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Abstract

:

In this work, we report a simple but efficient voltammetric sensor for simultaneous detection of ponceau 4R and tartrazine based on TiO2/electro-reduced graphene oxide nanocomposites (TiO2/ErGO). TiO2/ErGO nanocomposites were prepared by ultrasonically dispersing TiO2 nanoparticles (TiO2 NPs) into graphene oxide (GO) solution followed by a green in-situ electrochemical reduction. TiO2 NPs were uniformly supported on ErGO nanoflakes, which provides a favorable interface for the adsorption and subsequent oxidation of target analytes. TiO2/ErGO showed remarkable electrocatalytic capacity for the oxidation of ponceau 4R and tartrazine, with minimized oxidation overpotentials and boosted adsorptive striping differential pulse voltammetric (AdSDPV) response peak currents. Under the optimal experimental conditions, the anodic peak currents of ponceau 4R and tartrazine increase linearly with the respective natural logarithm of concentrations from 0.01 to 5.0 μM. The detection limits (LOD = 3σ/s) for ponceau 4R and tartrazine are 4.0 and 6.0 nM, respectively. The extraordinary analytical properties of TiO2/ErGO/GCE are primarily attributed to the synergistic enhancement effect from ErGO nanoflakes and TiO2 NPs. Moreover, the proposed TiO2/ErGO/GCE achieves reliable determination of ponceau 4R and tartrazine in orange juice with excellent selectively, reproducibility and stability. Together with simplicity, rapidness, and low cost, the proposed sensor demonstrates great potential for on-site detection of azo colorants.
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1. Introduction


As two typical edible synthetic azo colorants, ponceau 4R and tartrazine always coexist together to give the orange color to food like orange juice. Due to their outstanding advantages such as relatively lower price, good water-solubility, low microbiological contamination and high stability, ponceau 4R and tartrazine have been widely added to make foodstuffs more appealing and appetizing [1]. However, ponceau 4R and tartrazine contain poisonous and carcinogenic aromatic ring structures and azo functional groups (–N=N–). Therefore, ponceau 4R and tartrazine likely lead to many adverse health effects such as allergies, neurobehavioral toxicities and cancers if they are excessively consumed [2,3,4]. To guarantee food safety, the dosages of ponceau 4R and tartrazine have been severely restricted by laws and regulations. For example, the joint FAO/WHO Expert Committee on Food Additives (JECFA) has set the acceptable daily intake (ADI) for ponceau 4R and tartrazine as 4.0 and 7.5 mg/kg bw/day, respectively [5,6]. In China, the maximum permitted dosages for ponceau 4R and tartrazine in non-alcoholic beverages should not be more than 0.1 mg/mL (GB 2760–2007). Hence, the development of low cost but efficient analytical techniques for the sensitive determination of ponceau 4R and tartrazine is essential for food safety and human health.



Currently, several analytical techniques have been developed for simultaneous detection of ponceau 4R and tartrazine, including capillary electrophoresis [7,8], spectrophotometry [9,10] and high-performance liquid chromatography [11,12,13]. These analytical methods are widely accepted and well proved, but they usually involve tedious and time-consuming analytical procedures and require costly equipment and high consumption of organic solvents. Owing to its low price, simple operation, excellent sensitivity and ease of miniaturization, the electroanalytical technique has recently been regarded as a competitive candidate for the in situ determination of azo colorants. Due to the presence of electrochemically active –N=N– groups, ponceau 4R and tartrazine can be readily detected by mercury electrodes based on their reduction signals [14,15,16]. However, the use of toxic mercury electrodes can inevitably cause adverse health effects and environmental pollution. Alternatively, a variety of mercury-free electrodes was fabricated for the individual determination of ponceau 4R [17,18,19] and tartrazine [20,21,22,23]. As far as we know, there are very few electrochemical sensors for simultaneous detection of ponceau 4R and tartrazine. Yang et al. [24] constructed an acetylene black film modified electrode for the simultaneous determination of ponceau 4R and tartrazine, but the proposed sensor suffered from lower sensitivity and inadequate detection limits (LODs). Ionic liquid modified expanded graphite paste electrode (IL-EGPE) [25] and ionic liquid-graphene oxide-multiwalled carbon nanotube nanocomposite (IL-GO-MWCNT) [26] showed extraordinary electrocatalytic oxidation capacity toward ponceau 4R and tartrazine. However, costly ionic liquids enormously hinder their practical applications. In our previous studies, TiO2/graphene nanocomposites exhibited high catalytic activity for tartrazine electrooxidation [27]. However, to the best of our knowledge, TiO2/graphene nanocomposite-based voltammetric sensors have not been used for simultaneous determination of ponceau 4R and tartrazine yet. Therefore, designing voltammetric sensors with simplicity, cost-effectiveness and excellent sensitivity is paramount for simultaneous determination of ponceau 4R and tartrazine.



