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Abstract

:

The simultaneous determination of hydroquinone and catechol was conducted in aqueous and real samples by means of differential pulse voltammetry (DPV) using a glassy carbon electrode modified with Gold Nanoparticles (AuNP) and functionalized multiwalled carbon nanotubes by drop coating. A good response was obtained in the simultaneous determination of both isomers through standard addition to samples prepared with analytical grade water and multivariate calibration by partial least squares (PLS) in winery wastewater fortified with HQ and CT from 4.0 to 150.00 µM. A sensitivity of 0.154 µA µM−1 and 0.107 µA µM−1, and detection limits of 4.3 and 3.9 µM were found for hydroquinone and catechol, respectively. We verified the reliability of the developed method by simultaneously screening analytes in spiked tap water and industrial wastewater, achieving recoveries over 80%. In addition, this paper demonstrates the applicability of chemometric tools for the simultaneous quantification of both isomers in real matrices, obtaining prediction errors of lower than 10% in fortified wastewater.
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1. Introduction


The determination of phenolic/polyphenolic compounds is a hot topic in the environmental, food and industrial fields [1]. Dihydroxybenzene compounds, such as hydroquinone (HQ) and catechol (CT), are toxic (100 μM in lymphocyte/human) and persistent in the environment [2,3,4,5]. For this reason, it is important to develop simple and fast analytical methods that allow the determination of HQ and CT, which generally coexist in wastewater because they have a similar molecular structure and chemical properties. The determination of HQ and CT is carried out by spectrophotometric or chromatographic methods after separation pretreatment processes, which requires long analysis times and large volumes of reagents. HQ and CT are electroactive compounds that can electrochemically oxidize on the surface of an electrode. The main difficulty in the simultaneous determination of both isomers lies mainly in the overlapping of the oxidation peaks, together with the loss of linearity in the voltammetric response due to competition between the two compounds for the electrode surface. Both problems can be solved by modifying the working electrode. In the last few years, many efforts have been devoted to developing modified electrodes able to increase the separation between both peaks together with the subsequent application of chemometric tools [6].



In recent years, a large number of analytical methods have been developed based on the use of nanomaterials. These methods have a wide variety of applications in bioanalysis, clinical analysis, pharmaceutical analysis, food safety and environmental analysis [7,8,9,10]. In particular, the use of nanomaterials for the modification of electrodes has generated great interest in environmental analytical chemistry. This is because, in general, these materials can significantly improve the conductivity and electrocatalytic activity of an electrical surface for a wide range of redox reactions, in addition to having a broad potential window and low electrochemical reactivity [11,12,13].



Carbon nanotubes (MWCNTs) are allotropes of carbon with a cylindrical nanostructure, in which a carbon-carbon link has a sp2-sp2 hybridization. Usually, MWCNTs have a nanometric-scale diameter and a micrometer-scale length, which gives them attractive chemical, mechanical and electronic properties. In general, CTNs are divided into three groups: (1) Single-walled carbon nanotubes (SWCNT), (2) Double-walled carbon nanotubes (DWCNT) and (3) Multi-walled carbon nanotubes (MWCNT) [8,9,10]. SWCNTs have a cylindrical nanostructure formed by the winding of a graphite sheet in the form of a tube. In contrast, DWCNT and MWCNTs comprise several layers of concentrically ringed graphene, with a layer gap of 3.4 Å [14]. MWCNTs have been widely used to modify electrode surfaces due to their unique properties, such as high electrical and thermal conductivity, high chemical and mechanic stability, high area-volume ratio and high adsorption capacity. In addition, their properties increase the sensibility of electrochemical sensors to detect organic and inorganic compounds [15,16,17,18,19,20,21]. Moreover, the ease of immobilization and stability of proteins on MWCNTs have been widely used to manufacture electrochemical biosensors [22].



Furthermore, the use of metallic nanospheres has also become widespread in electroanalysis [23] due to their: (i) high effective superficial area, (ii) high mass transport, and (iii) catalytic activity [23,24]. Specifically, the study of gold nanospheres (AuNP) has been of interest because when they are deposited on the electrode surface, an increase in the charge transference and the superficial area is observed, and high sensibility and selectivity is achieved when analyses are performed [25]. One of the main ways of synthesizing AuNP is reducing a gold salt (generally HAuCl4) in the presence of a stabilizing agent like citrate, through which the size and shape of AuNP can be controlled [26,27].



