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Abstract

The enrichment of groundwater with different nutrients (Na*, Ca2*, Mg?*, CI-, COs?-, among others) triggers the
salinization of the aquifer and makes it inappropriate for many purposes. In this work, we developed a highly
sensitive and selective electrochemical sensor, based on Ni-inorganic films electrosynthetized in situ onto multi-
walled carbon nanotubes composite paste electrode (MWCNE), which allows the early detection of salinization.
The working sensor (B-NiOyYMWCNE) was derivatized from nickel hexacyanoferrate modified electrode in strong
alkaline medium (pH =12), producing a hybrid film composed by B-Ni(OH)2and B-NiO(OH). The electrochemical
properties, morphology and chemical composition of the formed S-NiOx thin films were evaluated by voltammetry,
scanning electron microscopy and X-ray spectroscopy. The developed B-NiOy/MWCNE sensor was highly sensitive
to the presence of Na* cation by ion-exchange, and the increase of Na* concentration in the range 4.46 x 1077 to
4.93 x 1076 mol L1 inhibited linearly the reversible electrochemical signal of the device, allowing to determine trace
concentrations of this ion (LOD = 9.86 x 1078 mol L") with high correlation coefficient of the data (r = 0.999) and
suitable precision/reproducibility of the measurements (RSD < 9%). Using Nat*as salinization marker and 3-
NiOL/MWCNE as electroanalytical device, we found evidences of groundwater salinization in Grossos, a Brazil
coast city, whose inhabitants have hypertension above the national average. The attained results were comparable
to those obtained by the standard methods for Na* analysis (percentage error ranging from 0.5 to 1.6%), confirming

the accuracy of the proposed electroanalytical platform.
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1. Introduction

Groundwater is the most important natural drinking-water supply of the population and thus, all possible actions of
monitor- ing, preservation and sustainable use of this finite resource should be investigated [1-4]. Unfortunately,
groundwater reserves are very susceptible to contamination by natural (saline intrusion; leaching of contaminated areas by
rainfall action; chemical trans- formation and dissolution of minerals contained in the aquifer rock formation) and/or
anthropogenic events (improper disposal of solid and liquid wastewaters from industrial, commercial and domestic
activities; leaks of sewage from cesspools built improp- erly; leaching by irrigation of agricultural areas; among others),
limiting groundwater multiple use [1,5]. The joint effects of these factors with the extended period of drought in semi-arid
zones may worsen the groundwater quality, especially by salinization processes [1,4,6].

Salinization, which constitutes one of the major threats to ecosystems, occurs by the increase of total dissolved solids
concen- tration in a certain water or soil matrix, due to the enrichment with different nutrients. So, the accumulation of salts
by natural pro- cesses can induces a primary groundwater salinization, but it can also be triggered or worsened by
anthropogenic secondary pro- cesses [5,6]. In the context of groundwater, according to geochem- ical and geophysical
characteristics of the aquifer, several ions analyze this cation in human urine samples with a detection limit (LOD) of

3.43x10° molLL. Posteriorly, Machini etal. [29] devel- oped amore sensitive Na* sensor, employing a carbon paste
elec- trode modified with a different manganese oxide (hausmannite- type; 20%; w/w), that reached a LOD of 7.50

x 106 mol L1 in the same type of samples. Inorganic thin films exhibit excellent properties for the sensing of alkali
metals [32—34], but little atten- tion has been given to Na™* [29,30]. In addition, no information was found regarding the

application of inorganic thin film sensors to Nat impacted environmental samples.

Considering that surface-modified electrodes based on NiOx- films [i.e., a-Ni(OH)2, b-Ni(OH)2, b-NiO(OH)and c-
NiO(OH)] are
interesting zeolitic platform to quantify inorganic nutrients (by ion-exchange process induced electrochemically with
high rate of heterogenous electron transfer [32-34]), in this work, a novel and sensitive sensor for Na* was
architected by using a NiOx- hybrid film electrosynthetized onto a multi-walled carbon nan- otube composite
electrode. The morphology, composition and sta- bility of the NiOx-film, the detection mechanism and kinetic of

mass transport on the sensor/solution interface, as well as the sen- sitivity of the proposed approach were also
characterized and com- pared with standard analytical methods for Na*t gquantification. The developed sensor was

successfully applied to monitor Na* and the consequent salinization process in groundwaters from a seaside town in

