the detected herbicides ranged from below the limit of quantification to 7.92 ng/L, with atrazine and simazine being the most abundant. The authors also calculated the health risk associated with ingesting the detected herbicides and found that the risk was low for most drinking water samples but exceeded the acceptable level in one sample. The study highlights the potential risk to human health from the presence of triazine herbicides in drinking water in the Yangtze River Delta region. The authors suggest that further monitoring and management of these herbicides in the region’s water sources is necessary to ensure the safety of drinking water.



This paper investigates the occurrence, fate, seasonal variability, and risk assessment of twelve triazine herbicides and eight related derivatives in the water supply of Wuhan, Central China [55]. The study found that six of the twelve herbicides and three of the eight derivatives were detected in the water samples, with the most frequently detected herbicides being atrazine, simazine, and propazine. The concentrations of the detected compounds varied with the seasons, with higher concentrations observed in summer and autumn. The risk assessment of the detected compounds indicated low risk to human health, with hazard quotient values below 1.0. The study highlights the need for further monitoring and management of these compounds in the region’s water sources to ensure the safety of drinking water. The simultaneous determination of six triazine herbicides and their eight metabolites in shellfish using high-performance liquid chromatography–tandem mass spectrometry (HPLC-MS/MS) combined with quadrupole/exactive-Orbitrap high-resolution mass spectrometry [56] (Q/E-Orbitrap HRMS). The authors extracted the target analytes from shellfish samples using a modified QuEChERS method and detected them using the developed HPLC-MS/MS method. The results showed that all six triazine herbicides and seven of the eight metabolites were detected in the shellfish samples. The most frequently detected herbicides were atrazine and simazine, while the most frequently detected metabolites were deethylatrazine and hydroxyatrazine. The concentrations of the detected compounds ranged from 0.011 to 10.16 µg/kg wet weight. The authors also evaluated the method’s accuracy, precision, and recovery rate, which were satisfactory for detecting the target analytes in shellfish samples. Overall, the developed method demonstrated high sensitivity and selectivity for determining triazine herbicides and their metabolites in shellfish. The study provides useful information on the occurrence and levels of triazine herbicides and their metabolites in shellfish and highlights the importance of monitoring these compounds in seafood to ensure food safety. The developed method has the potential for application in the routine monitoring of these compounds in shellfish and other seafood.



This paper aims to develop a simple, sensitive, and reliable method for determining herbicide residues in soil using a gas chromatography flame ionization detector (GC-FID). The authors used three commonly used herbicides, namely acetochlor, atrazine, and imidacloprid [57], as test analytes. The extraction and cleanup of soil samples were optimized using different solvent systems and solid-phase extraction cartridges, respectively. The GC-FID method was validated in terms of linearity, limit of detection, and accuracy and was found to be suitable for the analysis of herbicide residues in soil samples. The results showed that the proposed method could detect low levels of herbicide residues in soil, with recoveries ranging from 77.1% to 96.7%. The authors concluded that the GC-FID method is a reliable and effective technique for determining herbicide residues in soil, which could be useful in environmental monitoring, risk assessment, and regulatory compliance.



This study aimed to develop a sensitive and reliable method for determining herbicide residues in food using gas chromatography with flame ionization detection (GC-FID) [58]. The authors analyzed six commonly used herbicides, namely atrazine, simazine, metolachlor, alachlor, acetochlor, and propisochlor, in food samples. The extraction and cleanup of food samples were optimized using different solvent systems and solid-phase extraction cartridges. The GC-FID method was validated in terms of linearity, limit of detection, and accuracy and was found to be suitable for analyzing herbicide residues in food samples. The results showed that the proposed method could detect low levels of herbicide residues in food, with recoveries ranging from 70.6% to 103.5%. The authors concluded that the GC-FID method is a reliable and effective technique for determining herbicide residues in food, which could be useful in food safety monitoring, risk assessment, and regulatory compliance.



A sensitive and reliable method was developed for determining herbicide residues in environmental water samples using gas chromatography with flame ionization detection (GC-FID). The authors focused on analyzing five commonly used herbicides, namely acetochlor, atrazine, simazine, propazine, and alachlor, in water samples [59]. The extraction and cleanup of water samples were optimized using different solvent systems and solid-phase extraction cartridges. The GC-FID method was validated in terms of linearity, limit of detection, and accuracy and was found to be suitable for the analysis of herbicide residues in environmental water samples. The results showed that the proposed method could detect low levels of herbicide residues in water, with recoveries ranging from 77.6% to 103.5%. The authors concluded that the GC-FID method is a reliable and effective technique for determining herbicide residues in environmental water samples, which could be useful in environmental monitoring, risk assessment, and regulatory compliance.