The modification of electrodes using different nanomaterials has resulted in an improved sensitivity for the determination of organic compounds in different matrices [11,12,13] and has led to electroanalytical methodologies with detection limits at µM and even nM concentration levels [28,29,30]. Several methods have been reported for the quantitative determination of organics in water, such as gas and liquid chromatography [31,32], UV-Vis spectrophotometry [33] and fluorescence [34]. In these methods, detection limits between 0.1 and 1.0 µM have been achieved, but they exhibit some disadvantages, such as complex pre-treatment of the sample and the use of high volumes of organic solvents. In this sense, electrochemical methods have sensitivities comparable with those of spectrophotometric and chromatographic methods, can be miniaturized to perform on-site determinations of contaminants of interest, require inexpensive equipment for their implementation and enable the quantification of several analytes simultaneously in a short time [12,35,36].



In the present work, we studied the simultaneous determination of HQ and CT in actual water samples using glassy carbon electrodes modified with three different multi-walled carbon nanotubes: (i) non-modified carbon nanotubes (MWCNT), (ii) carbon nanotubes modified with -COOH (MWCNT-COOH) and (iii) carbon nanotubes modified with -NH2 groups (MWCNT-NH2) and decorated with gold nanospheres (AuNP). MWCNT-COOH and MWCNT-NH2 produce better dispersion and increase the electrical conductivity of the modified electrode surface. The amino group of MWCNT-NH2 can interact with different materials and has an excessive reactivity. Among these nanomaterials, AuNPs have been used as electrode materials due to their special properties in the electrocatalysis of organic and inorganic compounds.




2. Materials and Methods


2.1. Reagents and Materials


The HQ and CT employed were of analytical grade, provided by Sigma Aldrich and used as received. Analytical-grade water was used to prepare the solutions and dispersions. Boric acid EMPROVE®, glacial acetic acid EMSURE® and orthophosphoric acid EMSURE® were provided by Merck.



Glassy carbon electrodes (GCE, model CHI104) were modified using different multi-walled carbon nanotubes separately: carbon nanotubes without functionalization (MWCNT) and functionalized with -COOH and -NH2 groups (MWCNT-COOH and MWCNT-NH2, respectively), all of them were provided by Dropsens. MWCNT dispersions were prepared in an Elma S 10 Elmasonic ultra-sonic bath with a concentration of 1.0 g L−1 using water MilliQ as a dispersive agent. GCE was pre-cleaned by polishing using alumina powder of 0.3 and 0.05 µm consecutively and then washed with abundant Milli-Q water.



Gold nanoparticles (AuNP) were synthesized using citrate as stabilizing agent following the Turkevich methodology using HAuCl4 as precursor [2], with a 20 nM of AuNP. AuNP (20 nM) and MWCNT/AuNP dispersions (1.0 g/mL of MWCNT on 20 nM AuNP dispersion) were prepared with Milli-Q water and then used to modify the GCE adding 10 µL on the electrode surface and then dried with nitrogen flux. AuNP were characterized by VIS-NIR spectroscopy using a Perkin Elmer Lambda 25 UV-VIS spectrometer, by Dynamic Light Scattering (DLS) using a NanoSizer-ZS Malvern Instrument and by Transmission Electronic Microscopy (TEM) with a Philips Tecnai 12 Biotwin microscope. The mixture of the MWCNT and AuNP was characterized by SEM in the LEO 1420VP instrument with a coupled Oxford 7424 dispersive energy analysis instrument at an acceleration voltage of 25 kV.



For the simultaneous determination of HQ and CT, solutions at different concentrations of both compounds were prepared in a 0.1 M buffer Britton–Robinson solution at pH 2.0.




2.2. Electrochemical Measurements


Cyclic voltammetry (CV) and differential pulse voltammetry (DPV) experiments were performed on a CH Instrument potentiostat CHI1140C. For the qualitative and quantitative electrochemical analysis, 10 mL of the solution was used in a traditional three-electrode electrochemical cell system. GCE with a geometric area of 0.126 cm2 provided by CH Instruments was used as the working electrode, Ag/AgClsat as a reference electrode (CH Instruments) and platinum wire was used as counter electrode. In order to obtain the highest current response, different accumulation times were studied. Cyclic voltammograms were recorded between −1.0 and 1.0 V at a scan rate of 50 mV s−1, under constant stirring at room temperature. The determination of HQ and CT performed based on their oxidation signal obtained by DPV with the following conditions: Step potential 4 mV, pulse amplitude 50 mV, pulse width 0.2 s, pulse period 0.5 s and deposition time of 30 s at 0.4 V as accumulation potential. The potential was scanned from 0.2 to 0.6 V. Electrodes do not need activation and washing step previous to the DPV analysis.




