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Abstract

:

Flexible screen-printed electrodes (SPE) were modified in a simple manner with different composite nanomaterials based on carbon allotropes, polymers, and metallic nanoparticles, for amperometric detection of nitrites in soil. Multiwalled carbon nanotubes (MWCNT), chitosan (CS), silver nanoparticles (AgNPs), 1,8-diaminonaphthalene (1,8-DAN), and a sol-gel (SG) matrix were used for modification of the carbon paste working electrodes. Sensitive and selective detection of nitrite was achieved by using a MWCNT-CS-modified sensor, in acetate buffer at pH 5, at an applied potential of 0.58 V vs. Ag/AgCl. The MWCNT-CS-based sensor displayed a specific sensitivity of 204.4 mA·M−1·cm−2, with a detection limit of 2.3 µM (S/N = 3) in a linear range up to 1.7 mM, showing good stability, reproducibility, and selectivity towards other interfering species. A miniaturized portable system using the developed flexible electrochemical MWCNT-CS-based sensors was dedicated for the detection of nitrite in different samples of soil solutions extracted by using suction lysimeters.
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1. Introduction


Nitrite represents an essential plant nutrient and an important part of the plant nitrogen cycle. Nitrite is the most important marker of the nitrification process, and its accumulation in soils can lead to eutrophication bodies of water and growth of toxic algae, being harmful to animals and humans in high concentrations [1]. The nitrification process consists in biological oxidation of the ammonium (NH4+) to highly mobile nitrate (NO3), via nitrite (NO2−), with this process being carried out mainly by the ammonium-oxidizing bacteria (Nitrosomonas sp. and Nitrobacter sp.) present in the soil microbial population. In agriculture systems based on the use in excess of chemical fertilizers, rapid and uncontrolled nitrification results in an inefficient nitrogen (N) use by crops, in this way increasing the nitrogen leakage and environmental pollution. Thus, the detection of nitrite, as an indicator of the nitrification process, is of great importance for environmental and agricultural applications [2].



There are numerous analytical methods proposed for nitrite quantification which encompass sophisticated and centralized techniques, such as spectrophotometry [3], high-performance liquid chromatography [4], ion chromatography [5], fluorescence spectroscopy [6], chemiluminescence [7], and capillary electrophoresis [8]. These methods have shown important limitations, such as sample pretreatment, susceptibility to matrix interferences, insufficient detection limits, time-consuming, often requiring expensive bulky equipment, large volumes of reagents and samples, needing to be operated by specialized personnel, lack of portability, and a lack of ability for in situ nitrite determination.



The electrochemical methods are advantageous over the other methods in terms of cost and time. Electrochemical sensors offer a promising alternative to traditional detection methods due to their potential for miniaturization, portability, and on-site determination of a variety of analytes [9]. Especially, ion-selective electrodes were commercialized, and among them the ones for nitrate and nitrates, but they are not sufficiently robust and cannot achieve low limits of detection [10].



Electrochemical determination of nitrite is performed, either by reduction or oxidation, but the most reported electrochemical methods are the oxidation ones, with the nitrite being directly oxidated at the surface of unmodified working electrodes. Different materials, such as glassy carbon, gold, platinum, or metal oxides, were reported for such type of nitrite sensors [11,12]. The application of these sensors in real conditions is limited, due to the fouling of the sensor surfaces with different species, which resulted in the electrochemical process or was found in the sample matrix. Therefore, research has been focused towards improving the sensitivity and selectivity of nitrite detection, by modification of sensors’ surfaces with different materials. Various electrochemical sensors based on iron porphyrin, ruthenium polymer, nitrite reductase, polyaniline/carbon nanotubes composite, and hemoglobin/colloidal gold nanoparticles have been developed for the determination of nitrite, mainly in water (drinking, surface, and waste) and in food [12].



An electrochemical biosensor reported by Quan and Shin [13] for nitrite detection was developed by co-immobilization of copper-based nitrite reductase and redox viologen-chitosan on the glassy carbon electrode. The synthesis of viologen-chitosan compound involved several complex and time-consuming steps, while the co-immobilization process required the use of a polyurethane membrane to ensure the stability of the sensitive layer. Detection of nitrite using the developed biosensor was carried out at −0.75 V, at pH 6.5 under argon flow, with a sensitivity of 0.21 μA·μM−1·cm−2. Another biosensor based on a homemade pyrolytic graphite electrode modified with conductive carbon ink and cytochrome c nitrite reductase was reported by Monteiro et al. [14]. The detection of nitrite with such developed biosensor involved a prior electrochemical reduction of the enzyme at a negative potential of −0.8 V and the use of an additional oxygen scavenger system based on glucose oxidase, catalase, and glucose. Despite the sensitivity of 0.55 A·M−1·cm−2 displayed by the biosensor and its complexity, there are considerable issues regarding the interaction between the scavenging system and the bioelectrode by creating a passivation layer, which can act as a diffusion barrier to nitrite, thereby decreasing the sensitivity.



The biosensors based on nitrite-reductase present good analytical performances in terms of sensitivities and detection limits, however their complexity and need for standard oxygen removal strategies make them incompatible with in-field measurements. A low detection limit of 0.1 μM was obtained for nitrite determination in water by Badea et al. [15] using a flow injection system and a Pt electrode modified with a non-conducting polymer, while another sensitive nitrite sensor based on a carbon paste electrode covered with a cellulose acetate membrane was developed by the same author for nitrite determination in cured meat samples [16]. Both electrochemical sensors were operated at a high overvoltage, being susceptible to interfering compounds.



