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Abstract

:

Voltammetric sensor using a symmetrical derivative of anthrone3 (1,7-diamino-3,9-dibutyl benzo[1,2,3-de:4,5,6-d’e’]diquinoline-2,8(3H,9H)-dione) (SPE-A) has been developed as a probe for Hg(II) ions. Performance of the probe as screen-printed electrode modified with the receptor (SPE-A) has been compared with anthrone3 in solution phase, using 1:1 water-acetonitrile solvent system. Anthrone3 displayed an electrochemically quasi-reversible nature in voltammograms with both the systems and is presented as a novel disposable voltammetric sensor for mercury ions. Upon interaction with cations, both the electrode systems showed sensitivity towards Hg2+ ions with a lower detection limit of 0.61 µM. The magnitude of the voltammetric current with the SPE-A exhibited three times the current obtained with a bare glassy carbon electrode (GC). Kinetic performance of the SPE-A electrode is better than the GC electrode. The morphological studies indicate reusability of the electrodes.
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1. Introduction


Heavy metal ions are essentially present in biological system but their excessive exposure and accumulation can lead to diseases with nervous and other systems [1,2,3,4]. Copper is the third most abundant essential heavy metal ion (after Fe3+ and Zn2+) present in the human body, playing an important role in fundamental physiological processes in organisms ranging from bacteria to mammals [5]. Nevertheless, as a metal pollutant, it is significantly responsible for a number of neurodegenerative diseases. Among other heavy metals that are highly toxic for human beings are the salts of mercury. Various mercuric salts have been used extensively by humans in the form of mercuric ointment as a remedy for skin and eye complaints. A major source of human exposure stems from a variety of natural and anthropogenic sources [6] and can lead, even at low concentration, to digestive, kidney, and especially neurological diseases [7]. The sensitive detection of mercuric ion is currently a task of prime importance for environmental or biological concerns along with other transition metal ions like Ni2+, Cu2+, Zn2+, and Cd2+.



The current and classical methods for the determination of copper and mercury include liquid phase chromatography, solid-phase extraction, atomic absorption spectroscopy (AAS), X-ray fluorescence, atomic fluorescence spectroscopy (AFS), atomic emission spectroscopy (AES), inductively coupled plasma mass spectroscopy (ICP-MS), and capillary electrophoresis (CE). These are well-established methods and are considered by their low detection limits (i.e., 0.02 ppb for AAS; 0.001 ppt for AFS; 0.01 ppt for AES, and 0.08 ppt for ICP-MS) [8]. However, these classical techniques are inconvenient, require expensive instrumentation, and are hardly portable.



Electrochemical analysis based on electrode modification is an interesting field used for heavy metal ion sensing [9,10]. Electrode modification with screen printing technology is now a well-established technique for both chemical and biosensors [11,12,13,14]. Screen printing has been developed over many years and one of its best known applications is the production of low-cost disposable glucose sensors for diabetics to monitor blood glucose levels [15,16,17]. There are lots of reports on modified SPEs for detection of heavy metal ions using stripping voltammetry. Bernalte et al. [18], used screen-printed gold electrodes for the determination of mercury by square wave anodic stripping voltammetry, while Hallam et al. [19,20] reported electrochemical sensing of Cr(VI) with graphite screen-printed electrodes; for a full overview, see reference. Some recent reports on electrochemical sensors for mercury determinations include works of Raril and Manjunatha [21], Mikhail Vagin and Yakimova [22], Eksin et al. [23], and Ganjali et al. [24].



In this paper, we report the voltammetric behaviour of modified screen-printed electrodes of anthrone derivatives (SPE-A) towards different cations. There are no reports with anthrone molecule or its derivatives as voltammetric sensors. In addition, reports of SPE modified with synthesized organic molecule used for ion sensing purpose are rare [25]. Screen-printed electrodes modified with anthrone derivative as well as glassy carbon (GC) electrode have been used as voltammetric sensors for heavy metal ions. The modified SPE probe is selective towards Hg2+ ions and is far better in performance with regard to reproducibility and sensitivity than the performance of the GC-based probe. Performance of the electrode has been tested in different partially aqueous media. Amongst different compositions of solvents, water-acetonitrile in 1:1 ratio gives the best performance. SPEs are reported for the first time as reproducible voltammetric sensors after treatment with EDTA. Excellent performance of the anthrone derivative as a voltammetric sensor for Hg2+ ions is probably due to structural symmetry in the molecule, which makes it a stable molecule with a symmetrical cavity having four N atoms and available lone pairs. Surface morphology of screen-printed electrodes is also reported.
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1,7-diamino-3,9-dibutyl benzo[1,2,3-de:4,5,6-d’e’]diquinoline-2,8(3H,9H)-dione (anthrone3).




