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Abstract

:

In this work, different electrodes were employed for the determination of Cr(VI) by the cathodic square-wave voltammetry (SWV) technique and the square-wave adsorptive stripping voltammetry (SWAdSV) technique in combination with diethylenetriaminepentaacetic acid. Using SWV, a comparison of the analytical performance of the bare glassy carbon electrode (GCE), ex situ electrodes (antimony-film—SbFE, copper-film—CuFE, and bismuth-film—BiFE), and the GCE modified with a new magnetic nanocomposite (MNC) material was performed. First, the MNC material was synthesized, i.e., MNPs@SiO2@Lys, where MNPs stands for magnetic maghemite nanoparticles, coated with a thin amorphous silica (SiO2) layer, which was additionally functionalized with derived lysine (Lys). The crystal structure of the prepared MNCs was confirmed by X-ray powder diffraction (XRD), while the morphology and nano-size of the MNCs were investigated by field emission scanning electron microscopy (FE-SEM) and transmission electron microscopy (TEM), where TEM was additionally used to observe the MNP core and silica layer thickness. The presence of functional groups of the MNCs was investigated by attenuated total reflection Fourier transform infrared spectroscopy (ATR-FTIR) and surface analysis was performed by X-ray photoelectron spectroscopy (XPS). The hydrophilicity of the modified electrodes was also tested by static contact angle measurements. Then, MNPs@SiO2@Lys was applied onto the electrodes and used with the SWV and SWAdSV techniques. All electrodes tested with the SWV technique were effective for Cr(VI) trace determination. On the other hand, the SWAdSV technique was required for ultra-trace determination of Cr(VI). Using the SWAdSV technique, it was shown that a combination of ex situ BiFE with the deposited MNPs@SiO2@Lys resulted in excellent analytical performance (LOQ = 0.1 µg/L, a linear concentration range of 0.2–2.0 µg/L, significantly higher sensitivity compared to the SWV technique, an RSD representing reproducibility of 9.0%, and an average recovery of 98.5%). The applicability of the latter system was also demonstrated for the analysis of a real sample.
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1. Introduction


The determination of chromium ions in environmental samples at trace levels is an important area of research because they are toxic to living organisms and cause severe damage [1]. Cr(VI) is considered more toxic than Cr(III). It has high oxidation potential, high solubility, and mobility through membranes in living organisms [2]. The World Health Organization (WHO) sets the guideline value for Cr(VI) in tap water at 50 µg/L [3]. Moreover, it has been shown that a Cr(VI) concentration even lower than 50 µg/L poses a hazard to environmental systems due to its accumulation [4]. Conventionally, spectroscopic and chromatographic techniques are used to determine Cr(VI) [5,6,7]. However, these techniques are time-consuming and require expensive instrumentation [8]. On the other hand, electrochemical techniques, especially adsorptive stripping voltammetry (AdSV), appear to be a suitable alternative to spectroscopic and chromatographic techniques for Cr(VI) determination due to their ease of use, low instrumentation cost, low detection limit (LOD), and selectivity for chromium speciation [9,10].



AdSV techniques for chromium ion determination are based on the absorption of surface-active complexes formed with chromium ion and various ligands, such as pyrocatechol violet [11,12], hydroxyethyl-ethylenediaminetriacetic acid [12], ammonium pyrrolidine dithiocarbamate [13], ethylenediaminetetraacetic acid (EDTA) [14], triethylenetetraaminehexaacetic acid (TTHA) [15], diethylenetriaminepentaacetic acid (DTPA) [14,15,16,17,18,19,20,21,22,23,24,25], and cupferron [15,26,27].



AdSV measurements for chromium ion determination have been performed previously, i.e., using hanging mercury-drop [18,28,29] and mercury-film electrodes [24,26]. However, less toxic electrode materials are currently being sought, to replace mercury and avoid environmental contamination. To this end, some countries have completely banned the use of mercury to comply with the Minamata Convention on Mercury [30]. Based on this, various metal-film electrodes have been used for heavy metal determination. Among them, bismuth-film (BiFE) deposited on a glassy carbon electrode (GCE) has been most widely used [31,32]. Bi is deemed to be an environmentally friendly element due to its very low toxicity [16,33]. Recently, antimony-film (SbFE) and copper-film (CuFE) electrodes have also been introduced [34,35,36,37], which have shown some advantages compared with BiFE [38,39]. Currently, other modifications of BiFE are being sought to improve the electroanalytical performance for Cr(VI) determination [9,40,41], e.g., surface modification with nanoparticles (NPs) has received much attention.