Brazil coast (Grossos, in Rio Grande do Norte state). This
(Na™, ca?*, Mg2*, CI', Br, HCO3, CO3 and SO4 ) and/or their ratios

(Na*/cl, ca?*iNa*, Mg2*/caZ*, BriCl, CI'/HCO3, among others) can be used as markers or representative proxies of

this phe- nomenon [5,7]. However, considering that sodium is the sixth most abundant element in the Earth’s crust and its
high reactivity to form ionic compounds, Na™ content measurements provide direct information about the salinization (and

sodification) processes [8,9]. In addition, Na™ cation is found in virtually all foods and drinking-waters, and its control in
the daily diet becomes even more important [10]. Overdoses of sodium in diet have been related to many pathologies
and death in several physiological studies with humans and other mammals used as test subjects [11-14]. The
American Heart Association warned that hyperten- sion (a chronic disease resulting from high levels of blood pressure in

the arteries) causes the largest number of consultations in the public and private health systems, with very important health,

eco- nomic and social impacts [15]. Many studies have reported the relation between high levels of Nat in drinking-
water with the increased blood pressure [16-18], showing the importance of its strict control and monitoring in daily diet,

since the prevention is the most cautionary alternative.



Sodium content in complex matrices has been traditionally ana- lyzed by instrumental methods such as flame
photometry [19], inductively-coupled plasma spectroscopy [20], atomic absorp- tion/emission spectroscopy [21] and
ion chromatography [22], although these techniques require high investment and cannot be applied to in situ

measurements due to their operational com- plexity. Some researchers have also emphasized the potential of

electrochemical methods for Na™ sensing in aqueous medium, especially using potentiometric measurements based
on ion- selective electrodes [23-26]. More robust conductivity sensors have also been proposed for the soil salinity
analysis, based on the dielectric properties of the matrix [27]. Promising results have also been obtained with bare and
modified amperometric elec- trodes, which allow to analyze different species that impact the environment and the
health of dependent organisms, even at very low concentrations [28-31]. Unfortunately, few reports were focused on

Na*t electroanalysis, reinforcing the need for novel elec- trochemical devices for this purpose. Martinez et al. [30] reported a

Na*t sensor structured with carbon paste electrode modified with layered birnessite-type manganese oxide (15%; w/w)
and used to city has indicators of patients and victims of hypertension above the national average (around 70% of the
number of deaths recorded in the city annually) and there is a supposed relation of these num- bers with the consumption of

salinized and/or sodificated drinking-water.

2. Experimental
2.1. Reagents

Alkali and alkaline-earth metal salts and hydroxides, including sodium chloride used for the preparation of the standard
solutions were purchased from Sigma-Aldrich (Germany). Potassium ferro- cyanide and nickel chloride (Merck,
Germany) were used in the electrosynthesis of Ni-films on multi-walled carbon nanotubes composite electrode. All

chemicals were reagent grade and used without further purification. Ultrapure water (g = 18 MO cm'l) obtained from a
PurelabMilli-Q apparatus (Analitica, Brazil) was employed to prepare the solutions.

2.2. Preparation of the electrochemical sensor

A multi-walled carbon nanotubes composite electrode (MWCNE) was used as support for the electrosynthesis of Ni-
films. MWCNE was prepared by mixing multi-walled carbon nan- otubes, average diameter of 10 nm and an average
length of 1.5 mm, purified to more than 95% C (DropSens, Spain); graphite powder with — 100 mesh and purity of 99.9%
(Ultra Carbon, USA), and paraffin oil binder (Sigma-Aldrich, Germany) in a ratio of 40:50:10% (w/w/w), respectively. The

resultant composite was carefully hand-mixed in a mortar and then packed into a cavity of a Teflon® tube (2.0 mm
internal diameter) fitted with a stainless steel piston for transduction of the electrical signal. The surface was smoothed
against a plain white paper while a slight manual pressure was applied to the piston, and rinsed carefully with ultra- pure
water prior each measurement.
The proposed electrochemical sensor was constructed on potentiometric mode, through the immersion of MWCNE
in a mixed solution of potassium ferrocyanide (1.0 x 10—-3 mol L-1), nickel chloride (1.0 x 10-3 mol L-1) and
potassium chloride (0.1 mol L-1), followed by application of a potential variation from 0.0 to 1.0 V (vs.
Ag/AgCl/Cl-sat) using cyclic voltammetry (CV; 50 mV s-1) for consecutive scans. This was the first step of the
modification, where MWCNE was coated with nickel hexacyanoferrate layers (Ni-HCF), producing the Ni-
HCF/MWCNE sensor. Posteriorly, new scans were performed with Ni-HCF/MWCNE in sodium hydroxide (0.01 mol
L-1) from 0.0 to 0.7 V (vs. Ag/AgCl/Cl-sat), and Ni-HCF was derivatized in situ into a 3-NiOx hybrid film, generating
the B-NiOX/MWCNE working sensor.