2.3. Simultaneous Determination of HQ and CT in Aqueous Matrices by Univariate and Multivariate Calibration


Four water samples of different types were obtained: (i) MilliQ water, (ii) drinking water, (iii) industrial wastewater from a winery industry, and (iv) river water. Subsequently, these samples were spiked with different concentrations of HQ and CT in the presence of 0.1 M Britton–Robinson buffer at pH 2.0. All the analyses were performed by DPV (10 mL of each solution) using the standard addition method and a multivariate calibration by Partial Least Squares (PLS). PLS was developed by Hermans and Svante Wold applying pattern recognition methods to instrumental data obtained from chemical systems. The algorithm is based on a bilinear model that uses Single Value Decomposition (SVD) in matrix X that groups the voltammograms of each sample in relation to its concentration vector Y. Both matrices are decomposed into smaller matrices according to [37]:


  X = T  P T  + E  



(1)






  Y = U  Q T  + F  



(2)




where X and Y are the matrices of independent and dependent variables, respectively; T and U are the matrices of scores containing orthogonal rows to each other; P contains the loadings of matrix X; E is the matrix of (residual) errors of matrix X; Q corresponds to the loadings of matrix Y; F is the error matrix of the vector Y. The B regression coefficients for the model are obtained according to:


  B = W      P T  W     − 1    



(3)




where matrix W contains the weights obtained by PLS, and it is constructed by relating the values of each value of the vector Y (yn = u) according to:


   w T  =    u T  X    u T  u    



(4)







In PLS, the variables that show greater correlation with the response have extra weight because they are more efficient in prediction. In this way, linear combinations of the predictor variables are chosen that are highly correlated with the response variables and that are able to explain the variation of the response as a function of the predictor variables. The decomposition of matrix X is independent of matrix Y, where the direction of each latent variable of matrix X is modified until reaching the maximum covariance between this matrix and the concentration vector Y. This type of calibration has good results for the quantification of species in highly interfered matrices, provided that interferents are considered in the construction of calibration models [38].





3. Results and Discussion


3.1. Determination of HQ Using GCE Modified with Different MWCNTs


Cyclic voltammetry (CV) was used to characterize and studied towards HQ using the different MWCNTs in aqueous media. In order to obtain the highest current response, a previous pH study was performed in the range of 1.0–7.0 (Figure S1), indicating that the highest current for HQ oxidation is achieved at pH 2.0 for MWCNT-NH2 and MWCNT-COOH systems. It has been reported that high faradaic currents are obtained for HQ oxidation in aqueous media and at low pH values when carbon-derived catalysts are used [39,40]. Furthermore, at more basic pH values, hydroxyl ions may interfere with the analysis due to the repulsion that they produce on dihydroxybenzenes with the electrode surface, preventing its oxidation and decreasing the faradic current [41]. Regarding these results, the following analyzes were performed at pH 2.0. Figure 1A shows the voltammograms recorded using the different materials in the absence of the HQ. An increase of the capacitive current was observed when a modified electrode was used. This increase was higher using the systems GCE/MWCNT-COOH and GCE/MWCNT-NH2, followed by GCE/MWCNT. This change is related to the increase of the area of the modified electrodes and the better dispersion in water of the functionalized MWCNTs [42,43]. Furthermore, in Figure 1A, several faradaic processes between −0.5 to 0.5 V can be observed in the CV profiles of electrodes modified with carboxylate MWCNTs. These signals have been reported in the literature and are due to the presence of electroactive functional groups, such as ketones or aldehydes, which are generated in the functionalization process of carbon nanotubes [44]. The intensity of these signals may interfere in the analyte detection process, generating the distortion of the peaks obtained by CV or DPV, especially in the reduction step. Figure 1B shows the voltammograms recorded.



In the presence of 0.1 mM HQ, oxidation and reduction peaks corresponding to the formation of quinone (Q) and HQ can be seen (Equation (5)) using all the electrodes; however, the intensity current for both oxidation and reduction peaks depends on the MWCNT used [45] (Figure 1B).


  H Q   ⇄ Q + 2  H +  + 2  e −   



(5)







Additionally, the same figure shows a significant increase in the current peak for both oxidation and reduction peaks when MWCNTs are used; and this increase is higher when the MWCNTs are functionalized with -COOH and -NH2 groups. An increase of 10.5 times and 13 times in the oxidation peak current compared to the GC electrode was observed using the GCE/MWCNT-COOH and GCE/MWCNT-NH2 electrodes, respectively. However, there is a decrease in the resolution of the signals obtained with GCE/MWCNT-COOH, which may be attributed to the presence of sp3 carbon that forms the bond between the functional group and the MWCNT wall, thereby affecting the electron transfer [46,47]. The current and potential values for the redox process of HQ are summarized in Table S1.