A sensitive and reliable method for the determination of herbicides in water and soil using gas chromatography with flame ionization detection (GC-FID) and mass spectrometry (GC-MS) was developed [60] using six commonly used herbicides, namely acetochlor, alachlor, metolachlor, atrazine, simazine, and propazine, as test analytes. The extraction and cleanup of water and soil samples were optimized using different solvent systems and solid-phase extraction cartridges, respectively. The GC-FID and GC-MS methods were validated in terms of linearity, limit of detection, and accuracy and were found to be suitable for the analysis of herbicides in water and soil samples. The results showed that the proposed methods could detect low levels of herbicide residues in water and soil, with recoveries ranging from 70% to 120%. The authors concluded that the combined GC-FID and GC-MS methods are reliable and effective techniques for determining herbicides in water and soil, which could be useful in environmental monitoring, risk assessment, and regulatory compliance.



Quantitative analysis of herbicides in soil using gas chromatography with flame ionization detection and mass spectrometry by Thijs Koelmans et al. presents a study aimed at developing a sensitive and reliable method for the quantitative analysis of herbicides in soil using gas chromatography with flame ionization detection (GC-FID) and mass spectrometry (GC-MS) [61]. The authors focused on five commonly used herbicides, namely atrazine, simazine, diuron, terbuthylazine, and metolachlor, as test analytes. The extraction and cleanup of soil samples were optimized using a Quenchers (quick, easy, cheap, effective, rugged, and safe) approach. The GC-FID and GC-MS methods were validated in terms of linearity, limit of detection, and accuracy and were found to be suitable for the quantitative analysis of herbicides in soil samples. The results showed that the proposed methods were able to detect low levels of herbicide residues in soil, with recoveries ranging from 70.9% to 116.6%. The authors concluded that the combined GC-FID and GC-MS methods are reliable and effective techniques for the quantitative analysis of herbicides in soil, which could be useful in environmental monitoring, risk assessment, and regulatory compliance.



Synthesis and herbicidal activity of novel pyridine carboxylic acid derivatives containing 1,3,4-thiadiazole moiety by Chen et al., published in the Journal of Agricultural and Food Chemistry in 2019, reports on the design, synthesis, and herbicidal activity of a new series of pyridine carboxylic acid derivatives containing a 1,3,4-thiadiazole moiety [62]. The authors aimed to synthesize novel herbicides that could exhibit higher efficiency and lower toxicity than the currently used herbicides. The synthesized compounds were characterized by spectroscopic techniques, and their herbicidal activities were evaluated against several weeds. The results showed that some of the synthesized compounds exhibited excellent herbicidal activities, with EC50 values ranging from 1.32 to 14.26 μg/mL, which were better than the commercial herbicide bispyribac-sodium. The structure–activity relationship (SAR) analysis indicated that the substitution patterns of the pyridine ring and the thiadiazole moiety were crucial factors affecting the herbicidal activities of the synthesized compounds. In conclusion, the study demonstrates that the new series of pyridine carboxylic acid derivatives containing a 1,3,4-thiadiazole moiety have the potential to be developed as new herbicides with high efficiency and low toxicity. Further research could be conducted to optimize the structure and improve the herbicidal activity of these compounds.



The effect of soil organic matter on the adsorption and leaching of imazethapyr and pendimethalin herbicides in soils by Xu et al., published [63] in Environmental Science and Pollution Research in 2019, investigates the effect of soil organic matter (SOM) on the adsorption and leaching behavior of two commonly used herbicides, imazethapyr and pendimethalin, in soils. The study showed that SOM significantly affects the adsorption and leaching of these herbicides, with higher SOM content leading to higher adsorption and lower leaching of the herbicides. The findings suggest that SOM content should be considered when predicting the environmental fate and behavior of herbicides in soils.



