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Abstract: Monitoring water quality has become a goal to prevent issues related to human health and
environmental conditions. In this sense, the concentration of metal ions in water sources is screened,
as these are considered persistent contaminants. In this work, we describe the implementation of
customized graphite electrodes decorated with two types of Hg nanoparticles (Hg-NPs), optimized
toward the electrochemical detection of Cd, Pb and Cu. Here, we combine Hg, a well-known
property to form alloys with other metals, with the nanoscale features of Hg-NPs, resulting in
improved electrochemical sensors towards these analytes with a substantial reduction in the used
Hg amount. Hg-NPs were synthesized using poly(diallyldimethylammonium) chloride (PDDA)
in a combined role as a reducing and stabilizing agent, and then appropriately characterized by
means of Transmission Electron Microscopy (TEM) and Zeta Potential. The surface of composite
electrodes with optimized graphite content was modified by the drop-casting of the prepared Hg-
NPs. The obtained nanocomposite electrodes were morphologically characterized by Scanning
Electron Microscopy (SEM), and electrochemically by Cyclic Voltammetry (CV) and Electrochemical
Impedance Spectroscopy (EIS). The results show that the Hg-NP-modified electrodes present better
responses towards Cd(II), Pb(Il) and Cu(II) detection in comparison with the bare graphite electrode.
Analytical performance of sensors was evaluated by square-wave anodic stripping voltammetry
(SWASV), obtaining a linear range of 0.005-0.5 mg-L~! for Cd?*, of 0.028-0.37 mg-L~! for Pb®* and
of 0.057-1.1 mg-L~! for Cu?*. Real samples were analyzed using SWASV, showing good agreement
with the recovery values of inductively coupled plasma-mass spectrometry (ICP-MS) measurements.

Keywords: Hg nanoparticles; electrode surface modification; nanocomposite graphite electrode;
square-wave anodic stripping voltammetry; cyclic voltammetry; simultaneous metal detection;
environmental analysis

1. Introduction

Water is fundamental for all living forms and a key issue for social and economic
development worldwide. High concentration levels of some contaminants in water such
as heavy metals can have consequences on human health; copper, cadmium and lead are
examples that can be found in aquatic sources. For instance, in low concentrations, Cu is
an essential trace element that plays a key role in enzymatic processes. However, at high
concentrations, Cu produces oxidative stress resulting in kidney, gastrointestinal tract or
liver damage [1-3], and therefore, it is classified as Group 3 of recognized carcinogens. Cd
is classified as a Group 1 carcinogen since long-term exposure has the potential to affect
reproductive organs and induce kidney damage and cardiovascular or nervous system
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impairment [4]. Pb is an accumulative toxin that affects the central nervous system and can
trigger the dysfunction of renal and cardiovascular systems; furthermore, it can also affect
brain development [5].

Nowadays, several analytical techniques with low detection limits (DL) are available
for the determination of metals with enough sensitivity for most applications [6-10]. In this
sense, the most common are atomic absorption spectrometry (AAS), inductively coupled
plasma-atomic emission spectrometry (ICP-AES) and inductively coupled plasma—mass
spectrometry (ICP-MS), among others. These techniques require time-consuming sample
pre-treatment, expensive equipment, a controlled laboratory environment and specialized
personnel to perform the metal content analysis. In order to avoid these inconveniences,
alternative methodologies can be used for the quantification of metals, e.g., electrochemical
techniques such as voltammetry [9,11-14]. Voltammetric sensors offer some advantages,
including a relatively short time analysis by non-specialized personnel and low-cost equip-
ment that can be portable, making them suitable for in situ water monitoring, e.g., in
real wastewater. Among the different voltammetric techniques, polarography is one that
traditionally uses a working electrode made of mercury [15-17] due to the chemical affinity
of Hg to interact with other metals to form amalgams, decreasing the reduction potential of
the metal cation analyte, which can improve the electrochemical detection. Even though
the use of mercury electrodes is not environmentally friendly, some alternatives can be
found to exploit its properties while reducing related risks.

(Nano)composite electrodes represent an option for the electroanalytical determination
of metals, since they offer cost effectiveness and smaller-sized sensor systems, in addition
to portability, reliability and easy-to-use devices. These nano-enabled electrochemical
platforms are based on carbon nano-allotropes (e.g., graphite, carbon nanotubes, graphene
and related) dispersed in an insulating polymeric matrix (such as epoxy, methacrylate,
Teflon, etc.), which have led to important advances in the analytical electrochemistry
field, especially in the design of sensors and biosensor devices. The evolution of material
science has led to the composite optimal formulation and its customization by diverse
functionalization strategies, essential to produce selective and sensitivity sensors [18].

The use of percolation curves is a suitable approach to obtain the most convenient
material composition. The electric properties of the electrode depend on the material’s
inherent features, the amount used for electrode preparation and their distribution in the
final composite electrode. The percolation theory was developed by Broadbent and Ham-
mersley in 1957 [19], but it was used to interpret the conductivity behavior of composite
materials years before. A percolation curve has three main regions: low, medium and
high composition zones. The low composition zone, at a low percentage of conductive
material, acts like a bad conductor or even an insulator, and as the amount of carbon
material increases, the resistance decreases in medium and high composition zones. This
is because the conductive particles are closer to each other, improving the conductivity.
As a result, the percolation curve provides the data to find a compromise between the
percentage of conductive material and the relation signal/noise; the larger the signal-to-
noise ratio, the smaller the detection limit achieved. These optimal composition sensors
can further be customized by matrix functionalization with carbon (nano)allotropes or by
the incorporation and dispersion of nanomaterials (e.g., metal nanoparticles) through the
matrix [20].