Nanomaterials exhibit exceptional physicochemical properties, such as a high surface-to-volume ratio, high adsorption capacity, and various other advantageous properties not present in their bulk counterparts. BiFE surfaces have mainly been modified with nanomaterials, which include graphene [42,43], carbon nanotubes [44,45,46], metallic nanoparticles [43,47,48], and copolymer composite [49]. When using NPs in electroanalytical research, a key factor for improving the performance of the electrode is to achieve the desired hydrophilicity, and to avoid the agglomeration and generated defects of the NPs. As presented in this study, the latter can be achieved by using magnetic NPs (MNPs) with specific functional groups on the (metal-film-modified) GCE. In this work, an MNP nanocomposite of MNPs@SiO2@Lys was used (Lys represents derived lysine having amino and carboxylic functionalities) [50], which also showed great efficiency in removing chromium ions from a sludge suspension, among other of the most critical heavy metals. So far, only a few MNP-modified electrodes have been presented for Cr(VI) determination [51,52,53,54], e.g., the modification of the GCE with Fe3O4/MoS2 showed good electroanalytical performances for Cr(VI) determination, such as a wide linear concentration range from 52.0 μg/L to 136.8 mg/L and an LOD of 26.0 μg/L [52]).



The aim of this study was to develop new voltametric electroanalytical techniques for the determination of Cr(VI) traces. First, the bare GCE, ex-situ film electrodes (BiFE, SbFE, and CuFE), and the GCEs modified with MNCs (hereinafter GCE/MNPs@SiO2@Lys) were employed in combination with cathodic square-wave voltammetry (SWV). To the best of the authors’ knowledge, the use of CuFE, SbFE, and GCE/MNPs@SiO2@Lys for Cr(VI) determination has not been reported previously. MNPs@SiO2@Lys was synthesized, and its morphology was characterized by field-emission scanning electron microscopy (FE-SEM) and transmission electron microscopy (TEM). The material’s structural analysis was performed by X-ray powder diffraction (XRD), attenuated total reflection-Fourier transform infrared (ATR-FTIR) spectroscopy, and X-ray photoelectron (XPS) spectroscopy. The hydrophilicity of the modified electrodes was also tested by static contact angle measurements. Since the BiFE showed the best analytical performance among the tested ex-situ electrodes, this electrode was further used and modified with MNCs (hereinafter referred to as BiFE/MNPs@SiO2@Lys) in combination with adsorptive cathodic stripping square-wave voltammetry (SWAdSV). The preconcentration step involved the adsorption of Cr(III)-H2DTPA complex, which formed after the reduction of Cr(VI) to Cr(III), which chelates with DTPA. For comparison, non-MNP-modified ex-situ BiFE was used in combination with the SWAdSV technique for Cr(VI) determination. Finally, the applicability of the newly developed technique using BiFE/MNPs@SiO2@Lys was demonstrated for a real sample analysis. Hitherto, to the best of the authors’ knowledge, no such modification of the surface of an electrode has been reported previously.




2. Experimental


2.1. Solutions


Solutions of standard (1000 mg/L) Bi(III), Sb(III), and Cu(II) were supplied by Merck (Darmstadt, Germany). DTPA (≥99.0%) was supplied by Sigma Aldrich (St. Louis, MO, USA). The solutions of Cr(VI) were prepared by dissolving the required amount of (NH4)2Cr2O7 standard (1000 mg/L), which was supplied by Sigma Aldrich (St. Louis, MO, USA). The solution of Cr(VI) was prepared daily. All solutions were prepared with ultrapure water (>18.2 MΩ cm) obtained using the ELGA water purification system (Lane End, UK).



MNPs@SiO2@Lys MNCs were prepared using the following chemicals: FeSO4·7H2O, NaOH (˃98%), NH4OH (25% aqueous solution), and acetone (≥99.5%) supplied by Honeywell (Seelze, Germany); Fe2(SO4)3·7H2O, tetraethylorthosilicate (TEOS, ≥98%), HCl (≥37%), L-lysine crystallized (≥98%), and 3-glycidoxypropyltrimethoxysilane (GOPTS, 98%) supplied by Sigma-Aldrich (St. Louis, MO, USA); citric acid (CA, ≥99.5%, anhydrous) supplied by Roth, (Karlsruhe, Germany); absolute EtOH (anhydrous) and KCl (pro analysis) supplied by CarloErba (Val de Reuil, France).