The overpotential values and the electron-transfer rates obtained for the nitrite oxidation at the surface of unmodified electrode materials lead to a lack of the sensitivity and selectivity required for the electrochemical detection of nitrite. Since the electrode materials play the most important role in the construction of high-performance electrochemical sensing platforms for target molecules’ detection, the advance of nanomaterial technology provides great opportunities and possibilities in the design and development of new (bio)sensors. Due to the excellent properties of the nanomaterials, such as shape, size, aggregation/agglomeration state, size distribution, low cost, electroconductivity, the large surface-to-volume ratio and surface-specific area, accelerating the electron transfer, the high possibility for their functionalization, offering flexibility, selectivity, strong stability, and a good biocompatibility, it allows them to provide enhanced interfacial adsorption with improved electrocatalytic activity and faster electron transfer kinetics [17,18,19,20,21]. Some of the most commonly used nanomaterials are carbon allotropes (e.g., carbon nanotubes, nanofibers, fullerenes, or graphene), metallic nanoparticles, conductive polymers, etc. Carbon-based nanomaterials have been used in the development of sensors due to their high electric conductivity, large active surface area, and ease of functionalization with other materials or active functional groups.



Composite nanomaterials based on carbon nanotubes (single- and multi-walled) and metallic nanoparticles were used to facilitate the transfer of electrons between nitrite anions from the solution and surface of different working electrodes, leading to an augmented signal and improved sensors’ sensitivity [22]. Polymeric materials are often used for entrapping nanomaterials on the active surface of the sensors, in this way enhancing the stability and selectivity of the developed sensors. Chitosan (CS) represents a natural polymer with functional amino and hydroxyl groups, that is able to form films on the electrode surface, and which has been widely used in the preparation of composite nanomaterials and in the development of electrochemical sensors [23]. Electrochemical sensors for nitrite determination were developed based on composite materials obtained by functionalization of carbon nanomaterials with metal nanoparticles and chitosan [24,25,26].



The use of hybrid nanomaterials based on different precursors, such as carbon-based nanomaterials together with metallic nanoparticles [27,28], metallic nanoparticles and polymers [29,30], carbon-based nanomaterials with polymers [31], or all three types of precursors [32], in electrochemical sensors’ development, has been reported to enhance the sensitivity towards nitrite.



However, despite an improved sensitivity and a lower limit of detection, the electrochemical detection of nitrite occurred mostly at a relatively high overvoltage, ranging from +0.70 to +0.85 V [33,34,35,36,37,38,39], and no application for direct determination of nitrite in soil was developed. The sensor modification often requires extra steps for nanomaterial preparation, such as the synthesis of the carbon-based materials [36] and metal nanoparticles [34,40], or polymer deposition of surfaces [15,16], which can be time-consuming, costly, and may need further optimization studies.



The present work describes a simple, rapid, and efficient amperometric detection of nitrite in soil solution by using flexible and miniaturized electrochemical nanocomposite-based sensors. Screen-printed carbon electrodes were simply modified with different nanocomposite materials, based on MWCNT, silver nanoparticles (AgNP), and different matrices for entrapment of nanomaterials, such as chitosan (CS), 1,8-diaminonaphthalene (1,8-DAN), and sol-gel. Functionalization of MWCNT with AgNP was performed in order to enhance the electrocatalytic behavior of MWCNT toward nitrite oxidation, by decreasing the overpotential and at the same time increasing the sensitivity for nitrite determination at different pH values. The use of different matrices for entrapment of the nanomaterials aimed at the increase of the stability of the nanomaterials at the sensor surface and, respectively, the minimization of interferences from the soil matrix.



Among all the studied materials, flexible sensors developed by using the MWCNT-CS composite showed an increased sensitivity and selectivity for amperometric detection of nitrite in soil solutions extracted with suction lysimeters (soil solution extractors). The developed sensors were used with good accuracy, reproducibility, and selectivity for the determination of nitrite in different local samples of soils.




2. Materials and Methods


2.1. Reagents


Sodium nitrite, sodium nitrate, sodium acetate, acetic acid, low molecular weight chitosan (CS, MW = 50–190 kDa), silver nanoparticles (AgNP, 20 nm particle size, with a dispersion of 0.02 mg/mL in aqueous buffer containing sodium citrate as a stabilizer), 1,8-diaminonaphthalene (1,8-DAN), sodium phosphate dibasic dihydrate (Na2HPO4·2H2O), potassium phosphate monobasic (KH2PO4), NaCl, KCl, K4Fe(CN)6, K3Fe(CN)6, tetraethyl orthosilicate (TEOS), methyl triethoxysilane (MTEOS), polyethylene glycol 550 monomethyl ether (PEG550), calcium chloride (CaCl2), urea, glucose, and citric acid were obtained from Sigma-Aldrich and were of analytical grade. MWCNT was obtained from Future Carbon GmbH, Bayreuth, Germany. The solutions were prepared in ultrapure water (MilliQ, 18.2 MΩ cm). The buffers used for the electrochemical experiments were 0.1 M acetate buffer for pH values 4.0–5.5 and 0.1 M phosphate buffer (PBS) for pH 6.0–7.5. The nitrite and the potential interfering species solutions were freshly prepared with ultrapure water (18.25 MΩ·cm) just before use.




2.2. Apparatus and Measurements


Electrochemical measurements were carried out with a µStat 4000 Multi Potentiostat/Galvanostat and the acquisition of recorded data was carried out with DropView 8400 software. A conventional three-electrode electrochemical cell was used for the experiments, consisting of a system of SPE (DRP-110) on ceramic and PVC supports. The working (4 mm diameter) and counter electrodes were made of carbon, while the reference electrode was represented by a silver pseudo-reference electrode. All the experiments were performed at room temperature. Cyclic voltammetry (CV) experiments have been performed in stationary solutions, by cycling the potential between −0.2 and 1 V, with a scan rate of 0.05 V/s. Amperometric measurements were performed at room temperature, in stirring solutions, with all the potentials being referred to the Ag pseudo-reference electrode. Electrochemical impedance spectroscopy (EIS) measurements were performed with a portable and wireless μStat-i 400s (bi)potentiostat/galvanostat in the frequency range of 1 MHz to 10 Hz, with a potential amplitude of 10 mV, at an open circuit potential (OCP) using a solution of 5 mM Fe(CN)64−/Fe(CN)63− prepared in KCl 0.1 M.



