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Abstract:



A simple and rapid capillary electrophoretic method was developed for the simultaneous determination of two sulfonylurea herbicides in water samples: metsulfuron-methyl (MSM) and nicosulfuron (NS). These herbicides are widely used in agricultural practices and their residues represent potential environment pollutants in waters and soils. The effect of the pH of the background electrolyte solution (BGE), the percentage of methanol in the BGE and the separation voltage were studied on the resolution of MSM and NS. A 23 factorial design was used to identify the main factors which significantly influenced the separation of these compounds. Other parameters were evaluated by the univariate method. The experimental results show that using a BGE composed of 25 mmol·L−1 sodium borate and 3% (v/v) of methanol at pH 8.5 and applying 15 kV, satisfactory analysis time and resolution between peaks can be obtained. The linear range for both analytes was 0.1–2.0 µg·mL−1. The detection limits were 0.034 µg·mL−1 for MSM and 0.044 µg·mL−1 for NS. Surface water and groundwater samples were analyzed applying the new method, and the obtained results presented satisfactory recovery percentages (82%–102%).






Keywords:


capillary electrophoresis; multivariate optimization; sulfonylurea herbicides; water samples








1. Introduction


Sulfonylurea herbicides (SUs), which were first introduced in the 1980s, are selective systemic herbicides widely used as control chemicals for most broad-leaved weeds and grasses in agricultural crops, such as wheat, rice and soybean [1]. Due to the increase of the world population and the consequent demand for food, the use of these herbicides has become important for the development of agricultural production. Sulfonylurea herbicides also exhibit rather large residuality in soils [2]. In addition, they represent potential environment pollutants in surface water and soils and may produce damage to the environment and human health due to their toxicity and persistence [3]. Also, these herbicides can reach surface water sources due to the wastewater after spraying crops and inappropriate rinsing of containers. Several studies have demonstrated the effect of herbicides on the environment and their damage to human health and aquatic ecosystems due to exposition [4,5,6,7]. Taking this into account, the development of methods for monitoring these compounds in environmental samples is required to protect the environment and ensure human health. In Argentina, legislation is not restrictive about the use of such herbicides in crops as it is in other countries [8,9].



Various analytical methods have been developed to determine pesticides and herbicides in soils and water samples, including liquid and gas chromatography with different detectors [10], capillary electrophoresis, spectrophotometry, electroanalytical techniques, electrochemical sensors and biosensors, flow injection analysis and immunoassays [11]. Capillary electrophoresis (CE) is a separation technique that has become important in separation science because it offers various advantages such as faster separations, higher resolution power and smaller sample requirement amounts [12]. In CE, several chemical, physical and instrumental parameters should be controlled in order to obtain satisfactory analyses in terms of minimum analysis time and high resolution and sensitivity. The classical ‘univariate’ approach, widely employed for the development of CE separations, may offer advantages, but it fails to consider interactions between two or more factors. In the capillary zone electrophoresis (CZE) mode the separation of analytes is based on the differences in their charges and hydrodynamic radius; thus, all the relevant parameters affecting the ionization of the compound play a significant role in the analysis and must be evaluated. In particular, the type of electrolyte solution, pH, additives and separation voltage influence the migration velocity of the analytes, the separation efficiency and the peak shape.



On the other hand, the design of experiments (DoE) is a multivariate methodology of experimental research in which the variables under study are simultaneously changed within an experiment. In analytical chemistry, experimental design is used in optimization and validation steps by including a screening step that selects from a number of potential independent factors (studied at n levels) those that are significant. Full factorial design is commonly used for the study of the main factors and their interactions in order to predict how changes in variables (e.g., temperature, pH, buffer concentration, separation voltage, etc.) can affect several responses (e.g., migration time, peak area resolution, etc.) in a defined experimental region. Thus, it is possible to obtain a mathematical model describing in a provisional way the response variation in the experimental domain [13].



