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Abstract

This paper presents the use of square wave voltammetry (SWV) and square wave adsorptive stripping voltammetry (SWAdSV) in conjunction with a cyclic renewable silver amalgam film electrode (Hg(Ag)FE) for the analytical determination of aclonifen in spiked water samples. A reduction peak at −0.65 V versus Ag/AgCl was obtained in the selected buffer (borax buffer with pH 9.2), exhibiting the characteristics of an irreversible reaction. The optimal technique parameters were as follows: frequency 50 Hz, amplitude 50 mV and step potential 5 mV. Accumulation was performed at -0.2 V for 45 s. The analytical curve was linear in the aclonifen concentration range from 1.0×10−7 to 1.0×10−6 mol L−1 and from 1.0×10−8 to1.0×10−7 mol L−1 for SWV and SWAdSV, respectively. The detection and quantification limits were found to be 3.1×10−8 mol L−1; 1.0×10−7 mol L−1 and 2.9×10-9 mol L−1; 9.6×10−9 mol L−1 for SWV and SWAdSV, respectively. The proposed method was applied successfully in the determination of aclonifen in spiked water samples.
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1. Introduction

Pesticides are used globally to eliminate plant pests. Even after one application, pesticides can be absorbed by the plant or deposited on the soil surface, where they can be degraded. These processes are strongly dependent on the type of pesticide, crop, soil, application method, and climatic conditions. Thus, nowadays, there is a growing emphasis on the development of analytical methods for determination of pesticides due to their toxicity.1,2
Aclonifen (ACL, CAS: 74070–46–5, Scheme 1) is a diphenylether herbicide used in the preemergence control of broad–leaved and grass weeds in sunflower cultivation around the world.3,4 The mode of action of the majority of diphenylether herbicides5–9 is based on accumulation of the phytotoxic protoporphyrin, which reacts with oxygen through a well–known photosensitization mechanism in the presence of light, resulting in singlet oxygen (1O2) accumulation.10 Reactive oxygen species cause membrane damage and lipid peroxidation leading to cell death.11 In contrast to other herbicides of the same class (bifenox, acifluorfen, etc.), ACL acts also as a carotenoid biosynthesis inhibitor12,13 in the chlorophyll synthesis pathway. 
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Scheme 1. Chemical structure of aclonifen (2–chloro–6–nitro–3–phenoxyaniline).
Aclonifen is a moderately hazardous pesticide. Pursuant to the directive of the European Union Commission from 15.12.2008, ACL was approved for use in 08.01.2009. Higher concentrations may cause skin irritation or renal and hepatic function disorders after prolonged exposure. The use of ACL entails a huge risk for aquatic organisms.14,15 As ACL is stable in aqueous media and soil, the likelihood of accumulation is very high. Degradation time varies from 15.4 to 16.1 days,16 but an exposure of only 96 h is sufficient to curb the growth of algae and cause fish death.14,15 

The diphenylether family of herbicides is typically analyzed by either LC or GC.17–22 As this class of compounds is usually thermally unstable and nonvolatile, most methods involve LC.20–24 Several electrochemical25,26 and chromatographic27–31 methods have been developed for aclonifen determination. Zaouak and coworkers25 as well as Inam and Cakmak26 investigated ACL electrochemical oxidation processes and its determination on a glassy carbon electrode. Achieved limits of detection were only 0.6 and 0.07 mg L-1, respectively. 
While the determination methods based on various chromatographic techniques are obviously both sensitive and selective, they are also financially and instrumentally demanding and rather time consuming. On the other hand, modern voltammetric techniques are inexpensive, sensitive, and fast, and thus applicable for wide–scale monitoring of electrochemically active pollutants. Although a mercury electrode is clearly the best choice for electroanalytical determination of aclonifen, there is a tendency to replace liquid mercury electrodes with other non–toxic materials, e.g., bismuth or solid amalgam electrodes, due to strict safety and ecological rules. An example of such an electrode is a renewable silver amalgam film electrode (Hg(Ag)FE),32–36 whose properties, such as a wide potential window, easily mechanically renewable surface, and low noise, make it a very promising electroanalytical tool. Liquid amalgam, with a volume not exceeding 10 µL, enables stable electrode functioning for several months. A Hg(Ag)FE has been successfully applied in quantitative analysis of various elements and organic compounds.37–43 This paper presents mechanistic studies and quantitative determination of aclonifen.
2. Materials and Methods
2.1. General voltammetric procedure, instrumentation and software