TiO2 nanoparticles (NPs) have been considered as the most promising candidate for advanced (photo)electrochemical sensors, owing to their attractive advantages such as more abundance, low cost, high electrical conductivity, strong adsorptive ability and remarkable catalytic activity [28,29,30,31,32]. However, TiO2 NPs cannot be firmly immobilized on the surface of carbon electrodes [33], thereby deteriorating electrode stability and sensing property. In addition, TiO2 NPs tend to aggregate without surfactant as a dispersant, which also degrades sensing performance. In order to address these issues, TiO2 NPs are often anchored on the graphene to improve the dispersibility and immobilization of TiO2 NPs onto carbon electrodes. Considering the advantageous features including huge specific surface area, excellent electroconductivity and extraordinary electron transfer capacity, graphene has become a versatile material to construct electrochemical sensing platforms [34,35,36,37,38,39]. Graphene with unique two-dimensional layered structures and intriguing electronic properties provide a favorable catalyst carrier for anchoring metal oxide nanoparticles [40], therefore achieving versatile selective catalytic or sensing performance. In addition, graphene can be readily anchored on the GCE surface through π–π interactions. For these reasons, TiO2/graphene nanocomposites have been exploited as efficient sensing films for voltammetric determination of biomolecules such as guanine [31], adenine [31], dopamine [41], glucose [42], L-tyrosine [43] and L-tryptophan [43]. However, to the best of our knowledge, TiO2/graphene nanocomposite-based voltammetric sensors have not been used for the simultaneous determination of ponceau 4R and tartrazine yet.



Herein, a simple but efficient voltammetric sensor was designed for simultaneous determination of ponceau 4R and tartrazine in orange juice based on TiO2/ErGO. TiO2/ErGO nanocomposites were prepared by ultrasonically dispersing TiO2 NPs into graphene oxide (GO) solution followed by a green in-situ electrochemical reduction. TiO2 NPs were uniformly supported on ErGO nanoflakes, which provide a favorable interface for the adsorption and subsequent oxidation of target analytes. The resultant TiO2/ErGO generated synergistic effect toward the electrooxidation of ponceau 4R and tartrazine, which gives arise to amplified response signals. Furthermore, the proposed sensor was used for simultaneous determination of Ponceau 4R and Tartrazine in orange juice sample with satisfactory outcomes.




2. Materials and Methods


2.1. Chemicals and Materials


Ponceau 4R, tartrazine, Allura Red, amaranth and sunset yellow were bought from Aladdin Reagents Inc. (Shanghai, China). Other chemicals were supplied by Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). All chemicals were directly used without further treatments. GO was supplied by Xianfeng Nanomaterial Technology Inc. (Nanjing, China). Orange juice samples were purchased from a local supermarket. Deionized water from a Millipore water purification system (Mini-Q, 18 MΩ cm) was used throughout the experiments.




2.2. Synthesis of TiO2 NPs


TiO2 NPs were prepared by a facile hydrothermal treatment. In a typical procedure, 2.4034 g of titanium sulfate were dissolved into 50 mL of deionized water, and then subjected to ultrasonication for 40 min. Afterwards, the reaction solution was transferred into a 100 mL Teflon-lined stainless-steel container and heated at 180 °C for 4 h. After being cooled into ambient temperature naturally, the resultant solution was centrifuged at 12,000 rpm for 15 min, and the supernatant was decanted gently. The as-collected white solid was alternately rinsed three times with absolute ethanol and deionized water, and then allowed to dry at 60 °C overnight.




