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Abstract

:

This paper reports the use of nanoparticles (NPs)-modified voltammetric sensors for the rapid determination of glycerol in the presence of ethanol and methanol, which are used in the transesterification reaction of biodiesel production. Two different modified electrodes have been prepared to form the electronic tongue (ET): copper hexacyanoferrate NPs obtained by chemical synthesis and mixed into graphite/epoxy (GEC) electrode, and nickel hydroxide NPs electrodeposited in reduced graphene oxide onto a GEC electrode. The response characteristics of these electrodes were first evaluated by building the respective calibration against glycerol, ethanol, and methanol. The electrodes demonstrated good stability during their analytical characterization, while principal component analysis confirmed the differentiated response against the different alcohols. Finally, the quantification of mixtures of these substances was achieved by a genetic algorithm-artificial neural networks (GA-ANNs) model, showing satisfactory agreement between expected and obtained values.
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1. Introduction


Biodiesel, a renewable biomass-derived biofuel intended for use in internal combustion engines, is synthesized through a chemical process known as transesterification [1,2]. The production of biodiesel entails the use of vegetable or animal oils in combination with short-chain alcohols such as methanol or ethanol. This reaction can be catalyzed by either an acid or a base, although the basic route is generally preferred due to its capacity to yield higher conversion rates [2,3]. The most frequently employed catalysts in this process are sodium and potassium hydroxides. Consequently, residual catalysts may persist in the biodiesel due to the inefficacy of the product purification methods [4].



In conjunction with biodiesel production through the transesterification reaction, another byproduct emerges: glycerol. Glycerol, classified as an organic alcohol [5], is inherently present in all animal and plant-derived oils and fats, predominantly in a combined form, where it is bound to fatty acids. However, the presence of glycerol poses challenges for engines, as it can lead to the accumulation of residues at the injector nozzles, in the depths of vehicle fuel tanks, and even cause complications in storage systems [6]. Another significant concern pertains to the combustion of biodiesel in the presence of glycerol (occurring at temperatures exceeding 180 °C), resulting in the formation of acrolein, a highly detrimental compound for both human health and the environment [7].



Consequently, the quantification of glycerol residues within biodiesel is of paramount importance not only for the optimal performance of this biofuel, but also to prevent the incineration of deleterious byproducts that pose risks to human health [4,7]. Even more, accurately assessing the levels of residues within biodiesel represents the first step towards addressing its removal. Hence, there arises a need to develop sensitive and reliable analytical techniques for the quantification of glycerol in biodiesel [6,8].



Among analytical methods, electrochemical methods involving the use of sensors modified with nanomaterials have garnered significant attention in the literature [9,10]. This is because they have introduced innovations and substantial improvements to traditional analytical methods, offering numerous advantages. The primary distinctions and innovations of electrochemical sensors with nanomaterials include faster response time, enhanced sensitivity, lower detection limits, or higher compound selectivity, among other factors [9,10]. Overall, electrochemical sensors with nanomaterials offer a wide array of advantages and innovations, which have led to their adoption in diverse fields, including environmental monitoring, healthcare, food safety, and industrial process control [11,12].



In this context, several researchers have been actively engaged in refining the detection of contaminants in biodiesel using electrochemical sensors [13]. For instance, Arévalo et al. developed a sensitive electrochemical sensor for glycerol detection in biodiesel samples using copper oxide nanoparticles (NPs)-decorated multiwalled carbon nanotubes/pectin composite deposited onto a glassy carbon electrode (GCE) [14]. Another interesting example is the method proposed by Honório et al., involving electrochemical detection and solid phase extraction [15]; researchers used solid-phase extraction to isolate free glycerol from other components, while electrochemical analysis was conducted using palladium-modified GCE, making it a cost-effective and faster alternative to GC-based techniques. Similarly, Magno et al. reported the modification of a GCE with reduced graphene oxide and core-shell gold@palladium nanoparticles for the determination of glycerol in the aqueous phase obtained after liquid–liquid extraction from a biodiesel sample [16]. In another study, the combination of a GCE with electrochemically reduced graphene and electrochemically deposited gold nanoparticles was also applied for the determination of free glycerol in biodiesel previously extracted by liquid phase extraction [17]. Lastly, Ravipati et al. recently reported the use of copper–metal–organic framework (Cu-MOF) as a versatile electrocatalyst for detecting glycerol in biodiesel [18].



