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Hoje podemos nos perguntar, é possível ter um confortável dia a dia sem eletroquímica? A resposta a esta pergunta é relativamente simples: não; mas, o porquê desta resposta é um pouco mais complexo e para isso temos que refletir em relação aos diferentes dispositivos de uso diário onde a eletroquímica tem uma atuação fundamental: pilhas, baterias, células a combustíveis, sensores, biossensores e biomateriais, entre outras aplicações. Isto nos conduz ao fato de que a eletroquímica moderna diverge significativamente das raízes do que era feito no século XX. Além de inspirar e produzir um grande esforço de investigação básica, a eletroquímica é utilizada em uma ampla gama de processos industriais e em tecnologia com numerosas configurações diferentes. No estagio inicial do desenvolvimento de conhecimentos em eletroquímica, os pesquisadores estavam principalmente interessados na explicação de fenômenos de transferência de carga e massa que não eram completamente compreendidos; enquanto atualmente as pesquisas estão, majoritariamente, direcionadas a encontrar novas aplicações para eletroquímica e na compreensão de reações eletroquímicas complexas. Também existe um grande esforço para entender reações eletroquímicas em nano-escala já que a tecnologia para observações precisas deste tipo está disponível. Talvez agora, o maior desafio seja integrar a diversidade de interesses no uso tecnológico da eletroquímica e os novos aspectos básicos que surgiram como consequência da possibilidade da observação no nano-domínio, num único simpósio de Eletroquímica e Eletroanalítica. Esse caminho poderá ser facilmente percorrido se formos capazes de integrar a temática de nossas reuniões para produzir um efeito cooperativo entre as zonas de desenvolvimento intelectual dentro da eletroquímica. Uma vez que nosso simpósio alcançou um grau de excelência científica e organizacional, resta agora promover a integração da diferentes áreas de conhecimento, considerando a sofisticação alcançada pela disciplina e induzir à associação de pesquisadores que permitam o desenvolvimento de trabalhos multi e interdisciplinares, que leve à contribuição da Eletroquímica no progresso da Ciência.

  O Simpósio Brasileiro de Eletroquímica e Eletroanalítica (SIBEE) começou em 1978 com edições bienais realizadas em diferentes localidades, tais como: Águas de Lindóia-SP, Araraquara-SP, Bento Gonçalves-RS, Campinas-SP, Campos de Jordão-SP, Fortaleza-CE, Gramado-RS, Londrina-PR, Maragogi-AL, Ribeirão Preto-SP, São Carlos-SP, São Paulo-SP e Teresópolis-RJ, sob patrocínio de várias instituições de ensino e pesquisa de âmbito estadual e federal. Nas últimas edições do SIBEE foi observado tanto um incremento do número de participantes como de Instituições representadas, aliado a um aumento de temas de pesquisa, mostrando claramente a abrangência da Eletroquímica e, como consequência, do SIBEE. Neste número especial do Journal of the Brazilian Chemical Society (JBCS) é publicada uma seleção dos trabalhos discutidos e apresentados no XIX SIBEE, utilizando o tradicional sistema de avaliação por pares do JBCS. O XIX SIBEE foi promovido pela Universidade Federal do ABC, Centro de Ciências Naturais e Humanas (Profa. Janaina de Souza Garcia, Prof. Hugo Barbosa Suffredini, Prof. Mauro Coelho dos Santos (Coordenador) e Prof. Wendel Andrade Alves) e pela Universidade Federal de São Paulo, Campus Diadema (Profa. Christiane de Arruda Rodrigues, Prof. Fábio Ruiz Simões e Profa. Lúcia Codognoto) no período de 01 a 05 de abril de 2013, em Campos de Jordão-SP no Convention Center. Contou nesta oportunidade com a presença de cerca de 460 participantes, vindos de 76 instituições diferentes (universidades, indústrias e institutos de pesquisa). Foram apresentados 466 trabalhos, sendo 183 na forma de apresentação oral em 42 sessões coordenadas, 283 trabalhos na forma de painéis em três sessões de exposições, além de 24 mini-conferências e 8 conferências plenárias ministradas por pesquisadores internacionalmente reconhecidos provenientes de Austrália, Brasil, Espanha, Estados Unidos e Reino Unido. Houve também a apresentação de dois minicursos, um em eletroquímica e o outro em eletroanalítica, além do lançamento de um livro. Os trabalhos apresentados tiveram o excelente padrão de qualidade tradicional do simpósio, mostrando uma grande diversidade de temas já estabelecidos e, também novos como corrosão, conversão e armazenamento de energia, células fotovoltaicas, líquidos iônicos, bio-eletroquímica, eletroanálises, sensores, biossensores, eletroquímica ambiental, membranas e óxido-redução de moléculas de interesse farmacológico, eletroquímica de materiais nanoestruturados, mostrando claramente o universo da Eletroquímica no Brasil. As discussões e o fluxo de informações foram incentivados pela organização, sendo a avaliação crítica dos trabalhos e dos apresentadores a base de uma justa e incentivadora sessão de premiação aos jovens talentos.

  Considerando a diversificação e complexidade alcançada em eletroquímica e eletroanalítica, a integração de aplicações e conhecimentos é, sem duvidas, o objetivo primordial para manter a qualidade e a importância do simpósio; além do esforço que será necessário para capturar e produzir entusiasmo e imaginação nas próximas gerações de pesquisadores. Portanto, o desafio dos organizadores das próximas reuniões será o de encontrar o caminho que possa maximizar um efeito cooperativo entre os diferentes conhecimentos produzidos em eletroquímica e eletroanalítica, que compatibilize o interesse em ciência dos pesquisadores; induzindo assim, uma melhora ainda maior na qualidade das pesquisas relacionadas à Eletroquímica e Eletroanalítica e, à Ciência em geral de nosso País. 

  
    Roberto M. Torresi

    IQ-USP

  Mauro Coelho dos Santos
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  Nowadays we might ask, is it possible to have a comfortable day to day life without Electrochemistry? The answer to this question is relatively straightforward: no, but the reason of this answer is a bit more complex and, for that, we must think about the various devices for everyday use where electrochemistry has a fundamental role: batteries, fuel cells, sensors, biosensors, biomaterials, and other applications. This leads us to the fact that modern electrochemical diverges significantly from the roots of research works done in the twentieth century. In addition, inspiration to produce a great deal of basic research in electrochemistry is necessary in a wide range of industrial processes and technology with different configurations. In the initial stage of the development of knowledge in electrochemistry, the researchers were primarily interested in explaining phenomena of charge and mass transfer that were not fully understood; while, the currently researches are mostly directed to find new applications for electrochemistry and for understanding complex electrochemical reactions. There is also a large effort to understand these kinds of reactions in nano-scale domain since the technology for precise observations are now available. At present, the biggest challenge may be to integrate the diversity of interests in the use of electrochemical technology and new basic aspects that emerged as a result of the possibility of observation in the nano-domain in a single symposium of Electrochemistry and Electroanalysis. This path can be easily traversed if we are able to integrate the theme of our meetings to produce a cooperative effect between the areas of intellectual development within the electrochemistry. Since our symposium reached a degree of scientific and organizational excellence, it remains now to promote the integration of different areas of knowledge, and to induce the formation of associations of researchers enabling the development of multi and interdisciplinary work, leading to the contribution of Electrochemistry in the progress of science.

The Brazilian Symposium on Electrochemistry and Electroanalytical Chemistry (SIBEE) began in 1978 with biannual editions held in different locations, such as: Aguas de Lindoia-SP, Araraquara-SP, Bento Gonçalves-RS, Campinas-SP, Campos do Jordao-SP, Fortaleza-CE, Gramado-RS, Londrina-PR, Maragogi-AL, Ribeirão Preto-SP, São Carlos-SP, São Paulo-SP and Teresopolis-RJ; under sponsorship of various educational institutions and research foundations from state and federal levels. In recent editions of SIBEE it was observed both an increase in the number of participants as institutions represented, together with an increase of research subjects, clearly showing the scope of Electrochemistry and, as a consequence, the SIBEE . In this special issue of the Journal of the Brazilian Chemical Society (JBCS) is published a selection of works discussed and presented in the nineteenth SIBEE using the traditional system of peer review of the JBCS. The nineteenth SIBEE was sponsored by the Federal University of ABC , Center of Natural and Human Sciences (Professors Janaina de Souza Garcia, Hugo Barbosa Suffredini, Mauro Coelho dos Santos (Coordinator) and Wendel Andrade Alves) and the Federal University of São Paulo, Campus Diadema (Professors Christiane de Arruda Rodrigues, Fábio Ruiz Simões and Lucia Codognoto) from 01 to 05 April, 2013, in Campos do Jordão, SP. This Meeting had the presence of about 460 participants from 76 different institutions (universities, industries and research institutes), 466 presented papers, with 183 as oral presentation in 42 sessions, 283 papers in the form of panels in 3 sessions, 24 key-notes lectures and 8 plenary lectures given by internationally recognized researchers from Australia, Brazil, Spain, United States and United Kingdom. There were also the presentation of two short courses, one on electrochemistry and another on electroanalytical methods; also it was presented a new book on electroanalysis. The papers had an excellent standard of quality, which is traditional for the symposium, showing a wide range of well-established subjects and also new ones; such as corrosion and conversion and storage of energy, ionic liquids, bio-electrochemistry, electroanalysis, sensors, photovoltaic cells, biosensors, environmental electrochemistry, membranes and redox molecules of pharmacological interest, electrochemistry of nanostructured materials. All these subjects clearly showed the universe of electrochemistry in Brazil. The discussions and information flow were encouraged by the organization, and the critical evaluation of the presentation was the basis for a fair and incentive award session to young talents.

  Considering the diversity and complexity achieved in electrochemistry and electroanalytical chemistry, the integration of applications and fundamental knowledge is, without doubt, the primary achievement to maintain the quality and importance of the symposium; together with the effort that it will take to capture and produce enthusiasm and imagination in coming generations of researchers. Therefore, the challenge for organizers of next meetings will be to find the path that can maximize a cooperative effect between electrochemistry and electroanalysis, which reconciles the interest of researchers in science, thus inducing an even greater improvement in the quality related to Electrochemistry and Electroanalytical Chemistry and to the whole Science of our country.
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    Este artigo apresenta uma revisão sobre os emergentes processos eletroquímicos de oxidação avançada (PEOAs) tais como UV fotoeletro-Fenton (FEF) e fotoeletro-Fenton solar (SPEF) em que a irradiação do efluente com a luz UV e solar, respectivamente, causa um efeito sinérgico sobre o processo de degradação dos poluentes orgânicos pela formação de mais •OH e/ou da fotólise dos complexos de Fe3+ com a geração de ácidos carboxílicos. Fundamentos destes PEOAs são explicados para clarificar seu desempenho na remoção de produtos químicos industriais, pesticidas, corantes e fármacos. Exemplos com reatores de mistura perfeita em escala de bancada equipados com ânodos de Pt ou boro dopado de diamante (BDD) e cátodos de difusão à gás, feltro de carbono ou fibra de carvão ativado são discutidos. Tratamentos com uma planta piloto de recirculação acoplada a um fotoreator solar são também explicados. Um método de combinação envolvendo FEF e fotocatálise é descrito. A influência dos parâmetros experimentais sobre a taxa de mineralização, eficiência de corrente da mineralização e custo energético dos métodos FEF e FEFS é detalhada. A cinética de degradação dos contaminantes e a evolução de seus intermediários e íons inorgânicos finais são discutidas. O processo FEFS se mostrou mais eficiente e menos caro que outros PEOAs como a oxidação anódica com eletrogeração de H2O2, eletro-Fenton e FEF.

  

   

  
    This paper presents a review on emerging electrochemical advanced oxidation processes (EAOPs) such as UV photoelectro-Fenton (PEF) and solar photoelectro-Fenton (SPEF) in which the irradiation of the effluent with UV light and sunlight, respectively, causes a synergistic effect on the degradation process of organic pollutants by the formation of more •OH and/or the photolysis of complexes of Fe(III) with generated carboxylic acids. Fundamentals of these EAOPs are explained to clarify their performance in the removal of industrial chemicals, pesticides, dyes and pharmaceuticals. Examples with bench-scaled stirred tank reactors equipped with Pt or boron-doped diamond (BDD) anodes and gas-diffusion, carbon-felt or activated carbon fiber cathodes are discussed. Treatments with a recirculation pre-pilot plant coupled to a solar photoreactor are also examined. A combined method involving PEF and photocatalysis is described. The influence of experimental parameters on the mineralization rate, mineralization current efficiency and energy cost of the PEF and SPEF methods is detailed. The decay kinetics of contaminants and the evolution of their intermediates and final inorganic ions are discussed. The SPEF process resulted more efficient and less expensive than other EAOPs like anodic oxidation with electrogenerated H2O2, electro-Fenton and PEF.

    Keywords: organic mineralization, photoelectro-Fenton, sunlight, UV light, water treatment

  

   

   

  1. Introduction

  Water is essential for the subsistence of all the living beings, but its pollution with organic and inorganic compounds remains a pervasive threat. The water quality is merely a concept reflecting the kind and quantity of contaminants contained in it. A high number of synthetic organics like industrial chemicals, pesticides, dyes and pharmaceuticals is released daily into many wastewaters, thereby entering into natural waters where they accumulate in the aquatic environment.1-5 This pollution comes from urban, industrial and agricultural human activities and cannot be significantly removed by means of conventional wastewater treatment plants because most compounds are recalcitrant, showing a high stability to sunlight irradiation and resistance to microbial attack and temperature. As a result, low amounts of many synthetic organics, usually in µg L-1, have been detected in rivers, lakes, oceans and even drinking water all over the world. Research efforts are then made to develop simple, safe, effective and economical technologies for the removal of organic pollutants from waters and wastewaters in order to avoid their toxic consequences and potential hazardous health effects on living organisms including human beings.

  Over the past two decades, a large variety of powerful advanced oxidation processes (AOPs) has attracted increasing interest for the efficient removal of toxic and/or biorefractory pollutants from waters.4,6-10 AOPs are environmental friendly chemical, photochemical, photocatalytic, electrochemical and photoelectrochemical methods, which present the common feature of the in situ production of hydroxyl radical (•OH) as the main oxidant. •OH has so high standard reduction potential 
    (E(•OH/H2O) = 2.80 V vs. SHE) that non-selectively reacts with most organics yielding dehydrogenated or hydroxylated derivatives, which can be in turn mineralized to CO2, water and inorganic ions.8,10 The simplest and most typical chemical AOP is the Fenton method in which a mixture of Fe2+ and H2O2 (Fenton's reagent) is used to degrade organics. The oxidation power of this technique can be significantly improved by illuminating the treated effluent with UV light (photo-Fenton method) or sunlight (solar photo-Fenton method).11 The coupling of the Fenton method with electrochemistry is another way to enhance its decontamination efficiency.

  A large variety of electrochemical AOPs (EAOPs) has been recently developed.7,8 EAOPs present environmental compatibility, versatility, high efficiency, amenability of automation and safety because they operate at mild conditions.4 They are mediated electrochemical treatments based on the destruction of organics at the anode and/or using the Fenton's reagent partially or completely generated from electrode reactions. The simplest of the former EAOPs is the electro-oxidation or anodic oxidation (AO) method, which can also be carried out with cathodic H2O2 generation, then being so-called AO with electrogenerated H2O2 (AO-H2O2).7 When the Fenton's reagent is electrogenerated, the electrochemical methods constitute the so-called EAOPs based on Fenton's reaction chemistry and are useful for the treatment of acidic wastewaters.8,10 The most popular technique among them is the electro-Fenton (EF) process, in which an iron catalyst (Fe2+, Fe3+ or iron oxides) is added to the effluent while H2O2 is produced at the cathode with O2 or air feeding. The degradation ability of the EF method on organic pollutants has been improved by combining it with other oxidizing processes. Among them, the most effective methods have been found when the effluent treated by EF is simultaneously exposed to UV or solar radiation, corresponding to the so-called UV photoelectro-Fenton (PEF) and solar PEF (SPEF) methods.8 As far as we know, only few papers4,8,10 have summarized some data on the performance of the latter EAOPs for the degradation of few organic contaminants.

  The aim of this paper is to present a general review on the application of the PEF and SPEF methods to the degradation of organic pollutants in waters including industrial chemicals, pesticides, dyes and pharmaceuticals. Fundamentals of these methods are initially described to better analyze their characteristics and oxidation ability. Systems in which PEF is combined with heterogeneous photocatalysis (PEF-PC) are also described. Special attention is made on SPEF, which is an emerging EAOP that is being developed in our laboratory since 2007.

   

  2. Fundamentals of the PEF and SPEF Methods

  Hydrogen peroxide is a green chemical since it leaves oxygen gas and water as byproducts. It is widely used to bleach pulp and paper and textiles, clean electronic circuits and delignify agricultural wastes, as well as for disinfection in medical and industrial applications and as an oxidant in synthesis and wastewater treatment.12 However, the treatment of wastewaters with H2O2 is limited by its low oxidation ability because it can only attack reduced sulfur compounds, cyanides and certain organics such as aldehydes, formic acid and some nitro-organic and sulfo-organic compounds. For this reason, H2O2 is commonly activated in acidic effluents with Fe2+ ion as catalyst of the Fenton's reagent to produce homogenous •OH as strong oxidant of organics in the traditional chemical Fenton method.8

  It is known since 1882 that H2O2 can be accumulated in aqueous medium from the cathodic two-electron reduction of dissolved O2 gas at carbonaceous electrodes with high surface area.13 In acidic solutions, this reaction with E = 0.68 V vs. SHE can be written as follows:
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  Reaction 1 takes place more easily than the four-electron reduction of O2 to water (E = 1.23 V vs. SHE). The production and stability of H2O2 depend on several factors such as cell configuration, cathode properties used and operational conditions. Electrochemical reduction at the cathode surface from reaction 2 and, in much lesser extent, disproportion in the bulk from reaction 3 are parasitic reactions that result in the loss of oxidant or a lowering of current efficiency:14
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  When an undivided cell is utilized, H2O2 is also oxidized to O2 at the anode via hydroperoxyl radical (HO2•) as intermediate, a weaker oxidant than •OH, by the following reactions:15
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  The PEF treatment of acidic aqueous solutions of organic contaminants involves the continuous generation of H2O2 from O2 directly injected as pure gas or compressed air, which is efficiently reduced at cathodes like carbon nanotubes-polytetrafluoroethylene (PTFE),16,17 carbon nanotubes immobilized onto graphite plates,18,19 carbon felt,20,21 activated carbon fiber (ACF)22,23 and carbon-PTFE gas diffusion electrodes24-28 via reaction 1. A small catalytic quantity of Fe2+ is added to the acidic effluent to react with electrogenerated H2O2 giving Fe3+ and •OH in the bulk according to the classical Fenton's reaction with optimum pH of 2.8:29
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  Reaction 6 can be propagated by the catalytic behavior of the Fe3+/Fe2+ pair.30 Table 1 collects the main reactions related to the Fenton system and their corresponding absolute second-order rate constant (k2) value.31 After the initiation reaction 6, Fe2+ can be regenerated by H2O2 from the Fenton-like reaction 7, by HO2• from reaction 8 and/or by the superoxide ion (O2•−) from reactions 9 and 10. The propagation reactions involve the production of HO2• by reaction 11 and O2•− by reaction 12, along with the attack of •OH to saturated or aromatic organics yielding dehydrogenated or hydroxylated derivatives via reactions 13 or 14, respectively. The inhibition reactions 15-22 promote the removal of reactive radicals and can restrict the range of several experimental parameters. For example, the existence of the parasitic reaction 15 prevents the use of a high Fe2+ concentration, which usually is < 1.0 mmol L-1 in PEF.
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  A key advantage of the PEF process compared to the chemical Fenton method is that Fe2+ is continuously regenerated from the electroreduction of Fe3+ at the cathode according to reaction 23, with E = 0.77 V vs. NHE:8
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  In an undivided electrolytic cell, the slow oxidation of Fe2+ to Fe3+ at the anode by reaction 24 is also feasible:30
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  In undivided electrolytic systems, the quicker degradation rate of organics in PEF is achieved at pH near 3. These compounds are not only destroyed by reactive oxygen species (ROS), pre-eminently by •OH and in smaller extent by H2O2, HO2•, etc., but also by the action of heterogeneous •OH produced at a high O2-overvoltage anode (M) from water oxidation by reaction 25:7,32
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  The degradation action of M(•OH) is very ineffective for active electrodes such as Pt, being much more efficient when a non-active boron-doped diamond (BDD) thin layer is used as anode. Operating at high current, within the water discharge region, reactive BDD(•OH) is produced in much greater amount than Pt(•OH) and can mineralize completely aromatics and unsaturated compounds such as carboxylic acids.32 The main loss of BDD(•OH) is its oxidation to O2 gas via reaction 26, although the low adsorption ability of •OH on BDD favors its dimerization to H2O2 by reaction 27.33,34 Besides, the high oxidation power of this anode facilitates the generation of other weaker oxidizing agents like S2O82− ion from the oxidation of SO42− ion present in the electrolyte by reaction 28 and ozone by reaction 29 when an iron sulfate salt is used to generate the catalyst or sulfuric acid is employed to adjust the solution pH.32-34
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  The use of a BDD anode is currently preferred in AO and comparison with EF and PEF can be made by means of the AO-H2O2 method without Fe2+ addition to the contaminated water.

  Apart from the electrogeneration of oxidant hydroxyl radicals, the PEF process involves the simultaneous illumination of the acidic treated effluent with UV light. UVA (λ = 315-400 nm), UVB (λ = 285-315 nm) and UVC (λ < 285 nm) lights supplied by artificial lamps as energy sources are commonly employed. The intensity and wavelength of such radiations have significant effect on the destruction rate of organic pollutants. The degradation action of an UV irradiation can be associated with: (i) a higher Fe2+ regeneration and production of additional •OH from photoreduction of Fe(OH)2+, the predominant Fe3+ species at pH 2.8-3.5, according to photo-Fenton reaction 30:8,29
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  and/or (ii) the photodecarboxylation of complexes of Fe(III) with generated carboxylic acids allowing the regeneration of Fe2+ as depicted in the general reaction 31. As an example, reaction 32 shows the photolytic processes for Fe(III)-oxalate complexes (Fe(C2O4)+, Fe(C2O4)2− and Fe(C2O4)33−),35 which are formed as ultimate by-products of aromatics:
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  When UVC light is applied, its high energetic photons are able to photolyze some organics and promote the generation of more •OH from homolytic photolysis of H2O2:4
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  The main drawback of PEF in practice is the high electrical cost of the UV lamps utilized in it. To solve this problem, we have proposed the alternative use of the SPEF method in which the solution is directly irradiated with sunlight as a cheap and renewable energy source with λ > 300 nm.36,37 The higher intensity of UV radiation supplied by sunlight and the additional absorption at λ > 400 nm, e.g., for the photolysis of Fe(III)-carboxylate complexes, enhance the degradation rate of SPEF compared with the PEF process.

  The aforementioned synergistic characteristics of the PEF method were confirmed by studying the accumulation of H2O2 in different electrolytic systems. As an example, Figure 1a illustrates a bench-scaled stirred tank reactor with an O2-diffusion cathode for H2O2 generation used for the PEF treatment of organic pollutants.15,24 Figure 1b shows the evolution of accumulated H2O2 during the electrolysis of 100 mL of 0.05 mol L-1 Na2SO4 solutions at pH 3.0 in an undivided Pt/O2 cell like of Figure 1a equipped with a 10 cm2 Pt anode and a 3 cm2 carbon-PTFE O2-diffusion cathode.24 A gradual accumulation of H2O2 can be observed for 3 h up to reach a steady concentration, which increased with rising applied current from 100 mA (curve e) to 450 mA (curve a). The steady H2O2 concentration under these AO-H2O2 conditions was attained just when its generation rate from reaction 1 becomes equal to its oxidation rate to O2 from reactions 4 and 5. When 1.0 mmol L-1 Fe2+ was added to this system (EF conditions), H2O2 destruction was accelerated by action of reactions 6, 7 and 11, as can be deduced by comparing curves b and c of Figure 1b, determined at 300 mA. The acceleration of H2O2 destruction mainly from Fenton reaction 6 owe to the additional Fe2+ regeneration under UVA illumination from photo-Fenton reaction 30, i.e., operating under PEF conditions, can be confirmed from the slight decay in the steady H2O2 concentration that can be observed by comparing curves c (without UVA light) and d (under 6 W UVA light) of Figure 1b. The above results confirm that the rate of H2O2 production in the Pt/O2 cell is high enough to destroy relatively concentrated solutions of organic contaminants.
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  3. Mineralization and Energetic Parameters

  When dyes wastewaters are treated by PEF and SPEF, the decay in their color is usually determined from the decolorization efficiency or percentage of color removal by equation 34:4
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  where ABS0M and ABStM are the average absorbances before electrolysis and after an electrolysis time t, respectively, at the maximum visible wavelength (λmax) of the wastewater.

  The decontamination process of organic pollutants is usually monitored from the abatement of its total organic carbon (TOC), which is preferable to the measurement of the chemical oxygen demand (COD) to avoid the interference of generated H2O2. From these data, the percentage of TOC removal is calculated from equation 35:4
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  where DTOC is the experimental TOC decay (mg L-1) at electrolysis time t and TOC0 is the initial value before treatment. The mineralization current efficiency (MCE) for electrolyzed solutions at a given time t (h) is estimated from equation 36:36,38
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  where n is the number of electrons exchanged in the mineralization process of the organic compound, F is the Faraday constant (96485 C mol-1), Vs is the solution volume (L), 4.32 × 107 is a conversion factor for units homogenization (= 3600 s h-1 × 12000 mg carbon mol-1), m is the number of carbon atoms of the molecule under study and I is the applied current (A).

  Energetic parameters are essentials figures-of-merit to assess the viability of PEF and SPEF for industrial application.39 Operating at constant I, the energy consumption per unit volume (EC) and unit TOC mass (ECTOC) are obtained from equations 37 and 38, respectively:39,40
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  where Ecell is the average potential difference of the cell (V).

   

  4. Degradation of Organic Pollutants by PEF

  Since the proposal of the PEF process by our group in 1996,41 a high number of industrial chemicals, pesticides, dyes and pharmaceuticals has been treated by this EAOP. In this section, the main aspects of such treatment are described.

  4.1. Industrial chemicals

  The former works of our group were focused to show the better performance of the PEF process compared with AO-H2O2 and EF for the mineralization of 100 mL of aniline41,42 and 4-chlorophenol43 solutions at pH 3.0 using a stirred tank reactor like of Figure 1a with a 10 cm2 Pt foil anode and a 3 cm2 carbon-PTFE O2-diffusion cathode at 100 mA. Figures 2a and 2b depict that the AO-H2O2 treatment yielded a very slow degradation of both contaminants for 6 h, reaching 25-30% mineralization. The low oxidation ability of AO-H2O2 can be ascribed to the small concentration of reactive Pt(•OH) formed at the Pt surface from reaction 25, which is the main oxidant of organics. In contrast, the EF treatment with 1 mmol L-1 Fe2+ was much more potent, leading to 68 and 92% decontamination for aniline and 4-chlorophenol, respectively. A faster TOC decay can be observed for PEF giving > 92% mineralization from 4 h in both cases. The quick decontamination found for EF can be related to the reaction of organics with the great amounts of •OH produced from Fenton's reaction 6, remaining in the solution products that are not attacked by this radical. The photolysis of such products by UVA light can then account for by the highest mineralization rate of the most potent PEF process. It was also found that the decay of both contaminants followed a pseudo-first-order kinetics and the mineralization rate was enhanced with rising current. For aniline, nitrobenzene and p-benzoquinone were detected as aromatic intermediates by GC-MS (gas chromatography-masss spectrometry) and reversed-phase HPLC (high performance liquid chromatography), but only maleic and fumaric acids were identified as generated carboxylic acids by ion-exclusion HPLC. The release of about 80% of initial N as NH4+, along with a smaller proportion of 11% of N as NO3−, was determined in all methods by ion chromatography. For 4-chlorophenol, its hydroxylated derivative 4-chloro-1,2-dihydroxybenzene was always formed, which was subsequently oxidized to maleic and fumaric acids with loss of Cl− ion. It was proposed that these acids were finally transformed into oxalic acid, which forms Fe(III)-oxalate acids that are not attacked by hydroxyl radicals in EF and quickly photodecomposed via reaction 32 in PEF, thus justifying the best oxidation ability of this procedure.
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  Further work was devoted to the degradation of nitrobenzene, a well-known toxic pollutant in industrial wastewaters, to evidence the synergistic catalytic action of Fe2+ and Cu2+ in EF and PEF using the above Pt/O2 tank reactor.44 It has been proposed that Cu2+ can be reduced to Cu+ with HO2• from reaction 39 and then, Cu2+ is regenerated either from the Fenton-like reaction 40 yielding more •OH or from reaction 41 producing more Fe2+ to enhance Fenton's reaction 6:45,46
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  Figure 3 highlights the slow and continuous mineralization of 100 mg L-1 nitrobenzene at pH 3.0 using 1 mmol L-1 Cu2+ as catalyst up to yield 53% TOC removal in 360 min at 100 mA, indicating a low •OH production from reactions 39 and 40. EF with 1 mmol L-1 Fe2+ also promoted the same TOC decay but with much higher initial mineralization rate, while the combined use of 1 mmol L-1 Fe2+ and 1 mmol L-1 Cu2+ upgraded the organic destruction up to 88% mineralization. The same trend was found for the most potent PEF technique, which required 360 min for overall mineralization with 1 mmol L-1 Fe2+ and only 240 min when 1 mmol L-1 Cu2+ was also added to the medium. The nitrobenzene decay always followed a pseudo-first-order reaction. 2-Nitrophenol, 3-nitrophenol, 4-nitrophenol, 4-nitrocatechol and maleic, fumaric and oxalic acids were identified by HPLC as intermediates. The increase in oxidation ability of the methods tested was related to the formation of stable Fe(III)-oxalate complexes in EF with 1 mmol L-1 Fe2+, which were photolyzed by UVA irradiation in PEF, and of competitive Cu(II)-oxalate complexes in EF and PEF with 1 mmol L-1 Fe2+ and 1 mmol L-1 Cu2+ that can be quickly removed with •OH. In all cases, the initial N was completely converted into NO3− ion.

  
    

    [image: Figure 2. TOC removal]

  

  More information about the PEF process of other industrial chemicals has been obtained in more recent studies for a polyhydroxy compound such as gallic acid (3,4,5-trihydroxybenzoic acid)47 and sulfanilic acid (4-aminobenzenesulfonic acid),48 which is widely used to synthesize pesticides, sulfonamide pharmaceuticals, sulfonated azo dyes, dye mordants, species, and food pigments. In the former case, 200 mL of solutions containing up to 6 mmol L-1 gallic acid in 2.0 g L-1 KCl at pH 3.0 were treated at 80 mA and room temperature. The EF method with 1 mmol L-1 Fe2+ in an undivided Pt/O2 cell promoted 70% TOC removal in 240 min, whereas the comparable PEF with UVA light led to 90% mineralization. This behavior was explained by the expected production of stable Fe(III)-oxalate complexes that can only be photodecarboxylated under UVA irradiation via reaction 31. For sulfanilic acid, a stirred tank reactor like of Figure 1a with a 3 cm2 BDD anode was used, because it showed greater oxidation ability than Pt, as will be discussed below for other kinds of contaminants. However, 100 mL of 1.39 mmol L-1 sulfanilic acid only underwent a partial decontamination of 85% by EF until 100 mA cm-2 at optimum conditions of 0.4 mmol L-1 Fe2+ and pH 3.0. The increase in current density and substrate content led to an almost total mineralization. In contrast, the PEF process was more powerful giving almost complete mineralization in less electrolysis time under comparable conditions. The kinetics for sulfanilic acid decay always followed a pseudo first-order reaction. Hydroquinone and p-benzoquinone were detected as aromatic intermediates, whereas acetic, maleic, formic, oxalic and oxamic acids were identified as generated carboxylic acids. The fast photolysis of Fe(III)-carboxylate complexes, especially of the ultimate Fe(III)-oxalate and Fe(III)-oxamate species, under UVA radiation explained the greater oxidation ability of the PEF method. NH4+ ion was preferentially released in both treatments, along with NO3− ion in much smaller proportion.

  Erbatur et al.20 investigated the characteristics of another PEF process using a three-electrode divided cell under an UVC radiation to degrade 4-chloro-2-methoxyphenol, emitted from the industrial production of phenoxy herbicides, and three representative toxic phenolics in olive mill wastewater such as vanillic, o-coumaric and protocatechuic acids.21 The divided cell was a stirred tank reactor equipped with a Nafion 117 membrane as separator of the anolyte containing a Pt gauze anode and the catholyte with a carbon-felt cathode of 3 cm × 5 cm area in contact with a SCE reference electrode. The catholyte contained 300 mL of an O2-saturated solution at pH 2.7 by adding 0.05 mol L-1 H2SO4. H2O2 was generated in it by applying a cathodic potential (Ecat) of −0.55 V vs. SCE and a 15 W UVC lamp was used as energy source in PEF. In the case of 4-chloro-2-methoxyphenol, the best decay rate for a 0.6 mmol L-1 solution under EF conditions was found using 2.4 mmol L-1 Fe2+ that allowed its total disappearance in 360 min. A large enhancement of the substrate removal was determined by means of PEF, ascribed to its additional photolysis by UVC irradiation and a greater production of •OH from H2O2 dissociation by reaction 33. Total disappearance of 4-chloro-2-methoxyphenol, with 42% TOC removal and complete dechlorination was achieved in PEF with 1.8 mmol L-1 Fe2+ by consuming 141.4 C electrical charge in 300 min. In the comparable EF process, however, 280.7 C electrical charge were consumed during 450 min of electrolysis to completely remove the substrate with 15% TOC removal and 89% dechlorination. Similar results were also obtained for vanillic, o-coumaric and protocatechuic acids. Interestingly, these authors showed that 4-chloro-2-methoxyphenol decayed more rapidly by using 1.8 mmol L-1 Mn2+ instead of 1.8 mmol L-1 Fe2+ in EF. This was explained by the catalytic effect of the Mn3+/Mn2+ pair with •OH production from the Fenton-like reaction 42 and cathodic regeneration of Mn2+ via reaction 43.
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  Apart from the alternative use of homogeneous Cu2+ and Mn2+ catalysts instead of Fe2+, other varieties of the EF and PEF treatments for organic pollutants have been proposed. Expósito et al.26 explored the action of several low-soluble mineral iron oxides as an iron source for the production of •OH from Fenton's reaction 6. The experiments were conducted with a stirred tank reactor similar to that of Figure 1a with a 6.5 cm2 Pt spiral anode and a 5 cm2 carbon-PTFE air-diffusion cathode. Solutions of 250 mL of 100 mg L-1 aniline in 0.2 mol L-1 Na2SO4 at pH 3.0 were comparatively treated by EF and PEF with UVA and UVC light at 250 mA by adding 0.5 mmol L-1 Fe2+ and 1 g L-1 of iron oxides like hematite (α-Fe2O3), wustite (FeO), magnetite (Fe3O4) and goethite (α-FeOOH). Among them, magnetite was the most efficient catalyst in PEF and its action was postulated to be the result of its possible photocatalytic action because similar Fe contents of ca. 20 mg L-1 to the other iron oxides were released to the medium during 300 min of electrolysis. However, more work is needed to confirm the possible use of magnetite as iron source in EAOPs based on Fenton's reaction chemistry.

  4.2. Pesticides

  The study of the PEF degradation of pesticides was initiated by considering the performance of common chlorophenoxy herbicides present in the aquatic environment such as (2,4-dichlorophenoxyacetic acid (2,4-D),24 4-chlorophenoxyacetic acid (4-CPA),49 4-chloro-2-methylphenoxyacetic acid (MCPA),50 2,4,5-trichlorophenoxyacetic acid (2,4,5-T)51 and 3,6-dichloro-2-methoxybenzoic acid (dicamba).52 A stirred Pt/O2 tank reactor equipped with a 10 cm2 Pt sheet anode and a 3 cm2 carbon-PTFE cathode fed with pure O2 at a flow rate of 20 mL min-1 was used to electrolyze 100 mL of herbicide solutions in 0.05 mol L-1 Na2SO4 at pH in the range 2.0-6.0 by applying a constant current between 100 and 450 mA and keeping the temperature at 25 or 35 C. In EF and PEF, 0.2-2.0 mmol L-1 FeSO4 was added to the starting solutions, while in the latter method, the solution was irradiated with 6 W UVA light of λmax = 360 nm.

  Figure 4a illustrates the degradation behavior for 190 mg L-1 of 4-CPA, at pH 3.0, 100 mA and 35 C, showing that the oxidation ability of the EAOPs increased in the sequence AO-H2O2 < EF with 1 mmol L-1 Fe2+ < PEF with 1 mmol L-1 Fe2+. The AO-H2O2 process only allows 29% TOC reduction in 360 min because of the small concentration of reactive Pt(•OH) formed at the anode surface from reaction 25. In contrast, EF with 1 mmol L-1 Fe2+ promoted 74% mineralization at the same time owe to the additional •OH production from Fenton's reaction 6, whereas total mineralization in 180-240 min took place by PEF with 1 mmol L-1 Fe2+ as a result of the quick photodecomposition of byproducts and/or the enhancement of •OH generation induced by photo-Fenton reaction 30. The fact that PEF is the most potent EAOP was also found for all the other herbicides, as deduced from the percentages of TOC removal obtained after 1 and 3 h of electrolysis of solutions with 100 mg L-1 TOC for 4-CPA, MCPA, 2,4-D and 2,4,5-T at pH 3.0 and 100 mA summarized in Table 2 (experiments denoted as Pt). The MCE values determined from equation 36 are also collected and at 3 h of electrolysis, they were 4.4-8.3% for AO-H2O2-Pt, 14-20% for EF-Pt with 1 mmol L-1 Fe2+ and 25-29% for PEF-Pt with 1 mmol L-1 Fe2+, related to 16-28, 53-65 and 90-99% mineralization, respectively. It was found that increasing current caused higher mineralization rate in all the EAOPs by the concomitant production of more oxidizing agents, but with gradual decay in MCE by the greater acceleration of reactions 26-29. In contrast, a higher efficiency was obtained with rising initial herbicide content owing to the quicker destruction of organics with hydroxyl radical and the decay in rate of the previous non-oxidizing parasitic reactions. In EF and PEF, all the compounds were more effectively degraded at pH 3.0-4.0 and similar degradation rates were obtained up to 1 mmol L-1 Fe2+, but less TOC removal was found for higher Fe2+ contents due to the acceleration of reaction 15.
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  Figure 4b highlights that the 4-CPA decay is very slow in AO-H2O2, whereas a much faster removal with similar disappearance in 25 min can be observed for EF-Pt and PEF-Pt because of the production of very high quantities of •OH from Fenton's reaction 6. This is indicative of a very small participation of photo-Fenton reaction 30. All concentration decays for the aforementioned herbicides agreed with a pseudo-first-order reaction kinetic equation. The corresponding pseudo-first-order rate constants (k1) are collected in the last column of Table 2, being about two magnitude orders higher for EF and PEF than for AO-H2O2.
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  GC-MS and HPLC analyses of treated solutions revealed the formation of several aromatic intermediates and a high number of short-chain carboxylic acids coming from the cleavage of the benzenic ring of such aromatics and the release of aliphatic lateral chains. Figure 5 exemplifies the time course of selected compounds detected during the treatments of 190 mg L-1 4-CPA solutions at pH 3.0 and 100 mA. As expected, the primary byproducts, 4-chlorophenol (Figure 5a) and glycolic acid (Figure 5b) were slowly destroyed in AO-H2O2, but very quickly degraded in EF and PEF. Glycolic acid disappeared more rapidly in PEF, probably because of the fast photodegradation of its Fe(III) complexes. The same trends were found for the other intermediates, except oxalic acid that is accumulated in EF and rapidly removed in PEF (see Figure 5c), which can be explained by the photolysis of Fe(III)-oxalate complexes via reaction 32. This process accounts for the total mineralization attained in PEF and its higher oxidation ability compared to EF. Figure 5d evidences that all the initial chlorine of 4-CAP was converted into Cl− after 30-40 min of EF and PEF, when chlorinated byproducts are totally destroyed, but the slower removal of such intermediates caused a progressive Cl− accumulation in AO-H2O2. From the products detected for 4-CPA degradation, the reaction sequence of Figure 6 was proposed for the different EAOPs tested in a Pt/O2 cell. The initial breaking of the lateral chain of 4-CPA via C(1)-O bond gives 4-chlorophenol and glycolic acid. 4-chlorophenol then leads to 4-chlorocatechol, as well as hydroquinone and p-benzoquinone with release of Cl−, which are oxidized to a mixture of malic, maleic and fumaric acids. Glycolic acid yields glyoxylic acid and both acids produce formic acid that is transformed into CO2. Oxalic acid formed from precedent acids is slowly mineralized to CO2 by AO-H2O2 and its Fe(III) species are slowly destroyed in EF and quickly photodecarboxylated, with loss of Fe2+, in PEF.
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  The influence of a BDD anode on the AO-H2O2 and EF treatments of 100 mg L-1 TOC of 4-CPA, MCPA, 2,4-D and 2,4,5-T at pH 3.0 was investigated at 100 mA and 35 C using an undivided BDD/O2 cell like of Figure 1a equipped with a 3 cm2 BDD thin layer.53 Table 2 shows a much quicker TOC removal for both treatments with BDD compared to Pt. The use of BDD then allowed more efficient processes leading to total mineralization which was not attained with Pt (see Figure 4a). However, this situation was achieved practically at the same time for both AO-H2O2 and EF processes, which cannot be related to a faster reaction of aromatic intermediates with the higher amount of reactive BDD(•OH) formed from reaction 25, since initial herbicides always followed a pseudo-first-order decay with a quite similar k1-value for each method in both Pt/O2 and BDD/O2 cells (see Table 2). Worth highlighting, these results corroborate the quicker reaction of herbicides with •OH in the medium rather than at the Pt or BDD surface. Analysis of generated carboxylic acids revealed the very slow reaction of Fe(III)-oxalate complexes with BDD(•OH) in EF, accounting for the long time needed for the total decontamination of herbicides by EF-BDD. This occurs at similar times to those needed using AO-H2O2 in which oxalic acid was practically removed at the same rate as produced. It was also found that Cl− ion released in all treatments was slowly oxidized to Cl2 on BDD. The great oxidation ability of EAOPs with BDD was confirmed from the degradation of other chlorophenoxy herbicide such as 2,4-dichlorophenoxypropionic acid (2,4-DP) under similar conditions.25 The EF and PEF processes with 1 mmol L-1 Fe2+ in a BDD/O2 cell led to complete mineralization of 100 mL of 217 mg L-1 2,4-DP solutions at pH 3.0, 300 mA and 35 C, with overall loss of chloride ion. Nevertheless, the UVA light in PEF had little effect on the degradation rate of pollutants compared with the fast oxidation produced by BDD(•OH) and •OH. The comparative procedures with Pt promoted slower decontamination because of the lower oxidizing power of this anode.

  A further research of our group was devoted to the degradation of several s-triazinic herbicides such as atrazine (2-chloro-4-ethylamino-6-isopropylamino-1,3,5-triazine),54 desmetryne (2-isopropylamino-4-methylamino-6-methylthio-1,3,5-triazine)55 and cyanacine (2-(4-chloro-6-ethylamino-1,3,5-triazin-2-ylamino)-2-methylpropiononitrile).56 These products are widely used as pre- and post-emergency herbicides for combating grassy and broadleaf weeds in sorghum, corn, rangeland and sugar cane, but their removal by AOPs is very difficult because they are transformed into cyanuric acid (2,4,6-trihydroxy-1,3,5-triazine), which cannot be destroyed by •OH. The treatment of the three s-triazines with a stirred BDD/O2 tank reactor demonstrated that an almost total mineralization was always achieved by AO-H2O2, EF and PEF since cyanuric acid can be removed by generated BDD(•OH). This behavior can be observed in Figure 7a for 30 mg L-1 atrazine, where 90-92% mineralization was attained in AO-H2O2 and PEF after 540 min of electrolysis at 100 mA and 360 min at 300 and 450 mA. The increase in current caused the spent of more specific charge, also reflected in the gradual fall in MCE, shown in Figure 7b, owe to the higher increase in rate of waste reactions 26-29. The low rise of TOC removal when using PEF compared to AO-H2O2 was explained considering that the limiting oxidation reaction involved the attack of BDD(•OH) over cyanuric acid. For desmetryne and cyanazine, the effect of UVA light was more apparent because higher amounts of carboxylic acids like formic, oxamic and oxalic were produced from the degradation of their lateral groups. The optimum pH for all the processes was 2.0-4.0. From the HPLC analysis of treated solutions, aromatic intermediates like desethylatrazine and desethyldesisopropylatrazine for atrazine, ammeline for desmetryne and deisopropylatrazine, desethyldeisopropylatrazine and ammeline for cyanazine, which further evolved to cyanuric acid, were detected. As an example, Figure 7c shows the reaction sequence proposed for the formation of this recalcitrant byproduct from atrazine.54 In all cases, the initial N was pre-eminently released as NO3− ion and the initial chlorine was lost as Cl− ion, which was oxidized to Cl2 at the BDD anode.