2. Experimental Section


2.1. Apparatus and Reagents


All cyclic voltammograms (CV) were recorded on potentiostat-galvanostat (Autolab/PGSTAT12/Eco-Chemie, Utrecht, The Netherlands). Surface morphology of the modified electrode was examined by Scanning Electron Microscopy (SEM JEOL JSM-6610LV, Tokyo, Japan. Solvent (acetonitrile) was of HPLC grade (Merck, Germany) and used as obtained. Potassium chloride (Sigma Aldrich, St. Louis, MO, USA) 0.1 M was used as a supporting electrolyte in all the experiments. HEPES buffer was used to maintain pH. Ethylenediaminetetraacetic acid (EDTA) used was of analytical grade (Sigma Aldrich, St. Louis, MO, USA).




2.2. Metal Ion Detection


For cation interaction studies, perchlorate salts (Sigma Aldrich, St. Louis, MO, USA) of different metals (Co2+, Ni2+, Cu2+, Zn2+, Hg2+, and Pb2+ ions) were used by preparing stock solution of concentration 10−2 M in acetonitrile. Nitrogen gas was used for making the solution inert before every experiment.




2.3. Interference Studies


Studies for interference were carried out by adding 10 times the concentration, i.e., 1 × 10−3 M of metal ions like Cu2+, Ni2+, Zn2+, Co2+, and Pb2+ to that of Hg2+ ions (10−4 M).




2.4. Synthetic Sample for Analysis


Synthetic samples were prepared from nitrate salt of mercury of different concentrations in the range of 10−5 to 10−4 M, which were verified with atomic absorption spectroscopy (AAS) and SPE-A using cyclic voltammetry.




2.5. Screen-Printed Electrode Preparation


Screen-printed carbon electrodes were fabricated in-house with appropriate stencil designs using a microdek 1760RS screen printing machine (DEK, London, UK). The multistage printing process involved the sequential deposition of carbon graphite, silver–silver chloride, and dielectric inks (obtained from Gwent, Pontypool, UK) onto a polyester substrate material. Further modification of the working surface was carried out by mixing together anthrone3 within the carbon-graphite ink and placed into a fan oven for 15 min at 40 °C to dry. A three-electrode connector was used to efficiently connect the SPE with the potentiostat. When the screen-printed electrodes were used with the screen-printed silver–silver chloride reference electrode to conduct measurements, 40 µL of the desired buffer solution was applied onto the electrode surface with the aid of a micropipette. Cyclic voltammograms were recorded at 10 different scan rates from 20 to 1000 mV s−1 by potential cycling between 0.0 and +1100 mV. The electrochemical measurements were carried out at a temperature of 25.0 ± 0.1 °C. In all experiments, the test solutions were deaerated with nitrogen.





3. Result and Discussion


3.1. Voltammetric Study of Anthone3 Using Glassy Carb on Electrode and Screen-Printed Electrode


Cyclic voltammetric studies were carried out using screen-printed electrode modified with anthrone3 (SPE-A) as well as with bare GC electrode in 1:1 water-acetonitrile solution mixture of anthrone3. Voltammograms with both electrodes displayed sharp and distinct peaks of reversible nature for anthrone3. A redox couple was obtained at 0.076 and 0.019 V and 0.03 and 0.21 V for SPE-A and anthrone3, respectively, which can be explained on the basis of mechanism shown in Scheme 1. Magnitude of the current for SPE-A (6.4 mA in anodic region) was about three times the current obtained with GC electrode using anthrone3 solution (10−4 M) (Figure 1). Experiments with unmodified SPE and GC performed in acetonitrile (ACN) and ACN:water media did not show any voltammogram. Experiments with unmodified SPE and modified SPEs showed that there is a significant increase in current magnitude due to fast electron transmission between the ionophore and the electrode ink [26,27,28].



Further, voltammograms with SPE showed a cathodic shift of about 100 mV in anodic region and about 50 mV in cathodic region. Both the curves were reproducible and were recorded several times. The differences in shifts in peak potentials (100 and 50 mV, respectively, in anodic and cathodic regions) can be explained in terms of the ΔESPE-A (57 mV) and ΔEGC (180 mV). The lesser value of ΔESPE-A is due to faster electron transfer in SPE than in GC because of very fast charge transfer between the ionophore and ink of the SPE matrix working as the carbon electrode.