Table S1 also shows the ΔEp values. In the case of the electrode without modification, ΔEp is 0.332 V, which indicates that the process is irreversible. By modifying the electrodes with MWCNTs, the redox process becomes reversible, obtaining smaller ΔEp values close to the theoretical slope of Nernst (59.16 mV) [48]. There are considerable differences in the ΔEp of the unmodified electrodes when compared to the electrodes modified with MWCNTs. First, a drastic decrease of the ΔEp can be observed when using electrodes modified with MWCNTs; therefore, the redox process becomes more reversible when using nanotubes of carbon and shows an electrocatalytic effect on the reaction of HQ with the electrode surface. Second, a change in the mechanism is evidenced when using functionalized MWCNTs (ΔEp ≈ 59.16 mV) instead of electrodes modified with non-functionalized carbon nanotubes (ΔEp ≈ 59.16/2 mV). In this case, a transfer mechanism can be inferred via 2 electrons when using non-functionalized MWCNTs, and a mechanism via 1 electron when using functionalized nanotubes. This could be attributed to the adsorption of HQ due to the functional groups present on the surface of MWCNTs, which promote the transfer kinetics of one electron. Third, the currents obtained using electrodes modified with functionalized MWCNTs are higher than the currents obtained using electrodes modified with MWCNTs. Following the previous idea, the change of mechanism could explain the difference in current between the functionalized and non-functionalized material since the multiple transfers of electrons usually involves chemical stages that generate intermediaries in the reaction that could undermine the electronic transfer process, reducing the current peak obtained and resulting in a loss of sensitivity [49].



Since the GCE/MWCNT-COOH and GCE/MWCNT-NH2 systems present a higher current response, the following analyses were performed using only these systems.




3.2. Accumulation Time Effect on the Oxidation of HQ


The effect of accumulation time on the current intensity was studied for the systems GCE/MWCNT-COOH and GCE/MWCNT-NH2 (Figure 2). For both systems, an increase of the current was achieved with the accumulation time until reaching a maximum value, and then the current decays. The maximum current was achieved at 180 s and 30 s for GCE/MWCNT-COOH and GCE/MWCNT-NH2, respectively. During the accumulation time, large amounts of HQ molecules are rapidly adsorbed to the surface of the carbon nanotubes due to strong electrostatic forces at the start of the adsorption process. The decrease in current obtained after the optimal accumulation time can be explained due to the gradual occupation of the MWCNT surface by the HQ molecules, where competitive adsorption is inevitable. The HQ molecules that are not absorbed diffuse from the outer Helmholz plane towards the bulk of the solution, increasing the adsorption resistance and decreasing the adsorption rate of HQ. Furthermore, it can be seen that under the same conditions, MWCNT-NH2 presents a higher adsorption capacity, indicating that the conditions are favorable for HQ adsorption. This property would improve the migration of the analyte to the electrode surface, in addition, to provide a larger surface for the accumulation and formation of double electrical layers, resulting in more sensitive electrochemical signals for the detection of these species in aqueous matrices. Accordingly, the following studies were performed using an accumulation time of 180 s and 30 s for the systems GCE/MWCNT-COOH and GCE/MWCNT-NH2, respectively. Similar results were observed for the oxidation of CT under the same experimental conditions.




3.3. Determination of HQ Using GCE Modified with Different MWCNTs and AuNP


Before using AuNPs in the electrochemical system, they were characterized by TEM, UV-Vis-NIR spectroscopy and Dynamic Light Scattering. TEM analyses (Figure 3A) showed that AuNP presents a homogeneous and quasi-spherical shape, and their size is between 12–13 nm with an average size of 12.7 ± 2 nm. The size was confirmed by UV-VIS-NIR (inset Figure 3A) analysis, which shown a maximum of the band at 518 nm. This value corresponds to symmetric surface plasmon absorption and quasi-spherical particle of 12–18 nm [26,50]. DLS analyses (Figure S2) agree with the AuNP size with a 12.7 ± 2 nm value. The MWCNT-NH2 and AuNP mixture was characterized using SEM (Figure 3B), and images showed that AuNP was dispersed homogeneously on the MWCNT-NH2 surface, which indicates a good interaction between the nanospheres and the amino groups present in the nanotubes, enabling the electrostatic deposition of the AuNP on the rough surface of the functionalized MWCNTs.



The effect of the AuNP towards the HQ detection using MWCNT-COOH and MWCNT-NH2 was studied using cyclic voltammetry (Figure 4A,B, respectively). An increase of faradaic current was observed using AuNP and the different MWCNTs; however, more reversible and defined current peaks were obtained for the HQ/Q couple using GCE/MWCNT-NH2-AuNP. As seen in Figure 3B, good interaction between AuNP and MWCNTs was assessed, which would create a synergistic effect on the HQ detection, thereby generating an increase in the current due to a better electronic transfer attributed to the contribution of both materials. The different peak potentials and currents for the HQ oxidation using both systems are summarized in Table S2. A poor signal was observed using only GCE/AuNP (Inset Figure 4B), which could be attributed to (i) the incapacity of GCE’s surface to adsorb AuNP due to the lack of functional groups that promote the electrostatic interaction between the nanoparticles and the surface of the electrode, and (ii) AuNP present a smaller surface area compared to the electrodes modified with MWCNTs.