  
    

    [image: Figure 7. Effect of applied current]

  

  On the other hand, Dhaouadi and Adhoum57 reported a 97 and 94% COD reduction for 100 mL of 20 mg L-1 of the herbicide paraquat (1,1'-dimethyl-4,4'-bipyridinium chloride) in 0.05 mol L-1 Na2SO4 and 0.2 mmol L-1 Fe2+ at pH 3.0 and 100 mA by PEF with 6W UVA light and EF, respectively, using a stirred tank reactor containing a 5 cm2 Pt anode and a carbon-felt cathode of (3 cm × 5 cm) area. The small accumulation of succinic, acetic, formic and oxalic acids justified the little effect of UVA light when the most potent PEF process was applied, so that, •OH formed from Fenton's reaction 6 was the main oxidizing agent under the experimental conditions tested. The paraquat decay kinetics obeyed a pseudo-first-order model and its absolute second-order rate constant with •OH was determined as k2 = 2.55 × 109 mol-1 L s-1. These authors also showed that comparable Ag+ concentration to that of Fe2+ in EF favored slightly the decontamination rate of the herbicide, thus opening the doors for the possible application of Ag+ as alternative catalyst in EAOPs.

  4.3. Dyes

  Large volumes of industrial wastewaters with high dye contents are discharged into lakes and rivers over the world, causing esthetic problems and serious health and environmental risks because of the toxicity, carcinogenic and mutagenic properties of dyes and their byproducts.4 Despite that powerful AOPs are needed to destroy dyes because they are difficultly removed under conventional aerobic treatments in wastewater treatment plants, only few papers have reported the PEF treatment of acidic dyestuffs solutions.

  The first study on these toxic organics was centered on the characteristics of the EF and PEF treatments of 100 mL of aqueous solutions containing 220 mg L-1 of Indigo Carmine (C.I. Acid Blue 64) and Fe2+ and/or Cu2+ as catalysts at pH 3.0 with Pt/O2 and BDD/O2 cells like of Figure 1a, with electrodes of 3 cm2 area, at 100 mA and 35.0 C.58 While EF with Pt and 1.0 mmol L-1 Fe2+ gave poor mineralization, only attaining 49% TOC removal in 540 min, EF with BDD promoted 91% TOC reduction at the same time, reaching total mineralization with loss of NH4+ ion in 780 min. Indigo Carmine obeyed a pseudo-zero-order reaction kinetics, as determined by HPLC, and disappeared at the same time as its aromatic derivatives isatin 5-sulphonic acid, indigo and isatin, mainly by reaction with •OH produced from Fenton's reaction 6. The most persistent byproducts were oxalic and oxamic acids, present in the medium as Fe(III)-oxalate and Fe(III)-oxamate complexes. As can be seen in Figures 8a and 8b, both complexes were poorly attacked with •OH formed from Fenton's reaction 6 and Pt(•OH) generated from reaction 25 in EF with Pt, but they were completely destroyed with BDD(•OH) in EF with BDD, in agreement with the greater oxidation power of the latter radical. In PEF with Pt under a 6 W UVA light, TOC was reduced by 84% in 540 min and Fe(III)-oxalate complexes disappeared in 480 min (see Figure 8a), but Fe(III)-oxamate complexes attained a steady concentration (see Figure 8b). Consequently, the superiority of PEF compared to EF was related to the quick photolysis of Fe(III)-oxalate complexes from reaction 32. Cu2+ was then added as co-catalyst trying to produce additional quantity of •OH from Fenton-like reaction 40. Surprisingly, it was obtained that PEF with Pt and 1.0 mmol L-1 Fe2+ + 0.25 mmol L-1 Cu2+ promoted almost total mineralization (> 97% TOC removal) in 450 min due to a faster and total destruction of both oxalic and oxamic acids (see Figures 8a and 8b). The synergistic effect of Fe2+ and Cu2+ was explained by: (i) the photolysis of Fe(III)-oxalate complexes and (ii) the simultaneous reaction of competitively formed Cu(II)-oxalate and Cu(II)-oxamate complexes with •OH in the bulk. Figures 8c and 8d present the proposed reaction pathways to describe the mineralization processes of oxalic and oxamic acids, respectively, in the presence of both catalysts.
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  More recently, the action of UVA light in the PEF process was clarified by treating 100 mL of a 200 mg L-1 Direct Yellow 4 solution in 0.05 mol L-1 Na2SO4 with 0.5 mmol L-1 Fe2+ at pH 3.0, 33.3 mA cm-2 and 35 C in a BDD/air-diffusion cell like of Figure 1a.59 Figure 9a highlights that the dye was not photodecomposed under a 6 W UVA irradiation, while the solution TOC was reduced by 84 and 97% after 360 min of EF and PEF, respectively. When the EF process was carried out for 60 min, 31% TOC was removed, but the Fenton's reagent remaining in the solution had oxidation ability enough to reduce the TOC by 45% during a longer time of 180 min, thus demonstrating the oxidation role of •OH formed from Fenton's reaction 6 in EF. In contrast, if the solution treated during 60 min in PEF was subsequently submitted to UVA irradiation, TOC removal gradually rose up to 81%, whereas if the UVA light was applied after 120 min of EF, 97% TOC decay, equal to using PEF, was found (see Figure 9b). This is a very interesting finding, because it clearly shows that the photolytic action of UVA light, also involving the photodegradation of the ultimate Fe(III)-oxalate complexes, yields the predominant mineralization process of the PEF method at long electrolysis time. Further research on this point is necessary to use less expensive processes to degrade organic pollutants.
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  The superiority of PEF over EF has also been shown for other dyes.22,60,61 Thus, Wang et al.22 used the undivided RuO2/ACF cell of Figure 10a with an 11 W UVC lamp positioned in a hollow quartz tube between the electrodes to treat the azo dye Acid Red 14. A reduction of about 94% TOC was found after 360 min of PEF treatment of 450 mL of an O2-saturated solution containing 200 mg L-1 of dye in 0.05 mol L-1 Na2SO4 with 1 mmol L-1 Fe2+ at pH 3.0 and 500 mA, a value much greater than 73% TOC decay obtained for the similar EF treatment. An interesting study has been reported by Peralta-Hernández et al.60 for the treatment of 400 mL of a solution with 50 mg L-1 of the azo dye Orange II with 0.05 mol L-1 Na2SO4 and 0.2 mmol L-1 Fe2+ at pH 3.0 using a concentric annular undivided graphite cloth/graphite cloth flow reactor with 164 cm2 cathode area operating at 300 mA cm-2 and liquid flow rate of 100 mL min-1. The effluent was irradiated with a central 75 mW cm-2 UVA lamp under O2-bubbling for H2O2 electrogeneration. Complete decolorization in less than 5 min and 80% TOC removal in 60 min were obtained by PEF from the great production of •OH from Fenton's reaction 6 and photo-Fenton reaction 30. Similar decolorization rate, but with smaller 63% TOC decay was found for the comparable EF treatment. However, Almeida et al.61 showed a quicker and total decolorization by PEF compared to EF for 100 mL of a 244 mg L-1 Acid Red 29 solution in 0.05 mol L-1 Na2SO4 under optimum conditions of 0.5 mmol L-1 Fe2+ and pH 3.0 at 35 C using a stirred 
    BDD/air-diffusion tank reactor like of Figure 1a with 3 cm2 electrode area. The decay kinetics for the dye followed a pseudo-first-order reaction with similar rate for EF and PEF. Since it disappeared much more rapidly than solution color, it was proposed that the decolorization process involved the destruction of colored conjugated byproducts with λmax similar to that of Acid Red 29, which was enhanced in PEF by the production of more •OH from photo-Fenton reaction 30. Almost total mineralization was found for PEF, whereas poorer degradation was achieved by EF. In the PEF process, Fe(III)-oxalate complexes were efficiently photolyzed, but tartronic and oxamic acids were the most persistent byproducts because of the larger stability of their Fe(III) complexes. The initial N of the azo dye yielded NO3− ion, along with NH4+ ion in smaller quantity.
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  4.4. Pharmaceuticals

  Our group has investigated the PEF degradation process of several aromatic drugs including analgesics/anti-inflammatories such as paracetamol,62 ibuprofen63 and salicylic acid,64 the blood lipid regulator metabolite clofibric acid,65,66 antimicrobials such as chloroxylenol,38 enrofloxacin,67 flumequine68 and sulfamethazine,28 and β-blockers such as atenolol,69 propranolol70,71 and metoprolol.27 All these compounds have been detected in the aquatic environment because of their inefficient removal in wastewater treatment plants and can induce adverse health problems on living beings since they can develop multi-resistant strains of microorganisms, can affect the endocrine systems of fishes and invertebrates and can be toxic on algae and small invertebrates.4

  Table 3 summarizes the time needed for the total disappearance of pharmaceuticals (tTD) and the percentage of TOC removal at the end of comparative EF and PEF treatments of relevant drug solutions in 0.05 mol L-1 Na2SO4 at pH 3.0. Experiments were performed with stirred tank reactors like of Figure 1a containing a Pt or BDD anode and a gas (O2 or air) diffusion electrode (GDE) as cathode, applying a 6 W UVA lamp for PEF. Trials with two pairs of electrodes, also using a CF cathode to enhance the Fe2+ regeneration in the system from Fe3+ reduction by reaction 23, were checked for the β-blockers.69-71 Data of Table 3 corroborate the higher oxidation ability of the PEF method compared to EF for all pharmaceuticals tested, since greater percentages of TOC abatement (> 95% related to almost total mineralization) were always obtained for the former process under comparable conditions. A greater mineralization degree was usually attained by using a BDD anode instead of Pt, as expected for the higher oxidation power of generated BDD(•OH). The drugs followed pseudo-first-order decays and in most cases, Table 3 evidences practically the same tTD values for both EF and PEF degradations, regardless of the anode (Pt or BDD) used. This is indicative again of the pre-eminent reaction of aromatics with •OH formed from Fenton's reaction 6, but with poor production of this radical from photo-Fenton reaction 30. The greater TOC removal achieved in PEF is then due to the synergistic action of UVA light that is able to photolyze intermediates like Fe(III)-carboxylate complexes. In these works, it was also found that increasing current led to quicker mineralization due to the generation of more oxidizing species (Pt(•OH) or BDD(•OH) and •OH), but with the concomitant loss of MCE owe to the higher rates attained for the waste reactions 26-29. In contrast, the presence of more organic matter enhanced the current efficiency, although longer time was required for a given TOC decay. Besides, it was confirmed that optimum degradation processes were obtained with 0.5-1.0 mmol L-1 Fe2+ and at pH 3.0.

  
    

    [image: Table 3. Time needed for the total]

  

  Based on previous studies made with nitrobenzene (see subsection 4.1), the effect of Cu2+ as a co-catalyst in the EF and PEF treatments of paracetamol was investigated with a Pt/O2 (or Pt/GDE) cell.62 Results of Table 3 show that the oxidation ability of the EF system with 1 mmol L-1 Fe2+ and 1 mmol L-1 Cu2+ was greater than with 1 mmol L-1 Fe2+ alone. The lower mineralization found using 1 mmol L-1 Fe2+ was ascribed to the formation of stable Fe(III)-oxalate and Fe(III)-oxamate complexes, which cannot be attacked neither by Pt(•OH) nor by •OH formed from Fenton's reaction 6. In contrast, when Cu2+ is added, the competitively Cu(II) complexes formed can be oxidized by •OH. When analogous PEF treatments were applied, the mineralization rate was accelerated by the photodecarboxylation of Fe(III) complexes. This behavior can be deduced from Figure 11, where the evolution of both acids is depicted. Their scarce accumulation using 1 mmol L-1 Cu2+ and 1 mmol L-1 Cu2+ + 6 W UVA light agrees with the small mineralization of paracetamol by means of •OH generated from reactions 39-41. The initial N was mainly transformed into NH4+ ion during all treatments. From the intermediates detected by GC-MS and HPLC, it was concluded that the initial hydroxylation of paracetamol produces hydroquinone releasing acetamide, which is converted into oxamic acid. The opening of the benzenic ring of p-benzoquinone coming from hydroquinone degradation leads to ketomalonic, maleic and fumaric acids, which are further oxidized to oxalic acid. Figure 12 presents the proposed reaction pathway. The removal of oxalic and oxamic acids followed the pathways suggested in Figures 8c and 8d, respectively.
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  It is also interesting to remark the study performed for the β-blockers using undivided combined four-electrode cells containing a GDE and a CF cathode to enhance the mineralization process from the fast Fe2+ regeneration at the latter cathode.69-71 Thus, shorter disappearance times and higher percentages of TOC removal for atenolol and propranolol were attained for the combined Pt/GDE-Pt/carbon 
    felt and BDD/GDE-Pt/carbon felt cells rather than for the single Pt/GDE and BDD/GDE ones in EF (see Table 3). Both drugs obeyed a pseudo first-order kinetics with a rate at least 2.5 times higher in combined than in single cells. However, the fast destruction of Fe(III) complexes by UVA light in the analogous PEF processes led to similar mineralization degree for combined and single cells when the most potent BDD anode was utilized. This corroborates again the powerful synergistic influence of UVA irradiation in the latter method, which is even more potent to mineralize organic matter than the acceleration of Fenton's reaction 6 by increasing the rate of Fe2+ regeneration at the cathode.

  On the other hand, Wang et al.23 utilized the cell of Figure 10b equipped with a Ti/RuO2 anode and an ACF cathode to treat 125 mL of an O2-saturated solution of 200 mg L-1 of the antibiotic sulfamethoxazole with 0.05 mol L-1 Na2SO4 and 1 mmol L-1 Fe2+ at pH 3.0 and 360 mA. After 360 min, TOC was reduced by 63 and 80% in EF and PEF with an 11 W UVA lamp, respectively (see Table 3). Nevertheless, the same time (75 min) was needed to remove the drug in both cases, indicating that the superiority of PEF is due to the synergistic effect of UVA light. HPLC-MS analysis allowed detecting six aromatic intermediates during sulfamethoxazole degradation by PEF process, formed from the hydroxylation of the aromatic and/or isoxazole ring, accompanied by the substitution of the amine group (on aromatic cycle) or methyl group (on isoxazole ring) by •OH. Oxalic, maleic, oxamic, formic and acetic acids were detected and the initial N was converted into NH4+.

  5. Combination of PEF with Photocatalysis

  The Khataee's group has proposed and presented relevant results on the coupling of PEF with heterogeneous photocatalysis (PC) for the decolorization of acidic dyestuff solutions. Two kinds of photocatalysts, TiO218,19,72-74 and ZnO,16,75,76 were employed for these authors. In fact, PC is considered one of the most promising AOPs for the destruction of low amounts of water-soluble organic pollutants.77-79 TiO2 nanoparticles as suspended powder or immobilized onto a substrate are the most used catalysts in this technique. When TiO2 is illuminated with UV photons of λ < 380 nm, an electron from the filled valence band is promoted to the empty conduction band (e−cb) with an energy gap of 3.2 eV, generating a positively charged vacancy or hole (h+vb) by reaction 44. The holes thus produced at the TiO2 surface can oxidize either water or OH− giving •OH from reactions 45 and 46, respectively, which can subsequently attack the organic species.79
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  The major loss of efficiency in PC is due to the recombination of electrons promoted to the conduction band either with unreacted holes by reaction 47 or with adsorbed •OH by reaction 48:
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  Similar reactions are proposed when ZnO is used as catalyst in PC.16

  Figure 13a shows a sketch of the stirred tank reactor used by Zarei et al.72 for the decolorization of 2 L of a 20 mg L-1 Basic Red 46 solution in 0.05 mol L-1 Na2SO4 with 0.1 mmol L-1 Fe3+ at pH 3.0. The CNT-PTFE cathode was fed with O2 to generate H2O2 from reaction 1 and the inner walls of the cell were covered with TiO2 nanoparticles immobilized onto glass plates. Figure 13b illustrates that the direct PC during 90 min only promoted 19% color removal at λmax = 530 nm of the dye. In contrast, when EF at 100 mA was applied, the decolorization efficiency rose to 45%, meaning that more amounts of •OH are formed from Fenton's reaction 6 compared to those produced by reactions 45 and 46 in PC. The analogous PEF process with a 6 W UVC light enhanced strongly the decolorization rate to 88% color removal due to the additional generation of •OH from the photolysis of H2O2 via reaction 33. The most potent method was then the combined PEF-PC where 94% decolorization efficiency was attained as a result of the sum of the amounts of •OH generated by reactions 6, 33, 45 and 46. For this method, the authors showed that the optimum pH was 3.0 within the pH range 2.0-6.0 and that the decolorization efficiency increased with increasing the applied current from 50 to 500 mA and decreasing the dye content from 20 to 5 mg L-1. Besides, a strong decay in color removal was observed by applying a 6 W UVB light in PEF-PC because of the inhibition of reaction 33 to produce •OH that took place when the 6 W UVC lamp was employed.
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  The optimum conditions for the PEF-PC treatment of dyes such as Acid Red 1773 and Basic Red 4674 using the same cell of Figure 13a were determined by means of response surface methodology (RSM). In the case of Acid Red 17, for example, 15 mg L-1 dye, 0.2 mmol L-1 Fe3+, applied current of 100 mA and reaction time of 36 min were found optimal to obtain its quickest almost total decolorization. A further study on a mixture of Acid Yellow 36, Acid Red 14 and Basic Yellow 2818 treated with a modified cell containing a CNT/graphite cathode fed with air injected to the solution at 2.5 L min-1 allowed concluding that RSM was able to optimize the experimental values of PEF-PC for the decolorization of each dye. For Acid Yellow 36 degraded alone in the above system,19 this methodology gave 25 mg L-1 dye concentration, 0.15 mmol L-1 Fe3+, applied current of 115.62 mA and reaction time of 127 min as optimum experimental parameters to achieve the maximum decolorization of 84%.

  The cell of Figure 13a was also utilized to examine the performance of the decolorization process of Basic Yellow 2875 and Direct Yellow 1276 using ZnO nanoparticles immobilized onto glass plates. For 2 L of 20 and 50 mg L-1 dye solutions, respectively, in 0.05 mol L-1 Na2SO4 with 0.1 mmol L-1 Fe3+ at pH 3.0 and 100 mA, the oxidation ability of processes increased in the sequence PC < EF < PEF < PEF-PC, i.e., the same order as found using TiO2 nanoparticles. After 90 min of the PEF-PC degradation, 97 and 90% color removal for Basic Yellow 28 and Direct Yellow 12, respectively, was obtained. GC-MS analysis of the treated solutions of the former dye allowed the identification of 1,2,3,3-tetramethylindoline, 4-methoxybenzenamine, hydroquinone and maleic, propionic and glyoxylic acids like intermediates. On the other hand, it was demonstrated that RSM was able to predict the decolorization of the diazo dye Direct Yellow 12 by PEF-PC with ZnO nanoparticles immobilized onto glass plates.16 The result of optimization showed the maximum decolorization efficiency at the optimal condition of 50 mg L-1 dye concentration, 0.2 mmol L-1 Fe3+, applied current of 400 mA and reaction time of 70 min. By prolonging the process for 360 min, an almost complete mineralization (97% TOC reduction) was achieved. All these findings indicate that both photocatalysts, immobilized TiO2 and ZnO nanoparticles, are useful in the PEF-PC treatment of dyestuff solutions, not only for decolorization but also for upgrading the mineralization of organics.

   

  6. SPEF Treatment of Organic Pollutants

  The SPEF process was recently proposed by our group to avoid the excessive energetic cost of the UVA lamp utilized in the PEF method, making a less expensive and more viable EAOP. The assays with SPEF have been made at two levels, with stirred tank reactors and further, with recirculation pre-pilot plants as a first step for its possible application at industrial scale.

  The degradation of the drugs ibuprofen,63 salicylic acid64 and enrofloxacin67, as well as the azo dye Sunset Yellow FCF,80 was comparatively studied by SPEF and other EAOPs (see Table 3) using a stirred tank reactor like of Figure 1a equipped with a Pt or BDD anode and a GDE cathode, all with 3 cm2 area. In SPEF, the solution was submitted to solar irradiation with an average UV intensity of about 30-32 W m-2 and a mirror was placed at the bottom of the cell to better collect the solar energy. Figure 14a exemplifies the TOC abatement with electrolysis time for the comparative EF, PEF and SPEF treatments of 100 mL of 41 mg L-1 ibuprofen in 0.05 mol L-1 Na2SO4 with 0.5 mmol L-1 Fe2+ at pH 3.0, 33.3 mA cm-2 and 25.0 C. As expected, each process was enhanced using a BDD anode instead of Pt due to the greater oxidizing power of BDD(•OH) than Pt(•OH) to remove the contaminants. A quicker degradation process can be observed when UV light was applied, reaching more rapidly an almost total mineralization in SPEF by the higher intensity of UV radiation from sunlight. Similar results were found for the other organics tested, showing that SPEF with BDD is always the best EAOP yielding quicker mineralization. In all cases, pH 3.0 was found optimal for the EF, PEF and SPEF treatments, near the optimum pH of 2.8 for Fenton's reaction 6, as expected if •OH is the main oxidant of organic pollutants. Besides, higher amounts of TOC were removed with increasing current density and substrate concentration.
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  GC-MS, reversed-phase HPLC and/or LC-MS analysis of treated solutions revealed the formation of aromatic intermediates like 4-ethylbenzaldehyde, 4-isobutylacetophenone, 4-isobutylphenol and 1-(1-hydroxyethyl)-4-isobutylbenzene for ibuprofen, 
    2,3-, 2,5- and 2,6-dihydroxybenzoic acids for salicylic acid, polyols, ketones and N-derivatives for enrofloxacin and 14 aromatic products and 34 hydroxylated derivatives, including benzenic, naphthalenic and phthalic acid compounds, for Sunset Yellow FCF. Ion-exclusion HPLC allowed the identification and quantification of different generated carboxylic acids, oxalic acid being the ultimate by-product accumulated in larger extent. Figure 14b illustrates the stability of the Fe(III)-oxalate complexes in EF, which were quickly removed in PEF and much more rapidly in SPEF by their fast photolysis from reaction 32. This behavior accounts for by the greatest mineralization degree attained in SPEF. Inorganic ions released from the mineralization of heteroatoms in SPEF were identified by ion chromatography. The initial F of enrofloxacin was totally transformed into F− ion and its initial N was primordially transformed into NH4+ ion and in smaller proportion into NO3− ion. In contrast, the major part of the initial N (73-79%) of the azo dye Sunset Yellow FCF was released from the solution, probably as N2 and NxOy species, suggesting a complex destruction of N-derivatives formed.

  Figure 14c shows a similar rate for the decay of ibuprofen concentration in EF and PEF, in agreement with a pseudo-first-order reaction (see the inset panel), yielding a k1 value of about 2.1 × 10-3 s-1. A strong enhancement of the ibuprofen decay can be observed for the SPEF treatment, as expected if much more •OH is produced from the action of the photo-Fenton reaction 30 as a result of the higher UV intensity of sunlight. This can also explain the higher oxidation ability of SPEF because primary products can be more rapidly destroyed leading intermediates that can be more quickly photolyzed by sunlight.

  The SPEF treatment of organic pollutants was firstly scaled-up to a recirculation flow plant of 2.5 L with a BDD/GDE filter-press cell coupled to a flat solar photoreactor.36,37,39,40,67,81-84 Figure 15 shows a sketch of the flow plant and the cell used for these trials.37 The electrodes with 20 cm2 area were separated about 1.2 cm. The solar photoreactor was a polycarbonate box of 600 mL of irradiated volume, built-up with a mirror at the bottom and tilted 30º from the horizontal. The study of the SPEF process was lately extended to a 10 L pre-pilot plant, schematized in Figure 16a.85 This plant had the same components as those shown in Figure 15a, but with a reactor of 90.3 cm2 electrode area coupled to a 1.57 L compound parabolic collectors (CPCs) as the solar photoreactor. Solutions with 50-300 mg L-1 of TOC in 0.05-0.10 mol L-1 Na2SO4 with 0.5 mmol L-1 Fe2+ at pH 3.0, 50-100 mA cm-2 and liquid flow rate of 180-200 L h-1 were usually tested in both systems. The high TOC removals with excellent MCE values, along with the corresponding ECTOC values, determined for selected SPEF assays of several organic pollutants are collected in Table 4.
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  Similarly to found in the stirred tank reactor, SPEF was found much more potent to mineralize organics than EF in the 2.5 L pre-pilot plant. As can be seen in Table 4, several organics like the pesticide mecoprop were hardly removed in this system, since 95% TOC reduction was reached after 540 min of SPEF treatment of 100-637 mg L-1 of this compound at 50 mA cm-2.36 However, much faster degradation was found for the SPEF process of o-, m- and p-cresol, which attained 95-98% mineralization in only 180 min.37 Analogous almost total mineralization was also easily achieved for the dyes Acid Yellow 36,39 Acid Red 88,40 Acid Yellow 9,40 Disperse Red 181 and Disperse Red 381 and for the pharmaceuticals enrofloxacin67 and sulfanilamide.84 For all these compounds, the MCE values increased at lower current density and higher contaminant concentration. For example, a maximum efficiency of 480% was obtained for the treatment of 1024 mg L-1 of o-cresol at 50 mA cm-2, which was reduced to 140% for 128 mg L-1. The very high MCE value found for this product evidences the great synergistic power of sunlight in SPEF. The same trend was obtained for ECTOC. While this parameter was as high as 0.259 kWh g-1 TOC after 240 min of EF degradation of 100 mg L-1 TOC of Disperse Red 1 at 50 mA cm-2, it was reduced to 0.151 kWh g-1 TOC (EC = 14.2 kWh m-3) for the comparative SPEF with 97% mineralization and 82% current efficiency.81 This corroborates that the SPEF method is much more economic than the EF one.

  RSM was applied to optimize the SPEF process of sulfanilic acid.82 For 240 mg L-1 of this acid in 0.05 mol L-1 Na2SO4 with a Pt/air-diffusion cell, optimum variables of 100 mA cm-2, 0.5 mmol L-1 Fe2+ and pH 4.0 were determined after 120 min of treatment, giving rise to 76% mineralization with 0.275 kWh g-1 TOC of EC and 52% current efficiency (see Table 4).

  The performance of SPEF was enhanced from the combined use of Fe2+ and Cu2+ as co-catalysts for Disperse Blue 3 degradation in 0.10 mol L-1 Na2SO4 with a BDD/air-diffusion cell in the 2.5 L flow plant.83 The best conditions were found for 0.5 mmol L-1 Fe2+ + 0.1 mmol L-1 Cu2+. Figures 17a and 17b illustrate that this co-catalyst led to > 95% TOC abatement in the presence and absence of 200 mg L-1 dye with ECTOC < 0.080 kWh g-1 TOC, more rapidly and less expensive than using 0.5 mmol L-1 Fe2+ alone. This confirms the attack of •OH on Cu(II) complexes of generated carboxylic acids like oxalic and oxamic (see Figures 8c and 8d), competitively formed with Fe(III)-carboxylate ones.
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  All the organic pollutants tested in the 2.5 L pre-pilot plant decayed at similar rate in EF and SPEF obeying a pseudo-first-order kinetics and their k1 value increased with rising current density and decreasing pollutant concentrations. Aromatic intermediates were detected in several cases, like 2-methyl-p-benzoquinone for o- and m-cresol, 5-methyl-2-hydroxy-p-benzoquinone for p-cresol, 2-methylhydroquinone, 2-methyl-p-benzoquinone and 4-chloro-o-cresol for mecoprop and up to 15 anthraquinonic and phthalic acid derivatives for DB3. Analysis of final carboxylic acids confirmed the quick removal of oxalic acid by photolysis of its Fe(III) complexes, but the formation of other more recalcitrant acids like acetic and oxamic slowed the mineralization process.36,39,40,81,82,84 Cl− ion was loss in mecoprop degradation,36 whereas SO42−, NH4+ and/or NO3− ions were loss in the mineralization of dyes, 39,40,81 sulfanilic acid82 and sulfanilamide.84

  The research in the 10 L pre-pilot plant was mainly focused on the optimization of the treatment of the herbicide MCPA86 and the drug paracetamol87 by RSM. A Pt/air-diffusion cell was chosen for these trials since less energy cost than using a BDD anode was required, because of its lower Ecell. For example, optimum variables of 5 A, 0.4 mmol L-1 Fe2+ and pH 3.0 were found for 157 mg L-1 paracetamol with 0.05 mol L-1 Na2SO4, leading to 75% TOC removal, 0.093 kWh g-1 TOC energy consumption (EC = 7.2 kWh m-3) and 71% current efficiency at 120 min (see Table 4). HPLC analysis of electrolyzed solutions allowed detecting hydroquinone, p-benzoquinone, 1,2,4-trihydroxybenzene, 2,5-dihydroxy-p-benzoquinone and tetrahydroxy-p-benzoquinone as aromatic intermediates, which were removed by •OH in the bulk, whereas maleic, fumaric, succinic, lactic, formic, oxalic and oxamic acids were identified as carboxylic acids, which form Fe(III) complexes that are photolyzed under sunlight radiation. Recently, the SPEF treatment of 297 mg L-1 of the azo dye Sunset Yellow FCF in 0.05 mol L-1 Na2SO4 and 0.5 mmol L-1 Fe2+ at pH 3.0 using the same system at 7 A demonstrated that total decolorization was feasible at 120 min and that about 94% mineralization with 0.197 kWh g-1 TOC energy consumption (EC = 16.6 kWh m-3) was attained at 150 min.80

  Following their research in stirred tank reactors with two or four electrodes (see subsection 4.4.), Isarain-Chávez et al.85 extended the study to the SPEF degradation of 10 L of 100 mg L-1 TOC of solutions with the β-blockers atenolol, metoprolol tartrate and propranolol hydrochloride in 0.10 mol L-1 Na2SO4 with 0.5 mmol L-1 Fe2+ at pH 3.0 using single Pt/ADE and BDD/ADE cells and their combination with a Pt/CF cell to enhance Fe2+ regeneration from Fe3+ reduction. Figure 16b shows a sketch of the combined BDD/ADE-Pt/CF cell used. Figure 18a exemplifies the superiority of combined cells over single ones, BDD over Pt and SPEF over EF regarding the TOC abatement of a 0.246 mmol L-1 metoprolol tartrate solution. This can be accounted for by the greater production of •OH from Fenton's reaction 6 in the combined cells, the higher oxidizing power of BDD(•OH) and the photolytic action of sunlight in SPEF, as can be deduced from the pseudo-first-order decay kinetics shown in Figure 18b for the different cells checked. Nevertheless, the combined 
    Pt/ADE-Pt/CF cell allowed the lowest ECTOC of 0.080 kWh g-1 TOC for 88-93% mineralization, thereby being the most viable system for industrial application.

  
    

    [image: Figure 18. (a) TOC removal]

  

   

  7. Conclusions

  The recent development of PEF and SPEF processes has confirmed their viability to remove toxic and refractory aromatic pollutants such as industrial chemicals, pesticides, dyes and pharmaceuticals from acidic wastewaters. High mineralization with good current efficiency is usually found for these EAOPs. They are simple, safe and environmentally friendly technologies that can be easily scaled-up to industrial level using recirculation flow plants. The current electrochemical technology permits the use of very stable anodes like BDD and several carbonaceous cathodes for an efficient H2O2 generation. However, the main drawback for industrial application is the electrical cost that is spent for running the electrochemical cell since the energy cost required for the UV lamp in PEF can be avoided when sunlight is used in SPEF. The possible coupling of photovoltaic systems to provide inexpensive electrical energy to the electrochemical reactor could be an excellent alternative way that may be tested in the next future to solve this problem. The coupling of the reactor with efficient solar CPCs photoreactors is another interesting possibility for enhancing the degradation process. It has then been shown that the SPEF treatment of organic pollutants with a BDD anode is more efficient and less expensive than other EAOPs like AO, EF and PEF operating under comparable conditions. The coupling with PC can also enhance the oxidation ability of the method, as recently demonstrated for the PEF process by the Khataee's group. In PEF and SPEF, the mineralization rate was slowed as applied current falls, but with greater MCE and lower energy consumption. This trend was also found when pollutant concentration increased since parasitic reactions of oxidant •OH are inhibited due to its quicker reaction with higher amounts of organics. The decay kinetics of contaminants usually obeyed a pseudo-first-order reaction. Aromatic intermediates were oxidized by generated •OH giving short-linear carboxylic acids that form Fe(III) complexes, most of which are much more rapidly photolyzed by the more potent UV radiation supplied by sunlight in SPEF than by typical artificial lamps in PEF. Heteroatoms present in organics are also mineralized and released as inorganic ions such as F−, Cl−, SO42−, NH4+ and NO3−.
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    Nos últimos anos, montagens do tipo eletrodo-camada orgânica-nanopartícula têm atraído interesse de pesquisa considerável para sistemas onde o eletrodo é passivado na ausência das nanopartículas. Isso acontece porque tem-se observado que se a camada orgânica for uma boa monocamada auto-montada para passivar o eletrodo, a presença de nanopartículas "ligam" a eletroquímica faradaica, e porque a transferência de elétrons entre o eletrodo e as nanopartículas é aparentemente independente da espessura da camada orgânica. Este review 1) destaca quão importante são as observações experimentais a respeito deste fenômeno, 2) discute uma descrição teórica recente para explicar as observações que acabaram de ser apoiadas por evidências experimentais e 3) fornece um resumo sobre a aplicação desses sistemas em sensores e sistemas fotovoltaicos.

  

   

  
    In the last few years electrode-organic layer-nanoparticle constructs have attracted considerable research interest for systems where in the absence of the nanoparticles the electrode is passivated. This is because it has been observed that if the organic layer is a good self-assembled monolayer that passivates the electrode, the presence of the nanoparticles "switches on" faradaic electrochemistry and because electron transfer between the electrode and the nanoparticles is apparently independent of the thickness of the organic layer. This review 1) outlines the full extent of the experimental observations regarding this phenomenon, 2) discusses a recent theoretical description to explain the observations that have just been supported with experimental evidences and 3) provides an overview of the application of these systems in sensing and photovoltaics.

    Keywords: nanoparticles, electron transfer across insulation layer, self-assembled monolayer, HbA1c sensor, quantum dot sensitized solar cells

  

   

   

  1. Introduction

  The modification of electrodes with nanoparticles has been the subject of thousands of papers1 but one of the most curious observations is that of nanoparticle mediated charge transfer. This term has arisen for electrodeinsulator-nanoparticle constructs. In the absence of the nanoparticles, the insulating layer passivates the electrode such that no appreciable Faradaic electrochemistry between the electrode and a redox species in solution proceeds. However, upon binding of nanoparticles to the surface of the insulating layer, efficient charge transfer across the insulating layer is observed. This phenomenon was first reported in the mid-1990s by Natan and co-workers2,3 where gold or silver nanoparticles were covalently attached to a polymerized silane modified platinum electrode. They showed, with methyl viologen as a redox probe in solution, that the silane polymer passivated the electrode but that upon immobilisation of the nanoparticles onto the polymer layer efficient electron transfer was restored.

  At around the same time, Schiffrin and co-workers4-6 reported a similar phenomenon using alkyl dithiols to link electrodes to nanoparticles. Again the onset of electrochemistry at an otherwise blocking organic layer was observed with these assemblies when nanoparticles were attached. Furthermore, Schiffrin and co-workers6 showed that if multilayer assemblies were fabricated in a stepwise manner, each time the assembly was terminated with the alkyl dithiol the Faradaic electrochemistry was suppressed and each time the assembly was terminated with nanoparticles distinct Faradaic electrochemistry was observed for [Fe(CN)6]3−/4− in solution. Since then similar observations have been reported with different electrode types including gold,3 platinum,2,6 silicon,7 carbon8,9 and indium tin oxide10,11 and with different types of nanoparticles including gold,3 platinum,6 silver,10 carbon nanotubes,12-14 cadmium telluride (CdTe) and cadmium selenide quantum (CdSe) dots.15,16

  However, the phenomenon was essentially ignored until two papers in 2008 and 2009 from the Fermin17 and Gooding18 group, respectively. These papers raised such interest as they suggested the charge transfer between electrode and gold nanoparticles (AuNPs) was independent of the thickness of the organic monolayer. Such an observation was important both from a fundamental and an applied perspective. From a fundamental perspective such observations are so unexpected that they raise the question as to what is the mechanism that is occurring. From an applied perspective, electrode-organic layer-nanoparticle constructs suddenly allow the incredible power of modern nanoparticle synthesis to be exploited in electrochemistry on an otherwise low capacitance electrode. The electrode has low capacitance as the majority of the electrode is passivated. Placing nanoparticles onto the passivating layers therefore could have applications in electroanalysis, biosensing electrocatalysis, and even photovoltaic devices. In this short review we will discuss the basic observations from the Fermin17 and Gooding18 group, discuss the theoretical framework that has been established to explain these results and then overview some recent literature where electrode-organic layer-nanoparticle constructs have been applied.

   

  2. The Key Observations

  The surface constructs used in the papers by the Fermin group9,17,19-21 and the Gooding group18,22 are shown in Figure 1. Despite the differences the results are very similar. In the Fermin case, AuNPs-modified electrodes were fabricated by modifying a gold electrode with a carboxyl terminated alkanethiol self-assembled monolayer (SAM). Next, a polycationic poly-l-lysine layer, which possessed free amine groups, was adsorbed on the SAM. AuNPs were then attached to this electrode via the affinity of the free amines for nanoparticulate gold. [Fe(CN)6]3−/4− was used as an anionic redox couple. In the absence of the nanoparticles any electrochemistry from the [Fe(CN)6]3−/4− was blocked by the organic layer. However, when nanoparticles were attached to the organic layer two surprising observations were made. Firstly, electrochemistry from the [Fe(CN)6]3−/4− that resembled that from a bare electrode was observed and secondly kinetics of charge transfer was independent of the length of the linking SAM. In fact, if the rate constant for electron transfer per particle was considered then the kinetics of electron transfer were found to be identical to bare gold.17,18
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  The electrode construct used in the Fermin work did however cause some ambiguity in relation to these observations and the mechanism by which the electrochemistry could be "switched on". In the Fermin work, once the nanoparticles were attached to the SAM via an intervening polyelectrolyte layer, the positively charged poly-l-lysine served to concentrate the anionic [Fe(CN)6]3−/4− redox probe directly adjacent to the AuNPs. The Gooding papers18,22 however discounted that the polyelectrolyte was the cause of these unexpected observations. They fabricated a simpler construct (Figure 1b) where the electrode was modified with amine-terminated alkanethiols such that the AuNPs could be attached directly to the SAM without any polyelectrolyte. In this case the redox active species used was [Ru(NH3)6]3+. Again the same observations were made, the presence of nanoparticles "switched on" the electrochemistry compared to when the electrode was only modified by the SAM and that the electron transfer kinetics appeared to be independent on the thickness of the SAM as shown in Figure 2.
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  These observations were highly surprising as charge transfer through organics layers is expected to proceed via the super-exchange mechanism where the distance dependence of the electrode transfer rate constant (kS) can be described by the equation

  
    [image: Equation 01]

  

  where k0 is a pre-exponential factor, β is the attenuation factor (electron tunneling constant) and d is the chain length which, for alkyl chains (electrode surface)–S-(CH2)n–(redox centre) is generally expressed in units of the number, n, of methylene groups, or alternatively the number of bonds, within the organic layer. So typically the apparent rate of electron transfer is expected to decay exponentially with the length of the organic molecules with a β value of between 0.8 and 1.1 Å−1 as was observed for the SAM alone (Figure 2a). However, with the nanoparticles attached to the distal end of the SAM, the β value was zero (Figure 2b).

  One possible explanation for these two surprising observations was that the nanoparticles are penetrating the SAM and forming a short circuit with the underlying electrode surface. Bharathi et al.,23 who modified a gold electrode with a silica sol followed by addition of gold nanoparticles, came to the conclusion that the onset of electrochemistry was due to nanoparticles penetrating throughout the silica layer. With alkanethiol SAM however, it seems highly unlikely the nanoparticles could penetrate the SAM, as to get the blocking behaviour observed in Figure 2a requires a close packed SAM which is analogous to a two dimensional crystalline layer. Chazalviel and Allongue24 provided a convincing argument to support the notion that the particles are on top of the SAM based on atomic force microscopy. The argument is that for an AFM tip to penetrate a SAM of 12 methylene carbons would require a force of 100 nN which is an order of magnitude greater than the maximum 10 nN van der Waals attractions between a 10 nm nanoparticle and a SAM. Dyne et al.22 also addressed this very issue and used Raman spectroscopy that exploits gap-mode plasmon excitation25 to show that at least the vast majority of nanoparticles are located on the distal end of the SAM. Neither of these results definitively shows the nanoparticles are on the distal end of the organic layer. However Zhao et al.19 showed that even if there was a silicon dioxide layer between the electrode and the nanoparticles efficient charge transfer could proceed. Similarly, Barfidokht et al.26 also showed that charge transfer across a polymer layer was possible and subsequently showed that polymer layers with significant defects showed quite different electrochemical behaviour.27 Hence we feel the evidence is conclusive that the nanoparticles are sitting on the top of the organic layer rather than forming a 'short' to the underlying bulk electrode.

  Regarding the apparent distance independence of charge transfer, Bradbury et al.17 suggested this simply meant that the rate limiting step was not charge transfer through the organic layer (i.e., electronic coupling between the electrode and nanoparticles) rather the electron transfer process is limited by the charging of the metal nanoparticle by the redox active species. This notion is supported by Dyne et al.22 where the nanoparticles were modified with short alkanethiols of different charge. Using a cationic [Ru(NH3)6]3+ redox probe, the rate constant of electron transfer was shown to decrease as the particles became more cationic. That is, if the charge of the particles repelled the redox active species, the electron transfer kinetics was found to be slower. Note in this same paper the size of the nanoparticles, between 3.8 and 67 nm, was shown to have no effect on the electron transfer kinetics.

  The effect of the nature of nanoparticles on their electronic coupling with the gold electrode is studied by Liu et al.28 To carry out the study, they shifted the rate determining step from electron transfer between redox probe and nanoparticle (as observed with [Ru(NH3)6]2+/3+ as redox couple) to the electronic coupling between the electrode and nanoparticle using surface bound 6-(ferrocenyl)hexanethiol as redox probe. The rate determining step shifted due to the higher rate of electron transfer of 6-(ferrocenyl) hexanethiol (2.4 × 106 s−1),29 which is seven to eight orders of magnitude larger than that of the [Ru(NH3)6]2+/3+. The apparent electron transfer rates of their nanoparticle modified gold electrode depend on the nature of the NPs following AuNPs > PtNPs > PdNPs order, with the electron transfer rate around an order of magnitude lower for the PdNPs than for the AuNPs and PtNPs. Electrons transfer rate at PdNPs drop further an order of magnitude when the length of thiol chain (used as insulating layer) was increased from eight to ten carbon atoms whereas much smaller changes were observed for AuNPs and PtNPs indicating weaker electronic coupling of the PdNPs to the gold electrode surface via the insulating SAM.

  2.1 Theoretical evidence to support the observations

  The studies by the Fermin group and Gooding group provoked Chazalviel and Allongue to develop a theoretical description of the mechanism of the nanoparticlemediated electron transfer.24 The authors made the simple analogy with electron transfer between two metal phases being far easier than between a metal and a dilute redox species in solution. That is, the theory suggested effective nanoparticle-mediated electron transfer with distant independent rate of electron transfer as long as exchange current density across the SAM on metal/SAM/metal (J1) assembly is much larger than that on a metal/SAM (J0) assembly. The higher current density, J1, in the case of a metal/SAM/metal is attributed to the higher density of states on the nanoparticle. The implication of this is, in the 
    metal/organic layer case, the potential drops exponentially with distance across the insulating organic layer as in equation 2.
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  where V is the overpotential, T is absolute temperature, kB the Boltzmann's constant, q the elementary charge, J the current density, β the attenuation factor and d the thickness of the organic layer. However, in the case of the metal/organic layer/nanoparticles constructs there are two contributions to the potential, the electrochemical interface and the potential drop across the insulating layer.
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  In the case of a large value of J1, the second term related to the organic layer is negligible if J1 exp(-bd) is greater than J and J0. If such a situation exists, then the result of metal/organic layer/nanoparticles is an effective short circuit where the potential applied to the electrode is located on the nanoparticles. Hence distant independent electron transfer is expected until this condition fails. Once this condition fails the electron transfer behaviour will be distant dependent. This condition fails with very small nanoparticles or thick organic layers. The transition from distant dependent to distant independent electron transfer behaviour in these systems is shown in Figure 3 and was determined by equation 4.
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  Barfidokht et al.26 have recently provided experimental evidence to support this theory. The challenge was to find an organic system that could cover a wide enough spectrum of thicknesses such that the electron transfer kinetics could switch from the distance independent thickness regime to the distance dependent regime. This challenge arises because the thickness threshold above which the charge transfer kinetics becomes dependent on the thickness of the organic layer is greater than what can be achieved with SAM. In this case, the electrodeposited polymer, poly(ethylenediamine) was employed which was shown to give continuous thins films of thickness ranging from 6.6 Å to 38 Å as determined by ellipsometry. Barfidokht et al.26 showed that up to a thickness of approximately 20 Å the kinetics of electron transfer were independent of the thickness of the polymer layer, thereafter the kinetics became dependent on the polymer layer thickness. That is the experimental study showed qualitative agreement with the theory (see Figure 4). The agreement is only qualitative because with an electrodeposited polymer there is likely to be varying thickness across the film and hence the ellipsometry only gives an average thickness. Still the qualitative agreement is an important result as it provides a guide to the range of electrode modifications where thickness independent electron transfer kinetics can be obtained with electrode-organic layer-nanoparticle systems. Such knowledge is particularly important in applying this system to sensing, electrocatalysis and photovoltaics.
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  3. Applications

  3.1 Electroanalysis/sensing

  Electrodes modified with passivating organic layers exhibit good Faradaic electrochemistry upon attachment of nanoparticles. Due to their low background capacitances, these constructs have good potential in electrochemical sensing. Electron transfer rate of metalloprotein, cytochrome c30 and azurin,31 confined to the AuNPs-SAM was reported to increase by more than an order of magnitude by Jensen et al. as compared to the nanoparticles free systems. AuNPs are considered to function as excellent electron transfer relays facilitating the electronic coupling between the protein redox site and the electrode surface.

