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Abstract A sensitive voltammetric method is developed for the determination of parathion (fNO2) using a Na®on1-coated glassy carbon electrode. In this method, parathion is ®rst irreversibly reduced from fNO2 to fNHOH. The reversible peaks at around ‡0.33 V (versus Ag/AgCl) corresponding to a two-electron oxidation/reduction of hydroxylamine (fNHOH) to the nitroso (fNO) derivative were used for detection with square-wave voltammetry. The experimental parameters, such as, pH, ®lm thickness, preconcentration potential, preconcentration time, and square-wave voltammetric parameters were optimized. Using this method, a linear calibration curve for parathion was obtained up to 15 mM range in pH 1.1 citrate buffer solution with a detection limit (S/N ˆ 3) of 50 nM. # 1999 Elsevier Science B.V. All rights reserved. Keywords: Parathion; Insecticide; Na®on1; Glassy carbon electrode; Square-wave voltammetry



1. Introduction Parathion (phosphorothioic acid O,O-diethyl O-(4nitrophenyl) ester, fNO2) and its substituted derivatives are widely used as agricultural insecticide and known to be toxic in nature [1]. In spite of its low volatility (157±1628C) and low solubility in water, leaching may occur especially in sandy soils. Qualitative and quantitative analysis of these materials is thus very important for environmental control [2]. Previous approaches used for the determination of parathion and its substituted derivatives include a ¯ame photometric quantitative method [3], an enzyme immunoassay [4,5], and an electrochemical method [6]. The major drawback of these methods is that they *Corresponding author. Fax: +886-4-286-2547 E-mail address: [email protected] (J.-M. Zen)



are time consuming and not suitable for routine analysis. For example, it takes 10 min of preconcentration time for the voltammetric determination of methyl parathion using a carbon paste electrode modi®ed with C18 to get a detection limit of 7.9 ng/ml. We report here a simple and easy electrochemical method for sensitive determination of parathion using a Na®on1coated glassy carbon electrode (NCGCE). Squarewave (SW) voltammetry was used for the quantitative estimation because this technique is superior for reversible systems [7±9]. 2. Experimental 2.1. Chemicals and reagents Na®on1 per¯uorinated ion-exchange powder, 5 wt.% solution in a mixture of lower aliphatic alco-
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hol's and 10% water was obtained from the Aldrich. Parathion and all other compounds (ACS certi®ed reagent grade) were used without further puri®cation. Aqueous solutions were prepared with doubly distilled deionized water. Unless otherwise mentioned, a 0.1 M citrate buffer of pH 1.1 was used for all the electrochemical measurements. Groundwater and lake water were collected from the campus of Chung-Hsing University (Taichung, Taiwan). The samples were taken in glass bottles, ®ltered through a 0.45-mm nylon ®lter, and stored at 48C. 2.2. Apparatus and procedure All the electrochemical experiments were carried out with a BAS 100B electrochemical analyzer (Bioanalytical systems, West Lafayette, USA). A BAS Model VC-2 electrochemical cell was employed in these experiments. The three electrode system consisted of the NCGCE as working electrode, an Ag/ AgCl reference electrode (Model RE-5, BAS), and a platinum wire auxiliary electrode. Deaeration was performed by purging with argon. The GCE working electrode was ®rst hand polished using the polishing kit (BAS). Then, a uniform Na®on1 coating was achieved by covering the GCE surface of 0.07 m2 geometric area with 6 ml of Na®on1 in desired wt.% and spin-coating at 3000 rpm. The general procedure for the parathion detection is described as follows. After spin-coating the GCE with Na®on1 of desired composition, the NCGCE is preconcentrated at a desired preconcentration potential for a given time before detection. In order to get protonated parathion required for the accumulation into Na®on1, the experiments were carried out at acidic pH. 3. Results and discussion 3.1. Electrochemical behavior of parathion on the NCGCE Fig. 1 shows the continuous cyclic voltammetric (CV) response of 40 mM parathion on the NCGCE in pH 1.1 citrate buffer at a scan rate of 100 mV/s in the range of ‡0.6 V to ÿ0.8 V. During the ®rst cathodic sweep (switching potential at ‡0.6 V), one peak (C1)



Fig. 1. Continuous CV response of 40 mM parathion at the NCGCE in pH 1.1 citrate buffer. Scan rate was 100 mV/s; switching potentials at ‡0.6 V and ÿ0.8 V.