Amperometric detection of nitrite in soil solutions was performed with the portable and wireless bi-potentiostat, at different applied potentials depending on the pH of the soil samples. An Elmasonic E30H ultrasonic bath was used for the preparation of the nanocomposite materials.



Morphological studies of modified surfaces of the sensors (based on ceramic support) were carried out with a scanning electron microscope SU-70 (Hitachi, Chiyoda City, Tokyo, Japan) with an energy-dispersive X-ray (EDAS) module, having an accelerating voltage of 4.6 kV, coupled with an Ultra-Dry Thermo Fischer Scientific detector. The data for the particle rugosity were processed using the ImageJ NIH Software. FTIR spectra were recorded using a Bruker Tensor 37 FTIR spectrometer.



Determination of nitrite content in the soil samples before and after the cultivation of the plants was carried out with a UV-VIS CINTRA 202 (GBC Scientific Equipment Pty. Ltd., Dandenong, Australia) spectrophotometer. A HI707 Low-Range Nitrite Colorimeter (Hanna Instruments, Woonsocket, RI, USA) was also used for the validation of the results obtained with the developed sensors.




2.3. Preparation of the Nanocomposite-Modified Sensors


Screen-printed carbon paste electrodes were modified with different nanocomposite materials based on MWCNTs, AgNPs, polymers, and sol-gel matrices. Thus, in a first attempt, MWCNT-CS-based nanocomposite material was obtained by dispersion of 5 mg of MWCNT in 1 mL of chitosan solution, having different concentrations, from 0.1% to 1%, prepared in 2% acetic acid. For preparation of MWCNT-based sensors, MWCNTs were dispersed in 2% acetic acid without CS. The mixtures were sonicated for 1 h at room temperature. Further, volumes of 10 μL mixtures were drop-casted on the surface of the working electrode. Sensors based on MWCNT-AgNP were prepared by deposition of a 10 μL suspension of AgNP containing 1 mg/mL of MWCNT onto the active area of the working electrode surface. All these modified sensors were dried at 65 °C for 1 h and kept at room temperature in a dry place when not in use.



Polymeric-based sensors were obtained by electro-polymerization of the 1,8-DAN monomer onto the already modified MWCNT/SPE, and respectively, MWCNT-AgNP/SPE, according to the methods described by Badea et al. [15]. The electro-polymerization of 1,8-DAN was carried out by cyclic voltammetry, in a potential range of −0.15 to 1.3 V vs. Ag/AgCl, with a scan rate of 0.05 V/s, for 5 cycles, by placing 200 μL of a 5 mM monomer solution prepared in NaCl 0.2 M, pH 1, onto the surface of the modified sensors.



A sol-gel matrix based on TEOS and MTEOS precursors, in a volumetric ratio of 1:3, was prepared for the modification of MWCNT/SPEs, and respectively, MWCNT-AgNP/SPE-based sensors. After a 6 h hydrolysis time of sol at 4 °C, to allow the formation of the gel, a volume of 5 μL of sol-gel was drop-casted onto the modified working electrodes. The sol-gel-based modified sensors were kept at 4 °C.




2.4. Real Samples’ Measurements


Soil samples were taken at a depth of 50 cm from a corn field, and respectively, from a vegetable garden in the southern region of Romania. The field and garden soil samples were used in the laboratory to cultivate tomato seeds into glass tanks. Low-volume suction lysimeters (Hanna Instruments, 30 cm) for root-level soil monitoring were used to collect the soil solutions that were analyzed. The nitrite concentrations were determined by amperometric measurements using the optimized modified sensors from the soil solution samples, before cultivation and after cultivation of tomatoes.



For spectrophotometric determination of nitrites, the soil samples were dried at room temperature for 24 h, mortared, and passed through a 2 mm sieve. A suspension was obtained by adding ultrapure water in a liquid–solid ratio of 10 L/kg, and after homogenization and decanting solids, the elute was filtered through a 0.45 μm membrane filter.




2.5. Validation of Measurements from Real Samples


Determination of nitrite content in soil samples was performed according to standardized methods in force SR EN 12457-4:2003, and respectively SR EN 26777-2002 for water quality, using spectrophotometric and colorimetric methods.



The principle of spectrophotometric detection of nitrites is based on the reaction of the nitrite anions from the soil samples with 4-aminobenzenesulfonamide, at a pH of 1.9 in the presence of orthophosphoric acid, in order to form a red-colored complex with N-(1-naphthyl) ethylenediamine dihydrochloride, with the absorbance being measured at 540 nm.



The detection of nitrite using the HI707 Low-Range Nitrite Colorimeter (Hanna Instruments) is based on a colorimetric method, an adaptation of the EPA Diazotization Method 354.1 [41]. The principle of the method consists in following the appearance of the pink color in the soil solution samples at 470 nm, through the diazotization reaction between the nitrites in the samples with certain aromatic amines, in which a diazonium salt is formed that can then be coupled with another amine or phenol to form an intensely colored azo dye.





3. Results and Discussion


3.1. Morphological and Structural Characterizations of Nanomaterials


The surface morphologies of the nanomaterial-based SPE were analyzed using SEM by comparing with that of unmodified SPE (Figure 1).



Figure 1B shows the coverage of the rough surface of the carbon paste working electrode with a thin and relatively homogenous layer of chitosan. Additionally, a uniform distribution of MWCNT onto the SPE surface (Figure 1C) and a more homogenous wrapping of the MWCNTs by the CS layer (Figure 1D) can be observed, providing a more stable and uniform coating of the sensor surface. The roughness of the sensor surface modified with MWCNT-CS increased, which indicates an increase of the electroactive surface area.