  Highly tuneable electrochemical interface was prepared by seeding growth of (3-mercaptopropyl) trimethoxysilane supported submonolayers of AuNPs via NH2OH reduction of Au3+, where AuNPs behave as tuners of the electrochemical properties of the electrode interface.32,33 The characteristic parameters (e.g., size and number density of the particles) of nanoelectrode arrays were finely tuned by combined controls of the synthesis of colloid, self-assembly, and surface-confined seeding growth in Au3+/NH2OH. The as-prepared nanoelectrode ensembles showed an adjustable sensitivity to heterogeneous electron-transfer kinetics, which is important from the perspective of sensor applications.32,33 Su et al.13 also reported similar observation where electrodes were prepared by controllable adsorption of the multiwalled carbon nanotube (MWNTs) onto SAM of n-octadecylmercaptan deposited onto gold electrodes. The adsorption of the MWNTs onto the SAM-modified gold electrode substantially restores heterogeneous electron transfer between gold electrode and redox species that was almost totally blocked by the SAM. The electrodes were found to have excellent electrochemical properties, such as tunable electrode dimensions from a nanoelectrode array to a conventional electrode and very small interfacial capacitance with good electrode activity.

  Gooding et al.34 have shown that ultra low limit of detection can be achieved in electrochemical sensing by a combined use of SAM and nanoparticles. Electrode was modified with SAM to lower the background current whereas AuNPs to the distal end of the SAM was attached to achieve electron transfer to the underlying electrode. Nanoparticles were also used in solution to complex the analyte and collect on the electrode. This principle was illustrated using cysteine-modified AuNPs for the accumulation and detection of Cu(II). The detection limit of the sensor was found to be 1 pmol dm–3. Interfacial capacitance of the MWNT/SAM-modified gold electrode was also found to be considerably low as compared to the MWNT modified electrode prepared by directly confining MWNTs on to electrode surface.13

  β-cyclodextrin/silver nanoparticles (AgNPs) composite modified low capacitive indium tin oxide electrodes were used to detect nitroaniline and chloronitrobenzene isomers by square wave voltammetry.10 Different binding strengths of the nitroaromatic isomer to the β-cyclodextrin, and excellent electron transfer ability of AgNPs through passivating layer of β-cyclodextrin have enabled the selective detection of one isomer in presence of others (Figure 5). The proposed sensor was also used successfully in detecting nitroaromatic compounds in natural water samples. 4-(dimethylamino)pyridine capped AuNPs on top of 1,6-hexanedithiol modified gold electrode also showed enhanced lower limit of detection for the selective defection of 3,4-dihydroxyphenylacetic acid in the presence of ascorbic acid.35
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  An impedance-based immunosensor was constructed by Liu et al.36 by modifying a gold electrode with 4-thiophenol passivating layers and subsequent attachment of gold nanoparticles. A biotin derivative was attached on top of this modified electrode to detect anti-biotin IgG. When the gold electrode was modified with 4-thiophenol, a significant increase in Rct was observed due to the formation of insulating organic layer. However, the Rct decreased noticeably after the immobilization of AuNPs on the 4-thiophenol modified electrode. The further attachment of biotin and anti-biotin IgG results in the increase in Rct. The increase in Rct is linear to the concentration of anti-biotin IgG. The detection range for anti-biotin IgG was 5-500 ng mL−1 with the detection limit as 5 ng mL−1.36 Later, the same group reported an increase in sophistication of the interface by adding an antifouling layer, oligo(ethylene glycol), to detect glycosylated hemoglobin HbA1c in human blood.37 A competitive inhibition assay was employed where the surface bound glycosylated pentapeptide, an analogon to HbA1c, and HbA1c in solution compete for the anti-HbA1c IgG antibodies. The higher the concentration of HbA1c, the lesser antibody binds to the sensing interface and the lower the change of Rct. The response of the immunosensor is linear with the HbA1c% of total haemoglobin in the range of 0-23.3%. The developed impedance-based immunosensor was used for the detection of HbA1c in human blood, and the result showed reasonably good agreement with that obtained from pathology. As progression of their work, Liu el al.38 developed an amperometric HbA1c biosensor. Here the surface was passivated with oligo(ethylene glycol) to resist unwanted adsorption of protein in real sample (Figure 6). The main difference from the earlier work is that a surface bound ferrocene was used as a probe to read the concentration of HbA1c in the sample. Complexation of anti-HbA1c IgG with the surface bound epitope resulted in attenuation of the ferrocene electrochemistry and used to measure the concentration of HbA1c. This new amperometric immunosenosr was analogous to a previously prepared immunosensor by the same group where the surface was modified with an oligo(phenylethynylene) molecular wire and an oligo(ethylene glycol). The mixed layer is formed from in situ-generated aryl diazonium cations. To the distal end of the molecular wire, a redox probe [1,10-di(aminomethyl)ferrocene] was attached followed by the covalent attachment of N-glycosylated pentapeptide (epitope) to which an anti-HbA1c monoclonal antibody IgG binds selectively. We mention this study involving molecular wires as the electrode-organic layer-nanoparticle constructs shown in Figure 6 is a much simpler and robust way of making the same type of device as the molecular wires is demanding to synthesize and very unstable39-41 while the nanoparticle interface is trivial to construct.
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  3.2 Photovoltaic cell

  Quantum dot sensitized solar cells (QDSCs) or the so-called next generation solar cells have evolved in recent years due to the unique light harvesting properties of semiconductors. The ability to modulate the photoresponse by varying the size of quantum dot, simple synthetic procedure and sensitivity to diffused light have brought extra attention of the solar cell researchers to QDSCs. With the increased interest there arises a need to better understand how surface modification by quantum dots can affect the electron transfer across organic layers.

  The extent of charge transfer mediation by nanoparticles in an insulating layer is determined by the overlap between the density of states (DOS) of the nanostructures and the energy levels of a redox species in solution. The insulating layer behaves like a short circuit when the energy levels of the nanoparticles and redox species overlap efficiently. Kissling et al.15,16 demonstrated this aspect by studying the effect of the progressive increment of the DOS of quantum dots towards the Fermi energy level of the redox species on the electron transfer kinetics. The DOS were varied by assembling quantum dots of different sizes and compositions. Quantum confinement effects as well as electron-hole coulombic interactions vary with particle size leading to a change in DOS of semiconducting particles.

  A molecular layer of 11-mercaptoundecanoic acid (MUA) and poly(diallyldimethylammonium) (PDADMAC) was used as blocking layer by Kissling et al.15 3-mercaptopropionic acid stabilized quantum dots of different size were electrostatically attached on the blocking layer to study their effect on the electron transfer of the [Fe(CN)6]3−/4− couple. Figure 7 illustrates the effect of adsorbed CdTe quantum dots on the redox behavior of [Fe(CN)6]3−/4−. The electrochemical response was substantially enhanced upon adsorption of the dots, particularly in the reduction reaction. Metal-like performance is observed with large quantum dot. Upon increasing the CdTe dot diameter from 2.1 to 3.6 nm,16 the difference between the energy levels decreases from 340 to 6 meV. Similar outcome was obtained with CdSe quantum dot.16 The key parameter determining the charge transfer mediation is the extent of overlap between the Fermi level of the redox species and the valence band of the nanostructures. With increasing size of CdTe, the valence band edge of quantum dot approaches the Fermi energy level of the [Fe(CN)6]3−/4− hence, by regulating the radii of the quantum dot, the rate of electron transfer can be controlled. These observations are consistent with the dependence of the formal charge transfer resistance on the average dot size as probed by impedance spectroscopy.15
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  Electron transfer as a function of the distance between CdSe quantum dots and a gold electrode was studied by Kamat et al..42,43 To control this distance, they have used two classes of rigid and non-rigid molecular spacers. After absorption of a photon with energy larger than the band gap, a long-lived excited state can be formed if the hole from the highest occupied molecular orbital or the electron from the lowest occupied molecular orbital is trapped in a localized band-gap state. Electron transfer from the particle to the gold electrode can occur only when the gold Fermi level is below the electron level. The layer-by-layer assembled quantum dots multilayer sensitizer can offer unique opportunities in exploiting the size-dependent properties of quantum dots in light harvesting and in enhancing the charge collection efficiency.44 The tandem-layered CdSeS (QDSSC) showed greater efficiencies than the values obtained from the corresponding devices of single quantum dot layered photoanodes. Multilayered QDSSCs can offer a unique opportunity to flexibly tune the light harvesting upon increasing the number of quantum dots layers and can also provide a controlled method of proximity between quantum dots, which is crucial for the sophisticated interactions between the adjacent quantum dot layers. Multilayered quantum dot sensitizers are expected to be suited well for the band-gap-controlled structure with facilitated electron and/or energy transfers.

   

  4. Conclusions

  The innovation of transforming passivated electrodes to desirable high efficient nanostructures by just decorating the modified surfaces with nanomaterials have attracted considerable research interest in the last few years. A thickness independent electron transfer that is observed for organic layers thinner than 20 Å makes these nanoparticle-constructs particularly attractive for a range of applications including electroanalysis, photovoltaics and electrocatalysis. The attractiveness is for several reasons. Firstly, the passivating organic layer means that the electrodes will have low background capacitance which facilitates low detection limits in electroanalysis. Secondly, as the density of the nanoparticles is easily controlled it is simply to fabricate nanoelectrode arrays where the electrochemistry approximates to a microelectrode with linear diffusion or can look more microelectrode like where radial diffusion dominates. Thirdly, the high density of states that can exist on the nanoparticles has an attractiveness for photovoltaics as does the fact that the energy levels of the nanoparticles are tuneable by altering the size of the nanoparticles. Finally, all the exquisite control we have over nanoparticle synthesis can now be translated to electrochemistry where the catalytic potential of specific nanoparticle crystal faces can be exploited for electrocatalysis in a very simple manner. In regards to electrocatalysis the first forays in this direction have recently been published45 as has strategies to make very stable linkages between the nanoparticles and the organic layer.8
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    Um grande número de enzimas podem funcionar como excelentes eletrocatalisadores quando colocados sobre eletrodos ou superfícies de materiais condutores ou semicondutores. Em particular, nessa revisão serão abordadas as hidrogenases, que são enzimas com centros catalíticos contendo dois átomos de ferro ou um de ferro e outro de níquel para fazer a interconversão entre 2H+ e H2 com altas frequências de turnover, entretanto os conceitos aqui mostrados podem também ser igualmente aplicados a outras enzimas redox. Utilizando as hidrogenases como exemplo, examinamos como a compreensão detalhada do comportamento eletrocatalítico de uma enzima pode servir de modelo para o desenvolvimento de dispositivos nos quais a enzima troca elétrons diretamente com uma variedade de materiais inorgânicos, incluindo grafite, semicondutores e pontos quânticos (quantum dots). Nesta revisão mostramos descobertas recentes de catalisadores compósitos de enzimas-materiais inorgânicos, e alguns dos desafios encontrados para a construção de um dispositivo enzimático, e as oportunidades advindas de sistemas baseados em catalisadores biológicos, incluindo células à combustível, foto-reatores de combustíveis e catalisadores acoplados para síntese química.

  

   

  
    A number of redox enzymes function as excellent electrocatalysts when attached to electrodes or conductor/semi-conductor surfaces. A particular focus of this review is on hydrogenases, enzymes which use a di-iron or nickel-iron center to interconvert 2H+ and H2 at extremely high turnover frequencies, although the concepts we highlight apply to a wider range of redox enzymes. Taking hydrogenases as our main case study, we examine how a detailed electrochemical understanding of the electrocatalytic behaviour of an enzyme can inform the development of devices in which the enzyme exchanges electrons directly with a range of inorganic materials, including graphite electrodes and particles, semi-conductor electrodes and quantum dots. We review recent developments in composite enzyme-inorganic catalysts, some of the biological and materials challenges in building devices based on enzymes, and the future opportunities for devices based on biological catalysts, including fuel cells, light-driven fuel production and coupled catalysis for chemical synthesis.
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  1. Introduction

  This review examines how electrochemical studies of biological redox catalysts provide insight into opportunities for intelligent assembly of devices in which enzymes are interfaced with inorganic materials. We take hydrogenases as our main case study because they have been widely investigated as immobilised electrocatalysts using electrochemical methods, and a large number of interesting applications for hydrogenases have been demonstrated. These range from energy applications in hydrogen fuel cells or light-driven hydrogen production to hydrogen-driven chemical synthesis. Many of the design principles and challenges described for hydrogenases are common to other bio-electrocatalysts, and we indicate parallels where appropriate.

  Nature uses enzymes as modular catalysts, combining redox half reactions in different ways in biological cells for specific purposes.1 For example, hydrogenase modules incorporating a H2-oxidising nickel-iron catalytic center are found as components in bacterial proton-pumping respiratory chains where they are ultimately linked to the reduction of small molecules such as nitrate or O2. They are also found as components of larger enzymes such as the NAD+-reducing soluble hydrogenases which couple H2 oxidation to regeneration of the biological cofactor, NADH, Figure 1a.2 Hydrogenases differ in their sensitivity to attack or inhibition by small molecules such as O2, CO and sulphides and often exhibit interesting intrinsic mechanisms for recovery from inactive or poisoned states.3 The soluble hydrogenases are one example: although their main role is to couple H2 oxidation to production of the reduced cofactor NADH, it is likely that reverse electron transfer is also important in providing low-potential electrons from NADH to re-activate oxidised inactive forms of the [NiFe]-hydrogenase module.2 A fascinating bifunctional role was recently proposed for Escherichia (E) coli hydrogenase I (Hyd-1) by Volbeda et al.4 (see Figure 1b). They suggested that crystals containing the hydrogenase dimer complexed with cytochrome b may represent a physiologically relevant construct which in vivo rapidly removes O2 from cells by coupling H2 oxidation at one [NiFe]-hydrogenase site to O2 reduction at the [NiFe] site of its partner hydrogenase molecule via internal electron transfer through iron-sulfur cluster relay chains in the hydrogenase molecules. The ability of hydrogenases to deal with O2 is covered in more detail in section 2 on interpretation of enzyme electrochemistry because it is critical to applications of hydrogenases.
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  As shown in Figure 1c, the activity of enzymes can be tuned by plugging them in to functional surfaces: these include electrodes at which the potential can be varied continuously, photo-sensitive semiconductor nanoparticles, and conducting particles of graphite at which the potential is set by the catalytic activity of a second enzyme. These various configurations are represented schematically in Figure 2. In each case, the hydrogenase accepts electrons from, or donates electrons to, the surface on which it is attached. The modular nature in which enzymes are exploited within biological cells is immediately conducive to their use as building blocks alongside inorganic materials in hybrid devices. For example, hydrogenases attached to a carbon cathode,5 a dye-sensitised metal oxide nanoparticle,6 quantum dot,7,8 or a molecule of photosystem I,9,10 have been shown to be efficient electrocatalysts for production of H2 from protons in water, using electrons provided by a series of sacrificial donors, Figure 2a-d. The reverse reaction of hydrogenases has been exploited in fuel cells in which electrons from H2 oxidation are taken up by a carbon-based anode and channelled via an external circuit to a cathode, usually for O2 reduction, Figure 2e.11-13 Electrons transferred through a graphite particle from carbon monoxide dehydrogenase to hydrogenase have been used to couple oxidative biocatalysis (CO oxidation to CO2) to H2 production: the water-gas shift reaction, Figure 2f.14 In reverse, electrons released into graphite from H2 oxidation by an immobilised hydrogenase have been utilised to drive reductive catalysis by co-immobilised enzymes such as NAD+-reduction for NADH supply to dehydrogenases, Figure 2g.15 The inorganic components of these hybrid devices are mostly inexpensive materials: graphite or other carbons, metal oxides or metal sulfides. Although electrochemistry of proteins is well-developed on gold electrodes, use of a costly metal support for enzymes detracts from the benefits offered by biocatalysts built from abundant metals such as iron or nickel/iron (hydrogenases and carbon monoxide dehydrogenase for CO oxidation) and copper (in enzymes for O2 reduction).
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  Development of hydrogenase-based devices has been driven largely by curiosity or the desire to demonstrate or benchmark what is possible with impressively selective electrocatalysts that do not depend on precious metals. A number of advances in the longevity of hydrogenase electrodes and particle assemblies have been reported recently, but it remains unlikely that hydrogenase-based devices will make a significant contribution to high-level power generation or large-scale fuel production. Enzymes are more likely to be attractive catalysts in environments where their selectivity gives them strong advantages over metal catalysts. Real advances are being made in synthesis of functional bio-inspired catalysts or part-biological catalysts which may help to bridge the gap towards larger-scale applications. Enzymes are equipped with acidic and basic groups ready to donate or accept protons, hydrophobic channels for gas delivery and water-lined channels for rapid proton transport. A metal active site mimic alone is often not sufficient for effective electrocatalysis, but there are now interesting examples of catalysis by systems which incorporate some of the additional functional features of enzymes. These include synthetic catalysts with built-in proton acceptor or electron donor arms, as well as hybrid catalysts comprising synthetic cofactors assembled into apo-proteins, peptide fragments, or polymer coatings.16-19 The boundaries between native enzyme catalysts and bio-synthetic catalysts are thus being bridged, and we can expect the range of enzyme-inspired catalysts for future devices to continue to develop. In parallel, the lessons learnt from efficient electrocatalysis by hydrogenases are important in defining requirements for the behaviour of new catalysts across a range of demanding conditions. Entrapment of enzymes in porous structures or covalent attachment may be necessary to improve their lifetime in devices.20,21 In the arena of biocatalysis for chemical synthesis, enzyme longevity may not be such a problem since crude enzyme extracts are already used as essentially disposable catalysts in some areas of chemical synthesis. Hydrogenase-based systems may offer interesting benefits over currently-used enzyme-based methods for NADH cofactor recycling and catalysis for chemical synthesis, Figure 2g.15

   

  2. Interpreting Electrochemistry of Hydrogenases

  Two groups of hydrogenases are relevant in discussions of bio-electrocatalytic H2 oxidation and H+ reduction: the [NiFe]- and the [FeFe]-hydrogenases; their active sites are shown in Figure 3a and b.3 Although these enzyme groups are unrelated in sequence and result from convergent evolution, they have surprisingly similar structural features. Both classes of hydrogenases incorporate relay chains of iron-sulfur clusters that facilitate the long-range electron transfer between the surface of the protein and the buried active site required for catalysis. These clusters are spaced about 10 θ apart in NiFe hydrogenases, as shown in Figure 3c. Moser, Dutton and co-workers have argued that since the rate of electron tunnelling has an exponential dependence on distance, natural selection has optimised the distance between clusters to ensure that intramolecular electron transfer is not rate limiting in catalysis; a distance of less than about 14 θ between redox centres in a biological relay chain is common.22,23 Iron-sulfur relay clusters are also important in allowing hydrogenases to exchange electrons with an electrode or other conductive support, meaning that electrons can be transferred to/from the buried active site for catalysis by imposing a potential at the electrode or surface. Interfacial electron transfer between an electrode and an enzyme such as hydrogenase has been successfully modelled using Butler Volmer kinetics, although for many enzymes the relationship had to be modified to account for a dispersion in orientation of enzyme molecules.24,25 A mixture of orientations means that there is a range of distances between the outermost electron relay center and the electrode, leading to a range of interfacial electron transfer rate constants. It is possible to immobilise many hydrogenases such that interfacial electron transfer does not significantly limit catalysis, and the overall current observed is dictated by the rate of steps in catalysis. An exception is the [FeFe]-hydrogenase from Chlamydomonas reinhardtii which has only a single Fe4S4 cluster attached to the [FeFe] active site and does not possess additional relay clusters.25
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  Consideration of a redox enzyme exchanging electrons with a solid support is not so different from the in vivo situation where an enzyme exchanges electrons with its partner donor or acceptor, such as E. coli Hyd-1 with cytochrome b shown in Figure 1b.4 In vivo, Hyd-1 is presumed to be a H2 oxidiser, consistent with the relatively positive potential of the haem centre in the electron acceptor cytochrome (–86 mV is reported for the related cytochrome b of Ralstonia (R) eutropha membrane bound hydrogenase26). At an electrode, the potential is controllable over a continuous range and hydrogenases can be driven to exhibit net oxidation of H2 or reduction of H+(see below). For Hyd-1, the non-physiological H+-reduction half reaction is strongly inhibited by the product H2 and thus there is no net H+ reduction detected under a H2 atmosphere,27 but other hydrogenases are highly active H2 producers.3

  The intricate dependence of enzyme redox catalysis on the potential at which electrons are delivered or removed means that electrochemical study of enzymes such as hydrogenases is a useful route into applications, contributing a 'voltage road-map' of the reactions of the enzymes at different potentials. We highlight some of the information that can be extracted from electrochemical studies of hydrogenases and its relevance in understanding how the enzymes will function in devices. A very wide range of electrocatalytic behaviours are exhibited across the ranks of the hydrogenases, offering diverse possibilities for device development. Equipped with a detailed understanding of the catalytic function of hydrogenases, it is then possible to select 'circuit components' to suit a desired function, combining biological fragments from different organisms together with synthetic materials. In this way, larger electrocatalytic systems can be produced to fulfil specific tasks.

  Electrocatalysis by hydrogenases adsorbed or covalently attached onto electrodes has become a well-established area, and voltammograms (current-potential traces) provide an immediate read-out of the catalytic behaviour of an enzyme over a given potential landscape under a given set of conditions (including pH, temperature and partial pressure of H2 or O2). Many of these diagnostic studies have been carried out with the hydrogenase directly adsorbed onto the edge surface of pyrolytic graphite with no further attachment chemistry. Voltammograms recorded under H2 for several hydrogenase electrodes prepared in this way are shown in Figure 4. In each case, the scan commences at a negative potential, in a fairly reducing regime, and the electrode is then swept to positive potentials and finally back to the starting potential. Arrowheads indicate the direction of scan. In Figure 4a, the [NiFe] hydrogenase-2 (Hyd-2) from E. coli (pale gray line) is seen to be a good H2 producer at low potentials: reduction of H+ at the hydrogenase active site leads to electron flow from the electrode into the enzyme and is defined as a negative current.27 At higher potentials, the enzyme is also seen to be a good oxidiser of H2; electrons released to the enzyme active site flow into the electrode giving a positive current. At potentials more positive than about –0.1 V, the enzyme begins to switch into a catalytically inactive state (anaerobic oxidative inactivation) and only switches back on when the potential is swept back towards more negative values; reductive activation is observed on the reverse scan in which the current recovers below about –0.1 V (see * in Figure 4a) and eventually rejoins the current level from the forward sweep. In order to avoid depletion of H2 and build-up of H+ in the solution region close to the electrode surface during high rates of catalysis by immobilized hydrogenases, the electrode is typically rotated rapidly.
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  Although the term 'bidirectional' is typically reserved for a special class of hydrogenases which are believed to operate in both the H2 oxidation and H+ reduction direction in vivo (such as R. eutropha NAD+-reducing soluble hydrogenase, Figure 1a), many isolated hydrogenases are useful electrocatalysts in both directions. However, Hyd-1 from E. coli (Figure 4a, dark grey line) is a very poor H2 producer due to inhibition of this reaction by the product, H2. Lukey et al. show that even at just 0.3% H2, the H+ reduction current for Hyd-1 is negligible.27 Figure 4a also shows that Hyd-1 commences H2 oxidation at a small overpotential relative to the thermodynamic potential E(2H+/H2). In practical terms, this slightly compromises the required operating voltage for immobilised Hyd-1 as an electrocatalyst for H2 oxidation, and in a fuel cell, this detracts slightly from the zero current voltage (open circuit voltage) as well as the voltage during power production. In contrast, Hyd-2 behaves more like platinum, operating at no detectable overpotential in either the H+ reduction or H2 oxidation directions. Figure 4b shows a voltammogram for Desulfovibrio (D) desulfuricans [FeFe]-hydrogenase; like E. coli Hyd-2, this enzyme is a good H2 producer at low potentials, and a good H2 oxidiser at more positive potentials with no detectable overpotential. The [FeFe]-hydrogenase also converts reversibly to an oxidised inactive state at higher potentials, switching back on during the reverse sweep towards more negative potentials (* in Figure 4b).

  Having established the basic operational voltage range for a given hydrogenase, and its ability to show net catalysis in the desired reaction direction (H2 oxidation vs. H+ reduction), the next important question is the robustness of the enzyme towards O2. Electrochemistry has been particularly useful in probing the O2 tolerance of hydrogenases, a phenomenon that has a complex dependence on potential.29-31 Many of the first [NiFe]-hydrogenases to be isolated were found to be rapidly, but reversibly, inactivated by O2, requiring low-potential electrons for re-activation, while [FeFe]-hydrogenases were found to be inactivated irreversibly by O2 under most conditions.32 Demonstration that the [NiFe] membrane-bound hydrogenase from R. eutropha is able to sustain H2 oxidation in the presence of O2, albeit at a lowered catalytic rate,33 led to a definition of O2 tolerance in hydrogenases as their ability to function in the presence of O2, with [NiFe]-hydrogenases being labelled as either O2-sensitive or O2-tolerant, and [FeFe]-hydrogenases being assumed to be all O2-sensitive. Figure 5 shows an example of the current obtained during oxidation of H2 at an electrode modified with E. coli Hyd-1 operating under different H2/O2 mixtures as the percentage O2 in the mixture increases while the H2 content is kept constant.31 This gives an indication of the how the enzyme might function in a device operated on a mixed H2/O2 feed. At 6% O2, 10% H2, about half of the activity measured anaerobically at 10% H2 remains.
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  Electrochemical examination of hydrogenase electrocatalysis over a range of potentials reveals the story to be more subtle and complex. Armstrong and co-workers have used cyclic voltammetry to investigate the activity of E. coli Hyd-1 at a range of safe H2/O2 mixtures as shown in Figure 6.12 Also shown in Figure 6, are the responses of an electrode modified with the blue copper O2-reducing enzyme, bilirubin oxidase. Figure 6a shows the electrodes functioning in separate compartments of a proton exchange membrane fuel cell, separated by a Nafion membrane. The hydrogenase electrode (the anode) is in a solution flushed with 1 bar H2 while the bilirubin oxidase electrode (the cathode) is operating under 1 bar O2. Under these conditions, the Hyd-1 electrode response resembles that in Figure 6a, while bilirubin oxidase is shown to be an excellent O2 reduction catalyst, commencing catalysis at ca. +0.75 V, only just below the thermodynamic potential for the O2/H2O couple. Nafion is an imperfect barrier to O2 transport, and a highly O2 sensitive hydrogenase would be inactivated even by traces of O2 crossing to the anode compartment from the cathode compartment,33 so the O2-tolerance of Hyd-1 is important even here.
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  Mixtures of H2 and O2 are safe at the extremes where the gas mix is either dilute in H2 or dilute in O2. Figures 6b and c show the response of the hydrogenase and bilirubin oxidase electrodes operating in the same compartment under high H2 or low H2 mixed in a safe ratio with O2 or air. At 96% H2/4% O2 there is still substantial H2 oxidation activity at the hydrogenase anode although O2 causes a higher proportion of the enzyme to switch into an inactive state above about 0 V. The H2 oxidation activity is observed against a background of direct O2 reduction at bare sites on the graphite electrode which commences around 0 V. The fact that the net current is positive between about –0.2 and +0.1 V shows that there is a higher electron flux into the electrode from H2 oxidation than the electron flow out of the electrode for direct O2 reduction in this potential window. This would be the useful working potential window for the electrode in a fuel cell operated under a mixed feed of 96% H2/4% O2. The activity of the bilirubin oxidase electrode suffers under these conditions due to the lower availability of O2. At 4% H2/96% air, the bilirubin oxidase electrode fares somewhat better, but the current at the hydrogenase anode only shows net H2 oxidation in a very small potential window with the hydrogenase being completely inactive above about 0 V. Clearly E. coli Hyd-1 and bilirubin oxidase are able to function in a mixed H2/O2 feed fuel cell at either the low H2 or the high H2 safe extremes of the gas concentration ranges, but operational current will be very much dependent on the gas availability at either electrode.

  Electrochemical investigations of the tolerance of H2 oxidation by hydrogenases to O2 have been more extensive than investigations in the H+ reduction potential regime because of the practical problems of direct O2 reduction at lower potentials at most electrodes which generates a complicating background current contribution (and probably also contributes reactive oxygen species to the solution). Pyrolytic graphite has a particularly large overpotential for O2 reduction, but even here the reaction commences at about 0 V. Nevertheless, Armstrong and co-workers designed an elaborate protocol of multiple inhibition steps to investigate H+ reduction in the presence of O2. Their experiments showed that H2 oxidation by the [NiFeSe]-hydrogenase from Desulfomicrobium (Dm) baculatum (having a selenocysteine replacing one of the active site cysteines) is completely inactivated by O2 (ca. 5 µM) at 0 V under 5% H2 in N2, but the enzyme maintains its ability to reduce H+ at ca. 10 µM O2 (1%) at –0.45 V.34 This ability was exploited by Reisner et al. in light-driven H2 production by Dm baculatum hydrogenase after O2 exposure,6 as discussed in section 4.2. E. coli Hyd-2 is also O2-sensitive as far as its H2 oxidation ability is concerned, but has been shown to reduce H+ under 1.25% O2 at –0.56 V.27 Even the [FeFe]-hydrogenases from bacteria D. desulfuricans and Clostridium (C) acetobutylicum, and green alga Chlamydomonas (Ch) reinhardtii show some ability to reduce H+ under 1% O2.35 These findings demonstrate that there is no simple definition of O2 tolerance, but that a range of hydrogenases show activity for either H2 oxidation or H+ reduction in the presence of sub-atmospheric levels of O2, and some, including the relatively robust [NiFe]-hydrogenases from A. aeolicus and E. coli are able to oxidise H2 in air. A more sophisticated description of O2 effects on hydrogenase activity is beyond the scope of this review.

  Effects of O2 need not necessarily be seen as a barrier to applying hydrogenases in devices; careful selection of 'the right enzyme for the job' should be possible in many cases. As discussed in the following section, the relatively robust E. coli Hyd-1 is well suited for applications in H2 oxidation and has been exploited in membraneless 
    H2/O2 fuel cells,12 and in H2-driven chemical synthesis,15 whereas Hyd-2 has attracted attention for its abilities in H+ reduction.15 The [FeFe]-hydrogenases have been exploited primarily for H2 production applications under strictly anaerobic conditions.10,36

  Beyond tolerance to O2, the ability of hydrogenases to select H2 over other small gaseous molecules may also be important depending on the application. Again, electrochemistry provides an immediate picture of the voltage roadmap for inhibition if particular redox states of the active site are more susceptible to inhibition. A notable example of potential-dependent inhibition is that of [NiFe]-hydrogenases by H2S which acts only in a high-potential window. Practically, this means that the hydrogenase is an effective electrocatalyst for H2 oxidation even in the presence of sulfides providing it does not experience potentials above about 0 V (Figure 7).37 It is interesting to compare the mild and reversible 'poisoning' of hydrogenases by small molecules such as sulfides and CO with the serious effects of these molecules on Pt for which inhibition is difficult to reverse. The sulfur tolerance of a [NiFe]-hydrogenase from Thiocapsa (T) roseopersicina has been exploited in a H2/O2 fuel cell operating on sulfur-contaminated fuel produced from microbial fermentation of paper pulp waste.38
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  The wide variety of hydrogenases now accessible in isolated form provides a versatile library of catalysts for device development: it is often possible to use electrochemical data to assist in the selection of enzymes that show the highest activity under a required set of conditions. This has led to many different hydrogenase-based devices, and materials and engineering challenges now stand alongside chemical and biochemical challenges in defining which applications may become viable on a larger scale in the future.

   

  3. Materials Challenges

  We focus attention in this review on direct exchange of electrons between hydrogenases and conductive surfaces. For device development, the use of enzymes in solution is generally unfavourable as this usually necessitates small soluble mediator molecules for electron transfer between the protein and conducting surfaces; this can lead to energy losses and slower kinetics, and mediators such as viologens are toxic. In order for immobilised enzymes to function as effective electrocatalysts, there must be rapid interfacial electron transfer between the protein and support, in addition to rapid electron transfer through the protein itself. This requires the protein to be orientated such that its outermost electron relay centres are close to the support. Attempts to improve orientation go hand-in-hand with developments in the stability of enzyme attachment on surfaces and the design of new electrode materials. Fortuitously, many hydrogenases adsorb spontaneously onto graphitic surfaces, in particular the edge surface of pyrolytic graphite, to give highly electroactive films.3 It is very difficult to assess accurately the proportion of enzyme molecules able to engage in direct electron transfer since the total coverage and electroactive coverage are rarely known. It is presumably advantageous that the rough surface of pyrolytic graphite provides cavities that allow enzyme molecules to adsorb with multiple contact points. Furthermore, the heterogeneous chemical nature of a freshly polished or abraded graphite surface probably provides a variety of carbon/oxygen functionalities for electrostatic and hydrophobic interactions with protein molecules. However, in moving from fundamental, diagnostic electrochemical studies of enzymes towards development of devices, it has become desirable to explore a wider range of materials and attachment strategies.

  The triple challenge of (i) stabilising protein attachment whilst (ii) retaining direct electron transfer and (iii) even improving the number of molecules orientated for direct electron transfer has been tackled for both [FeFe] and [NiFe]-hydrogenases by taking advantage of charged patches on the protein surfaces close to the outer FeS relay cluster. Once an appropriately charged patch has been identified on the protein surface, usually of surface lysines or glutamic and aspartic acid residues, an opposite surface charge is introduced onto the electrode via a versatile diazonium coupling strategy that allows introduction of carboxylic acid or amine functionalities. The protein is allowed to orientate according to these charges, and is then covalently linked to the electrode via peptide bonds formed by a carbodiimide coupling reaction. Electrodes modified with [NiFe]-hydrogenase from Desulfovibrio gigas using this method led to current densities of almost 0.2 mA cm–2 and retained 90% of their activity after a week of continuous use.21 To demonstrate that the orientation is dominated by electrostatic interactions with the surface, both the pH and the ionic strength were increased to disrupt the interactions.21 This approach was extended by Léger and co-workers to [FeFe]-hydrogenases from C. acetobutylicum and Ch reinhardtii to give current densities of over 1 mA cm–2.39 Importantly, this study also confirmed that parameters such as the affinity of the enzymes for their substrate H2 and the rate of entry of inhibitory CO into the enzymes are unchanged for direct adsorption vs. the covalent attachment on electrodes.39 Direct adsorption of the hydrogenases still gives the highest initial activity, although poorer stability results in a faster drop-off in activity compared to that for covalently immobilised hydrogenase electrodes. A limitation of this attachment strategy is that the hydrogenase must possess a charged surface patch close to its electron-entry point, and this is not always the case. For example, in hydrogenase I from Aquifex (A) aeolicus, a hydrophobic helix is believed to help in anchoring the enzyme to the perisplasmic membrane, and it has been suggested that this accounts for the adsorption of this particular hydrogenase onto hydrophobic carbon nanotubes.40

  A second major challenge for enzyme electrodes is the low coverage per geometric area dictated by the large footprint of protein catalysts (ca. 20 nm2 for most [NiFe]-hydrogenases). This is partly compensated by very fast turnover rates for hydrogenases, estimated at 1,000-20,000 s–1.5,41-43 Nevertheless, planar electrodes modified with hydrogenase offer relatively low current densities, and to obtain currents suitable for practical devices, the electroactive area must be increased through the development of three-dimensional structures, just as with conventional fuel cell electrodes. One way that this has been achieved is via adsorption of hydrogenase onto conducting graphite platelets or other particulate carbon materials which are subsequently assembled into an electrode. Healy et al. compared the current response for electrocatalytic H2 oxidation by E. coli Hyd-1 adsorbed directly onto a pyrolytic graphite edge electrode with the response at an electrode assembled from pyrolytic graphite particles exposed to approximately the same quantity of hydrogenase and attached using pH-neutral Nafion as binder; the current increased by almost 10 times at the particle electrode.44 De Lacey and co-workers prepared high surface area electrodes by direct growth of carbon nanotubes onto a gold surface; amine groups were introduced onto the nanotubes by diazonium coupling, followed by carbodiimide coupling to a localised patch of carboxylic acid groups on D. gigas [NiFe]-hydrogenase surface, as discussed above.45 Such an electrode produced a H2 oxidation current of over 1 mA cm–2 for more than a month of continuous operation. Rather than covalently modifying the nanotubes themselves, Armstrong and coworkers exploited π-π stacking of pyrene derivatives on nanotubes to introduce carboxylic acid groups for coupling to surface amines of E. coli Hyd-I.46 This electrode also gave currents greater than 1 mA cm–2 for 100 h. Kihara et al. tested direct immobilisation of Thiocapsa (T) roseopersicina [NiFe]-hydrogenase onto the hydrophobic surface of a carbon nanotube forest for H2 production, but their electrodes exhibited sluggish H+-reduction behaviour.47

  Electrodes for enzymatic devices are not limited to carbon-based materials and, spurred on by the possibilities offered by visible light-driven catalysis, semiconducting materials have been investigated as conducting supports for hydrogenases and as photoactive materials, in particular anatase TiO2 and CdX where X=S or Te. Metal oxide films are promising materials for protein (ad)sorption as they offer a highly functionalised surface whose charge can be modified according to the pH. For example, the most commonly used metal oxide, TiO2, has an isoelectric point of ca. 6.3 and can exhibit positive or negative surface charges in a biologically relevant pH window, equation 1.
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  In addition, the band gap of TiO2 is a function of pH (decreasing by 0.059 V for every increase in pH unit) and so consideration of the potential of electrons provided by the material is also essential. Solution conditions must also be finely tuned, as ions such as phosphate can adsorb strongly on TiO2 and either help or hinder protein adsorption. Hydrogenase devices have also been built from 'quantum dots', semiconducting materials with dimensions between 1-50 nm for which absorption spectra are determined solely by size. Sustained enzyme turnover has been demonstrated, although in some cases the stability of biomolecules in contact with the relatively reactive surface of these materials may limit their effectiveness.48

  These approaches to functionalising materials with hydrogenases have been used to make electrodes for use in fuel cells and hydrogen production devices, and the concept has been taken further by coupling multiple enzymes together to catalyse the formation or regeneration of useful chemicals. Next we review several examples of these applications and the future outlook for a range of bio-hybrid devices.

   

  4. Hydrogenase-Based Devices

  4.1 Hydrogen fuel cells

  A conventional proton exchange membrane H2/O2 fuel cell consists of two high surface area electrodes comprising finely divided Pt catalysts, separated by the membrane, usually Nafion. Humidified gases are flowed into the two electrode compartments and the current is collected at graphite plates contacting the electrodes. Blue copper oxidases and hydrogenases have attracted attention for both the cathode and anode catalysts respectively because they can potentially be produced more cheaply than precious metal catalysts and they are relatively insensitive to poisoning by trace contaminants such as CO and H2S which arise during production of H2 from steam reforming of methane. Furthermore, O2 reduction commences at a lower overpotential at electrodes modified with blue copper oxidases (laccase or bilirubin oxidase) than at platinum.49 While developments that would allow enzymes to compete with platinum on the scale of large power generation have not occurred, an understanding of how enzymes function in fuel cell devices is providing insight into what can be achieved in fuel cells with the best possible functional catalyst, albeit they are short-lived. If nothing else, the ability of enzymes to catalyse H2 oxidation and O2 reduction efficiently using only base metals such as Ni, Fe and Cu is providing inspiration to chemists seeking to develop new fuel cell catalysts.

  The existence of [NiFe]-hydrogenases with sufficient tolerance to O2 that they are able to operate in H2/O2 mixtures, has allowed demonstration of membraneless fuel cells operating on safe H2/O2 mixtures. The absence of a membrane greatly simplifies fuel cell design. The better the O2-tolerance of the hydrogenase, the greater the current under mixed fuel/oxidant conditions. The first demonstration of a membraneless enzyme H2/O2 fuel cell utilised the substantially O2-tolerant membrane bound hydrogenase from R. metallidurans and a laccase, both adsorbed onto pyrolytic graphite strip electrodes, operated under fuel-lean conditions (3% H2 in air, a safe, non-flammable, mix).11 This cell showed a high open circuit voltage (0.95 V compared to a theoretical maximum of 1.23 V) although, unsurprisingly under these demanding conditions, the power density was small (5.2 µW cm–2). Addition of 1% CO had no detectable effect on the current, neatly showcasing the selectivity benefits of hydrogenases over Pt.11

  The behaviour of membrane-less enzyme H2/O2 fuel cells was examined in more detail by Wait et al. who compared identical cells with and without a membrane, and with different fuel/oxidant ratios.12 This time the anode was constructed by adsorbing the O2-tolerant Hyd-1 from E. coli onto graphite, while the cathode had bilirubin oxidase covalently attached to the graphite surface. Voltammograms for these electrodes in the fuel cell under 3 fuel/oxidant scenarious were presented in Figure 6: (i) the electrodes separated by a membrane and each compartment receiving pure gas (H2 or O2); (ii) no membrane, and a fuel-lean regime (4% H2/21% O2); (iii) no membrane, and a fuel-rich regime (96% H2/4% O2). Scenario 1 gave the highest open circuit voltage and power density (0.99 V and 63 µW cm–2, respectively), as expected from the high fuel/oxidant concentrations permitted with membrane-separated compartments. However, a small amount of O2 crossover led to reversible inactivation of Hyd-1 at anode potentials above 0 V. Under fuel cell operation, the anode activity could be recovered by a short period at open circuit conditions, which presumably imposes a low enough anode potential to re-activate the hydrogenase. As expected, in the absence of a membrane and with a mixed H2-O2 feed, the inactivation of Hyd-1 was more pronounced. Interestingly, in fuel-rich conditions the inactivation experienced on running at high anode potential could be reversed by a period at open circuit voltage, but under fuel-lean conditions inactivation was substantial and could not be reversed by returning to open circuit conditions. This is understood by reference to the individual anode-cathode voltammograms in Figure 6c. Under the fuel-lean/O2-rich conditions the cathode exhibits much greater electrocatalytic current with respect to the anode, so under fuel cell operation, the anode is forced to high potential to match the cathode current, thus readily tipping the hydrogenase over into its oxidatively inactivated state which cannot easily be re-activated at low H2 levels. The hydrogenase anode could be 'jump-started' by connecting it to an identical hydrogenase electrode which had been exposed to the same fuel/oxidant mix, but had not been connected to the cathode. This exemplifies the complex relationship between hydrogenase activity, potential and O2 concentration, and makes an interesting link to the physiological situation where it has been hypothesised that pairs of E. coli Hyd-1 molecules may supply electrons to re-activate one-another (see section 1).4

  The issues of hydrogenase inactivation in fuel cells were addressed again by Ciaccafava et al. in analysis of a Nafion membrane-based fuel cell involving A. aeolicus Hyd-1 and bilirubin oxidase covalently attached to single walled carbon nanotube electrodes.13 The anode environment was nominally 100% H2 in this case, although some O2 crossover from the cathode (supplied with 100% O2) is likely. Even under anaerobic conditions, A. aeolicus Hyd-1 exhibits inactivation at potentials above about 0 V,29 and the enzyme is reported to be damaged irreversibly at potentials higher than about +0.4 V.13 Ciaccafava et al. demonstrated the importance of balancing the electrocatalytic half reaction rates at the anode and cathode in order to avoid driving the anode to high potentials; the most stable fuel cell operation was observed when the anode half reaction current outcompetes the cathode current, and the anode achieves sufficient current at potentials close to the 
    2H+/H2 couple potential. The Hyd-1 of hyperthermophilic A. aeolicus has maximum activity at 85 ºC, and thus it was possible to operate this fuel cell with the anode maintained at 60 ºC, although the cathode was kept at 20 ºC. The elevated anode temperature, in combination with the high surface area offered by the carbon nanotube electrodes, led to much larger power densities than observed for planar graphite electrode cells, and a power density of 300 µW cm–2 was achieved with well-matched cathode/anode current densities.13 The covalent enzyme attachment also meant the fuel cell exhibited relatively good stability (retaining 60% of its activity after 24 h use).