2.3. Synthesis of TiO2/GO Nanocomposites


Firstly, 0.2000 g of GO was dispersed into 10 mL deionized water under ultrasonication for 1 h to form a uniform GO dispersion (20 mg/mL). Then 0.0100 g TiO2 NPs were added into 10 mL GO dispersion and ultrasonically dispersed for 1 h to get a homogenous TiO2/GO dispersion.




2.4. Preparation of TiO2/ErGO/GCE


Bare glass carbon electrode (GCE, diameter of 3 mm, GAOSSUNION, Tianjin, China) was polished to a shiny mirror-like surface with 0.05 μm Al2O3 powder. Then the GCE was alternately rinsed three times by absolute ethanol and deionized water under ultrasonication (each for 1 min), and was dried with an exposure of infrared light. TiO2/ErGO nanocomposite modified electrode (TiO2/ErGO/GCE) was fabricated by a convenient drop-casting technique followed by an in-situ potentiostatic reduction. In brief, 5 μL of TiO2/GO dispersion was firmly coated on the surface of the freshly polished GCE, and then allowed to form an intact sensing film with the radiation of an infrared light. Afterwards, the as-obtained TiO2/GO/GCE was immersed into 0.1 M phosphate buffer solution (PBS, pH 7.0), then electrochemically reduced into TiO2/ErGO/GCE at −1.5 V for 2 min with stirring.




2.5. Voltammetric Determination of Ponceau 4R and Tartrazine


All voltammetric measurements were implemented on a CHI 760E electrochemical workstation (Chenhua Inc., Shanghai, China) with a typical three-electrode setup. A bare or modified electrode was used as the working electrode. A saturated calomel electrode (SCE) and a platinum wire were served as the reference electrode and auxiliary electrode, respectively. Unless otherwise specified, 0.1 M PBS (pH 7.0) was used as the supporting electrolyte. The electrochemical properties of different electrodes were studied by cyclic voltammetry and AC impedance spectra in 0.1 M KCl solution containing 5 mM [Fe(CN)6]3−/4− probe. Cyclic voltammograms of different electrodes were recorded over the range of −0.2 – 0.6 V at a speed of 0.1 V s−1. AC impedance spectra were measured at open circuit potential from 100 kHz to 0.1 Hz with 5 mV (rms) AC sinusoid signal. To boost the voltammetric responses, a suitable deposition was applied before the voltammetric measurements. Considering its advantageous features of superior resolution and sensitivity, differential pulse voltammetry (DPV) was used for the simultaneous determination of ponceau 4R and tartrazine. The pulse amplitude, pulse width, sample width and pulse period for the DPV recording were set at 0.05 V, 0.05 s, 0.02 s and 0.2 s, respectively.





3. Results and Discussions


3.1. Physical Chararazation of TiO2/ErGO


The TEM images of TiO2 NPs and TiO2/GO are shown in Figure 1A,B. TiO2 NPs shows cube-like structures with the size of ca. 30~45 nm (Figure 1A). A large proportion of TiO2 NPs is uniformly and compactly embedded on the GO substrates without notable aggregation (Figure 1B). It can be seen from the TEM image of TiO2/GO that a great quantity of TiO2 NPs is attached onto the surface of GO nanoflakes. It was reported that GO is heavily oxygenated, bearing carboxyl groups at its basal edges and epoxide or hydroxyl groups on the basal planes [44]. On one hand, GO functions as an amphiphilic surfactant to enhance the dispersion of TiO2 NPs, due to the presence of massive hydrophilic oxygen-containing functional groups (OxFGs) on the hydrophobic basal planes [45]. On the other hand, OxFGs promote the intercalation of Ti species into GO layers via interaction with the hard Ti4+ Lewis acid [46,47]. Highly dispersed TiO2 NPs on supports with large surface area GO would be conducive to enhance catalytic activity [30] and sensor sensitivity [48]. GO can be electrochemically reduced into ErGO with in-situ anchoring TiO2 NPs on the resultant graphene flakes.