However, while individual sensors may excel in the discrete analysis of specific compounds, their efficacy diminishes when faced with complex matrices comprising multiple constituents. In such instances, the need arises for alternative technologies capable of simultaneous compound detection. Within the realm of sensor technology, an innovative approach emerged, characterized by the incorporation of sensor arrays alongside intricate data processing methodologies, colloquially referred to as electronic tongue (ET). ETs represent highly adaptable sensor systems, adept at simultaneous monitoring of diverse analyte concentrations. They excel not only in scrutinizing analytes amidst the presence of their interfering agents, but also in the disentanglement of a mixture of similar analytes [19,20,21].



An ET, fundamentally, constitutes a multi-sensory arrangement featuring a suite of sensors that exhibit modest selectivity, along with advanced signal processing in the realms of pattern recognition and multivariate data analysis, to distill significance from the intricacies of this complex dataset [19]. In other words, ETs comprise an assemblage of sensors to generate multidimensional insights, supported by chemometric processing tools such as artificial neural networks (ANNs) or principal component analysis (PCA), among others, and serve as a pivotal analytical apparatus tailored for the analysis of complex liquid samples. To the best of the authors’ knowledge, although chemometric tools have been applied to the analysis of biodiesel, the application of a voltammetric ET for the analysis of glycerol in biodiesel has not been reported so far [22,23,24].



In this direction, the present work tackles the characterization and application of a voltammetric ET for the analysis of glycerol, ethanol, and methanol, three relevant byproducts in the production of biodiesel. The developed ET is based on an array of graphite-epoxy composite (GEC) electrodes modified with different metal oxide NPs (viz., nickel and copper); some of these electrodes were previously used in analysis of monosacharides [25]. The response of the developed electrodes was first characterized against the three alcohols individually, confirming its good performance and differentiated sensitivity and selectivity towards the alcohols under scrutiny. Next, an ANN quantitative model for the simultaneous quantification of the different compounds was built by combining the responses of the different electrodes. However, due to the inherent high dimensionality of the data considered, a preprocessing stage employing genetic algorithms (GAs) was employed to select the more relevant features and improve the model performance and generalization ability. This integration of NPs-modified electrodes and advanced data processing facilitated the discernment of complex chemical constituents within the tested alcohols, empowering the system to distinguish between them with a remarkable degree of precision.




2. Materials and Methods


2.1. Chemicals and Reagents


All chemical reagents employed in this study were of analytical-grade quality. Aqueous solutions were prepared using deionized water derived from a Milli-Q system, as provided by Millipore, based in Billerica, MA, USA. Nickel(II) nitrate hexahydrate (≥99.999%), copper(II) nitrate pentahydrate (99.99%), potassium(III) hexacyanoferrate (≥99%), potassium chloride (≥99%), potassium nitrate (≥99%), potassium sulfate (≥99%), monobasic potassium phosphate (≥99%), dibasic potassium phosphate (≥98%), and sodium hydroxide (≥97%) were all procured from Sigma-Aldrich (St. Louis, MO, USA). Sulfuric acid (≥95%), sodium nitrate (≥99%), and potassium permanganate (≥99%) were purchased from Merck (Darmstadt, Germany). Hydrochloric acid (≥37%) was obtained from Panreac Química (Barcelona, Spain). Glycerol (≥99.5%), in its pure form, was sourced from Acros Organics, a division of Thermo Fisher Scientific, situated in Geel, Belgium. Methanol (≥99.8%) and ethanol (≥99.5%) were acquired from Scharlau (Barcelona, Spain). The Resineco epoxy kit resin was provided by Resineco Green Composites, a company based in Barcelona, Spain. Additionally, graphite powder was purchased from BDH Laboratory Supplies, located in Poole, UK.