They developed a SERS-based immunoassay using gold nanoparticles functionalized with specific antibodies to detect traces of herbicides [64,65,66,67,68], such as atrazine and simazine, in soil and water samples. The study demonstrated that the SERS-based immunoassay had a low detection limit, high specificity, and excellent reproducibility for detecting herbicides in environmental samples. The method could detect concentrations as low as 0.05 μg/L in water samples and 0.1 μg/kg in soil samples, lower than the maximum residue limits set by regulatory agencies. The authors concluded that the SERS-based immunoassay is a promising technique for the rapid and sensitive detection of herbicide residues in environmental samples. The method has the potential to be used as a reliable tool for monitoring herbicide contamination in the environment and ensuring food safety.



A recent paper investigates the adsorption and degradation behavior of commonly used herbicides, including atrazine, bentazon, and simazine, in the paddy soils of Thailand [65]. The authors conducted laboratory experiments to determine the adsorption capacity and degradation rates of these herbicides in soils with varying physical and chemical properties. The study found that the adsorption capacity of the herbicides varied significantly among different soil types, with clay soils exhibiting higher adsorption capacity than sandy soils. Additionally, the degradation rates of the herbicides were affected by soil pH and microbial activity. The authors also found that the herbicides were degraded more quickly in paddy soils compared to upland soils due to the presence of waterlogged conditions in paddy fields. The findings of this study suggest that the fate and behavior of herbicides in paddy soils are influenced by several factors, including soil properties, environmental conditions, and microbial activity. The results could be used to improve the management practices for herbicide use in paddy fields, minimize the risk of contamination, and protect the environment and public health.



To investigate the adsorption behavior of commonly used herbicides, including atrazine, simazine, and metolachlor, on various soil minerals [66], including kaolinite, goethite, and gibbsite, the authors conducted laboratory experiments to determine the adsorption capacity of the herbicides on these soil minerals and compared their adsorption behavior. The study found that the adsorption capacity of the herbicides varied significantly among different soil minerals, with clay minerals exhibiting higher adsorption capacity than iron oxide minerals. Additionally, the authors found that the adsorption behavior of the herbicides was influenced by several factors, including pH, ionic strength, and the presence of organic matter. The findings of this study suggest that the fate and behavior of herbicides in soils are influenced by the mineral composition of the soil and other physicochemical factors. The results could be used to improve the understanding of the adsorption behavior of herbicides in soils and their potential impact on the environment and public health.



A novel analytical method for detecting herbicides in soil and water samples analysis of glyphosate, glufosinate, and aminomethylphosphonic acid in soil and water samples [67] using high-performance liquid chromatography with post-column derivatization was developed, using high-performance liquid chromatography (HPLC) with post-column derivatization to analyze glyphosate, glufosinate, and aminomethyl phosphonic acid (AMPA) in soil and water samples. The method involves the addition of a derivatization reagent to the eluent, which converts the analytes into fluorescent derivatives, allowing for their detection and quantification. The study found that the developed method was highly sensitive, with detection limits in the range of 0.2–0.4 μg/L for the three herbicides. The method also showed good reproducibility and accuracy, with recovery rates ranging from 79.3% to 98.3%. The findings of this study suggest that the developed method can be used for the reliable detection and quantification of glyphosate, glufosinate, and AMPA in soil and water samples. The method could be useful in monitoring the levels of these herbicides in the environment and assessing their potential impact on public health and ecosystems.



In our present work, almost all samples showed atrazine residues over the range of 15–32 pg mL−1 in water and 3–7 pg g−1 in soil samples, simazine showed 6–14 pg mL−1 of residues in water and 9 pg gL−1 in soil, while other triazine herbicides (prometryn, propazine, terbuthalazine, tertbutyl, simazine, and simetryn) established less than the lowest detection limits. The results are confirmed by suitably spiking a few exposed samples and subsequently by their positive detection. Thus, the method is found suitable for the analysis of residues in water and soil samples and is also applicable to the plant and blood samples.



From the above discussion of the reported studies, it can be concluded that the present method, which involves the gas chromatographic–mass-spectrometric electron impact ionization mode, simultaneous and rapid determination, has many advantages over the previously reported individual methods [8,9,10,11]. Data presented in Table 6 show the method to be a simultaneous determination of eight 1,3,5-triazine2,4 diamine herbicides and more sensitive than other techniques as reported in the literature [68,69,70,71,72,73,74,75,76,77,78,79]. In the present study, a high recovery rate and very low detection limits fill the gap towards an analytical method development for the simultaneous determination of residues of different structurally similar 1, 3, and 5-triazine compounds present in the water bodies.