The aim of this work is to establish adequate experimental conditions in which metsulfuron-methyl (MSM) and nicosulfuron (NS) can be determined by CZE coupled to ultraviolet (UV) detection with maximum resolution and minimal analysis time. To this purpose, a full factorial design (23) was used for screening the effect of relevant electrophoretic factors on the electrophoretic peak resolution. In addition, other factors were optimized using the univariate method. Thus, a simple and fast CE method is proposed to determine both sulfonylurea herbicides in water samples, being a suitable method for monitoring these compounds.




2. Materials and Methods


2.1. Chemicals and Reagents


All reagents were of analytical grade and ultrapure water (>18 M·Ω·cm−1) was used. Metsulfuron-methyl (MSM) and nicosulfuron (NS) were purchased from Sigma-Aldrich (Munich, Germany). Acetonitrile was obtained from Baker (Griesheim, Germany). The background electrolyte solution (BGE) was daily prepared with sodium borate (Baker, Griesheim, Germany), HCl (Merck, Buenos Aires, Argentina) and methanol (Biopack, Buenos Aires, Argentina).



A 50 µg·mL−1 standard solution of each analyte was prepared in a 50:50 v/v mixture (ultrapure water:acetonitrile) and stored at 4 °C. These solutions are stable for two months. The standard working solutions were daily prepared by appropriate dilutions of the stock solutions in ultrapure water. For the screening process and the multivariate optimization an aqueous solution of both MSM and NS (2 µg·mL−1) was used.




2.2. Instrumentation and Software


A Beckman Coulter capillary electrophoresis instrument P/ACE™ MDQ equipped with a diode array detector (DAD) was used (Sciex, Redwood, CA, USA). The capillaries were also from Beckman System. Control and data processing were carried out with 32 Karat™ software (version 4) (Sciex, Redwood, CA, USA). Experimental design calculations and statistical analysis were performed using Matlab software (version 7.6.0.324) (MathWorks, Natick, MA, USA).




2.3. CE Analysis


CE separation was carried out in a fused-silica capillary (51 cm effective length, 62 cm total length, 75 µm i.d.) with a positive power supply of 15 kV at 25 °C. Sample injections were performed in hydrodynamic mode for 15 s at 0.5 psi. The BGE was 25 mmol·L−1 sodium borate with 3% v/v methanol at pH 8.5 adjusted with HCl 0.4 mol·L−1. The capillary was conditioned daily by flushing it with 0.1 mol·L−1 NaOH (5 min), ultrapure water (3 min) and buffer solution (5 min). Electropherograms were collected at 231 nm for both analytes. All solutions were filtered through a 0.45 µm filter (Gamafil, Buenos Aires, Argentina) prior to CE analysis.




2.4. Water Samples


Water samples were collected from the surrounding area of Bahía Blanca (Buenos Aires province, Argentina) where wheat fields are located. For surface and groundwater samples, a volume of 500 mL was taken and stored in glass bottles. Samples were filtered (80 µm filter paper) to remove major particles and stored at 4 °C in darkness until analysis. The pH of samples was between 6.0 and 7.0.





3. Results and Discussion


3.1. Preliminary Studies


Due to the fact that MSM and NS are weak acid compounds with pKa (25 °C) values of 3.75 and 4.22, respectively [14], these herbicides can be determined by CZE in their anionic form at pH values above 7.0. Thus, different BGE compositions were evaluated. Phosphate- and borate-based BGE and their mixtures are commonly used to separate SUs at pHs above 7.0 [15,16]; thus, they were tested in preliminary studies. From the obtained results, sodium borate–based BGE was selected for further analysis based on the migration times of the analytes and the electrical current during separation.




3.2. Method Optimization


The considered CE parameters were separation, sensitivity and migration time. Thus, resolution was used as the response for the optimization process. The resolution between peaks was calculated using Equation (1) where Rs is the resolution, tm is the migration time and w is the peak width.
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(1)







According to preliminary studies, injection time and temperature were optimized by the univariate method, being studied in the range 5–20 s and 15–30 °C, respectively. In general, these are the most practicable ranges in CE analysis. Although a long injection time improved signals, a loss in resolution and peak distortion occurred, and thus 15 s was selected at 0.5 psi for better responses. No significant variations in migration times were observed when the temperature was varied above 25 °C; thus, this temperature was selected for analysis. Besides, the sodium borate concentration was evaluated between 20 mmol·L−1 and 50 mmol·L−1; higher concentrations are not generally recommended because of the Joule heating phenomenon within the capillary. From the obtained analytes’ peak shape and their mobility, 25 mmol·L−1 sodium borate was considered as the optimum concentration.