All voltammetric experiments were carried out using a μAutolab Type III (Eco Chemie, Netherlands) with GPES software (General Purpose Electrochemical System, version 4.9). A classical three–electrode system consisting of a reference electrode (Ag/AgCl – 3 mol L−1 KCl), a counter electrode (Pt wire), and a working electrode (a renewable silver amalgam film electrode from mtm–anko, Cracow, Poland) was used. The construction details and properties of the Hg(Ag)FE have been described previously.33,37,41 pH measurements were made using a CP–315M pH–meter (Elmetron, Poland) with a combined glass electrode. 

Quantitative measurements were performed using SWV or SWAdSV and the standard addition procedure. The reported signals are based on peak currents measured after subtraction of the blank. The amalgam film of the Hg(Ag)FE electrode was refreshed before each measurement. A potential of −0.9 V was applied to condition the electrode after the refreshing step. In SWAdSV experiments, during the accumulation step, a potential of −0.2 V was applied with the solution being stirred. After the accumulation period, the solution was equilibrated for 5 s. Subsequently, a voltammogram for the blank was recorded, and the required volumes of the compound were added. Measurements were carried out in deaerated solutions. In the presented study, the optimal results for SW experiments were obtained in borax buffer at pH 9.2, amplitude Esw=50 mV, step potential ∆E=5 mV, frequency f=150 Hz. For adsorptive stripping voltammetry measurements accumulation time tacc=45 s, and accumulation potential Eacc=−0.2 V were selected. 

2.2. Solutions and materials

An aclonifen standard was purchased from Dr Ehrenstorfer (Germany). The supporting electrolytes were 0.04 M Britton–Robinson (BR), 0.2 M borax, and 0.2 M borate buffers. All the chemicals used for the preparation of buffer solutions were from POCH S.A. (Poland). Fresh stock solution (1.00×10−3 mol L−1) was prepared weekly by dissolving 6.62 mg of ACL in 5 mL of ethanol (storage in dark and cool place if not in use). This concentrated solution was transferred to a 25 mL flask and filled to volume with water which had been demineralized in a PURALAB UHQ (Elga LabWater, UK). All electrochemical measurements were carried out at the ambient temperature of the laboratory.

2.3. Analysis of tap and river samples

Spiked water solutions were prepared as follows: 1 mL of 1.0×10−5 mol L−1 ACL solution was transferred to a 25 mL flask and filled to volume with tap or river water. In voltammetric experiments, the supporting electrolyte contained 1 mL of (spiked tap/river) water solution and 9 mL of borax buffer with pH 9.2. The ACL concentration in spiked samples was analyzed using the standard addition method. Each addition contained 0.4 nmol of aclonifen. Voltammograms were recorded after each addition. Recoveries were calculated after six replicate experiments.
3. Results and discussion