2.2. Preparation of MNPs@SiO2@Lys


The detailed procedure for the preparation of MNPs@SiO2@Lys is described in the reference [50]. Briefly, maghemite MNPs were prepared by the co-precipitation of Fe2+ and Fe3+ ions under an air atmosphere. In order to prepare a stable dispersion of the MNPs, CA was adsorbed onto the MNPs (i.e., MNPs@CA), which imparted a strong negative charge to the MNPs. MNPs with adsorbed CA (used as 2 wt.% aqueous dispersion; in this way, the silica layer thickness was controlled by varying the ratio of MNPs@CA/precursor TEOS) were then coated with a thin silica layer to improve the surface reactivity of the MNPs using the modified Stöber sol-gel method. Finally, the amino acid lysine was derivatized with epoxy organosilane and covalently bonded to the silica-coated MNPs.




2.3. Techniques for the Characterization of MNPs@SiO2@Lys and the Hydrophilicity of Electrodes


2.3.1. Structural Analysis Using XRD


The XRD measurement of MNPs@SiO2@Lys was carried out on a PANalytical X’ Pert PRO instrument (Malvern Pananalytical, Almelo, The Netherlands) with Cu Kα radiation (λCuKα = 1.5406 Å) and a 25 to 70° 2θ range at a scan rate of 0.385° min–1.




2.3.2. Morphology Measurements of MNPs@SiO2@Lys


An FE-SEM device (Carl Zeiss SUPRA 35 VP with a GEMINI field emission module, Jena, Germany) was employed for the morphology measurements. The stable aqueous dispersion of MNPs@SiO2@Lys at a pH of around 6 was applied to a double-sided adhesive conductive carbon tape, which was placed on an aluminum sample holder and dried in air at room temperature. Morphology measurements were performed at an accelerating voltage of 1 keV. SEM images were acquired in secondary electron mode using an in-lens detector to improve resolution. The more detailed morphology of the MNCs was analyzed using TEM (JEM-2100, Jeol, Tokyo, Japan) at an accelerating voltage of 200 kV. To perform the TEM measurements, the MNPs@SiO2@Lys MNCs were deposited on a perforated transparent carbon film supported by a copper grid. The equivalent diameter of the magnetic core and the silica shell thickness were estimated from various TEM images using Gatan Digital Micrograph software.




2.3.3. Surface Analysis Using ATR-FTIR Spectroscopy and XPS Analysis


ATR-FTIR spectra were measured with a PerkinElmer Spectrum GX (Waltham, MA, USA) in the wavenumber range of 400−4000 cm–1 at room temperature with a resolution of 1 cm–1. XPS measurements were performed using a PHI-TFA 5600 XPS spectrometer from Physical Electronics Inc. (Chanhassen, MN, USA). The base pressure in the XPS analysis chamber was approximately 6 × 10–8 Pa. The samples were excited by X-rays using monochromatic Al Kα radiation (1486.6 eV), operated at 200 W. The photoelectrons were measured at a take-off angle of 45°. The radius of the analyzed area was 400 μm. An electron gun was used to compensate for the possible charging effect. A C-C/C-H peak at 284.8 eV in the C 1s spectrum was used to correct the binding energy scale of the XPS spectrum.




2.3.4. Goniometry Measurements


To determine the surface wettability (or hydrophilicity) of the bare GCE, ex-situ Bi-film electrodes, and MNC-modified electrodes, contact angle measurements were performed using a model OCA 35 optical goniometer (DataPhysics, Filderstadt, Germany) and Static Contact Angle 20 software (DataPhysics). A droplet of 1 μL of ultrapure water was pipetted onto the surface of the electrode, and the static contact angle was determined at room temperature. The droplet was pipetted onto the center of the GCE or the surface of the modified electrodes. Three replicates were performed, and the average contact angle value was calculated and reported.





2.4. Electrochemical Measurements


Voltametric measurements were carried out using a PalmSens potentiostat/galvanostat, model PalmSens4 (PalmSens, Houten, The Netherlands), controlled by PSTrace 5.8 software (PalmSens, Houten, The Netherlands). The cell setup consisted of the bare or modified GCE as a working electrode (the diameter of the working electrode was 3 mm, model ItalSens IS-3 MM.GC.WE), an Ag/AgCl(3M KCl) reference electrode, and a platinum wire as a counter electrode. These electrodes were supplied by PalmSens. All potentials reported in this work refer to the Ag/AgCl(3M KCl) reference electrode. The electrodes were placed in an electrochemical cell (model IS-MRS.1 Mini-Retort Stand, supplied by PalmSens). Stirring was performed with a Topolino stirrer (IKA, Staufen im Breisgau, Germany). The GCE electrode was polished with 0.05 µm Al2O3 (Buehler, Lake Bluff, IL, USA), washed with ultrapure water, and finally cleaned in an ultrasonic bath (containing ultrapure water) for 3 min. All measurements were repeated at least three times, and the data were checked for possible outliers using Dixon’s and Grubbs’ statistical tests at 95% confidence [55].