  The possibility of electricity generation from H2 and O2 using enzyme catalysts is firmly established and it is likely that continued advances will yield sufficiently optimised current and stability for working cells for specialised, low power applications. Competing O2 reduction by hydrogenases remains a challenge: although a number of substantially O2 tolerant [NiFe] hydrogenases have been identified and demonstrated in fuel cell devices, the mechanism for hydrogenase recovery from O2-inactivation necessarily draws on electrons generated from H2 oxidation thus lowering the power output. Even with the most O2 tolerant hydrogenases, operation on mixed H2/O2 feeds thus leads to lowered anode performance via short circuiting at the anode. Direct O2 reduction at bare regions of the graphite will add to this effect below about 0 V. Some headway has been made recently in stabilisation of enzyme electrodes and construction of high surface area electrodes for enzyme-based H2 fuel cells, with carbon nanotube electrodes looking promising in this context.13,46 What is needed now is sustained and rational efforts to improve bio-electrodes with a focus on stability, enzyme orientation and coverage, as well as high conductivity throughout the electrode material.

  4.2 Hydrogen-production devices

  Hydrogenases are also inspirational for their ability to produce H2 from protons in water at high catalytic rates and close to the H+/H2 potential. A range of photo-hydrogen production devices involving hydrogenases or bio-inspired catalysts has been reviewed recently,50 so we do not attempt to offer a complete survey of the developments in biohybrid H2 production, but instead intend to highlight key challenges and opportunities relating to hydrogenase electrocatalysis. Hydrogenase-based devices for H2 production rely upon electron transfer to the hydrogenase either from an electrode or from a sacrificial donor via a photo-activated electron transfer step. As with H2 fuel cells, two key challenges in the development of devices are the size of hydrogenases, which leads to low surface coverage, and their limited stability over many hours. Additional materials and engineering challenges arise in photo-catalytic bio-devices in terms of the stability of the entire set of system components under sustained illumination.

  Of the two main classes of hydrogenase, it is generally the [FeFe]-type which show the greatest catalytic bias towards H2 production. A device demonstrated by Hambourger et al. retained the well-established hydrogenase-on-carbon motif for a H2 producing cathode involving C. acetobutylicum [FeFe]-hydrogenase A (HydA) adsorbed on carbon felt, Figure 8a. High current densities are achieved at the hydrogenase electrode, with a waveshape closely resembling that at Pt.5 The driving force for H2 production at the high surface area hydrogenase cathode was provided by photo-energised electrons supplied from the sacrificial donor, NADH via a porphyrin-sensitised TiO2 photoanode. The high cost of NADH means that it is not viable to consume this cofactor as a sacrificial donor, and the authors note that a future goal of this research is to incorporate NAD+-dependent biomass oxidation reactions into the anode compartment such that the net reaction of the cell is H2 production from biomass. Oxidation of NADH without a catalyst requires a large overpotential relative to the NAD+/NADH couple, hence the need for photo-activated electrons at the anode. The reduction of H+ by NADH in the absence of illumination is actually a thermodynamically favourable process at pH 7, low level H2 and a high ratio of NADH:NAD+. For example, at atmospheric H2 (0.5 ppm), and a 1000-fold excess of NADH, the cell potential for this reaction, Ecell = 182 mV at pH 7. In practice, this can only be achieved with ideal catalysts which operate reversibly at the thermodynamic potentials for each of the half reactions. Efficient NADH oxidation without a detectable overpotential has been demonstrated at several enzyme-modified electrodes,51,52 indicating that ideal catalysts do exist and that it should be possible to assemble a H2-producing fuel cell device (NADH oxidising anode and H+ reducing cathode) from two enzyme electrodes (see Figure 8b),15 without the need for photo-activation. Further challenges in the proof-of-concept photo-H2 production device described by Hambourger et al. relate to increased electron recombination with the sensitiser at the anode as H2 builds up and shifts the potential of the coupled cathode half cell.5
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  Other photo-H2 production devices involve the hydrogenase directly adsorbed onto semi-conductor materials. Morra et al. report a high surface area electrode constructed from the [FeFe]-hydrogenase C. acetobutylicum HydA adsorbed on a TiO2 film.53 The electrode gives rise to a large reductive current (450 µA cm–1 at –0.714 V) although at this potential the stability is very poor and 50% of the activity is lost after just 10 min.

  Devices utilising [FeFe]-hydrogenases have been demonstrated under strictly anaerobic conditions, because of the difficulty of handling these sensitive enzymes in the presence of O2, although separate electrochemical studies have shown that H2 production in air by these enzymes is possible over a limited timeframe, as mentioned in section 2.35 The greater O2 tolerance of [NiFe]-hydrogenases makes them more versatile catalysts. The Peters group attached a Ru(II) photosensitizer to a [NiFe]-hydrogenase from T. roseopersicina and although they were unable to achieve direct electron transfer from the Ru(II) to the hydrogenase under illumination, they were able to record photo-hydrogen production in the presence of methyl viologen as an electron transfer mediator under anaerobic and aerobic conditions. It was assumed that the proximity of the photo-reductant to the hydrogenase helps to maintain a reducing environment that further protects the hydrogenase from O2 damage.54 Most [NiFe]-hydrogenases suffer from strong product inhibition (by H2; see for example the dark gray line in Figure 4a), and this is likely to be a limiting factor in their H2 production. For example, Kihara et al. used the [NiFe]-hydrogenase from T. roseopersicina immobilised on hydrophobic carbon nanotubes as a H2 production electrode, but found the current to be very sensitive to H2 partial pressure.47 Reisner et al. have made use of the [NiFeSe]-hydrogenase from Dm baculatum - an enzyme known to suffer much less from product inhibition and exhibit good O2 tolerance.55 Voltammetry of this enzyme on films of TiO2 annealed onto indium tin oxide on glass showed promising H+ reduction currents, even under low-level H2 (at ca. – 0.56 V, currents were ca. 140 µA cm–2 under N2 and 50 µA cm–2 under 5% H2). These electrodes retained 50% of their activity after storage under N2 for 1 month, demonstrating that sorption in TiO2 films does not interfere with the enzyme structure, and may actually stabilise the protein although long term stability of the electrodes under electrocatalytic conditions has not been investigated. Reisner et al. then went on to exploit hydrogenase on nanoparticulate TiO2, sensitised with a ruthenium dye, for visible light-driven H2 production.6,55 In this system, an electron is photo-excited in the dye and transfers to the conduction band of the semiconductor particles. The dye is regenerated by a sacrificial electron donor while the electron transfers to hydrogenase where reduction of H+ to H2 occurs. Under illumination of 45 mW cm–2 a level of 4.6% H2 was reached in the headspace, corresponding to a turnover number of 1.9 × 105 for the hydrogenase.55 The limiting part of the system appeared to be the ruthenium dye, rather than the enzyme.

  Avoiding the need for a separate dye-sensitiser, H2 production has been reported for T. roseopercina [NiFe]-hydrogenase on CdTe quantum dots,8 and C. acetobutylicum [FeFe]-hydrogenase I on CdS nanorods.7 Similarly, reduction of CO2 to CO by carbon monoxide dehydrogenase has been shown on CdS quantum dots.56 These demonstrations show that enzyme adsorption on nanoscale semiconducting particles is a versatile approach for a range of bio-electrocatalytic transformations.

  The field of light-driven biocatalytic devices still has many opportunities for creative combination of components and reactions and we can expect many exciting new developments in this area in the future. These need to be accompanied by detailed studies to improve our fundamental understanding of electron transfer between enzymes and semiconductor materials and analysis of the limiting factors in stability of these systems.

  4.3 H2-driven chemical synthesis or H2 production via coupled catalysis

  The observation that a range of different enzymes will exchange electrons with graphitic surfaces has led to coupling or wiring of enzymes together on graphite particles. In one proof-of-concept demonstration, hydrogenase was co-immobilised onto pyrolytic graphite particles or platelets with nitrate reductase, such that electrons from H2 oxidation passed from the hydrogenase into the particle, and were then taken up by the nitrate reductase for reduction of nitrate to nitrite.57 A more interesting manifestation involved demonstration of the water gas shift reaction, interconversion of CO and H2O with CO2 and H2, on graphite platelets modified with hydrogenase and carbon monoxide dehydrogenase, as represented in Figure 2f.14 We recently used a similar particle concept for recycling of the important biological cofactor NADH, Figure 2g. Under 1 bar H2 and with NAD+ in solution, reduction of NAD+ by H2 is thermodynamically favourable. The NAD+-reducing catalytic moiety of R. eutropha soluble hydrogenase was combined with E. coli Hyd-I on pyrolytic graphite particles to couple electrocatalytic reduction of NAD+ to NADH to the oxidation of H2, providing a modular system for recycling these important biological cofactors.15 Most NADH-dependent dehydrogenases will not exchange electrons directly with an electrode because they require electron transfer in the form of hydride (H– = 2e– + H+) from NADH. By co-immobilisation of lactate dehydrogenase on the particles, it was possible to demonstrate H2-driven reduction of the model substrate pyruvate, to lactate, via the recycled NADH, as shown in Figure 9.15 This opens up new opportunities for driving electron transfer to NADH-dependent enzymes from H2 or an electrode via NADH.

  
    

    [image: Figure 9. NADH-dependent]

  
 
  In each case, the critical features are the conductivity of the graphite to transfer electrons between the two enzymes, and adsorption of the two enzymes in correct orientations for fast electron transfer, and in an appropriate ratio that their catalytic rates are matched fairly evenly.

   

  5. Future Scope

  One of the historical barriers to the development of enzyme-based devices has been the research specialisation necessary for culturing the variety of specialised host organisms under suitable conditions for enzyme expression. Increased interest in hydrogenase chemistry has led to isolation and characterisation of new hydrogenases, including several temperature-stable enzymes from hyperthermophilic organisms.29,58,59 Isolation of two [NiFe]-hydrogenases from E. coli (including crystallographic characterisation of hydrogenase-1) and genetic engineering of these enzymes,4,27 and successful heterologous expression of several other hydrogenases in E. coli, are helping to broaden the availability of hydrogenases for study and application. The feasibility and economics of scale-up of hydrogenase preparations, for example to gram and kilogram scales, still need to be established if they are to be used in commercial devices. The demonstration that [FeFe]-hydrogenase precursors lacking the 2Fe2S unit of the active site can be activated by incorporation of a synthetic 2Fe2S cluster provides a tantalising indication that it might be possible to produce part-synthetic enzymes on a larger scale.19,60

  Two main areas emerge where further work is needed. The first is in electroactive attachment of enzymes at high coverage, on high surface area electrodes or particles. Detailed insight into the range of interactions involved in stabilising protein-protein complexes is available from crystallographic structures, studies involving mutagenesis of surface residues and coupling between spin-labels observed through advanced electron paramagnetic resonance (EPR) methods. In comparison, we know relatively little about the specific interactions that support protein-electrode interactions, and efforts to expand the range of useful materials often involve trial and error rather than rational design.

  A second area that still requires further attention is in development of O2 tolerance. We now understand much about the competing reactions of H2 and O2 at hydrogenase active sites, particularly for [NiFe]-hydrogenases, but more needs to be done to control the relative rates of these reactions to avoid short circuiting of H2 oxidation currents to un-productive O2-reduction. Nevertheless, a number of hydrogenases are available with sufficient O2 tolerance that all types of devices discussed in this review have been demonstrated operating under air, or at least with low level O2.

  Arising from the wealth of possibilities demonstrated with enzyme electrocatalysts, we can expect to see new generations of bio-inspired catalysts that incorporate synthetic metal centres alongside polymer, oligo-peptide or even protein shells that provide the functionality of proteins (eg., proton transfer, electron transfer, substrate selectivity, stabilisation and protection) but with higher active site density and improved robustness. This is a fast evolving field, and the most exciting developments are emerging at the interfaces between biocatalysis, enzyme engineering, materials science, chemical synthesis and device electronics.
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    O íon boroidreto tem se mostrado um promissor combustível alternativo. Grande parte das pesquisas aborda o aspecto eletrocatalítico da eletrooxidação deste combustível sobre platina e ouro. Apesar das conhecidas limitações cinéticas e do intrincado mecanismo, nosso Grupo relatou recentemente a ocorrência de duas regiões de biestabilidade e autocatálise no potencial do eletrodo durante a interação em potencial de circuito aberto entre este íon e a superfície de platina oxidada. Seguindo esta contribuição, neste trabalho fenômenos ainda mais complicados são apresentados: a presença de oscilações eletroquímicas durante a eletrooxidação do íon boroidreto em platina em meio alcalino. Oscilações de corrente foram associadas a duas janelas distintas de instabilidades e caracterizadas no plano de potencial-resistência. As características dinâmicas de tais oscilações sugerem a existência de mecanismos distintos de acordo com a região de potencial. Resultados publicados anteriormente obtidos sob regime não-oscilatório foram usados para fornecer algumas dicas sobre as reações superficiais por trás da dinâmica observada.

  

   

  
    The borohydride ion has been pointed as a promising alternative fuel. Most of the investigation on its electrochemistry is devoted to the electrocatalytic aspects of its electrooxidation on platinum and gold surfaces. Besides the known kinetic limitations and intricate mechanism, our Group has recently found the occurrence of two regions of bi-stability and autocatalysis in the electrode potential during the open circuit interaction of borohydride and oxidized platinum surfaces. Following this previous contribution, the occurrence of more complicated phenomena is here presented: namely the presence of electrochemical oscillations during the electrooxidation of borohydride on platinum in alkaline media. Current oscillations were found to be associated to two distinct instability windows and characterized in the resistance-potential parameter plane. The dynamic features of such oscillations suggest the existence of distinct mechanisms according to the potential region. Previously published results obtained under non-oscillatory regime were used to give some hints on the surface chemistry behind the observed dynamics.

    Keywords: borohydride electrooxidation, current oscillations, N-NDR oscillators

  

   

   

  Introduction

  Borohydride has been pointed as a promising molecule due to its potential use as alternative energy source. During its electrooxidation, 8 electrons are released and the reversible thermodynamic potential of the reaction is −1.24 V vs. NHE. Additionally, sodium borohydride is solid at room temperature and can be used in direct fuel cells or in fuel cells as hydrogen source. It is easy to store, has high power density and its final oxidation product, BO2– can be converted again to BH4–.1-3 Despite all advantages, the usage of this fuel presents some drawbacks, posed mainly by its homogeneous and heterogeneous hydrolysis, which considerably lowers the number of electrons released in the direct oxidation path.

  Important mechanistic aspects on the processes involved in the electrooxidation of borohydride have been recently surfaced.4-7 Nevertheless, the picture is still incomplete and it seems there are still some unknown intermediates, which are not identifiable by spectroscopy.8 Finkelstein et al.9 argue that there are two forms of direct BH4– oxidation, one at low potentials yielding 7e– and other at high potentials yielding 5-6 e–. Gyenge6 proposed that the oxidation occurs depending on the adsorption of BH4– and intermediates and the interaction among them. Liu et al.10 have reviewed alternate pathways for this reaction and argue that the anodic reaction of borohydride may be different according to the conditions of the reaction and the type of electrocatalyst. Despite the efforts of many scientists, the mechanism of BH4– oxidation remains incomplete to date and it is clear that the efficient use of BH4– as a fuel is not yet possible.

  We have recently tackled the problem of the open circuit interaction between borohydride and oxidized platinum surface.11 From the applied side, this experimental approach is important because it mimics the fuel crossover from the anode to the cathode that severely decreases the fuel cell performance.12-15 From the fundamental point of view, this study allowed us to describe two processes of autocatalytic production of free platinum sites and to correlate these regions with those found in the cyclic voltammogram. In the present contribution, we deepened our investigation on the nonlinear aspects of the electrooxidation of borohydride on platinum and describe, for the first time, the occurrence of self-organized current oscillations in two specific potential regions.

   

  Experimental

  As working electrode, a spherical shaped platinum electrode with an active area of 0.21 cm2, as measured by the hydrogen oxidation region, was used. The supporting electrolyte was a 1.0 mol L-1 NaOH (Sigma-Aldrich, 99.99%) solution, as to minimize the homogeneous hydrolysis of the borohydride ion.6 A high area golden sheet was used as a counter electrode, aiming at minimizing the heterogeneous hydrolysis of the ion in comparison to a platinum sheet.16 All potentials were quoted vs. the reversible hydrogen electrode (RHE) prepared with the electrolyte solution. Before and during all experiments, argon (99.996%, White Martins®) was purged into the system to avoid any interference from dissolved oxygen. All solutions were prepared using ultra-pure Millipore® water (18.2 MΩ cm). For all the experiments, the concentration of the borohydride (NaBH4, Sigma-Aldrich, 95%) solution was 5 mmol L-1. It was used a one-chambered cell.

  Before each experiment, the working electrode was annealed with a butane flame for about 1 min. After cooling in argon atmosphere, the electrode was inserted into the solution and the potential was cycled between 0.05 and 1.5 V for 100 times at 1.0 V s-1 for an electrochemical cleaning. The potential was then cycled at the same window, but at 100 mV s-1 to check the cleanness of the system. Only then the borohydride solution was added into the system.

  The electrochemical experiments were accomplished using an Autolab® potentiostat (model PGSTAT302N) equipped with a Scan-Gen module (analog scan generator). Data acquisition was 0.0028 s per point. Experiments were performed with stagnant solution, and at 25 ± 1 ºC, controlled by a thermostat.

   

  Results and Discussion

  Figure 1 shows a typical cyclic voltammogram for the electrooxidation of borohydride on platinum in alkaline medium. The main features of the voltammetric profile have been discussed elsewhere,7,9,17,18 herein the focus in on the electrochemical instabilities. The most common signature of instabilities in electrochemical systems is the occurrence of a negative differential resistance (NDR)19-22 in the current-potential curve. Two particular NDR are discernible in Figure 1: the first one around 0.6-0.8 V and the second one above 1.2 V. We have correlated the occurrence of a two-step transition observed during the open circuit interaction between borohydride and an oxidized platinum surface with these two NDR.11 The autocatalytic production of free platinum sites described for each step was tentatively associated to the specific surface chemistry of adsorbates in that potential window. At each potential region, the system presents bi-stability, which in its turn reflects the co-existence of two stable states for a given parameter interval. Both NDR regions depicted in Figure 1 are connected to N-shaped current-potential feature (although only part of the 'N' is shown for the second, more positive potential region). In such systems, the electrode potential (Φ) plays the role of an autocatalytic variable in the positive feedback loop.

  
    

    [image: Figure 1. Cyclic voltammogram]

  
   
  Bi-stability in N-NDR systems becomes more evident when the N-shaped curve is folded in such a way that the two stable states overlap in a certain potential window. This occurs when the total resistance of the system reaches a certain critical value. Figure 2 illustrates a quasi-stationary potentiodynamic sweep in the presence of an external resistance (Rext) of 1 kΩ connected between the working electrode and the potentiostat. The whole (continuous line) curve is shifted to more positive potentials as a consequence of the insertion of the external resistance, or of the ohmic drop. Under these experimental conditions, the two NDR appear now at about 1.25 and 1.5 V and are clearly folded. The main characteristics to be stressed here are the current spikes observed in each region. Presenting now the data in terms of the actual Φ, cf. the dotted line in Figure 2, the NDR regions occur at about the same potential region. In this plot, Φ was obtained by subtracting the ohmic drop term, IR (where I stands for the current), from the applied potential E, i.e., φ = E – IR, where R is the total resistance, which subsumes the external (Rext) and the solution (Rs) resistances. In our experiments, Rs was typically about 5 Ω, so that Rext presents the main contribution to R in all cases studied here.

    
    

    [image: Figure 2. Slow potentiodynamic]

  
   
  In order to explore the nature of the current spikes present in Figure 2, the current evolution in potentiostatic experiments at E fixed around the two NDR regions was studied. Figure 3 shows typical results for (a) the first and (b) the second NDR region. In these experiments, the electrode potential was stepped from the open circuit potential to the one of interest. For the first NDR region, oscillations are exemplified for (a1) E = 1.30 V and (a2) E = 1.33 V. These relation-like oscillations have frequencies in the range between 0.1-0.5 Hz and were found to start abruptly.

  
    

    [image: Figure 3. Chronoamperograms]

  
     
  Oscillations in the second NDR region, exemplified here for E = 1.55 V and presented in Figure 3(b), set in via a supercritical Hopf bifurcation after a considerably long induction period and evolves spontaneously in time. The spontaneous drift observed in electrochemical systems has been investigated by our Group23-26 and can be generally attributed to a non-controllable surface transformation that slowly drives the system as a bifurcation parameter. In acidic media, the drift has been identified as caused by the slow surface oxidation. As a consequence, the electrode potential slowly increases which favors further oxidation, the whole process occurs in a rather slower time-scale, when compared to the oscillations themselves. This is true for the electrooxidation of small organic molecules in acidic media. For the case of borohydride in alkaline media, it is presently unclear the nature of the surface transformations that causes the drift, moreover, even the transport to/from the electrode surface might play a role in this case. The low amplitude oscillations are rather regular and faster than that found in the first NDR region, reaching frequencies of about 2.5 Hz. The oscillation amplitude slowly grows in time and after about 410 s an abrupt transition to large amplitude, irregular oscillations takes place. The complex, irregular and slow pattern persists for few cycles (Figure 3(b3)) and the oxidation current goes to zero. At this point, the surface oxidation reaches a point at which it becomes inactive to oxidize borohydride molecules. Other noteworthy differences between the dynamics in the two NDR regions are the higher number of oscillations and the lower current value around which oscillations develop in the second NDR, cf. Figure 3(b). Altogether, these differences are related to the mechanism underlying the instabilities and will thus be further discussed later.

  Aiming at mapping the region at which current oscillations are found around each NDR, similar experiments for different values of Rext were carried out. Results are given in Figure 4 in terms of a bifurcation diagram in the R vs. E plane, where oscillations around each NDR regions are confined between two values of the applied potential and represented by the blue domains. The oscillatory regions were delimited by a quasi-stationary potential sweep, in a wide potential range. The range of potentials in which oscillations were observed varied, being 7 mV for the smallest and 55 mV for the greatest. What is invariable, nevertheless, is the fact that spontaneous current oscillations emerged in a restricted resistance range.

  
    

    [image: Figure 4. Bifurcation diagram]

  
     
  The existence of a minimum value of the total resistance required for the emergence of oscillations reflects the freedom needed for the electrode potential, an essential variable, oscillates when the applied voltage is kept constant. The fact that current oscillations exist only for finite values of R is characteristic of electrochemical oscillators of the N-NDR type, in contrast to that for HN-NDR oscillators, in which the N-shaped NDR curve is partially hidden by a secondary process.20-22 Therefore, and as already apparent in Figure 4, no oscillations are expected to emerge under galvanostatic regime, which would correspond to a situation in which both R and E go simultaneously to infinite. Figure 5 reinforces this point and shows that no oscillations are found along a slow galvanodynamic sweep. Instead, a nearly 2 V hystheresis between unpoisoned and poisoned states during the positive- and negative-going sweep, respectively, is found. In addition to the experiments presented, electrochemical impedance spectroscopy (EIS) is commonly used to classify electrochemical oscillators, but its application in the present case was not possible due to the difficulty in reaching the steady state. Nevertheless, it should be mentioned the successful application of EIS by Parrour et al.27 to the electrooxidation of borohydride on gold.
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  From the mechanistic point of view, oscillations around the two NDR regions are very probably caused by different surface chemistries. Abruña and co-workers5 have recently identified the two NDR regions and named the first one at lower potentials (ca. 0.8 V) self-cleaning region and second one at ca. 1.2 V the region of slow poison removal, clearly pointing to the distinct time-scales of surface poisoning in each region. Following their interpretation, it is likely that BH3OH− acts as the poisoning species in the first NDR region. In addition, given the high potentials around which it occurs, we suggest that the poison that causes the second NDR is probably platinum oxides, similarly to that found for the electrooxidation of hydrogen on platinum.28,29 Importantly to the present discussion, the authors5 reported the successful implementation of a cleaning procedure that prevents the long-term performance decrease due to the surface poisoning process. The procedure consists of periodically applying short (0.5 s) potential pulses to values within the second NDR region. The pulses were proven to successfully remove the poisoning species and keep high current densities for the electrooxidation of borohydride. The nature of current oscillations, as seen in Figure 3, closely resembles a periodically poisoning/cleaning process. Of course, the use of autonomous oscillations as a self-cleaning strategy might bring some advantages. In fact, one could envisage the use of spontaneous oscillations to improve the overall performance in practical devices, as already reported for low temperature polymer electrolyte fuel cell operated with H2/CO mixtures.30-33

  The discovery of parameter regions at which the system manifests its intrinsic nonlinear kinetics as well as the description of the self-organized phenomena associated to the kinetics contribute to the current knowledge of the complex electrooxidation of borohydride. A recent example in this direction was reported by Varela and co-workers34,35 for the electrooxidation of methanol. Using a comprehensive approach that comprises experiments, modeling and numerical simulations, the authors were able to decouple parallel oxidation pathways that remain otherwise inseparable under regular, non-oscillatory conditions. A just published work by Rustici and co-workers36 reports the presence of oscillations in the production of hydrogen during the homogeneous hydrolysis of borohydride over a wide range of experimental conditions. As emphasized, the results open interesting perspectives, but the chemistry associated to the nonlinear behavior is not understood yet, as in the electrocatalytic oxidation reported here.

   

  Conclusions

  We presented in this work novel aspects on the electrooxidation of borohydride on platinum, namely the occurrence of self-organized current oscillations. The spontaneous current oscillations were found in two distinct potential windows and characterized as arising from two negative differential regions (NDR) in N-shaped current-potential curves. The mechanistic origin underlying these instabilities is probably related to the two poising steps according to previously published data.5 The existence regions of current oscillations were mapped in the potential vs. resistance plane. We are not aware previous reports of current oscillations in this system. From kinetic and mechanistic perspectives, our results add further information on the already intricate set of data obtained under non-oscillatory regime. In terms of practical application, one can think of using self-organized oscillations as a mean to spontaneously and periodically clean the catalyst surface and thus prevent or postpone performance losses. Development through these venues requires however further experimental and numerical results on this complex system. We are currently working in this direction.
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    A oxidação electroquímica de clorexidina é investigada pela primeira vez e sua determinação amperométrica usando um sistema de análise por injeção em fluxo (FIA) é demonstrada. Um pico de oxidação bem definido foi observado próximo de 1,3 V em uma solução 0,1 mol L-1 de HClO4 em eletrodo de carbono vítreo. O mecanismo da oxidação eletroquímica de clorexidina é dependente do pH e envolve a transferência de um único elétron, possivelmente através da formação de cátion radical. Os parâmetros do sistema FIA foram otimizados e um limite de detecção de 0,3 µmol L-1 foi obtido. O método proposto foi aplicado em enxaguantes bucais e desinfetantes de pele e comparados com cromatografia líquida de alta eficiência.

  

   

  
    The electrochemical oxidation of chlorhexidine is investigated for the first time and its amperometric determination using a flow-injection analysis (FIA) system is demonstrated. An oxidation peak was observed at around 1.3 V in a 0.1 mol L-1 HClO4 solution at a glassy-carbon electrode. The mechanism of the electrochemical oxidation of chlorhexidine is pH-dependent and involves a single-electron transfer possibly via radical cation formation. The FIA parameters were optimized and a detection limit of 0.3 µmol L-1 was obtained. The proposed method was applied in mouth rinses and skin disinfectants samples and compared with high-performance liquid chromatography.
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  Introduction

  Chlorhexidine, hexamethylenebis[5-(4-chlorophenyl)biguanide], and its salts (e.g. chlorhexidine digluconate or diacetate) are antibacterial agents widely used in aqueous personal products such as contact lens solutions, mouth rinse, toothpastes, and as skin disinfectant in surgical hand scrubs in several concentrations. The use of chlorhexidine as a chemical antiplaque agent in mouth rinse solutions or in gel form has been widely reported.1-3 However, a recent study has demonstrated that chlorhexidine undergoes hydrolytic degradation and its main degradation product is p-chloroaniline, which is hematotoxic and carcinogenic.4 Therefore, the analytical control of chlorhexidine especially in mouth rinse solutions may indicate if degradation processes have started by detecting the consumption of chlorhexidine.

  Several analytical methods have been developed for chlorhexidine determination using spectrophotometry,5-7 high-performance liquid chromatography8-10 and capillary electrophoresis.11 Typically these analytical methods require time-consuming and laborious sample treatments such as solvent extraction, liquid-liquid extractions, excipient precipitation, and sample clean up steps, which can increase irreproducibility. On the other side, electrochemical analysis is an alternative technique which provides simple, fast, and sensitive determinations and frequently does not require laborious sample treatment steps. Electroanalytical methods were developed for chlorhexidine determinations based on its electrochemical reduction on mercury or mercury-film electrodes exploiting very negative potentials (from –1.5 to –1.9 V vs. SCE).12-15

  This article reports on the electrochemical oxidation of chlorhexidine at a bare glassy-carbon electrode (GCE) and its electrochemical determination in a flow-injection-analysis (FIA) system coupled to amperometric detection based on the analyte oxidation.

   

  Experimental

  Reagents and samples

  The solutions were prepared using deionized water (Direct-Q3, Millipore, Bedford, MA, USA) with a resistivity of no less than 18 MW cm. Phosphoric acid (85% m/v) from Reagen (Rio de Janeiro, Brazil), nitric acid from Synth (Diadema, Brazil), sodium hydroxide from Dinâmica (Diadema, Brazil), acetic acid from Vetec (Rio de Janeiro, Brazil), boric acid from QM (Cotia, Brazil), and chlorhexidine acetate from Acros Organics (Geel, Belgium) (purity > 98%) from Sigma-Aldrich (St. Louis, MO, USA) were used without further purification. Stock solutions of chlorhexidine were freshly prepared just before the experiments by dilution in water. The Britton-Robinson (BR) buffer solution was composed by a mixture of 0.1 mol L-1 acetic acid, boric acid, and phosphoric acid and its different pH were adjusted with sodium hydroxide. Commercial samples of mouth rinses and skin disinfectants were obtained from local drug and hospital stores. For each analysis, the liquid samples were diluted in electrolyte prior voltammetric analysis. Beyond chlorhexidine (0.12% m/v), the mouth rinse samples contained glycerin, sorbitol, alcohol, hydrogenated castor oil, citric acid, menthol, sodium cyclamate, and sodium sacacharyn. The skin disinfectant sample contained 2% m/v chlorhexidine, alkyl dimethal amine oxide, glycerin, ethanol, and hydroxyethylcelulose.

  Electrochemical measurements

  All electrochemical measurements were performed using a µ-Autolab Type III (Eco Chemie, Utrecht, Netherlands). The working, counter, and reference electrodes were a glassy carbon disk (∅ = 1.6 mm, ALS, Japan), a platinum wire, and a miniaturized Ag/AgCl (saturated KCl) electrode,16 respectively. Constant-potential amperometric flow measurements were performed by using a home-made electrochemical wall-jet cell in the three electrodes configuration.17,18 A single-line flow system was employed using 1.0-mm (i.d.) polyethylene tubing. The injection of standard or sample solutions was carried out by filling loops (polyethylene tubing) of varied volume (from 100 to 300 µL), which was connected to the single-line flow by a FIA valve. A syringe was used to fill the injection loop with sample or standard solutions by producing a negative pressure. The solutions were propelled by a peristaltic pump. Cyclic voltammograms were recorded at 50 mV s-1. Square-wave voltammetry parameters were 8 mV step, 50 mV amplitude, and 50 Hz frequency. All electrochemical measurements were performed at room temperature, in the presence of dissolved oxygen.

  High-performance liquid chromatography (HPLC) analysis

  The HPLC measurements were performed using a Shimadzu LC-10 VP equipped with an UV-vis detector (SPD-10AV), a LC column (Lychrispher 100 A8 RP18-C18, 250 mm x 4.6 mm, 5 mm), a degasser (DGU-20A5), a manual injector (20 mL) and a pump (LC-10AD-VP). The mobile phase was composed of methanol and water (70:30, v/v). The detector was fixed at 260 nm. The flow rate was 0.8 mL min-1.

   

  Results and Discussion

  The electrochemical oxidation of chlorhexidine at GCE was investigated in a 0.1 mol L-1 HClO4 solution and in 0.1 mol L-1 BR buffer solutions (from pH 2.0 to 8.0). Figure 1A highlights the cyclic voltammogram of chlorhexidine oxidation at GCE in 0.1 mol L-1 HClO4 whilst Figure 1B presents the cyclic voltammogram of chlorhexidine in BR buffer solutions. Inset of Figure 1B is the plot of potential vs. pH.

  
    

    [image: Figure 1. (A) Cyclic voltammograms]

  
  
  An irreversible oxidation peak was observed at 1.3 V using a bare GCE in 0.1 mol L-1 HClO4, with oxidation starting at ca. 1.1 V. Similarly, an irreversible oxidation peak was observed in the voltammograms performed in all BR buffer solutions; however, a shift in the oxidation peak was observed. The voltammetric responses in BR buffer of different pH values provided strong evidence that the mechanism of the electrochemical oxidation of chlorhexidine is pH-dependent. As long as the pH was increased, a shift in the peak potential towards less positive potential values was observed. The plot of peak potential vs. pH values presented a slope of 55 mV per pH unit (inset of Figure 1B), which indicates that the same number of protons and electrons is involved in the electro-oxidation process. Using square-wave voltammetry,19 the number of electrons was calculated in one-electron (considering α = 0.5 for an irreversible system). The pKa of chlorhexidine is 10.8, indicating that this compound primarily exists in the protonated form (see Scheme 1). Then, one proton from one of the four protonated amino groups can be released on the electrochemical oxidation of chlorhexidine and so the loss of one electron may be reasonably inferred. Therefore, the process involves a single-electron transfer possibly via radical cation formation at the deprotonated amino group. Similarly, mechanisms involving the formation of radical cation have been demonstrated for the electrochemical oxidation of chloroaniline and aromatic amines.20,21
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  The second and third cyclic voltammetric scans (not shown) presented similar profiles of the blank scan as long as the pH was increased (especially at pH 6 and 8), which indicates a strong adsorption process at the GCE. Considering the development of an electroanalytical method for chlorhexidine determination, the best choice is the use of acid electrolytes in order to reduce adsorption processes. Amperometric measurements in BR buffer solutions at different pH values (2 to 6) confirmed adsorption processes in such a way that the relative standard deviation (RSD) for consecutive injections of 5 µmol L-1chlorhexidine was higher than 20% in all cases (constant decrease in current for repetitive injections). Therefore, a 0.1 mol L-1 HClO4 solution was used for further measurements. Using data from cyclic voltammetric studies carried out in 0.1 mol L-1 HClO4, the plot of the oxidation peak current of chlorhexidine (at 1.3 V) vs. the square root of scan rate (v) (from 10 to 300 mV s-1) is linear (I (A) = –1.18 × 10-7 + 2.57 × 10-7 v1/2 (V s-1); r = 0.998) which suggests that the oxidation process is controlled by diffusion under these conditions.

  A hydrodynamic voltammogram for chlorhexidine based on amperometric measurements in the FIA system is presented in Figure 2.
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  An oxidation current for chlorhexidine was observed at potentials higher than 1.2 V. The potential of 1.3 V was selected for further amperometric measurements, which presented lower standard deviation and significant current increase. FIA parameters were evaluated in order to obtain the highest signal for chlorexidine oxidation. Figure 3 presents the variation of (A) injected volume and (B) flow rate.
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  A slight higher current and lower standard deviation (n = 3) was observed for an injection volume of 200 µL of 10 µmol L-1 chlorhexidine in the FIA system (Figure 3A), which was thus selected for further amperometric recordings. The flow rate of the FIA system (Figure 3B) was evaluated keeping constant the injection volume of 200 µL of 10 µmol L-1 chlorhexidine. It was observed a linear increase of current for flow rate from 1.0 to 3.0 mL min-1 and a plateau was reached at 4.0 ml min-1. The flow rate of 3.0 mL min-1 was selected for further amperometric measurements.

  The linear working range was evaluated using the optimized FIA conditions. A linear behaviour with a good correlation coefficient was verified from 1 to 10 µmol L-1 chlorhexidine. The limit of detection (LOD) for chlorhexidine determination was calculated in accordance to IUPAC (LOD = 3sB/S, in which sB is the standard deviation of baseline noise and S is the slope of the analytical curve, 0.029 µA µmol-1 L). Using the slope of the calibration curve (inset of Figure 4), the detection limit was estimated in 0.3 µmol L-1. The RSD for 10 repetitive measurements of 5 µmol L-1chlorhexidine was 5.1%.
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  The optimized FIA method with amperometric detection was applied for chlorhexidine determination in commercial samples of mouth rinses and skin disinfectants. For comparison, the samples were also analyzed by HPLC. All results are presented in Table 1. The amperometric response for injections of standard solutions of chlorhexidine (analytical curve) and samples (after adequate dilution) is presented in Figure 4.
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  The results obtained by the proposed FIA method were in agreement with those obtained by HPLC at the 95% confidence level (the calculated t-values from the paired Student's t-test were smaller than the critical value, 2.78, for n = 3), attesting the accuracy of the proposed method. Other compounds (described in experimental section) contained in the different commercial samples did not interfere on the voltammetric determination of chlorhexidine. Additionally, recovery tests were performed using sample B spiked with a known amount of chlorhexidine (half concentration of its labeled value). Recovery values of 97 ± 1% (n = 3) were obtained which also attests the accuracy of the proposed method and absence of interference from sample matrix.

  Table 2 presents a comparison of the analytical characteristics between the proposed FIA method and other electroanalytical methods using mercury-based electrodes. The proposed method presents low detection limit, and its main advantages over previous reported methods are the use of mercury-free sensor and high analytical frequency (40 h-1).
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  Conclusions

  We have shown for the first time the electrochemical oxidation of chlorhexidine using a GCE. Based on this oxidation process, a FIA method with amperometric detection was developed for chlorhexidine determination in different commercial samples. The proposed method is highly-sensitive, free of interferences from sample matrices, and accurate (confirmed by comparative determinations using HPLC). Moreover, it is only necessary the use of a bare GCE (oxidation of chlorhexidine) instead of mercury-based electrodes (employed for reduction of chlorhexidine), which have been avoided due to the metal toxicity.
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    Neste trabalho foi desenvolvido um sensor com propriedades inteligentes, baseado em polímeros escova (poli-ácido acrílico) modificado com nanopartículas de ouro. Este novo material demonstrou propriedades comutáveis que podem discriminar diferentes pHs. O eletrodo foi caracterizado por voltametria cíclica (CV), espectroscopia de impedância eletroquímica (EIS) e ressonância plasmônica de superfície localizada (LSPR).

  

   

  
    In this work, a sensor was built up with smart material based on polymer brush and gold nanoparticles. The modified electrode functionalized with polyacrylic acid (PAA) tethered to indium tin oxide (ITO) and covered with gold nanoparticle (ITO/PAA/Au) demonstrated switchable interfacial properties discriminating different pHs. The switchable electrochemical and plasmonic process was characterized by cyclic voltammetry (CV), electrochemistry impedance spectroscopy (EIS), and localized surface plasmon resonance (LSPR).

    Keywords: polyacrylic acid (PAA), LSPR, polymer brush

  

   

   

  Introduction

  During the last decades the development of sensors has been the subject of much attention due to an increased demand for sensor and biosensors platforms for environmental monitoring and clinician safety.1-3 Current efforts have focused on the search for sensors that are economically viable, highly sensitive and selective. Recently, polymer brush thin films activated by external stimuli have attracted considerable interest in the development of sensors for use in chemical and biochemical systems.4-6 These materials have a high sensitivity to physical or chemical changes occurring in the interface, such as solvent,7 temperature,8 ionic strength,9 light10 or pH.11 The pH-induced swelling and collapse of surface-tethered weak polyelectrolyte brushes is of interest not only for the development of responsive surface coatings but also for the pH controlled transport.

  Recently, Katz and co-workers studied switchable properties using a modified electrode functionalized with polymer brush composed of poly (4 vinylpyridine) (P4VP).12 The initial swollen state of the protonated P4VP brush (pH 4.4) was permeable to the anionic [Fe(CN)6]4− redox species, but the electrochemically produced local pH of 9.1 resulted in the deprotonation of the polymer brush. The produced hydrophobic shrunken state of the polymer brush was impermeable to the anionic redox species, thus fully inhibiting its redox process at the electrode surface. In another paper they reported a pH-responsive mixed polyelectrolyte brush from tethered polyacrylic acid (PAA) and poly(2-vinylpyridine) (P2VP). In pH < 3 the P2VP component was protonated and positively charged, resulting in swollen and hydrophilic domains on the electrode surface, which was permeable for the negatively charged redox species [Fe(CN6)4−]. In the pH range of 4 to 5 the two polymers formed a hydrophobic polyelectrolyte complex, creating a barrier for any charged species, and in pH > 5.5, the carboxylic groups in the PAA became dissociated and negatively charged, creating the negatively charged swollen polymer domains permeable for cationic redox species [Ru(NH3)63+]. De Groot et al. studied the pH-responsive behavior of the poly(methacrylic acid) (PMAA) brush by scanning electron microscopy (SEM), Fourier transform infrared (FTIR) spectroscopy, and atomic force microscopy (AFM).13 The swelling behavior of the pH-responsive PMAA brushes was investigated by AFM in aqueous liquid environment with pH values of 4 and 8. AFM images displayed opened polymer chains at pH 4 and closed ones at pH 8, which rationalizes their use as gating platforms. Enhanced higher resistance across the pores was observed in a neutral polymer brush state (lower pH values) and lower resistance when the brush was charged (higher pH values).

  Upon pH change, the variation in surface plasmon resonance (SPR) due to the changing interparticle distance could be monitored, showing the potential of the brush/nanoparticle composite to sense changes in pH.14 Similarly, gold nanoparticles immobilized on P2VP were used for sensing changes in pH by enhanced transmission SPR.15 Localized surface plasmon resonance (LSPR) have been used to study swelling-shrinking transitions. Several studies have explored highly sensitive nanosensors based on LSPR. The use of LSPR can offer flexibility in their use and high potential for functional nanomaterials. In LSPR, the signal is transduced in transmission mode by measuring the plasmon resonance of metal nanoplasmonic in terms of light absorption. The principle of LSPR was first shown by Gupta and Sannomiya who combined LSPR sensing with electrochemistry to investigate the influence of electrochemical reactions on the LSPR spectrum, using gold nanoparticles immobilized on indium tin oxide (ITO) substrate.16,17 Tokarev et al. reported a stimuli-responsive polymer/noble metal nanoparticle composite thin film based on poly(2-vinylpyridine) brush18 and by using LSPR in metal nanoparticles to enable the transduction of changes in the solution pH in the near-physiological range into a pronounced optical signal, they related a 50 nm shift to lower wavelength caused by changing the pH from 5.0 to 2.0.

  Anchoring polymer chains to a surface can be accomplished by two methods, the "grafting to" approach and the "grafting from" approach. Here, we show a "grafting to" polymer chains assembly by an ends functional polymer chains onto a complementary surface. This method presents the advantage to form a covalent linkage between the polymer chain and the surface. We show the properties resulted from a combination of polymer brush PAA with gold nanoparticles. These brushes into solid-state channels would lead to the creation of robust signal-responsive sensor that can be switched from an "off" state to an "on" state in response to a pH change. The sensor platform demonstrated a pH-sensitive on-off property toward the electroactive probe ferrocene monocarboxylic acid (FMCA) in electrochemical and LSPR responses.

   

  Experimental

  Chemicals and reagents

  Polyacrylic acid (PAA) (P-3981-AA, MW = 1700 g mol−1, Polymer Source), 3-glycidyloxypropyl-trimethoxysilane (GPS, Sigma-Aldrich), sodium borohydride (NaBH4), trisodium citrate dehydrate, toluene, ferrocene monocarboxylic acid (FMCA) (Sigma-Aldrich), hydrogen tetrachloroaurate(III) (HAuCl4·3H2O). Indium tin oxide (ITO)-coated glass (60 Ω sq–1 surface resistivity, Sigma-Aldrich) served as the working electrode, Pt/Ti titanium wire anode ETO78 was employed as a counter electrode, and the reference electrode was a Ag/AgCl (3.0 mol L−1) for electrochemical measurements. Ultrapure water from a Milli-Q (Millipore Inc.) purification system was used in all the experiments.

  Modification of electrodes

  The ITO electrodes were chemically modified with PAA brushes using the "grafting-to" method according to the following procedure. ITO-coated glass slides were cut into 30 mm × 8 mm strips.19 They were cleaned with ethanol in an ultrasonic bath for 15 min and dried in the atmosphere. The cleaning step was repeated using 2-butanone as a solvent. The initial cleaning steps were followed by immersing the strips into a cleaning solution composed of NH4OH, H2O2, and H2O in a ratio of 1:1:1 (v/v/v) for 30 min. Subsequently, the glass strips were rinsed with water and then dried under atmosphere. The freshly cleaned ITO strips were reacted with 0.1% v/v GPS in dry toluene overnight. The silanized ITO was rinsed with several aliquots of toluene. Then 60 µL of a 1% m/m PAA solution in toluene was spin coated to the surface of each ITO glass strip at 3000 rpm and left to react in a vacuum oven at 140 ºC overnight. The final cleaning step to remove the unbound polymer consisted of soaking the samples in toluene for 10 min.

