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Voltammetric behavior and trace determination of Pb2+ at a mercury-free screen-printed silver electrode Jyh-Myng Zen∗ , Chih-Chio Yang, Annamalai Senthil Kumar Department of Chemistry, National Chung-Hsing University, Taichung 402, Taiwan Received 24 April 2001; received in revised form 31 October 2001; accepted 21 May 2002



Abstract Screen-printed silver electrodes (AgSPEs), without chemical modification, has been investigated as disposable sensors for the measurement of trace levels of Pb2+ . Potential segment analysis indicates that the formation of underpotential and bulk depositions of Pb is not strongly coupled on the AgSPE. The possibility of determining Pb2+ at trace levels using the reversible underpotential deposition peak was examined by square-wave anodic stripping voltammetry without removal of oxygen. Under the optimized analytical conditions, the obtained sensitivity, linearity, and detection limit are 0.355 A/ppb, 5–80 ppb (r = 0.9992), and 0.46 ppb (S/N = 3), respectively. The electrode is quite stable for repetitive measurements. The interference effect was thoroughly studied with various metals and no significant change in current was found in the determination of 5 ppb Pb2+ . The practical applications were demonstrated to measure trace Pb2+ in natural waters. © 2002 Elsevier Science B.V. All rights reserved. Keywords: Lead; Screen-printed electrode; Silver; Underpotential deposition



1. Introduction There is continuously interest in the determination of Pb in natural waters. Stripping analysis using mercury film electrodes is considered one of the most effective approaches for Pb determination [1,2]. However, because of the toxicity of Hg, future regulations and occupational health consideration may severely restrict the use of Hg as an electrode material. This problem should be especially concerned in developing screen-printed disposable sensors due to the inherent problem of Hg contamination in the context of disposability. If screen-printed electrode could be employed without an Hg film, this would provide an excellent, environmentally friendly approach to Pb determina∗ Corresponding author. Fax: +886-4-22862547. E-mail address: [email protected] (J.-M. Zen).



tions. Recently screen-printed carbon electrodes have been investigated as disposable sensors for the measurement of Pb2+ [3]. With a very positive deposition potential (>1.4 V versus SCE), the reported detection limit of 2.5 ppb is yet to reach the sensitivity of mercury film electrode. The main drawback, however, is that the detection limit is close to the amount of Pb usually reported in natural waters, and hence they can not detect the signal of Pb in pond water [3]. Our group also reported a non-mercury electrode based on the preanodized glassy carbon electrode (GCE) with good sensitivity (detection limit = 0.7 ppb) in stripping analysis of Pb2+ [4]. Due to the difference in electrode composition, further application to screen-printed technique using the above method is not as effective. Silver containing electrodes, on the other hand, appear as a good alternative for use in Pb determination [5–9]. The tendency to the formation
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of intermettallic property and unique underpotential deposition (UPD) of Pb on Ag electrode made the system more superiors over the classical methods. The UPD formation is an important phenomenon involving the deposition of a metal (Me) monolayer onto a foreign substrate (S) at a potential more positive than the bulk metal [10–14]. Numerous electrochemical investigations towards UPD have been reported in corrosion, etching, electrocatalysis, electroanalysis, and structural studies [10–17]. UPD process is caused by many parameters including specific substrate and base electrolyte concentrations, surface pretreatment, thermodyanmic and instrumental parameters, etc., and usually interpreted in terms of work function of Me and interaction energies of (ψ) of ψ Me–S (between Me and S) and ψ Me–Me (between Me and Me) [10–14]. In the present work, a simple route for the massproduction of screen-printed silver electrode (AgSPE) was properly utilized for the effective formation of UPD-Pb and to the analytical assays. Basic electrochemical parameters were systematically optimized to increase the detecting current signal for the UPD-Pb. The ultimate goal is to take advantage of the disposable SPE technique to construct an efficient stripping procedure for Pb2+ determination. Taking into account the convenience in fabrication and the achieved reproducibility of measurements, the application of the AgSPEs for Pb2+ determination is very promising. 2. Experimental 2.1. Chemicals and reagents Standard solution of Pb2+ (1000 mg/l, AAS grade) was bought from Merck. All the other compounds (ACS-certified reagent grade) used in the interferences studies were also obtained from Merck used without any further purification. A solution of 0.1 M, pH 3 KNO3 /HNO3 supporting electrolyte was prepared from RDH regents and used in all electrochemical experiments. Aqueous solutions were prepared with doubly distilled deionized water.