2.4.1. Preparation of the Ex-Situ Electrodes


Ex-situ BiFE, SbFE, and CuFE were prepared in 0.1 M acetate buffer (pH 4.4) containing 0.5 mg/L Bi(III) or 0.5 mg/L Sb(III) or 0.5 mg/L Cu(II), respectively. All these metal-film electrodes were deposited at an accumulation potential of −1.20 V and an accumulation time of 120 s with constant stirring using a magnetic bar.



The ex-situ metal-film electrode was removed from the GCE surface by immersion in 0.1 M HCl solution and an applied potential of 0.60 V for 300 s.




2.4.2. Cathodic SWV Measurements of Cr(VI) Using Ex Situ Electrodes


Cathodic SW voltammograms were measured in a deaerated 0.1 M acetate buffer (pH 4.4). Deaeration was performed by purging the solution with pure N2 for 10 min before each analysis. SWV and SWAdSV were performed in the potential range from 0.00 V to −0.90 V with a potential step of 2 mV, an amplitude of 40 mV, and a frequency of 25 Hz.




2.4.3. SWAdSV Measurements Using DTPA as a Complexing Agent


SWAdSV measurements were performed in 0.1 M acetate buffer containing 0.2 M KCl. The addition of KCl (compared with the supporting electrolyte used for SWV) resulted in well-shaped stripping peaks. DTPA was added to a final concentration of 5 mM for all SWAdSV measurements [27]. Before each SWAdSV measurement, the solution was purged with pure N2 for 10 min.



First, a preconcentration (accumulation) of Cr(III)-H2DTPA at the working electrode was performed at an accumulation potential (Eacc) of −0.40 V with an accumulation time (tacc) of 60 s [56]. In this preconcentration period, Cr(VI) is reduced to Cr(III), which chelates with DTPA. The formed Cr(III)-H2DTPA adsorbs and accumulates on the surface of the electrode. The solution was stirred during the accumulation step. Then the stirring was stopped for a 10 s equilibration period, followed by an SW voltammogram measurement in the potential range from −0.60 V to −1.45 V. During the negative-going potential scan, the reduction from Cr(III)-H2DTPA to Cr(II)-H2DTPA takes place at the electrode surface, which serves as an analytical signal in the SWAdSV techniques. The voltammograms showed a well-defined stripping peak around −1.02 V. The working electrode was cleaned after the SWAdSV measurement in 0.1 M acetic buffer solution by applying −1.20 V for 15 s to avoid memory effects [56]. A schematic representation of the electrode modifications for all electrodes is given in Figure 1.




2.4.4. Modification of the GCE or Ex-Situ BiFE with MNPs@SiO2@Lys


A 10 μL dispersion of MNPs@SiO2@Lys with a pH of 6 and a concentration of MNCs of approximately 3 mg/mL (corresponding to 1.1 × 1013 MNCs/mm2 on the active surface area of the GCE) was pipetted onto the bare GCE surface or ex-situ BiFE and allowed to dry at room temperature to obtain GCE/MNPs@SiO2@Lys or BiFE/MNPs@SiO2@Lys, respectively.






3. Results and Discussion


3.1. Analytical Performance of Different Electrodes


Various electrodes were used for partial method validation to determine the LOD, the limit of quantification (LOQ), the linear concentration range, sensitivity, precision (reproducibility), and accuracy. Cathodic SW voltammograms measured in 0.1 M acetate buffer solution using different electrodes show the characteristic peak representing the reduction of Cr(VI) to Cr(III). An example of these measurements using ex-situ BiFE is shown in Figure 2a. The analytical signal for the SWV technique represents the current peak that develops at approximately –0.20 V (Figure 2a) [9,40].



The LOD and LOQ were determined experimentally based on the signal-to-noise ratio (S/N), where S represents the height of the current peak (Δip) and N represents the baseline noise. The LOD and LOQ were determined by measuring the cathodic SW voltammograms by increasing the Cr(VI) concentration. When the S/N was equal to (or higher than) 3, but lower than 10, the concentration of Cr(VI) that was analyzed to obtain the corresponding voltammogram was considered to be the LOD of the technique. The same approach was employed for LOQ determination, whereas S/N was equal to or higher than 10 [57].



In order to determine the linear concentration range of the techniques, two criteria were applied, i.e., the square of the correlation coefficient (R2) should be higher than 0.995, and the quality coefficient should be lower than 5.0% [58]. The sensitivity of the technique was evaluated by the slope of the linear calibration curve; the higher it is, the higher the sensitivity is. The precision and accuracy were evaluated by means of the relative standard deviation in percentage (RSD) and the average recovery in percentage, respectively. All RSD values describing precision in this work were determined in terms of reproducibility, with the electrode freshly prepared before each measurement [59,60,61]. The technique was considered accurate if the average recovery was within an 80.0–120.0% recovery interval, while the technique was considered precise if the RSD was ≤20.0% [62].