3.2. Solvent Effect


To understand the effect of different solvent mixtures, experiments were conducted to record voltammograms for both SPE-A and anthrone3 in solution phase. The water-acetonitrile solvent mixtures were taken in different volume ratios of 10:0, 7:3, and 1:1 (Figure 2 and Figure 3). The results with 1:1 water:acetonitrile were the most reproducible and stable. The voltammograms in this selected solvent mixture using GC electrode showed only one redox couple and a cathodic shift of about 100 mV from that of peak potential in pure acetonitrile medium.



In addition, the oxidation peak at 0.98 V was found quenched in the solvent mixture medium. Similar behaviour was observed with SPE-A but with increased current magnitude. This voltammetric behaviour in the solvent mixture may be due to high dielectric constant of water, which was involved in hydrogen bonding with anthrone3 resulting in its stabilization to the extent that the second peak is not observed at all, accompanied with shifting of the redox couple to the lower potential. On the basis of better stability and reproducibility of voltammograms in water-acetonitrile solvent mixture (1:1), all subsequent studies were carried out in this solvent mixture composition.




3.3. Effect of Scan Rate


Peak currents of anodic waves were plotted against square root of scan rates separately for modified screen-printed electrode (Figure 4A) and anthrone3 in solution phase using GC electrode (Figure 4B).



A linear plot between peak current and the square root of scan rate indicated a diffusion-based process. As per the Randles–Sevcik Equation (1), for a reversible system peak potential is independent of scan rate and ΔE = 59 mV/n [29]. It can be seen from Figure 4A,B that at lower scan rate, i.e., 20 mV s−1, reversibility conditions are followed (in Table 1 the ΔE value for SPE-A is 57 mV), while at scan rate of 40 mV s−1 and above, response of the electrode tends to be quasi-reversible (ΔE value between 60 and 200 mV).


Ip = (2.69 × 105)n3/2ACDv1/2,



(1)




where Ip is the peak current (A), n is the number of electrons, A is the area of electrode (cm2), C is the concentration (mol cm−3), D is the diffusion coefficient (cm2 s−1), and v is the scan rate (V s−1).




3.4. Cation Selectivity Behaviour


Experiments were conducted with SPE-A electrode in presence of different metal ions in 1:1 water-acetonitrile medium. The presence of different metal ions like Co2+, Ni2+, Cu2+, Zn2+, Hg2+, and Pb2+ resulted in the shift of peak potentials to different extents (see Table 1). Taking the magnitude of shift in peak potential as criteria of selectivity, the metal ions can be put in the following decreasing order of selectivity:


Hg2+ >> Pb2+ > Cu2+ >> Ni2+ > Zn2+ > Co2+.











Studies were further extended taking different concentrations of Hg2+ ions. It can be observed that the current magnitude of anodic peak at 0.083 V increases continuously with increasing concentration of Hg2+ ions (Figure 5). The concentration range selected for the study was 5 × 10−6 to 3.5 × 10−3 M. A similar behaviour was also noticed in the cathodic peak current as well. There was very small shift in peak potential, probably due to quasi-reversible nature of the electrochemical reaction at the cathode. With screen-printed electrode, a selective behaviour for copper ions was also established (Figure 6). A better selectivity for mercury ions over copper ions was noticed with SPE-A.



Voltammetric study of anthrone3 was also conducted in solution phase (1:1 water—acetonitrile). Which shows sensitivity towards Hg2+ and Cu2+ ions. Even in presence of other heavy metal ions Pb2+, Ni2+, Zn2+, and Co2+, anthrone3 shows high sensitivity toward Hg2+ ions. As the concentration of Hg2+ ions increased from 5 × 10−6 M, curve crossing in the voltammograms was observed, which shows that ECE mechanism is taking place as curve crossing has been quoted as diagnostic of a series of chemical reactions (presumably electrochemical processes run through a chemical process) occurring within the electrochemical timescale of a cyclic voltammetric scan [30].




3.5. Interference of Ions


Interference study was done to know selectivity of both anthrone3 in solution phase and SPE-A. Cyclic voltammograms were run for both these systems in the presence of Hg2+ ions. The resulting curves are shown in Figure 7a,b. Even the presence of 10-fold concentration of ions like Co2+, Ni2+, Zn2+, and Pb2+ did not show any change in voltammetric response of anthrone3 (in solution phase) and SPE-A towards Hg2+ ions, indicating that there is no interference from these cations.