These composites electrodes allow the implementation of different voltammetry tech-
niques such as cyclic voltammetry (CV) or chronoamperometry, among others; Square-
Wave Anodic Stripping Voltammetry (SWASV) was chosen in this work. SWASV consists
of the application of a potential to preconcentrate by reducing the metal cation analyte on
the electrode surface; then, the measurement is performed by applying staircase oxida-
tion potential increase, and the current generated is recorded [21-23] (see Table S1 in the
Supplementary Materials).

In this work, we present the surface modification of composite electrodes with Hg
nanoparticles (Hg-NPs) to increase the sensitivity of the resulting nano-enabled electro-
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chemical system towards the simultaneous detection of metals in water samples. Due to
the hazardous properties of the Hg, and in order to reduce its amount used in polarogra-
phy, the electrode functionalization with Hg-NPs represents an innovative approach that
combines the affinity to form amalgams and the nanoscale features [24-27]. NPs provide
enhanced features such as higher relation area/volume, and improvement of the reactivity,
in addition to the bulk properties of Hg. The prepared Hg-NPs by different synthetic routes
were carried out here to modify the surface of composite electrodes, based on graphite and
Epotek resin, by the drop-casting strategy [28].

Two different polymers were used for the NPs’ preparation; one was poly(vinyl
alcohol) (PVA), one of the most used reagents in the stabilization and reduction process
for nanoparticles synthesis [29,30]. The synthesis of Hg-NPs using this polymer has been
reported previously [31]. The other was poly (diallyldimethylammonium chloride) (PDDA),
a positive polymer with adhesive and reductive properties [31-33]. In this work, PDDA was
chosen due to its different properties from the one used previously (PVA) to improve the
obtained nanoparticles. Both types of synthetized Hg-NPs, using PDDA (Route A) or PVA
(Route B), were extensively characterized in terms of morphology (Electron Microscopy,
Zeta Potential) and electroanalytical suitability for the detection and quantification of Cd,
Pb and Cu in water.

2. Materials and Methods
2.1. Chemical Reagents and Materials

The metal solutions were prepared from stocks of 37 mg-L~! Pb(NO3), (>99%, sup-
plied by Sigma-Aldrich, St. Louis, MO, USA), 11.438 mg-L~! Cu(NO3); (99.5%, purchased
from Merck, Darmstadt, Germany) and 1000 mg-L’1 Cd(NO3); (99%, obtained from Pan-
reac, Castellar del Valles, Spain). They were prepared in 0.1 M acetic acid (CH3COOH,
99.9% acquired from ].T.Baker, HPLC reagent, Radnor, PA, USA)/0.1 M ammonium ac-
etate (NH4CH3COO, 97% purchased from Panreac, Castellar del Vallés, Spain) buffer with
deionized water at pH 4.6 [34]. All solutions were prepared with deionized water for
Milli-Q system (Millipore, Billerica, MA, USA). Spiked tap water samples were prepared in
0.1 M acetic acid (99.9% acquired from J.T.Baker, HPLC reagent, Radnor, PA, USA)/0.1 M
ammonium acetate (97% purchased from Panreac, Castellar del Valles, Spain) buffer at
pH 4.6. For the interference study, Fe(NOs3)3-9H,O (>98%), FeSO4-7H,0 (>99%) and
glucose (CeH1204, 99.5%) were used (all from Sigma-Aldrich, St. Louis, MO, USA).

2.2. Apparatus

Impedimetric and voltammetric measurements were performed using a computer-
controlled Multi AUTOLAB M101 (Eco Chemie, Utrecht, The Netherlands) with a three-
electrode configuration. A platinum electrode 53-671 (Crison Instruments, Alella, Barcelona,
Spain), an Ag/AgCl Orion 900 single-junction electrode filled with a reference filling
solution Orion 900001 (Thermo Electron Corporation, Beverly, MA, USA) and the fabricated
composite electrodes were used as a counter, reference and working electrodes, respectively.
In addition, for the electrochemical characterization, a homemade Ag/AgCl electrode were
used. Zeta Potential () measurements, ¢ values for the different Hg-NPs, were obtained
using a Malvern Zetasizer® Nano Z with a 10 mW red laser (632.8 nm) (Malvern Panalytical
Ltd., Malvern, United Kingdom) and the values for the different Hg-NPs were obtained
using 25 uL of Hg-NPs synthesized by two routes that were resuspended in 1 mL of
deionized water. Each sample was equilibrated for 1 min at 25 °C before starting the ¢
analysis, and three measurements, each consisting of 30 runs, were performed per sample.