3.1. Electrochemical behavior of aclonifen and the influence of pH and SW parameters

Generally, pH is one of the factors that strongly influence the shape of recorded voltammograms, and it is important to test the effect of supporting electrolyte pH on electrochemical systems. The impact of the medium was evaluated using 0.04 mol L−1 Britton–Robinson buffers (pH 2.0–10.0) with 5(10−7 mol L−1 aclonifen solution. Fig. 1 illustrates the influence of BR buffer pH on aclonifen peak current Ip and potential Ep. With increasing pH, the ACL signal rises and shifts towards more negative potentials. As it can be seen from the inset in Figure 2, the plot of Ep versus pH is linear across the entire examined range.
[image: image2.jpg]log J, I'UA]  35.0

y=0.955x-0.887
R?=0.9936

2.2

25.0

15.0

5.0





Figure 1. CV voltammogram for 1×10−5 mol L−1 aclonifen solution in borax buffer (pH 9.2) at various scan rates: (a) 30, (b) 50, (c) 75, (d) 100, (e) 200, (f) 300, (g) 500, and (h) 700 mV s−1; inset: the linear relationship between the peak current and scan rate for the first peak (Ep=−0.65 V).
The slope of the plot (0.0588 V) is almost identical to the theoretical value (0.059 V), so it can be assumed that the examined signal indicates a process in which equal numbers of protons and electrons are involved (the slope of the same relationship obtained for the second signal was equal to 0.06 V). As the highest ACL signals were observed in an alkaline medium, other supporting electrolytes were also examined (borax and borate buffers). Finally, borax buffer with pH 9.2 was chosen for further studies due to the best peak shape and maximum current value. The influence of the ionic strength of the supporting electrolyte was also examined. The ionic strength was varied with changing borax buffer content (from 5 to 100%, % v) in the supporting electrolyte. On the basis of these results, the supporting electrolyte chosen for further studies contained 50% borax buffer and 50% water. 
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Figure 2. Voltammograms of 5×10−7 mol L−1 aclonifen solution recorded in BR buffers with the following experimental conditions: amplitude Esw=25 mV, ∆E=5 mV, f=50 Hz; Inset: relationship between pH and ACL peak potential.
Two reduction peaks are visible in Figure 1, which presents preliminary cyclic voltammetric experiments carried out with a Hg(Ag)FE in 1(10−5 mol L−1 aclonifen solution in borax buffer (pH 9.2) at several scan rates. In the reverse potential sweep there was no trace of an anodic process, which demonstrated the irreversibility of electrode reactions. To explain the nature of this process, the influence of the scan rate (ν) on the better defined peak current (at Ep=−0.65 V) was investigated. The relationship between the peak current and the scan rate was linear and can be illustrated with the equation Ip=kνx (k-constant parameter). The values of x were expected to be 0.5 and 1 for diffusion–controlled and adsorption–controlled reactions,44,45 respectively. The regression of log(Ip) vs. log(ν) gave a slope value of 0.96 (the correlation coefficient of the straight line is 0.9936), indicating that the reduction current is controlled with adsorption.
Such an electrode mechanism can be described by two equations:
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In 1988, Lovric et al.46 evaluated empirical expressions resulting from the reactions above:

Peak height: 
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Peak position: 
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The electrochemical signal of ACL was tested with various voltammetric techniques, such us CV, LSV, DPV, and SWV. Thanks to the highest peak currents, the best sensitivity, and the possibility to carry out experiments at high scan rates over short analysis time, square wave voltammetry was chosen for further analytical application. In an alkaline medium, the SWV response for aclonifen recorded from −0.3 V to −1.6 V exhibits two peaks (Figure 3– net current) at approximately −0.65 V (peak 1) and at −1.15 V (peak 2). As it can be seen from Figure 3 (backward current), the voltammograms recorded with SWV confirm the irreversibility of the reduction reaction.
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Figure 3. SW voltammograms for 1×10−6 mol L−1 ACL solution in borax buffer (pH=9.2), f=150 Hz, ∆E=5 mV, ESW=50 mV.
In such a case, two possible reduction pathways of the nitro group present in the aclonifen molecule should be considered.47–50 In the first pathway (Equation (5) and (6)), reversible formation of one–electron nitro radical anion is followed by irreversible three–electron reduction. As the stability of 
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is increased by the absence of free protons, this mechanism is the most common in aprotic solvents or strongly alkaline aqueous media.
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In the second possible pathway (Equation (7) and (8)), four–electron reduction of NO2 to NHOH (Equation (7)) and two–electron reduction of NHOH to NH2 (Equation (8)) takes place. This mechanism occurs in acidic and slightly alkaline aqueous media.
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Considering the above, it can be assumed that the voltammetric response obtained at the Hg(Ag)FE in the presence of ACL is the result of nitro group reduction consistent with the second presented mechanism. This is confirmed by several factors: irreversibility of the signals (both peaks),49,51 an equal number of electrons and protons involved (both peaks), and shifting of the first signal to more negative potentials with increasing pH.48,52 Based on these results, we suggest the following electrode reaction pathway: the peak located at −0.65 V represents the reduction of the nitro group to hydroxylamine, and the second signal at −1.15 V is related to the reduction of hydroxylamine to amine (Scheme 2).
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Scheme 2. Electrochemical reduction of aclonifen.
Experimental SWV parameters for the voltammetric determination of aclonifen were estimated in order to identify the conditions at which the observed maximum peak height is accompanied by the best signal shape. This optimization was performed by varying the SW frequency (f), the height of SW pulses (amplitude, ESW), and the step potential of the staircase waveform (∆E) for SWV, and additionally the accumulation time and potential for SWAdSV. While adjusting SW parameters, each of them was changed with the others kept constant using 1×10−7 mol L−1 ACL concentration. First, the amplitude was varied between 5 and 200 mV. A linear response of the peak current was attained up to ESW=50 mV, which then stabilized, according to theory.45 Amplitude values higher than 50 mV did not improve the sensitivity of the technique.
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Figure 4. Effect of varying the SW amplitude on the shape and position of voltammograms obtained for 1×10−7mol L−1 ACL solution in borax buffer (pH=9.2), f=25 Hz, ∆E=5 mV; inset: variation of the peak potential as a function of the SW amplitude.
Furthermore, with increasing amplitude, the value of the peak potential shifts towards more positive values. This behavior may provide an invaluable advantage in determining ACL in complex matrixes. In addition, the plot Ep=f(Esw) has a slope of 0.752 (Figure 4), which is similar to the value of 0.7 predicted by Equation (4).46 Changes in frequency (8–1000 Hz) influence the peak current, which is linear in the range of 8–250 Hz. In further work, 150 Hz was applied. Although the use of a higher f would have given a higher response, we decided against it because of the growing capacitive current and an uncompensated ohmic drop effect.53 The step potential was investigated in the range of 1–21 mV. The best response was obtained for 5 mV, while higher values of ∆E led to a poorly shaped aclonifen signal. The adsorptive properties of ACL at alkaline pH make it possible to accumulate it on the Hg(Ag)FE in a step preceding its voltammetric determination. To improve the sensitivity of the SWAdSV method, the influence of accumulation potential (Eacc) and accumulation time (tacc) was studied for an ACL concentration of 1×10−7 mol L−1. The effect of the accumulation potential on the stripping peak current was examined over the range −0.5 V to 0.0 V. The maximum peak current was registered for aclonifen at Eacc=−0.2 V. Then, the effect of tacc on the ACL peak height was checked. The optimum accumulation time to the electrode surface saturation was 45 s. A further increase of tacc caused a significant drop in the voltammetric response of ACL. Such behavior suggests a high affinity of aclonifen molecules to the electrode surface and interaction between adsorbed molecules as well. For subsequent studies, an accumulation time of 45 s was chosen.
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Figure 5. SW voltammograms of ACL in borax buffer with pH 9.2, ACL concentrations: (a) 0.1, (b) 0.2, (c) 0.4, (d) 0.6, (e) 0.8, (f) 1.0 µmol L−1 (SWV); (a) 0.01, (b) 0.02, (c) 0.04, (d) 0.06, (e) 0.08, (f) 0.10 µmol L−1 (SWAdSV). The other experimental conditions were: amplitude Esw=50 mV, step potential ∆E=5 mV, and frequency f=150 Hz; and additionally, for SWAdSV, tacc=45 s and Eacc=−0.2 V.
3.2. Analytical application