2.3. Instrumentation

24.
MWCNE modification was performed and characterized by voltammetric techniques (CV and square-wave voltammetry (SWV))
using a p-Autolab Type Il electrochemical system (Metrohm Autolab, The Netherlands) fitted with NOVA 1.10 software. The
electrochemical cell was assembled with a conventional three-electrode system: B-NiOXMWCNE as working electrode, a
platinum wire as counter electrode, and a Ag/AgCl/Cl-sat (3.0 mol L-1 KCI) as reference electrode. The morphology, metallic
composition and crystallinity of Ni-HCF and NiOx inorganic films were also evaluated by high-resolution scanning electron
microscopy (SEM; MEV-FEG TESCAN Mira3 LMU, Czech Republic) coupled to energy dispersive X-ray spectroscopy (EDS;
Oxford X-ACT diffraction instrument, UK). Elemental composition of the disaggregated electrode materials was also studied by
X-ray diffraction — XRD (Rigaku Miniflex-Il diffractometer, USA), using Cu Ka1 radiation (A = 0.154 nm) at 40 kV and 15 mA;
graphite monochromator operating at scan rate of 0.02 min-1; and diffraction range of 5-100°. The accuracy and precision of
the proposed electroanalytical procedure were compared to standard methods, such as Atomic Absorption Spectroscopy — AAS
(Atomic Absorption Spectrometer AA50, Varian — Germany) and Direct Potentiometry — DP (Orion 5-Star Plusmulti-parameter

probe, Thermo Scientific — USA) using (Na+)-ion selective electrode.

2.4. Electroanalytical experiments

Qualitative information about pH of the medium, kinetic properties, voltammetric profile and mass transport at electrode/solution
interface was obtained by CV. Na+ electroanalysis with the developed B-NIOXMWCNE sensor and the inspection of the
salinization process in groundwater were evaluated by SWV, after optimizing the critical parameters that control the
electrochemical signal in this technique, i.e., the frequency (f), pulse amplitude (a) and the height of the potential step (AEs).
The optimization was based on maximum value of peak current (Ip), displacement of the potential peak (Ep), and alterations on
half-peak width (AEp/2). All experiments were performed at room temperature (25 °C).

2.5. Na+ quantification and data handling

The targeted cation was indirectly quantified by measuring the inhibition of the anodic signal registered by the B-NiOXMWCNE
sensor in electrolyte solution (0.01 mol L-1 NaOH). An initial current base signal (lo) was firstly measured and then, as the Na+
concentration was increased in the cell, the respective signals (I) were registered being all smaller than lo. Since the diminution
of the observed peak current (Ip) was proportional to the concentration of the inhibitor, analytical curves were built for the
indirect quantification of Na+ in the range of 4.46 x 10-7 to 4.93 x 10-6 mol L-1. The inhibition percentage (IP, %) was
calculated from the following equation:

%IP =[1—(+)]x100

@

The standard deviation of the intercepts and the average of slopes of the straight lines from the analytical curves were used to
determine the LOD and quantification limit (LOQ) [35]. Precision of the proposed electroanalytical procedure was evaluated by
the relative standard deviations (RSD, %) of 10 consecutive determinations (3.07 x 10-6 mol L-1 Na+) performed on the same
day (intraday) and on different days (interday). Reproducibility tests were also made through the comparison of the responses
obtained with five different built sensors for the same concentration of the analyte (3.07 x 10-6 mol L-1 Na+).

2.5. Application to real samples and interference tests

The proposed B-NiOXMWCNE sensor was applied to treated and untreated groundwater samples collected in fifteen different
sampling points distributed in Grossos city (area equivalent to 126 km2, occupied by more than 9.000,00 inhabitants), located
within an important Brazilian seaside region, in Rio Grande do Norte state. No sample pretreatment was done. The interference

of other ionic species that also contribute to the salinization of groundwaters (Li+, K+, Ca2+ and Mg2+) was also investigated at



3.07 x 10-6 mol L-1 Na+. All measurements were performed in triplicate.