Table 1 shows the summary of analytical performances with different electrodes using the SWV and SWAdSV techniques. First, the electroanalytical performance of the electrodes using the SWV technique is discussed, followed by the characterization of MNPs@SiO2@Lys, while the SWAdSV technique is presented last.



For SWV techniques, the linear concentration ranges for the metal-film electrodes (ex-situ CuFE, SbFE, and BiFE) were wider compared to the bare GCE. The widest linear concentration range among the metal-film electrodes tested was obtained with ex-situ BiFE. However, the lower limit of the linear concentration range was lower for the bare GCE compared with the metal-film electrodes. The lower limit of the linear concentration range decreased even more when the bare GCE was modified with MNPs@SiO2@Lys, i.e., when the GCE/MNPs@SiO2@Lys system was used. The highest sensitivity (the highest slope value) among the metal-film electrodes was obtained with ex-situ BiFE compared with ex-situ SbFE and CuFE. On the other hand, the sensitivity of ex-situ BiFE is the same as for GCE/MNPs@SiO2@Lys, while the sensitivity for the bare GCE was even higher. All SWV techniques showed acceptable precision (RSD ≤ 20.0% [62]) apart from the bare GCE, where the RSD was 20.1%. The lowest RSD, and thus the technique with the best precision, was obtained with ex-situ CuFE (RSD = 0.8%). Moreover, all SWV techniques showed satisfactory accuracy with average recoveries between the 80.0–120.0% recovery interval [62]. The best accuracy, with the lowest deviation of the average recovery from 100.0%, was obtained with ex-situ BiFE (Table 1).



Since the ex-situ BiFE showed better analytical performance, in terms of the linear concentration range, sensitivity, and average recovery, compared with ex-situ CuFE and SbFE, it was further used non-modified or modified with MNPs@SiO2@Lys. These two electrodes were then employed in combination with the SWAdSV technique, in which the organometallic complex of Cr(III)-H2DTPA is adsorbed onto the surface of the electrode in the accumulation step (described in Section 2.4.3). The results are presented below in Section 3.4.




3.2. Characterization of the MNCs


A few studies have been reported on the promising application of different MNP-based nanocomposites to improve the electroanalytical performance of the GCE [51,52,53,54], which have great potential for novel electrode designs. In this study, the application of MNPs@SiO2@Lys for the determination of Cr(VI) is presented. First, a detailed characterization of synthesized MNCs was performed, and then they were deposited on the bare GCE and BiFE.



Structural XRD analysis was performed to determine the crystal structure of the prepared MNPs@SiO2@Lys MNCs. The indexed diffraction peaks from the XRD diffractogram (Figure 3) revealed that the crystal structure of MNPs@SiO2@Lys corresponds to maghemite, which has a cubic spinel crystal structure (JCPDS 39-1346, cubic space group P4132). In addition to the spinel crystal structure, some traces of NaCl were also identified. Furthermore, the nanocrystallinity was assumed based on the broad diffraction peaks and the latter was confirmed with the TEM analysis presented below.



The FE-SEM image of the MNCs layer morphology deposited on the carbon type is shown in Figure 4a. These measurements showed that the MNPs@SiO2@Lys were evenly and uniformly distributed on the carbon tape with a low degree of agglomeration. However, some large cubic structures were also present, most likely corresponding to NaCl (NaCl was also detected by XRD, see Figure 3).



To confirm the core-shell structure of the MNCs, TEM measurements were performed (Figure 4b). The inset in Figure 4b at higher magnification shows the core of the maghemite MNP. The size of these MNPs was determined to be 13 ± 3 nm (average diameter ± standard deviation). The individual MNPs are covered with an amorphous silica layer approximately 2 nm thick, forming the core-shell structure. This can be seen as a contrast difference where the darker crystalline quasi-spherical MNPs are surrounded by the brighter amorphous SiO2 layer (the inset in Figure 4b).



In addition, ATR-FTIR analysis revealed the presence of MNPs@SiO2@Lys constituents, i.e., maghemite, the amorphous silica layer, and derived lysine on the MNCs (Figure 5a). The peak at 575 cm–1 (Figure 5a) corresponds to the Fe-O vibrations in Fe2O3, which represents the magnetic core [63] and again confirms the presence of MNPs. The presence of a SiO2 layer in MNPs@SiO2 was confirmed by the asymmetric Si-O-Si stretching vibrations with a peak at about 1080 cm–1 [64]. The peak at 627 cm–1 is assigned to the C-NH2 vibrations from the derived lysine backbone, while the peak at 1404 cm–1 is attributed to the C-O and C-N groups, both from the derived Lys [65,66]. The latter indicates the presence of the derived lysine layer. The peak at 1625 cm–1 corresponds to the -OH vibrations of the silanol groups of Si-OH, while the -(C=O)-O and N-H functional groups demonstrate the presence of the derived Lys [50].