In the Supplementary Materials (Figure S1), the morphology of the surface of sensors modified with other nanomaterials based on entrapment of MWCNT can be observed and, respectively, of functionalized MWCNT with AgNPs in poly-1,8-DAN and the SG matrix (Figure S1D,G). In the case of MWCN-AgNP, an agglomeration of the nanoparticles onto the nanotubes was observed (Figure S1A,D), and moreover, a cracking of the layer was evidenced in the case of using the SG matrix for entrapment of the nanomaterial (Figure S1C).



FTIR spectroscopy studies were performed for further characterization of the nanomaterials used for the sensors’ modification (Figure 2A,B).



The vibration peak in the MWCNT spectra at 1547 cm−1 is attributed to the presence of the C=C bond from the carbon nanotube sidewall, while the band at 1704 cm−1 can be attributed to C=O stretching and those at 1225 cm−1 to the C–O stretching vibration, indicating the presence of carbonyl and hydroxyl groups on the nanotubes.



The absorption band observed in Figure 2A at 1372 cm−1 for CS (d), MWCNT-CS (e), and respectively, MWCNT-AgNP-CS (f), corresponds to the C-N stretching vibration in the amide bonds of chitosan [42]. For the CS spectrum, the absorption peak from 2872 cm−1 corresponds to the CH2 stretching vibration, while the broad band from 3285 cm−1 can be attributed to the overlap of N-H and O-H stretching vibrations [43]. The bands recorded at 1573 cm−1 and 1638 cm−1 can be attributed to the protonated amine vibration and N−H bending vibration in the amide group, respectively.



The band at 1059 cm−1 is related to the vibration of CO groups [43]. The vibrational bands that can be seen in Figure 2A for MWCNT are covered by the bands of the CS in the MWCNT-CS and MWCNT-AgNP-CS mixtures, which confirms that the MWCNT are coated by the CS.



The spectra for sensors modified with poly(1,8-DAN) are shown in Figure 2B. The absorption bands at 3296 cm−1, 2908 cm−1, and 1393 cm−1 correspond to stretching vibrations of N−H, C–H, and C−N in the secondary amino groups, respectively. The band at 1583 cm−1 is related to the C=C stretching vibration in aromatic rings [44].



The presence of the strong band at 1225 cm−1 is assigned to the C–C inter-ring stretching vibrations of the bonds between monomer units. The spectra confirm the polymerization of poly(1,8-DAN) and its presence in the composite material layers.



For the SG-modified surfaces, the absorption band at 1270 cm−1 can be attributed to the stretching vibrations of C–Si, and the width of the vibration band at 1069 cm−1 is related to Si–O–Si stretching vibrations within the SG matrix. The spectrum for MWCNT-AgNP-SG shows the MWCNTs and AgNPs as being embedded by the SG matrix as the bands for MWCNTs are covered by the bands.




3.2. Cyclic Voltammetry Studies


3.2.1. Electrochemical Oxidation of Nitrite at Nanocomposite-Based Sensors


In a first attempt, CV studies were performed using modified sensors based on MWCNT and different matrices, using PBS 0.1 M, pH 7, in the presence of 1 mM of nitrite, by cycling the potential between −0.2 and 1 V vs. Ag/AgCl, with a scan rate of 0.05 V/s. The peak potential and current intensity for the oxidation of 1 mM of nitrite were recorded for SPE sensors modified with MWCNT (1 mg/mL), CS (0.5%), poly(1,8-DAN), and SG matrices (Figure 3).



It can be clearly noticed that through modification of SPE surfaces with MWCNT-CS nanomaterial, the oxidation of nitrite occurred in neutral medium, at the potential of 0.748 V, producing an anodic peak current of 27.3 μA (curve b). For the sensors modified only with MWCNT, the oxidation of nitrite occurred at a higher value of potential, 0.813 V, with the intensity current of the anodic peak being 21.45 μA (curve a). By entrapping the MWCNT in the electropolymerized film of 1,8-DAN, no electrocatalytic activity was recorded (curve c).



In the case of the sensors modified by entrapment of MWCNT in the SG matrix, although an improvement of the electrocatalytic activity was expected (curve d), this was not sustained by the further studies carried out.



Cyclic voltammograms of SPE modified by entrapment of functionalized MWCNT-AgNP in different matrices, recorded in the same conditions as described above, are presented in Supplementary Material (Figure S2). By functionalization of MWCNT with AgNPs, the electrocatalytic activity of sensors considerably increased (Figure S2-curve a), with the oxidation of nitrite occurring at 0.856 V, with an intensity of the anodic peak current of 76.1 μA.



By using the 1,8-DAN electropolymerized film to entrap MWCNT-AgNP (Figure S2-curve c), no obvious modifications of the electrocatalytic activity were observed, compared with MWCNT-1,8-DAN/SPE (Figure 3, curve c). For the sensors modified with MWCNT-AgNPs and the SG matrix, a slight improvement of the electrocatalytic behavior was observed. The sensors developed by entrapment of nanomaterials into the SG matrix showed poor stability, with several cracks also being evidenced by SEM images. For this reason, MWCNT-SG/SPE and, respectively, MWCNT-AgNP-SG/SPE were not used for further studies.



The MWCNT-CS-modified sensors showed an enhanced electrocatalytic behavior towards nitrite oxidation, in terms of lowering the oxidation potential value, with an increase of the intensity of the anodic peak current. The stability of the nanomaterial at the sensor surface was considerably improved via the use of chitosan. Thus, MWCNT-CS was used in the further electrochemical studies toward the oxidation of nitrite.



Electrocatalytic oxidation of nitrite at the surface of unmodified and modified sensors with 5 mg/mL of MWCNT and CS 0.5% was studied in acetate buffer 0.1 M, pH 5, containing different concentrations of nitrite (Figure 4A,B).