2.2. Apparatus and Measurements


The amperometric measurement cell consisted of two metal NPs-modified GEC electrodes (see Section 2.3), along with an ORP reference Ag/AgCl electrode (Fisher Scientific, Madrid, Spain). For the acquisition of data through cyclic voltammetry, a 6-channel AUTOLAB PGSTAT20 potentiostat, manufactured by Ecochemie in the Netherlands, was used. The potentiostat was configured in a multichannel arrangement and commanded by the provided GPES Multichannel 4.7 software package. Voltammetric measurements encompassed electrode potentials ranging from −1.0 V to +1.0 V (versus Ag/AgCl), accomplished with a scan rate of 100 mV/s. It is pertinent to note that all electroanalytical experiments were conducted at room temperature.




2.3. Electrodes Preparation


2.3.1. Graphene Synthesis


Graphene oxide (GO, 5 mg/mL) was synthesized through a modified version of the Hummers method [26,27]. Briefly, graphite and sodium nitrate are mixed with sulfuric acid previously cooled to 0 °C, followed by the slow addition of potassium permanganate to the previous flask to avoid excessive heating. Next, the mixture was stirred for 4 h at room temperature, plus 30 min at 35 °C. The end of the oxidation process was conducted under controlled temperature conditions by adding deionized water into the reaction and maintaining the solution at 70 °C under stirring for 15 min. Finally, the obtained graphene oxide was separated and purified. The synthesized graphene oxide was previously characterized in other studies; however, additional characterizations are provided in the Supplementary Information of this work.




2.3.2. Copper NPs Synthesis


Copper hexacyanoferrate (CuHCF) NPs were synthesized by a facile coprecipitation method based on a previously reported procedure [28]. Initially, a 10 mM solution of potassium ferrocyanide and a 10 mM solution of copper nitrate were separately prepared in MilliQ water (100 mL each), and then heated up to 50 °C. Then, the Cu(NO3)2 solution was slowly pumped (0.28 mL/min) for 6 h to the K3Fe(CN)6 solution (under constant stirring at 500 rpm), leading to the formation and precipitation of NPs. Finally, the obtained precipitate was filtered with a 0.20 µm Millipore’s Omnipore membrane purchased from Merck (Darmstadt, Germany), completely washed with ethanol and pure water, and dried at 70 °C under vacuum for 3 days.




2.3.3. Preparation of GECs


The electrode assembly process started with the integration of a PVC tube body, adjoined with a copper disk that was affixed at an electrical connector, as previously described [29]. After the assembly, a composite of graphite and epoxy (GEC) material was concocted. This mixture was prepared through manual blending of the epoxy resin, the hardener, and graphite powder. The resultant slurry underwent a homogenization process, after which the paste was inserted into the PVC tubes and then subjected to a curing process at 40 °C for two days. Upon completion of the curing phase, the electrodes underwent a polishing procedure using sandpaper in successive grain sizes of 300, 600, 800, and 1200 until the attainment of a uniform electrode surface.




2.3.4. Preparation of Modified GECs


The CuHCF NPs-modified electrodes were prepared in the same way as the graphite working electrodes. The powder obtained by the chemical synthesis was mixed with the substrate composite in a ratio of 5% of the amount of graphite. Afterwards, the electrodes were prepared, cured, and polished in the same way.