Since the highest current was obtained using GCE/MWCNT-NH2-AuNP, the following experiments were performed using only this system.




3.4. Simultaneous Determination of HQ and CT Using MWCNT/NH2-AuNP


In order to clarify the transport mechanism of HQ towards the surface of the modified electrode, the effect of the variation of the scanning speed on the performance of MWCNT-NH2/AuNP was studied. With the increase of the sweep speed from 5 to 200 mV s−1, the peak currents for HQ and CT increased continuously, where Ipa and Ipc showed a linear and proportional response to the square root of the scan rate (υ1/2), obtaining a slope of 0.48 for HQ and 0.49 for CT. Since both slopes are close to 0.5, the electrooxidation process of HQ and CT is controlled by diffusion, according to the Randles–Sevcik equation.



To assess the interference in the simultaneous determination of HQ and CT, we proceeded to study the oxidation of both analytes by DPV, considering that HQ and CT have an oxidation peak separated by 100 mV when analyzing each analyte alone using DPV. Figure 5A shows the voltammograms of different HQ concentrations with a constant concentration of CT 50 μM. The peak current is increased linearly when increasing the concentration of HQ in a range of 4.25–150.00 μM with R2 = 0.9995 and a Fexp= 0.0004 (Critical F [0.05,72,52] = 1.53) with a linear equation of Ip (μA) = −12.796 + 1.539 [HQ] (μM). The same procedure was followed for the CT calibration curve, keeping a constant HQ concentration of 50.0 μM.



In the differential pulse voltammograms in Figure 5B, the peak current is observed to increase as the concentration of CT rises. In addition, the signal corresponding to HQ does not significantly affect the current intensity or the oxidation potential value in the measurements, having a separation peak of >100 mV, approximately. The calibration curve for CT shows a good linear relationship in the presence of HQ, with a linear range between 3.91–150.00 μM and R2 = 0.998 and a Fexp = 0.0026 (Critical F[0.05,72,52] = 1.53) according to equation Ip (μA) = −5.142 + 1.067 [CT] (μM). In oxidation, the voltammograms of HQ and CT show a peak separation of 120 mV, which allows the differentiation of the compounds using the MWCNT-NH2-AuNP electrode. A decrease in sensitivity during simultaneous determination can be observed when comparing the calibration curve of separated species. For HQ, the sensitivity in simultaneous determination is 1.549 μA μM−1, and determination has an initial value (in the absence of CT) of 6.857 μA μM−1 (corresponding to a decrease of 77.4%). In the CT case, sensitivity decreases in the simultaneous determination of the analyte in the presence of HQ. Initially, without HQ, sensitivity was 6.779 μA μM−1; however, when the solution contained 50 μM of HQ, a sensitivity of 1.067 μA μM−1 was achieved for CT, decreasing to 84.3%. Although peak potentials diverge above 100 mV, an overlap is seen between the signals when the HQ faradaic process ends and the CT oxidation process begins (between 0.400 and 0.420 V), which could decrease the sensitivity in the simultaneous determination of both isomers. The great decrease in CT sensitivity in the presence of HQ could be because HQ oxidizes at lower potentials than CT. This redox process would interfere at the beginning of the oxidation of catechol. The experimental analytical parameters of the method were determined, and the results obtained from the validation are presented in Table 1. The limit of detection (LD), the limit of quantification (LQ) and linearity parameters were calculated using the modern definition of IUPAC [51], which considers type α and β errors based on the residual error of the calibration curve and the instrumental error (pure error) with an LD ≈ 1.0 μM and LQ ≈ 4.0 μM for both analytes. The limits calculated according to the old IUPAC definition [52] are LD = 0.98 and LQ = 4.12 for HQ and LD = 0.77 and LQ = 3.59 for CT. The limits reported in Table 1 correspond to the current definition of LD and LQ according to IUPAC, since the old definition provides over-optimistic values that could lead to α-errors and β-errors (false positive and false negative, respectively). The linear range selected for the determination of analytes ranges between 4.00–150.00 μM. We studied the accuracy of the MWCNT-NH2-AuNP electrode in n = 15 determinations, obtaining a coefficient of variation of 2.2% for HQ and 2.1% for CT, which showed similar precision in a succession of repeated measurements for both analytes.