The voltammograms showed a decrease of the oxidation potential value from 0.725 V for bare SPEs to 0.51 V for MWCNT-CS/SPE. The peak current intensity for the oxidation of nitrite on MWCNT-CS/SPE was 113 µA, compared to 70.5 µA recorded with the sensors based only on MWCNT, proving a higher sensitivity for the composite nanomaterial based on MWCNT and chitosan 0.5%. The increase of the MWCNT-CS/SPE sensors’ sensitivity is explained by the conversion of the -NH2 group in the chitosan matrix into -NH3+ at acidic pH values, which facilitates the absorption of nitrate anions on the sensor surface. Additionally, the high current intensity and low potential values for the MWCNT-CS/SPE sensors demonstrate the synergistic effects of MWCNTs and CS.



An increase of the oxidation current with the increase of the nitrite concentration can be observed in Figure 4B, from 46 µA recorded in the presence of 0.5 mM of nitrite to a value of 368 µA for 5 mM of the substrate, with a concomitant shift of the oxidation potential towards more positive values, from 0.51 V to 0.62 V.



In order to avoid the sensor surface poisoning, the regeneration of the MWCNT-CS-based sensor after multiple uses was performed in CV, by cycling the potential in a reverse way, from +1 to −1.2 V vs. Ag/AgCl, with a scan rate of 0.05 V/s for 12 cycles (Figure 5).



Electrodes are usually subjected to changes at their surface when used in electrochemical oxidation and reduction reactions. In addition, contaminants in the samples are oxidized at the surface of the electrodes, rendering the electrodes ineffective, so that after a period of time, the sensors no longer properly function.



It was observed that the anodic and cathodic peaks corresponding to the oxidation of adsorbed nitrate that was formed on the surface of the electrode decreased in intensity until their disappearance, thus demonstrating the regeneration of the sensor surface modified with the nanomaterial composite.




3.2.2. Effect of Scan Rate on the MWCNT-CS/SPE


Selection of the working applied potential is of great importance in order to achieve a good sensitivity and a low detection limit, while minimizing the interferences. For that purpose, the behavior of MWCNT-CS/SPE and the variation of the oxidation potential were studied in the same conditions as described before, by cycling the potential with different scan rates, from 0.025 to 0.3 V/s (Figure 6A–C).



A proportional variation of the oxidation potential with the scan rate, as well as an increase of the anodic peak currents with the increase of the scan rate, were also observed. The oxidation potential shifted towards more positive values, indicating the existence of a kinetic limitation between the MWCNT-CS/SPE and nitrite.




3.2.3. Effect of pH


The electrochemical behavior of the MWCNT-CS layer towards oxidation of nitrite was evaluated by CVs using different buffer solutions, with pH ranging from 4 to 9, in the presence of 1 mM of nitrite with a sweep rate of 0.05 V/s (Figure 7A).



The MWCNT-CS nanomaterial has been shown to be highly electroactive towards nitrite oxidation, especially at pH 5, while at neutral and alkaline pH, the activity decreased. As shown in Figure 7B, the anodic peak current of MWCNT-CS for nitrite oxidation increased by increasing the pH up to 5, and then slightly decreased as the pH increased. This behavior can be explained by the fact that the pKa of HNO2 is 3.3, and most nitrite anions are protonated in acidic solutions [45,46]. In alkaline medium, the formation of oxides at the electrode surface is favored, leading to an inhibition of the oxidation of nitrites [47]. The amino groups from CS can convert into positively charged -NH3+ at low pH values, in this way facilitating the interaction with nitrite anions. The potential of the oxidation peak shifts to more positive values with the increase of the pH value.



It can be concluded that the electron transfer at the surface of modified sensors with nanomaterial based on MWCNT and chitosan was favored in acidic medium. Taking into consideration the results obtained in the CV studies, a pH value of 5 was considered optimal for the subsequent amperometric measurements.




3.2.4. Effect of MWCNT Loading in the Composite Material


The composition of the nanocomposite material was optimized in order to achieve a high sensitivity and selectivity for nitrite detection (Figure 8A,B).



The concentration of CS used in the composite mixture was optimized by comparing the responses of the sensor toward 1 mM of nitrite, with the highest current intensity being observed when 0.5% CS was used (Figure 8A). A higher concentration of 1% CS could hinder electron and ion transfer on the surface of the sensor due to the increase of the layer thickness on the working electrode, while 0.1% CS provided less positively charged amino groups on the surface compared to 0.5% CS. For these reasons, a concentration of 0.5% CS was considered optimal.



The MWCNT loading on the modified sensors influenced the electrochemical response by lowering the oxidation potential from 0.686 V obtained for the use of 1 mg/mL of MWCNT to 0.51 V when 5 mg/mL of MWCNT was used (Figure 8B). A higher amount of MWCNT, as much as 7 or 10 mg/mL, led to an increase of the background noise. Thus, 5 mg/mL of MWCNT was chosen as the optimum for sensors’ modification.





3.3. Electrochemical Impedance Spectroscopy Studies


The Niquist plots were recorded for the SPE, MWCNT/SPE, MWCNT-CS/SPE, MWCNT-AgNP-CS/SPE, MWCNT-SG/SPE, MWCNT-AgNP-SG/SPE, MWCNT-1,8-DAN/SPE, and MWCNT-AgNP-1,8-DAN/SPE sensors using 0.1 M KCl solution containing 5 mM of Fe(CN)63−/4− as redox probes (Figure 9). A sinusoidal potential modulation of 10 mV amplitude has been imposed at open circuit potential (OCP).



The impedance spectra were analyzed by fitting to equivalent electrical circuits using DropView 8400 software. The Randles equivalent circuit is presented in Figure 9 (inset) and contains the resistance of the electrolyte solution (Rs), the charge transfer resistance (Rct), a capacitance (Cdl), and the Warburg diffusion element (W). The Rct value indicates the resistance towards the electron transfer between the anions in the solution and the electrode surface.