3. Results and discussion

3.1. Electrosynthesis of the nickel inorganic films

In aqueous solution, the main challenge for the development of Na+ sensors is related with the highly electronegative reduction
potential of this cation (E° = -2.70 V), since the water reduction potential occurs before (E° = —1.23 V) and the production of
hydrogen becomes thermodynamically more favored [32], [33], [34]. The effective nuclear charge hinders to move valence
electrons from alkali metal ions to lower energy levels and, for this reason, alkali metal ions are considered non-electroactive
species. This fact instigates the search for advanced materials, which can be used as electrochemical sensing platforms for

these cations, such as nickel-based inorganic films.

Thus, we modified the MWCNE surface with Ni-HCF films and the integration of the unique electrical properties of MWCNE with
the zeolitic structure of Ni-HCF generated a powerful electroanalytical platform with high ion-exchange capacity. The successful
Ni-HCF/MWCNE development was evidenced by a characteristic voltammetric profile with two well-defined reversible redox
pairs (Fig. 1A). The two anodic (Peak 1, Ep = 0.49 V; Peak 2, Ep = 0.60 V) and cathodic peaks (Peak 3, Ep = 0.56 V; Peak 4,
Ep = 0.46 V) are related to changes of the iron oxidation state in inorganic complex crystalline network [32], [33], [34], as

proposed in the following electrochemical reactions:

K, Ni'l[Fe'T(CN)) 5 KNi'[Fe' (CN)(| + e + K (2)

KNifl[Fel (CN)y] 5 Nilly[Fe™ (CN),| + e~ + K 3)
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Fig. 1. Electrosynthesis of (A)Ni-HCF and (B)NiOx hybrid film on MWCNE using cyclic voltammetry at 50 mV s™2.
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During the anodic scans, the oxidation of Fe2+ to Fe3+ and release of K+ into the electrolytic solution was observed. Along the
cathodic scans, Fe3+ is again reduced to Fe2+, together with the recapture of K+ ions from the bulk solution. The continuous
potentiostatic modification through consecutive scans favored a nonlinear increase of the faradaic currents, indicating a
significant and favorable decrease of the charge-transfer resistance of the sensor surface. This trend continued until the

twentieth cycle remaining constant thereafter (voltammograms overlapped).

NiOx-films were electrosynthetized in situ using Ni-HCF/MWCNE structured with twenty consecutive cyclic scans, in order to
facilitate the charge-transfer and increase the signal sensitivity for electroanalytical purposes. After new sequence of
consecutive potential scans (0.0-0.7 V; at 50 mV s-1) in 0.01 mol L-1 NaOH solution, a distinct voltammetric profile was
observed with two well-defined redox processes (Fig. 1B), which suggested changes in the chemical composition of the Ni-film
used as precursor. This fact also gave us the first indication of success on the NiOx electrosynthesis onto the MWCNE surface
[33], wherein the anodic (Peak 5; Ep = 0.52 V) and cathodic (Peak 6; Ep = 0.44 V) signals were related with changes of the

nickel oxidation states in the as-produced crystalline lattice, as described below:

Ni (OH), + OH = NiO(OH) + HyO + e (4)



Both Ni(OH)2 and NiO(OH) have a brucite-type unit cell, but with distinct structural varieties based on the lamellar ordering
model [36]. These compounds can still be present under different polymorphic structures [i.e., a-Ni(OH)2, B3-Ni(OH)2, B-
NiO(OH)and y-NiO(OH)], which may interconvert into the diverse forms according to the charge and discharge processes
between the phases, although B-types have a more ordered arrangement along the crystallographic axis. From the sensing
point of view, and although B-NiO(OH) orientation is also thermodynamically more stable in alkaline medium, it was still possible
to observe a low-intensity redox process (Ep = 0.40 V) at the first potential scan, which probably was due to conversion of y-
NiO(OH) residual amounts to B-NiO(OH). Increasing the number of cycles, the redox processes of 3-type compounds became
even more intense and defined, until they stabilized after twenty consecutive cyclic scans of potential, justifying the choice of
this number of scans for the further experiments. Another important evidence found for this material was its high electrocatalytic
activity for the water oxidation, which can be described by the following set of reversible reactions:

2Ni(OH), S 2 NiO(OH) + 2H" + 2e~ (5)

4 NiO(OH) + 2H,0 = O, + 4 Ni (OH), (6)

Experimentally, this fact was verified by the highly significant increase of the currents at Ep = 0.6 V along the cycles. Beyond
electroanalytical purposes, the mentioned characteristics also enhance the attractive properties of this material for other
applications, such as construction of fuel cells, electric batteries, supercapacitors, electrosynthesis, and advanced
electrooxidation of toxic and/or refractory substances.

3.2. Characterization of the nickel inorganic films

Before and after each electrochemical modification with Ni-films, the morphological structure of the used materials was
investigated by SEM/EDS. The results indicated a highly porous surface for MWCNE (Fig. 2A) that, in turn, facilitates the
process of surface sensor modification. It was also possible to observe the complete coverage of the MWCNE surface by the
Ni-HCF-precursor film (Fig. 2B), using the experimental conditions mentioned above, showing the efficiency of the
electrosynthesis protocol employed to obtain the first Ni-film. Apparently, NiOXMWCNE (Fig. 2C) and Ni-HCF/MWCNE have a
similar superficial morphology, but their lamellar organization and properties are distinct. At a higher magnification level, it can
be noticed by a diagonal angle a micro-scaled NiOx grains framework, which were uniformly structured as crystal prisms (1
pum) on the MWCNE surface (Fig. 2D). EDS mapping showed a relatively uniform and continuous Ni distribution throughout Ni-
HCF/MWCNE (Fig. 2E) and NiOXMWCNE (Fig. 2F) surfaces, indicating appropriate modifications. The small differences in Ni
mapping on the films may be related to slight variations of the surface resistivity.
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Fig. 2. SEM images of MWCNE (A), Ni-HCF/MWCNE (B) and B-NiOXMWCNE (C) and (D) (at two different amplifications).
EDX mapping of Ni in Ni-HCF/MWCNE (E) and B-NiOX'MWCNE (F).



XRD was used in order to ascertain the quality and crystalline nature of the studied materials. Observing the Fig. 3, we can
perceive different diffraction peaks for MWCNE at 26 equivalent to 26.5°, 42.7°, 44.1° and 77.3°, which were indexed to (0 0 2),
(100), (101)and (1 1 0) crystallographic planes reflections of the carbonaceous nano-materials (JCPDS cards No. 75-1621
and 26-1077), so that the small downward shift can be attributed to prevalence of sp2 hybridization and CC layers spacing in
the nanotube structures [37]. XRD patterns also showed relatively strong diffraction peaks of porous Ni films (26 = 26 = 44.1°-(1
1 1), 54.4°-(2 0 0) and 77.3°-(2 2 0); JCPDS No. 04-0850) for both Ni-HCF/MWCNE and NiOXMWCNE, which reinforce the
success of the performed modifications. Regarding the NiOx crystalline structures, the results evidenced characteristic patterns
for B-Ni(OH)2[26 = 15.6°-(0 0 1), 26.5°, 44.1°-(1 0 1), 60.0°-(1 1 0) and 77.3°; JCPDS No. 14-0117], NiO [26 = 44.1°-(2 0 0),
60.0°-(2 2 0), 77.3°-(31 1), 83.1°-(2 2 2) and 86.8°; JCPDS No. 47-1049] and 3-NiO(OH) [15.6°-(0 0 1), 26.5°, 44.1°-(0 0 2) and
60.0°-(1 1 0); JCPDS No. 6-0141], which may overlap and support the hypothesis of NiOx-hybrid film electrogenerated in situ.
Although the peak widening at 26 = 15.6°, which indicated a probable a/B-phase transition in the NiOx composition, the
combined analysis of the results attained by voltammetry and diffractometry suggested that B-Ni(OH)2 and B-NiO(OH) phases
were the most predominant ones [36], [38]. In addition, the narrow and low-intensity peaks of Ni-based compounds compared
to the main diffraction signal of the carbonaceous nano-materials (26 = 26.5°) also attested the very thin thickness and high
organization of NiOx-layer [38].
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electrodes.