The crystalline structures of GO flakes, ErGO flakes, TiO2 NPs and TiO2/GO nanocomposites were examined by X-ray diffraction (XRD). As depicted in Figure 1C, GO exhibited a sharp and distinct diffraction peak at the 2θ of 9.8°, attributing to the (001) facet. After the electrochemical reduction of GO, the (001) facet completely disappeared, and a new broad diffraction peak occurred around 24° that corresponded to the (002) facet. This suggests an increase in the graphitic nature of ErGO because of the decreased interlayer spacing to 3.55 Å after electrochemical reduction. The broad diffraction peak indicates the loss of crystallinity in graphite. After incorporation of TiO2 NPs into ErGO nanoflakes, the feature peak of ErGO (broad peak around 24°) can be also recognized. In addition, apparent diffraction peaks were observed at 25.26°, 36.92°, 47.94°, 53.98°, 54.90° and 62.60°, respectively, which can be assigned to the anatase TiO2 NPs supported on ErGO substrates as (101), (004), (200), (105), (211) and (213) crystal planes (tetragonal, JCPDS 21-1272). In addition, no any evident impurity diffraction peaks are found, which demonstrates that the as-prepared TiO2/ErGO nanocomposites are of high purity.




3.2. Electrochemical Properties of TiO2/ErGO


Figure 2A shows cyclic voltammograms of various electrodes in 0.1 M KCl solution containing 5 mM [Fe(CN)6]3−/4−. Obviously, a pair of well-shaped and symmetrical redox peaks occurred at all electrodes with the anodic/cathodic peak current ratio (Ipa/Ipc) of 1.0 approximately, demonstrating that the redox behavior of FeIII/FeII corresponded to a quasi-reversible process. At bare GCE, a pair of relative weak redox peaks (Ipa = 99.27μA; Ipc = 99.90 μA) appeared at 0.266 and 0.121 V, respectively. After loading of TiO2 NPs onto the GCE surface, the Ipa and Ipc increased to 125.1 and 119.5 μA while the peak separation (∆Ep) decreased from 0.145 to 0.109 V. This phenomenon indicates TiO2 NPs own electrocatalytic capacity. Likewise, the Ipa and Ipc also increased (Ipa = 137.3 μA; Ipc = 137.5 μA) on the ErGO modified electrode meanwhile the ∆Ep declined to 0.101 V, which suggests that ErGO nanoflakes accelerated an electron transfer process significantly due to its good electrical conductivity and high specific surface area. As expected, the best voltammetric responses (Ipa = 148.2 μA; Ipc = 144.1 μA) were achieved at TiO2/ErGO/GCE with minimized ∆Ep (0.097 V), mainly due to the synergistic effect from ErGO nanoflakes and TiO2 NPs. Based on the Randles–Sevcik equation [36,49], the electroactive surface areas of bare, TiO2 NPs, ErGO nanoflakes and TiO2/ErGO modified GCEs were calculated as 0.072, 0.084, 0.10 and 0.13 cm2, respectively. TiO2/ErGO nanocomposites greatly enlarged the electroactive surface area, which could provide more available reactive active sites for the adsorption and oxidation of azo colorants, thus ultimately boosting the voltammetric responses.



AC impedance spectra have become the most popular technique to acquire the electrode interfacial characteristic [36,49,50,51]. Nyquist plots of different electrodes are illustrated in Figure 2B. Typically, the diameter of semicircle is equivalent to the charge transfer resistance (Rct). The largest semicircle was observed at bare GCE (Rct = 1562 Ω), indicating sluggish electrode kinetics occurred at the unmodified electrode. After decoration with TiO2 NPs and ErGO nanoflakes, the Rct value decreased to 366 Ω and 233 Ω, respectively, indicating that TiO2 NPs or ErGO nanoflakes promoted the electron transfer efficiently. The Nyquist plot of TiO2/ErGO/GCE was almost a straight line, which demonstrates that the TiO2/ErGO nanocomposite minimizes the Rct value (Rct = 44.9 Ω). This is primarily attributed to the fact that the synergistic effect from ErGO nanoflakes and TiO2 NPs expedites the electron transfer. It is believed that the significant reduction in Rct is a benefit to improve the sensor sensitivity.