Comparing the results for the simultaneous determination of HQ and CT with electrodes modified with other materials reported in the literature (Table 2), the electrode modified with GCE/MWCNT-NH2-AuNP achieves a higher sensitivity, good lineal range and a comparative ΔEp in comparison with those obtained with electrodes modified with similar materials.



Considering the conducted studies and the electroanalytical response obtained with the GCE/MWCNT-NH2-AuNP electrode, we worked on the simultaneous determination of these dihydroxybenzene isomers in a real matrix.




3.5. Reproducibility Study of the Modified Electrode Area with Nanostructured Material


Reproducibility assays were performed for GCE/MWCNT-NH2 and GCE/MWCNT-NH2-AuNP. In addition, the response of an unmodified GCE was studied as a control. For the study of reproducibility, ten electrodes (n = 10) were modified independently to analyze a concentration of 50.0 μM of HQ on the same day. Table S3 resumes the current values and the variation coefficients for the analyses. A variation coefficient of 3.12, 9.03 and 13.51% was obtained for GCE, GCE/MWCNT-NH2 and GCE/MWCNT-NH2-AuNP, respectively. This variability in the current measured could be attributed to the differences in the electroactive areas of the electrodes modified with the nanomaterials. MWCNTs are hydrophobic and, therefore, present difficulties to be scattered in water, even though the dispersions were sonicated in an ultrasound bath for one hour to minimize the agglomeration of the material. These agglomerates generate two effects: (i) different agglomerates sizes, which implies that not always will be the same amount of nanomaterial on the electrode surface, and (ii) reduced efficiency in current, due to the loss of nanomaterial behavior and prevails of the macrometric properties of carbon materials.




3.6. Determination of HQ and CT in Different Aqueous Matrices


HQ and CT were determinate in different aqueous matrices, which are from natural: drinking water, winery wastewater and river water. Standard addition analyses were performed since this type of calibration strategy is used for the analytical determination in matrices that have a considerable matrix effect, and an external calibration is not allowed. A comparison of the standard addition results obtained in each matrix was conducted.



In this case, DPV was employed for the analysis of aggregated hydroquinone using the methodology developed in this work. The method developed was applied to the determination of hydroquinone in different aqueous matrices, which are both of natural origin and water treated for consumption. The determination of hydroquinone and catechol were performed by differential pulse voltammetry, obtaining the results shown in Table 2. The linear range of the analyte in the matrices studied was smaller than the working range obtained using standard MilliQ water. In addition, a reduced slope can be observed when determining the analyte in all the matrices. Recovery values under 88.4% were obtained in all the studied matrices, except for winey water, which has a very low recovery rate (less than 53.0%). The low recovery for fortified winery wastewater can be attributed to the effect of the matrix on determination, and there may be species that are consuming the hydroquinone added in the sample. In addition to this, all the matrices present a high amount of unidentified interferents, such as inorganic ions, chlorides, polyphenols and organic species that could interfere with the electrochemical oxidation of the dihydroxybenzenes studied in this work. In this way, analyzing hydroquinone and its isomers would be possible, as well as molecules that have dihydroxy-benzenes groups present in their structure, with low accuracy.



Considering the obtained results, it was proposed to use the wine wastewater for the application of a multivariate strategy for the quantification of hydroquinone and catechol since this matrix is the one that presents the lowest recovery levels, and the matrix has a greater quantity of interferents that hinder the determination of analytes.




3.7. Evaluation of Multivariate Calibration Method for Simultaneous Determination of HQ and CT


A model based on PLS was built for the determination of HQ and CT in industrial residues of the wine industry. Best results were obtained by applying a baseline correction and log10 to compensate the dispersion of the baseline current between each measurement made due to the reproducibility of the electrodes. Voltammograms were preprocessed, and a mean center was applied to avoid variation of the oxidation potential of HQ and CT between the measurements for the fortified samples. Two latent variables were selected for the HQ model and 3 latent variables for the CT model. This number of variables exhibits the lowest validation errors by cross-validation, allowing a more accurate determination because this number of components delivers a lower residual error. In addition, the analytical figures of merit were obtained for each model based on the PLS model obtained. These results are presented in Table S4. From the information obtained from the multivariate model, HQ and CT can be determined simultaneously in a range of 1.0–126.0 μM for HQ and from 7.0–177.0 μM for CT, with calibration and validation errors close to 20% obtained by cross-validation. The PLS model was evaluated using an 8-sample validation set for wine industry wastewaters, fortified with known analyte concentrations. Standard prediction errors (SEP) of 9.9% were obtained for HQ quantification and 8.4% for CT in simultaneous quantification of both analytes in the wastewater. The charts with the values of SEP and the HQ and CT real concentrations versus predicted concentrations of both analytes are presented in Figure 6. This figure shows graphically the correlation between the known analyte concentrations (Y observed) and the concentrations predicted by the model (Y predicted), where the line represents the predicted ideal values when evaluating the voltammogram obtained by DPV in the vector of regression B, where greater proximity of the points to the line indicates a good accuracy in the prediction of the concentration. According to the results obtained, the values predicted by the PLS model are concordant with the concentrations added to the real sample, having a low prediction error.