3.3. Characterization of the sensor stability and process kinetics

B-NiOXMWCNE sensor, obtained after twenty consecutive potential scans, presented Ep(anodic) = 0.52 V and Ep(cathodic) =
0.44 V, using a scan rate (v) of 50 mV s—1 in 0.01 mol L-1 NaOH. In alkaline medium (pH = 12), this voltammetric profile
remained practically constant for more than five hundred consecutive cycles (RSD = 2.3%, n = 5) and over one month (RSD =
7.5%, n = 5), showing high stability of the as-prepared modified sensor. The decrease of the pH impaired the 3-NiOXMWCNE
stability and sensitivity, becoming unsuitable in acid medium due to disaggregation of the electrodeposit. However, considering
that groundwaters have pH ranging from slightly neutral to alkaline, the sensor functionality is not compromised. Even for
samples with acid character, the maintenance of the alkaline medium can be easily guaranteed in the electrochemical cell using
the proposed experimental conditions.

Ranging the scan rate (v) from 50 to 500 mV s—1 (Fig. 4A), it was observed a nonlinear increase of Ip values for both anodic
and cathodic processes, besides the displacement of Ep(anodic) and Ep(cathodic) to more positive and negative values,
respectively. This behavior is characteristic of diffusion-controlled processes and may be related to the relatively slow diffusion
of ions into the hydrous crystalline network. Plotting Ip(anodic) and Ip(cathodic) values against the square root of the scan rate
(v1/2), the following linear regression Egs. (7), (8) were reached:

Ly(unodic) [HA] = —2.39 + 0.730"/2 [(mV s 1)"*] |r = 0.997; n = 9| (7)
Ly(cathodic) [A] = 1.16 — 0.290/2 [(mV s)"*] |r = 0.998; n = 9| (8)
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Fig. 4. Cyclic voltammograms obtained with the developed B-NiOXMWCNE sensor (A)at different scan rates: (a) 25, (b) 50, (c)
75, (d) 100, (e) 150, (f) 200, (g) 300, (h) 400 and (i) 500 mV s7*; (B) at 100 mV s after adding (a) 1.0 x 1078, (b) 5.0 x 1078, (c)
1.0 x 1075, (d) 5.0 x 105 and 1.0 x 107 mol L™ Na*.



From the variation of Ep(anodic) and Ep(cathodic) values against the logarithm of the scan rate (log v), it is possible to estimate
the apparent electrochemical rate constant (ke) and the electron-transfer coefficient (a) for surface redox couples [30]. These

relationships can be described by the regression Egs. (9), (10) presented below:

logv [log(mV s™1)] = 0.48 + 0.15E,(4noaic) [V] |r=10.99T; n =9 (9)
logv [log(mV s7')] = 0.46 — 0.31E,(cathodic) (V] |r=0.998; n =9 (10)
It is know that the angular coefficients of the previous relations are equivalent to 2.303RT/(1 - aanodic)nF and

-2.303RT/acathodicnF for the anodic and cathodic processes, respectively, where “R” is the gas constant, “T” is the absolute

temperature, “F” is the Faraday constant and “n” is the number of electrons involved in the redox processes. The attained

values of aanodic (0.67) and acathodic (0.19) were further used to estimate the apparent electrochemical rate constant by:

ke = 22tV () gic) B (11)

where the values of are determined by extrapolation of the straight line at high scan rates (200-500 mV s—1). A value of ke =
5.91 s—-1 was found indicating fast electronic ion-exchange phenomena at the interface sensor/solution.

Keeping the scan rate constant, it was noticed that 3-NiOXMWCNE and its precursor (Ni-FCF/MWCNE) were sensitive to the
presence of Na+ cations. However, the latter was limited to perform tests in neutral medium and showed higher susceptibility to
interferences of other alkali and earth-alkali metal ions. Thus, the electrochemical response of B-NiOx/MWCNE to different Na+
concentrations (1.0 x 10-6 to 1.0 x 10—-4 mol L-1) was tested by CV at 100 mV s-1, as can be seen in Fig. 4B. In general, the
increase of Na+ concentration in the electrolytic cell induced non-linear displacements of Ep(anodic) toward more positive
values, while Ep(cathodic) becomes more negative. There was also a pronounced decrease of both Ip(anodic) and Ip(cathodic)
intensity. These effects were probably due to alterations of the resistivity in B-NiOx crystalline lattice caused by the ion-
exchange processes in order to maintain the charge balance. Larger hydrated ions, such as Na+ (hydrated ionic radius = 2.76
A; ionic mobility = 43.5 ohm—-1 cm2 mol-1), diffuse slowly within the NiOx-film (interlamellar distance = 4.60 A), intercalating at
the interstitial sites and thereby hampering the charge-transfer process [36]. This feature indicated that B-NiOXYMWCNE is a

suitable sensor to monitor Na+, even at low concentrations.

