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Selective Voltammetric Determination of Lead(II) on Partially Quaternized Poly(4-vinylpyridine)yMercury Film Electrodes Jyh-Myng Zen,* Hsieh-Hsun Chung, and Govindasamy Ilangovan Department of Chemistry, National Chung-Hsing University, Taichung 402, Taiwan Received: September 11, 1998 Final version: October 23, 1998 Abstract



A partially quaternized poly(4-vinylpyridine) mercury ®lm electrode (QPVP/MFE) was developed for the determination of traces of Pb(II) in real samples by square-wave anodic stripping voltammetry. In this method, Pb(II) is converted into an anionic chloride complex and preconcentrated into the QPVPyMFE by applying a potential of ÿ1.2 V (vs. AgyAgCl). Good solubility of lead in mercury subsequently helps to increase the preconcentration effect. Various factors in¯uencing the determination of Pb(II) were thoroughly investigated in this study. The main advantages of this method are a wide pH working range, good resistance to interference, easy detection without deoxygenating, and excellent electrode renewal. The analytical utility of the QPVP/MFE in the determination of Pb(II) is demonstrated by application to various water samples. Keywords: Lead(II), Quaternized Poly(4-vinylpryidine), Mercury ®lm electrode



1. Introduction The determination of Pb(II) is very important since higher dosage of this carcinogeneous metal ion leads to various physical disorders in the human body. Recent evidence suggests that neurological damage in children may occur at [Pb(II)] in blood as low as 10 mgLÿ1 [1]. Thus, there is a constant demand of improved analytical methods for sensitive and selective determination of Pb(II) both in biological samples and drinking water systems. Electrochemical stripping analysis using mercury ®lm electrode has been proved to be very promising among the methods developed so far [2 ±6]. This is mainly because lead can be easily amalgamated on mercury surface. Therefore, by adopting a proper procedure, even nanomolar quantities of Pb(II) can be accumulated to an accurately detectable level and give a distinct advantage. However, one of the serious problems in estimating Pb(II) in real samples is the interference from other metal ions. The problem can be overcome by selective accumulation of Pb(II) as anion complex on modi®ed electrodes. The convenient way is to accumulate Pb(II) on an ion-exchange polymer-modi®ed electrode since most of the interfering metal ions are present as cations. For example, our group has successfully demonstrated such an anion complex approach for the estimation of trace amounts of Hg(II) as chloride complex on poly(4-vinylpyridine)ygold ®lm electrode (PVPyGFE) and Pb(II) as hydroxide complex on poly(4-vinylpyridine)ymercury ®lm electrode (PVPyMFE) [7, 8]. The anionic complex is subsequently reduced and ingested in metallic form as amalgam by imposing an enough negative potential during the preconcentration step. This idea was further extended to the determination of Bi(III) and Tl(III), where these ions were estimated as chloride complexes [9, 10]. While the use of MFE suffers from severe interference in estimations of Pb(II), the PVPyMFE, however, also has certain limitations. First, the working pH range is limited to more acidic solutions typically below pH 3 [11]. This poses a problem for in situ trace determination of these metal ions in real sample Electroanalysis 1999, 11, No. 2



analysis. Second, in our previous method, the anionic complex of Pb(OH)4ÿ 6 was formed in the PVP matrix by polarizing at a more negative potential beyond ÿ1.2 V to generate OHÿ through water oxidation [8]. As the in situ generation of OHÿ and subsequent complexation takes place inside the PVP matrix, slow diffusion of either of the reactants could retard the effective formation of the anionic complex. In the present work, we describe a method that overcomes both of the above-mentioned problems. The ®rst problem is overcome by using partially quaternized-PVP (QPVP) ®lms, which can be used at any pH to accumulate anions, as shown in Figure 1. The second problem is sorted by working in the Clÿ medium. The entire amount of positive charges in the polymer backbone will be neutralized instantly with anionic chloride as counter ions. Thus, the effective concentration of Clÿ is much higher inside the polymer, and the complexation will be very effective. This approach is different from our previously reported [8] Pb(II) estimation, where the complexing OHÿ was electrochemically generated during the preconcentration step. The present article describes the successful application of this new approach in trace quantity estimation of Pb(II) as an anionic chloride complex. Various factors affecting the determination of Pb(II) at the QPVPyMFE by square-wave anodic stripping voltammetry (SWASV) were optimized. Typical interference that can occur in water samples is discussed. The analytical utility of the QPVPyMFE is demonstrated in the determination of Pb(II) in various water samples.