  Preparation of gold nanoparticles

  Finally, citrate ion-stabilized 14 nm diameter gold nanoparticles were adsorbed onto the polymer brush from their aqueous solution. The synthesis of gold nano-particles is described elsewhere.19 Gold nanoparticles were attached on the PAA polymer brushes from a 1 mmol L-1 solution in toluene by incubating the samples overnight. Then the electrode was rinsed by several times with toluene to removed unbound gold nanoparticles.

  Equipment and measurement

  Electrochemical measurements were performed with an ECO Chemie Autolab Microautolab III/FRA2 with an electrochemical analyzer and the GPES 4.9 (General Purpose Electrochemical System) software package. Cyclic voltammetry (CV) measurements and Impedance analysis were performed with a three-electrode system in a standard eDAQ (Australia) ET-073 cell, using the polymer brush-modified ITO as working electrode, a Ag/AgCl/KCl 3 mol L−1 as a reference electrode, and a Pt/Ti titanium wire anode ETO78 as a counter electrode. The cyclic voltammetry were performed from −0.2 to 0.7 V at scan rates specified in the text and the impedance analysis were recorded while applying a bias potential of 0.3 V and using a 10 mV alternative voltage in the frequency range of 100 kHz-100 mHz. All solutions were buffered (0.1 mol L−1 phosphate buffer titrated to the pH values specified in the text with the use of NaOH or HCl) and contained 1.2 mol L−1 FMCA as redox probe. Peak currents for each measurement were obtained from a second scan. Before each experiment, a stream of N2 was passed through the solution for ca. 10 min. The measurements were carried out at ambient temperature (24 ± 2 ºC). The pH measurements were performed with a Metrohm 827 pH Lab.

  Localized surface plasmon resonance measurements

  A series of UV-vis spectra of the ITO/PAA/Au plasmonic platform was obtained by titration with a base from pH 3 to pH 6 using a Biochrom Libra S11 spectrophotometer. The spectroscopic measurements were carried out in PBS (phosphate buffered saline) buffer and a pH range of 3-6 according to the Scheme 1. The specters were taken from 400-600 nm with 1 nm step and speed of 500 nm min−1. A reference of just PBS at specified pH was taken before each scan.
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  Results and Discussion

  The electrode modification was performed in three steps (Scheme 2): ITO surface silanization (functionalization with epoxy-groups), covalent binding of polyacrylic acid (PAA) linked to the silane thin-film through ester bounds, and finally gold nanoparticle coating.
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  The experiments were performed in six different pH values: 3.00, 4.00, 4.35, 4.65, 5.00 and 6.00. CVs were taken in a range of scan rate from 20 to 250 mV s−1 using FMCA as a redox probe. In the Figure 1, the CV for each pH value is shown, varying the scan rate in the presence of 1.2 mmol L−1 of FMCA. The peaks on the cyclic voltammograms were stable and reproducible after many potential cycles, thus confirming that the electrochemical process originates from the surface-confined redox species.
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  On the inset of each CV (Figure 1) we are able to see a linear correlation between the redox peak currents and the square root of scan rate (v1/2); as predicted by the Randles-Sevcik equation for the peak current corresponding to a electrochemical process (i.e., mass transport) dependent on electrode potential and diffusion.20 This linear correlation indicates a reversible reaction limited by mass transport to the modified electrode surface,4 the electroactive species have to reach the electrode surface by diffusion for the electron transfer to occur. It means that the electron transfer is controlled by mass transport although the whole process is governed by diffusion. This behavior indicates a good charge transfer between the modified surface and the substrate. Katz and coworkers have found similar behavior using poly(4-vinyl pyridine) functionalized with Os-complex redox units grafting at ITO.21 They suggested the charge transfer between the conductive support and the redox centers bound to the polymer brush proceeds upon the quasi-diffusional translocation of the polymer chains requiring their flexibility, and the distances between the redox centers are too great for the electron hopping between them.

  The kinetic behavior of the modified electrode was analyzed by anodic and cathodic peak current versus potential scan rate and ΔE (Ep – E0'; Ep is the peak potential value for the anodic or cathodic branch, and E0' is the formal potential) versus log of the potential scan rate. This analysis is used often to better understand the reaction mechanism; a lot of important information can be achieved as the heterogeneous electron-transfer rate constant (ks). Following the theory, α and ks can be calculated using equations (1) and (2):

  
    [image: Equation 01]
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  where F is Faraday's constant, n is the number of electrons, and va and vc are the potential scan rates at intercepts of the straight line fits to anodic and cathodic data, respectively (Figure 2).
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  Figure 2, obtained from Table 1, shows the Laviron plot with constant ΔE at low scan rates (ΔE is almost independent on the logarithm of scan rate), this fact suggests a fast charge transfer. However, for higher scan rates the peak separations begin to increase, indicating a limitation arising from the charge transfer kinetics. The values of α and ks were determined to be 0.5 and 3.15 s−1, which means that the electronic communication between the redox probe and the electrode surface is fast thereby ensuring that this step is not limiting the interfacial process.
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  Effect of pH

  As we can see in Figure 3, the redox peak intensity, in the scan rate of 50 mV s−1, varies with the pH value, at pH 3.00 we have a maximum current value (0.039 mA) and at pH 6.00 a minimum current value (0.016 mA), this property can be related to a switchable sensor, where in pH 3.00-4.00 it is in an "ON" state, and in pH 6.00 in an "OFF" state.
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  This behavior can be explained in terms of polymer chain protonation, depending on the solution pH value. The polymer chain of PAA can be protonated or deprotonated, forming domains permeable/impermeable to the redox probe FMCA, which is negatively charged. Our suggestion is in accordance with the work of T. K. Tam et al..12 They suggest that in pH < 3.5, the PAA is on the shrunken state (OFF state). In the pH range of 4 < pH < 5, the polymer forms hydrophobic polyelectrolyte complex. In the pH values pH > 5.5, the carboxylic groups in the PAA become dissociated with negative charge which is permeable for cationic redox species only. An interesting fact reported in this work, is that at pH < 3.0 the modified electrode shows a maximum of peak current in a scan rate of 50 mV s−1 (Figure 3), this fact is not intuitive, since the electrode surface is blocked by shrunken PAA chains, this can be explained due to the gold nanoparticle that enhanced the charge transfer, the same behavior was observed for pH 4.00. In this pH (4 to 5) PAA chains are on a shrunken state forming a hydrophobic polyelectrolyte complex and according to T. K. Tam et al., in this state the collapsed hydrophobic polymer chains create a barrier for the penetration of ionic species regardless of their charges but we observed a good charge transfer resulting in the redox peak at pH 4.00 to 5.00; we propose this feature due to the presence of the gold nanoparticles.

  The switchable properties of the sensor were also studied by electrochemical impedance spectroscopy. Figure 3B shows the heterogeneous electron-transfer resistance, Ret, of the FMCA probe calculated by fitting the Nyquist plots; the Ret of the redox reactions of FMCA depends on the nature of the reaction and the properties of the electrode/electrolyte interface. The electrolyte solution consisted of 1.2 mmol L−1 FMCA with 0.1 mol L−1 PBS at the pH from 3.0 to 6.0. The results of the electrochemical impedance study were in agreement with the CV results. Figure 3 demonstrates that the electron transfer is quite facile, when the pH changes from 6.0 to 3.0. This interfacial electron transfer originates from the pH-induced swelling of the polymer brush and results in the formation of ion channels. The switched ON-OFF properties were confirmed by EIS, the resistance value decreases with the increase of solution pH value. In Figure 3B pH 3.00, the semi-circle reaches the minimum value of resistance (5.2 kΩ), while in pH 6.00 reaches the maximum value (13.5 kΩ), confirming the results obtained by CV. The obtained data demonstrate the reversible character of the structural changes in the polymer brush, which swells and shrinks as the pH change. This switch originates from the different states of the polymer brush, in pH 3.0 the polymer is swollen and allows the diffusional translocation of the polymer chains providing the electrochemical accessibility for the pendant redox groups, while in pH 6.0 the polymer is shrunken and the chains movements are "frozen" restricting the electrochemical process. The proposed mechanism is in accordance with the previously reported system based on polymer brushes.21

  Figure 4 shows the graphs of the redox peak current and potential as function of the pH. The slope of the linear part (Ep/pH, figure 4B) is 63.5 mV per pH units over the pH range. This slope is very close to that expected for an electrodic reaction when the e−/H+ ratio is equal to one (59.2 (np/ne)) mV per pH, where np = ne at 25 ºC.22
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  The cyclic voltammograms demonstrate that the oxidation and reduction peak potentials as the redox peak current values have a dependence with the pH value (Figure 4A-B), the anodic/cathodic peak current increases with the increase of scan rate as the potential peak values dislocates to positive/negative potentials.

  LSPR measurements were performed to confirm the attachment of the gold nanoparticles on the polymer brush endings. In Figure 5, we are able to see the shift caused by the different solution pHs.
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  The measurements confirmed that the film was sensitive to pH changes in terms of different interaction of charges with gold nanoparticles. The response shows a blue shift (from 530 to 524 nm) after increasing pH from 3.0 to 4.65 and a red shift (524 to 526 nm) when the pH increased from pH 4.65 to 6.00, for the ITO/PAA/Au electrode. This behavior could be due to the appearance of negative charge, because in the pH range of 4 < pH < 5 the polymer forms a hydrophobic polyelectrolyte complex, generating a blue shift, and at higher pH values and pH > 5.5, the carboxylic groups in the PAA become dissociated and negatively charged, in this case a red shift occurs. Changes in absorption spectra were reproducible, indicating that the PAA brushes take a reversible stretching motion depending on the pH change, whereas gold nanoparticles are tethered firmly on the solid substrates. The spectral shifts have shown a reversible behavior as confirmed by repeating the pH change for couple of times, which implies that the system is stable and reversible. These data are consistent with the results obtained from CV experiments and demonstrate that the gold nanoparticles are successfully immobilized on the brush-modified electrode. In Figure 5B we are able to see the titration curve of the ITO/PAA/Au electrode, with the pH range varying from 3.00 to 6.00. In a pH range from 3.50 to 4.50 there is a linear behavior, the linear fit of this range indicates an almost 6 nm shift for each pH unit change. This pH-sensing range suggests potential application for pH determination.

   

  Conclusion

  The switchable properties of polyacrylic acid (PAA) brush modified with gold nanoparticles were evaluated by different methods. The results obtained were in accordance with previously works; additionally we were able to demonstrate an improvement in the charge transfer by using gold nanoparticles. The enhancement of the system properties were due to the gold nanoparticles immobilized on the brush-modified electrode, the immobilization was confirmed by LSPR measurements. With this report, we expect to contribute knowledge about the polymer brush system, which is certainly an outstanding candidate for lots of sensor platforms.
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    Neste trabalho, foi estudado o comportamento eletroquímico de Mg e Fe em líquidos iônicos (ILs). Para melhorar o entendimento do comportamento de Mg em IL baseado no ânion bis(trifluormetanosulfonamida) ([Tf2N]), nós realizamos uma série de experimentos de voltametria cíclica. Os resultados mostraram deposição/dissolução de Mg irreversível em alta concentração de água (ca. 1300 ppm, 50 mmol L–1) e uma reversibilidade muito baixa (7.3%) em uma concentração moderada de água (ca. 65 ppm, 5 mmol L–1). A formação de um filme na superfície do eletrodo e a presença de Mg foi confirmada por microscopia eletrônica de varredura-espectrometria de energia dispersiva de raios-x (MEV-EDS). A irreversibilidade do processo indica a formação de um filme passivante. Como a presença de água impacta a reversibilidade do processo, foram realizados estudos de deposição/dissolução de Fe utilizando microeletrodos para avaliar como a água modifica a reversibilidade do processo e a difusão dos íons utilizando dois IL diferentes. A água tem um papel importante na reversibilidade da deposição/dissolução de Fe sendo a reação menos reversível na mistura seca. A difusão do íon de Fe também é modificada, já que a esfera de coordenação do íon Fe tem um grande impacto na presença e ausência de água, mas isto depende da habilidade de coordenação do cátion do IL.

  

   

  
    In this work, the electrochemical behavior of Mg and Fe in ionic liquids (IL) were studied. We performed a series of cyclic voltammetry experiments to improve the understanding of Mg behavior in an IL containing the bis(trifluoromethanesulfonylimide) ([Tf2N]) anion. The results show an irreversible deposition/dissolution of Mg at a high water concentration (ca. 1300 ppm, 50 mmol L–1) and very low reversibility (7.3%) at a moderate water concentration (ca. 65 ppm, 5 mmol L–1). The formation of a film on the electrode surface and the presence of Mg were confirmed by scanning electron microscopy and energy-dispersive X-ray spectroscopy (SEM-EDS). The process irreversibility indicates the formation of a passivating film. Because the presence of water affects the reversibility of the process, studies of Fe deposition/dissolution were conducted in two different ILs and with microelectrodes to evaluate how the water modifies the reversibility and the diffusion of ions. Water plays an important role in the reversibility of Fe deposition/dissolution being that deposition is less reversible when water is absent. The Fe diffusion is also modified because the Fe ion coordination sphere is strongly affected by the presence or absence of water; the Fe diffusion was also shown to depend on the coordination ability of the cation.

    Keywords: passivation, water effect, reversibility, microelectrode, metal deposition, ionic liquids

  

   

   

  Introduction

  Over the past few years, ionic liquids (ILs) have attracted increasing attention as electrolytes in electrochemical devices such as Li-ion batteries,1-5 supercapacitors6-10 and electrochromic devices.11,12 Because of their wide electrochemical window, the ILs are also promising electrolytes for the electrodeposition of metals and alloys that, because of their highly negative reduction potential, cannot be deposited from aqueous or organic solutions.13-15 In addition, ILs are liquids and are stable over a wide temperature range, with upper temperature stability limits as high as 400 ºC, at least for a short time. This stability enables electrodeposition to be conducted at various temperatures, allowing the electrodeposition of metals that are thermodynamically more favorable specific temperatures, as Tantalum.16 However, despite the high electrochemical stability of ILs, these electrolyte media are exclusively composed of ions that can coordinate with the reducing species and form passivating layers on the surface of the electrode.17-19 In addition, because of the high number of cations and anions available that can be combined to form an IL, the choice of the most appropriated electrolyte for deposition of a given species represents a challenge and warrants intensive study.

  Among several metals and alloys that can be deposited/dissolved, Mg is of special interest due to the possibility of its use as anode in rechargeable Mg batteries,20-22 which would be advantageous due to Mg being less expensive and more abundant than lithium. Some reports related to the use of Mg in Mg-air batteries with ILs used as the electrolyte have recently appeared in the literature.23,24

  To the best of our knowledge, the reversible deposition/dissolution of Mg in ILs has not been observed using IL and Mg2+ salt as Mg source. In fact, in a series of papers, the group of Prof Yang demonstrated the deposition/dissolution of Mg in an IL containing the [BF4] anion, where they used Mg(CF3SO3)2 salt as the Mg source.25-28 However, Cheek et al. claimed that the solution used in some of these works was not possible to reproduce,29 and our group also experienced this problem. Cheek et al. further showed that the deposition/dissolution of Mg using an IL containing the CF3SO3– anion and an IL containing the bis(trifluoromethanesulfonylimide) ([Tf2N]) anion was not possible.29 In other study, Murase et al. showed the water effect in the Mg dissolution in an IL with quaternary-ammonium cation.30

  On the basis of these assumptions, in this contribution, we performed a series of voltammetry experiments to understand the reversibility of the Mg deposition/dissolution in ILs containing [Tf2N]. The effect of small amounts of water in the system was evaluated. For a better understanding of this process, we also studied the influence of the presence of water on the electrochemistry of Fe in IL-based electrolytes.

   

  Experimental

  Chemicals

  1-butyl-2,3-dimethylimidazolium bis(trifluoromethylsulfonyl)imide ([BMMI][Tf2N], Iolitec-Germany, 99%, ca. 50 ppm water) (Figure 1), N-n-butyl-N-methylpiperidinium bis(trifluoromethylsulfonyl)imide ([BMP][Tf2N], Iolitec-Germany, 99%, ca. 50 ppm water) (Figure 1), 1,2-dimethylimidazole (Sigma-Aldrich, 98%), 2-bromoethyl ethyl ether (Sigma-Aldrich, 90%), bis(trifluoromethane)sulfonimide (Sigma-Aldrich, > 95%), bis(trifluoromethane)sulfonimide lithium salt (Sigma-Aldrich, > 99%), dichloromethane, THF, acetonitrile (Labsynth, Brazil), anhydrous Mg sulfate, and powdered Fe (Labsynth, > 98%) were used as received. Acetylacetone (Sigma-Aldrich, > 99%) (ACAC) was open inside of an argon-filled glove box (MBraum-Germany, Labmaster 130) with moisture and oxygen levels below 1 ppm and used as received.

  
    

    [image: Figure 1. Structures]

  

  Preparation of [EtO(CH2)2MMI][Tf2N] and Fe(Tf2N)2

  [EtO(CH2)2MMI][Tf2N] (Figure 1) was prepared according to a previously reported method.31 Fe(Tf2N)2 and Mg(Tf2N)2 were prepared according to a method derived from that of Yamagata et al.32 as follows: an aqueous solution of ca. 1 mol L–1 HTf2N was added to a round-bottom flask containing an excess of powdered Fe or Mg flakes, and the mixture was stirred at room temperature for 24 h. The excess metal was removed by filtration, and the water was evaporated until a slurry was obtained, which was placed under vacuum (< 20 mbar) at 80 ºC for 3 days, which resulted in a white solid. The solid was characterized by thermogravimetric analysis (TGA, 2950 thermogravimetric analyzer, TA Instruments), differential scanning calorimetry (DSC, Q10 differential scanning calorimeter, TA Instruments), Fourier-transform infrared spectroscopy (FTIR, Bomem MB100), inductively coupled plasma-atomic emission spectrometry (ICP-AES) (Spectro Ciros CCD ICP-AES) and elemental analysis (Perkin-Elmer CHN 2400 elemental analyzer). The results showed that the formulas of the obtained materials are Fe(Tf2N)2.4H2O and Mg(Tf2N)2.6H2O.

  The tetrahydrated iron salt was further dried under vacuum ( < 20 mbar) at 120 ºC to obtain a brownish solid. Analysis of this solid shows that it consists of anhydrous Fe(Tf2N)2, and it was used to prepare Fe(Tf2N)2/IL mixtures with lower water content. After the Mg(Tf2N)2.6H2O/IL 
    mixture (100 mmol L–1 of Mg2+) was prepared, it was maintained at 80 ºC under vacuum until the humidity decreased to ca. 70 ppm (5 mmol L–1 of H2O), which means that the Mg2+ concentration is 20 times higher than the H2O concentration in the driest Mg2+/IL mixture.

  Electrochemical measurements

  Platinum microelectrodes were fabricated from platinum fibers with different diameters (Roberplat-Brazil, 99%) according to the procedure previously described by Bertotti et al.33 Microelectrodes with various radii were used as working electrodes (WE) in experiments involving Fe salts, with platinum wire used as a counter electrode (CE) and silver wire used as a quasi-reference electrode. In the case of Mg electrochemistry, a platinum macro electrode (r = 0.8 mm) was used as the WE and platinum mesh and wire were used as the CE and quasi-reference electrodes, respectively. All measurements were conducted in the glove box; the electrodes were connected to an Autolab PGSTAT30 potentiostat/galvanostat.

  Scanning electron microscopy and energy-dispersive X-ray spectroscopy

  Scanning electron micrographs were collected with a scanning electron microscope (SEM JSM-7401F, JEOL) coupled with an energy-dispersive spectrometer (EDX), an LEI detector, a 3.0 kV accelerating voltage and an 8 mm working distance were used. Specimens were prepared on Pt surfaces by chronoamperometry in a three-electrode cell similar to that used in the electrochemical experiments.

   

  Results and Discussion

  Magnesium electrochemistry in ILs

  To study the electrochemical behavior of Mg in ILs, we determined the electrochemical window of the ILs [BMMI][Tf2N] and [BMP][Tf2N] using linear sweep voltammetry starting from open-circuit potential (OCP) and sweeping positive and negative potentials in two different experiments for each IL (Figure 2). The ILs exhibited similar positive limits (ca. 2.0 V vs. Ag); however, the negative limits varied. Whereas the IL with an imidazolium ([BMMI]) cation reached –1.25 V vs. Ag, the IL with piperidinium ([BMP]) cation reached –1.6 V vs. Ag. Therefore, we used the [BMP] cation in the study of the electrochemical behavior of Mg to enable experiments at more negative potentials. The choice of the anion ([Tf2N]) was based on its chemical and electrochemical stability, its transport properties and the fact that this anion is widely used in studies concerning the use of ILs in energy storage devices.1,34

  
    

    [image: Figure 2. Linear voltammetry]

  

  Although Zhao et al. claimed that the deposition/dissolution of Mg using the anion [Tf2N] cannot be achieved,35 it is important to understand the electrochemical behavior of Mg in the ILs with [Tf2N] anion.

  The voltammograms in Figure 3 show the effect of water concentration on the electrochemical behavior of the IL. A ten-fold increase in water concentration leads to a drastic modification of the cyclic voltammetry (CV) profile, where the cathodic process shifted to lower potentials, leading to a narrower electrochemical window for the electrolyte. In the reverse scan, an anodic peak is observed at ca. –2.0 V vs. Pt, which can be related to two phenomena: first, it may represent the oxidation of species generated from the IL degradation; second, it may represent the oxidation of the H2 formed during the water reduction because the IL exhibits high viscosity and the H2 should exhibit low diffusion from the electrode surface to the bulk. The other anodic peaks at higher potentials may be related to the IL degradation because they are not present in the linear sweep voltammograms shown in Figure 2.
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  The electrochemical behavior of Mg2+ was evaluated in a mixture of 100 mmol L–1 of Mg(Tf2N)2 in [BMP][Tf2N]. Figure 4a shows the CV of this solution with the lower water concentration (5 mmol L–1, or 65 ppm). Upon first observation, no reduction of Mg2+ is apparent, and the cathodic current observed appears to be related to the IL degradation. However, some groups have reported that the addition of Li+ salts stabilizes ILs with imidazolium cations and [Tf2N] and [BF4] anions, leading to a wider electrochemical window in the cathodic limit,36-39 this fact is also noticed when Mg2+ is added to the [BMP][Tf2N], as can be seen from Figure 3 and Figure 4a, and should enable the reduction of Mg2+ at a higher overpotential than that of the neat IL degradation. Moreover, the current loop (indicated by arrows in Figure 4a) in the reverse scan suggests that film formation occurs in the electrode surface driven by an overpotential nucleation/growth process.40 Results that discuss the Mg2+ reduction will be addressed in the following paragraphs. Two anodic peaks related to film oxidation appear after the current loop; however, the very low columbic relationship (7.3%) indicates that the deposition/dissolution is irreversible.
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  Figure 4b shows the CV of 100 mmol L–1 Mg(Tf2N)2 in [BMP][Tf2N] with the presence of 50 mmol L–1 water (1300 ppm). The cathodic process is shifted to less negative potentials, and a cathodic current –1.75 V vs. Pt is observed, that may be related to water reduction, before the concomitant reduction of water and Mg at more negative potential. The metal deposition is completely irreversible due to the lack of anodic current. The absence of anodic current must be related to chemical oxidation and passivation of the film due to the increased water content.

  Analyses of SEM and EDX spectroscopy were performed on a film obtained at constant potential (–3.0 V vs. Pt for 24 h in 100 mmol L–1 Mg(Tf2N)2 in [BMP][Tf2N]) to evaluate the film formation indicated by the CV profile of Figure 4a. A granular film above the Pt electrode is observed in the SEM image in Figure 5. EDX spectroscopy performed on the film in Figure 5 confirms the presence of Mg in the film; however, the presence of O is also observed, at this point, some proposes may be drawn. First, water reacts with Mg, leading to the formation of MgO; it is also evident the superficial formation of MgO due to Mg oxidation in air during the SEM sample preparation. Second, the water reduction may occur instead of Mg reduction and lead to the Mg(OH)2 precipitation, considerations concerning these proposes will be made ahead. To evaluate the presence of Mg in the film, two more samples were prepared as control: one in which the Pt electrode was submitted to chronoamperometry (–3.0 V vs. Pt for 24 h) in neat [BMP][Tf2N] and another in which the Pt electrode remained at OCP in the solution of 100 mmol L–1 Mg(Tf2N)2 in [BMP][Tf2N] for 24 h. The EDX spectra of both electrodes show only the band related to Pt, confirming that the cathodic current in the voltammogram shown in Figure 4a is due to the formation of a film containing Mg.

  
    

    [image: Figure 5. Scanning electron micrograph]

  

  To better understand the role of water during the cathodic process, one can consider the experiments performed by Cheek et al.,29 concerning the Mg electrodeposition in mixture of Grignard reagent and IL in certain conditions. This is an interesting approach, since Grignard reagent reacts with water, guaranteeing a water-free electrolyte. They observed a CV profile with cathodic process and the absence of any anodic process, indicating that, even in a dry mixture, the Mg passivation is observed.

  At this point, we conclude that the reduction of Mg2+ in [BMP][Tf2N] is viable, although dissolution is not observed - at least not with high efficiency. Two hypotheses can explain the irreversibility of the deposition/dissolution. First, water is also reduced, resulting in the generation of OH–, and then Mg(OH)2 precipitates on the deposited Mg, thereby causing its passivation. Second, the [Tf2N] can also be reduced, resulting in the formation of other Mg2+ salts, such as Mg(SO2CF3)2 and MgS2O4, which can also cause the Mg passivation; a similar process has been observed with Li.17,18

  Lastly, the electrochemical behavior of metallic Mg was investigated in the [BMP][Tf2N]. The linear voltammetry shown in Figure 6 starts at OCP in the anodic direction at 
    1 mV s–1. No considerable current is observed until 0.0 V vs. Pt, when the anodic current increases and reaches a maximum. This result suggests a saturation of the electrode surface by Mg2+; afterwards, the current increases again. When 100 mmol L–1 ACAC is added to the IL, the voltammetric profile changes. ACAC is known to be a good coordinating compound for various metals, including Mg2+.41 The presence of ACAC in the IL shifts the anodic process to a lower potential (ca. –0.3 V vs. Pt) because it favorably alters the oxidation thermodynamics with respect to the neat IL. The Mg2+ solvation by ACAC removes these species from the electrode surface, and the anodic current reaches higher values.

  
    

    [image: Figure 6. Linear voltammetry]

  

  Although the irreversibility of Mg deposition/dissolution in the [BMP][Tf2N] is related to the passivation of the film by metal oxidation due to the presence of water or even due to the formation of salts generated by degradation of the anion, the use of a compound that exhibits strong coordinating properties has shown to be an interesting alternative to increasing the rate of Mg dissolution in an IL. This strategy could be applied in Mg batteries or related devices. Our results provide several hints to improving Mg deposition when working with IL electrolytes. In Figure 4, for example, the cathodic charge is 7% higher when the electrolyte is wet than when it is dry. This apparently small change is even more relevant when the changes in the deposition profile (i.e., the appearance of a current peak and the shift of deposition to less negative potentials) are considered; these changes indicate that the mechanism by which Mg2+ is being deposited has changed.

  Iron electrochemistry in ILs

  To better understand the electrochemical behavior of divalent metallic cations in IL media, voltammetric experiments on Fe(Tf2N)2.4H2O in two different ILs (i.e., [BMMI][Tf2N] and [EtO(CH2)2MMI][Tf2N]) were conducted in the range of the Fe2+/0 pair. Because the deposition is a two-electron process, the results for Fe2+ and Mg2+ depositions can be compared. The cation of the ILs was also changed to assess the effect of a coordinating center (i.e., the oxygen in the ether functionality of [EtO(CH2)2MMI]), and the results were compared to those obtained in the absence of such a center (such as in the [BMMI] cation). Because Fe2+ deposits at lower cathodic potentials, the lesser electrochemical stability of the [BMMI] cations should not be problematic, especially because the anion, which has a greater influence on the deposition, was the same. The cyclic voltammograms of the Fe salt in both ILs using microelectrodes with different diameters are shown in Figure 7.

  
    

    [image: Figure 7. Voltammograms of Fe]

  

  Deposition of metals in microelectrodes should have a mass transport regime that follows a hemispherical diffusion, as it is with normal electrochemistry in these electrodes, and, thus, a current plateau is expected.42 According to the results presented in Figure 7, deposition using the microelectrodes reaches a plateau-like regime at cathodic potentials, which indicates that, even in the highly viscous IL media, diffusion is primarily hemispherical, although somewhat hampered. The presence of a small peak in the voltammogram of the electrode with a radius of 38 µm also indicates that when the more viscous IL was employed ([BMMI][Tf2N] in Figure 7a), the electrode behavior starts approaching that of a macroelectrode. For clarity sake, the considered currents are indicated in Figures S1 and S2, in the Supplementary Information.

  The diffusion coefficient of the Fe2+ species in the ILs can be determined from the plateau currents in Figure 7 because, according to equation 1, the plateau current is proportional to the electrode radius:

  
    [image: Equation 01]

  

  where ip is the plateau current (A), n is the number of electrons involved, F is the Faraday constant (96,485 C mol-1), D is the diffusion coefficient (cm² s–1), C is the species concentration (mol cm–3), and r is the electrode radius (cm). As expected, a linear correlation between the plateau current and the electrode radius was obtained with both ILs, as shown in Figure 8. Notably, in all of the previously discussed measurements, the concentration of the Fe salt was kept constant, thus avoiding any possible effect of its variation on the ILs' physico-chemical properties.
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  From Figure 8 and using equation 1, the diffusion coefficient in each medium can be determined. Notably, however, these values are for the case of wet mixtures; the water contents are summarized in Table 1. Also, the last point in Figure 8a deviates slightly from the observed tendency, in agreement with what was stated previously regarding the electrode exhibiting behavior that resembles that of a macroelectrode.
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  To observe the effect of water on the electrochemistry of Fe2+ in the IL media, the previously described mixtures were also prepared after vacuum drying at 120 ºC. After this process, we observed a dramatic change in the Fe salt, which was also observed after the mixtures were prepared; they acquired dark-red coloration, and apparently not all of the Fe salt added was promptly dissolved. However, the ICP analyses showed that the final concentration was the same as the analytical one. The results obtained after the drying process are presented in Figure 9 and Figure 10.
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  Similar to the results observed with the wet mixtures, those obtained with the dry mixtures show a linear correlation between the plateau current and the electrode radius. Table 1 summarizes the diffusion coefficient for each case as well as the water content.

  The above results can be compared to those of Katayama et al.,32 who conducted an extensive study on various Fe complexes in an IL medium, and special attention is given to the fact that, depending on the coordination of the metallic center, i.e., depending on its radius, a different diffusion coefficient was measured. Specifically, an inverse relationship was observed. As such, we can conclude from Table 1 that Fe2+/IL mixtures with low water content show a larger radius (i.e., a smaller diffusion coefficient) for the Fe complex, and the change is more pronounced in the case of the [BMMI] IL in comparison to the case of the [EtO(CH2)2MMI] IL. This difference can be attributed to the role water plays in coordinating Fe2+.

  In the case of a wet mixture in [BMMI][Tf2N], Fe2+ is mainly coordinated with water, which, in turn, leads to a smaller overall ionic radius. When the mixture is dry, Fe2+ is forced to coordinate with [Tf2N] anions, which leads to a larger ionic radius. [EtO(CH2)2MMI][Tf2N] mixtures are less sensitive to water removal, which is explained by the presence of a coordinating center in the cation: because the cation is also capable of coordinating Fe2+, water removal does not substantially change the coordinating sphere; thus, similar radii, i.e., similar diffusion coefficients, are measured.

  The results in Figure S3 and Figure S4 in Supplementary Information show that the systems with higher water contents are significantly more reversible than the dry mixtures. These results, together with the observation of a color change and a smaller diffusion coefficient when water is removed, clearly indicate that the Fe2+ species coordinate differently depending on the water content. During electrodeposition of a metallic complex, the cation must lose some of its ligands to effectively reach the electrode surface;43 by the same logic, it must acquire ligands to leave the electrode upon oxidation. In the case of Fe2+/ILs, water can coordinate the oxidizing Fe0 better than the [Tf2N] anion, which makes the oxidation of the deposited Fe easier (and consequently more reversible) in wet ILs in relation to its deposition in dry mixtures.

  Notably, the previously discussed result does not disagree with the case of Mg (Figure 4) because of the difference in the passivation layers: if any passivation layer is present on the deposited Fe, its effect is negligible compared to the passivation layer on deposited Mg because Fe is deposited at less negative potentials than Mg, as stated previously. Thus, Mg deposition should be more reversible in the presence of a suitable coordination compound and sufficiently stable to not be reduced in the electrochemical window necessary to deposit Mg2+. This requirement is also in agreement with the results presented in Figure 6, which show that, when ACAC is introduced to the IL, greater electrochemical dissolution of Mg0 is observed, similar to the effect of the presence of water in Fe2+/IL mixtures.

   

  Conclusions

  The electrodeposition of metallic cations in IL media is an attractive alternative to deposition in other solvents because of the intrinsic stability and safety of these electrolytes. Deposition in ILs is not without its own complications, however, such as the formation of a passivation layer and the high ionic force in the electrolyte. This high ionic force contributes to the formation of ionic pairs with the metallic cation of interest and can hamper deposition; furthermore, even highly stable electrolytes like ILs can still be attacked by the highly active Mg. However, these problems can be solved, and, as shown in this study, the presence of small additives, or even the introduction of an appropriate side chain into the cation of the IL, can strongly affect both the overall deposition rate and the reversibility of the deposition. As such, the advances presented here regarding the understanding of metallic deposition in IL media indicates which pathways to follow in the pursuit of increased viability of using these novel electrolytes in Mg-based batteries; these approaches can also be extended to other metallic cations 
    of interest.

   

  Supplementary Information

  Data concerning the Fe electrodeposition, as chosen current in plateau reduction (Figures S1 and S2) and the charge variation in function of potential (Figures S3 and S4) are available free of charge at http://jbcs.sbq.org.br.
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    O processo de eletrooxidação da 1,2-benzopirona (BP) foi avaliado através de medidas de voltametria linear e espectroscopia de impedância eletroquímica sobre o eletrodo de carbono vítreo em tampão fosfato dibásico de potássio. O número de elétrons envolvidos na eletrooxidação é um e o produto formado é uma cetona. O produto da oxidação fica adsorvido na superfície do eletrodo formando um filme, o qual bloqueia os sítios ativos e a espessura do filme aumenta após medidas consecutivas. As condições de analise foram otimizadas usando planejamento fatorial e matriz Doehlert. A metodologia eletroquímica foi comparada com a cromatografia líquida de alta eficiência (HPLC) com um limite de detecção para a BP de 26,4 µmol L-1. Os resultados voltamétricos foram estatisticamente semelhantes aos obtidos por HPLC, mas o método proposto é mais rápido, simples, de fácil aquisição e de alta sensibilidade, e não exige grandes quantidades de solventes orgânicos.

  

   

  
    The electrooxidation of 1,2-benzopyrone (BP) was assessed via linear voltammetry and electrochemical impedance spectroscopy on a glassy carbon electrode in dibasic potassium phosphate buffer. The oxidation process for BP requires one electron and forms a ketone. This oxidation product was adsorbed by the electrode surface to form a film that blocks active sites and increases in thickness over consecutive measurements. The oxidation conditions were optimized using factorial design and Doehlert matrices. This electrochemical method was compared to high performance liquid chromatography (HPLC), which has a detection limit of 26.4 µmol L-1 for BP. The voltammetric results were statistically similar to those from HPLC; however, the method was faster, simpler, more easily acquired, more sensitive, and required less organic solvent.
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  Introduction

  Coumarin, or 1,2-benzopyrone (C9H6O2, molar mass of 146.15 g mol-1), is found in a wide variety of plants, microorganisms and animal species. This molecule consists of an aromatic ring fused to a condensed lactone that is soluble in ethanol, chloroform, diethyl ether and oils but is not very soluble in water.1 Coumarins are secondary metabolites that occur naturally in different plant parts, such as the roots, flowers and fruit.2 The most important biological effect of coumarins are their anti-microbial,3 anti-thrombotic, vasodilatory, anti-tumoral, anti-neoplasic, anti-inflammatory,4 anti-metastatic,5 and anti-depressant activities.6,7 These effects have been specifically studied in various organs and the central nervous system.8,9 Therefore 1,2-benzopyrone is of significant clinical importance due to its potential for treating many diseases and extreme importance for developing analytical methodologies for monitoring this substance in guaco syrup and teas.

  Several analytical methods have been proposed for identifying and quantifying BP, including high performance liquid chromatography (HPLC),10 first order derivative spectrophotometry11 and gas chromatography.12 In addition, electrochemical methods have proven to be effective for detecting and quantifying organic compounds. For example, Seruga et al.13 characterized and determined the total polyphenol content (gallic acid, caffeic acid, (+)-catechin, (–)-epicatechin and quercetin) in red wine via differential pulse voltammetry.

  This paper describes an alternative method for determining 1,2-benzopyrone based on its oxidative voltammetric behavior using a glassy carbon electrode. Thus, this work aims to optimize the analysis conditions for 1,2-benzopyrone via linear sweep voltammetry (LV) and to evaluate its electrooxidation processes to utilize the advantages offered by electrochemical methods. To this end, the influences of the scan rate (SR) and chemical variables (pH and buffer concentration - BC) were studied using a multivariate methodology based on factorial design and the Doehlert matrix. These techniques were used to avoid mistakes while optimizing the experimental conditions. The simultaneous study of several factors facilitates evaluating their interactions and thus affords the best sensitivity.14 Finally, the electrochemical quantification of BP in guaco extracts was compared to another methodology based on liquid chromatography. To the best of authors' knowledge, this was the first time linear sweep voltammetry associated with a multivariate methodology has been used for BP analysis. Certain aspects related to the electrooxidation process were also investigated.

   

  Experimental

  Reagents and chemicals

  All chemicals used in this work were of analytical grade from Sigma-Aldrich (St. Louis, MO, USA) and Vetec (Rio de Janeiro, RJ, Brazil). All solutions were prepared using ultra-pure water (resistivity > 18 mΩ cm-1) obtained through a Milli-Q water purification system (Millipore, Bedford, MA, USA). Dibasic sodium phosphate buffer solutions with varying pH values were used as the supporting electrolyte.

  A 10 mmol L-1 stock solution of 1,2-benzopyrone was prepared in ethanol:water (1:1; v/v) and stored at 4 ºC until it was needed for the analysis. This solution was appropriately diluted by mixing with a buffer solution.

  Electrochemical study

  Linear and cyclic sweep voltammetry measurements were performed using a potentiostat (model PalmSens PS Trace, PalmSens, Bellefonte, PA, USA) controlled by electrochemical software (PalmSens PS Lite, PalmSens, Bellefonte, PA, USA). The voltammetric measurements were performed using a three-electrode electrochemical cell containing a glassy-carbon (GC) electrode 3 mm in diameter (model MF-2012, BioanalyticalSystems, West Lafayette, IN, USA) as the working electrode, an Ag/AgCl in KCl 0.1 mol L-1 as the reference electrode and a platinum wire as the counter electrode. Before each measurement, the surface of the GC electrode was carefully polished with 0.03-0.05 mm alumina powder and rinsed with deionized water. The electrochemical impedance spectroscopy (EIS) experiments were performed using an Autolab/PGSTAT 30 potentiostat-galvanostat (Echo Chemie, Utrecht, Netherlands) apparatus. The results were obtained in the frequency range between 100 kHz and 20 mHz while applying 5 mV of sinusoidal voltage. The solution standard for the experiments was 10 mmol L-1 of BP, and dibasic sodium phosphate buffer was used as the support electrolyte. Such analyses showed the film formation on the electrode surface after the BP oxidation process.

  Optimization of the linear sweep voltammetry methodology

  First, the multivariate studies were performed to screen the significance of three factors (pH, BC and SR) affecting the BP detection using LV. For this purpose, a full factorial 23 design was performed in duplicate. The minimum and maximum of the variables were as follows: pH 11 and 13, BC of 0.1 and 0.5 mol L-1 and SR of 5 and 50 mV s-1, respectively.

  The variable values initially tested were based on preliminary results obtained after a univariate analysis. The pH values ranging from 11 to 13 were evaluated. At pH > 11, the 1,2-benzopyrone was fully hydrolyzed (Scheme 1). These experiments were performed in a random order using 3.34  × 10-4 mol L-1 of BP. Blank solutions were also prepared for each experiment.
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  The significance determined for the variables via the full factorial design were accounted for when performing the final optimization using the Doehlert design. All data were processed using the STATISTICA software package (StatSoft, Tulsa, USA).

  Chromatography

  The BP separation was completed on an analytical column, LC-18 (250 mm × 4 mm, i.d. 5 mm), from Supelco (Bellefonte, USA). The mobile phase consisted of acetonitrile (A) and water (B), and the chromatographic separations were performed in the isocratic mode using an acetonitrile:water solution (40:60; v/v). A modular Shimadzu LC-10 system equipped with an LC-10AD pump, CTO-10A column oven, SPD-10A UV-DAD detector, CBM-10A interface and LC-10 Workstation was used to analyze the samples. The column was conditioned for 5 minutes with the mobile phase. The flow rate was held at 1 mL min-1, and the column temperature was maintained at 30 ºC. The injection volume was 20 µL, and the detection wavelength was set to 274 nm. This chromatographic method is well established in the literature.10

  The detection of BP in guaco extract was performed using an external standard. Standard BP solutions at 1, 10, 20, 40, 60, 80 and 100 µg mL-1 were used. Each determination was performed in triplicate. A linear calibration curve (r = 0.99) was constructed using the peak area from the chromatogram and the standard solution concentration. The limit of detection (LOD) was calculated from the calibration curve parameters using the formula LOD = 3 sa / b, where sa is the standard deviation multiplied by the y-intercept of the regression line, and b is slope of the calibration curve.

  Plant material and extraction

  Guaco samples (Mikania glomerata Spreng) were obtained from the UNIFAL-MG herbarium, Alfenas, MG, Brazil. The leaves were collected in October 2012 and dried at 40 ºC for 3 days (until a constant mass was obtained). Next, the samples were physically homogenized using a mortar and pestle in the presence of liquid nitrogen. Only particles with a diameter of 0.5-1.0 mm were employed in the following extraction procedure. Various extracts were prepared.

  Maceration

  Powdered dry leaves (DL) and leaves in natura form (IN) (1 g) were macerated in an ethanol:water solution (1:1; v/v, 10 mL) for 7 days at room temperature. The material was filtered, and the obtained crude extract was directly analyzed by LV and HPLC. This procedure was repeated in triplicate.

  Maceration under sonication

  Powdered dry leaves and leaves in natura form (1 g) were added to an ethanol:water solution (1:1; v/v, 10 mL) and sonicated at 540 Hz (water bath at 25 ºC for 30 min). The material was filtered, and the obtained crude extract was directly analyzed by LV and HPLC. This procedure was repeated in triplicate.

  Infusion

  Powdered dry leaves (1 g) were added to boiling distilled water (10 mL). The mixture was covered until it reached room temperature (25 ºC). This material was filtered, and the obtained crude extract was directly analyzed by LV and HPLC. This procedure was repeated in triplicate.

  After each extraction, the samples were filtered through a membrane (Whatman, 0.45 µm), and the extracts were analyzed using the optimized LV conditions and by HPLC.

  Statistical analysis

  All measurements were performed in triplicate, and the results are presented as the mean value ± the standard deviation (SD). The correlation and regression analyses were performed using Statistica 7.0 (StatSoft Inc., Tulsa, USA) and OriginPro 8.0 (OriginLab Corporation, Northampton, USA) software packages. Any correlations with p < 0.05 were considered statistically relevant.