Quantitative measurements were performed using square wave voltammetry (SWV) and square wave adsorptive stripping voltammetry (SWAdSV). Due to the larger current value and a better shape, the peak at −0.65 V was chosen for analytical purposes (Figure 3). The applicability of SWV and SWAdSV for the determination of aclonifen was examined as a function of its concentration in the range 1×10−7−1×10−6 mol L−1 and 1×10−8–1×10−7 mol L−1, respectively (Figure 5). Above those ranges, the decline of linearity was probably caused by ACL saturation on the electrode surface. The calibration curves for both techniques were constructed by plotting the peak current against ACL concentration. These relationships are described by the following equations:

(1) Ip [A] = 5.3 [A(L(mol−1]·C + 1.5×10−7 [A], R2=0.9988 (SWV)

(2) Ip [A] = 57.0 [A(L(mol−1]·C – 6.1×10−9 [A], R2 = 0.9992 (SWAdSV) 

The characteristics of the calibration plots are summarized in Table 1.
Table 1. Regression data of the calibration graphs for the quantitative determination of ACL in borax buffer, pH 9.2.
	
	SWV
	SWAdSV

	Linear concentration range 
(mol L−1)
	1.0(10−7 – 1.0(10−6
	1.0(10−8 – 1.0(10−7

	Slope of calibration graph 
(A L mol−1)
	5.3
	57.0

	Intercept (A)
	1.5(10−7
	6.1(10−9

	Correlation coefficient
	0.9975
	0.9956

	Number of measurements
	6
	6

	LOD (mol L−1)
	3.1(10−8
	2.9(10−9

	LOQ (mol L−1)
	1.0(10−7
	9.6(10−9


The limits of detection (LOD) and the limits of quantification (LOQ) of ACL for both techniques were calculated using the equations: LOD (or LOQ)=kSD/b (k=3 for LOD, k=10 for LOQ, SD-standard deviation of linear regression line intercept, b-respective slope).54 The one–day repeatability of the developed method was tested with six replicate measurements for each studied aclonifen concentration. In order to check the correctness of the method, precision (RSD) and recovery were also calculated for different ACL concentrations in the linear range (Table 2).
Table 2. Recovery and precision of the ACL peak currents at various ACL concentrations.
	Concentration given

[µmol L−1]
	Concentration found

[µmol L−1] (an average of 6 measurements)
	Confidence intervala

[µmol L−1]
	Precision RSD [%]
	Recoveryb [%]