appeared at ÿ0.4 V, and another one appeared at ‡0.35 V (A2) on the anodic sweep. In the successive cycles, in addition to C1, one new peak (C2) also appeared at ‡0.32 V in the cathodic sweep. It is interesting that the reversible redox couple at around ‡0.3 V increases at the expense of the irreversible peak at ÿ0.4 V. The processes clearly indicated that the development of C1 peak is responsible for the formation of A2 and C2 peaks. Note that similar behavior of parathion at hanging mercury drop electrode (HMDE) in 0.5 M, pH 5 sodium acetate buffer in 50% ethanol, was reported earlier by Heineman and Kissinger [10]. They claimed that the appearance of the ®rst peak (C1) is due to a four-electron irreversible reduction of the nitro group (fNO2) to a hydroxylamine group (fNHOH) and that the A2/C2 redox peak is caused by the reversible two electron oxidation and reduction of the hydroxylamine group (fNHOH) to a nitroso group (fNO) (Ep ˆ 30 mV). The major difference, however, is that the increase in the formation of A2 and C2 peaks is not as obvious as for the NCGCE. This result is indeed essential to the success of the proposed method here and obviously has something to do with the existence of the Na®on1 ®lm as discussed later. Nevertheless, it is believed that same electron transfer mechanism can also be applied in this study: fNO2 ‡ 4eÿ ‡ 4H‡ ! fNHOH ‡ H2 O
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fNHOH $ fNO ‡ 2H‡ ‡ 2eÿ
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…A2 and C2†



Therefore, by applying a preconcentration potential of ÿ0.4 V, fNO2 can be converted into fNHOH and the species for detection is now transformed from an irreversible form into a reversible one. It is well known that the sensitivity of SW voltammetry is proportional to the degree of reversibility of the electrochemical reaction [11]. Since the redox couple A2/C2 showed a more reversible behavior at the NCGCE, a clear advantage of using the electrode in the SW mode with respect to the sensitivity of parathion detection is expected. Experiments carried out with SW voltammetry, differential pulse voltammetry (DPV), and linear scan voltammetry (LSV) for 40 mM parathion at the NCGCE with the same effective scan rate of 60 mV/s, con®rm this prediction (Fig. 2). LSV was further applied to study whether adsorption of diffusion controls the electrode process. A linear plot through the origin was obtained for the plot of the anodic peak current (A2) versus the square root of the scan rate, indicating the occurrence of a diffusion-controlled charge transfer process at the NCGCE. As mentioned earlier, the key to the success of the proposed method is the existence of the Na®on1 ®lm. In Fig. 3, by carrying out experiments with SW voltammetry for 40 mM parathion at a bare GCE and the NCGCE, the difference is clearly demonstrated.



Fig. 2. Linear scan (a), differential-pulse (b), and SW (c) voltammetric response of 40 mM parathion at the NCGCE in pH 1.1 citrate buffer. Experimental conditions. effective scan rate: 60 mV/s; Pp ˆ 0.8 V; tp ˆ 20 s.



Fig. 3. SW voltammetric response of 40 mM parathion at a bare GCE (a) and the NCGCE (b) in pH 1.1 citrate buffer. Conditions are the same as in Fig. 2.



This can be explained by the fact that fNHOH diffuses away from the bare GCE when it is formed, whereas it remains ®xed in the Na®on1 membrane. Note that the other advantage of coating with Na®on1 ®lm is to eliminate interferences. 3.2. Optimization of parameters for parathion detection The pH range is critical for the voltammetric characteristics of parathion as well as for the Na®on1 ®lm, so the effect of pH was studied in detail. The pH has tremendous in¯uence both on the peak current and the shift in peak potential. The anodic peak potential corresponding to the parathion oxidation shows a linear variation with pH with a slope of ÿ67 mV/ pH as shown in Fig. 4(B). This result suggests that the total number of electrons and the protons taking part in the charge transfer is the same. As parathion oxidation is known to occur by the same number (two) of electrons and protons, this observation is consistent with the results mentioned earlier. The peak current shows very interesting characteristics with respect to pH as illustrated in Fig. 4(A). Higher peak currents were noticed at lower pH and on increasing the pH the corresponding peak currents decreased regularly. Compared to that at pH 1, the peak current value was about seven times smaller than the peak current measured at pH 4. This observation demonstrates the
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Fig. 4. pH dependence of the anodic peak current (A) and peak potential (B) on SW voltammetric response for 40 mM parathion at the NCGCE. Conditions: Pp ˆ ÿ0.8 V; tp ˆ 20 s. SW parameters: amplitude: 25 mV; frequency: 15 Hz; step: 4 mV.



direct dependence of the protonation effect of parathion on the peak current. To get the optimum conditions for parathion detection at the NCGCE, both the electrode conditions and the SW parameters should be optimized. As far as the electrode conditioning is concerned, the Na®on1 composition was considered ®rst and the results are illustrated in Fig. 5. A maximum peak current ef®ciency on parathion oxidation was obtained when



Fig. 5. Effect of Nafion1 coating in preparing the NCGCE on SW voltammetric response for 40 mM parathion. Conditions are the same as Fig. 2.