3.3. Enrichment in Voltammetric Responses of Ponceau 4R and Tartrazine


The voltammetric responses of 1.0 μM ponceau 4R and tartrazine were investigated in 0.1 M PBS (pH 7.0). Figure 3 shows the DPV curves of 1.0 μM ponceau 4R and tartrazine (1:1) at different modified electrodes. At the bare electrode, two weak and ill-shaped anodic peaks appeared at 0.628 and 0.872 V, corresponding to the oxidation of ponceau 4R and tartrazine. In this case, the anodic peak currents of ponceau 4R and tartrazine were 0.327 and 0.0540 μA, respectively. After loading TiO2 NPs alone, the anodic peak currents of ponceau 4R and tartrazine increased to 0.383 and 0.176 μA, respectively. The poor voltammetric responses of ponceau 4R and tartrazine are attributed to the offset effect between their poor dispersibility and excellent electrocatalytic capacity [31,41,42,52]. Two well-shaped and pronounced anodic peaks occurred at ErGO nanoflakes modified electrodes. In addition, the voltammetric responses of ponceau 4R and tartrazine boost significantly, with their respective anodic peak currents of 0.418 and 1.21 μA, respectively. This may be strongly benefited from the intrinsic properties of ErGO nanoflakes such as a large surface area and high conductivity, which promote the absorption and subsequent electrooxidation of azo colorants effectually [52]. When loading TiO2/ErGO onto the GCE surface, two sharp and well-defined anodic peaks occurred at 0.616 and 0.868 V, respectively. Moreover, the voltammetric responses of ponceau 4R and tartrazine enhanced prominently, with their respective anodic peak currents of 2.03 and 0.541 μA, respectively. The anodic peak currents of ponceau 4R and tartrazine were 5-fold and 9-fold higher as compared to bare GCE, respectively. The lowered oxidation overpotentials and remarkably enhanced peak currents suggest that TiO2/ErGO nanocomposites generated the conspicuous synergistic effect toward the electrooxidation of ponceau 4R and tartrazine. To be specific, the excellent adsorption capability and electrocatalytic effect of TiO2/ErGO nanocomposites greatly improve electron transfer efficiency, thus ultimately amplifying the voltammetric responses [31,41,42,43,52]. In addition, the high electrochemical active area and low charge transfer resistance also contributed to the extraordinary electrocatalytic performances.




3.4. Exploration of Voltammetric Parameters


3.4.1. Deposition Parameters


Deposition parameters directly determine the voltammetric responses of ponceau 4R and tartrazine. Therefore, the dependences of deposition potential as well as time on the voltammetric responses were also investigated. Both the anodic peak current of ponceau 4R and tartrazine (Ipa(PR) and Ipa(TZ)) increased gradually as the deposition potentials moved from −0.4 to −0.1 V, then reached maximum values at −0.1 V, afterwards it sharply decreased with more positive potentials (Figure 4A). Likewise, both Ipa(PR) and Ipa(TZ) sharply increased within the first 120 s, then they decreased dramatically as the deposition time exceeded 120 s (Figure 4B). So, the optimal deposition parameters were −0.1 V, 120 s.




3.4.2. Medium pH


Figure 5A displays the DPV curves of ponceau 4R and tartrazine at various medium pH. The anodic peaks of ponceau 4R and tartrazine shifted negatively as medium pH increased, demonstrating that the redox reactions of ponceau 4R and tartrazine involve protons (H+). Furthermore, the anodic peak potentials of ponceau 4R and tartrazine were inversely proportional to medium pH (Figure 5B). Their corresponding linear equations were Epa (V) = −0.0676pH + 1.38 (R2 = 0.986) and Epa (V) = −0.0474pH + 0.892 (R2 = 0.989) for ponceau 4R and tartrazine, respectively. Their respective slopes (67.6 and 47.4 mV/pH) closely approached the Nernstian values (59 mV/pH), implying that the numbers of electrons (e−) and protons (H+) was 1:1. Besides, both Ipa (PR) and Ipa (TZ) increased gradually as the medium pH increased from 5.8 to 7.0, then they suddenly reduced when medium pH was beyond 7.0 (Figure 5C). So, the optimal pH was set at 7.0.