3.4. Optimization of electroanalytical parameters

The best analytical signal for Na+ electroanalysis was studied by SWV (since it provides more intense faradaic current signals
when compared to CV) after optimizing the critical operational parameters, i.e., the frequency (f; 10-500 s-1), pulse amplitude
(a; 5-50 mV) and the height of the potential step (AEs; 1-5 mV). It was verified that both anodic and cathodic processes can be
used for electroanalytical purposes, but the first one was more intense and reproducible, allowing to improve the sensitivity of
the proposed procedure. Using the anodic signal, Ep values displaced toward oxygen production when “f’ increased, and there
was also a linear relationship between Ip and f until 100 s—1. For f = 150 s—1, a significant increase in signal noise was noted.

“n

Regarding “a” selection, a pronounced increase of the half-peak width was detected for a = 30 mV, which can decrease the
selectivity of the procedure. Finally concerning the optimization of the scan increment variations, results indicated that AEs > 2
mV did not significantly enhance the peak currents. In addition, different preconcentration potentials and times were also
investigated, but no significant improvements of the peak intensity were noted. Thus, the optimum SWV conditions for Na+

electroassay on the B-NiOXMWCNE sensor were selected as being f = 100 s—-1,a =30 mV and AEs =2 mV.

3.5. Na+ quantification and merit figures
Employing the optimized SWV conditions and making successive and standard additions of the analyte, inhibition of the
electroanalytical signal of the B-NiOX/MWCNE reached almost 40% of its steady state current in the smallest linear range tested

(from 4.46 x 10-7 to 4.93 x 10—-6 mol L-1) (Fig. 5A). The following linear regression equation was attained:

IP (%) = 4.97 +6.72 x 10° [Na"| (mol L") |r=0.999; n =6 (12)
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Fig. 5. (A) Square-wave voltammograms of the anodic signal of the B-NiOX/MWCNE sensor using a frequency of 100 s-1,
amplitude of 30 mV and potential increments of 2 mV in (a) pure supporting electrolyte and after adding (b) 4.46 x 10-7, (c)
1.29 x 10-6, (d) 2.28 x 10-6, (e) 3.07 x 10-6, (f) 4.09 x 10—6 and (g) 4.93 x 10-6 mol L-1 Na+. (B) Corresponding analytical
curve obtained from the inhibition percentage (IP%) of the sensor anodic signal.

The high correlation coefficient indicated low dispersion of the data (Fig. 5B). The standard deviation of the intercepts and the
slopes of the straight lines were used to estimate the LOD and LOQ [35], [39]. A LOD =9.86 x 10-8 mol L-1 (2.27 x 10-3 mg
Na+ L-1) and a LOQ = 2.65 x 10-7 mol L-1 (6.09 x 10-3 mg Na+ L—-1) were found, emphasizing the high sensitivity of the
developed B-NiOXMWCNE sensor for Na+ quantification. The reached limits are significantly lower than those reported for
carbon paste electrode modified with layered birnessite-type manganese oxide (15%, w/w; LOD = 3.43 x 10-5 mol L-1) [30]
and hausmannite-type manganese oxide (20%, w/w; LOD = 7.50 x 10-6 mol L—1) [29] in human urine.

The precision of the measurements was established by repeatability experiments (3.07 x 10-6 mol L—-1 Na+) performed on the
same (intraday) and different days (interday), and low relative standard deviations (RSD < 6.0%) were obtained for both cases.
RSD value was slightly higher (RSD = 8.6%) when the reproducibility was tested with five different constructed sensors, but still

clearly acceptable.