Lafayette, IN, USA). The three-electrode system consists of either an SPE or AgSPE working electrode, an Ag/AgCl reference (Model RE-5, BAS), and a platinum auxiliary electrode. 2.3. Electrode fabrication A semi-automatic screen-printer was used to prepare the disposable AgSPE as per our earlier report [18]. Briefly, a stencil will structure of five continuous electrode was used to screen-print the conducting silver-gel on a flexible polypropylene film (50 mm × 70 mm) followed by coating of thin silver gel layer, the unit was cured under UV irradiation at 3.25 mW/cm2 for 1 h. After drying, an insulator layer was spread manually over the AgSPE leaving the working area of 0.196 cm2 with a conductive track dimension of 5mm×3 mm. The amount of Ag loaded on SPE calculated based on weight measurements was ∼1.3 mg/cm2 , which yielded the silver film thickness of 638 m. The resistance value of the bare film tracks (Rf ) were determined using two-point probe digital multimeter and the average Rf for the five strips is 0.47 ± 0.05 /cm. 2.4. Procedure The AgSPE was first equilibrated in pH 3 KNO3 / HNO3 base electrolyte for about 1 min before electrochemical experiments. It was then pretreated by continuous scans in the window from −100 to −700 mV at a scan rate 50 mV/s until a stable background current obtained. The amount of Pb2+ was detected quantitatively using square-wave anodic stripping voltammetry (SWASV). The potential range was set from −100 to −700 mV in the cathodic direction for most cases. The standard addition method was adopted to evaluate the Pb2+ content in the water samples. As to real sample analysis, tap and pond waters were collected in and around the campus of Chung-Hsing University.



3. Results and discussion 3.1. Voltammetric behavior of Pb2+ on the AgSPE



2.2. Apparatus Voltammetric measurements were carried out with a BAS CV-50 W electrochemical analyzer (West



Fig. 1A shows the typical cyclic voltammetric (CV) responses of 96.5 M Pb2+ in pH 3 KNO3 /HNO3 solution at various scan rates (ν) on the AgSPE. It is
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Fig. 1. (A) CV responses of 96.5 M Pb2+ in pH 3 KNO3 /HNO3 solution at the AgSPE under various scan rates. (B) Plots of ipa vs. ν for (a) UPD-Pb and (b) bulk-Pb processes. (C) A log(ipa ) vs. log(ν) plot for the UPD-Pb process.



obvious that a relatively smaller peak (A1/C1) at an equilibrium potential of −310 mV and a sharp anodic peak (A2) at 450 mV were noticed at ν = 1 mV/s. The sharp peak is assigned to the electron-transfer behavior of bulk-Pb on the AgSPE [1,19]. This type of bulk-Pb is common in the electrochemical deposition of Pb [1–4]. The calculated EFWHM value of 21 mV for the bulk-Pb (A2) peak indicates the typical example of strong electrocrystallization. In contrast to bulk-Pb, about 20 times smaller redox peak of A1/C1 at −310 mV is due to the UPD-Pb process on the AgSPE. Similar behavior was reported earlier on conventional Au and Ag electrodes with Pb2+ in concentration of 10 nM–1 M and 0.35 mM, respectively [8,20]. Upon increasing the ν, the UPD-Pb peak current increases at the expense of the signal of bulk-Pb. It is interesting to observe that a quasi-reversible type behavior with