Finally, the built model has high SEC and SEV values. This indicates preliminary that the model is not very robust for the simultaneous determination of HQ and CT. Nevertheless, a good correlation is observed between the values predicted by the models and concentrations used in sample fortifications when compared with standard addition in studies with real samples. To compare simultaneously the predictive capability of the studied methods, the predicted values obtained in this work are shown in Figure 7. Elliptical Joint Confidence Region (EJCR) is employed to analyze the performance of standard addition and PLS quantification in terms of normalized values of 1 for slope and 0 for the intercept of each calibration methodology presented in this work and can include their confidence ranges around the means. The amplitude of the ellipse acts as a precision indicator, where a wide ellipse implies larger confidence intervals and a lower precision, and a small ellipse indicates a higher precision for that calibration method. Additionally, if the ellipse contains the normalized value (point located at {x,y} = 1,0), it indicates graphically how accurate is the calibration method used.



Figure 7 shows that the low accuracy and precision of standard addition makes it not suitable for the real samples. Instead, standard addition to analytical-grade water combined with the PLS model yield more accurate predictions. The effect on bias is present in the ellipse obtained for the simultaneous quantification of HQ and CT in standard addition applied to real samples. Therefore, it can be inferred that there is an error produced by the matrix effect exerted by electroactive species that can interfere with the electrochemical determination or by species present in the sample that can inactivate the electrode. This error would prevent the electronic transfer from the analyte to the electrode and generate interference in the electrochemical signal from the redox process of HQ and CT. Regarding the precision of the methods, both the standard addition to MilliQ water and the determination via PLS are more accurate and precise than the simultaneous analysis of both dihydroxy-benzene isomers using standard addition in real samples. According to the results obtained, a multivariate methodology would be more suitable for the analysis of real samples, as they reduce the matrix effect on the determination of both analytes simultaneously and result in accurate and precise electrochemical determinations.



The results obtained in this work indicate that chemometric multivariate calibration tools, such as PLS, are adequate and better than classical calibration methods used in electrochemistry like standard addition for the direct and electrochemical simultaneous determination of HQ and CT in real samples, even in the absence of interference considered in the development of the methodology, which achieved errors lower than 10% in the quantification of the analytes.





4. Conclusions


The electrochemical oxidation of HQ in aqueous media showed a higher current response and lower ΔEp when using electrodes modified with multiple-walled carbon nanotubes (MWCNT), oxidized multiple-walled carbon nanotubes (MWCNT-COOH) and amino carbon nanotubes (MWCNT-NH2), compared to the unmodified carbon electrode. The redox response of HQ presented a signal of higher current intensity when using electrodes modified with oxidized multiple-walled carbon nanotubes (MWCNT-COOH) and amine multiple-walled carbon nanotubes (MWCNT-NH2); however, the latter presented a more defined signal. The redox response of HQ increased by simultaneously modifying the electrodes with MWCNT-NH2 and gold nanospheres (AuNP), further allowing separation with their structural isomers in the same solution.



An electroanalytical methodology was developed that allows the determination of HQ and CT in nanopure water, with a LOD of 1.0 μM in a working range of 4.0 to 150.0 μM and an approximated error of 2.0%.