Digital Microscope (AM4815ZTL from DinoLite, Almere, The Netherlands), Scan-
ning Electron Microscopy (SEM) MerlinFE-SEM (from Carl Zeiss, Oberkochen, Germany)
with EDS Oxford LINCA X-Max detector and Transmission Electron Microscopy (TEM)
JEM-2011, 200 kV (from Jeol, Peabody, MA, USA) were used in the morphological charac-
terization. For the X-ray Photoemission Spectroscopy (XPS), the analysis was performed
using a hemispherical Phoibos 150 EP MCD analyzer (from SPECS, Berlin, Germany).
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The Inductively Coupled Plasma—-Mass Spectrometer (ICP) used as a reference tech-
nique was the model 7900 from Agilent (Santa Clara, CA, USA).

2.3. Synthesis Hg-NPs

Two types of Hg-NPs were synthesized for the electrode surface modification fol-
lowing and adapting the methodology established by G. V. Ramesh et al. [35]: 78.5 mg of
Hgy(NO3)2-2Hp0 (98% from Alfa Aesar by Thermo Fisher Scientific, Kandel, Germany)
were weighted, then 1 mL of 0.47 M HNOj (65% from VWR chemicals, Radnor, PA, USA)
was added. Route A required the addition of 0.5 mL of a solution prepared by mixing
3.5 mL of poly(diallyldimethylammonium chloride) (PDDA) (M,, 200,000-350,000,
20 wt % in water solution, purchased from Sigma-Aldrich) in 16 mL of Milli-Q water. Rote
B analogously required 0.5 mL of poly(vinyl alcohol) solution (PVA) (M,,13,000-23,000,
87-89% hydrolyzed, purchased from Sigma-Aldrich, St. Louis, MO, USA). This PVA so-
lution was prepared dissolving 3.6 g in 16 mL of Milli-Q water and heating it softly in a
water bath until the PVA was dissolved. The new proposed synthesis using PDDA is Route
A, and the established one [35] using PVA is Route B.

2.4. Electrode Fabrication

Graphite (particle size 50 pm, Merck Millipore, Darmstadt, Germany) as a conductive
phase and Epotek H77A (epoxy) Epotek H77B (hardener) (Epoxy Technology, Billerica, MA,
USA) as a polymeric matrix in handmade composite electrode fabrication were used. Elec-
trodes were prepared following the conventional methodology previously established [20].
The electrodes used in this work had 20% of conductor material (graphite) and 80% of the
polymeric matrix.

2.5. Drop-Casting Modification of Electrodes

The prepared Hg-NPs were deposited on the surface of the composite electrode by
drop-casting 20 pL. NP suspension (Hg-NPsRoute A or Hg-NPsRoute By and then dried in an
oven for 2 h at 80 °C. A scheme of this modification procedure is shown in Figure S1 in the
Supplementary Materials. Furthermore, one additional type of electrode was prepared by
firstly immersing the composite electrode surface in a 10% solution of PDDA (in an ice bath)
for 20 min, followed by rinsing with water and letting air dry at room temperature [36].
After that, the drop-casting of the Hg-NPsRut¢ B preparation ensued.

2.6. Morphological and Chemical Characterization

The obtained Hg-NPs (Routes A and B) were morphologically characterized by means
of TEM and by Zeta Potential. To obtain the Zeta Potential ((), three measurements, each
consisting of 30 runs, were performed per sample. The surface of the electrodes was
characterized by SEM. XPS analysis provided information regarding the oxidation state of
the Hg-NPs through data treatment with CasaXPS (free version) [37].

2.7. Electrochemical Characterization

Electrochemical characterization was performed by Electrochemical Impedance Spec-
troscopy (EIS) and Cyclic Voltammetry (CV). EIS and CV measurements were carried out
in a quiescent state and with a solution composed of 0.1 M KCl (99.5%, supplied by Sigma-
Aldrich, St. Louis, MO, USA), and an equimolar mixture of ferricyanide/ferrocyanide
(99.8% purchased from Sigma-Aldrich, St. Louis, MO, USA), 0.01 M [Fe(CN)g]*~ /[Fe(CN)g]*~.
All the dissolutions were prepared using deionized water from the Milli-Q system (Milli-
pore, Billerica, MA, USA) with a resistivity value of 18.2 MQ)-cm.

2.8. Electroanalytical Measurements

Electroanalytical measurements were carried out with SWASV. In brief, the SWASV
technique consists of three different steps. First is the application of a potential (—1.4 V) to
preconcentrate by reducing the metal cation analyte on the surface of the electrode; then,
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the measurement is performed by applying a staircase potential (step: 5 mV; modulation
amplitude: 20 mV; frequency: 25 Hz) from —1.4 to 1V, and the oxidation current generated
is recorded. After that, a cleaning step is followed (1 V) to eliminate the possible traces of
metals that can remain on the surface of the electrode. The process was completed under
nitrogen (N) bubbling.

Each metal solution concentration was prepared individually by dilution of the con-
centrated standard, with the acetic acid/ammonium acetate buffer. The analyzed cation
metals were measured three times for concentration in the calibration curves.

Interference analysis for organic matter was performed by preparing 125 mg-L~! O,
solution with glucose, following the stochiometric relation and the posterior addition of
standard metal solution. For the Fe(II) and Fe(III) study, a stock solution of each cation
was individually prepared (42 mg-L~! and 30 mg-L~!, respectively) and additions over
the buffer were performed.