The formation of the nickel hydroxide sensor with GO was carried out in a similar way to that previously reported [30]. First, a 1 mg/mL GO solution was prepared by dilution within a 0.067 M phosphate buffer solution and submitted to exhaustive magnetic stirring. Subsequently, the electrodeposition and reduction of GO was undertaken via cyclic voltammetry, involving 10 successive scans over a potential range from −1.5 V to 0.5 V, employing a scan rate of 10 mV/s. The comparison of GEC with and without electroreduced graphene oxide (ERGO) is presented in the supplementary information in Figure S2. Next, after the deposition of the ERGO, the deposition of Ni(OH)2 was conducted through cyclic voltammetry, involving a series of 15 scans in a potential range from −0.2 V to 1.0 V, using a scan rate of 100 mV/s. The electrolytic solution for this process consisted of 0.5 M KCl, 0.1 M HCl, 0.5 mM K3Fe(CN)6, and 1 mM Ni(NO3)2.



Finally, prior to their utilization, all electrodes were subjected to a stabilization step via cyclic voltammetry, consisting of carrying out several scans in a 0.1 M NaOH solution in the potential range from −1.0 V to 1.0 V at a scan rate of 100 mV/s.





2.4. Characterization by Scanning Electron Microscopy


GECs modified with metal NPs were imaged using a MERLIN field emission scanning electron microscope (FE-SEM) from Zeiss. To complement the morphological information, an energy dispersive X-ray spectroscopy (EDX) module, model Oxford Instruments X-MAX (20 mm2), was used to obtain the comprehensive elemental analysis. Subsequently, for the determination of particle dimensions, IMAGEJ software (v. 1.53. t) was employed [31].




2.5. Samples Preparation


All measurements of alcohol standard solutions were carried in 0.1 M NaOH, necessary to observe electrocatalyis; consequently, all stock solutions were prepared in the same media.



On the one side, solutions of increasing concentration of each alcohol were prepared from the stock solutions in NaOH and measured under the above conditions to build the corresponding calibration curves for each compound. From those, their analytical response was further characterized in terms of linearity, sensitivity, LOD, reproducibility, etc.



On the other side, to assess the ET potential in achieving the simultaneous quantification of glycerol, ethanol, and methanol, a set of samples consisting of mixtures of the three compounds under scrutiny were prepared. Concretely, 48 samples encompassing a concentration spectrum ranging from 0 to 4 mM for glycerol and from 0 to 40 mM for ethanol and methanol were prepared. The set of samples was partitioned into two distinct subsets of data: a training subset, formed by 27 samples (constituting 56% of the total), which were allocated according to a 33 factorial design, and a testing subset, formed by 21 extra samples (44% of the total dataset), which were randomly distributed across the experimental domain. The samples corresponding to the training subset were used for the construction of the ANN response model, while those of the testing subset samples served as a robust means to assess and validate the predictive capabilities of the model.




2.6. Data Processing


The chemometric analysis was performed in MATLAB 7.1 (MathWorks, Natick, MA, USA) by specific routines developed by the authors, using the Statistics and Neural networks toolboxes. PCA was used for preliminary assessment of the potential of the proposed ET to discriminate between the different compounds under scrutiny, while ANNs were used for the quantitative modelling of the data. However, given the large dimensionality of the voltammetric data, GAs were used as the feature selection tool to reduce the number of inputs to be fed to the ANN model [32,33].





3. Results and Discussion


3.1. Characterization of GEC/Metal NPs-Modified Electrodes


The surface morphology of the built electrodes was first characterized using SEM imaging, as detailed in Section 2.4. The main goal was to confirm the presence of the different synthetized nanomaterials, viz. ERGO and the metallic NPs.



Figure 1a shows the SEM image of the CuHCF-modified GEC, from which clear clusters of NPs can be observed in certain areas of the electrode surface. Statistical analysis with ImageJ of those NPs revealed that these clusters exhibit a homogeneous distribution of NPs (although some have protrusions), with an average size of 47 ± 17 nm (Figure 1b). Further confirmation of the presence of CuHCF NPs was achieved from the EDX spectrum (Figure 1c), which revealed that the surface is composed of Cu, Fe, K, and C, all the elements that could be expected from the chemical formula of copper hexacyanoferrate plus the graphite coming from the electrode.