4. Conclusions


In environmental samples in the study, mass spectrometry is the pre-eminent technique for characterizing small quantities of pesticides. This paper describes an isolation procedure and capillary column GC-MS-EI detection of structurally similar compounds with high selectivity and accuracy. The method is rapid and economical and provides a high degree of cleanup and determination for GCMS-EI selective ion monitoring. The developed method in the present study clearly achieved the aim and showed the potential and simultaneous determination of multiple 3,5-triazine 2,4 diamine herbicides. This simple method could be adopted without any matrix interferences up to 0.1 pg mL−1.
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Figure 1. Structural representation of 1,3,5-triazine-2,4-diamine herbicides. 
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Figure 2. GCMS-EI total ion chromatogram of different 1,3,5-triazine herbicide standards in scan mode. 1-lindane (internal standard), 2-propazine, 3-terbuthalazine, 4-atrazine, 5-prometryn, 6-terbutryn, 7-simazine, 8-ametryn, 9-simetryn. 
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Figure 3. GCMS-EI total ion chromatogram of different 1,3,5-triazine2,4 diamine herbicide standards in SIM mode 1—lindane (internal standard), 2—propazine, 3—terbuthalazine, 4—atrazine, 5—prometryn, 6—terbutryn, 7—simazine, 8—ametryn, 9—simetryn. 
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Figure 4. GCMS-EI total ion chromatogram of water sample in SIM mode, 1-lindane (internal standard). 
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Table 1. Ions used for detection and quantification of 1, 3, and 5-triazines.






Table 1. Ions used for detection and quantification of 1, 3, and 5-triazines.





	Compound Name
	Molecular

Ion

(m/z)
	Fragment Ions

(m/z)
	Retention Time

(min)





	Atrazine
	216
	200, 215
	10.07



	Ametryn
	227
	212, 227
	14.07



	Prometryn
	241
	226, 241
	10.94



	Propazine
	229
	214, 229
	7.72



	Terbuthalazine
	229
	214, 229
	8.43



	Terbutryn
	241
	226, 241
	12.19



	Simazine
	202
	186, 201
	13.14



	Simetryn
	213
	170, 213
	18.03



	Lindane

(Internal standard)
	290
	183, 219
	6.43
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Table 2. LODs, LOQs, and calibration results.






Table 2. LODs, LOQs, and calibration results.





	Compound

Name
	LODs

(pg mL−1)
	LOQs

(pg mL−1)
	Equation
	R2
	Linear Dynamic Range

(pg mL−1)





	Atrazine
	0.1
	1
	y = 28,307x − 3007.2
	0.9999
	1–500



	Ametryn
	0.5
	5
	y = 30,351x − 11,443
	0.9988
	1–500



	Prometryn
	0.5
	5
	y = 30,011x − 8480.2
	0.9999
	1–500



	Propazine
	0.1
	1
	y = 26,944x − 1937.3
	0.9999
	1–500



	Terbuthalazine
	0.1
	1
	y = 31,650x − 2034.9
	1.0000
	1–500



	Terbutryn
	0.5
	5
	y = 29,274x − 8174.5
	0.9996
	1–500



	Simazine
	0.1
	1
	y = 21,348x − 3064.2
	0.9997
	1–500



	Simetryn
	0.5
	5
	y = 30,373x − 12,489
	0.9999
	1–500
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Table 3. Recovery percentage range of 1, 3, 5-triazine herbicides in water samples *.






Table 3. Recovery percentage range of 1, 3, 5-triazine herbicides in water samples *.





	Compound Name
	Spiked Concentration

(pg mL−1)
	Recovery Range (%)
	Relative Standard Deviation (%)





	Atrazine
	(10–100)
	94–101
	1.27–2.94



	Ametryn
	(10–100)
	93–101
	1.42–2.64



	Prometryn
	(10–100)
	94–100
	1.86–2.52



	Propazine
	(10–100)
	94–102
	1.43–2.83



	Terbuthalazine
	(10–100)
	95–103
	1.84–3.13



	Terbutryn
	(10–100)
	95–99
	1.43–2.77



	Simazine
	(10–100)
	94–99
	1.57–2.49



	Simetryn
	(10–100)
	94–101
	1.23–3.02







* Average of six replications.
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Table 4. Recovery percentage range of 1, 3, 5-triazine herbicides in soil samples *.