Sample analysis was performed by standard addition calibration. First, 10 mL of the
sample was added to the 90 mL of the buffer and measured by SWASV. The rest of the
points were prepared individually, following this first step, then adding the volume of
standard solution prepared with the three metal cations of known concentration, and to
finish the corresponding volume of buffer.

3. Results
3.1. Morphological and Chemical Characterization of Hg-NPs

The average size of the prepared nanoparticles was obtained by direct measurement of
the TEM images and the resulting size distribution histograms. These measurements were
performed using the Image] Software (1.52 P), and the histograms obtained were adjusted
to a three-parameter Gaussian curve Equation (1), where a is a statistical parameter related
to this fitting, xg is the mean diameter (to which most nanoparticles correspond) and w is
the standard deviation. Histograms were calculated using data treatment software.

y= ae[_0~5(xoz;x)2]

)

The calculated sizes for both Hg-NPs are presented in Figure 1. As it can be seen, the
particle size of Hg-NPsRoU¢ A jg 2.7 4 0.7 nm and that of Hg-NPsRoute B js 18 + 5 nm.

05 10 15 20 25 3.0 35 4.0 5 10 15 20 25 30

Size (nm) Size (nm)

Figure 1. TEM images for (A) Hg-NPsRou¢ A and (B) Hg-NPsRou*¢ B, Inset histograms related.

A Cvalue of +51.7 mV was obtained for Hg-NPsRu€ A and +13.2 mV for Hg-NPsRoute B,
The oxidation state of the Hg in NP precursor is initially Hg(I), but after the addition of PVA
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in NP preparation, mercury is reduced to Hg(0), leading to the formation and aggregation
of nanospheres (as it can be seen in Figure S2A in the Supplementary Materials) [35,38].
In contrast, PDDA (Figure S2B in the Supplementary Materials) is not a reducing agent as
strong as PVA, which could explain why the oxidation state of Hg does not change and
just facilitates the nucleation and stabilization of nanocrystals [39,40]. These arguments
are supported by the XPS results (Table S2 and Figure S3 in the Supplementary Materials).
The binding energy for the 4f;,, (101.31 eV) is analogous to that reported in the NIST
database of the Hg(INO3), (101.2 eV) [41]. The difference in terms of energy for the 4f; /,
and the 4fs5,, is 4.01 eV [42], so in this case, the binding energy for the 4f5/, is 105.32 eV.
Consequently, PDDA medium stabilizes the ions Hg,?" and NO3 ~ from the Hg,(NO3),
instead of promoting the reduction of Hg(I).

The surface of the nano-enabled composite electrodes was characterized by SEM. The
information about the composition was given by the retro dispersive images and EDX. In
Figure 2, it can be observed that the amount of the observed Hg-NPs changes depending
on the type of electrode: the bare electrode with 20% graphite does not present mercury,
and the Hg-NPsRout¢ A electrodes have the highest amount of mercury (Hg = 27%). The
Hg-NPsRoute B electrode (Hg & 7%) and Hg-NPsRout¢ B /PDDA electrode (Hg = 5%) have
approximately the same quantity of Hg. Therefore, the highest amount of functionalization
with Hg-NPs was obtained with Route A and similar contents of Hg-NPs were obtained
by Route B.

| {Lﬂ I

Figure 2. Retrodispersive (A), secondary electron SEM image (B) and EDX graphs (C) for
20% graphite. Retrodispersive (D), secondary electron SEM image (E) and EDX graphs (F) for
Hg-NPsRoute A @graphite electrode. Retrodispersive (G), secondary electron SEM image (H) and
EDX graphs (I) for Hg-NPsRou¢ B @graphite electrode. Retrodispersive (J), secondary electron SEM
image (K) and EDX graphs (L) for Hg-NPsRout¢ B/PDDA @graphite electrode. Both retrodispersive
and secondary electron SEM images have the same scale: 1 um.

3.2. Electrochemical Characterization of Hg-NP-Modified Composite Electrodes

Electrochemical electrode characterization by CV and EIS was carried out. As it is
shown in Figure 34, different peaks can be observed in all electrode types. Oxidation and
reduction peaks to ferrocyanide/ferricyanide and peaks related to all oxidation states of
mercury can be observed. For the bare electrode (20% graphite), the Fe?* oxidation appears
at0.250 V vs. Ag/AgCl and the Fe>* reduction appears at around 0.100 V vs. Ag/AgCl. On
the other hand, ferrocyanide/ferricyanide peaks for all modified electrodes shift to lower
potentials. The Fe?* oxidation peak appears at 0.125 V vs. the Ag/AgCl and Fe** reduction
peak around 0 V vs. Ag/AgCl. This shift to lower oxidation potentials is due to the simul-
taneous oxidations of Fe?* and Hg(I) to Hg(II) or Hg(0) to Hg(II) according to the electrode
(see Figure 54 in Supplementary Materials). Modified electrodes in Figure 3A show the
oxidation wave of Hg(I) to Hg(Il) around 0.125 V vs. Ag/AgCl for PDDA electrodes
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(Hg-NPsRoute &) while in PVA, there is one signal (Hg-NPsRout¢ B) mostly corresponding to
Hg(0) towards Hg(Il) oxidations, found at 0.125 V vs. Ag/AgCl. As for the reduction peaks,
the one for Hg(II) to Hg(I) appears around 0 V vs. Ag/AgCl and the one belonging to
Hg(II) turning into Hg(0) appears at —0.5 V vs. Ag/AgCl independently of either electrode.
The Hg-NPsRout¢ B/PDDA electrode shows a similar response to Hg-NPsRout¢ B byt a minor
potential shift for anodic and cathodic waves regarding the bare electrode. The oxidation
peak, Fe?* and Hg(0) to Hg(II) (0.180 V vs. Ag/AgCl), and the reduction peaks, Fe>* and
Hg(0) to Hg(I) (around 0 V vs. Ag/AgCl), were obtained. The existence of a PDDA layer
between the graphite surface and the Hg-NPsRout¢ B modifies the electronic transfer at the
electrode surface.