   

  Results and Discussion

  Electrooxidation of 1,2-benzopyrone

  First, a study was performed using cyclic sweep voltammetry; however, BP exhibited an irreversible oxidation peak at 0.53 V vs. Ag/AgCl in alkaline mediums similar to 7-OH–coumarin,15 which prevents the subsequent use of the active sites. Therefore, the GC electrode was pretreated with alumina to improve the stability and reproducibility of the analytical signal. The cathodic peak at –0.6 V was attributed to a reduction in the oxygen present in the medium. An example of the cyclic voltammetry of BP using the GC electrode is shown in Figure 1. As mentioned above, linear sweep voltammetry was chosen due to its ease and analytical speed. Moreover, no peak reduction was observed for BP in the cathodic direction during cyclic sweep voltammetry. The literature describes a reduction peak at approximately –1.35 V when using a glassy carbon electrode modified with Hg and Pb or unmodified in lithium perchlorate.16

  
    

    [image: Figure 1. Cyclic voltammograms]

  

  Effects of the parameters on 1,2-benzopyrone detection

  After verifying that the analyte yielded only one anodic oxidation peak in an alkaline medium, three variables were considered for the first optimization step: the pH, phosphate buffer concentration and scan rate. Table 1 shows the factors and analytical responses for the full 23 factorial design. In this study, the variable scan rate was optimized because the oxidation peak disappears at a SR greater than 115 mV s-1 due to diffusion limitations.
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  The significance of these factors and their interactions were evaluated via an analysis of variance (ANOVA) and are represented using a Pareto chart with confidence intervals of 95%, as defined by the vertical line (Figure 2). All effects exceeding this vertical line were considered significant analytical responses. After a brief evaluation, the most relevant factor for the system was SR with a positive contrast (9.61), which indicates that scan rates above 50 mV s-1 increase the analytical signal.
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  The second most important factor in the LV system was the pH with an observed positive contrast (7.09), which also indicates that increasing this variable promotes an analytical response. This result suggests that a higher hydroxide concentration in the reaction medium significantly influences the oxidation reaction between the analyte and electrode surface. However, BC was not a significant variable within the investigated experimental domain. Therefore, the buffer concentration was fixed to 0.1 mol L-1 to obtain a satisfactory analytical response.

  Considering the results of the full factorial design, further experiments were performed to optimize the pH and SR. The levels of the Doehlert matrix for pH and SR and their responses are summarized in Table 2. The two-factor Doehlert design consists of 7 assays. However, the experiments for the central point were performed in triplicate (assays 1, 2 and 3) to estimate the experimental error (approximately 0.9%). This experimental design indicates that the best results were observed in the central region.
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  It was then necessary to evaluate the significance of the linear and quadratic regressions. The significance of these models was evaluated by an ANOVA. According to the F-test, the ratio of the mean square regression (MSR) to the residual mean square (MSr) was compared to the F distribution. For the linear model, the MSR/MSr (0.303) was smaller than the critical F3.5 value (5.41) at the 95% confidence level. This means that the linear regression was insignificant and thus unsatisfactory.

  In contrast, the results for the quadratic model were highly significant (MSR/MSr = 246.03). In addition, this regression explained 98.5% of the data, which confirms the importance of the quadratic model.

  From the ANOVA, it was possible to determine the regression significance and obtain an ratio of the mean square for lack of fit (MSlof) and mean square for pure error (MSpe). The MSlof/MSpe ratio of 2,100 for the quadratic model, which was lower than the 41.440 obtained for the linear model (data not shown). In this sense, the quadratic model is appropriate for describing the experimental data.

  The quadratic model (equation 1) was used to build a response surface (Figure 3) and showed the relationship between the factors and anodic peak current.
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  Figure 3 shows the response surface from the Doehlert design using two variables. The maximum point was at a pH of 12.3 and a scan rate of 85 mV s-1, according to Lagrange's criterion.17

  The coordinates of the maximum indicate the optimum conditions for detecting BP via the LV methodology. These conditions are consistent with previous results, and the pH optimum suggests that the acid form of the molecule favors oxidation. 1,2-benzopyrone has two forms depending on the environmental conditions. Additionally, the polarographic behavior and absorption spectra of coumarin indicate it is entirely in the lactone form at pH > 11, which is hydrolyzed in alkaline medium.18 BP is in a lactone at pH values below 6.8, and the acid form, which dominates at pH values above 10.5, is deprotonated once the carboxylic acid reaches a pKa near 4, while alkaline pH values yield a carboxylate (Scheme 1).16

  Another important parameter that was considered is the scan rate. At speeds above 90 mV s-1, no well-defined anodic peak was formed. Thus, a multivariate optimization was used to obtain the maximum speed to quantify the 1,2-benzopyrone in the shortest possible time. After optimizing the conditions, the effect of the scan speed on the analytical signal was evaluated over the range from 5 to 90 mV s-1. The purpose of this experiment was to determine whether the oxidation of the species in solution is limited by electron transfer or analyte diffusion.

  Figure 4 demonstrates that increasing the scanning speed proportionally increases the peak current generated. From this observation, a linear relationship between j and the square root of the speed was obtained according to the Cottrell equation.19 The plots of j vs. v1/2 for the peak (Figure 4) followed a linear equation (j = 0.81 v1/2 – 0.15 and r = 0.99). Notably, no significant alteration of the oxidation potential was observed at higher scan rates.
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  The matter transfer properties must be established in diffusion-controlled processes and are described by Randles-Sevick,20 equation 2:

  
    [image: Equation 02]

  

  where Ip is the peak current, n is the number of electrons transferred, C is the bulk concentration, A is the working electrode area, v is the scan rate, T is the temperature in Kelvin, D corresponds to the diffusion coefficient, and F and R are the Faraday and perfect gas constants, respectively.

  Thus, the reaction kinetics at the electrode are sufficiently fast for the oxidation process to be controlled by mass transfer (diffusion of species) and not electron transfer because the diffusion coefficient of the 1,2-benzopyrone is D = 2.57  × 10-6 cm2 s-1.18,21

  To estimate the number of electrons involved during the oxidation of BP in a 0.1 mol L−1 phosphate buffer solution (pH 12.3), a low scan rate with a potential of 0.5 mV s-1 was used. The resultant potential values were plotted as a function of ln [(jL – j) / j] (Figure 5), where jL (µA cm-2) is the steady-state limiting current,22 which yields a correlation coefficient of 0.99 for n = 20 with a slope (α) of 0.02.

  
    

    [image: Figure 5. Linear sweep]

  

  The number of electrons involved was found to be 1.1 (n = RT / αF).23 This result suggests that the oxidation process of BP involves one electron and forms a radical ketone that can be stabilized as a dimer according to the reaction mechanism presented in Scheme 2.24,25

  
    

    [image: Scheme 2. Coumarin oxidation]

  

  Adsorption process

  Consecutive LV measurements verified that the well-defined peak in the first potential sweep decreased in intensity during the second cycle. This current density decrease (approximately 84%) can be attributed to the formation of a film that renders the active sites unavailable for subsequent analyses. This conclusion is supported by Figure 6, which shows the LV for the blank solution after a number of consecutive scans in the presence of the analyte.
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  The number of electroactive species on the surface electrode, G, expressed as the charge per unit area can be calculated by applying equation 3:

  
    [image: Equation 03]

  

  where Q is the charge integrated at the peak oxidation, F is the Faraday constant, n is the number of electrons and A is the electrode area.26 The value obtained was 6.88 × 10-9 mol cm-2 for the first cycle. The subsequent potential scans did not increase in charge, which indicates the adsorbed species block the electrode surface.

  Electrochemical EIS measurements were performed to evaluate the interactions of BP on a glassy carbon electrode. The complex impedance can be presented as the sum of its real, Zre, and imaginary, Zim, components that stem from the resistance and capacitance of the cell (Nyquist plot). Figure 7 shows a diagram of the Nyquist for an electrode after cleaning and consecutive potential scans. The clean electrode has a capacitive behavior with strong diffusion effect. After five cycles, a semicircle forms between high and low frequencies, which can be attributed to a film being formed on the electrode surface due to strong molecular interactions after oxidation. After ten and twenty cycles, the semicircle diameter increased, which indicates that the film thickened.
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  The film resistance (Rf) was determined based on the intersection of the simulated semicircle with the axis in the Nyquist diagram. The resistance was calculated from the equation Rf = Rp – Rs, where Rp is the polarization resistance and Rs is the solution resistance. The films formed after five, ten and twenty consecutive cycles yielded values of 7, 15 and 24 kΩ cm-2, respectively.

  The Nyquist diagrams were characterized by depressed capacitive loops with a theoretical center below the real axis. This feature reflects the surface inhomogeneity of the structural or interfacial origins such as for the adsorption process.

  Quantification of 1,2-benzopyrone via LV

  The optimization of the voltammetric conditions was evaluated. This was accomplished by analyzing BP across the concentration range from 50-400 µmol L-1 (Figure 8). The linear equation j = 2.56 + 0.03c (µmol L-1) was obtained with a correlation coefficient of 0.99. The detection limit was 26.4 µmol L-1, and the relative standard deviation was 4.8% for 10 successive analyses with the analytical recovery of the standard added to guaco samples of 97.5%. After establishing the analytical figures of merit, the methodology was applied to different guaco extracts to quantify BP without interference from the extremely alkaline pH (see example in Figure 9).
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  Figure 9 shows the determination of 1,2-benzopyrone in guaco samples, the oxidation peak was displaced approximately 45 mV towards the positive potentials due to the presence of other organic compounds in the matrix, which hinder electron transfers. However, this peak was only caused by the hydrolyzation of 1,2-benzopyrone because these other compounds were not electroactive in extremely alkaline medium.

  Table 3 shows the BP concentration for different samples obtained via electrochemical and liquid chromatographic analyses. The analyte concentrations were approximately 8 mg g-1, which is consistent with the data reported by Celeghini et al..10 It should be noted that each sample yielded identical results at the 95% confidence level (Student t-test) when comparing the two methodologies (LV and HPLC).
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  Conclusions

  Linear sweep voltammetry was effectively employed for detecting 1,2-benzopyrone using a glassy-carbon electrode. The use of experimental design (factorial design and Doehlert chart) to optimize the LV conditions significantly reduced the length and number of experiments required. The results demonstrated that BP quantification employing LV under the optimized conditions (BC = 0.1 mol L-1, pH = 12.3 and SC = 85 mV s-1) was simple, fast and sensitive (limits of detection and quantification were 26.4 and 87.9 µmol L-1, respectively).

  In addition, these experiments were useful for determining certain aspects of the 1,2-benzopyrone oxidation process. This event is controlled by a mass transfer and involves one electron. Furthermore, LV showed a blocking of the electrode active sites after consecutive readings, as confirmed by EIS measurements that showed the formation of a resistive film. This development prevents the multiple measurements from occurring consecutively.

  Finally, a very high correlation was found between the data obtained via different analytical methods (LV and HPLC). Therefore, the authors concluded the LV analysis could efficiently replace the analytical methodologies traditionally employed for this task.

   

  Acknowledgments

  The authors acknowledge Conselho Nacional de Desenvolvimento Científico e Tecnológico (CNPq, 552387/2011-8), Coordenação de Aperfeiçoamento de Pessoal de Nível Superior (CAPES) and Fundação de Amparo à Pesquisa do Estado de Minas Gerais (FAPEMIG) for their financial support (APQ-00410-09 and APQ-02805-10).

   

  References

  1. Lake, B. G.; Food Chem. Toxicol. 1999, 37, 423.

  2. Razavi, S. M. N.; Nazemiyed, H.; Hajiboland, R.; Kumarasamy, Y.; Delazar, A.; Nahar, L.; Sarker, S. D.; Braz. J. Pharmacogn. 2008, 18, 1.

  3. Thati, B.; Noble, A.; Rowan, R.; Creaven, B. S.; Walsh, M.; McCann, M.; Egan, D.; Kavanagh, K.; Toxicol. in Vitro 2007, 21, 801.

  4. Lino, C. S.; Taveira, M. L.; Viana, G. S. B.; Matos, F. J. A.; Phytother. Res. 1997, 11, 211.

  5. Finn, G. J.; Creaven, B. S.; Egan, D. A.; Cancer Lett. 2004, 205, 69.

  6. Capra, J. C.; Cunha, M. P.; Machado, D. G.; Zomkowski, A. D. E.; Mendes, B. G.; Santos, A. R. S.; Pizzolatti, M. G.; Rodrigues, A. L. S.; Eur. J. Pharmacol. 2010, 643, 232.

  7. Vergel, N. E.; López, J. L.; Orallo, F.; Viña, D.; Buitrago, D. M.; del Olmo, E.; Mico, J. A.; Guerrero, M. F.; Life Sci. 2010, 86, 819.

  8. Pereira, E. C.; Lucetti, D. L.; Barbosa-Filho, J. M.; de Brito, E. M.; Monteiro, V. S.; Patrocínio, M. C. A.; de Moura, R. R.; Leal, L. K. A. M.; Macedo, D. S.; de Sousa, F. C. F.; Viana, G. S. B.; Vasconcelos, S. M. M.; Neurosci. Lett. 2009, 454, 139.

  9. Ariza, S. Y.; Rueda, D. C.; Rincón, V. J.; Linares, E. L.; Guerrero, M. F.; Vitae 2007, 14, 51.

  10. Celeghini, R. M. S.; Vilegas, J. H. Y.; Lanças, F. M.; J. Braz. Chem. Soc. 2001, 12, 706.

  11. Osório, A. C.; Martins, J. L. S.; Rev. Bras. Cienc. Farm. 2004, 40, 481.

  12. Vilegas, J. H. Y.; de Marchi, E.; Lancas, F. M.; Phytochem. Anal. 1997, 8, 266.

  13. Šeruga, M.; Novak, I.; Jakobek, L.; Food Chem. 2011, 124, 1208.

  14. Tarley, C. R. T.; Silveira, G.; Santos, W. N. L.; Matos, G. D.; Silva, E. G. P.; Bezerra, M. A.; Miró, M.; Ferreira, S. L. C.; Microchem. J. 2009, 92, 58.

  15. Dempsey, E.; O'Sullivan, C.; Smyth, M. R.; Egan, D.; O'Kennedys, R.; Wang, J.; J. Pharmaceut. Biomed. 1993, 6, 443.

  16. Wang, L. -H.; Liu, H. -H.; Molecules 2009, 14, 3538.

  17. Ferreira, S. L. C.; Queiroz, A. S.; Fernandes, M. S.; Santos, H. C.; Spectrochim. Acta B. 2002, 57, 1939.

  18. Harle, A. J.; Lyons, L. E.; J. Chem. Soc. 1950, 325, 1575.

  19. Bard, A. J.; Faulkner, L. R.; Electrochemical Methods: Fundamentals and Applications, 5th ed.; Wiley: New York, USA, 2001.

  20. Serrano, K.; Taxil, P.; J. Appl. Electrochem. 1999, 29, 497.

  21. Cougnon, C.; Electrochim. Acta 2006, 51, 4142.

  22. Michalkiewicz, S.; J. Appl. Electrochem. 2013, 43, 85.

  23. Sotomayor, M. D. P. T.; Sigoli, A.; Lanza, M. R. V.; Tanaka, A. A.; Kubota, L. T.; J. Brazil Chem. Soc. 2008, 19, 734.

  24. Barba, F.; Elinson, M. N.; Escudero, J.; Feducovich, S. K.; Tetrahedron 1997, 53, 4427.

  25. Rarba, F.; Guirado, A.; Barba, I.; Lopez, M.; Tetrahedron Lett. 1982, 23, 463.

  26. Sílvio, L. P. D.; Fujiwara, S. T.; Gushikem, Y.; Bruns, R. E.; J.Electroanalytical Chem. 2002, 531, 141.

  27. Thomas, F. G.; J. Electroanal. Chem. 1993, 349, 81.

   

   

  Submitted: September 23, 2013

  Published online: January 10, 2014

  FAPESP has sponsored the publication of this article.

   

   

  
    *e-mail: lucho@unifal-mg.edu.br

  





  DOI: 10.5935/0103-5053.20140005

  ARTICLE

  
    Lima AB, Torres LMFC, Guimarães CFRC, Verly RM, Silva LM, Carvalho Júnior AD, et al. Simultaneous determination of paracetamol and ibuprofen in pharmaceutical samples by differential pulse voltammetry using a boron-doped diamond electrode. J. Braz. Chem. Soc. 2014;25(3):478-83

  

  
    Simultaneous determination of paracetamol and ibuprofen in pharmaceutical samples by differential pulse voltammetry using a boron-doped diamond electrode

  

   

   

  Amanda B. LimaI; Lívia M. F. C. TorresII; Carlos F. R. C. GuimarãesI; Rodrigo M. VerlyI; Leonardo M. da SilvaI; Álvaro D. Carvalho JúniorII; Wallans T. P. dos SantosII,*

  IDepartamento de Química, Departamento de Farmácia, Universidade Federal dos Vales do Jequitinhonha e Mucuri, 39100-000 Diamantina-MG, Brazil

  IIDepartamento de Farmácia, Universidade Federal dos Vales do Jequitinhonha e Mucuri, 39100-000 Diamantina-MG, Brazil

   

  
    O presente trabalho apresenta uma metodologia simples, rápida e de baixo custo para determinação simultânea de paracetamol (PC) e ibuprofeno (IB) em formulações farmacêuticas por voltametria de pulso diferencial usando eletrodo de diamante dopado com boro (BDD). Os analitos apresentaram picos de oxidação definidos em 0,85 V para o PC e 1,72 V para o IB (vs. Ag/AgCl) sobre o eletrodo de trabalho de BDD em meio de uma solução de H2SO4 0,1 mol L-1 com 10% (v/v) de etanol. As curvas de calibração mostraram uma resposta linear para determinação simultânea dos analitos entre 20 a 400 µmol L-1 (r2 = 0,999) e os limites de detecção obtidos pelas regressões foram de 7,1 µmol L-1 e 3,8 µmol L-1 para PC e IB, respectivamente. Os estudos de adição e recuperação nas amostras ficaram próximos de 100% e os resultados foram validados por métodos cromatográficos.

  

   

  
    This work presents a simple, fast and low-cost methodology for the simultaneous determination of paracetamol (PC) and ibuprofen (IB) in pharmaceutical formulations by differential pulse voltammetry using a boron-doped diamond (BDD) electrode. A well-defined oxidation peak was observed using the BDD electrode for each analyte (0.85 V for PC and 1.72 V for IB (vs. Ag/AgCl)) 
      in 0.1 mol L-1 H2SO4 solution containing 10% (v/v) of ethanol. Calibration curves for the simultaneous determination of PC and IB showed a linear response for both drugs in a concentration range of 20 to 400 µmol L-1 (r2 = 0.999), with a detection limit of 7.1 µmol L-1 for PC and 3.8 µmol L-1 for IB. The addition-recovery studies in samples were about 100% and the results were validated by chromatographic methods.

    Keywords: simultaneous analysis, differential pulse voltammetry, ibuprofen, paracetamol

  

   

   

  Introduction

  Paracetamol (PC), or acetaminophen (N-acetyl-p-aminophenol, 4-acetamidophenol), is an analgesic and antipyretic drug widely used for pain relief and fever reduction. Ibuprofen (IB), denoted chemically as (R,S)-α-methyl-4-(2-methylpropyl) benzeneacetic acid, is also an analgesic and antipyretic drug with anti-inflammatory effects and it is used for the treatment of pain or inflammation caused by conditions such as rheumatoid arthritis, degenerative joint diseases and menstrual cramps.1 The combination of PC and IB is found in pharmaceutical formulations for the treatment of moderate rheumatic pain.

  The development of efficient analytical methods for drug-quality control is extremely important in the health area. According the United States Pharmacopoeia,2 when two or more active ingredients are present in a specific formulation their quantifications are made by high-performance liquid chromatography (HPLC) with ultraviolet detection (UV), e.g., for PC and IB determinations in pharmaceutical samples. However, HPLC-UV methods are more expensive and usually require a sample pretreatment, generating a great amount of residue in comparison with other analytical methods.

  There are few references cited in the literature for simultaneous determination of PC and IB, being some of them based on HPLC-UV3 or spectrophotometric methods using multivariate calibration.4 Despite this, the electroanalytical methods present interesting characteristics for the drug-quality control, such as high selectivity and sensibility, low-cost, simplicity and a higher analytical frequency when compared with most of the aforementioned methods. There were published several electroanalytical methods for the detection of PC5 and some specific methods for IB.6 However, up to now there are no reports in the literature regarding the simultaneous determination of these compounds in pharmaceutical samples using electrochemical techniques.

  Various types of working electrodes have been used for the electrochemical detection of drugs in pharmaceutical formulations.7 Among these electrodes, the boron-doped diamond (BDD) stands out due to its high reproducibility, broad potential window and low background current.8 Compared to other conventional electrodes, the BDD also offers advantages such as low noise and resistance to passivation.9 Considering the potentiality of electroanalytical methods for the drug analysis, the present work deals with the possibility of simultaneous determination of PC and IB in pharmaceutical formulations by differential pulse voltammetry (DPV) using a BDD electrode.

   

  Experimental

  Reagents and solutions

  All reagents used were of analytical grade and the solutions were prepared in deionized water (Milli-Q Plus, Millipore®), with a resistivity of no less than 18 MΩ cm. PC and IB standards were obtained from Sigma-Aldrich (St. Louis, MO, USA) with a purity of > 98%. Stock solutions of PC and IB were freshly prepared immediately prior to the experiments in ethanol for electrochemical detection or in acetonitrile for HPLC-UV detection, both reagents being obtained from Sigma-Aldrich (St. Louis, MO, USA). In the investigations of the analytes by voltammetric detection, the following 0.1 mol L-1 electrolyte solutions containing 10% (v/v) of ethanol were used: phosphoric acid (85% m/v) from Reagen (Rio de Janeiro, Brazil), boric acid from QM (Cotia, Brazil), glacial acetic acid from Carlo Erba (Milan, Italy), sulfuric acid from Synth (Diadema, Brazil), sodium hydroxide from Dinamica (Diadema, Brazil). A Britton-Robinson buffer solution containing 10% (v/v) of ethanol was composed of a mixture of 0.04 mol L-1 acetic acid, boric acid and phosphoric acid, and its different pH values were adjusted with sodium hydroxide. The electrochemical responses to PC and IB were studied in a large range of pH using Britton-Robinson buffer and other electrolytes. The best voltammetric response was obtained in 0.1 mol L-1 H2SO4 solution containing 10% (v/v) of ethanol.

  Pharmaceutical formulations (capsules) were obtained from local drug stores. For each analysis, ten capsules were powdered in a mortar and a weight corresponding to one capsule was dissolved in ethanol using an ultrasonic bath for 30 min for the voltammetric detection or in acetonitrile for the HPLC-UV detection. After filtration, the respective working solutions and samples were prepared through dilution of the stock solution in the supporting electrolytes or in the mobile phase used in the HPLC-UV analysis, which was used for comparison with the present proposed method.

  Instrumentation

  All electrochemical measurements were carried out using a model PGSTAT 128N potentiostat from Autolab (Netherlands) and a three-electrode cell (10.0 mL volume). A miniaturized Ag/AgCl/saturated KCl10 and a platinum wire were used as reference and auxiliary electrodes, respectively. The working electrode was a thin film (ca. 1.2 mm) of boron-doped diamond (approximately 8000 ppm doping level) supported on a polycrystalline silicon wafer (Adamant Technologies SA, La Chaux-de-Fonds, Switzerland). Background current correction was carried out using the GPS software from Autolab. Prior to the measurements, the BDD electrode (active area: 0.13 cm2) was anodically pretreated in a 0.5 mol L-1 H2SO4 by applying 0.01 A during 60 s. The cathodic pretreatment was carried out by applying -0.01 A during 120 s using the same solution.11 The BDD electrode was pretreated only once, prior to the measurements.

  The electrochemical studies using the BDD electrode for the electroactive species (PC and IB) in the different supporting electrolytes were carried out using cyclic voltammetry (n = 50 mV s-1) in a potential window located between the hydrogen and oxygen evolution reactions. The DPV technique was selected for simultaneous determinations of PC and IB due its better performance in comparison to the square-wave voltammetry. The optimized DPV parameters were 50 mV of amplitude, 500 ms of pulse time, 10 mV of pulse width, and 20 mV s-1 of scan rate. The proposed DPV method was applied for simultaneous determination of PC and IB in two pharmaceutical formulations and the results were compared with a reference method using statistical tests. Recovery tests were carried out for the pharmaceutical samples. All electrochemical measurements were carried out at room temperature, in the presence of dissolved oxygen.

  The analytical method based on the HPLC-UV technique was used for comparison with the proposed method according to the United States Pharmacopoeia.2 However, there is not an official methodology using chromatography for the analysis of a mixture of new drugs as IB and PC. Therefore, the experimental conditions for the chromatographic study were optimized in the present study. The chromatographic analysis was carried out using a model Pro Star 315 chromatograph from Varian. The separation of the analytes was done using a C18 column (a Vydac model measuring 250 mm × 4.6 mm) and a mobile phase composed of water/acetonitrile (40:60) with retention times of 3.7 min and 5.9 min for PC and IB, respectively. UV detection was carried out at a fixed wavelength of 219 nm.

   

  Results and Discussion

  Methodology optimization

  The best selectivity and sensitivity conditions for the simultaneous detection of PC and IB using the BDD electrode were obtained in the electrolyte composed of 0.1 mol L-1 sulfuric acid with 10% (v/v) ethanol. The addition of ethanol in the acidic solution was due to the low solubility of IB in water. The voltammograms of these studies and the chemical structures of the analytes are presented in Figure 1. The cyclic voltammograms in Figure 1 presented two oxidation peaks, i.e., 0.85 V for PC and 1.72 V for IB. The electrochemical treatments (cathodic or anodic) applied to the BDD electrode did not change significantly the oxidation processes observed for the analytes. However, the anodic treatment was chosen because of its better definition of the oxidation peaks observed for PC and IB. Therefore, the BDD electrode after an anodic treatment was chosen for the further studies comprising the DPV technique.

  
    

    [image: Figure 1. Cyclic voltammograms]

  

  The behavior of the voltammograms observed for the present experimental conditions is in agreement with electrochemical behavior exhibited by these analytes in the previous literature for the BDD electrode.6,12 The electrochemical behavior of PC is well known.13 PC can be oxidized to N-acetyl-p-benzoquinoneimine with a two-electron and two-proton transfer, which can be subsequently reduced at more negative potentials (reversible or quasi-reversible behavior).14 Under this condition, optimized in Figure 1, PC has presented one peak for the cathodic current at a more negative potential of –0.15 V (data not shown). The electrochemical behavior exhibited by PC in this work (quasi-reversible behavior) might be occurred due to the use of hydroethanolic solution as the electrolyte with 10% ethanol. This was confirmed in previous studies by Pereira and co-authors,15 who observed an irreversible electrochemical behavior for PC when using the same working electrode and electrolyte solution, but with 30% ethanol. The electrochemical oxidation mechanism of IB is not well known from the literature. Recently, Lima and co-authors6 suggested that the electrochemical behavior of IB is similar to the one verified for naproxen,16 which is not affected by pH, and its mechanism possibly involves a single-electron transfer via radical cation formation, followed by decarboxylation.17 The choice for the acidic medium (0.1 mol L-1 H2SO4 solution containing 10% (v/v) of ethanol) was based on the wider potential window verified at low pH, which improved the electrochemical response for IB. The plot of the current for the oxidation peak of PC (0.85 V) and IB (1.72 V) as a function of the root of the scan rate (10 to 100 mV s-1) was linear, thus supporting that the oxidation processes are controlled by diffusion.

  Thus, these conditions made possible the simultaneous determination of the analytes using the DPV technique with a BBD working electrode. DPV parameters were evaluated in order to obtain the highest sensitivity and, primarily, to achieve greater selectivity for the simultaneous analysis of the electroactive analytes. The optimized parameters were 50 mV of amplitude and 20 mV s-1 of scan rate. Figure 2 presents ten repeated DPV measurements carried out in 0.1 mmol L-1 for PC and IB (the repeatability study).

  
    

    [image: Figure 2. Differential-pulse voltammograms]

  

  The repeatability studies showed relevant results (Figure 2), indicating that the BDD electrode does not undergo passivation or contamination, which have been a recurrent problem for the electroanalytical methods making use of other electrodes. The relative standard deviation (RSD) obtained for ten measurements of the analyte solutions was calculated to be 2.6% for PC and 1.9% for IB. The reproducibility obtained for different surfaces of BDD in 10 measurements (considering that a new surface is obtained after electrochemical activation) was not so high, presenting an RSD of 10% for both analytes. The interference of each analyte in the simultaneous analysis of its pairs was performed by changing one analyte concentration and keeping the other unchanged. Firstly, the PC concentration was changed from 20 to 800 µmol L-1, while the concentration of IB was maintained at 50 µmol L-1. Subsequently, the IB concentration was changed from 20 to 800 µmol L-1 and the concentration of PC was kept at 50 µmol L-1. The results are presented in Figures 3 and 4.
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  As seen in Figure 3 PC does not interfere to a significant extent in the electrochemical response obtained for IB. The IB signal varies less than 4.3% when the PC concentration increases up to 16 times greater than IB. Likewise, the change in IB does not interfere in PC analysis (Figure 4). The PC signal varies less than 4% when the IB concentration increases up to 16 times greater than PC. It is worth noting that in the pharmaceutical market, these drugs are usually combined in the proportion of 200:325 mg of IB and PC, respectively. Therefore, since the PC:IB molar ratio presented in formulations is 2.22, neither PC nor IB would interfere in the simultaneous analysis using the proposed method.

  Analytical parameters

  Linearity studies were carried out for the analysis of drugs in pharmaceutical formulations. Figure 5 depicts the DPV measurements of PC and IB at different concentrations. The corresponding analytical curve is presented in the inset of Figure 5. The working linear range was from 20 to 400 µmol L-1 for PC and IB. The linear correlation coefficient for both curves was 0.999. The equations obtained from the linear regressions for PC and IB were I (µA) = 0.01134 + 0.00339 [PC] (µmol L-1) and I (µA) = –0.07715 + 0.00694 [IB] (µmol L-1), respectively. The limits of detection for PC and IB were obtained by multiplying the baseline noise standard deviation (SD) by three and dividing this value by the sensitivity (angular coefficient) of each curve. The obtained values were 7.1 × 10-6 mol L-1 for PC and 3.8 × 10-6 mol L-1 for IB. The LOD was compared with simultaneous determinations of PC and IB. LOD values for the simultaneous analysis of these analytes are higher than the ones reported in the literature for other methods, which is about 100 to 10 times smaller than the values obtained in the present study.3,4 Nevertheless, the LOD values obtained in the present work are sufficient to carry out the analysis of PC and IB in pharmaceutical formulations. The addition-recovery studies were carried out for the commercial samples using the calibration curves presented in Figure 5. The results of the recoveries obtained by the proposed method for both analytes were approximately 100%, indicating the absence of sample-matrix effects. As can be verified, the proposed method presents a good working linear range and a low limit of detection for analysis in pharmaceutical formulations. Therefore, the proposed method for the simultaneous determination of PC and IB could be an advantageous alternative for the well-established methods.
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  Comparison with the chromatographic method (HPLC-UV)

  Table 1 presents the experimental findings for the simultaneous determination of PC and IB in pharmaceutical formulations using the HPLC-UV method and the proposed method (DPV). In addition, Table 1 shows the nominal content of the analytes and the average of three determinations for each sample, as well as the corresponding standard deviation. The results obtained by the two methods were evaluated with the support of statistical tests (F and t), where it was verified that the two methods present similar results with a confidence level of 95%.18
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  Conclusions

  We present for the first time a methodology using electroanalytical methods for the simultaneous determination of PC and IB in pharmaceutical formulations. The DPV technique using the BDD electrode showed a good resolution for the oxidation peaks exhibited by the different drugs (PC and IB) and a high stability for the electrode performance. Moreover, the proposed method presents several advantages, including simplicity of application, lower waste generation, greater speed, and lower cost in comparison with the standard method (HPLC-UV) recommended by the United States Pharmacopoeia. The accuracy of the proposed method was confirmed by comparative determinations using the standard method and by recovery tests. Therefore, the proposed voltammetric detection for PC and IB offers a good alternative, both economically and environmentally, for the quality control of pharmaceutical formulations containing PC and IB. In addition, the proposed method offers a promising alternative for the analysis of other formulations containing electrochemically active drugs.
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    Este trabalho reporta a determinação simultânea de paracetamol e naproxeno usando a detecção amperométrica de múltiplos pulsos em um eletrodo impresso modificado com nanotubos de carbono de parades múltiplas (MWCNT-SPE) adaptado em uma célula de análise em fluxo (FIA) construída em laboratório. Uma sequência de dois pulsos de potencial (+0,30 e 0,70 V por 70 ms cada) foi aplicada continuamente de tal forma que paracetamol foi selectivamente oxidado em +0,30 V e ambos compostos (paracetamol e naproxeno) são oxidados em +0,70 V. Subtração da corrente depois de usar um fator de correção foi empregada para a determinação de naproxeno sem a interferência do paracetamol. O método FIA proposto apresenta alta seletividade e sensibilidade, exatidão adequada (resultados em concordância com cromatografia líquida de alta eficiência), elevada frequência analítica (90 h-1) e baixo custo uma vez que um único SPE pode ser usado durante todo o dia de trabalho adaptado em uma célula em fluxo.

  

   

  
    This work reports the simultaneous determination of paracetamol and naproxen using multiple-pulse amperometric detection on a multi-walled carbon nanotube modified screen-printed electrode (MWCNT-SPE) adapted in a homemade flow-injection analysis (FIA) cell. A sequence of two potential pulses (+0.30 and +0.70 V for 70 ms each) was applied continuously in such a way that paracetamol is selectively oxidized at +0.30 V and both compounds (paracetamol and naproxen) are oxidized at +0.70 V. Current subtraction after using a correction factor was employed for determination of naproxen without the interference of paracetamol. The proposed FIA method presents high selectivity and sensitivity, adequate accuracy (results in agreement with high-performance liquid chromatography), elevated analytical frequency (90 h-1), and low-cost once a single SPE strip can be used during the whole working day adapted in a flow-cell.

    Keywords: carbon nanotubes, pharmaceutical formulations, flow analysis, acetaminophen, non-steroidal anti-inflammatory drug

  

   

   

  Introduction

  Paracetamol [acetaminophen or N-acetyl amino phenol] is widely used as an antipyretic and analgesic drug. It is highly effective for the release of pain associated with arthralgia, neuralgia, and headache and even for patients suffering from gastric symptoms and in many countries it has been used as a substitute for aspirin [acetyl salicylic acid].1 Naproxen, (+)-2-(6-methoxy-2-naphthyl)propionic acid, is extensively used in non-steroidal anti-inﬂammatory cures such as the treatment of rheumatoid arthritis, dysmenorrhea and acute gout.2 The combination of paracetamol and nonsteroidal anti-inflammatory drugs such as naproxen has proven efficacy in the treatment of pain conditions and has its clinical use validated.3 Association therapy with paracetamol and naproxen has also been reported to benefit patients who have pain associated with rheumatoid arthritis.4,5

  Therefore, the determination of naproxen and paracetamol is relevant in pharmaceutical formulations as well as in biological fluids. Several methods mainly based on spectrofotometry, spectrofluorimetry or electroanalysis were reported for the single determination of paracetamol6-8 or naproxen.9-11 However, to our knowledge, few analytical methods have been reported for the simultaneous determination of paracetamol and naproxen including high-performance liquid chromatography (HPLC)12,13 and voltammetry.14 Therefore, the development of new methods for simultaneous determination of paracetamol and naproxen remains a topic to be explored.

  Flow-injection analysis with multiple-pulse amperometric (FIA-MPA) systems can be used for simultaneous determinations using a single working electrode. This strategy was used for the simultaneous determination of sugars,15 drugs,16-19 antioxidants,20 synthetic colorants,21 as well as the possibility of using the internal standard method in FIA systems.22

  Screen-printed electrodes (SPE) are planar devices which contain the three electrodes (working, counter and pseudo-reference) which typically are used in electrochemical cells. This setup is usually indicated for onsite analysis because of its characteristics such as low power requirement, quick response, high sensitivity and ability to operate at room temperature.23,24 In addition, the presence of the three electrodes on the same device facilitates the positioning of these electrodes in a flow cell.25

  In this work, we demonstrate that FIA-MPA detection on a multi-walled carbon nanotube modified screen-printed electrode (MWCNT-SPE) can be used for the simultaneous determination of naproxen and paracetamol in pharmaceutical formulations. Results obtained from this novel FIA-MPA method using a homemade flow-cell were evaluated with respect to linearity, repeatability, recovery, detection and quantification limits, and by comparison with results from HPLC analysis.

   

  Experimental

  Reagents and samples

  Highly pure deionized water (R > 18 MΩ cm) obtained from a Millipore Direct-Q3 water purification system (Bedford, MA, USA) was used to prepare all aqueous solutions. Analytical grade phosphoric acid (85% m/v) from Impex (São Paulo, Brazil), oxalic acid from Reagen (Rio de Janeiro, Brazil), boric acid from QM (Cotia, Brazil), glacial acetic acid from Carlo Erba (Milan, Italy), sodium hydroxide from Dinamica (Diadema, Brazil), methanol (HPLC grade) from Proquimios (Rio de Janeiro, Brazil), paracetamol from Synth (Diadema, Brazil) and naproxen from DEG (São Paulo, Brazil) were used without further purification. Stock solutions of naproxen and paracetamol were freshly prepared just before the experiments by dilution in electrolyte.

  Two different pharmaceutical formulations (in capsules) were obtained from local drug stores. For each analysis, the total amount of powder in three capsules (each capsule contains 275 mg naproxen and 300 mg paracetamol and excipients) from the same blister was mixed. An adequate amount of powder was dissolved in electrolyte (0.1 mol L-1 phosphate buffer at pH 7.5), after stirring and sonication for 10 min in ultrasonic bath. The samples and standard solutions were further diluted in electrolyte for subsequent injection in the FIA system.

  Electrochemical measurements

  All electrochemical measurements were performed using a µ-Autolab Type III (Eco Chemie, Utrecht, Netherlands). All experiments were performed using commercial SPEs, which include a three-electrode conﬁguration printed on the same strip (DRP-110CNT, DropSens). The strips (3.4 × 1.0 × 0.05 cm) presented a 4 mm diameter disk multi-walled carbon nanotubes screen-printed (MWCNT-SPE) as working electrode (WE), a carbon counter electrode (CE), and a silver pseudoreference electrode (RE). MWCNT-SPE are produced with carboxyl functionalized MWCNTs that enhances the electrochemical active area and electronic transfer properties.26 For comparison, unmodified carbon screen-printed electrodes (C-SPEs) were also evaluated. All SPEs already assembled in the flow cell were just cycled (3 cyclic voltammograms) in the range of 0.0 to 1.0 V in order to check their typical electrochemical behavior in supporting electrolyte before amperometric measurements.

  A homemade wall-jet flow cell was designed to adapt SPEs to perform FIA with amperometric detection (Figure 1). An SPE strip is firmly placed between two acrylic blocks (the bottom block contains a small ledge to position the strip) and an O-ring (d = 10 mm) is used to limit the inner volume (~90 µL) covering the three electrodes. The upper block contains two holes to allow solution inlet (90º – wall-jet configuration) and outlet (45o). The electrochemical flow cell was inserted in a one-channel FIA system, which was assembled with a peristaltic pump and a manual injector made of acrylic. A single-line flow system was employed using 1.0 mm (i.d.) polyethylene tubing. A 0.1 mol L−1 phosphate buffer solution (adjusted to pH 7.5) was used as the carrier solution. All electrochemical measurements were performed at room temperature in the presence of dissolved oxygen.
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  HPLC analysis

  The HPLC measurements were performed using a Shimadzu LC-10 VP equipped with a UV-vis detector (SPD-10AV), an LC column (Lychrispher 100 A8 RP18-C18, 250 mm × 4.6 mm, 5 mm), a degasser (DGU-20A5), a manual injector (20 µL) and a pump (LC-10AD-VP). The mobile phase consisted of a mixture of water and methanol (70:30, v/v). The detector was fixed at 263 nm. The flow rate was 1.0 mL min-1. This analytical protocol was adpated from a previous work.12

   

  Results and discussion

  The electrochemical oxidation of paracetamol and naproxen at MWCNT-SPE was investigated in 0.1 mol L-1 Britton-Robinson (BR) buffer solutions (from pH 2.0 to 10.0) and in a 0.1 mol L-1 phosphate buffer solution (pH = 7.5), which was the optimized electrolyte for the amperometric determination of naproxen at a glassy-carbon electrode as described in the literature.11,14 The 0.1 mol L-1 phosphate buffer solution was selected for further experiments because under this condition the oxidation peaks of paracetamol and naproxen were well-separated (300 mV) in the cyclic voltammetry experiments. Moreover, negligible response for naproxen was observed in acidic solutions as described in the literature.11 These results are in accordance with a previous work which investigated the voltammetric profile of naproxen and paracetamol in phosphate buffer.14 Figure 2A highlights the hydrodynamic voltammograms for the oxidation of paracetamol and naproxen at MWCNT-SPE assembled on the homemade flow-cell using a 0.1 mol L-1 phosphate buffer carrier solution. In this study, standard solutions containing 10 µmol L-1 paracetamol or 10 µmol L-1 naproxen were injected (n = 3) in the FIA system with MPA detection. Eight fast (70 ms each) potential pulses (0.20, 0.30, 0.40, 0.50, 0.60, 0.70, 0.80 and 0.9 V) were applied continuously and the current at each potential pulse (simultaneous acquisition of 8 amperograms) was monitored continuously. The respective current peak at each potential pulse was measured and used to construct the hydrodynamic voltammogram for the electrochemical oxidation of both compounds separately. For comparison, hydrodynamic voltammograms for the oxidation of paracetamol and naproxen at unmodified carbon SPE were also obtained under the same conditions (Figure 2B).
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  Under hydrodynamic conditions, the oxidation current of paracetamol started to increase at approximately +0.3 V and reached a plateau near +0.7 V, while the oxidation current of naproxen started at +0.5 V at MWCNT-SPE. On the other hand, the oxidation of paracetamol and naproxen at C-SPE (unmodified carbon SPE) occurred at +0.4 V and +0.9 V, respectively. Therefore, the presence of MWCNTs within the carbon SPE improved the response of both analytes either by current increase or by lowering the oxidation potentials. However, a remarkable improvement was verified for the electrochemical oxidation of naproxen at MWCNT-SPE with a 10-fold increase in current and a 400 mV decrease in the overpotential of oxidation reaction. Thus, this comparison between unmodified carbon SPE and MWCNT modified carbon SPE clearly showed the enhanced electronic transfer properties of MWCNTs towards naproxen oxidation.

  The mechanism of the electrochemical oxidation of naproxen was previously investigated.11 The proposed mechanism involves a single-electron transfer via radical cation formation (considering the protonated form of naproxen), followed by decarboxylation (fast chemical reaction)27, and is not pH-dependent.11 As previously described,28-30 the electrooxidation of paracetamol involves the transfer of two electrons and two protons, generating N-acetyl-p-quinoneimine. The mechanisms of oxidation of paracetamol and naproxen are illustrated in Figure 3.
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  The electroactive area of both SPEs was calculated using Randles-Sevcik equation for a reversible electrochemical process under diffusion control (ferricyanide/ferrocyanide). The average electroactive areas (n = 3) of MWCNT-SPE and C-SPE was 0.096 and 0.063 cm2, respectively, while the geometrical area of working electrode is 0.126 cm2. Therefore, the electroactive area of MWCNT-SPE and C-SPE corresponds to 76% and 50% of the geometrical area which indicates a partial blockage of the working electrode area in both SPEs that may be attributed to contamination with residual organic binder of the carbon ink. On the other hand, the higher electroactive area of MWCNT-SPE in comparison with the C-SPE was expected due to the high surface area provided by the carbon nanotubes.

  Since the purpose of this work is to perform the simultaneous determination of both compounds at a single amperometric run, the use of MPA is required and a sequence of two potential pulses was selected. According to the hydrodynamic voltammograms at MWCNT-SPE, the application of potentials lower than +0.4 V would promote the detection of paracetamol without naproxen interference, and so +0.3 V was selected as the ﬁrst potential pulse (oxidation of naproxen only starts at +0.4 V). If potential values higher than +0.4 V were employed, the electrochemical oxidation of paracetamol and naproxen would be veriﬁed. Then, a second potential pulse (+0.7 V) was selected at which both compounds were electrochemically oxidized. Both potential pulses were applied for 70 ms based on the highest analytical signal for paracetamol and naproxen. The oxidation current from naproxen was obtained by subtraction of the current values detected at the two potential pulses, similarly to previous studies which applied MPA for simultaneous determinations but using glassy-carbon or boron-doped diamond electrodes.31-34

  It is worth mentioning that the oxidation currents of paracetamol did not present the same magnitude at the two potential pulses (+0.3 V and +0.7 V). The oxidation current of paracetamol at +0.7 V was higher than the current detected at + 0.3 V. Therefore, a simple subtraction between the currents detected at the two potential pulses does not directly yield the absolute value of naproxen oxidation current at +0.7 V. Since the selective determination of naproxen depends on subtraction of the paracetamol current due to its oxidation at +0.7 V, a correction factor (CF) need be calculated based on the ratio of the current responses to paracetamol oxidation (iPAR) registered at +0.3 and +0.7 V. This CF was obtained by injecting a solution containing only paracetamol in the FIA-MPA system and the following equation:

  
    [image: Equation 01]

  
  
  Then, if solutions or samples containing both compounds are injected in the FIA-MPA system, the current originating from naproxen oxidation detected at +0.7 V (i+0.7V) can be calculated using the CF value and the equation 2. The average CF value obtained by the injection of 10 µmol L-1 paracetamol was 1.2.