Fig. 1. Molecular structures of PVP and QPVP.
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2. Experimental 2.1. Chemicals and Reagents PVP (MW 50 000) solution in methanol containing ca. 20 wt.% polymer was obtained from Aldrich. QPVP was prepared by reacting PVP with CH3I in a high-pressure reaction ¯ask and about 50% of the pyridine units are quaternized. Standard solutions of Hg(II) and Pb(II) (1000 mgLÿ1, AAS grade) were bought from Merck. All supporting electrolytes and standard solutions used in the interference studies were also obtained from Merck. Aqueous solutions were prepared with doubly distilled deionized water.



2.2. Apparatus Electrochemical measurements were carried out with a CHI Model 660 electrochemical workstation. The three-electrode system consists of one of the following working electrodes: GCE, MFE, QPVPyGCE, PVPyGCE, PVPyMFE, and QPVPyMFE, an AgyAgCl reference electrode (Model RE-5, BAS), and a platinum auxiliary electrode.



2.3. Procedure The GCE (3 mm diameter, BAS) was polished with the BAS polishing kit, and the working electrodes were prepared generally following the procedures mentioned previously [7]. The QPVPyGCE was prepared by spin-coating 6 mL of QPVP with different wt.% in methanol on GCE. The QPVPyMFE was prepared by depositing mercury onto the QPVPyGCE in solution containing 10 ppm mercury at a deposition potential of ÿ0.5 V for the time required. The freshly prepared QPVPyMFE was dipped into a stirred phosphate buffer solution (PBS) containing 0.1 M KCl and Pb(II) at ÿ1.2 V for the required preconcentration time (tp ). Quantitative determinations were then performed in the SWASV mode. The potential range was set from ÿ1.0 to ÿ0.2 V in the anodic direction for most cases. Before detection, solutions
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were not deareated, as O2 was not found to interfere in the detection. The electrode was regenerated immediately after use and the renewed electrode was then checked in the PBS to ascertain that it did not show any current peak within the potential window before the next measurement. Groundwater, seawater, and tap water samples were collected and prepared as reported previously [12]. The standard addition method was used to evaluate the content of Pb(II) in water samples.



3. Results and Discussion 3.1. Voltammetric Behavior The SWASV responses of QPVPyMFE preconcentrated at ÿ1.2 V for 30 s in various electrolytes, namely, KCl, Na2SO4, and NaNO3, containing 10 ppb Pb(II), are shown in Figure 2A. The SWASV was chosen in the present work, as this technique has been proved very sensitive in detecting nM quantities of analytes [7, 8]. Compared to the other supporting electrolytes studied, the anodic stripping current response for Pb(II) was very pronounced in the Clÿ media. In addition, unlike the other supporting electrolytes, the SWASV peak current strongly depends on Clÿ concentration as shown in Figure 2B. When Pb(II) was preconcentrated on QPVPyMFE at ÿ1.2 V, as proposed in our earlier report [8], it was expected that hydroxide ions were produced at such negative potentials on the electrode surface in the sulfate medium, subsequently formed a complex with Pb(II) and were converted into anionic forms. One of the most likely species formed is Pb(OH)4ÿ 6 , since the cumulative is very large (log b ˆ 61 [13]). formation constant of Pb(OH)4ÿ 6 However, the dependence of SWASV peak current on Clÿ concentration, rules out the above assumption. On the other hand, the dependence of the peak current on Clÿ concentration can be interpreted that the anionic chloride complex can occur in the solution phase and subsequently preconcentrated at ÿ1.2 V, as we reported for Hg(II) estimation on a PVPygold ®lm electrode [7]. One possible anionic Pb(II) chloride complex was PbCl2ÿ 4 in the bulk solution. However, calculation of distribution of species at pCl ˆ 1 and pH 6 using various equilibrium constants [13]