500
2.0x10°
f 400
[ ———
A) — B) € 300
1.5x10° ) 00 2 )
20% Graphite =77 \// / jo00] ® 20%Graphite
_Hg_NPSRoute:A . Y “e‘ ° Hg_NPSRoule:A o 0o o 0g®
3 Route: B -2-0x10°+ f ae®
1.0x10" 4 ——— Hg-NPs ¢ / 60004 A Hg_NPSRDule:B 100 - o
——— Hg-NPs*°“**:8/ pDDA : v Hg-NPs®““8/PDDA /._\/ —
i =10 - 5000 0 100 200 300 400 500
5.0x10% o .
—_ Zgew ()
£ a el
= = 4000 -
g 0.0 g
=3
] "' 3000 4
-5.0x10
2000 AA“AAAAAAA
A
3| A yvVVYYVV vy
-1.0x10 1000 4 A:v' v
-1.5x10° T T T T T T T T 0 : T T T T T T T
-1.00 -0.75 -0.50 -025 000 025 050 075 1.00 0 1000 2000 3000 4000 5000 6000 7000
Potential (V) Zgea ()

Figure 3. Electrochemical electrode characterization. (A) Superposition of the cyclic voltammo-
grams obtained for each type of electrode: bare (20% graphite), Hg-NPsROute A Hg—NPsROute B
Hg-NPsRoute B/PDDA. Scan rate: 10 mV-s~!. (B) Electrochemical impedance spectroscopy obtained
for each type of electrode: bare (20% graphite), Hg-NPsRoute A Hg-NPsRoute B o NPsRoute B /pDDA.

The electroactive area (A) can be estimated from Ip using the Randles—Sev¢ik equa-
tion [43]:

*
red

I, = 3.01 x 10° - /2 (avD,pg)'"*- A-C )

which is appropriate for the electron-transfer controlled process. In this equation, # is the
number of electrons involved in the redox process (1 = 1 for ferrocyanide/ferricyanide);
« corresponds to the transfer coefficient, which was considered to be approximately 0.5;
and D, is 6.32 x 107% cm? s~! and corresponds to the diffusion coefficient of the reduced
species. vis 0.01 V-s~! and represents the scan rate area. C*,, is equal to 0.01 M in this case,
because it is the bulk concentration of the electroactive species. The electroactive surface
of all the electrodes was calculated using Equation (2) and considering the first cycle of
the CV and the cathodic intensity. The Fe>* reduction peak was used since the Hg(II) to
Hg(I) reduction peak is negligible in the first reduction wave. The first cycle allows the
approximation of the electroactive because the signals are overlapped (see Figure 54 in
Supplementary Materials). The electroactive surface for the bare electrode was 0.55 cm?;
for the HgNPsRoue A it was 0.27 cm?; and for HgNPsRoute B and HgNPsRoute B /pDDA,
they were 0.20 cm? and 0.19 cm?, respectively. In Figure 3B, EIS of Hg-NPsRoute A (Rqy:
57.4 () and Ret: 508 ) presents the smallest resistance to the electron flows, followed by
the combination of Hg-NPsRou*¢ B (R: 106 Q) and Ret: 5771 Q) and Hg-NPsRowte B /PDDA
(Ra: 95.7 Q) and Ret: 4837 ). The electrical equivalent circuits adjusted for each elec-
trode kind are included in Figure S5 of the Supplementary Materials. The resistance of
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Hg-NPsRoute A electrode is closer to the bare electrode (20% graphite). The effect of the
polymers on each NP synthetic route is evidenced in the electroactive area of the electrodes,
the charge transference resistance, NP size and NP ¢ potential values. PDDA is a quaternary
amine polymer with formal positive charges that could form a network that allows charge
migration that may enhance electronic transference. This can lead to higher electroactive
surface, lower charge transference resistance and higher ( potential (+51.7 mV), which
means higher stability and less aggregation for Hg-NPsRoute A,

3.3. Analytical Characterization: Cation Metal Detection

The metal cation analyses using all sensors were performed by the SWASV technique.
Different concentrations of each studied metal cation were analyzed individually to obtain
the corresponding calibration curves (see Figure 4). Table 1 summarizes the analytical
parameters found for each metal (Cd?*, Pb?* and Cu?*).

Table 1. Electroanalytical performance by SWASV of the electrodes for all metal cations analyzed
independently.