  
    [image: Equation 02]

  
  
  FIA parameters were evaluated in order to obtain the highest signal for paracetamol and naproxen. Figure 4 presents the variation of peak current for paracetamol and naproxen oxidation in function of (A) injected volume and (B) flow rate.
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  A slight higher current and lower standard deviation (n = 3) was observed for an injection volume of 300 µL of 10 µmol L-1 of paracetamol + naproxen in the FIA-MPA system (Figure 4A), which was thus selected for further amperometric recordings. The flow rate of the FIA system (Figure 4B) was evaluated keeping constant the injection volume of 300 µL of 10 µmol L-1 of paracetamol + naproxen. It was observed a linear increase from 1.5 to 2.5 mL min-1. The flow rate of 2.5 mL min-1 was selected for further amperometric measurements.

  A repeatability study based on repetitive (n = 10) 300 µL injections of 10 µmol L-1 of paracetamol + naproxen in phosphate buffer solution (pH = 7.5) was carried out using the same MWCNT-SPE strip (intra-day repeatability) The inter-day repeatability was evaluated based on the amperometric response of paracetamol and naproxen using different MWCNT-SPE strips in other working days (n = 3). Although a single MWCNT-SPE is a disposable source of electrodes, the same strip could be used for consecutive days in one week. The analytical characteristics (also including linear dynamic ranges (LDR) and limits of detection (LOD)) of the proposed analytical method are summarised in Table 1. The analytical frequency estimated in this amperometric recording was 90 h-1.
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  The effect of some possible interfering substances (excipients in pharmaceutical formulations) including starch, hydroxypropyl methylcellulose, cellulose, titanium dioxide, magnesium stearate, talc, glucose, and citrate was evaluated by injecting solutions containing 1 mmol L-1 of each excipient separately. No current peaks were obtained at both potentials after injection of all possible interfering substances, which indicates that paracetamol and naproxen can be accurately determined in pharmaceutical formulations.

  The optimized FIA-MPA method was applied for the simultaneous determination of paracetamol and naproxen in pharmaceutical formulations. For comparison, the samples were also analyzed by HPLC including evaluation using Student's t-test. The amperometric response for injections of standard solutions of paracetamol and naproxen (calibration curve) and samples (after adequate dilution) is presented in Figure 5. Recovery tests were performed by spiking both samples (after sample dissolution in electrolyte) with a standard solution containing 20 µmol L-1 of paracetamol and naproxen. All results are presented in Table 2.
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  The calibration curves (Figures 5B and 5C) showed good linearity in the investigated concentration range with the following calibration equations:

  Paracetamol: i (µA) = 0.05252 + 0.03459 c (µmol L-1); 
  r = 0.997

  Naproxen: i (µA) = 0.01629 + 0.04221 c (µmol L-1); 
  r = 0.999

  The limits of detection were estimated as 0.4 and 0.3 µmol L-1 for paracetamol and naproxen, respectively. The results obtained by the proposed FIA-MPA method were in agreement with those obtained by HPLC at the 95% confidence level (the calculated t-values from Student's t-test were smaller than the critical value, 2.78, for n = 4), attesting the accuracy of the proposed method. These results attest to the good performance of the new FIA-MPA method for simultaneous determination of paracetamol and naproxen using an MWCNT-SPE. The proposed FIA-MPA method was compared with previous methods reported in the literature (Table 3). The proposed method presented superior performance in comparison with HPLC. The square-wave voltammetric method which employed a dysprosium nanowire-modified carbon paste electrode provided better detection limits (at least 3 orders of magnitude) due to the high sensitivity of square-wave voltammetry associated with a preconcentration step. On the other hand, the modified carbon paste electrode required polishing and cleaning before each measurement, which increases the analysis time and this additional step depends on analyst skills. Thus, the analytical frequency of such a voltammetric method is dramatically decreased to 30 h-1 considering a one-minute electrode polishing/cleaning step and a one-minute measurement.
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  Conclusions

  The present study demonstrates that MWCNT-SPE is a promising analytical tool in FIA system coupled to MPA detection, which can be used as a simple sensor for the simultaneous quantification of paracetamol and naproxen in pharmaceutical formulations. The technique presented short analysis time (90 injections per h), low consumption of reagents and samples, high precision (RSD < 1.1%; n = 10), adequate accuracy (confirmed by comparison with HPLC results), and linear calibration curves (r > 0.99 in both cases). The limits of detection were 0.4 and 0.3 µmol L-1 (FIA) for paracetamol and naproxen, respectively. Furthermore, the method is selective for simultaneous determinations, free of interferences from sample matrix, requires simpler instrumentation and provides lower analytical costs in comparison with HPLC (typically applied for simultaneous determinations in pharmaceutical analyses).
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    O presente estudo objetiva a degradação eletroquímica do éster dimetilftalato (DMP) em uma célula em fluxo do tipo filtro-prensa, usando um ânodo dimensionalmente estável (DSA®). As melhores condições de eletrólise foram determinadas pela análise da natureza e concentração do eletrólito suporte, pH, densidade de corrente e temperatura. A remoção da concentração do DMP e do teor de carbono orgânico total (TOC) foram maiores na presença de NaCl, assim como os valores das constantes cinéticas de pseudo primeira ordem. Usando força iônica constante em 0,15 mol dm-3 pela adição de Na2SO4, a concentração de DMP diminuiu mais rapidamente a baixas concentrações de íons cloreto, enquanto que a remoção do teor de TOC após 1h de eletrólise aumentou com a adição de NaCl. A remoção do DMP foi similar para todas as densidades de corrente investigadas em solução ácida. A melhor opção operacional, considerando a eficiência energética, é de baixa densidade de corrente, já que o sistema eletroquímico encontra-se sob regime de transferência de massa.

  

   

  
    The electrochemical degradation of dimethyl phthalate (DMP) using a one-compartment filter press flow cell and a commercial dimensionally stable anode (DSA®) is presented. The best electrolysis conditions were determined by the analysis of the influence of the nature and concentration of the support electrolyte, pH, current density and temperature. The abatement of DMP concentration and total organic carbon (TOC) removal were superior in the presence of NaCl, as well as the apparent first order kinetic constants. Using constant ionic strength at 0.15 mol dm-3 by adding Na2SO4, DMP concentration decreases faster at relative low NaCl concentrations while the TOC removal after 1 h of electrolysis increases with NaCl concentration. The DMP removal was very similar for all the current densities investigated at acidic solutions. When electric energy saving is considered, since the electrochemical system was under mass transport conditions, the best operational option is to use low current density values.

    Keywords: endocrine disruptor, dimethyl phthalate, indirect oxidation, electrooxidation, mass-transport

  

   

   

  Introduction

  The contamination of aquatic ecosystems is among the most critical problems faced by the 21st century society as a consequence of the increasing waste production containing synthetic organic compounds, such as phthalates, dyes, antibiotics, hormones and personal care products. The phthalic acid esters (PAEs) are a class of organic compounds used as additives in plastic manufacture, namely polyvinylchloride (PVC), polyvinyl acetates, cellulose and polyurethanes.1 The release of PAEs to the environment may occur through leaching promoted by water, as phthalates are physically bound to plastic structures,2 such as those used in food packing, toys, blood transfusion bags and tubing. Consequently, contamination of the atmosphere, soil and water is likely to occur, as shown in many works in the literature.3-5 Moreover, PAEs can affect the endocrine system6 of animals and humans, leading to serious health problems,7 even at low concentration levels (µg L-1 or ng L-1) that are present in drinking water.6 Consequently, effluents containing such synthetic organic compounds should be treated before their disposal to water bodies, since sustainability is part of many developing technologies or processes.8

  The conventional treatment processes are inefficient to treat effluents containing PAEs or other endocrine disrupting compounds.9 The hydrophobic nature of these compounds can also result in the production of contaminated sludge, which is detrimental to the soil. The electrochemical oxidation or electrooxidation processes could be a reasonable option to treat organic compounds, due to the implementation ease and high oxidation rates attained. The electrooxidation of pollutants can occur through:10 i) direct process, in which the organic molecules are oxidized after adsorption on the electrode surface or ii) indirect process, in which the oxidation of organic contents carried out by electrogenerated oxidants. The most common electrogenerated oxidants are the hydroxyl radicals (•OH), originated from the oxidation of water and active chlorine (Cl2, HClO and OCl−), when chloride containing solutions are electrolyzed. As these species differ in the oxidation potential, the organic pollutants are susceptible to different attacks in their chemical bonds, leading to different reaction mechanisms,11 as shown in the literature for PAEs.12 Moreover, the presence of different alkyl groups in PAEs can lead to the generation of specific intermediates13 due to the variation of their hydrophobic nature.12

  The dimensionally stable anode (DSA®) is an interesting option for the degradation of organic compounds, such as atrazine,14-16 carbaryl,17 and dyes,18,19 due to its versatile electrocatalytic property of active chlorine electrogeneration, electrochemical stability, and long lifetime.20 Motheo and Pinhedo,21 using dimensionally stable type anodes with different compositions in chlorine medium, studied the degradation of humic acid achieving the elimination of most of the electro-oxidation products after approximately 2 h of electrolysis at 40 mA cm-2. Radjenovic et al.22 reported that RuO2/IrO2 coated Ti anodes are capable of oxidizing 28 pharmaceuticals and pesticides present in the effluents of a wastewater treatment plant; however, an increase was noticed in the toxicity of the byproducts. On the other hand, Chatzisymeon et al.23 reported that the electrooxidation of an olive mill wastewater, using DSA® anode in the presence of chloride ions, led to complete color and phenol removals, eliminating ecotoxicity. An advantage of DSA® is its semiconducting characteristics because, when UV radiation is associated to the electrochemical treatment, the energy consumption is substantially reduced by the use of low current densities.16-17 In addition, Malpass et al.24 showed that the photo-assisted electrochemical oxidation of atrazine resulted in toxicity reduction, when chloride-containing solutions are electrolyzed.

  Thus, the aim of the present work is to study the electrochemical oxidation of dimethyl phthalate (DMP) using DSA® as the electrode material in the presence of chloride ions. These conditions are expected to improve the electrochemical oxidation of DMP, especially in acidic solutions. The optimization of the current density is important when the relationship between maximum pollutant removal and energy saving is considered.

   

  Experimental

  Electrochemical cell and equipment

  The electrochemical experiments were carried out in a one-compartment filter-press reactor composed of the DSA® (nominal compositionTi/Ru0.3Ti0.7O2, De Nora Brazil Ltda.) and Ti plates, as anode and cathode, respectively. The exposed area of both electrodes was 14 cm2. The distance between the electrodes was kept at 0.9 cm by positioning Viton and Teflon® spacers of 1 and 2 mm thickness, respectively. A reversible hydrogen electrode (RHE: 0.5 mol dm-3 H2SO4) was used as the reference and positioned outside of the cell reactor. The electric contact was made through a cationic membrane strip (IONAC), in which one end was placed among the spacers and the other was positioned in an electrolytic bath filled with 0.5 mol dm-3 H2SO4. The cell reactor was connected to a peristaltic pump and to a reservoir through silicon tubes. More details about the electrochemical system and cell configuration are described elsewhere.14,18,19

  Cyclic voltammetry measurements (10 cycles at 20 mV s-1) were carried in a conventional electrochemical cell composed of the DSA® (0.88 cm2), two Pt foils as cathode, and RHE as reference electrode. Prior to the measurements, a pre-treatment of the DSA® electrode was performed in 0.5 mol dm-3 H2SO4 solution. It consisted of 50 voltammetric cycles from 0 to 2.0 VRHE at scan rate of 200 mV s-1.

  All electrochemical measurements (cyclic voltammetry and galvanostatic electrolyzes) were performed using a potentiostat/galvanostat coupled to a SPGSTAT30 Booster (Amplifier), both from AUTOLAB Eco Chemie. All glassware and components of the electrochemical cells were cleaned to remove all organic contamination. The method used was the acid-permanganate procedure followed by washing in an acidic H2O2 solution followed by heating in deionized water and subsequent abundant rinsing with deionized water.

  Reagents

  All chemicals, including DMP (a.r., Sigma-Aldrich), Na2SO4 (a.r., Qhemis), NaCl (a.r., Synth, Brazil), Ag2SO4 (a.r., JT Baker, Mexico), HgSO4 (a.r., JT Baker, Mexico), H2SO4 (98%, Mallinckrodt), NaOH (a.r., Qhemis, Brazil), oxalic acid (a.r., Synth, Brazil) and acetonitrile (HPLC grade, JT Baker, Mexico) were used as received. Double deionized water (Millipore Milli-Q system, resistivity of 18.2 MΩ cm at 25 ºC) was used to prepare all solutions.

  Electrochemical degradation experiments

  The electrooxidations were carried out galvanostatically using 0.35 dm3 of a solution containing 161.8 mg dm-3 DMP, which corresponds to an organic carbon content equal to 100 mg dm-3. The investigated variables in the electrochemical degradation of the DMP compound were: i) the nature and concentration of the support electrolyte (NaCl and Na2SO4) by keeping the ionic strength at 0.15 mol dm-3; ii) the initial pH (2-10); iii) the applied current density (20-120 mA cm-2); and iv) the temperature (10-50 ºC). The flow rate was kept constant at 300 cm3 min-1 using a centrifugal pump. The initial electrolysis time was set for 1 h, in order to assess the levels of the investigated variables on the degradation and mineralization of the DMP solution. After optimizing the variable system, a prolonged electrolysis was conducted for 5 h.

  Analysis

  The performance of the electrochemical degradation experiments were analyzed through high performance liquid chromatography (HPLC), chemical oxygen demand (COD) and total organic carbon (TOC) removals. The DMP concentration decay was monitored by HPLC (Shimadzu, LC-10ADVP) assays under reversed phase using a C18 column (150 mm × 4.6 mm, 5 µm). The mobile phase consisted of 50% acetonitrile and 50% water with a flow rate of 1 cm3 min-1. The temperature of the oven was maintained at 40 ºC and the DMP concentration was monitored at 274 nm (Shimadzu, SPD-10AVP). The area of the peak corresponding to the DMP molecule was compared to the one from a calibration curve that was previously obtained in the range of 1 to 200 mg dm-3. COD measurements were taken at the beginning and after 1 h of electrolysis, by sampling 2.5 cm3 of the electrolyzed solution. Then, aliquots of an acidic solution (1.5 cm3) containing K2Cr2O7 and HgSO4 were added to the electrolyzed samples followed by the addition (3.5 cm3) of concentrated H2SO4 containing AgSO4. These solutions were oxidized by digestion for 2 h at 150 ºC in a COD block reactor, according to the methodology described in the literature.25 Then, after the ambient temperature was reached, the absorbance of the samples was read at 600 nm in a spectrophotometer (Hach DR 2800). The resulting COD values were compared to the ones from a calibration curve. TOC measurements (Shimadzu, VCPH) were carried out at every 15 min by sampling 9.0 cm3 of the electrolyzed solution up to 1 h. The TOC values were obtained by subtracting the total carbon minus the inorganic carbon.

  The current efficiency (CE) for the electrochemical degradation of the DMP compound was calculated as proposed by Comninellis and Pulgarin26 and considering the relation between COD and TOC reported by Gray and Becker:27

  
    [image: Equation 01]

  

  where TOCt and TOCt+Δt correspond to the organic load (g dm-3) at a certain time t (s) and t+Δt, F is the Faraday constant (96,485 C mol-1), V (dm3) is the volume of the electrolyzed solution, and I (A) is the applied electric current. On the other hand, the electric energy consumption per unit volume of electrolyzed solution (w) was calculated as:
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  where U is the cell potential (V).

   

  Results and discussion

  Effect of the support electrolyte

  The effect of the salt nature is shown in Figure 1 for the DMP and TOC decay as a function of the electrolysis time in the presence of NaCl 0.15 mol dm-3 and Na2SO4 0.05 mol dm-3. These concentration values were used to keep the ionic strength at 0.15 mol dm-3. The DMP and TOC removals were superior in the presence of NaCl, as well as the apparent first order kinetic constants (Table 1), due to the electrogeneration of the chlorine oxidative species. Among these species, the Cl2 and HClO are predominant in the acidic solutions (equations 3 and 4):28
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  Moreover, they also have the highest oxidation potentials in comparison to the OCl– species. The electrochemical oxidation of organics, using DSA® in the presence of chloride ions, is responsible for high rates of pollutant removal due to the electrocatalytic evolution of Cl2, as reported in the literature.20,29 In the presence of sulfate ions, the electrooxidation is mainly due to the direct process through the formation of the redox couple MO/MOX+1 (active electrodes) at elevated oxidation states (equations 5 and 6):14

  
    [image: Equation 05]

  

  
    [image: Equation 06]

  

  Then, the MOX+1 species can oxidize the organic compound in the solution, through a mass transport mediated process, or it can lead to the concomitant occurrence of the parasitic reaction of O2 evolution:
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  The possible formation of persulfate ions was also reported by Goldin et al.30 using an anode covered with a mixture of oxides composed of IrO2, RuO2 and SnO2; however, the concentration of these ions remained very low. The role of NaCl in the electrooxidation of organic compunds is well documented in the literature14,15,19,31,32 using DSA® electrodes. Thus, hereafter the experiments will be carried out in the presence of NaCl.

  To verify the anodic behavior of the Ti/Ru0.3Ti0.7O2 electrode, cyclic voltammetric analyses were performed using both supporting electrolytes in the presence and absence of DMP (Figure 2). As discussed by Malpass et al.,14 these measurements are important to study the behavior of the electrode surface under specific conditions. In both NaCl and Na2SO4, it can be observed from the cyclic voltammetric curves, that there is no oxidation peak until 1.4 VRHE and the oxygen evolution reaction occurs at potentials above this value. When using NaCl, the curve in the presence of DMP exhibited a slightly higher anodic current density (ca. 1.4 VRHE), attributed to the reaction between DMP and Cl2, with the consequent generation of oxidized byproducts in the electrode surface (Figure 2a), which leads to an increase of the cathodic current density. On the other hand, the voltammetric curves using Na2SO4, with and without DMP addition, exhibited no significant difference. The DMP molecule did not oxidize at this potential range and did not undergo any structural change from oxidizing agents that may have led to oxidized byproducts at the electrode surface.

  
    

    [image: Figure 2. Cyclic voltammograms]

  

  Effect of the NaCl concentration

  Figure 3 shows the DMP and TOC evolution as a function of the electrolysis time for different NaCl concentrations in acidic solutions. It is important to highlight that the ionic strength was kept at 0.15 mol dm-3 through the addition of Na2SO4. An interesting behavior is the increase of the DMP removal, as well as the apparent first order kinetic constants (Table 1), at low chloride concentrations. It was expected to attain high DMP removal rates at high chloride concentrations, due to the increase in the production of oxidizing chlorine species, mainly HOCl, if the electrochemical system is under mass transport control with respect to Cl2 evolution. Thus, it is interesting to estimate the limiting current density for Cl2 evolution,33 as shown below:

  
    [image: Equation 08]
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  where n is the number of electrons involved in the Cl– oxidation (n = 1), F is the Faraday constant, km is the mass transfer coefficient (m s-1), and CCl– is the Cl– concentration (in mol m-3). The km value was estimated by a standard limiting current test34 and its value is 2.68 × 10-6 m s-1, taking into account the hydrodynamic conditions of the electrochemical system. Considering that the Cl– concentration ranged from 7.0 to 70.4 mmol dm-3, the anodic limiting current density for Cl2 evolution remained between 0.18 and 1.82 mA cm-2. These values are much lower than the investigated current density range (20 to 120 mA cm-2). Consequently, the electrochemical system is under mass transport control with respect to Cl2 evolution. Furthermore, the observed decrease of the DMP removal rate at high NaCl concentrations could be a consequence of parasitic reactions of chlorine consumption.28

  The chlorine oxidative species can react in three different ways with the organic compounds:35 i) substitution reactions; ii) addition reactions to unsaturated chemical bonds; and iii) oxidation reactions. Any of these reactions can lead to the formation of organochloride compounds, which can be more recalcitrant than the original DMP molecule. Consequently, lower levels of mineralization are expected as the chloride concentration is increased, as already observed in Figure 3, despite the similar values of the apparent first order kinetic constants (Table 1). An increase in the concentration of organochloride compounds, measured with the AOX technique, as a function of NaCl concentration, during the electrooxidation of glyphosate using a DSA® electrode was already reported.36 Moreover, the highest removal of the herbicide and COD contents were attained at high NaCl concentrations. A similar behavior with respect to NaCl concentration was obtained during the electrooxidation of real textile waste using a DSA®.37

  Malpass et al.14 also observed an increase in the removal of the atrazine herbicide and in the TOC content as a function of NaCl concentration. The COD removal increases after 1 h of electrolysis with the NaCl concentration in solution, as shown in Table 2. This behavior indicates that the DMP molecule is being oxidized by the chlorine oxidative species, followed by the generation of intermediate compounds that are more recalcitrant to mineralization during electrooxidation (no TOC abatement) or because the organic compounds are no longer oxidized by dichromate ions due to the formation of chlorinated compounds. The organochlorine compounds exhibited deviations from the theoretical and experimental COD values, as shown by Baker et al..38 During the electrooxidation of an olive mill wastewater using a DSA® electrode, the NaCl addition did not contribute to an increase in the COD removal,23 which can be associated to the recalcitrant organic species produced or to the low chlorine oxidative species concentration.
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  In the present conditions, the COD removal increasing as a function of NaCl concentration was unexpected, since the Cl2 evolution is under mass transport conditions. One possible explanation might be the Cl– ions oxidation promoted by Cr2O72– at high NaCl concentrations (70 mmol dm-3). As a consequence, erroneous COD measurements were obtained for this specific condition.

  Effect of the initial pH

  Figure 4 shows the DMP and TOC decay as a function of the electrolysis time for different initial pH values of the solution. Acidic solutions resulted in the best removal rates attained for the DMP and TOC, as well as the highest apparent first order kinetic constants (Table 1), as a consequence of the electrogeneration of the HOCl and Cl2 species. In alkaline medium, OCl– ions are probably present in higher concentration than other chlorine oxidative species; however, the removal of the organic compound decreases because of the low oxidation potential of the OCl– species compared with Cl2 and HOCl. The stability of the different chlorine oxidative species at a certain pH value is well described in the literature.28,35 Moreover, these oxidants are sufficiently stable to oxidize organics in the bulk of the solution, after being electrogenerated at the electrode surface and diffused away from it.31According to Prasad and Srivastava,39 an increase in the initial pH of the solution for the electrooxidation of a distillery wastewater on a ruthenium oxide coated Ti decreases the color removal. The authors suggested that at higher pH values the hypochlorous acid will be converted to ClO3– and ClO4– species and, as consequence, the decolorization is reduced. The generation of ClO3– and ClO4– species is likely to occur during the electrooxidation using DSA® electrodes, but their low concentration might be due to the competition between the reactions of oxygen evolution and chloride oxidation, as discussed by Polcaro et al..40 On the other hand, Rajkumar and Kim41 obtained similar removal rates for a mixture of dyes during the electrooxidation using a DSA® electrode at different pH conditions. Yining et al.42 also reported a pH independent behavior with respect to the TOC removal of a solution containing 50 mg dm-3 of DMP, during the anodic oxidation using the boron-doped diamond (BDD) electrode, as a consequence of the electrode's high ability to electrogenerate hydroxyl radicals. Table 2 shows that the highest COD removal values were obtained at acidic conditions, as a consequence of the highest oxidation power of the Cl2 and HClO; however, Zhou et al.43 found similar COD removal values in the pH range of 2 to 8.3, during the electrochemical treatment of a high salinity solution containing alkanes using a Ti/IrO2-RuO2 electrode. In addition, COD removal values were superior in comparison to the ones attained for TOC removal, which indicates that the mediated oxidation is carried out through the formation of intermediate compounds. Thus, the remaining experiments were carried at pH 2.
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  Effect of the current density

  Figure 5 shows the DMP and TOC decay as a function of the charge applied per unit volume of electrolyzed solution (Qap) for different values of current densities. Although it can be observed that the DMP removal was very similar for all the current densities investigated (see also the apparent first order kinetic constants in Table 1), low current densities (low Qap) could be the option if energy saving is considered. On the other hand, the TOC removal levels decreased from 20 to 120 mA cm-2. These behaviors indicate that the indirect oxidation mediated by the chlorine oxidative species is occurring followed by the generation of intermediates. As discussed above, the generation of intermediates is responsible for the reduction of the DMP and COD contents, but without significant mineralization rates. Moreover, the TOC removal can only be accomplished with high oxidizing agents such as the hydroxyl or chlorine radicals. Thus, at high current densities the side reaction of oxygen evolution becomes the main electrode reaction and consequently, the production of high oxidizing agents diminishes, as can be confirmed by the lowest values of current efficiency. Moreover, the values of the apparent first order kinetic constants (Table 1) obtained for the DMP electrooxidation are much lower than the ones obtained by Yining et al.42 using the BDD electrode, due to the greater oxidation power of this anode compared to the one of the DSA® electrode.
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  At this point, it is interesting to compare the extent of total removal or complete combustion of an organic pollutant, based on a ratio between the percentages of TOC and DMP removals (Ф), as discussed by Miwa et al..31
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  Table 1 shows the Ф values. Clearly, high current densities led to low levels of Ф, indicating poor mineralization efficiency. The COD removal increased with the applied current density, as observed in Table 2; however, when the ratio between the COD removal and the Qap is considered, the COD removal at low current densities is the highest one. That behavior is due to the continuous evolution of O2 at high current densities, leading to low current efficiencies. Thus, the electrochemical system can be operated using low current densities, which leads to higher removal rates of DMP, TOC and COD, hence the improvement in the complete oxidation range. The choice of an adequate current density also depends on the flow regime of the electrochemical system under investigation, as interestingly discussed by Scialdone et al..32 If the electrochemical system is under mass transfer conditions, one can expect high removal efficiencies at high flow rates. The expected improvement in the mass transfer coefficient at high current densities,44 as a consequence of the turbulence generated close to the anode, did not affect the removal rates attained. A similar behavior of increased COD removal as a function of current density was observed by Prasad and Srivastava;39 however, maximum color removal was not observed at high current densities. Panakoulias et al.45 observed that the COD removal for solutions containing the reactive red 120, using the Ti/IrO2-RuO2 anode, was not dependent on the current density, but increased with the applied charge. Thus, low current densities may be applied to the detriment of long treatment time.

  Effect of the temperature

  Figure 6 shows the DMP and TOC evolution as a function of the electrolysis time for different investigated temperatures. An improvement in the DMP and TOC removals at high temperatures (see the apparent first order kinetic constants at Table 1) is observed due to the increased oxidation power of the chlorine oxidative species (HClO and Cl2). On the other hand, the expected decrease in the concentration of these chlorine species, essentially gaseous at acidic solutions, does not seem to influence the DMP or TOC removals. Moreover, a temperature increase can result in a similar improvement in the diffusivity coefficients of the species in solution, leading to high removal rates, since the electrochemical system is under mass transport regime. The higher DMP removal values in comparison to the TOC ones indicate that the electrooxidation is performed by the formation of intermediate compounds, as discussed above. Furthermore, the higher COD removal values (Table 2) in comparison to the DMP and TOC ones, could suggest the formation of recalcitrant intermediates. Scialdone et al.32 also obtained high removal rates at temperatures of 50 and 70 ºC during the electrooxidation of oxalic acid using a DSA® electrode (Ti/IrO2-Ta2O5). This behavior was a consequence of the attenuation of water oxidation. A similar behavior was noticed by Chatzisymeon et al.46 who attained high phenol removal rates at high temperatures (60-80 ºC) using a Ti/IrO2 anode.
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  After optimizing the investigated variables, a prolonged electrolysis (300 min) was carried out. Figure 7 shows the DMP concentration and TOC decay as a function of the electrolysis time for the optimized conditions for 5 h of electrolysis. The DMP electrooxidation was carried out with the concomitant mineralization (Ф = 0.98 after 300 min of electrolysis) thus, the possible formation of recalcitrant intermediates might have been suppressed. The instantaneous current efficiency (εinst) decreases when the Qap increases as a consequence of the organic load abatement and the consequent increase of the O2 evolution reaction. The relative decay of DMP concentration and TOC as a function of the electric energy consumption (w) for 5 h of electrolysis shows that the w required to attain 40% of DMP concentration and TOC removals is ca. 23 kW h m-3.
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  Conclusions

  The electrochemical degradation of the DMP compound using the DSA® electrode exhibited low removal levels when compared to those using the BDD anode; however, it was interesting to observe that a considerable range of complete combustion was attained, which could indicate the decreased formation of intermediate compounds, when using low current densities. The electrolysis in the presence of low NaCl concentration exhibited the highest apparent first order kinetic constants for the DMP and TOC removals, possibly due to the low formation of recalcitrant organochlorine compounds. Furthermore, acidic conditions at high temperatures also yielded the best DMP and TOC removal rates, attributed to an increase in the oxidation power of the chlorine oxidative species, particularly Cl2 and HOCl. Since the electrochemical system was under mass transport conditions, low current densities led to the highest levels of complete combustion and current efficiencies, as a consequence of diminished oxygen evolution reaction. Finally, the best conditions for the relation between maximum pollutant removal and energy saving can be attained at 20 mA cm-2. The use of DSA® electrode could be an interesting option to treat effluents containing phthalates in the presence of chloride ions, as a consequence of its electrochemical stability, commercial availability and high extent of complete combustion; however, the need for acidic media to attain high removal rates could be the main drawback.
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    Um novo sensor baseado em nanotubos de carbono de paredes múltiplas modificado com bastões de SnO2 foi desenvolvido para a determinação eletroquímica de levofloxacino. A morfologia, a estrutura, e o comportamento eletroquímico do eletrodo compósito foram caracterizados por microscopia eletrônica de varredura, energia dispersiva de raios X e voltametria cíclica, respectivamente. Voltametria de pulso diferencial em solução tampão fosfato pH 6,0 permitiu a aplicação de um método para determinar níveis de levofloxacino em um intervalo de 1,0-9,9 µmol L−1, com limite de detecção calculado em 0,2 µmol L−1 (72,0 mg L−1).

  

   

  
    A new sensor based on multi-walled carbon nanotubes modified with SnO2 rods for the electrochemical determination of levofloxacin has been investigated. The morphology, the structure, and the electrochemical performance of the composite electrode were characterised by scanning electron microscopy, energy dispersive X-ray spectroscopy, and cyclic voltammetry, respectively. Differential pulse voltammetry in phosphate buffer solution at pH 6.0, allowed the application of a method to determine levofloxacin levels in a range of 1.0-9.9 µmol L−1, with a limit of detection calculated at 0.2 µmol L−1 (72.0 mg L−1).
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  Introduction

  One of the most widely used antibiotics in the world is levofloxacin, which is the third generation of fluoroquinolone antibiotics. In humans, after levofloxacin oral administration, approximately 87% of the dose may be recovered as unchanged structural drug in the urine.1 Consequently, the antibiotic is discarded in sewage,2 causing hazardous effects to human health and in the quality of life. Thus, studies on forms of wastewater treatment for the removal of these xenobiotic, as well as studies focused on the determination of these antibiotics to be carried out a monitoring of the wastewater are very important.

  The development of versatile materials to modify electrodes has been the goal of some environmental analyses that use electrochemical methods to measure micropollutants. Nanostructured carbon materials, in particular the carbon nanotubes (CNTs), appear to be one of the most promising supporting materials for surface modification of electrodes, due to their unique properties. Their main properties include: high area/volume ratio, thermal and chemical stability, conducting or semiconducting behaviour,3 high surface area4,5 and the presence of functional groups anchored on the CNT edge making these materials an excellent support to be modified with several species.6-9

  Tin dioxide (SnO2) is a material with versatile applicability in a large number of physicochemical procedures. This inorganic material has been extensively used in the photoelectronics, microelectronics, solar cells, sensing and biosensing devices, due to its relatively higher conductivity than TiO2 and SiO2.10-12 Due to the conductive properties, SnO2 has been used for the modiﬁcation of electrochemical transducers in sensor applications.10,13 Therefore, tin oxide displayed an interesting material to be used as a modifier of CNTs. In this study, the carbon nanotubes were modified with SnO2 rods in the first time for antibiotic detection.

  The usual analytical methods for levofloxacin determination are based on chromatographic methods such as liquid chromatography-mass spectrometry (LC-MS)14 and high performance liquid chromatography (HPLC),15 electrophoresis16 and UV-Vis.17 There are few reports available on the electrochemical detection of levofloxacin. In this case, these methods are based on the irreversible oxidation of the piperazine group of the levofloxacin moiety.18,19

  Considering all descriptions above, this study focused on the synthesis, characterisation and application of a composite based on multi-walled carbon nanotubes and SnO2 rods (MWCNT-SnO2) for electrochemical determination of levofloxacin. The proposed composite could be an alternative material for determination of the antibiotic in environmental samples.

   

  Experimental

  Apparatus and procedures

  Cyclic voltammetry (CV) and differential pulse voltammetry (DPV) experiments were performed using a model PGSTAT 128N Autolab electrochemical system (Eco Chemie, Netherlands) coupled to a computer and monitored with NOVA software. The electrochemical cell was assembled with a conventional three-electrode system: bare glassy carbon electrode (GC) and GC electrode modified with the hybrid multi-walled carbon nanotubes and SnO2 rods (GC/MWCNT-SnO2) as working electrodes (3 mm diameter), an Ag/AgCl electrode in KCl (3.0 mol L−1) as a reference electrode, and Pt wire as an auxiliary electrode. All experiments were carried out at a controlled temperature (25 ºC). Electrochemical characterisation of the MWCNT-SnO2 composite was performed using CV in 0.1 mol L−1 HCl with a scan rate of 50 mV s−1. DPV measurements were obtained with a scan rate of 10 mV s−1, pulse amplitude of 100 mV and a step potential of 2 mV, in a 0.1 mol L−1 phosphate-buffer solution (PBS) at pH 6.0 containing 100.0 µmol L−1 of levofloxacin.

  The structure and morphology of the MWCNT-SnO2 composite was characterised using a scanning electron microscopy coupled to an energy-dispersive X-ray spectroscope (SEM-EDX) and the images were recorded with a LEO-440 (Zeiss-Leica) microscope.

  Chemicals and solutions

  All solutions were prepared with water purified from a Barnested Nanopure System (resistivity ≥ 18 MΩ cm). All chemicals were of analytical grade and were used without further purification. Levofloxacin, tin chloride (SnCl2), and MWCNT (90% purity) were obtained from Sigma-Aldrich (Germany).

  Synthesis of the MWCNT-SnO2 rods composite

  Before the synthesis of the MWCNT-SnO2 rods composite, the MWCNT was functionalised. For this, an amount of approximately 1.0 g of MWCNT was mixed with 500 mL of a 1:3 mixture of HNO3/H2SO4 for 12 h. This was then filtered through a 0.45 µm Millipore Nylon® filter membrane. The resulting MWCNT was continuously washed using distilled water until the pH of the filtrate was neutral, and then dried overnight in a vacuum oven at 120 ºC. After, the synthesis of the MWCNT-SnO2 rods composite was performed using sodium dodecyl sulfate (SDS) as a surfactant. A suspension containing a ratio in weight of 10:4 (MWCNT/SDS) was prepared in 20 mL of ethanol pure grade and sonicated for 20 min. An excess of sodium borohydride (80 mg of NaBH4) was added to this suspension and sonicated for a further 20 min. A solution containing 32 mg of SnCl2, which corresponds to 20% (m/m) of Sn, was slowly dropped onto the MWCNT suspension, which was kept under constant stirring. Once the reaction was complete, the MWCNT-SnO2 rods composite was dispersed using an ultrasonic probe for 1 h. Finally, the MWCNT-SnO2 rods was filtered through a 0.45 µm Millipore Nylon® filter membrane and washed with ultrapure water. The formed hybrid was then dried in a vacuum oven for 12 h at 60 ºC.

  Preparation of the electrodes

  Prior to modiﬁcation, the GC electrode surface was polished with 0.3 µm alumina slurries, rinsed thoroughly with double-distilled water, sonicated for 5 min in ethanol and 5 min in water, and dried in air. Two milligrams of the MWCNT-SnO2 composite was suspended in 1.0 mL of ethanol containing 0.5% of Naﬁon®.8 The suspension was dispersed using ultrasonic stirring for 20 min. A 15 µL aliquot of this dispersion was dropped onto the GC electrode surface, and dried at room temperature. For comparison, a GC electrode was modiﬁed with a ﬁlm of SnO2 electrodeposited in bulk condition. For this, the GC electrode was immersed in a 0.1 mol L−1 of HCl containing 0.1 mmol L−1 of SnCl2 and it was applied a work potential at −1.0 V during 120 s.

   

  Results and Discussion

  Structural and morphological characterisation of the MWCNT-SnO2 composite

  The structural characterisation of the MWCNT-SnO2 composite was evaluated using the EDX patterns, as shown in Figure 1. The EDX patterns of the MWCNT in absence of SnO2 rods (Figure 1A, inset) presented a typical carbon reﬂection peak at 0.3 keV, which can be attributed to the graphite of the carbon nanotubes. The weight percentage of carbon was calculated at 89.4%. Oxygen atoms were detected at 0.6 keV with weight percentage calculated at 10.6 %. The presence of oxygen in the CNT sample is due to air oxidation and the previous functionalisation procedure, in which hydroxyl and carboxyl groups were anchored onto the CNT surfaces.20 Figure 1A displays typical images of MWCNT. The MWCNT have an average length of 1.0 µm and the diameter estimated at 50 to 80 nm.
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  Figure 1B displays the EDX patterns of the MWCNT-SnO2 composite. The peaks corresponding to the carbon and oxygen appear at 0.3 and 0.5 keV, respectively. However, after the composite synthesis, the EDX patterns presented a series of peaks between 3.4 and 4.2 keV, which were attributed to the presence of Sn. The composite composition was calculated from EDX spectra at different places of the samples, and the following average weight percentages were observed: 36.9% of carbon, 43.6% of tin and 19.4% of oxygen. The results showed that the oxygen percentage increases when MWCNT was modified with tin, what indicates that the tin species deposited was SnO2. The SEM image of the composite materials is presented in the inset of Figure 1B, where it is clearly possible to see the formation of SnO2 rods (shown by arrows) dispersed throughout the MWCNT, with average length estimated in the range between 1-3 µm and the rod diameter varying in the range between 2 to 5 µm.

  Electrochemical characterisation of the MWCNT-SnO2 composite

  The presence of Sn on the composite electrode was characterised electrochemically. As a result, the CV experiments were carried out in 0.1 mol L−1 of HCl, with a scan rate of 50 mV s−1. The electrochemical behaviour of the MWCNT-SnO2 composite was compared with the voltammetric response of a glassy carbon electrode modiﬁed with a SnO2-electrodeposited ﬁlm. In the cyclic voltammograms shown in Figure 2, both the GC electrode modified with Sn electrodeposited ﬁlm (curve a) and the GC electrode modified with MWCNT-SnO2 composite (curve b) showed a quite similar reduction and oxidation processes.
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  In curve a, at a potential value of about –0.64 V the reduction of Sn(IV) to Sn (0) is observed and the oxidation to Sn(II) occurred at –0.41 V. In accordance with literature, oxidation to Sn(II) and Sn(IV) occurs at more positive potential, at 1.0 V.21,22 The same behaviour was observed in curve b, the reduction process appeared at –0.65 V and the oxidation in –0.46 V. The slight differences in the peak potential of the oxidation and reduction of tin and the fact that the peaks are narrower in curve b are characteristic of the presence of the CNTs and SnO2 microparticles in rod-like form. For curve a, the electrode is a continuous film of the SnO2. In this case, the presence of CNTs and rods promotes an increase in the Sn redox process. However, the electrochemical process observed in the composite electrode demonstrated that the CNTs are modiﬁed with Sn.

  Electrochemical studies of levofloxacin

  The electrochemical behavior of levofloxacin at the GC/MWCNT-SnO2 electrode was evaluated using DPV measurements. The DPV voltammograms were collected in 0.1 mol L−1 PBS at pH 6.0 containing 100 µmol L−1, using a scan rate of 10 mV s−1, pulse amplitude of 100 mV and a step potential of 2 mV, and the results obtained are presented in Figure 3. In the absence of levofloxacin (dotted line), no electrochemical process was observed in the potential range studied for the voltammetric response at the GC/MWCNT-SnO2 electrode. However, in the presence of levofloxacin, the GC/MWCNT-SnO2 electrode (curve c) exhibited a well-defined oxidation peak at a potential value of +0.91 V. This oxidation process is attributed to the irreversible oxidation of the piperazine group of the levofloxacin molecule.23 The same oxidation process was observed at an identical potential value for GC electrode modiﬁed with MWCNT in the absence of SnO2 rods (curve b). Therefore, the GC/MWCNT-SnO2 electrode presented higher anodic current intensity for levofloxacin in comparison with the current observed for the electrode GC/MWCNT in the absence of SnO2 rods. The levofloxacin oxidation process on the GC/MWCNT-SnO2 electrode showed an increase by a factor of 2.7-fold in the current peak. Comparing the GC/MWCNT-SnO2 electrode with the bare GC (curve a), the proposed sensor exhibited an increase of 4.9-fold in current peak. In addition, it was observed a shift in the oxidation potential value in 115 mV for more negative values. The increase in current value reﬂects the increase of the electroactive surface area by the formed MWCNT-SnO2 rods composite. Such properties make the GC/MWCNT-SnO2 composite electrode an interesting setup for electrochemical sensing.
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  A pH study was performed in order to evaluate the mechanism of levofloxacin oxidation at the GC/MWCNT-SnO2 surface. The relationship between the levofloxacin oxidation potential and the pH was studied by DPV experiments. The pH values was studied in a range varying from 3.0 to 9.0 in 0.2 mol L−1 PBS containing 100 µmol L−1of levofloxacin. The results presented in Figure 4 show a plot of the DPV current peak (Ipa) and the potential peak (Epa) as a function of pH. The variation of Epa with pH can provide valuable information about the levofloxacin oxidation process.
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  Reducing the hydrogen ionic concentration of the electrolyte causes a shift in peak potential towards more negative values, as illustrated in Figure 4. This is due to the deprotonation of the antibiotic molecule. The oxidation process was facilitated at higher pH value. The Epa vs. pH showed a linear relationship, with a slope of 60 mV per pH unit. Thus, an electrochemical process involving the same number of protons and electrons during the electrooxidation of levofloxacin can be proposed. The slopes for levofloxacin are close to that expected for a two electron electrode reaction, which is 59.2 mV per pH unit at 25 ºC. The number of protons transferred is probably two, which corresponds to 59.2 (h/n) mV per pH unit; where h and n are the number of protons and electrons, respectively, involved in the electrode process. Therefore, the oxidation process proposed for levofloxacin involves two electrons and two protons, in agreement with the work described by Wen et al..19

  The plot of Ipa vs. pH for levofloxacin shows that the anodic peak current increased significantly when the pH was changed from 3.0 to 5.0, remained practically constant from 5.0 to 6.0 and then decreased at higher pH values. This value was expected, given that the pka of the levofloxacin is 5.5 for carboxylic acid group.24 Therefore, pH 6.0 was chosen to be used in subsequent experiments.

  Effect of the electrode composition

  The influence of the composition of the electrode material on the voltammetric response of the GC/MWCNT-SnO2 electrode was evaluated by DPV in 0.1 mol L–1 PBS at pH 6.0 containing 100 µmol L−1of levofloxacin. For the electrode composition study, the amount of MWCNT was fixed and the quantity of Sn was varied in the following proportions: 10%, 20%, 25%, 30%, and 40% (m/m). In Figure 5, it was observed that the anodic current peak increased with the amount of Sn in the composite up to 20% (m/m), decreasing when high amounts of Sn was used. This composition was then used for preparation of all electrodes used for levofloxacin analysis. This behaviour is probably due to the formation of SnO2 clusters when more SnO2 is deposited. Based on these results, 20% (m/m) of Sn was used in all electrodes prepared for levofloxacin analysis.
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  Analytical characteristics

  Using DPV experiments, with a scan rate of 10 mV s−1, pulse amplitude of 100 mV and a step potential of 2 mV, the proposed GC/MWCNT-SnO2 electrode was applied to investigate the electrochemical response as a function of the levofloxacin concentration. All measurements were made in triplicate and the results are indicated as the mean value. The analytical response shown in Figure 6 has a linear response in the range from 1.0 to 9.9 µmol L−1, in accordance with the following equation:

  
    [image: Equation 01]
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  with a correlation coefficient of 0.998 (n = 10). The limit of detection (LOD) obtained was 0.2 µmol L−1 (72.0 mg L−1), being determined using a 3σ / slope ratio, where σ is the standard deviation of the mean value for 10 voltammograms of the blank.