It can be concluded that both the systems respond selectively towards mercury ions in the presence of many other commonly available cations.




3.6. Sensitivity (LOD and LOQ)


Sensitivity of the method based on SPE was determined from the limit of detection (LOD) and limit of quantification (LOQ) values based on 3-sigma method. A plot of current (µA) versus concentration (µM) resulted in a straight line. The experiment was repeated 3 times and the representative curve from the 3 sets of data was used for further calculations of LOD and LOQ. Using 3-sigma method, the limit of detection was found to be 0.61 µM and limit of quantification value comes out to be 1.86 µM. However, methods like fluorescence are reported to sense mercury up to 1.0 µM level [31], tripodal rhodamine-based chemosensor for Cu2+ and Hg2+ with detection limit of 0.30 µM [32], and mercury/copper-plated screen-printed electrodes for lead with a detection limit of 0.81 ∝M [33].




3.7. Regeneration of Screen-Printed Electrodes


Anthrone3-modified screen-printed electrodes showed highly reversible nature after its exposure to EDTA solution for 5–10 min, after it is used to sense Cu2+ ions in water—acetonitrile medium (Figure 8). The disposable electrode was found to respond again as a fresh SPE-A, after its regeneration with EDTA. The electrode was regenerated at least for 3–4 times, after which the response becomes irregular. This observation could not be repeated with Hg2+ ions probably because of greater stability of anthrone3-Hg2+ complex than EDTA-Hg2+ complex (Figure 9). Similar results were obtained with anthrone3 in solution medium (1:1 water-acetonitrile).




3.8. SEM Images of EDTA-Treated and Nontreated SPE-A Electrodes


SEM images were recorded for SPE electrodes modified with anthrone3 (Figure 10). Images of SPE-A were also recorded after sensing mercury and copper ions and their subsequent treatment with EDTA. It can be seen from Figure 11a that white spots encircled in the image are due to the presence of mercury ions, which stay even after treatment with EDTA (Figure 11b) for reasons discussed above. SEM images of SPE with copper ions present as white spots (encircled) (Figure 11c) are found missing in the image (Figure 11d) after treatment with EDTA.



This hypothesis supports experimental observation that using EDTA-treated SPE after Cu2+ detection could reproducibly give same curve as before.




3.9. Validation of Mercury Determination Using SPE-A with AAS


SPE-A was tested for the analysis of artificial samples of Hg2+ ions. Atomic absorption spectroscopy was used to verify the results obtained with voltammetric method.



Table 2 shows that the results obtained with SPE-A voltammetrically are in complete agreement with the results obtained with AAS for Hg2+ ion.





4. Conclusions


Screen-printed electrodes modified with Anthrone3 ionophore have been used as voltammetric sensors for heavy metal ions and the results compared with GC based voltamograms Anodic voltamograms were used to study the complexation behaviour of the ionophore with a number of heavy metal ions. Owing to the unique structural symmetry in the molecule it behaved as a highly sensitive probe for mercury ions showing a lower detection limit of 0.61 ∝M. Based on the shift in peak potential, different heavy metal ions have been put in decreasing order of selectivity, being more for Hg2+ and least for Co2+ ions. Anthrone3-modified SPE showed far better performance with regard to reproducibility and sensitivity as compared to the glassy carbon electrode. Amongst different compositions of solvents, water-acetonitrile in 1:1 ratio gives the best performance. SPEs are reported for the first time as reproducible voltammetric sensors after treatment with EDTA.
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Figure 1. Cyclic voltammogram of anthrone3 (10−4 M, solution phase) with glassy carbon (GC) as working electrode and screen-printed electrode modified with anthrone3 (SPE-A), in 1:1 water—ACN solvent system. Scan rate: 0.02 V s−1; supporting electrolyte: 0.1 M KCl, pH 7, E vs. Ag/AgCl). 
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Scheme 1. Resonance stabilization of substituted anthrone3 through conjugation of lone pairs on oxygen of -CO group. 






Scheme 1. Resonance stabilization of substituted anthrone3 through conjugation of lone pairs on oxygen of -CO group.



[image: Carbon 07 00013 sch001]







[image: Carbon 07 00013 g002 550] 





Figure 2. Effect of solvent system on anthrone3-modified screen-printed electrode (scan rate 0.02 V s−1, supporting electrolyte 0.1 M KCl, pH 7, E vs. Ag/AgCl). 