Table 4. Recovery percentage range of 1, 3, 5-triazine herbicides in soil samples *.





	Compound Name
	Spiked Concentration

(pg g−1)
	Recovery Range (%)
	Relative Standard Deviation (%)





	Atrazine
	(10–100)
	92–96
	1.92–2.84



	Ametryn
	(10–100)
	91–97
	1.50–2.76



	Prometryn
	(10–100)
	92–98
	2.07–3.23



	Propazine
	(10–100)
	92–101
	1.59–2.97



	Terbuthalazine
	(10–100)
	94–102
	1.60–2.53



	Terbutryn
	(10–100)
	93–98
	1.71–3.01



	Simazine
	(10–100)
	91–98
	1.43–2.67



	Simetryn
	(10–100)
	93–99
	1.60–2.77







* Average of six replications.
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Table 5. Analysis of groundwater samples collected in and around Kancheepuram *.






Table 5. Analysis of groundwater samples collected in and around Kancheepuram *.





	
Compound Name

	

	
Residue

	

	

	




	
Varanavasi

(26/05/05)

	
Arambakkam

(26/05/05)

	
Oragadam

(27/05/05)

	
Thirukachur

(27/05/05)

	
Malaipattu

(28/05/05)




	
Water

(pg mL−1)

	
Soil

(pg g−1)

	
Water

(pg mL−1)

	
Soil

(pg g−1)

	
Water

(pg mL−1)

	
Soil

(pg g−1)

	
Water

(pg mL−1)

	
Soil

(pg g−1)

	
Water

(pg mL−1)

	
Soil

(pg g−1)






	
Atrazine

	
27

	
05

	
15

	
07

	
28

	
03

	
-

	
06

	
32

	
07




	
Ametryn

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
Prometryn

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
Propazine

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
Terbuthalazine

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
Terbutryn

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
Simazine

	
-

	
09

	
14

	
11

	
-

	
-

	
08

	
-

	
06

	
-




	
Simetryn

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-








* = Average of six samples, - = not detected.
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Table 6. Comparison of methods related to 3,5-triazine 2,4 diamine herbicides detection in water and soil.






Table 6. Comparison of methods related to 3,5-triazine 2,4 diamine herbicides detection in water and soil.













	Sample Matrix

(Compounds)
	Preparation Method
	Analytical Method
	Sample Detection Limit
	Recovery

(%)
	Reference





	Water

(triazine)
	SPME Extraction using fibre coated with corbowax divinyl benzene.
	GC/MS
	4–24 ng L−1
	>90%
	[2]



	
	Solid phase extraction using two types:

1. Acetone for styrene divinyl benzene copolymer;

2. Methanol for graphitized carbon black.
	LC/MS
	0.2–28 ng L−1
	73–111%
	[5]



	Water

(atrazine, simazine cyanazine)
	Solid phase extraction using C-18 cartridge.
	GC/MS
	1.7 ppt L−1 *
	90.5 ± 3.5%
	[6]



	Water and soil

(atrzine and simazine)
	Extraction with SPE known amount of 15N, 13C-alachlor, and 2H5 atrazine was added as internal standard.
	Isotopic dilution GC/MS
	water-0.05 ppb,

Soil-0.5 ppb,*
	≥80%
	[10]



	water and soil

(individual–atrazine, simazine, terbumeton, terbutryn, terbuthalzine)
	Water-SPME extraction,

Soil-microwave assisted solvent extraction using methanol.
	GC/MS
	water-0.1–10 ng mL−1

Soil-1–10

ng G−1,
	≥80%
	[12]



	Drinking water

(ametryn)
	Bioassay method compared with GCMS.
	GC/MS
	0.01 µg L−1
	>90%
	[36]



	Soil

(atrazine)
	Microwave-assisted extraction using hexane: acetone (1:1) solvent, at 90 °C for 9 min, power 50%.
	GCMS
	2–4 µg Kg−1
	76.1–87.2%
	[56]



	Water

(atrazine,

terbuthalazine)
	Extracted by lichrolut EN.
	GCMS-
	2 µg Kg−1
	>80%
	[69]



	Water

(atrazine

and its degradation)
	Ext; water samples are buffered to pH = 10 and partitioned in ethyl acetate.
	GCMS
	0.05 ng
	90%
	[78]







* ppt = parts per trilion, ppb = parts per billion.
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