Cd2+
Electrode Sensitivity [A-L'mg=1] R?2(z=5) Linear Range [mgL~1]
Bare (1.6 £0.1) x 10~% 0.995 0.10-1.0
Hg-NPsRoute A (53+0.7) x 1074 0.93 0.0050-0.50
Hg-NPsRoute B (34+02) x107° 0.98 0.050-1.0
Hg-NPsRoute B/pDDA (2.6 £0.3) x 107° 0.94 0.050-1.0
Pb2+
Electrode Sensitivity [A-L-mg 1] R? (n=5) Linear Range [mg-L~!]
Bare (1.940.2) x 10°* 0.95 0.090-0.45
Hg-NPpsRoute A (5.6 £ 0.5) x 10~* 0.96 0.028-0.37
Hg-NPpsRoute B (64 +£0.3) x 107° 0.98 0.045-1.0
Hg-NPsRoute B/pDDA (29+0.3) x 107 0.93 0.045-1.0
Cu?t
Electrode Sensitivity [A-L-mg 1] R? (n=5) Linear Range [mg-L~!]
Bare (9.7 £0.9) x 1075 0.95 0.057-1.1
Hg-NPsRoute A (1.29 +0.02) x 10~* 0.999 0.057-1.1
Hg-NPsRoute B (7+1) x10°° 0.90 0.11-1.1
Hg-NPsRoute B/ pDDA (3.6 £0.6) x 107° 0.90 0.11-1.1

The linear response range of the bare electrode (20% graphite) has an improvement
with the electrode Hg-NP modification, especially for Cd** and Pb?*. The response range
shifts to lower concentrations, except for Cu?*, because the linear range does not change;
instead, using Hg-NPsRout€ A increased sensitivity was obtained. In general, higher sen-
sitivity and wider linear range shifted to smaller concentrations were obtained for the
modification with Hg-NPsRout¢ A Thus, the results clearly indicate that this modification
is the best for a suitable multi-metal sensor. Moreover, detection limits (DL) were calcu-
lated as the sum of the mean blank signal (Spj,x) plus 3 times the standard deviation
of the blank (sp,,x) (Equation (3)). The results obtained are 0.0015 mg-L~! for Cd?*and
0.020 mg-L~! for Pb?*. Due to its proximity to the Hg peak (which appears at 0 V), the
statistic calculus cannot be used in the case of Cu?* to establish the detection limit; instead,
it was established experimentally, measuring concentrations from 0.0010 to 0.057 mg-L~!,
the largest concentration being the first to give a positive current.

Sp = §Bltmk + 3SBlank (3)
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Figure 4. Calibration curves of Cd%* (A), Pb?* (B) and Cu?* (C) using the four different electrodes
under study B 20% graphite; A Hg-NPsRoute A; yHg-NPsRoute B; ¢ Hg-NPsRoute B/PDDA. The exper-
imental error was estimated as the standard deviation (n = 3).

Using the Hg-NPsRout¢ A sensor, a multi-metal cation calibration was developed (all

the elements were simultaneously detected), obtaining a decrease in the linear range and
an improved detection limit; the results are shown in Table 2.

Table 2. The sensitivity, linear response range and DL of each metal cation simultaneously measured
by SWASV with the Hg-NPsRout¢ A sensor.

Metal Sensitivity [A-L-mg~1] R? Linear Range [mg-L-1] DL [mg-L-1]
Ccaz (8.4 +£0.6) x 10°* 0.99 (n = 4) 0.0050-0.30 0.0015
Pb%* 8+1) x10~* 0.95 (n = 4) 0.046-0.37 0.02
Cu?* (21403) x107* 0.95 (n = 4) 0.086-0.57 0.057

The reproducibility of these sensors was established by the comparison of the sen-
sitivity of full calibration curves made on different days with the same sensor and the
same drop-casting modification for 3 days, with one calibration curve per day, and for
the concentrations of Cd?*, 0.0050-0.30 mg-L_1 ; Pb2*, 0.046-0.37 mg-L_1 : and Cu?t,
0.086-0.57 mg-L~! (45 total measurements using the Hg-NPsRout¢ A electrode and only one
drop-casting). The repeatability of the sensor modification process was measured by the
comparison of the sensitivity of two different drop-casting modifications of Hg-NPsRoute A
on the surface of the same electrode. The evaluated linear range response was the previous
one, as can be seen in Table 3.
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Table 3. Reproducibility and repeatability of multiparametric detection of metal cation detected by
the Hg-NPsRoUte A sensor. The experimental error of these measurements is calculated as the standard
deviation for their respective n.

Metal Reproducibility [A-L-mg~1] (n = 3) Repeatability [A-L-mg~1] (n = 2)
Cd%* (5+1)x10°* (4+1)x10*
Pb* (6+1)x107* (4+1) x 1074
Cu?* 2+1)x10~* (8+1)x107°