Figure 2. Effect of solvent system on anthrone3-modified screen-printed electrode (scan rate 0.02 V s−1, supporting electrolyte 0.1 M KCl, pH 7, E vs. Ag/AgCl).



[image: Carbon 07 00013 g002]







[image: Carbon 07 00013 g003 550] 





Figure 3. Effect of solvent system on anthrone3 (solution phase) with GC as working electrode (scan rate 0.02 V s−1, supporting electrolyte 0.1 M KCl, pH 7, E vs. Ag/AgCl). 
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Figure 4. Cyclic voltammograms of SPE-A (A) and anthrone3 (B) in 1:1 water-ACN at different scan rates (supporting electrolyte 0.1 M KCl, pH 7, E vs. Ag/AgCl). (Plots in the inset show current plotted as a function of square root of the scan rate). 
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Figure 5. Cyclic voltammograms of SPE-A with different amounts of Hg2+ ions in 1:1 water-ACN (scan rate 0.02 V s−1, supporting electrolyte 0.1 M KCl, pH 7, E vs. Ag/AgCl). 
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Figure 6. Cyclic voltammograms of anthrone3 (solution phase) with different equivalents of Cu2+ ions in 1:1 water-ACN (scan rate 0.02 V s−1, supporting electrolyte 0.1 M KCl, pH 7, E vs. Ag/AgCl). 
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Figure 7. Interference study of (a) anthrone3 in solution phase and (b) SPE-A with different metal ions in 1:1 water-ACN (scan rate 0.02 V s−1, supporting electrolyte 0.1 M KCl, pH 7, E vs. Ag/AgCl). 
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Figure 8. Cyclic voltammograms of SPE-A after treating it with Hg2+ ions and EDTA in 1:1 water-ACN (scan rate 0.02 V s−1, supporting electrolyte 0.1 M KCl, pH 7, E vs. Ag/AgCl). 
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Figure 9. Cyclic voltammograms of SPE-A after treating it with Cu2+ ions and EDTA in 1:1 water- ACN (scan rate 0.02 V s−1, supporting electrolyte 0.1 M KCl, pH 7, E vs. Ag/AgCl). 
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Figure 10. SEM image of anthrone3-modified screen-printed electrode. 
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Figure 11. SEM images of anthrone3-modified screen-printed electrode (a) after treatment with Hg2+, (b) Hg2+-treated electrode after treatment with EDTA solution, (c) after treatment with Cu2+, and (d) Cu2+-treated electrode after treatment with EDTA solution. 






Figure 11. SEM images of anthrone3-modified screen-printed electrode (a) after treatment with Hg2+, (b) Hg2+-treated electrode after treatment with EDTA solution, (c) after treatment with Cu2+, and (d) Cu2+-treated electrode after treatment with EDTA solution.



[image: Carbon 07 00013 g011]







[image: Table] 





Table 1. Voltammetric data of screen-printed electrode modified with anthrone3 (SPE-A) with different metal ions.
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	Working Electrode
	Ea (V)
	Ec (V)
	ΔΕp = Ea − Ec (V)
	ΔΕa (V)





	SPE-A alone
	0.076
	0.019
	0.057
	–



	SPE-A with Co2+
	0.071
	0.011
	0.060
	0.005



	SPE-A with Ni2+
	0.081
	0.021
	0.060
	−0.005



	SPE-A with Cu2+
	0.104
	−0.232
	0.336
	−0.028



	SPE-A with Zn2+
	0.073
	0.011
	0.062
	0.003



	SPE-A with Hg2+
	0.122
	−0.071
	0.193
	−0.046



	SPE-A with Pb2+
	0.112
	0.047
	0.065
	−0.036







Ea = anodic peak potential, Ec = cathodic peak potential, ΔΕp = difference of peak potentials, ΔΕa = difference of anodic peak potential.
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Table 2. Real-time sample analysis of laboratory tap water and its verification with atomic absorption spectroscopy for Hg2+ ions.






Table 2. Real-time sample analysis of laboratory tap water and its verification with atomic absorption spectroscopy for Hg2+ ions.





	
Samples

	
AAS (μM)

	
Voltammetry (with SPE-A) (μM)






	
Lab tap water

	
–

	
–




	
RS1

	
10.0

	
10.5




	
RS2

	
24.9

	
25.4

	




	
RS3

	
35.9

	
36.4

	




	
RS4

	
44.9

	
45.4

	








RS1 = real sample1.
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