The modification of the bare SPE with nanomaterials led to a decrease of the Rct value from 2214 Ω for bare SPE, to 1215 Ω for MWCNT/SPE and 179 Ω for the MWCNT-CS/SPE sensors, which is correlated with an increase of the electron transfer between the sensor surface and the anionic species in the solution. The MWCNT layer ensures the conductivity of the electrode material, through a high surface area for interaction with the analyte, while the CS facilitates the absorption of the negatively charged anionic species. All these results demonstrate the synergistic effect of the MWCNT and CS towards the electrochemical detection of anionic species.



In the case of MWCNT-AgNP-CS/SPE, the Rct value was calculated to be 162 Ω, which indicates that the use of metallic nanoparticles did not yield a significant improvement of charge transfer properties.



For the sensors modified with nanomaterials based on polymeric film, a decrease of the Rct values was observed when AgNPs were used, from a value of 968.78 Ω for MWCNT-1,8-DAN/SPE to 340.96 Ω for MWCNT-AgNP-1,8-DAN/SPE. This decrease can be explained by the electrocatalytic properties of the AgNPs, which increased the electron transfer at the surface of the sensor. Additionally, the lower Rct value obtained for MWCNT-1,8-DAN/SPE compared with the one obtained for MWCNT/SPE is correlated with the presence of the positively charged amino groups on the 1,8-DAN monomer, which favor the electrostatic interaction with the Fe(CN)63-/4-. However, the Rct values for the sensors modified with polymer, with and without AgNP, were still higher than that of the MWCNT-CS/SPE sensor.



The lowest Rct values, of 100 Ω for MWCNT-SG/SPE and 147 Ω for MWCNT-AgNP-SG/SPE, were obtained for SG-modified sensors, proving an enhancement of the electron transfer at the electrode surface, but correlated with the SEM studies, the SG matrix is not suitable to be used for further studies due to its poor stability, leading to a leeching of the nanomaterial layer in the solution.



Overall, the EIS studies showed that the MWCNT-CS/SPE have good charge transfer characteristics for the detection of anionic species in the solution due to the use of the MWCNTs together with CS.




3.4. Chronoamperometric Studies


Estimation of the catalytic rate constant (kcat) and diffusion coefficient (D) for the electrocatalytic reaction was performed using chronoamperometry (Figure 10A–D). Chronoamperograms were recorded in acetate buffer containing 0.5, 1, and 2 mM of NO2− at 0.58 V on MWCNT-CS/SPE (Figure 10A). The ratio icat/ibuffer vs. the t1/2 plot for 2 mM of nitrite represented in Figure 10B shows a linear variation used to calculate the catalytic rate constant.



The linear segments of plots i vs. t−½ (Figure 10C) and slope vs. nitrite concentration (Figure 10D) were used for the calculation of the diffusion coefficient (D).



The catalytic constant, kcat, was calculated with the equation:


     i  c a t      i  B u f f e r     =  π   1 2           k  c a t     C   t      1 2     



(1)




where icat is the current recorded in the presence of analyte and iBuffer represents the current recorded in the absence of the analyte, C is the concentration (mM) of nitrite, and t is the time (s).



The diffusion coefficient was calculated using the Cottrell Equation (2):


  i =   n F A C  D  1 / 2        π  1 / 2    t  1 / 2      



(2)




where I (μA) is the catalytic current of MWCNT-CS-based sensors in the presence of nitrite, F is the Faraday constant (96,485 C/mol), A is the area of the working electrode (cm2), C is the concentration of NO2−, and n is the number of electrons transferred in the electrochemical reaction.



The catalytic constant value of 557.74 L·mol−1·s−1, calculated by using the slope of the icat/ibuffer vs. t1/2 plots recorded for 2 mM of nitrite (Figure 10B), was higher than that reported in the literature, of 45 L·mol−1·s−1 for MnO2-decorated graphene oxide [40], demonstrating that MWCNT and CS act as an excellent catalyst toward the oxidation of nitrite. The obtained diffusion coefficient (D) was about 3.86 × 10−6 cm2 s−1.




3.5. Amperometric Detection of Nitrite Using MWCNT-CS/SPE Sensors


Taking into consideration the previous CV and EIS studies, the working conditions for the amperometric detection of nitrite were optimized by using MWCNT-CS/SPE sensors in a potential range of 0.53 to 0.65 V in acetate (pH 5) and PBS (pH 6–7) buffers of 0.1 M (Figure 11A). The analytical performances of the MWCNT-CS sensors at different pH values were obtained from the calibration curves using the linear regressions presented in Figure 11B.



These results show that sensors based on MWCNT-CS presented better characteristics for the detection of nitrite in acidic medium (pH 5), at 0.58 V, with a specific sensitivity of 204.4 mA·M−1·cm−2 (RSD = 5.7%, n = 5) being obtained for a linear range of nitrite concentration up to 1.7 mM. The specific sensitivity obtained in neutral medium at 0.65 V was 111.1 mA·M−1·cm−2 (RSD = 8.6%, n = 6). Detection limits were determined for a S/N ratio of 3. The response time of MWCNT-CS-based sensors for the substrate was about 20 s in acidic medium, and respectively 32 s in neutral medium.



The analytical performance parameters of the MWCNT-CS/SPE sensor for nitrite detection were compared with other reported data from the literature, especially by using amperometric or DPV methods (Table 1).



By using the MWCNT-CS-based sensors, it was possible to detect nitrite with good sensitivities and low detection limits in soil samples with different pH values, by working at relatively low values of applied potential, compared with the reported ones.




3.6. Stability, Reproducibility, and Interference Studies


The operational stability was estimated by measuring the sensor response to 0.1 mM of nitrite, rinsing the sensor after each measurement. The average current value was 1.38 ± 0.07 μA by performing 10 successive substrate additions (RSD = 5.5%) in acetate buffer, 0.1 M, pH 5, at 0.58 V, and respectively, 1.25 ± 0.08 μA (RDS = 5.8%) in PBS, 0.1 M, pH 7, at 0.65 V, suggesting a good operational stability of the developed sensors.