3.3. Screening Process


In the screening process, three variables were selected and a full factorial 23 was designed in order to evaluate whether the experimental domain was suitable for the parameters that could influence the electrophoretic separation of the two herbicides. The three studied variables are quantitative: pH of 8.5 (−) or 9.5 (+), voltage of 15 kV (−) or 25 kV (+) and percentage of methanol in the buffer of 3% (−) or 8% (+). The pH range was selected considering that the analytes are in their anionic form and the CE system is stable within this range; also, the percentage of methanol was required because this solvent allows us to improve the separation between peaks. Table 1 describes the experimental conditions of the experiments that were carried out using a 23 full factorial design, including three replicates of the central point, and the responses were expressed as peak resolution (Rs). All the experiments were randomly evaluated in order to eliminate the effect of undesirable variables. It can be observed that the maximum resolution was obtained in experiment no. 1: pH = 8.5%, 3% methanol and a voltage of 15 kV. The results are shown in Figure 1, where in the center of each square the response (Rs) has been represented at each pH to analyze the effect of the variables. It can be observed that better resolution values are obtained at lower pH values (pH = 8.5) and, in this case, there is not a significant improvement between low and high voltages. However, there is a slight improvement in resolution when lower percentages of methanol are included.


Figure 1. Screening results.
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Table 1. Screening experimental plan and responses applying full factorial design (23).







	

	
Factors

	




	
Exp.

	
pH

	
Methanol %(v/v)

	
Voltage (kV)

	
Resolution (Rs)






	
1

	
8.5

	
3

	
15

	
2.29




	
2

	
9.5

	
3

	
15

	
1.73




	
3

	
8.5

	
8

	
15

	
1.99




	
4

	
9.5

	
8

	
15

	
1.45




	
5

	
8.5

	
3

	
25

	
2.07




	
6

	
9.5

	
3

	
25

	
1.12




	
7

	
8.5

	
8

	
25

	
2.11




	
8

	
9.5

	
8

	
25

	
2.08




	
9

	
9.0

	
5.5

	
20

	
1.60




	
10

	
9.0

	
5.5

	
20

	
1.79




	
11

	
9.0

	
5.5

	
20

	
1.78










In order to identify the variables that are significant, the principal effects (Ef) and interactions coefficients were calculated using Equation (2) [17]:
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(2)




where y(+1) and y(−1) are the response values at the maximum and the minimum levels of an examined factor, respectively, and n is the number of variables at the same level. Figure 2 shows the main and interaction standardized factors in a Pareto chart, which are (A) pH, (B) percentage of methanol and (C) voltage.


Figure 2. Pareto chart of the standardized effects in the 23 factorial design. The variables are: A (pH), B (percentage of methanol) and C (voltage).
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The significance of the effects was evaluated and the vertical line corresponds to the critical values above the effects which are significant (level of significance, α = 0.05). The analysis of the effects shows that the most influential variable is pH (A) with a negative effect, which means that the resolution is higher at lower pH values. The resolution between MSM and NS is improved because the analytes have slightly different mobility at these pH values, considering that these compounds are present as anionic species at pH above these pKa values. The positive effect of % methanol (B) is less influential while voltage (C) is not significant. Otherwise, the statistically significant interaction between methanol/voltage (BC) and between pH/methanol (AB), is noticeable, and it can affect the analytes’ mobility due to the modifications on pH, electrical field strength and the BGE viscosity. This indicates that the response is affected in different ways by the interactions of the three variables, depending on the levels of the other variables, as was shown in Figure 1.