Fig. 2. A) SW voltammograms at the QPVPyMFE for 10 ppb Pb(II) with tp ˆ 30 s and pp ˆ ÿ1:2 V in a) pH 5.5 PBS, b) 0.1 M KCl ‡ pH 5.5 PBS, c) 0.05 M KCl ‡ pH 5.5 PBS, d) 0.1 M Na2SO4 ‡ pH 5.5 PBS and e) 0.1 M NaNO3 ‡ pH 5.5 PBS. B) Effect of the concentration of KCl on the peak current and peak potential of Pb(II) at the QPVPyMFE. SW parameters: modulation amplitude 50 mV; modulation frequency 450 Hz; effective scan rate 1.8 Vsÿ1. Electroanalysis 1999, 11, No. 2
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indicates the following composition of species: Pb(II), 37 %; PbCl2, 10 %; Pb(OH)‡, 25%; PbCl2ÿ 4 , 0 %. These data ®nd con®rmation also in reports dealing with the speciation of metal ions in natural water which indicate that in seawater (Clÿ ca. 0.55 M) the prevailing lead chloride is a neutral species, PbCl2 [14]. These evidences reveal that PbCl2ÿ can not be the 4 prevailing species present in solution. We guess that the anionic chloride complex, PbCl2ÿ 4 , is generated locally within the polymeric coating as a consequence of the local high concentration of Clÿ, as this anion being a counter ion which neutralizes the positive charge of the pyridinium cations. The existence of PbCl2ÿ in equilibrium inside the polymer matrix was further 4 con®rmed by the peak potential shift with increasing amounts of Clÿ. Though we lack the details on the nature of the complex, the preconcentration effect in the presence of Clÿ was thoroughly exploited as described below. The advantage of using QPVP over PVP in SWASV for the determination of Pb(II) is further illustrated in Figure 3. The results of PVPyGCE and PVPyMFE in the same experimental conditions are also shown for comparison. As can be seen in Figure 3A, almost no detectable signal was observed at the PVPyGCE in pH 5.5 PBS for 1 ppm Pb(II). Whereas, a much higher stripping current was observed for the QPVPyGCE compared to PVPyGCE. The reason is obvious since the PVP ®lm can accumulate the anions only when pH 5 3. Similarly, as shown in Figure 3B, comparing the peak currents of PVPyMFE and QPVPyMFE, the latter shows a clear advantage. Moreover, the QPVPyMFE is more sensitive than the QPVPyGCE. Merely 10 ppb of Pb(II) was enough to observe considerably large stripping current on the QPVPyMFE; while it required 1 ppm of Pb(II) to observe a similar magnitude of signal on the QPVPyGCE. These results demonstrate the superiority of the QPVPyMFE in the determination of Pb(II), especially at higher pH solutions.



3.2. Optimum Conditions for Analysis In order to assess the optimum conditions for the sensitive estimation of Pb(II), both the electrode and the detection factors should be studied in detail. As to the electrode parameters, the
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thickness of the QPVP ®lm and the deposited mercury ®lm are both critical. As to the detection aspect, the factors consist of the chloride concentration, the solution pH, the tp , the preconcentration potential (Pp ), and the SW parameters. As the anionic PbCl2ÿ 4 is formed and preconcentrated within the QPVP ®lm, the thickness of the ®lm directly controls the performance of the electrode. The optimum ®lm thickness depends on both the effective diffusion as well as the maximum loading of the analyte that should not affect the adhesion of the ®lm. To evaluate the optimum ®lm thickness, the electrodes were prepared by dropping the same quantity of the QPVP solution with different wt.% at a 100 rpm spin-coating rate. The electrode obtained with 0.25 wt.% of QPVP showed the best performance and was used in the subsequent studies. The amount of mercury plated depends on the deposition time. The deposited mercury was clearly seen as a grayish color appearance after electrolysis. The peak current increases as the amount of deposited mercury increases and reaches a maximum at 6 min. A mercury deposition time of 6 min was therefore selected as the optimum. The advantage in wider pH range of using QPVP instead of PVP in Pb(II) estimation is demonstrated in Figure 4. The peak current in the range of pH 1 to 7 remains almost constant at the QPVPyMFE; whereas, for the case of the PVPyMFE, there was a steep decrease in peak current from pH 4 onward. It is because the PVP lacks the protonated units of pyridine moiety above pH 3 and hence at any pH higher than 4 it will be a neutral species failing to incorporate any anion. The sudden decrease of peak current observed on QPVPyMFE when pH 4 8 was due to the precipitation of Pb(II) as Pb(OH)2 in basic pH solutions [7]. The precipitate formation was visible in these pH solutions. The Pp has tremendous in¯uence in the estimation of Pb(II) on QPVPyMFE electrode, as shown in Figure 5A. The peak current steeply increases as the Pp increase from ÿ0.5 V to more negative potentials up to ÿ0.7 V and shows relatively little increase after that. The peak current values were low at less negative potential values because as the Pp moves closer to the redox potential of the lead couples, more of the deposited lead was oxidized, causing a decrease in peak current. On the other hand, when the Pp was more negative than ÿ1.2 V, the bubbles created at the electrode surface renders the experiments dif®cult. The Pp of ÿ1.2 V was therefore used in the subsequent measurements.