3.4. Interference Study

The selectivity of this sensing method for Cd?*, Pb** and Cu?* was evaluated by
SWASYV using the Hg-NPs Route Amodified sensor. Anti-interference property is also a key
factor for real sensors’ application. Furthermore, due to the response of the electrodes to
the redox marker solution, which contains [Fe(CN)g]>~/4~, an interference study was per-
formed. Accordingly, effects of potential co-existing ions such as Fe?*, Fe** and dissolved
organic matter presence in environmental water samples were evaluated. The interference
experiments were carried out analyzing seven concentrations of the interfering species
between 0.07 and 0.87 mg-L~! of Fe(Il) or Fe(Ill), and 0.11 mg-L~! of Cd?*, 0.09 mg-L~!
of Pb?* and 0.08 mg-L~! of Cu?*. For dissolved organic matter, the maximum discharge
concentration allowed in treated urban wastewater was considered (125 mg L~!). Figure 5
is the summary of the current obtained to the maximum concentration of each interference
species in the presence of the metal cation at a concentration ~10% lower compared to
interference. In Figure S6 of the Supplementary Materials, the voltammograms obtained
for different interference concentrations and after metallic cation addition can be found. In
Figure 5, all interferents studied show non-significant responses compared to metal cation
responses. These results reflect the superior behavior of the Hg-NPsRut¢ A sensor in metal
concentration analysis to concentrations inside the linear response range for each metal, a
fact that motivated us to explore its applicability in various real samples.

3.5. Suitability for Real Samples Analysis

Hg-NPsRoute Amodified electrode was tested with spiked samples prepared from
tap water from the area of Barcelona (Spain). The concentrations of the metals of interest
were analyzed simultaneously by standard addition calibration. The results are shown
in Figure 6 and the calibration curves were obtained for Cd?*: y = (2.9 + 0.3)-10*x +
(24 +£0.2)-107%, R% = 0.98; for Pb?*: y = (2.9 £ 0.1)-10 *x + (1.8 & 0.1)-10~°, R? = 0.99; and
for Cu®*: y=3.0=x 0.6)-104x + (1.9 £ 0.5)-1075, R? = 0.93. The results are summarized in
Table 4 and compared with a reference method (ICP-MS).

Table 4. Results of the standard addition of the sample, comparison with a reference method (ICP-MS)
and the recovery values. The recovery values were calculated from the quotient between the result of
our sensor and the ICP-MS result.

Metal Hg-NPsRoute A Electrode [mg-L—1] ICP-MS [mg-L~1] Recovery (%)
Cd?* 2.06 1.9 108%
Pb%* 1.51 1.6 94%

Cu?t 1.56 1.5 104%
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Figure 5. Summary of the currents obtained for the maximum concentrations of interference evaluated
in the presence or not of the analyte: (A) 0.11 mg-L~! Cd?*-125 mg-L~! Oy; (B) 0.11 mg-L~! Cd?*-
0.87 mg-L~! Fe(Il); (C) 0.11 mg-L~! Cd?*-0.86 mg-L~! Fe(III); (D) 0.09 mg-L~! Pb?*-125 mg-L~1 Oy;
(E) 0.09 mg-L~! Pb?*-0.87 mg-L~! Fe(I); (F) 0.09 mg-L~! Pb>*-0.86 mg-L~! Fe(IIl); (G) 0.08 mg-L~!
Cu?*-125 mg-L~1 Oy; (H) 0.08 mg-L~1 Cu?*-0.87 mg-L~! Fe(Il); (I) 0.08 mg-L~! Cu?*-0.86 mg-L~!

Fe(IID).
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Figure 6. SWASV results obtained for tap water sample spiked with Hg-NPsRout¢ A-modified elec-

trodes obtaining the peaks of Cd?* (—0.68 V), Pb?* (—0.5 V) and Cu?* (—0.25 V) for each addition. In
the inset are the addition standard curves for each metal.

4. Discussion

Evaluating the properties of the Hg-NPs prepared by the different above-mentioned
approaches, Hg-NPsRou*¢ A show better characteristics in terms of electroanalytical per-
formance. Hg-NPsRout¢ A present a 2.7 + 0.7 nm particle size and +51.7 mV ( potential
value, compared with Hg-NPsRou¢ B which present 18 + 5 nm particle size and +13.2mV ¢
potential value. Using PVA, the oxidation state of the Hg-NPsR°u¢ B has been reported to be
0 [35], which can lead to lower stability and larger size, probably related to the aggregation
trend of mercury particles. On the other hand, the oxidation state of Hg-NPsRout¢ A hag
been determined by XPS analysis, and the binding energy found is analogue to the one
reported for the compound Hg,(NO3), [41], which belongs to Hg(I)’s oxidation state. These
arguments are supported by XPS results. PDDA medium stabilizes the ions Hg,?* and
NOj3~ from the Hg,(NOj3), instead of causing the reduction of Hg(I).

The bare electrodes were modified by drop-casting directly on the electrode surface
of the different Hg-NPs (Route A; Route B), and the third type of electrode was tested by
placing a PDDA layer and then drop-casting the Hg-NPsR°u*¢ B /PDDA. Comparing the
information obtained from CV and EIS, the Hg-NPsRout¢ B-modified electrodes presented
smaller peaks of oxidation/reduction currents for the Fe(II) /Fe(IlI) ionic pair and higher
charge transference resistance, which means that the reaction on the surface of the electrode
is not favored.