	SWV

	0.1000
	0.1131
	0.0037
	4.1
	113

	0.2000
	0.1998
	0.0089
	5.6
	99.6

	0.400
	0.399
	0.023
	7.2
	100

	0.600
	0.566
	0.025
	5.6
	94.4

	0.800
	0.811
	0.031
	4.8
	101

	1.00
	1.01
	0.028
	3.4
	101

	SWAdSV

	0.01000
	0.00980
	0.00011
	1.4
	98.0

	0.0200
	0.0199
	0.00095
	6.0
	99.5

	0.0400
	0.0421
	0.0010
	3.1
	105

	0.0600
	0.0564
	0.0021
	4.7
	94.0

	0.0800
	0.0798
	0.0017
	2.3
	99.8

	0.1000
	0.0969
	0.0034
	4.6
	96.9


Note: a t(S/n1/2), p=95%, n=6; b Recovery = 100 % + [(Found – Added) / Added] ( 100 %
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Figure 6. Voltammograms of ACL determination in spiked river samples using the standard addition method (s – sample; 1, 2, 3 – standard additions). Experimental conditions are the same as in Fig. 5.
3.3. Analysis of Aclonifen in Spiked Environmental Samples
The developed procedure was applied for analysis of tap and river water. There was no need for any evaporation, precipitation, or extraction steps prior to the pesticide assay. The applicability of the developed method for ACL determination was tested successfully by the standard addition method. Measurements of aclonifen in spiked water were performed as described in Section 2.3. Voltammograms obtained during the experiments are shown in Figure 6. No additional peaks were observed within the examined potential window in the studied water samples. ACL recovery results calculated from the linear regression equations are given in Table 3. Elaborated voltammetric method of ACL determination can be applied for screening purposes in such environmental samples. Due to lack of general selectivity the method is not advised when more complex matrices are met. 
Table 3. Quantitative assay results from aclonifen spiked water and mean recovery values. 
	
	Tap water
	River water (Bzura)

	Concentration added [µmol L−1]
	0.400
	0.400

	Concentration found [µmol L−1]
	0.408
	0.403

	Correlation coefficient
	0.9997
	1.000

	Precision (RSD) [%]
	3.7
	3.7

	Recovery [%]
	102.5
	102.9


3.4. Interferences
The selectivity of the proposed method was evaluated by the addition of possible interferents, such as heavy metal cations and other pesticides. The concentration of each interferent was increased as follows: 1.0×10−8, 5.0×10−8, 1.0×10−7, 2.5×10−7, 5.0×10−7, and 1.0×10−6 mol L−1. The responses were compared with the results obtained for pure aclonifen solution at a concentration of 1×10−7mol L−1. The results are presented in Table 4. As interferents were selected compounds of different classes, i.e. antibodies, fungicides, and insecticides. The reason of such selection is based on rather diversing the use of environmental pollutant rather than simultaneous use of the same application class. These results suggest that in most cases, although not selective, method can be used in cases of simple environmental samples without significant pollution. 
Table 4. Influence of chosen interferences on aclonifen signal. Tolerance limit ± 10% ACL peak current
	Interference
	Influence
	Interference
	Influence

	Heavy metal cations
	Pesticides

	Cd(II)
	Interfere above ratio 1:3
	Blasticidin S
	Within tolerance limit

	Zn(II)
	Within tolerance limit
	Nitrothal
	Interfere above ratio 1:3

	Pb(II)
	Within tolerance limit
	Acibenzolar S
	Interfere in the whole range of studied concentrations

	Cu(II)r
	Within tolerance limit
	Clothianidin
	Within tolerance limit


4. Conclusion

The objective of this study was to demonstrate that the tested pesticide, aclonifen, is an electrochemically active compound at a renewable silver amalgam film electrode. The experiments carried out using cyclic and square wave voltammetry techniques confirmed that the electrode process consists of irreversible reduction of aclonifen. A change of the scan rate did not affect the shape of voltammetric signals, indicating that the process is adsorption–controlled. The voltammograms consisted of two cathodic signals associated with the reduction of the nitro group. The highest analytical signals were recorded in the alkaline medium of borax buffer with pH 9.2.

The developed electroanalytical procedure enabled aclonifen determination in the concentration range of 1×10−7–1×10−6 mol L−1 and 1×10−8–1.0×10−7 mol L−1 using square wave voltammetry and square wave adsorptive stripping voltammetry, respectively. The method was also applied successfully in the determination of aclonifen in spiked tap and river water samples. The obtained LOD and LOQ values were lower than those reported for previously known methods.27–32,55 The effects of the presence of metal ions and other pesticides on the aclonifen peak current were also examined. The presented voltammetric method of ACL determination can be considered as a sensitive and effective technique, and an alternative to expensive chromatographic methods for routine analysis of environmental samples. Moreover, despite its limited selectivity the Hg(Ag)FE can be directly applied for field analysis of environmental samples due to its mechanical stability and easy film regeneration in contrast to the classical hanging mercury drop electrode.
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