Fig. 3. SW voltammograms obtained at A) PVPyGCE and QPVPyGCE for 1 ppm Pb(II) and B) PVPyMFE and QPVPyMFE for 10 ppb Pb(II). Experimental conditions: tp ˆ 30 s, pp ˆ ÿ1:2 V, in 0.01 M KCl ‡ pH 5.5 PBS. SW parameters as in Figure 2. Electroanalysis 1999, 11, No. 2
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combined in¯uence on the peak current. The response for Pb(II) almost linearly increases with increase in SW frequency and attains saturation at higher frequencies beyond 400 Hz. Increase in the pulse amplitude causes the peak current to increase up to 30 mV. Increasing beyond this optimum value yielded a sloping background current rendering the measurement dif®cult. The scan increment together with the frequency de®nes the effective scan rate: increase in both the frequency and pulse increment results in an increase in the scan rate. Thus, the increase in the step increment also increases the peak current. Overall, the best signal to background current characteristics could be obtained by the following instrumental settings: modulation amplitude, 50 mV; modulation frequency, 450 Hz; effective scan rate, 1.8 Vsÿ1.



3.3. Analytical Characterizations



Fig. 4. Effect of pH on the peak current of 20 ppb Pb(II) obtained at the PVPyMFE (a) and the QPVPyMFE (b). Other conditions as in Figure 3.



The effect of tp on SW response for Pb(II) is shown in Figure 5B. For 400 ppb Pb(II), the peak current increase as the tp increases and starts to level off around 5 min. It takes longer time for the peak current to level off for a lower concentration of Pb(II). Therefore, in order to increase the sensitivity in lower concentrations of Pb(II), a longer preconcentration time is required. For convenience, a tp of 30 s was used in most of the subsequent studies. The SW parameters investigated were frequency, pulse height and pulse increment. These parameters are interrelated and have



To characterize the reproducibility of the modi®ed electrode, repetitive preconcentration-measurement-regeneration cycles were performed. The electrode was actually immediately regenerated after the stripping process of detection, which can be explained as follows. During the striping process, the amalgamated Pb is oxidized into Pb(II) and subsequently thrown out due to the electrostatic repulsive effect of the Pb(II) cation by the cationic QPVP. The renewed electrode was then checked in the supporting electrolyte before the next measurement to ascertain that it did not show any peak at least within the potential window scanned. The result of 15 successive cycles showed a very small relative standard deviation of 1.08 % for 50 ppb Pb(II) under the optimized experimental conditions. These results prove that the electrode renewal gives an excellent reproducible surface and this is one of the main advantages of the proposed method. Calibration data were obtained under the optimum experimental conditions mentioned above. Figure 6A presents the SW voltammograms for the QPVPyMFE in Pb(II) solutions for a tp of 30 s at a concentration range from 0 to 25 ppb. In all concentrations, the striping peak was observed near ÿ0.55 V. The observed peak currents were then used to construct the



Fig. 5. Effect of A) Pp , and B) tp on the peak current of 40 ppb lead obtained at the QPVPyMFE. Other conditions as in Figure 3. Electroanalysis 1999, 11, No. 2
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J. Zen et al. Table 1. In¯uence of other ions on the response of Pb(II). [Pb(II)] ˆ 10 ppb; tp ˆ 30 s. Ions



Concentration excess over Pb(II)



Mg(II) Cu(II) Mn(II) Ca(II) Cr(III) Zn(II) Cr(VI) Cd(II) Sn(IV) Bi(III) SDS Triton X-100



1006 1006 1006 1006 1006 1006 106 106 106 106 1006 1006



Contribution [%] [ip …Pb…II †† ˆ 100 %] MFE



QPVPyMFE



ÿ2 ‡29 ÿ5 ÿ9 ÿ20 ‡28 ÿ13 ‡18 ‡38 ÿ15 ÿ11 ÿ16



ÿ1 ÿ7 ÿ4 ÿ7 ÿ18 ‡2 ÿ8 ‡13 ‡27 ÿ9 ÿ2 ÿ4



Fig. 6. SW voltammograms and calibration plots obtained at the QPVPyMFE. Other conditions as in Figure 3.