4 wt.% Na®on1 was used. Increase in Na®on1 wt.% obviously increases the ®lm thickness, and thus, increase in the ion exchange capacity. However, a too thick ®lm may render the mass transfer dif®cult resulting in a decrease of the current response. The effects of preconcentration potential (Pp) and preconcentration time (tp) are illustrated in Fig. 6. As shown in Fig. 6(A), the peak current remains almost zero in the potential range from 0 to ÿ0.3 V. The reason is obvious since parathion cannot be reduced in this potential range as indicated in Fig. 1. There is a sudden increase in the peak current at ÿ0.4 V and it remains almost constant on further increase of the Pp. Thus, the optimum Pp should be less than ÿ0.4 V for sensitive analytical estimation of parathion. The optimization of tp was demonstrated in Fig. 6(B), where the peak current increases with increase in the tp and at about 40 s it attains a plateau. Using the conditions mentioned above, the effect of SW response was studied since the peak current for parathion obtained in SWV is dependent on various parameters such as SW amplitude, SW frequency, and step height. The peak current initially increases with increase in SW amplitude and reaches a maximum at around 40 mV. Thus, this value has been ®xed as the best in the detection of parathion. Similarly, the effect of SW frequency was studied and 30 Hz is found to be optimum. Overall, the best signal-to-background current characteristics can be obtained with the following instrumental settings: modulation amplitude,
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Fig. 6. Effect of (A) Pp and (B) tp on SW voltammetric response for 40 mM parathion in pH 1.1 citrate buffer at the NCGCE. Conditions: (A) tp ˆ20 s. (B) Pp ˆ ÿ0.6 V; SW amplitude: 40 mV; frequency: 30 Hz; and step: 4 mV.



40 mV; modulation frequency, 30 Hz; modulation step, 4 mV. 3.3. Analytical characterization Using the optimized conditions, a linear calibration curves for different concentrations of parathion are obtained up to 15 mM range in pH 1.1 citrate buffer solution. In 0 to 15 mM range, the slope (mA/mM) and correlation coef®cient are 2.15 and 0.999, respectively. The detection limit (S/N ˆ 3) is as low as 50 nM. In order to characterise the reproducibility of the NCGCE, repetitive measurement-regeneration cycles were carried out in 15 mM parathion. After the measurements, the electrode was removed from the test solution, washed thoroughly and introduced into buffer solution and potential sweep were carried out in the same potential window several times until the original background current was regained. The results of 15 successive measurements showed only 1.9% coef®cient of variation. Thus, the electrode renewal gives a good reproducibility surface. Various ions were examined with respect to their interference with the determination of parathion. For 5 mM of parathion, the results showed that over 1000fold excess concentration of K(I), Cl(I), fulvic acid, and p-nitrophenol did not interference the parathion response. Uric acid, glucose, Pb(II), Ca(II), and Triton



X-100 were found to interfere at a 1000-fold excess, while Zn(II) and Cu(II) interfere at a 100-fold excess. The analytical utility of the method was assessed by applying it to the determination of parathion in groundwater and lake water. None of the natural water samples analyzed contained any parathion, so they had to be spiked with the analyte at a certain concentration, and the results are summarized in Table 1. The parathion peaks were clearly displayed for both spiked water samples. The recovery of the spiked parathion was also observed to be good in both water samples. Apparently, the interference effect in these two real samples is almost negligible. The present investigation reveals the combination of the voltammetric procedure and SW voltammetry to increase the sensitivity and Na®on1 ®lm modi®cation for better selectivity was found to work excellently in parathion detection. This proposed voltammetric procedure for parathion detection could be useful in many different applications. Table 1 Determination of parathion in groundwater and lake water



Groundwater Lake water a



Parathion added (mM)



Parathion founda (mM)



Recovery (%)



10 10



9.92  0.22 9.88  0.29



99.2 98.8



Number of sample assayed ˆ 6.
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