diffusion controlled fashion (∂log(ipa )/∂log(ν) ≈ 0.5 at 70–300 mV/s) of the UPD-Pb at faster scan rates on the AgSPE. This is due to the variable kinetics of the bulk-Pb and UPD-Pb with ν. Fig. 1B shows the response of the anodic peak current (ipa ) of the UPD-Pb (curve a) and bulk-Pb (curve b) against ν. It is obvious that the UPD-Pb is more favorable at faster scan rates (>70 mV/s). To differentiate the UPD-Pb and bulk-Pb formation on the AgSPE and to understand the nature of the electrochemical deposition processes, the following experiments were performed. Fig. 2 shows the results obtained from potential segment analysis at slow and fast ν. For low ν (Fig. 2a), no Faradaic response was noticed in the window from −100 to −300 mV; whereas, a specific redox behavior started to occur once the potential scanned beyond −350 mV. The cyclic voltammograms showed two
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Fig. 2. Potential segment analysis by CV with 0.1 mM Pb2+ on the AgSPE at potential windows of (i) from −100 to −300 mV, (ii) from −100 to −350 mV, (iii) from −100 to 50 mV, and (iv) from −100 to −700 mV at ν = 2 mV/s (a) and at ν = 300 mV/s (b).



anodic peaks at −500 and −320 mV for the bulk-Pb and UPD-Pb, respectively, as the potential scanned further to −700 mV. This observation is also true for the experiment at fast ν except with a nearly absence of bulk-Pb (Fig. 2b). These results indicate that both the UPD-Pb and bulk-Pb processes are not strongly coupled on the AgSPE. Important advantage inferred from this study is that the favorable formation and stripping process of UPD-Pb over the bulk-Pb at faster ν. The observation of reversible behavior of UPD-Pb on the AgSPE is a clear advantage in further extending to analytical purpose by SWASV. Note that



more detail about potential scan rate in the course of underpotential and bulk depositions of Pb on the AgSPE can be found in our previous preliminary work [21]. 3.2. Analytical characterization by SWASV The influence of deposition potential (Ed ) and time (td ) on the detection of 50 ppb Pb2+ by SWASV was first investigated. As shown in Fig. 3A, the ipa values increase with Ed up to −500 mV and after it reaches a plateau. It is interesting that the SWASV response
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potential [22]. By fixing the Ed = −500 mV, the deposition time (td ) was studied as in Fig. 3B for the 50 ppb Pb2+ detection by SWASV. A sharp increase in the ipa was noticed up to 60 s, and after that the slope decreased. The obtained UPD-Pb surface charge value at 60 s is measured as 51.108 C. Based on the equation δ = Q M/nFAρ (ρCu = 8.92 g/cm3 ), the film thickness (δ) can be calculated as 2.50 × 10−8 cm [23,24]. Finally, Fig. 3C shows the variation of the base electrolyte concentration on the detection of 50 ppb Pb2+ . The obtained optimum at [KNO3 ] = 0.1 M indicates some assistance from ionic cloud or solvation effect to the UPD-Pb. Overall, the optimized UPD-Pb conditions on the AgSPE for Pd determination are Ed = −500 mV, td = 60 s and [KNO3 ] = 0.1 M. Interrelated SWV parameters of frequency (fHz ) amplitude (Eamp ) and potential step (Estep ) were individually optimized for 50 ppb Pb2+ in 0.1 M KNO3 . The optimized values observed are fHz = 50 Hz, Eamp = 50 mV, and Estep = 4 mV. Since Estep together with fHz defines the effective scan rate (vf ) in SWV [25], the vf under the optimized condition is 200 mV/s. This result verifies the predominant UPD-Pb formation at faster scan rates as per the CV results as shown in Fig. 2b. Under the optimal analytical conditions, the calibration plot was linear in the range of 5–80 ppb Pb2+ with slope and the regression coefficient of 0.355 A/ppb and 0.9992, respectively (Fig. 4). Successive measurements (n = 7) of 5 ppb Pb2+ yielded relative standard deviation (R.S.D.) of 3.15% corresponding to the signal-to-noise detection (S/N = 3) limit of 0.46 ppb. This value was comparable to those of Nafion/copper–mercury film (0.08 ppb with td = 150 s), poly(4-vinlypyridine)/mercury film (0.3 ppb with td = 30 s) and preanodized GCE (0.7 ppb with td = 100 s) [1,2,4]. Fig. 3. SWV responses of 50 ppb Pb2+ under various (A) Ed at tp = 60 s, (B) td at Ed = −500 mV and (C) [KNO3 ]. SWV parameters are: fHz = 50 Hz, Eamp = 50 mV, Estep = 4 mV.