The XPS survey spectrum of MNPs@SiO2@Lys is shown in Figure 5b. The Fe 2p and Fe 3p signals originate from the Fe in the MNPs core. The presence of the Si 2s and Si 2p signals comes from the SiO2 layer. The N 1s signal originates from N atoms in lysine, which again confirms lysine binding to the MNPs@SiO2 surface. Na 1s and Cl 2p originate from NaCl (as explained above). The O 1s signal is mainly from lysine, SiO2, and maghemite, while the C 1s signal is from lysine and adventitious carbonaceous species.




3.3. The Hydrophilicity of the Surface of the Bare GCE and Differently Modified GCEs


The hydrophilicity (wetting properties) of electrode surfaces can play an important role in the heavy metal analysis. Electrodes with higher surface hydrophilicity may be more favorable for analytical Cr(VI) determination in aqueous media. The hydrophilicity of the electrode surface was determined by measuring the static contact angles. Figure 6 shows the wetting properties of the different electrodes.



The average contact angle for the bare GCE was 76.7° ± 1.8° (±value represents the standard deviation, Figure 6a). The ex-situ BiFE had a lower contact angle of 60° ± 2.2° (Figure 6b), indicating higher hydrophilicity compared to the bare GCE. The wetting property of the BiFE was also tested after the accumulation step of the SWAdSV technique when Cr(III)-H2DTPA was adsorbed on the surface. In this case, the contact angle further decreased to 36.7° ± 2.9° (Figure 6c).



The application of MNPs@SiO2@Lys on the bare GCE significantly decreased the contact angle, resulting in the lowest value among all tested electrodes, i.e., 18.8° ± 1.7° (Figure 6d). The latter shows the excellent hydrophilicity of the MNPs@SiO2@Lys dispersion used. Moreover, a low contact angle (25.5° ± 1.3°, Figure 6e) was also measured for the BiFE/MNPs@SiO2@Lys system, indicating an improved ability to detect analytes in water matrices compared to ex-situ BiFE (Figure 6c vs. Figure 6e).




3.4. Analytical Performance of the MNC-Modified Electrodes


SWAdSV measurements and the corresponding linear calibration curve using BiFE/MNPs@SiO2@Lys are shown in Figure 7. For the SWAdSV technique using both electrodes (BiFE and BiFE/MNPs@SiO2@Lys), it was not possible to determine the LOD, because the S/N ratio at which it was first feasible to distinguish the S (Δip) from the background N (when a clear stripping peak was formed) was already ≥10. Therefore, at this tested concentration, this value represents the LOQ and no longer the LOD (thus the LOD values were not reported in Table 1). Compared to the SWV technique, the SWAdSV technique significantly improves the LOQ. For both electrodes used in combination with the SWAdSV technique (BiFE and BiFE/MNPs@SiO2@Lys), the LOQ was 0.1 µg/L, which is about two orders of magnitude lower than the LOQ obtained by the SWV technique (Section 3.1). Therefore, both electrodes used with the SWAdSV technique allow an ultra-trace analysis of Cr(VI). Moreover, the linear concentration range for the SWAdSV technique for both electrodes was at significantly lower concentrations. The advantage of BiFE/MNPs@SiO2@Lys compared with BiFE is its wider linear concentration range (0.2–2.0 µg/L vs. 0.2–0.5 µg/L). Both SWAdSV techniques had significantly higher sensitivities compared with the SWV techniques (represented by slope values in Table 1). For the SWAdSV technique, the system without BiFE was more sensitive compared with the system with BiFE (the former has a higher slope value). Moreover, both electrodes in combination with the SWAdSV technique had satisfactory precision, with RSD ≤ 20.0% [62]. On the other hand, the average accuracy for BiFE/MNPs@SiO2@Lys was acceptable (the average recovery was 98.5%), whereas the system with BiFE resulted in lower average recovery of 65.5%, which is not within the acceptable interval of 80.0–120.0% [62].



The better analytical performance of the MNC-modified electrode (BiFE/MNPs@SiO2@Lys) compared with the non-MNC-modified electrode (BiFE) is attributed to the larger specific surface area of the former. Moreover, the presence of the functional groups and magnetic crystal structure of MNPs@SiO2@Lys resulted in more active sites for analysis. Furthermore, the hydrophilicity was higher for the systems with MNPs@SiO2@Lys (Figure 6), which improved the performance of electroanalysis in aqueous media.