calibration plot. A linear plot was obtained in the concentration range from 0 to 100 ppb, as shown in Figure 6B, with the line passing through the origin with slope (mAymgLÿ1) and correlation coef®cient of 0.427 and 0.997, respectively. The detection limit was 1.0 ppb (SyN ˆ 3). The sensitivity started to decrease when the concentration of Pb(II) was higher than 100 ppb. An even lower detection limit was achieved for Pb(II) with tp longer than 30 s. Various ions were examined concerning their interference with the determination of lead as summarized in Table 1. For the MFE, elements that can be reduced to the elemental state on the mercury electrode and at the same time are soluble in mercury are the likely interference. Whereas, for the QPVPyMFE, the number of species interacting in this manner was limited to those present in the anionic form due to the presence of the QPVP ®lm. For 10 ppb lead with tp ˆ 30 s, the results showed that over 1000-fold excess concentration of Zn(II), Mg(II), and Mn(II) did not in¯uence the lead response. Cu(II), Bi(III), Cr(IV), and Cr(III) were found to slightly interfere at 100-fold excess, and Sn(IV) and Cd(II) interfered at 10-fold excess. The most serious interference was from Tl(III), which interfered even at a 1-fold excess. Note that Tl(III), Sn(IV) and Cu(II) are generally considered as major interference in the determination of Pb(II) in ASV measurements on MFE [6, 7, 15]. Even more signi®cant is the improved selectivity in the presence of a large excess of Cu(II). The Pb(II) peak may be easily overlapped or even shielded by the peak of Tl(III), Sn(IV) and Cu(II) [4, 5, 13]. The Sn(IV) and Cu(II) problems can actually be largely improved by



QPVPyMFE. Although Tl(III) can still cause a serious interference, fortunately, the amount of Tl(III) that occurs in natural waters is typically below 0.1 ppb [16]. Voltammetric determination of Pb(II) on QPVPyMFE is therefore still very promising in real sample analysis as discussed later. Interference effects caused by surface-active compounds in ASV using a bare MFE are well recognized [17]. One of advantages of using QPVPyMFE is to prevent any surface-active fouling agent during the deposition and stripping. Triton X-100 and SDS were used as examples to study such an effect. Table 1 shows how the surfactants become ineffective on the QPVPyMFE as the peak current is unaffected in the presence of 100 times more than the surfactants. Compared to similar experiments carried out with the MFE [7], the tolerance was improved considerably. The analytical utility of the QPVPyMFE was demonstrated by applying it to the determination of Pb(II) in groundwater, tap water, and seawater samples at a neutral pH. The results summarized in Table 2 are the original and spiked water samples. Typical SW voltammograms for the original and spiked water samples are illustrated in Figure 7. As can be seen, the Pb(II) stripping peaks are closely displayed for all three spiked samples. These results provide a suf®cient evidence for a huge feasibility of the QPVPyMFE employed for determining Pb(II) in real water samples in neutral pH. In the estimation of real sample, the water samples were diluted with pH 5.5 PBS as 1 : 1. Here the tp used was 30 s, even for very low concentration. This was another improvement shown by the QPVP coating on the MFE.



Table 2. Determination of Pb(II) in water samples. Real value is obtained by multiplying the detected value with the dilution factor. The number of samples assayed was three.



Linear function r Detected value, original [ppb] Spike [ppb] After spike [ppb] Recovery [%] Real value in samples [ppb] Electroanalysis 1999, 11, No. 2



Groundwater



Tap water



Seawater



i ˆ 2:32 ‡ 0:31 C 0.9981 7.48  0.64 20.0 26.84  0.19 97.7 14.96  1.28



i ˆ 1:87 ‡ 0:34 C 0.9997 5.50  0.39 5.0 10.49  0.50 99.9 11.00  0.78



i ˆ 0:74 ‡ 1:06 C 0.9991 0.70  0.02 1.0 1.71  0.04 100.6 1.40  0.04
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Fig. 7. Typical SW voltammograms of A) groundwater B) tap water and C) seawater obtained at the QPVPyMFE. Other conditions as in Figure 3.



4. Conclusions



6. References



The present study shows that voltammetric determination of Pb(II) on the QPVPyMFE is very promising in real sample analysis. A considerable improvement has been achieved in the working pH range by opting QPVP as electrode modi®er compared to PVP. The recovery of the spiked Pb(II) was observed to be good in three different water samples of groundwater, tap water, and seawater. The QPVPyMFE not only offers considerably higher resistance to organic interference and common ions than the conventional MFE but also yields better sensitivity when used in conjunction with the SWASV. The QPVPyMFE also possesses good selectivity and can be regenerated by simple electrochemical means.
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