3.6. Interference studies

The feasibility of application of the B-NiOX'MWCNE sensor for salinization tests in groundwater was assessed using Na+ as
marker (3.07 x 10-7 mol L-1) in the presence of different alkaline (Li+ and K+) and earth-alkaline (Mg2+, Ca2+ e Ba2+) metal
ions at the same concentration, since they can influence the sensor response due to a similar ion-exchange mechanism (Fig.
6). The results indicated that earth-alkaline metal ions had a minor effect on the Na+ signal (1.0-2.5%), probably due to the
formation of insoluble hydroxides of these cations. In a real groundwater sample, by conducting the experiments in strongly
alkaline medium, earth-alkaline metal ions could also precipitate as sulphates, carbonates and oxides, further reducing possible
interferences. On the other hand, the alkaline metal ions can be intercalated into the 3-NiOx film, interfering between 12% (K+)
and 25% (Li+) in the Na+ response at the tested concentrations. These findings may be associated to the similar ionic radius of
K+ (1.38 A), or even lower of the Li+ radius (0.76 A), when compared to Na+ (1.02 A), which facilitated the reactions of
intercalation/deintercalation within the crystalline structure [34], [36], [38]. In groundwaters, these ions are present in trace
concentrations and clearly lower than those found for Na+. Thus, it can be considered that K+ and Li+ will not interfere
significantly in real groundwater salinity tests.
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Fig. 6. Effect of selected cationic interferences (Li+, K+, Mg2+, Ca2+ and Ba2+) on the electroanalytical signal of the (3-
NiOXMWCNE sensor.

3.7. Electrochemical inspection of groundwater salinization

Direct Na+ electroanalysis was performed by SWV, under the previously optimized experimental conditions (f = 100 s-1, a =
30 mV and AEs = 2 mV), in a total of fifteen different treated (twelve sampling points) and untreated (three sampling points)
groundwater samples collected in Grossos city, Brazil. This city stands out by the extraction, refining, import and export of sea-
salt and other secondary products. Unfortunately, the local population has also experienced chronic problems with hypertension
and other related pathologies for many years, exceeding by more than 30% the national average, so that the salinization of
groundwater used for human consumption appears as an important issue. In general, the average concentration of Na+ ions
detected in treated waters (sequential process of decantation, precipitation and microbiological action) was 100 + 10 mg L-1,
showing evidences of groundwater salinization. However, the most critical situation was identified in untreated waters, where
the contents of this nutrient achieved values of 600 + 13 mg L—-1. There are several natural and anthropogenic sources, being
the most influential factors the inadequate disposal of highly saline industrial effluents, contamination of soils with industrial by-
products, incorrect land management, percolation of contaminated areas, erosion of the constituent rocks of the aquifer, and
ocean water intrusion [1], [4], [5], [6], [7], [8], [27]. Still, the attained results also showed a positive impact of the employed
conventional treatments, but they seem not yet sufficient to reach the maximum permitted limit (20 mg L-1) established by

World Health Organization [10] and United States Environmental Protection Agency [40] for drinking-water.

In order to evaluate the accuracy, the results obtained by the proposed B-NiOXMWCNE sensor were compared with those
achieved by the traditional standard methods: AAS (at 589 nm) coupled with laminar flow burner and DP performed with a
(Na+)-ion selective electrode. Low relative errors were observed ranging from 0.5 to 0.9% for AAS and from 0.8 to 1.6% for DP,
confirming the reliability of the developed sensing approach. Thus, it can be used for groundwater salinization inspection, which
may help to develop efficient strategies to ensure drinking-water quality.

4. Conclusions

The present study proposed a novel B-NiOxXMWCNE sensor for Na+ and salinization monitoring in groundwaters. The most
important characteristic of the developed device is the high stability of the in situ electrogenerated Ni-inorganic films, which
promote high uniformity of the morphology, crystalline arrangement and appropriate electrokinetic properties. The increase of
the Na+ concentration inhibited the redox signal of the sensor (in the 4.46 x 10-7 to 4.93 x 10-6 mol L-1 range; LOD = 9.86 x
10-8 mol L-1 and LOQ = 2.65 x 10-7 mol L-1) due to the diffusion of this cation within the crystalline reticule and increase of
the charge-transfer resistance. The achieved performance of the B-NiOXMWCNE sensor allowed the efficient inspection of
salinized groundwater using Na+ as marker. Therefore, the developed electroanalytical platform can be a promising tool to help



controlling the impact of anthropogenic and natural factors, which promote salinization and represent threats to ecosystems in
general and water quality in particular. Furthermore, studies are ongoing to test the proposed sensor in other complex and

environmentally relevant matrices, such as soils and industrial effluents.
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