Table 2 shows a comparison of the analytical performances of the present work using BiFE/MNPs@SiO2@Lys with previous studies for the determination of Cr(VI). Most of these studies, apart from BiFE [16], presented voltametric techniques that have a narrower linear concentration range compared to BiFE/MNPs@SiO2@Lys. Most of the electrodes employed previously were applicable to determine Cr(VI) in river water, as reported in Table 2.




3.5. Analysis of a Real Sample


The applicability of the SWAdSV technique using BiFE/MNPs@SiO2@Lys for the determination of Cr(VI) in a real sample was tested using the tap water matrix. No sample pretreatment was performed before analyzing the tap water. The tap water was obtained in our laboratory. When this sample was analyzed, no Cr(VI) was detected (either there was no Cr(VI), or the content was below LOD). Then, the tap water sample was spiked to obtain a final concentration of 0.5 µg/L of Cr(VI). The measured voltammograms show well-shaped stripping peaks (Figure 8a), which represent the reduction of Cr(III)-H2DTPA to Cr(II)-H2DTPA. A multiple standard addition technique was used to determine the Cr(VI) concentration. Figure 8b shows excellent electroanalytical performance, as the deviation from the required 0.5 µg/L with BiFE/MNPs@SiO2@Lys was not significant. Three replica measurements resulted in RSD = 5.7% and an average Re = 98.0% showing the great accuracy and precision of the BiFE/MNPs@SiO2@Lys system. Therefore, using the BiFE/MNPs@SiO2@Lys system, the detection of Cr(VI) can be performed at significantly lower concentrations compared to the concentration limit for Cr(VI) set by the World Health Organization (WHO), i.e., 50 µg/L [3].





4. Conclusions


In this work, two different series of measurements for Cr(VI) determination are presented, in the first case by cathodic square-wave voltammetry (SWV) and in the second case by adsorptive stripping square-wave voltammetry (SWAdSV) in combination with diethylenetriaminepentaacetic acid (DTPA) as the complexing agent.



The focus was on method development using electrodes that were modified with magnetic nanocomposite (MNC) material, which was newly synthesized, to improve their electroanalytical performance. The MNC material was based on magnetic maghemite nanoparticles coated with a thin amorphous silica (SiO2) layer and functionalized with derived lysine (Lys) to obtain MNPs@SiO2@Lys. The prepared MNPs@SiO2@Lys MNCs had a maghemite spinel crystal structure, which was confirmed by structural XRD analysis. FE-SEM analysis revealed nano-sized and uniformly distributed MNCs, while TEM confirmed the formed core-shell crystal structure and individual size of MNCs. The presence of functional groups on the MNCs was confirmed by ATR-FTIR. Moreover, the XPS technique confirmed the elemental structure of the MNCs. With the application of this MNC material on the bare GCE or ex-situ BiFE, the hydrophilicity of the surface of the electrode increased significantly.



The SWV technique was applied with five different electrodes: the bare GCE, ex-situ metal-film electrodes (antimony-film—SbFE, copper-film—CuFE, and bismuth-film—BiFE), and the GCE modified with MNPs@SiO2@Lys. It was shown that these electrodes were effective for the determination of Cr(VI). However, the limit of quantification (LOQ) for these electrodes was relatively high (from 59.6 µg/L for GCE/MNPs@SiO2@Lys to 79.4 µg/L for the bare GCE, 99.0 µg/L for ex-situ BiFE, and 138.1 µg/L for ex-situ SbFE and ex-situ CuFE). In order to significantly decrease the LOQ of the electroanalytical technique, the SWAdSV technique must be used. On this basis, the bare GCE and ex-situ BiFE were modified with MNPs@SiO2@Lys and used in SWAdSV measurements. The latter allowed the analysis of significantly lower Cr(VI) concentrations, i.e., the linear concentration range of the SWAdSV technique was in the range of 0.2–2.0 µg/L using BiFE modified with MNPs@SiO2@Lys (for comparison, a narrower linear concentration range was obtained with the bare GCE modified with MNPs@SiO2@Lys). Moreover, the precision (RSD = 9.0%, n = 6) and accuracy (an average recovery of 98.5%, n = 6) were satisfactory with the BiFE modified with MNPs@SiO2@Lys using the SWAdSV technique. The latter system was also used for the analysis of a real sample (tap water), which gave excellent analytical results.
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Figure 1. Schematic representation of the electrode modifications. 
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Figure 2. (a) Cathodic SW voltammograms measured with ex-situ BiFE in 0.1 M acetate buffer containing 99.0–909.1 µg/L Cr(VI) (measurement of the blank is shown with dashed line) and (b) the corresponding linear calibration curve (γ represents the mass concentration in µg/L and error bars denote standard deviation of replicate measurements). 
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Figure 3. XRD diffractogram for MNPs@SiO2@Lys. 