Similarly, Figure 1d shows the SEM image corresponding to the Ni(OH)2-modified GEC electrode, from which it is evident that the NPs exhibit a uniform distribution on the electrode surface. In this case, the Ni(OH)2 NPs have an average size of 61 ± 16 nm (Figure 1e), with a more spherical and homogenous shape if compared to the previous one. As before, the EDX spectrum indicates the presence of Ni, O, and C (Figure 1f), therefore confirming the successful electro-synthesis of nickel hydroxide from nickel hexacyanoferrate (NiHCF), with no presence of Fe and K elements in the spectrum.



Lastly, images corresponding to the bare GEC electrodes were also taken to confirm the lack of any metallic NPs, both from the image itself as well as from the EDX analysis (Figure 2), confirming once more the successful synthesis due to the clear differences observed between the different electrodes.




3.2. Voltammetric Responses of the Electrodes


Prepared bare GEC electrodes were first tested in a 5 mM [Fe(CN)6]3/4− solution containing 1 M KCl to assess their electrochemical performance, showing good reproducibility between them (Figure 3). Next, two distinct electrodes were modified, each featuring the incorporation of specific NPs: copper hexacyanoferrate and nickel hydroxide.



The next step was to examine the voltammetric response of each of the electrodes towards the individual compounds under study. This was conducted to ensure that a voltammetric response was obtained for each of the compounds, but, more importantly when developing an ET, that sufficiently distinct signals are obtained between the different electrodes, thereby ensuring that valuable data are generated for the construction of the multivariate calibration model. In this direction, individual standard solutions of glycerol, ethanol, and methanol were analyzed as described in Section 2.2, and the resulting voltammograms are shown in Figure 4.



Figure 4a illustrates the voltammograms of the CuHCF-modified electrode. Notably, the voltammogram recorded in a solution containing 4 mM of glycerol exhibited a marked alteration at a potential ca. 0.65 V (vs. Ag/AgCl), accompanied by the emergence of an anodic shoulder, while for ethanol and methanol, a minimal increase in current was observed. Despite the NPs being composed of CuHCF, as confirmed by SEM-EDX analysis, the sensor’s behavior resembles that of copper oxide. This convergence is attributed to the fact that, in alkaline solutions such as sodium hydroxide, CuHCF undergoes a redox process, resulting in the formation of CuO and CuOOH. During the anodic process, Cu NPs can be oxidized into CuO or CuOOH, and based on previous reports, it is plausible that the CuIII/CuII redox couple plays a pivotal role in the oxidation of alcohols [34,35,36].



Likewise, Figure 4b shows the response of the electrode modified with ERGO/Ni(OH)2 towards the three alcohols, exhibiting an increase in current for all alcohols at a potential ca. 0.65 V (vs. Ag/AgCl). Curiously, these changes in the anodic peak currents are concomitant with a simultaneous change in the cathodic current. These findings strongly indicate that the NiIII/NiII redox couple, in the form of Ni(OH)2 and NiOOH, can catalyze the electrooxidation of alcohols [37,38]. The potential electrode mechanisms taking place in these reactions have been detailed in Table S1 (supplementary information).



To better assess the cross-response of the different electrodes against the different compounds, previously shown voltammograms were submitted to PCA. The resulting score plot is presented in Figure 5. As can be seen, the accumulated explained variance reaches a value of ca. 89.7%; a value close to 100% indicates that most of the original data variance is now represented with only these two principal components (PCs). Furthermore, it can be noted how each of the compounds is grouped on clear clusters, easily distinguishable one from the other. Accordingly, based on the voltammetric profiles and the PCA score plot, it is safe to say that the initial selection of sensors holds the potential to tackle the simultaneous determination of the three alcohols.



However, prior to that, the analytical characterization of sensors performance was carried out. On the one side, this is needed to assess the linear behavior (and response range) of the different sensors and also to corroborate that different sensitivities were actually shown between them, this being an important condition to assure the resolution of the considered compounds. These will, in turn, allow us to later define the experimental domain for the quantitative experiment. On the other side, the sensors’ repeatability will also be assessed, a critical feature when working with ETs, as the building of the response models normally requires performing a large number of consecutive measurements.