3.4.3. Scan Rate


Cyclic voltammograms of ponceau 4R and tartrazine at various scan rates are illustrated in Figure S1. The symmetric redox peaks of ponceau 4R suggest that ponceau 4R underwent a quasi-reversible process. In contrast, no cathodic peak of tartrazine was found at the reverse scan, indicating tartrazine underwent a totally irreversible process. Notably, both Ipa (PR) and Ipa (TZ) increased steadily as the scan rates increased from 0.03 to 0.3 Vs−1. In addition, the redox peak currents of ponceau 4R and tartrazine (Ipa or Ipc) increased linearly with the square root of scan rates (Figure 6A,B), suggesting the reactions of ponceau 4R and tartrazine are typical diffusion-controlled processes. As the potential scan rate grew up, the anodic peaks shifted positively while the cathodic peaks moved towards the reverse direction. The redox peak potentials (Epa or Epc) were highly correlated with natural logarithm of scan rates (Figure 6C,D). According to Laviron theory [53], the slope values of Epa-lnv and Epc-lnv plots are equivalent to RT/2αnF. Generally, α is assumed as 0.5 for a quasi-reversible or irreversible electrode reaction. Therefore, the electron transfer number (n) was estimated to 0.95 (≈1) and 1.19 (≈1) for ponceau 4R and tartrazine, respectively, implying one electron participation in the electrooxidation of ponceau 4R and tartrazine. Therefore, it can be inferred that the electrooxidation mechanisms of ponceau 4R and tartrazine involved one electron (1 e−) transfer coupled with one proton (1 H+). The possible electrooxidation mechanisms are illustrated in Figure 7. On the TiO2/ErGO/GCE, the hydroxyl groups in ponceau 4R and tartrazine were oxidized to carbonyl groups with releasing 1 e− and 1 H+, which are in good agreement with the previous reports [19,20,22,54].





3.5. Determination of Ponceau 4R and Tartrazine


Figure 8A shows the DPV curves of ponceau 4R and tartrazine with their concentrations changing from 0.01 to 5.0 μM. Apparently, the response anodic peak currents of ponceau 4R and tartrazine increased gradually as their corresponding concentrations. In the concentration range from 0.01 to 5.0 μM, both Ipa(PR) and Ipa(TZ) increased linearly with the respective natural logarithm of concentrations (Figure 8B,C). The linear functions of Ipa−lnC can be expressed as Ipa(μA) = 0.150 lnC (μM) + 1.22 (R2 = 0.991) and Ipa(μA) = 0.0774 lnC (μM) + 0.386 (R2 = 0.991) for ponceau 4R and tartrazine, respectively. It is noted that both Ipa(PR) and Ipa (TZ) also increased linearly with their respective concentrations at the low concentration domain (0.01~0.3 μM). The corresponding linear regression equations of ponceau 4R and tartrazine were Ipa(μA) = 0.290C (μM) + 0.608 (R2 = 0.989) and Ipa(μA) = 0.165C (μM) + 0.0505 (R2 = 0.986), respectively. At higher concentration, the linear relationship changed to a semi-log relationship, probably because more ponceau 4R and tartrazine molecules were adsorbed on the electrode surface at high concentrations, which reduced the reversibility of the redox of ponceau 4R and tartrazine, thereby resulting in a sluggish electrode kinetics. The LODs (LOD = 3σ/s) for the determination of ponceau 4R and tartrazine were estimated to 4.0 and 6.0 nM, respectively. As summarized in Table 1, the sensing properties (including dynamics response range and LOD) were almost comparable or even exceeded previously reported electrodes. Unlike costly ionic liquids [25,26], the electrode preparation only involves readily available and low cost raw materials. Compared with aluminum microfiber/CPE and porous carbon-2/GCE [54,55], the fabrication of the proposed TiO2/ErGO/GCE was simpler and more convenient. In short, the comparatively excellent sensing performances, together with low cost and ease of fabrication, make TiO2/ErGO/GCE an attractive candidate for on-site detection of ponceau 4R and tartrazine.