The linear equation obtained with the regression model describing the magnitude and direction of the main factors is defined as follows:
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(3)




where y is the resolution and the model coefficients are the estimation of the effects. The other terms in the linear equation are related to the interaction between factors. The interaction between pH and voltage (AC) and third-order interactions ABC were discarded because they were not significant for the statistical design.



Regarding the statistical analysis of the linear model with ANOVA, the correlation coefficient was 0.98, and the F-value was seven times higher than the tabulated value for a 95% confidence level. In addition, the percentage of maximum explicable variance was 98.97% and the percentage of explained variance was 98.53%. The closeness of such values indicates a good linear fit. The model was validated with the experimental points that were used to create the model along with the other three selected points within the experimental domain [18]. Figure 3 compares the experimental results with the predicted ones using the linear model. The obtained regression (y = 0.9835x + 0.0181) was statistically comparable with the ideal one (y = x) and had a significance of 5% according to a join test of slope 1 and a regression intercept of 0. Therefore, the first-order model fits the proposed screening process.


Figure 3. Comparison of the measured vs. predicted results obtained from the linear model. Squares are the points used to elaborate the model and circles are external points.
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Surface response plots were evaluated and planar surfaces were obtained in all plots (not shown). Therefore, since we want to obtain the maximum resolution within the proposed ranges, curvature does not affect the optimization process. Finally, the best CE conditions for the separation of MSM and NS were achieved with a BGE composed of 25 mmol·L−1 sodium borate—3% v/v methanol at pH 8.5 (25 °C), applying 15 kV and the injection of samples for 15 s at 0.5 psi.




3.4. Analytical Performance


The analytical performance of the proposed CE method was evaluated in terms of the calibration range, sensitivity, reproducibility and precision. The calibration curves were y = (4396.22 ± 69.00)x + (210.96 ± 67.88) with r2 = 0.998 for NS, and y = (4845.10 ± 55.61)x + (211.75 ± 54.69) with r2 = 0.999 for MSM. Each point of the calibration graphs corresponds to the average of three individual measurements. The linear range for both analytes was 0.1–2.0 µg·mL−1. The limits of detection (LODs) calculated as three times Sy/x/slope [18] of the calibration graph were 0.034 µg·mL−1 for MSM and 0.044 µg·mL−1 for NS. The precision of the method was evaluated by analyzing six replicates of the standard solution containing 0.5 µg·mL−1 and the relative standard deviation (RSD) was 3.53% for NS and 3.24% for MSM.



As can be seen in Table 2, the performance obtained with the proposed CZE-UV method, in term of analysis time, is comparable with those reported in the literature for the determination of nicosulfuron and metsulfuron-methyl, even using a simple BGE solution with a minimal percentage of organic solvent. In addition, it could be possible to reach lower LODs if the proposed method is coupled with appropriate preconcentration techniques.



Table 2. Comparison of the performance of the optimized capillary zone electrophoresis- ultraviolet (CZE-UV) with other methods in the literature. LC-UV: Liquid chromatography–ultraviolet detection; LC-ESI-MS: Liquid chromatography-electrospray ionization-mass spectrometry; LC-MS2: Liquid chromatography-tandem mass spectrometry; LOD: Limit of detection; SPE: Solid phase extraction.







	
Analytes

	
Method

	
Detection Time (min)

	
Separation Medium

	
LODs

	
Ref.






	
12 sulfonylurea compounds including Metsulfuron-methyl and Nicosulfuron

	
CZE-UV (λ: 239 nm)

	
NS (25)

	
50 mM acetate buffer, pH 4.76

	
1.0 µg·kg−1 soil (SPE included through C18 column)

	
[19]




	
MSM (29)




	
12 sulfonylurea compounds including Metsulfuron-methyl and Nicosulfuron

	
LC-UV (λ: 226 nm)

	
NS (13)

	
mobile phase: acetonitrile–0.01M H3PO4 (gradient elution program)

	
1.0 µg·kg−1 soil (SPE included through C18 column)

	
[19]




	
MSM (21)




	
17 sulfonylurea compounds including Metsulfuron-methyl Nicosulfuron and degradation products

	
CZE-UV (λ: 239 nm)

	
NS (12.9)