The long-term stability of the MWCNT-CS/SPE was estimated in the same conditions, by carrying out substrate determination during a seven-day period. The sensor showed a relatively stable response, with a variation of 4.2% for the amperometric response in acetate buffer, pH 5, and respectively, of 2.1% in PBS, pH 7.



Interference studies were carried out using possible interfering compounds, such as sodium nitrate, calcium chloride, magnesium chloride, urea, and glucose. Table 2 presents the relative amperometric (%) response of the MWCNT-CS/SPE sensor recorded in 20 μM of sodium nitrite during successive additions of 20 μM of potential interfering species, expressed as the percentage of the initial response for nitrite, in acetate buffer at 0.58 V.



It was observed that in the presence of the interfering species, the sensor response did not show a significant variation, with the highest value of the recorded current being obtained for sodium nitrite. The developed sensor proved high selectivity for the detection of nitrite in soil solution.




3.7. Detection of Nitrite in Real Samples


The MWCNT-CS/SPE sensors were used for the detection of nitrite content in different soil samples. Soils from corn fields and vegetable gardens were collected and used in the laboratory to grow tomatoes. Low-volume suction lysimeters were used to extract the soil solutions to be analyzed (Figure 12). The modified flexible sensors were easily integrated with a portable detector used in the field, which can gather and transmit data by wireless connection from multiple sampling points in an agriculture field, thus representing a promising tool for nitrite monitoring in food crops.



Soil samples from agricultural lands and gardens were used for the determination of nitrite before culturing plants, and to monitor the variation of the nitrite concentration before and after the cultivation of tomatoes. The soil containers were watered periodically and lysimeters were used to collect the soil solutions. Additionally, soil solutions were collected in-field.



Determination of nitrite contents by using the developed flexible sensors was performed by selecting the suitable calibration curve corresponding to the pH value of the soil samples. The results obtained with the developed sensors were compared with the results of colorimetric and spectrophotometric assays, showing a good correlation (Table 3).



The soil samples collected from the field and garden soils used for growing tomatoes in the laboratory were also used for measurements in spiked solutions (Table 4).



The recovery values between 107.7% and 112.9% demonstrate the reliability of the developed sensors.



The results obtained with the designed MWCNT-CS/SPE sensors were shown to be in good agreement with those achieved using reference methods.





4. Conclusions


A simple and low-cost method for the development of MWCNT-CS-based flexible sensors was used in order to ensure a sensitive, selective, and rapid determination of nitrite in soil solutions. The electrochemical properties of MWCNT-CS nanocomposite material towards nitrite oxidation were compared with different nanomaterials. Morpho-structural and electrochemical studies were used for the characterization and optimization of the nanomaterial-based sensor, in order to achieve a sensitive and selective determination of nitrite.



The developed flexible sensors were used for the determination of nitrite content in different soil samples, at low values of applied working potentials, which in this way reduced the influence of the potential interfering compounds.



Detection of nitrite in soil solutions was performed by using portable electrochemical detectors and flexible MWCNT-CS/SPE sensors, directly inserted in the suction lysimeters. It was proven that the combination of MWCNT and CS ensured high sensitivity, accuracy, selectivity, and stability for nitrite detection in real samples.



This flexible and portable system developed for nitrite detection was successfully tested for transmission of recorded data in-field to our laboratory access point, by using a wireless communication system developed by our partner EPI-SISTEM.



This simple and cost-effective preparation method of the nanocomposite-based sensors can be easily adapted for different types of potential contaminants in soil.
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Figure 1. SEM images of: (A) SPE, (B) CS/SPE, (C) MWCNT/SPE, and (D) MWCNT-CS/SPE. 
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Figure 2. FTIR spectra for: (A) (a) SPE, (b) MWCNT/SPE, (c) MWCNT-AgNP/SPE, (d) CS/SPE, (e) MWCNT-CS/SPE, and (f) MWCNT-AgNP-CS/SPE. (B) (g) SG/SPE, (h) MWCNT-SG/SPE, (i) MWCNT-AgNP-SG/SPE, (j) 1,8-DAN/SPE, (k) MWCNT1,8-DAN/SPE, and (l) MWCNT-AgNP 1,8-DAN/SPE. 
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Figure 3. Cyclic voltammograms recorded for: MWCNT/SPE (a), MWCNT-CS/SPE (b), MWCNT-1,8-DAN/SPE (c), and MWCNT-SG/SPE (d) (PBS 0.1 M, pH 7, v = 0.05 V/s). 
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Figure 4. Cyclic voltammograms recorded for oxidation of: (A) 1 mM of nitrite on bare SPE- (a), CS/SPE- (b), MWCNT/SPE- (c), and MWCNT-CS/SPE-based sensors (d), and (B) 0.5, 1, 2, 3, 4, and 5 mM of nitrite on MWCNT-CS/SPE (acetate buffer 0.1 M, pH 5, ν = 0.05 V/s). 
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Figure 5. Regeneration of MWCNT-CS-based sensors (acetate buffer 0.1 M, pH 5, v = 0.05 V/s, n = 12 cycles). 
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Figure 6. (A) Cyclic voltammograms performed with MWCNT-CS/SPE at different scan rates (acetate buffer 0.1 M, pH 5, 1 mM nitrite, scan rate 0.025: 0.05; 0.1;0.15; 0.2; 0.25 and 0.3 V/s). (B) Plot of anodic peak current (Ipa) vs. square root of the scan rate (ν1/2). (C) Plot of anodic potential (Epa) vs. log of the scan rate (log ν). 
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Figure 7. The effect of pH on the electrocatalytic behavior of MWCNT-CS/SPE: (A) cyclic voltammograms in acetate and PBS buffers containing 1 mM of nitrite, and (B) variation of oxidation peak potential and current vs. pH. 
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Figure 8. Cyclic voltammograms recorded with MWCNT-CS-based sensors: (A) MWCNT 1 mg/mL and CS (0.1;0.5 and 1%), and (B) MWCNT (1;2.5 and 5 mg/mL) and CS 0.5% (acetate buffer 0.1 M, pH 5.0, 1 mM nitrite, scan rate of 0.05 V/s). 
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Figure 9. Nyquist plots registered for: (a) SPE, (b) MWCNT/SPE, (c) MWCNT-CS/SPE, (d) MWCNT-AgNP-CS/SPE, (e) MWCNT-SG/SPE, (f) MWCNT-AgNP-SG/SPE, (g) MWCNT-1,8-DAN/SPE, and (h) MWCNT-AgNP-1,8-DAN/SPE. Inset: Randles equivalent circuit (frequency range: 1 MHz–10 Hz, AC amplitude: 10 mV, OCP). 
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Figure 10. Chronoamperograms recorded for MWCNT-CS/SPE: (A) in the absence (a), and in the presence of 0.5 (b), 1 (c), and 2 mM (d) of nitrite. (B) icat/iBuffer vs. the t½ plot derived from (a) and (b). (C) Linear segments of plot i vs. t−½ for 0.5, 1, and 2 mM of nitrite. (D) Plot of the slopes vs. the nitrite concentration. 
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Figure 11. (A) Variation of the sensitivity with pH and applied working potentials for MWCNT-CS/SPE sensors. (B) Calibration curves for the amperometric detection of nitrite in acetate buffer, 0.1 M, pH 5, at an applied potential of 0.58 V, and in PBS, pH 6 and 7, at 0.68 V. 
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Figure 12. Nitrite determination in soil solutions using a portable miniaturized electrochemical detector and a flexible MWCNT-CS/SPE sensor. 
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Table 1. Comparison of the MWCNT-CS/SPE sensor with other amperometric sensors reported in the literature.
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Sensor