In real samples, the simultaneous determination of HQ and CT presented recoveries of less than 88.4% in drinking water and winery wastewater. A multivariate model was constructed by PLS, achieving prediction errors at 9.9% for HQ and 8.4% for CT with minimal sample treatment.
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Figure 1. Cyclic voltammograms in the (A) absence and (B) presence of 0.1 mM of HQ using different electrodes (Inset: Cyclic Voltammogram of GCE-AuNP modified electrode). Experimental conditions: electrolyte buffer Britton–Robinson 0.1 M, pH 2.0, scan rate 50 mV s−1, accumulation time 60 s. 
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Figure 2. Effect of accumulation time on the oxidation current intensity of 0.1 mM HQ for the GCE/MWCNT-COOH and GCE/MWCNT-NH2 systems. Working conditions: Scan speed 50 mV/s, Electrolyte: Buffer Britton–Robinson 0.1 M, pH 2.0. 
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Figure 3. (A) Transmission Electron Microscopy (TEM) and AuNP characterization, (Inset) VIS-NIR spectroscopy made for AuNP solution. Experimental conditions: Zeta potential: −20.3 mV. (B) Scanning Electron Microscopy (SEM) made to GCE/MWCNT-NH2-AuNP. 
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Figure 4. Cyclic voltammograms in the presence of 0.1 mM HQ using the different systems of MWCNT and AuNP. (A) MWCNT-COOH (Inset: Cyclic Voltammogram of AuNP modified GCE) with an accumulation time of 180 s, (B) MWCNT-NH2 with an accumulation time of 30 s. Experimental conditions: electrolyte buffer Britton–Robinson 0.1 M, pH 2.0 and scan rate 50 mV s−1. 
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Figure 5. Oxidation voltammograms and calibration curve of (A) HQ in the presence of 50.0 μM CT and (B) CT in the presence of 50 µM of HQ. Working conditions: Medium Britton–Robinson pH 2.0 Swept speed: 0.004 V s−1, Accumulation time: 30 s. 
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Figure 6. Plot of (A) HQ and (B) CT predicted concentrations as a function of the nominal values in validation samples for determination in wine industry wastewater by PLS calibration model. 
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Figure 7. Elliptical joint region (at 95% confidence level) for the slope and intercept of predicted vs. nominal concentrations predicted by standard addition and the PLS model developed in this work. The green cross marks the theoretical (intercept = 0, slope = 1) point. 
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Table 1. Comparison of different sensors reported for the simultaneous determination of HQ and CT.
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Material

	
Analyte

	
Sensitivity

	
Lineal Range/µM

	
LD/µM

	
LQ/µM

	
Δ Ep (HQ-CC)/mV

	
Technique

	
pH

	
Ref






	
Graphene screen-printed electrodes

	
HQ

	
1.3221 µM

	
n.d.

	
2.7

	
9.1

	
105

	
DPV

	
7.0

	
[6]




	
CC

	
1.5825 µM

	
n.d.

	
1.7

	
5.6




	
NDSBAC 1

	
HQ

	
0.9997 µM

	
0.5–300

	
0.11

	
n.d.

	
112

	
DPV

	
6.5

	
[53]




	
CC

	
1.0662 µM

	
0.5–300

	
0.09

	
n.d.




	
WBC/Au-850-15 2

	
HQ

	
164.4 μA µM−1 cm−2

	
0.008–1

	
0.002

	
n.d.

	
112.8

	
DPV

	
6.0

	
[54]




	
CC

	
132.0 μA µM−1 cm−2

	
0.01–1.0

	
0.004

	
n.d.




	
AuNPs-MPS 3

	
HQ

	
n.d.

	
10.0–1000.0

	
1.2

	
n.d.

	
123

	
SWV

	
7.0

	
[55]




	
CC

	
n.d.

	
30.0–1000.0

	
1.1

	
n.d.




	
GR-GO

	
HQ

	
n.d.

	
0.5–300

	
0.16

	
n.d.

	
102

	
DPV

	
7.0

	
[56]




	
CC

	
n.d.

	
0.5–300

	
0.2

	
n.d.




	
NiO/MWCNT

	
HQ

	
n.d.

	
10–500

	
2.5

	
n.d.

	
~110

	
DPV

	
7.0

	
[57]




	
CC

	
n.d.

	
10–400

	
2.5

	
n.d.




	
GO–TT–MWCNT

	
HQ

	
n.d.

	
0.01–200

	
0.035

	
n.d.

	
n.d.

	
DPV

	
7.4

	
[58]




	
CC

	
n.d.

	
0.5–200

	
0.049

	
n.d.




	
MWCNT-NH2-AuNP

	
HQ

	
1.539 µA µM−1

	
4.3–150.0

	
1.28

	
4.25

	
100

	
DPV

	
2.0

	
This work




	
CC

	
1.067 µA µM−1

	
3.9–150.0

	
1.06

	
3.87








1 Nitrogen-doped activated carbon derived from sugarcane bagasse. 2 Gold nanoparticles decorated the seedling of white myoga ginger-derived biochar. 3 Gold nanoparticles mesoporous silica modified carbon paste electrode.
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Table 2. Standard addition determination of hydroquinone (n = 10) in different aqueous matrices by differential pulse voltammetry, recovery coefficients and experimental t (α = 0.05) for each determination made.
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Matrix

	
Analyte

	
Concentration (µM)

	
Obtained Concentration (µM)

	
Recovery (%)






	
Drinking water

	
HQ

	
55.0

	
48.6 ± 0.7

	
88.4




	
CT

	
45.3 ± 0.5

	
82.4




	
Viticultural wastewater

	
HQ

	
145.0

	
75.8 ± 0.8

	
52.3




	
CT

	
71.5 ± 0.4

	
49.3




	
River water

	
HQ

	
100.0

	
80.3 ± 0.5

	
80.3




	
CT

	
84.2 ± 0.6

	
84.2
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