For all Hg-NP-modified electrodes, a small shift in the Fe?* oxidation potential towards
lower potential is observed. The oxidation peaks of Hg-NPs (Hg(0) to Hg (I) or Hg (II),
or Hg(I) to Hg (I)) overlap with the oxidation of Fe>* and cannot be differentiated. Thus,
the electroactive surface should be evaluated using the cathodic peak of Fe** reduction
because the anodic current of Fe?* overlaps with the oxidation peak of Hg. For this reason,
the Fe3* reduction peak has been used since the Hg(II) to Hg(I) reduction peak is negligible
in the first reduction wave.
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In the interference study, the measurements were made in the presence of dissolved
organic matter (125 mg~L7l O;) without and with 0.11 mg L~1 of Cd?*, 0.09 mg L1 of
Pb%* and 0.08 mg L~! of Cu?*, and no significant response at the potentials studied for the
metal cations was obtained. In the case of Fe(Il) and Fe(III), seven additions of these cations
were performed, and no peak was observed. In addition, when the concentration of the
potential interference was ~10 times bigger that the analyte, no differences were obtained.

Then, the four types of electrodes were tested by analyzing the metal cations
individually, and the one with the best response is the Hg-NPsRou¢ A electrode. The
sensitivities obtained using this electrode for each metal independently were
(5.3 £ 0.7) x 107* [A-L-mg~!] for Cd?*, (5.6 & 0.5) x 10~* [A-L-mg~'] for Pb** and
(1.29 + 0.02) x 10~* [A-L-mg~!] for Cu?*, which are higher compared to the other
electrodes tested here. Moreover, the linear range for this electrode is from 0.0050 to
0.50 mg-L~! for Cd?*, 0.028 to 0.37 mg-L~! for Pb?* and for Cu?* from 0.057 to 1.1 mg-L~};
the detection limits for Cd?*, Pb%* and Cu?* metals are 0.0015 mg-L’l, 0.02mg-L ~1and
0.057 mg-Lfl, respectively.

The oxidation state of the mercury in the Hg-NPs electrode could be a key point
in the mechanism of interaction with the metals. Initially, the Hg-NPs are Hg(I), but after
applying the reduction potential of —1.4 V from the preconcentration step of the SWASV
for the reduction of the metals, the mercury can be reduced to Hg(0). This may lead to the
formation of the amalgam with the analytes. However, in the electrodes modified with
Hg-NPsRoute B at the beginning, there is Hg(0), so they can detect lower concentrations
than the bare electrode. Cu?* behaves differently because this metal has low solubility in
Hg at room temperature [44], so the mechanism could be related to the active area available
on the electrode surface. When the metals were analyzed simultaneously, a linear range
shift towards higher concentrations could be related to the competition of the metals and
its special sensitivity (if they form amalgam or not) to the active area of the electrode. If the
active spot is occupied by one metal cation, another cannot be placed in it. Furthermore,
the analysis of real samples demonstrated that the Hg-NPsR°u¢ A sensor can be suitable to
simultaneously detect three heavy metals in complex aqueous matrixes.

Route A

5. Conclusions

Mercury nanoparticles constitute a suitable strategy to modify bare 20% graphite
electrodes based on composite materials for metal detection. Due to the PDDA properties,
Hg-NPsRoute A behavior seems to be more accurate to be used in heavy metal (Cd?*, Pb%*
and Cu?*) analysis. These nanoparticles are smaller than the ones obtained in Route B,
and the ¢ potential values indicate that they have less tendency to aggregate. Furthermore,
comparing the EDX data, the Hg amount on the surface of the electrode using Route A
is higher than the other ones. Using the preconcentration step of the SWASV with Hg-
NPsRoute A can lead to higher sensitivity and lower detection limits in comparison to the
other modified electrodes. Moreover, this opens the possibility for the synthesis of different
oxidation states of Hg-NPs as well as their modification over the electrode surface. Finally,
these newly designed sensors may allow for the implementation of faster, cheaper and
more reliable methods of measuring metal-contaminated water systems.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390 /chemosensors10040148/s1, Figure S1: Scheme of the three
types of electrodes; Figure S2: Using Dino-Lite Digital Microscope at 1:120 augments (A) Hg-
NPsRoute B @graphite electrode surface, and (B) Hg-NPsRoU¢ A@graphite electrode surface; Figure
S3: XPS analysis: adjustment for Hg 4f with two components: (green) for Hg 4f5/, and (red) for
Hg 4f; /»; Figure S4: (A) CV using 0.01 M [Fe(CN)s]*~ /[Fe(CN)g]*~, 0.1 M KCl with a 20% graphite
electrode and 20% graphite electrode/PDDA. Comparison of the response in CV and in 0.01 M
[Fe(CN)¢]?~ /[Fe(CN)¢]4~, 0.1 M KCl and just 0.1 M KCl for (B) Hg-NPsRoutEA@graphite electrode;
(C) Hg-NPsRoute B@graphite electrode; (D) Hg-NPsRouteB /PDDA@graphite electrode; Figure S5: EIS
adjusted circuits for: Hg-NPsRoU¢ A@graphite electrode (A); Hg-NPsRout¢ B@graphite electrode (B);
Hg—NPsRoute B/ PDDA@graphite electrode (C). Where R, is the ohmic resistance; Rcr is the charge
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transference resistance and D is the diffusion element chosen (G: Gerischer, W: Warburg); Figure S6:
SWASV results of the addition for the interferences study: (A) dissolved organic matter; (B) Fe(Il)
and (C) Fe(III); Table S1: Response of some modified electrodes and other analytical techniques; Table
52: Data obtained from the adjustment of two components in the XPS analysis. Calibration made by
using C at 284.8 eV.
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