still shows a sharp peak at Epa = −301 mV indicating the formation of UPD-Pb even at Ed = −500 mV. One possibility is that the bulk-Pb layer might transform into the UPD-Pb with a higher ratio at faster scan rates. The other possibility is that some concentration overpotential (ηc ) may influence the present case leading to the formation of UPD-Pb even at more negative



3.3. Interference effect Several common metal pollutants were subjected to SWASV under the conditions optimized for Pb2+ determinations. The interference effect from various metal ions with 2× or 10× excess in concentration of 5 ppb Pb2+ was examined. As shown in Table 1, only Cu2+ showed noticeable interference effect. It is because Cu2+ is also expected to form intermettallic and UPD formation on the Ag electrode [1]. The main group Sn4+ also showed some influence probably due
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Fig. 4. SWV responses for the increasing concentration of Pb2+ under optimized experimental conditions. Insert figure shows the calibration plots from the SWV responses. SWV and other parameters are the same as Fig. 3.



to the co-deposition and intermettic properties with underlying silver electrode. Meanwhile, the interference of Cd and Zn is also negligible. The electrode surface is thus can be used for the determination of Pb2+ in natural waters. Table 1 Influence of interfering metal ions on the response of 50 ppb Pb2+ at the AgSPE Ions



Concentration excess



Contribution (%)



Ca(II) Ti(IV) Mn(II) Ni(II) Cd(II) Cu(II) Zn(II) Hg(II) Tl(III) Sn(IV)



10× 2× 2× 10× 2× 2× 2× 2× 10× 2×



−4 5 4 1 −4 −13 −6 −3 1 9



3.4. Real sample analysis The utility of the AgSPE was demonstrated by applying it to the determination of Pb2+ in pond water and groundwater. As mentioned earlier, the reported detection limit of 2.5 ppb using screen-printed carbon electrodes is close to the amount of Pb2+ usually reported in natural waters, and thus, they can not detect the signal of Pb2+ in pond water [3]. This is not the case in this study using the AgSPE. As shown in Table 2, the concentration of Pb2+ was determined as 2.74 and 28.12 ppb in pond water and groundwater, respectively. Note that, in all cases, only the UPD-Pb response on the AgSPE was noticed. Meanwhile, the detected value of Pb2+ in groundwater is also fairly close to our previously reports by different electrodes for the same source of natural water [1,2,4]. These results demonstrate that the proposed method has promise for the determination of Pb2+ in natural waters.



J.-M. Zen et al. / Analytica Chimica Acta 464 (2002) 229–235 Table 2 Pb(II) assay in three different water samples using the AgSPE Parameters



Groundwater



Pond water



Linear equation y = 2.823 + 0.10x y = 0.565 + 0.21x R 0.9975 0.9951 Detected value (ppb−1 ) 28.12 2.74 20 20 Spike (ppb−1 ) After spike (ppb−1 ) 48.74 24.41 Recovery (%) 101.29 107.34



4. Conclusions We have investigated the redox behavior of Pb2+ at the AgSPE. The AgSPE system worked excellently in the determination of Pb2+ through UPD by SWASV. Basic cyclic voltammetric investigation reveals that the formation of UPD-Pb is potential scan ratedependent. The detection limit is comparable to those obtained from classical mercury film electrodes. Most important of all, real sample assays also showed satisfactory results with good recoveries. It is envisaged that filter work will be focused on for the development of a simple, disposable device that could be operated at the riverside by unskilled personnel. These determinations can be achieved by printing both working and counter/reference electrodes on the same strip.
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