Figure 3. XRD diffractogram for MNPs@SiO2@Lys.



[image: Chemosensors 09 00189 g003]







[image: Chemosensors 09 00189 g004 550] 





Figure 4. (a) FE-SEM image and (b) TEM image at lower and higher magnification (shown in the inset) for MNPs@SiO2@Lys. The black arrows in the inset of (b) denote the silica coating. 
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Figure 5. (a) The ATR-FTIR spectrum and (b) XPS survey spectrum of MNPs@SiO2@Lys. 
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Figure 6. The shape of a drop of ultrapure water on the surface of different electrodes and the corresponding contact angles. 
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Figure 7. (a) SWAdSV measurements with increasing Cr(VI) concentration using BiFE/MNPs@SiO2@Lys (measurement of the blank is shown with the dashed line) and (b) the corresponding linear calibration curve (error bars represent standard deviation of replicate measurements). The measurements were performed in 0.1 M acetate buffer containing 0.2 M KCl and 5mM DTPA. The accumulation step, in which the Cr(III)-H2DTPA reduction product is formed and adsorbed, was performed at Eacc = −0.40 V and tacc = 60 s. 
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Figure 8. (a) SWAdSV measurements using BiFE/MNPs@SiO2@Lys for a real sample analysis (tap water spiked with 0.5 µg/L Cr(VI)) and (b) using the multiple standard addition methodology (3 replicate measurements). The same conditions as in Figure 7 were used. 
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Table 1. A comparison of results obtained for the determination of Cr(VI) by various electrodes (the RSD and average recovery values were obtained at the concentration reported in brackets for the average recovery).
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Electrode Designation

	
LOD

[µg/L],

S/N ≥ 3

	
LOQ

[µg/L],

S/N ≥ 10

	
Linear Concentration Range

[µg/L]

	
Slope of the Calibration Curve

[µA/(µg/L)]

	
RSD

(%)

(n = 6) **

	
Average Recovery

(%)

(n = 6) **






	
SWV techniques




	
bare GCE

	
39.8

	
79.4

	
79.4–548.2

	
–0.0009

	
20.1

	
95.0 (at 200.0 µg/L)




	
ex situ SbFE

	
99.0

	
138.1

	
138.1–825.7

	
–0.0006

	
12.9

	
113.1 (at LOQ)




	
ex situ CuFE

	
99.0

	
138.1

	
138.1–825.7

	
–0.0005

	
0.8

	
118.6 (at LOQ)




	
ex situ BiFE

	
59.6

	
99.0

	
99.0–909.1

	
–0.0007

	
17.7

	
102.1 (at LOQ)




	
GCE/MNPs@SiO2@Lys

	
39.8

	
59.6

	
59.6–384.6

	
–0.0007

	
15.3

	
103.3 (at LOQ)




	
SWAdSV techniques (see Section 3.4)




	
BiFE

	
*

	
0.1

	
0.2–0.5

	
–37.572

	
7.1

	
65.5 (at 0.5 µg/L)




	
BiFE/MNPs@SiO2@Lys

	
*

	
0.1

	
0.2–2.0

	
–23.076

	
9.0

	
98.5 (at 0.5 µg/L)








* The LOD value could not be determined because when a distinguishable current peak was formed (from the baseline), the S/N value exceeded a value of 10, which already represents the LOQ. ** n stands for the number of repeated measurements.
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Table 2. A summary of the SWAdSV technique using BiFE/MNPs@SiO2@Lys with previously reported electroanalytical techniques using DTPA as a complexing agent (Bi/SWNTs/GCE stands for the Bi-film wrapped single-walled carbon nanotubes-modified GCE).
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	Electrode Used
	Linear Concentration Range

[µg/L]
	Applied for Real Sample Analysis
	References





	BiFE
	0.3–2.6
	River water
	[16]



	Rotating-disc BiFE
	0.1–0.5
	River water
	[56]



	Micro/nanoparticle BiFE
	0.1–0.5
	/
	[67]



	ex situ BiFE
	0.1–0.5
	/
	[67]



	Bi/SWNTs/GCE
	0–1.3

(reported

LOD = 0.036 nM)
	River water
	[44]



	BiFE/MNPs@SiO2@Lys
	0.2–2.0
	Tap water
	herein
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