The analytical stability of the sensors for long time application (evaluated in terms of their relative standard deviation, %RSD) was estimated using a mixed solution with 5 mM glycerol, 50 mM ethanol, and 50 mM methanol. A total of 27 measurements were conducted, yielding %RSD values of 2.70%, 5.02%, and 2.76% for CuHCF, Ni(OH)2, and-GEC electrodes, respectively. The %RSD for the modified electrodes (CVs are shown in supplementary information, Figure S3) was measured, resulting in 4.18% and 5.51% for the CuHCF- and Ni(OH)2-modified electrodes, respectively. With regard the third electrode used, the reproducibility of construction can be derived from the superimposed voltammograms in Figure 3, whereas the variability of the maximum oxidation currents was 3.85%. In addition to this, the %RSD for three sequential measurements with different alcohols was determined. For glycerol at a concentration of 4 mM, the %RSD for the CuHCF- and Ni(OH)2-modified electrodes was 3.96% and 6.70%, respectively. For the Ni(OH)2-modified electrode in the presence of 40 mM ethanol and methanol, the RSD was 3.10% and 2.13%, respectively.



Next, once their stability was confirmed, calibrations curves for the different alcohols in 0.1 M NaOH solution were built to fully characterize the sensors.



In all cases, there was a linear increase in the anodic current with increasing glycerol concentration, with all sensors responding accurately and linearly (Table 1). However, for ethanol and methanol, the CuHCF-modified sensor faced challenges in achieving good linear responses at low concentrations. for the Ni(OH)2-modified sensor, the similarity between ethanol and methanol molecular structures, with ethanol succeeding methanol in the molecular chain, can be considered as the reason for the considerable similarity in the responses, as shown in Table 1. Though this might not be an ideal situation, the use of ANNs, combining both linear and non-linear functions, can assist in the successful modelling of the observed non-linear behavior, allowing us to achieve the correct quantification of the different compounds.




3.3. ANN Model


The last step of this study involved building the ANN model to achieve the simultaneous quantitative determination of glycerol, ethanol, and methanol in biodiesel. To this end, the set of samples described in Section 2.5 were measured under the same conditions as in previous experiments, recording a complete cyclic voltammogram for each of the electrodes.



However, before constructing the quantification model, it is essential to perform a preprocessing step to reduce the high dimensionality of the data, especially when using ANNs. This step is crucial for preventing the under-determination issue that can occur with large, overly complex ANNs, while at the same time, it significantly decreases the time and memory required for the modeling process [39]. Additionally, this step generally enhances the model performance and generalization ability thanks to the removal of redundant input data and the reduction of the model’s complexity, thereby mitigating the risk of overfitting [32,39].



In our case, this was achieved by means of GAs, which were used as an iterative feature selection tool. In this manner, from the original data, only sixty-two final current values from the three sensors were selected and fed to the ANN model. In addition, the ANN topology was optimized to find the best configuration that optimizes its performance, which in our case had 62 neurons (corresponding to the selected currents with GAs) in the input layer, 4 neurons and a tansig transfer function in the hidden layer, and three neurons and a satlins transfer function in the output layer.



Subsequently, the performance of the developed model was assessed by building comparison graphs of predicted vs. expected concentration values for both subsets (training and testing, Figure 6), showing a satisfactory trend close to the ideal one, especially in the case of glycerol. To numerically assess the performance of the ANN model, the linear regression parameters of the comparison lines were assessed. As could be deduced from the plot, the general trend in all cases was satisfactory, as the intercept and slope values were close to the ideal values (viz., 0 and 1, respectively). In the case of ethanol and methanol, although the performance was not as good as for glycerol, with an observed dispersion larger than desirable for a quantitative application, correlations were still significant, and still good enough for a semi-quantitative approach. In this respect, it should be considered that the challenging situation is the quantification of methanol and ethanol separately with just a simple electrochemical measurement, given their similarity; this scenario highlights the significant improvement attained thanks to the use of the advanced data treatment proposed model.