3.6. Interference, Reproducibility and Stability Test


The interferences from common metal ions and other azo colorants were investigated at the TiO2/ErGO/GCE for the simultaneous determination of ponceau 4R and tartrazine. The anodic peak currents of 10 μM ponceau 4R and tartrazine coexisting with various interfering substances are tabulated in Table S1. The DPV responses of ponceau 4R and tartrazine were not influenced by the additions of 100-fold concentrations of Na+, K+, Mg2+ and Ca2+ or 10-fold concentrations of sunset yellow, Allura Red and amaranth. This indicates that it is feasible to analyze ponceau 4R and tartrazine at TiO2/ErGO/GCE with high selectivity. To examine the electrode reproducibility, the DPV responses of 10 μM ponceau 4R and tartrazine were parallelly recorded on five TiO2/ErGO/GCEs (Figure S2). The relative standard deviations (RSD) for ponceau 4R and tartrazine were 5.04% and 4.01%, respectively, indicating that the electrode preparation was highly reproducible. To evaluate electrode stability, the DPV responses of ponceau 4R and tartrazine were regularly monitored during one week. When it was not in use, the TiO2/ErGO/GCE was stored in the air. After each measurement, the adsorbed target analytes on the TiO2/ErGO/GCE were removed by ten successive scans of cyclic voltammograms in 0.1 M PBS (pH=7.0). The anodic peak currents of 1.0 μM ponceau 4R and tartrazine keep 89.5% and 88.6% of their respective initial values after one-week storage (Figure S3), which demonstrated extraordinary storage stability.




3.7. Applications for Real Samples


The concentrations of ponceau 4R and tartrazine in orange juice samples were determined by the DPV technique using the TiO2/ErGO/GCE. Orange juices were first diluted to 100-fold with 0.1 M PBS (pH = 7.0), then the DPV responses of ponceau 4R and tartrazine were recorded under the optimal experimental conditions. The concentrations of ponceau 4R and tartrazine were figured out from the related calibration curves. As tabulated in Table 2, the concentrations of ponceau 4R and tartrazine in orange juice were 0.112 (67.7 μg/L) and 0.423 μM (226 μg/L), respectively, which are much lower than their maximum allowable dosages (100 mg/L) specified in GB 2760–2014. To further confirm the detection reliability, known concentration solutions of ponceau 4R and tartrazine were separately spiked to the sample solutions. The satisfactory recoveries were obtained in the recovery assays with the accepted RSDs. These results suggest that the TiO2/ErGO/GCE could obtain reliable detection results without visible interference from the complicated matrix. The promising analytical properties, along with low cost, simple fabrication, and facile operation, were expected to broaden the application prospects of TiO2/ErGO/GCE.