	
25 mM acetic acid and 25 mM sodium acetate, pH 4.76, and 1.86 M acetonitrile in water

	
0.1 µg·mL−1 (NS and MSM)

	
[20]




	
MSM (14.8)




	
8 sulfonylurea compounds including Metsulfuron-methyl and Nicosulfuron

	
CZE-UV (λ: 254 nm)

	
NS (6)

	
5 mM ammonium acetate-acetonitrile (75:25), pH 5

	
-

	
[21]




	
MSM (8)




	
10 sulfonylurea compounds including Metsulfuron-methyl and Nicosulfuron

	
LC-ESI-MS

	
NS (10.7)

	
mobile phase: acetonitrile/methanol–0.2% (v/v) acetic acid in water (gradient elution program)

	
3.5 µg·mL−1 (NS), 1.5 µg·mL−1 (MSM)

	
[22]




	
MSM (11.5)




	
30 sulfonylurea compounds including Metsulfuron-methyl and Nicosulfuron

	
LC-MS2

	
NS (14.2)

	
Mobile phase: acetonitrile–0.1% formic acid (gradient elution program)

	
6.10−7µg·mL−1 (NS)

3.10−7µg·mL−1 (MSM) (SPE included through Oasis HLB cartridges)

	
[23]




	
MSM (15.5)




	
Nicosulfuron and metsulfuron-methyl

	
CZE-UV (λ: 231 nm)

	
NS (9.1)

	
25 mM sodium borate, 3% v/v methanol, pH 8.5

	
0.044 µg·mL−1 (NS)

0.034 µg·mL−1 (MSM)

	
This work




	
MSM (9.8)











3.5. Analysis of Real Samples


Surface water and groundwater samples were selected to evaluate the applicability of the proposed method for determining these herbicides in real samples as well as the presence of possible interferences. Neither MSM nor NS were detected in the analyzed samples at the studied concentration levels, so they were spiked with two different concentrations of analytes. Table 3 shows the obtained recovery percentages when the proposed method was applied to real samples. Figure 4 shows a typical electropherogram of a surface water sample spiked with 0.5 µg·mL−1 of each sulfonylurea.


Figure 4. Electropherogram of surface water blank sample (top) and the spiked sample with 0.5 µg·mL−1 (bottom). Peaks: NS (1), MSM (2).
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Table 3. Recovery study by applying the proposed CZE-UV method. *: Mean of three replicates (n = 3); SD: Standard deviation.







	
Sample Added (µg·mL−1)

	
Found (µg·mL−1) * ± SD

	
RSD (%)

	
Recovery (%)




	
Groundwater

	

	

	






	
NS

	
0.1

	
0.092 ± 0.002

	
2.2

	
92.0




	

	
0.5

	
0.455 ± 0.007

	
1.5

	
92.0




	
MSM

	
0.1

	
0.082 ± 0.002

	
2.4

	
82.0




	

	
0.5

	
0.499 ± 0.004

	
0.8

	
99.8




	
Surface

	

	

	

	




	
NS

	
0.1

	
0.102 ± 0.006

	
5.8

	
102




	

	
0.5

	
0.471 ± 0.003

	
0.6

	
94.2




	
MSM

	
0.1

	
0.097 ± 0.003

	
3.1

	
97.0




	

	
0.5

	
0.500 ± 0.009

	
1.8

	
100












4. Conclusions


In this study, a simple and rapid CE method was proposed for the simultaneous determination of nicosulfuron and metsulfuron-methyl in aqueous solution. A 23 factorial design was used as a quick screening tool to evaluate the CE separation of MSM and NS by changing different variables. Thus, it allowed the simultaneous evaluation of the critical parameters commonly involved in CE analysis with minimal experiments performed. Good results with respect to linearity, precision and selectivity were obtained in the studied concentration range. Additionally, the herbicides could be separated within a short analysis time compared to other electrophoretic and chromatographic methods pointed out in the literature. Future research will include an appropriate coupling between this CZE-UV method and preconcentration techniques to determine lower concentrations of these herbicides in environmental samples.
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