4. Conclusions


The application of an ET formed by GECs modified with different metal NPs is described for the detection and quantification of glycerol in the presence of ethanol and methanol; a scenario very relevant during the production of biodiesel. Glycerol, ethanol, and methanol are typical substances representative of residual contaminants in the biodiesel transesterification process.



First, the successful synthesis of Cu and Ni NPs from simple and straightforward procedures should be highlighted, synthesis that was confirmed through SEM imaging. Second, the synthetized NPs were utilized as electrocatalysts for the modification of voltammetric electrodes, showing significant catalytic properties and allowing us to obtain individual calibration curves based on the peak height of the voltammetric responses for glycerol, ethanol, and methanol. These calibration curves exhibited notable correlations within the linear range of each respective individual analyte system. Nonetheless, practical implementation in biodiesel analysis was found to be constrained due to proximity of the peak potentials in samples containing multiple analytes. Hence, the integration of an ANN response model offers an improved estimation strategy, as it combines responses from various sensors and effectively compensates for disparities in the voltammetric responses to distinct compounds. In this regard, further efforts will be directed in improving the voltammetric discrimination of methanol and ethanol.



Overall, the proposed approach herein holds huge potential for the determination of glycerol and other alcohols in biodiesel samples, showing some significant advantages over other approaches, such as its low-cost, short analysis time, and portability. Most significantly, this method provides the possibility of resolving these highly related three substances without the need to use enzymes and their specificity.
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Figure 1. Characterization of the modified electrodes with (a–c) CuHCF and (d–f) Ni(OH)2 NPs. (a,d) SEM image, (b,e) histograms of the size distribution of the NPs, and (c,f) EDX analysis. 
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Figure 2. SEM images of (a) bare GEC electrode, in comparison to the same electrode modified with (b) CuHCF and (c) Ni(OH)2 NPs. 
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Figure 3. Cyclic voltammograms of five different GEC electrodes in a 5 mM solution of [Fe(CN)6]3/4− in 1 M of KCl. 
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Figure 4. Example of the different voltammograms obtained with GEC sensors modified with (a) CuHCF and (b) ERGO/Ni(OH)2. All solutions were prepared in 0.1 M NaOH, and the concentrations for the different alcohols were as follows: 4 mM of glycerol (Gly), 40 mM of ethanol (Eth), and 40 mM of methanol (Meth). 
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Figure 5. Scores plot of the first two principal components obtained from the PCA of the voltametric responses of the modified sensors towards: (■) Blank, (▼) glycerol, (●) ethanol, and (♦) methanol. Ellipses plotted correspond to 95% confidence limits for each of the clusters. 
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Figure 6. Modeling ability of the optimized GA-ANNs. Comparison graphs of obtained vs. expected concentrations for (a) glycerol, (b) ethanol, and (c) methanol, for both the training (●, solid line) and testing subsets (○, dotted line). Dashed line corresponds to the ideal comparison line (y = x). 
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Table 1. Calibration data for the individual calibrations of glycerol, ethanol, and methanol employing the different NPs-modified sensors.
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Sensor

	
Compound

	
LOD (mM)

	
Sensitivity (µM/mM)

	
Concentration Range (mM)






	
CuHCF

	
Glycerol

	
0.28

	
6.6 ± 0.6

	
1.0–4.0




	
Ethanol

	
n.d. 1

	
n.d. 1

	
10–40




	
Methanol

	
n.d. 1

	
n.d. 1

	
10–40




	
Ni(OH)2

	
Glycerol

	
0.09

	
0.31 ± 0.07

	
1.0–4.0




	
Ethanol

	
2.73

	
9.1± 1.6

	
10–40




	
Methanol

	
2.16

	
7.2 ± 0.9

	
10–40








1 n.d.: not determined. Uncertainties corresponding to different days (n = 4).
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