4. Conclusions


A simple but efficient voltammetric sensor was constructed for the simultaneous detection of ponceau 4R and tartrazine based on TiO2/ErGO composites. TiO2 NPs were uniformly anchored on the ErGO nanoflakes, which provide a favorable electrode interface for the electrochemical oxidation of target species. Electrochemical experiments show TiO2/ErGO composites decreased charge transfer resistance and enlarged the effective electrochemical active area significantly. The TiO2/ErGO/GCE generated a synergistic enhancement effect for the electrooxidation of ponceau 4R and tartrazine, which gave a rise in greatly amplified voltammetric responses. Compared with bare GCE, the anodic peak currents increased by 5-fold and 9-fold for ponceau 4R and tartrazine, respectively. Under the optimal analytical conditions, the TiO2/ErGO/GCE achieved sensitive determination of ponceau 4R and tartrazine at the nanomolar level, with the low LODs of 4.0 and 6.0 nM for ponceau 4R and tartrazine over a wide dynamical response range (0.01−0.50 μM). Finally, the proposed TiO2/ErGO/GCE enabled simultaneous determination of ponceau 4R and tartrazine in orange juices with a satisfactory outcome. Combined with portable electrochemical devices, the proposed TiO2/ErGO/GCE is expected to achieve in-situ detection of azo colorants in various drinks and foodstuffs.
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Figure 1. TEM images of TiO2 nanoparticles (NPs) (A) and TiO2/GO nanocomposites (B); (C) XRD patterns of GO, ErGO, TiO2 and TiO2/ErGO nanocomposites. 
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Figure 2. Cyclic voltammograms (A) and Nyquist plots (B) recorded at various electrodes in 0.1 M KCl solution (pH 7.0) containing 5 mM [Fe(CN)6]3−/4−. The inset in Figure 2B represents the equivalent circuit model for impedance fitting. 
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Figure 3. Differential pulse voltammetry (DPV) curves of 1.0 μM ponceau 4R and tartrazine (1:1) at different modified electrodes. Supporting electrolyte: 0.1 M PBS (pH = 7.0); deposition parameters: −0.1 V, 120 s. 
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Figure 4. Effect of deposition potential (A) and deposition time (B) on the DPV anodic peak currents of ponceau 4R and tartrazine. (A) Deposition time was set at 150 s and (B) deposition potential was fixed at −0.1 V. 
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Figure 5. (A) DPV curves of ponceau 4R and tartrazine on TiO2/ErGO/GCE measured at different pH; (B) the dependence of anodic peak potential of ponceau 4R and tartrazine on pH and (C) the dependence of anodic peak current of ponceau 4R and tartrazine on pH. Deposition parameters: −0.1 V, 120 s. 
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Figure 6. Linear plots of cyclic voltammograms peak currents of ponceau 4R (A) and tartrazine (B) against the square root of the scan rate (v1/2) and linear plots of redox peak potentials of ponceau 4R (C) and tartrazine (D) against the natural logarithm of the scan rate (ln v). 
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Figure 7. Electrooxidation mechanism of ponceau 4R and tartrazine at TiO2/ErGO/GCE. 
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Figure 8. (A) DPV curves of ponceau 4R and tartrazine with their concentrations varying from 0.01 to 5.0 μM, a→k: 0.01, 0.003, 0.05, 0.08, 0.10, 0.30, 0.50, 0.80, 1.0, 3.0 and 5.0 μM; (B) plots of the anodic peak currents of ponceau 4R as the function of the natural logarithm of its concentrations in the range of 0.01–5.0 μM (n = 3) and (C) plots of the anodic peak currents of tartrazine as the function of natural logarithm of its concentrations in the range of 0.01–5.0 μM (n = 3). 
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Table 1. Comparison on analytical performance of the simultaneous detection of ponceau 4R and tartrazine with previously reported electrodes.
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Electrode

	
Method

	
Detection Range (μM)

	
LOD (μM)

	
Ref




	
Ponceau 4R

	
Tartrazine

	
Ponceau 4R

	
Tartrazine






	
Acetylene black/GCE

	
AASV

	
0.083–6.6

	
0.28–34

	
0.050

	
0.187

	
[24]




	
IL-EGPE

	
SWSV

	
0.01–5.0

	
0.01–2.0

	
0.0014

	
0.003

	
[25]




	
IL-GO/MWCNT/GCE

	
SWV

	
0.008–0.015

	
0.02–0.013

	
0.006

	
0.01

	
[26]




	
Al microfiber/CPE

	
DPV

	
0.001–0.10

	
0.005–0.14

	
0.0008

	
0.002

	
[54]




	
Porous carbon-2/GCE

	
DPV

	
0.004–1.65

	
0.009–0.56

	
0.0035

	
0.0065

	
[55]




	
TiO2/ErGO/GCE

	
AdSDPV

	
0.01–5.0

	
0.01– 5.0

	
0.004

	
0.006

	
This work
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Table 2. Detection of ponceau 4R and tartrazine in soft drink samples by the TiO2/ErGO/GCE.
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Samples

	
Analytes

	
Detected

(μM)

	
RSD

(%)

	
Added

(μM)

	
Found

(μM)

	
RSD

(%)

	
Recovery

(%)






	
A

	
Ponceau 4R

	
0.112

	
4.04

	
0.090

	
0.197

	
3.02

	
94.4




	
Tartrazine

	
0.423

	
2.21

	
0.338

	
0.654

	
3.04

	
97.9




	
B

	
Ponceau 4R

	
0.112

	
3.21

	
0.112

	
0.223

	
4.06

	
99.1




	
Tartrazine

	
0.423

	
5.01

	
0.583

	
1.056

	
4.86

	
108.6
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