	
pH

	
EOX (V)

	
Linear Range

(µM)

	
Sensitivity

(mA M−1 cm−2)

	
LOD

(μM)

	
Sample

	
Ref.






	
Ag/Cu/MWNTs/GCE a

	
7.0

	
0.85

	
1–1000

	
-

	
0.2

	
lake and drinking water, seawater

	
[39]




	
AgNPs/MWCNTs/GCE

	
5.0

	
0.85

	
1–100

	
-

	
0.095

	
tap water

	
[38]




	
MnO2/PANI b/GCE

	
5.0

	
0.85

	
19.98–732.17

	
225

	
1.08

	
tap and lake water

	
[34]




	
rGO-PANI-AsM c/GCE

	
4

	
0.83

	
25–7500

	
803

	
10.71

	
ground and sewage water

	
[37]




	
Pt-Cu/GO d/GCE

	
7.2

	
0.80

	
0.2−9 × 103

	
139.9

	
3

	
-

	
[33]




	
ABC-800 e/GCE

	
-

	
0.73

	
4.9–1184

	
570

	
2.7

	
urine

	
[36]




	
NGE/PdNC f/GCE

	
6.0

	
0.73

	
0.5−1.51 × 103

	
342.4

	
0.11

	
drinking water, sausage

	
[35]




	
AgMCs-PAA/PVA g/SPCE

	
7.0

	
0.70

	
2−800

	
474.14

	
4.5

	
meat products

	
[29]




	
Chit-TsCuPc h/GCE

	
4.0

	
0.55

	
0.05 × 10−2–6.5 × 10−2

	
4964 × 103

	
22 × 10−3

	
chips, pickled vegetables

	
[24]




	
MnO2/GO i-SPE

	
7.4

	
0.55

	
0.1–1, 1–1000

	
-

	
0.09

	
tap water, packaged water

	
[40]




	
MWCNT-CS/SPE

	
5.0

	
0.58

	
16–1700

	
204.4

	
2.3

	
soil solutions

	
This work




	
7.0

	
0.65

	
20–1700

	
111.1

	
4.3








a Glassy carbon electrode, b polyaniline, c reduced graphene oxide-polyaniline-arsenomolybdate, d graphene oxide, e porous carbon synthesized at 800 °C, f nitrogen-doped graphene/palladium nano-cubes, g silver micro-cubics-polyacrylic acid/poly vinyl alcohol, h chitosan-protected tetra-sulfonated copper phthalocyanine, i manganese dioxide-decorated graphene oxide.
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Table 2. Relative response (%) for 20 µM of nitrite in the presence of potential interfering compounds.
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	Compound
	Relative Response (%)
	RSD (%)





	Na2NO3
	89.5
	3.9



	CaCl2
	91.2
	5.8



	Urea
	86.0
	8.2



	Glucose
	93.0
	7.5



	Citric acid
	89.5
	7.8
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Table 3. Determination of nitrite concentration (µM) from various soil solutions using different methods.
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Soil

	
Determined Concentration of Nitrite (µM)




	
Spectrophotometric

Measurement

	
Colorimetric Measurement

	
Amperometric Measurement






	
Field without plants, kept in the laboratory

	
56.5

	
52.9

	
45.6




	
Field with tomatoes, kept in the laboratory

	
10.7

	
8.6

	
7.4




	
Field with corn

	
68.7

	
55.3

	
55.2




	
Garden with tomatoes and eggplants

	
19.8

	
17.7

	
18




	
Garden without plants, kept in the laboratory

	
168.8

	
130.8

	
122




	
Garden with tomatoes, kept in the laboratory

	
20.4

	
22.9

	
18.9
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Table 4. Detection of nitrite in spiked soil samples.
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Soil Samples

	
Nitrite Added (µM)

	
Nitrite Detected (µM)

	
Recovery (%)






	
Field

	
75

	
79

	
109.8 ± 6.2




	
125

	
138

	
110.3 ± 8.2




	
Garden

	
75

	
81

	
107.7 ± 6.5




	
125

	
141

	
112.9 ± 7.9
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