  Comparing the results at the GC/MWCNT-SnO2 electrode with the few reports of electrochemical methods for levofloxacin detection, higher detection limits of 1.0 µmol L−1 25 and 4.0 × 10-7 mol L−1 26 were observed using a poly(o-aminophenol)/MWCNT composite ﬁlm and a MWCNT-polymeric alizarin film modified electrode, respectively. A similar LOD value was reported by Radi et al..27 Using other analytical methods for levofloxacin determination, such as electrophoresis16, HPLC28 and liquid chromatography-tandem mass spectrometry system (LC-MS/MS),29 the detection limits of 1.02 mg L−1 (2.8 µmol L−1), 0.25 mg mL−1 (0.7 µmol L−1) and 3.6 ng g−1 (1.0 × 10-8 mol L−1) were obtained, respectively. Although lower detection limits could be observed, the electrochemical methods have the advantage of low cost, easy operation, potential for miniaturization and automation, construction of simple portable devices for fast screening purposes and in-ﬁeld/on-site monitoring.

  The reproducibility of the GC/MWCNT-SnO2 electrode was measured from seven experiments, in which each experiment consisted of five sequential DPV voltammograms. These experiments were performed on different days. Prior to each experiment, the electrode surfaces were rinsed thoroughly with double-distilled water. Thus, the DPV voltammograms were performed in 0.1 mol L–1 PBS at pH 6.0 containing 100 µmol L–1 levofloxacin. The relative standard deviation (RSD) was calculated as 1.9%. In addition, intra-assay precision tests were performed from ten DPV voltammograms of that same solution. The RSD was found to be 1.5%.

  Selective determination of levofloxacin in the presence of interferents

  The ability to determine levofloxacin in the presence of ascorbic acid (AA) and uric acid (UA) was investigated. In all DPV experiments (Figure not shown) it was not observed an overlap process of the levofloxacin oxidation peaks and the oxidation peaks of the interfering substances studied. In addition, the large separation of the peak potentials allows the selective and simultaneous determination of AA, UA and levofloxacin in the mixture. The oxidation peak potentials of AA, UA and levofloxacin are well-resolved at GC/MWCNT-SnO2 electrode with the peak potentials at +0.17, +0.53, +0.91 V, respectively. The effect of AA and UA in the levofloxacin anodic peak current was evaluated using 0.1 mol L–1 PBS at pH 6.0 containing a fixed concentration of 50 µmol L−1 of levofloxacin, and sequential additions of 25, 50 and 100 µmol L−1 of AA and UA. Recoveries between 98.8 and 102.5% of levofloxacin (n = 3) were obtained, for 25, 50 and 100 µmol L−1 of AA added to each measurement, and recoveries between 97.6 and 99.3% of levofloxacin (n = 3) were obtained, for 25, 50 and 100 µmol L−1 of UA added to each measurement. In the AA and UA concentration range studied it was observed that the decrease or increase in levofloxacin height peak was negligible. Also, the interfering substances studied did not shift the levofloxacin oxidation peak, indicating that the analytical signal does not suffer interference of AA and UA.

   

  Conclusions

  A novel electrode was developed using MWCNT-SnO2 rods composite, which can be used for the levofloxacin detection, being a promising alternative for use in environmental analysis. The MWCNT-SnO2 composite was successfully characterised by EDX, SEM and electrochemical techniques, which indicated that the SnO2 rods were dispersed in the MWCNT. Regarding the use of GC as the working electrode in DPV measurements, the GC/MWCNT-SnO2 composite electrode improved the current peak almost 5-fold for the levofloxacin oxidation. Finally, the synergistic effect of the carbon nanotubes and SnO2 rods yielded lower LOD and improved the reproducibility, repeatability, and the sensitivity of the composite electrode, which augurs well for future applications in this area.

   

  Acknowledgements

  We are grateful for financial support from CAPES, CNPq (grants 471467/2012-0) and FAPESP (grants 2012/19633-0).

   

  References

  1. Moraes, F. C.; Silva, T. A.; Cesarino, I.; Lanza, M. R. V.; Machado, S. A. S; Electroanalysis 2013, 25, 2092.

  2. Speltini, A.; Sturini, M.; Maraschi, F.; Profumo, A.; Albini, A.; TrAC-Trends Anal. Chem. 2011, 30, 1337.

  3. Cesarino, I.; Moraes, F. C.; Machado, S. A. S.; Passaretti-Filho, J.; 
    Cardoso, A. A.; Electroanalysis 2011, 23, 1512.

  4. Sadik, O. A.; Aluoch, A. O.; Zhou, A.; Biosens. Bioelectron. 2009, 24, 2749.

  5. Heller, I.; Mannik, J.; Lemay, S. G.; Dekker, C.; Nano Lett. 2009, 9, 377.

  6. Moraes, F. C.; Lima, R. S.; Segato, T. P.; Cesarino, I.; Cetino, J. L. M.; Machado, S. A. S.; Gomez, F.; Carrilho, E.; Lab Chip 2012, 12, 1959.

  7. Cesarino, I.; Galesco, H. V.; Moraes, F. C.; Lanza, M. R. V.; Machado, S. A. S.; Electroanalysis 2013, 25, 394.

  8. Cesarino, I.; Moraes, F. C.; Ferreira, T. C. R.; Lanza, M. R. V.; Machado, S. A. S.; J. Electroanal. Chem. 2012, 672, 34.

  9. Cesarino, I.; Moraes, F. C.; Lanza, M. R. V.; Machado, S. A. S.; Food Chem. 2012, 135, 873.

  10. Ansari, A. A.; Kaushik, A.; Solanki, P. R.; Malhotra, B. D.; Electroanalysis 2009, 21, 965.

  11. Yang, T.; Guo, X.; Ma, Y.; Li, Q.; Zhong, L.; Jiao, K.; Colloids Surf., B 2013, 107, 257.

  12. Sharma, A.; Tomar, M.; Gupta V.; J. Mater. Chem. 2012, 22, 23608.

  13. Jia, N.; Zhou, Q.; Liu, L.; Yan, M.; Jiang, Z.; J. Electroanal. Chem. 2005, 580, 213.

  14. Ji, H. Y.; Jeong, D. W.; Kim, Y. H.; Kim, H. H.; Sohn, D. R.; Lee, H. S.; J. Pharm. Biomed. Anal. 2006, 41, 622.

  15. Chan, K. P.; Chu, K. O.; Lai, W. W. K.; Choy, K. W.; Wang, C. C.; Lam, D. S. C.; Pang, C. P.; Anal. Biochem. 2006, 353, 30.

  16. Faria, A. F.; de Souza, M. V. N.; de Almeida, M. V.; de Oliveira, M. A. L.; Anal. Chim. Acta 2006, 579, 185.

  17. Kassab, N. M.; Amaral, M. S. D.; Singh, A. K.; Santoro, M. I. R. M.; Quim. Nova 2010, 33, 968.

  18. Radi, A.; El Ries, M. A.; Kandil, S.; Anal. Chim. Acta 2003, 495, 61.

  19. Wen, W.; Zhao, D.-M.; Zhang, X.-H.; Xiong, H.-Y.; Wang, S.-F.; Chen, W.; Zhao, Y.-D.; Sens. Actuators, B 2012, 174, 202.

  20. Moraes, F. C.; Cabral, M. F.; Mascaro, L. H.; Machado, S. A. S.; Surf. Sci. 2011, 605, 435.

  21. El Ghallali, H.; Groult, H.; Barhoun, A.; Draoui, K.; Krulic, D.; Lantelme, F.; Electrochim. Acta 2009, 54, 3152.

  22. Palmas, S.; Polcaro, A. M.; Ferrara, F.; Rodriguez-Ruiz, J.; 
    Delogu, F.; Bonatto-Minella, C.; Mulas, G.; J. Appl. Electrochem. 2008, 38, 907.

  23. Kauffmann, J. M.; Vire, J. C.; Patriarche, G. J.; Nunez-Vergara, L. J.; Squella, J. A.; Electrochim. Acta 1987, 32, 1159.

  24. Koeppe, M. O.; Cristofoletti, R.; Fernandes, E. F.; Storpirtis, S.; Junginger, H. E.; Kopp, S.; Midha, K. K.; Shah, V. P.; Stavchansky, S.; Dressman, J. B.; Barends, D. M.; J. Pharm. Sci 2011, 100, 1628.

  25. Wen, W.; Zhao, D. M.; Zhang, X. H.; Xiong, H. Y.; Wang, S. F.; Chen, W.; Zhao, Y. D.; Sens. Actuators, B 2012, 174, 202.

  26. Chi, Y.; Li, J.; Russ. J. Electrochem. 2010, 46, 155.

  27. Radi, A.; El Ries, M. A.; Kandil, S.; Anal. Chim. Acta 2003,495, 61.

  28. Sun, H.; Wang, H.; Ge, X.; J. Clin. Lab. Anal 2012, 26, 486.

  29. Xu, H.; Chen, L.; Sun, L.; Sun, X.; Du, X.; Wang, J.; Wang, T.; Zeng, Q.; Wang, H.; Xu, Y.; Zhang, X.; Ding, L.; J. Sep. Sci. 2011, 34, 142.

   

   

  Submitted: September 10, 2013

  Published online: January 24, 2014

  FAPESP has sponsored the publication of this article.

   

   

  
    *e-mail: ivana@iqsc.usp.br

  





  DOI: 10.5935/0103-5053.20140018

  ARTICLE

  
    Nascimento AP, Linares JJ. Performance of a direct glycerol fuel cell using KOH doped polybenzimidazole as electrolyte. J. Braz. Chem. Soc. 2014;25(3):509-16

  

  
    Performance of a direct glycerol fuel cell using KOH doped polybenzimidazole as electrolyte

  

   

   

  Ana P. Nascimento; José J. Linares*

  Instituto de Química, Universidade de Brasília, Campus Darcy Ribeiro, CP 4478, 70910-900 Brasília-DF, Brazil

   

  
    Este trabalho mostra os resultados correspondentes ao estudo da influência das variáveis de operação (temperatura, concentração de glicerol, de KOH e vazão de alimentação) de uma célula a combustível de glicerol direto usando o polibenzimidazol (PBI) impregnado com KOH como eletrólito e Pt/C como catalisador. A temperatura mostra um efeito favorável até o valor limite de 75 ºC, causado por melhoras na condutividade e na cinética. A concentração ótima do combustível que alimenta a célula é de 1 mol L–1 em KOH 4 mol L–1, fornecendo suficiente quantidade de combustível e de eletrólito sem cruzamento massivo ao cátodo nem limitações de transferência de matéria. A vazão de alimentação melhora o desempenho até um valor limite de 2 mL min–1, suficiente para garantir o acesso do glicerol e a saída dos produtos. Finalmente, o uso de catalisadores binários (PtRu/C e Pt3Sn/C) resulta benéfico para incrementar o desempenho do sistema.

  

   

  
    This paper studies the influence of the operating variables (glycerol concentration, temperature and feed rate) for a direct glycerol fuel cell fed with glycerol using polybenzimidazole (PBI) impregnated with KOH as electrolyte and Pt/C as catalyst. Temperature displays a beneficial effect up to 75 ºC due to the enhanced conductivity and kinetics of the electrochemical reactions. The optimum cell feed corresponds to 1 mol L–1 glycerol and 4 mol L–1 KOH, supplying sufficient quantities of fuel and electrolyte without massive crossover nor mass transfer limitations. The feed rate increases the performance up to a limit of 2 mL min–1, high enough to guarantee the access of the glycerol and the exit of the products. Finally, the use of binary catalysts (PtRu/C and Pt3Sn/C) is beneficial for increasing the cell performance.

  

   

   

  Introduction

  The rapid growth of the biodiesel industry in the last 10 years demands solutions to the glycerol byproduct produced by transesterification of a triglyceride and an alcohol (1 kg per 10 kg of biodiesel).1 Glycerol has traditionally been absorbed by the pharmaceutical, cosmetic, agro and food industries.2 However, the current production rate already surpasses their capacities. Brazil is the third largest global producer of biodiesel (46,058 barrels per day in 2011), with exponential growth since 2005.3 Moreover, the central-west region alone supported half this production.4

  One alternative proposed to valorize the glycerol molecule is oxidation, giving rise to more oxygenated compounds with greater added value: tartronic acid, mesoxalic acid, b-hydroxypiruvic acid, dihydroxyacetone, and glycolic acid, among others.5 The classical processes for obtaining these products involve the use of environmentally unfriendly oxidants such as KMnO4, HNO3 or H2CrO4. Biological fermentation is another alternative that overcomes the environmental issues. However, the operational conditions need to be strictly controlled and the kinetics of these processes is rather sluggish.6,7 Heterogeneous catalysis is another alternative, showing interesting results with materials such as PtPd, PtAu, PtBi, PtNi, AuPd, PtPdBi.8-17 In this case, glycerol is oxidized in the presence of oxygen, with significant activity in alkaline media.

  These results opened the possibility for using glycerol as a direct fuel in a direct glycerol fuel cell (DGFC), with the emphasis on operation in an alkaline environment. Matsuoka et al.18 implemented an alkaline DGFC for the first time in 2005 using a Tokuyama anion exchange membrane. Subsequent fuel cell studies to date have focused on the use of anionic exchange membranes, such as Tokuyama (A201 and A901) and ADP-Morgane.14,19-23 One possible alternative to these membranes is polybenzimidazole (PBI) impregnated with KOH. PBI is an amphoteric polymer that can interact with acids and alkalis. In the latter case, the existence of amine (NH) groups in its structure allows interaction with inorganic hydroxides such as KOH. In this regard, interesting results have been obtained with methanol and ethanol.24-28

  On the other hand, the development of catalysts for glycerol oxidation is also an active field. Noble metals (Pt, Au and Pd) have emerged as the most effective materials for glycerol electroxidation as shown by numerous studies,23,28-34 with the addition of other secondary metals that promote electrocatalytic activity and/or modify selectivity towards a certain oxidation product.35,36 Nevertheless, up to now, the most efficient materials for glycerol oxidation are Pt and Pt-based ones.

  In this context, this study aims at developing an alkaline-based DGFC using PBI impregnated with KOH as an electrolyte, for the purpose of studying the influence of the operating conditions on cell performance: the temperature, glycerol concentration, KOH concentration in the fuel and fuel feed rate. Once the operating conditions were optimized, commercial bimetallic PtRu/C and Pt3Sn/C were used as anode catalysts in order to obtain a preliminary evaluation of the impact of adding a second less noble metal.

   

  Experimental

  The fuel cell electrodes were prepared as follows: a thick ink consisting of Pt/C (20% Pt/C, BASF Fuel Cells, formerly ETEK-Inc.), Nafion® emulsion (10% wt. with respect to the carbon loading in the catalytic layer), and isopropanol as solvent was prepared, ultrasonicated for 5 min and allowed to dry. Next, a few drops of isopropanol were added until a new slurry was formed that was applied with the aid of a paintbrush onto the gas diffusion layer (GDL). This was composed of carbon powder (Vulcan XC-72R) and 15 wt.% PTFE (TE-3893, Dupont), which was applied homogenously over a carbon cloth (PWB-3, Stackpole) by vacuum filtration. The GDL was kindly donated by the Electrochemistry Group of the Institute of Chemistry of São Carlos (University of São Paulo). After applying the catalytic layer, the electrodes were cured at 80 ºC for 1 h in order to ensure evaporation of the solvent. The final Pt loading in the anode was 2 mg cm–2, whereas the corresponding loading in the cathode was 1 mg cm–2. The active area of the electrodes was 0.785 cm2. Binary catalysts (20% PtRu/C, atomic ratio 1:1 , BASF Fuel Cells, formerly ETK-Inc., and 20% Pt3Sn/C, atomic ratio 3:1, from the same supplier) were prepared following the same protocol, with a final metal loading of 2 mg cm–2.

  The membrane electrode assembly (MEA) was prepared by sandwiching the electrodes between 2 pieces of polybenzimidazole (PBI, Danish Power System, Denmark) membrane. In order to provide anionic conductivity, the membrane was immersed in 6 mol L–1 KOH for at least one week. The adhesion between the membrane and the electrodes took place within the fuel cell rig itself, without performing any hot pressing procedure.

  Electrochemical measurements were carried out with the aid of a potentiostat/galvanostat AUTOLAB PGSTAT 302 (Metrohm Autolab B.V., The Netherlands) in potentiostatic mode, from open circuit voltage (OCV) to lower cell voltages. Evaluation of the uncompensated resistance of the system was carried out with the frequency response analyzer (FRA) module of the potentiostat/galvanostat. The dc bias potential was fixed at 0.6 V, onto which a sinusoidal wave with a frequency ranging from 10 kHz to 100 Hz and an amplitude of 5 mV rms was applied.

  The cell hardware consisted of two monopolar plates made of graphite with 2 parallel channels in a serpentine geometry. The end current collector plates were made of aluminum, into which heating rods were inserted in order to heat up the system. A hole for inserting a K-thermocouple connected to a temperature controller (N1020, Novus Instrumentation) was drilled into the graphite plate. For impulsion of the glycerol solution, a diaphragm metering pump (Prominent) was used. The oxygen flow was controlled with the aid of a flow meter RMS-11 (Digiflow), fixing a value of 20 mL min–1. A schematic drawing of the experimental setup is displayed in Figure 1.

  
    

    [image: Figure 1. Experimental setup]

  

   

  Results and Discussion

  Influence of temperature

  Figure 2a displays the polarization and power curves of the DGFC at five different temperatures (30, 45, 60, 75 and 90 ºC). As expected, an increase in the cell temperature led to an enhancement in the cell performance up to 75 ºC, with a maximum power density of 18 mW cm–2. This can be explained in terms of the improved kinetics of the glycerol electroxidation and oxygen reduction reactions. Special attention should be paid to the first process. Glycerol is a complex molecule with one OH– group on each carbon atom of the molecule. Its oxidation can give rise to a large number of adsorbed species that can severely poison the catalyst surface.37 An increase in the temperature is expected to alleviate this. Concurrently, the uncompensated resistance in the system, whose main contribution is the ohmic resistance of the membrane, is expected to decrease. Figure 2b shows the increase in membrane conductivity (see equation 1 for the membrane conductivity (s) calculation, where R is the ohmic resistance from the high frequency intercept of the Nyquist plot with the real axis, d is the membrane thickness and A is the cross-sectional area) up to 75 ºC. However, when the temperature achieved a value of 90 ºC, there was a decrease in performance. In principle, the conductivity of any KOH solution increases with the temperature, due to the greater mobility of the ions in the solution.38 However, at a certain temperature, the conductivity has a maximum at an intermediate KOH concentration, and decreases for more highly concentrated solutions due to the increase in viscosity. Also, the higher the temperature, the higher the water vapor partial pressure becomes,39 accelerating the vaporization process of the hypothetical solution despite the increase in the water boiling point by the presence of KOH.

  
    [image: Equationb 01]
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  The conductivity reported in Figure 2a is primarily determined by the ionic mobility in the MEA, including the electrodes and the membrane. In principle, the supply of a liquid fuel in the anode must guarantee the mobility of the OH– anions. In the case of the membrane, a similar scenario could be expected, since this is expected to become equilibrated with the anode solution. However, the cathode environment is more complex. Oxygen is fed without humidification, and the cathodic reaction requires water to form the OH– that will be transported to the anode. The only source of water is the flow permeating across the membrane. Furthermore, the alkaline environment at the cathode is maintained by the impregnation of the electrolyte with KOH, without a constant supply of the OH– species from the anode. At high temperature, the water balance necessary to guarantee an efficient oxygen reduction reaction becomes more problematic. Moreover, the higher water vapor partial pressure in combination with a quite anhydrous environment (dry oxygen gas) may contribute to dehydration of the electrolyte with a consequent decrease in conductivity. This could explain the observed decrease in the cell performance. Nevertheless, new studies on the importance of cathode humidification are being carried out in order to confirm this. Therefore, operation at temperatures above 75 ºC is not recommended for this KOH-impregnated PBI system without pre-humidification of the cathode stream.

  Influence of glycerol concentration

  Another important operating variable is the fuel concentration in the anode stream. This variable needs to be optimized since two antagonistic processes affect cell performance: access to sufficient fuel and fuel crossover. Fuel access to the catalytic sites must be guaranteed in order to have a satisfactory cell performance, especially at maximal current density where more glycerol is demanded. An increase in glycerol concentration intensifies the driving force for mass transfer processes. In contrast, a high glycerol concentration is unfavorable in terms of larger amounts of glycerol crossing to the cathode. This latter phenomenon depolarizes it, leading to reduced efficiency, OCV (mixed potential effect) and cell performance. Figure 3 shows the corresponding polarization curves for the different glycerol concentrations. The results are displayed for a temperature of 60 ºC.
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  As can be seen, the maximum cell performance was achieved for a glycerol concentration of 1 mol L–1. At a glycerol concentration of 0.5 mol L–1, the cell performance at low current densities resembled that at 1 mol L–1. However, above 35 mA cm–2 the cell performance dropped, most likely due to an insufficient amount of glycerol accessing the catalytic layer. A glycerol concentration of 2 mol L–1 also reduced cell performance compared to the reference value of 1 mol L–1, and even more drastic results were evident at a glycerol concentration of 4 mol L–1. In this latter case, the OCV was much lower, reflecting the deleterious effects of the fuel crossover. Moreover, glycerol possesses a dynamic viscosity of 81.3 cP at 60 ºC, whereas in the case of water the corresponding value is 0.4688 cP. Hence, more concentrated glycerol solutions become more viscous. The greater viscosity could limit fuel transport to the catalytic layer. Also, the increase in the glycerol concentration could lead to a poisoning of the anode surface by virtue of the large amounts of this molecule competing with the hydroxyl radicals required for glycerol oxidation.19,21 In the case of a fuel concentration of 2 mol L–1 fuel, these phenomena are also occurring, however to a lesser extent since the decrease in the performance is smaller. Finally, changes in the glycerol electroxidation mechanism depending on the glycerol concentration must also be taken into account, as Zhang et al.20 showed. Higher glycerol concentrations favored the conversion of glycerol to less oxidized C3-species, with faster turnover rates compared to lower concentrations. At lower concentrations, more oxidized products (tartronic acid and C2 species) were produced. Currently, ongoing research is being carried out in order to better understand the oxidation mechanism under actual fuel cell conditions with the support of a liquid chromatograph.

  Combined influence of glycerol concentration and temperature

  Although previous sections show the results corresponding to one particular glycerol concentration and temperature, respectively, a more extensive study was also carried out. A combination of five temperatures and four glycerol concentrations was screened in its entirely, in order to study the combined effect of these parameters. For a simpler comparison, Figure 4 shows the maximum power density and OCV obtained for each condition.
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  As can be seen, an increase in the temperature always had a beneficial effect on cell performance, independent of the glycerol concentration, up to the limit value of 75 ºC. At 90 ºC, the ohmic resistance of the system rose upward unacceptably, leading to a decrease in cell performance. However, looking in more detail at the increase in maximum power, it can be seen that this is more pronounced at the highest glycerol concentrations, i.e., 2 mol L–1 and 4 mol L–1. The maximum power density is normally achieved in the intermediate/high current density/voltage region of the polarization curve. In this, mass transfer processes exert a strong influence on cell performance, so that any increase in temperature is expected to decrease the viscosity and, consequently, enhance mass transfer processes within the electrode structure. Furthermore, the anode poisoning effect present at high glycerol concentrations (2 and 4 mol L–1, as aforementioned) is expected to ameliorate the higher temperature. In fact, at 75 ºC, the maximum power when operating with a 2 mol L–1 glycerol solution outperforms that with 0.5 mol L–1. The open circuit voltage showed an increase with temperature. Although a higher glycerol crossover should be expected at higher temperatures, the cathode seems to be more tolerant to the crossed over alcohol. Glycerol is more rapidly oxidized, releasing active sites for the oxygen reduction reaction. Furthermore, the operation of this latter reaction is promoted in alkaline fuel cells.40

  Influence of KOH concentration in the feed

  In alkaline exchange fuel cells, it is necessary to provide OH– species from the feed solution in order to guarantee the alkaline environment in the anode, ensure an abundance of OH– anions and stabilize the acidic oxidation products generated by the glycerol oxidation: glycolic, glyceric, mesoxalic, oxalic and formic acid and CO2, which can reduce the pH locally. Figure 5 shows the influence of KOH concentration on cell performance. Furthermore, in order to assist in interpreting the results, Figure 5 also includes the value of the electrolyte conductivity of the KOH-impregnated membrane.
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  Some interesting tendencies can be observed in the polarization curves. At low current densities, the lower the KOH concentration, the better the performance, in spite of the reduced conductivity. Also, the OCV increases as the KOH concentration is lowered. In order to understand these results, it is necessary to assume that the membrane will always equilibrate with its environment, which is reasonable taking into account its operation using a liquid fuel. The lower the KOH, the lower the impregnation level of KOH becomes, which indeed reflects on the reduced conductivity. Along with KOH, some glycerol can also impregnate the membrane and reach the cathode. The lower the KOH concentration, the smaller the impregnation level which, in turn, will result in a smaller amount of glycerol crossing the membrane. However, at intermediate current densities, where the ohmic polarization governs performance, a high KOH concentration is beneficial due to the higher OH– conductivity (see Figure 5b), especially at the highest temperature (higher OH– mobility). Finally, at high current densities, mass transfer limitations noticeably impair cell performance at the highest concentrations (4 mol L–1 and 6 mol L–1), reaching a maximum current density of ca. 70 mA cm–2 not achieved at the other lower KOH concentrations. At such high KOH concentrations, the viscosity of the solution also increases, impairing the convective and diffusive processes in the electrode and leading to the appearance of a limiting current density. A final issue that should be considered from a practical point of view is corrosion by the detrimental action of temperature and high KOH concentration. In fact, for this particular system, the use of 6 mol L–1 KOH leads to severe corrosion problems, especially in the aluminum end plates, with the formation of a non-conductive layer of potassium aluminate. This raises another important challenge that needs to be overcome: the development of alkaline resistant fuel cell plates for long-term operation. Hence, an adequate KOH concentration might be 4 mol L–1. Nevertheless, it should be born in mind that a higher KOH concentration still enhances cell performance and that more advanced gas diffusion layers, especially designed for alkaline fuel cells, will reduce mass transfer limitations.

  One final observation regarding the influence of the KOH concentration on cell performance is that, as in the case of the influence of glycerol concentration, the glycerol electroxidation mechanism is affected by this parameter. The balance of OH– and glycerol (glycoxide) coverage is affected by the KOH concentration. A greater concentration of KOH will increase the OH– coverage, and this species is necessary to oxidize the glycerol molecule. Also, higher pH favors the formation of the glycoxide anion, a more electroactive species, resulting in a deeper and more rapid oxidation of the glycerol molecule.20 This undoubtedly affects the cell performance and explains the enhancement in cell performance observed with increasing glycerol concentrations within the range of low and intermediate current densities. Nevertheless, ongoing research is being done by this research group in order to better interpret this.

  Influence of the feed rate

  The feed rate is an important parameter directly related to mass transfer processes (see equation 2). Any change in the flow velocity is expected to influence the cell performance, especially at the highest current densities. Figure 6 shows the cell performance at different feed flow rates for a fuel solution of 1 mol L–1 glycerol 4 mol L–1 KOH.
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  As can be seen, there is an increase in cell performance with increasing feed rate in the intermediate-high current density region, where mass transfer processes become more influential on cell performance. The performance is enhanced up to a flow rate of 2 mL min–1 due to the improved mass transfer processes, but does not increase further with a flow rate of 4 mL min–1. Hence, for this particular system, with a 0.785 cm2 electrode and a Pt loading of 2 mg cm–2, and using an anode feed solution with 1 mol L–1 glycerol and 4 mol L–1 KOH, the optimum anode flow rate is 2 mL min–1.

  Mass transfer processes in alkali-based direct alcohol fuel cells can become significant due to the high viscosity of highly loaded KOH solutions compared to neutral ones (only containing alcohol). Furthermore, a large percentage of the products are organic acids that in alkaline medium are in the form of potassium salts, some with limited solubility. The accumulation of these salts within the catalytic and gas diffusion layer and the greater viscosity of the solutions serve to impair mass transfer processes. As a consequence, the flow rate is a key variable for improving the performance of this glycerol based alkaline fuel cell. Illie et al.19 already demonstrated this, reporting an optimum flow rate of approximately 7.5 mL min–1 for a 5 cm2 active electrode area with a Pt loading of 2 mg cm–2 prepared from a 40% Pt/C. A direct comparison between both systems is not possible, since the gas diffusion layer they used was different than the one used in this study, the electrode active area was larger and the flow field geometry of the graphite plates was not described. Nevertheless, the results in qualitative terms are in agreement, highlighting the importance of the fuel flow rate.

  Preliminary results with binary PtRu/C and Pt3Sn/C catalysts

  Glycerol electroxidation requires oxidized species on the surface of the platinum active sites in order to complete the process, which only takes place at high potential. Less noble metals, such as Ru and Sn, typically used in direct methanol and ethanol fuel cells, respectively, assist in providing oxygenated species at lower potentials.41 Thus, the binary PtRu/C and Pt3Sn/C can be interesting candidates for alkaline DGFC. In order to obtain a preliminary assessment of their cell performance, anodes based on these catalysts (commercial materials) were prepared and tested in the cell. Figure 7 displays the corresponding results.
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  As can be seen, the addition of the second metal had a beneficial effect on cell performance, with an increase in the maximum power density and the OCV. The secondary metal is expected to be a source of oxygenated species that assist in a more rapid oxidation of the glycerol molecule. Looking at the effect of the metal, Sn showed a stronger promotional effect compared to Ru. This behavior may somehow resemble that of ethanol oxidation. The dissociative adsorption of glycerol might be favored due to the greater adsorption strength of the molecule on the platinum sites and the larger Pt-Pt interatomic distance in the Pt3Sn alloyed phase, which, combined with the donation of oxygenated species from the neighboring Sn ad-atoms, give rise to a more active catalyst. In the case of glycerol electroxidation, adsorption of the molecule on the catalytic surface is a key step due to the presence of three carbon atoms with their corresponding hydroxyl groups.37 Nevertheless, these latter aspects undoubtedly require deeper study in order to better understand the role of the secondary metal in the catalyst structure.

  One final important comment on this study must be made. If the maximum power densities are compared with those obtained in the literature21 (Figure 5 of this paper summarizes the state-of-the-art for alkaline DGFC), it can be seen that our values are smaller. However, the experimental conditions used are different from those reported in the literature. On the one hand, the cathode catalyst used in some of the studies reported in the literature was the commercial HYPERMEC™ FeCuN4/C Acta catalyst and a commercial anionic exchange Tokuyama A201 or A901 membrane. Both elements seem to promote cell performance, especially taking into account the small thickness (10 mm) of the commercial membrane and the demonstrated effectiveness of the commercial cathode catalyst, which seems to be very tolerant to alcohol crossover. Furthermore, an anionic exchange ionomer was used in the electrodes (AS-4 anion conductive ionomer, Tokuyama), which helps with OH– transport within the catalyst layer, increasing the three phase boundary in the electrode necessary to maximize cell performance. Finally, the smaller active area can have a negative impact on cell performance compared to the typical 5 cm2 used in most studies reported in the literature.14,19-23

  Nonetheless, the purpose of this paper is to demonstrate the feasibility of implementing a DGFC operating under alkaline conditions with a KOH impregnated PBI membrane, analyze the impact of the operating conditions on the cell performance, and a make final assessment on future ways of improving performance by modifying of the catalyst. Ongoing researches are being carried out in order to produce a better anode catalyst and to develop a specific anionic exchange material based on PBI by modification with anionic exchanger ionic liquids.

   

  Conclusions

  This paper has shown the practicality of implementing a direct glycerol fuel cell operating under alkaline conditions with a KOH-impregnated PBI. The operation of this fuel cell showed that a maximum operating temperature of 75 ºC is advisable in order to avoid a detrimental increase in the ohmic resistance that offsets the enhancement in the kinetics of the electrochemical reactions. In terms of an adequate glycerol concentration, 1 mol L–1 was sufficient to balance fuel availability without massive crossover and limitations imposed on mass transfer processes. Also, the KOH concentration in the fuel plays an important role in promoting cell performance due to its supplying OH– species necessary for glycerol oxidation. An adequate concentration in order to avoid corrosion problems and mass transfer limitations was 4 mol L–1 KOH. The feed flow rate also influenced anode mass transfer processes, with an optimum value of 2 mL min–1, high enough to guarantee a supply of glycerol to the electrode with minimal mass transfer limitations. Finally, PtRu/C and Pt3Sn/C can be postulated as alternative anode catalysts for enhancing the glycerol electroxidation process, which was reflected in an increase in cell performance compared to the base Pt/C material.
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    Um eletrodo de pasta de carbono modificado com o polímero poli(vinilpirrolidona) foi avaliado para o estudo eletroquímico e a determinação eletroanalítica da quercetina. Sobre este eletrodo, voltamogramas cíclicos da quercetina apresentaram três picos de oxidação localizados em +0,32, +0,78 e +1,04 V. A eletro-oxidação no primeiro pico conduz à formação da orto-quinona correspondente, a qual pode ser reduzida em condições experimentais favoráveis. Nestas condições favoráveis, a reação é quase-reversível e o processo é controlado por difusão. Este comportamento foi explorado para a determinação eletroanalítica da quercetina por voltametria de onda-quadrada. A curva de calibração obtida foi linear na faixa de concentração de 0,5 a 5,5 µmol L–1 (R2 = 0,998). Os limites de detecção e quantificação foram de 0,17 µmol L–1 e 0,52 µmol L–1, respectivamente. O sensor foi usado para determinação de quercetina em produtos farmacêuticos. A exatidão dos resultados fornecidos pelo sensor foi avaliada por comparação com os resultados obtidos pela técnica UV-Vis.

  

   

  
    A carbon-paste electrode modified with the polymer poly(vinylpyrrolidone) was evaluated through electrochemical studies and the electroanalytical determination of quercetin. For this electrode, cyclic voltammograms of quercetin showed three oxidation peaks at +0.32, +0.78 and +1.04 V. The electro-oxidation associated with the first peak leads to the formation of the corresponding ortho-quinone, which can be reduced under favorable experimental conditions. Under such conditions, the reaction is quasi-reversible and the process is diffusion-controlled. This behavior was exploited for the electroanalytical determination of quercetin by square-wave voltammetry. The calibration curve was linear in the concentration range of 0.5 to 5.5 µmol L–1 (R2 = 0.998). The limits of detection and quantification obtained were 0.17 µmol L–1 and 0.52 µmol L–1, respectively. The sensor was successfully used for the determination of quercetin in a pharmaceutical sample. The accuracy of the results achieved with the sensor was evaluated through comparison with the results provided by the UV-Vis technique.

    Keywords: quercetin, carbon-paste electrode, poly(vinylpyrrolidone), electroanalysis

  

   

   

  Introduction

  Flavonoids are substances of natural occurrence with different chemical structures found mainly in fruits, vegetables, grains, roots, stems, flowers, tea and wine.1 There are more than 4000 flavonoid compounds and their isolation and identification were pioneered by Szent-Gyorgyi in 1936.2 The basic chemical structure of flavonoids consists of fifteen carbon atoms distributed in three rings designated A, B and C (Figure 1a). Flavonoids are divided into classes according to their level of oxidation and the number of substitutions of the C ring, whereas the compounds within the same class differ in terms of the number of substitutions of the A and B rings.3
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  Some authors4 have demonstrated that flavonoids have high antioxidant capacity and this property is attributed to their ability to scavenge free radicals from both hydrophilic and lipophilic cell components. However, under specific conditions, flavonoids may also present pro-oxidant activiy.5 The consumption of flavonoids by humans is estimated to be a few hundred milligrams per day.6 Research indicates4,6 that a diet rich in flavonoids is related to increased longevity and reduced incidence of cardiovascular disease. In addition to their antioxidant properties, flavonoids have multiple biological properties such as antiviral, antibacterial, anti-inflammatory, vasodilator, anticancer and anti-ischemic.4,6 Besides their use for biological purposes, there is a growing commercial interest for plants as a source of antioxidants, which can also be used to improve the properties of foods.7

  Quercetin (5,7,3',4'tetrahydroxi-flavonol) (Figure 1b) is the most abundant flavonoid in the plant kingdom. Its molecule differs from others of the same class, such as rutin and iso-quercetin, for example, through the presence of a hydroxyl instead of a glycoside group in the C ring, which confers the characteristic properties of quercetin.8 Many researchers8-12 have studied the electrochemical behavior of flavonoids, particularly of quercetin. In general, published data show that the cyclic voltammogram of quercetin in hydro-alcoholic solution exhibits three oxidation peaks and one reduction peak depending on the experimental conditions. The oxidation of the catechol moiety at the B ring occurs first at low positive potentials, leading to the formation of the corresponding ortho-quinone, via a reversible reaction involving two electrons and two protons. The second peak corresponds to the irreversible oxidation of the hydroxyl group at position 3 of the C ring. Finally, the hydroxyl groups at positions 5 and 7 of the A ring appear to have an electron donating effect giving rise to the oxidation at the third peak at higher potentials. However, Timbola et al.9 proposed a more complex multi-step mechanism for the electro-oxidation of quercetin based on electrochemical and spectroscopic experiments. Using the same experimental conditions, Zhou et al.13 reported the isolation, characterization and structural elucidation of 18 intermediates following the electrochemical oxidation of quercetin.

  Owing to concerns regarding the electrochemical determination of quercetin, a myriad of sensors and techniques has been proposed. Some selected papers reporting the more recent results obtained are detailed herein. The determination of quercetin and rutin by flow injection analysis and capillary electrophoresis using electrochemical detection has been recently described.14 Quercetin and rutin have been determined at unheated and heated platinum microelectrodes using cyclic voltammetry. Heated microelectrodes have been used for the determination of the flavonoids in an extract of sea buckthorn and a pharmaceutical preparation. In another study, a molecularly imprinted polymer based on polypyrrole film with incorporated graphene oxide was fabricated and used for the electrochemical determination of quercetin.15 The calibration curve obtained by differential pulse voltammetry in Britton-Robinson buffer solution of pH 3.5 was linear for concentrations in the range of 0.6 to 15.0 µmol L–1 with a detection limit of 48 nmol L–1. The electrode showed good stability and reproducibility. Flavonoids with similar chemical structures as rutin or morin did not interfere with the determination of quercetin. The electrochemical determination of quercetin has also been studied using square-wave voltammetry on a glassy carbon electrode modified with gold nanoparticles self-assembled onto the surfaces of p-aminothiophenol functionalized graphene oxide.16 The linearity range for the calibration curve of quercetin was 1.0 to 10.0 pmol L–1 with a detection limit of 0.3 pmol L–1. The sensor was applied successfully for the determination of quercetin in pharmaceutical preparations. Also, an electrochemical polymerized 5-amino-2-mercapto-1,3,4-thiadiazole-modified single-use graphite electrode for the electrochemical monitoring of quercetin has been described.17 A six-fold increase in the quercetin signal was obtained using the modified electrode compared to the unmodified electrode. The electrochemical oxidation of quercetin in citrate buffer has been investigated using a Nafion multi-walled carbon nanotube composite modified graphite-paste electrode.18 Employing square-wave anodic stripping voltammetry and applying the optimized parameters the content of quercetin was found to be 2.89 mg g−1 and 4.21 mg g−1 in dry and frozen fruits, respectively, of Acanthopanax sessiliflorus (A. sessiliflorus). A differential pulse voltammetric procedure has been proposed for the determination of quercetin in aqueous solution using a simple carbon-paste electrode.19 The detection limit obtained using this carbonaceous material was 38.5 nmol L−1. A carbon nanotube-paste electrode modified with copper microparticles has been constructed and used for the determination of quercetin in apple juice.20 The performance of the modified carbon-paste electrode was compared to the unmodified electrode for the determination of quercetin and a lower limit of detection was obtained with the former. The results obtained for quercetin in apple juice concurred with a spectrophotometric method at the 95% confidence level with recoveries of between 98.9 and 102.8%. Flowerlike Co3O4 nanoparticles have been used as a modifier on a glassy carbon electrode to fabricate a quercetin sensor.21 The electrochemical behavior of quercetin at the sensor was studied by cyclic voltammetry and semi-derivative voltammetry. Under the optimum conditions, the catalytic peak currents were linearly dependent on the concentrations of quercetin in the range of 0.5 to 330 µmol L–1, with a detection limit of 0.1 µmol L–1. This proposed method was successfully applied to determine the quercetin concentration in Ginkgo leaf tablets and human urine samples.

  Poly(vinylpyrrolidone) (PVP) is a polymer with numerous properties, for instance, the ability to extract phenolic compounds from fruit juices and plant extracts is well-documented.22,23 However, reports on the use of PVP for the construction of modified electrodes are scarce.24-26 In one study,24 rutin, a flavonoid with a chemical structure similar to that of quercetin, was determined using a carbon-paste electrode modified with PVP. The authors of the study reported that the polymer PVP enhanced the adsorption of rutin on the electrode surface due to the presence of hydrogen bonding between the imide group in PVP and the hydroxyl group in rutin. This adsorption property was exploited to accumulate rutin on the sensor. After a pre-concentration time of 10 min, the calibration curve obtained by linear sweep voltammetry was linear for rutin concentrations of 0.39 to 13.0 µmol L–1. The detection limit was 0.15 µmol L–1. However, the sensor has not been tested for other phenolic compounds using different electroanalytical techniques and experimental conditions.

  The main goal of this study was to test a PVP-modified carbon-paste electrode (PVP-CPE) as a sensor for the quantitative determination of quercetin. Specifically, our aim was to explore experimental conditions, which differed, from those used in a previous study,24 in order to reduce the accumulation time necessary to obtain the analytical response. Hence, a previously prepared sensor was employed together with cyclic voltammetry to study the electrochemical behavior of quercetin. Then, square-wave voltammetry was used for the construction of the calibration curve and the electroanalytical determination of this flavonoid in a pharmaceutical sample. The performance of the PVP-CPE sensor in quercetin determination was compared to that of the UV-Vis technique.

   

  Experimental

  Reagents and solutions

  All reagents used in this study were of analytical grade and employed without prior purification. Ultrapure water with a resistivity of 18 MΩ obtained from a Milli-Q system (Millipore, Bedford, MA, USA) was used to prepare all solutions. Phosphate, acetate and Britton-Robinson buffers were tested as the supporting electrolyte. All supporting electrolytes were prepared at a concentration of 0.1 mol L–1 and then their pH was adjusted to the appropriate value with 1.0 mol L–1 HCl or NaOH. A stock solution of quercetin was prepared in ethanol at a concentration of 0.1 mmol L–1. Less concentrated solutions were prepared by dilution with purified water. Supporting electrolytes and stock solutions were kept under refrigeration for a maximum of 30 days.

  Sensor preparation

  The PVP-CPE sensor was prepared by macerating 10 mg of PVP (5% w/w) and 160 mg (80% w/w) of graphite powder for 10 min to obtain a uniform dispersion of the polymer in the powdered graphite. Next, 30 mg (15% w/w) of a mineral oil was added and the mixture was macerated for a further 20 min in order to obtain a paste with homogeneous composition. The paste was packed into a 1.0 mL plastic syringe and a copper wire was inserted to obtain the external electrical contact. The PVP-CPE sensor was abraded manually to ensure a renewed surface before each measurement. In all studies, the geometric area of the sensor was kept constant (0.31 mm2). For comparison purposes, an unmodified CPE was also constructed.

  Electrochemical measurements

  Cyclic and square-wave voltammetries were carried out with a PalmSens (Palm Instruments BV, The Netherlands) potentiostat/galvanostat interfaced to a personal computer and the software PSTrace (version 2.5.2) was used for data acquisition. A platinum plate, an Ag/AgCl (3.0 mol L–1 KCl) electrode and a CPE or PVP-CPE were used, respectively, as the auxiliary, reference and working electrodes in a 15 mL conventional three-electrode cell. Cyclic voltammetry was carried out at 100 mV s–1 firstly in the positive direction and then in the negative direction. For the construction of the calibration curve and the determination of quercetin in the pharmaceutical sample, the square-wave voltammograms were recorded at between 0.0 and +0.5 V, with the following optimized parameters: a = 60 mV, f = 100 Hz and ΔEs = 4 mV.

  Preparation of sample and standard addition curve

  The pharmaceutical formulation containing quercetin was purchased at a local (Florianopolis-SC, Brazil) drugstore. The content of one capsule was dissolved and diluted in ethanol to give a 200 mL solution. A suitable aliquot of the resulting solution was transferred to the electrochemical cell containing 10 mL of the supporting electrolyte. Quercetin was quantified after successive additions of 0.5 µmol L–1 quercetin standard solution.

  Comparative method

  UV-Vis spectroscopy was carried out in the wavelength range of 200 to 500 nm using a Cary 60 Agilent (Agilent Technologies, United States) spectrophotometer. A quartz cell with an optical path length of 1.0 cm was used. The maximum absorbance of the solutions containing different concentrations of quercetin was determined at 373 nm.

   

  Results and discussion

  Voltammetric behavior of quercetin on the PVP-CPE sensor

  Cyclic voltammograms recorded at between –0.7 and +1.3 V for 1.0 mmol L–1 quercetin in 0.1 mol L–1 phosphate buffer solution (pH 6.0) at a PVP-CPE sensor are shown in Figure 2. The first cycle (Figure 2a) exhibited clearly three well-defined oxidation peaks at +0.32 V, +0.78 V and +1.04 V in the forward scan. No reduction peaks were observed in the reverse scan. This behavior was similar to that previously observed by other authors.9 For the second cycle (Figure 2b) and the following cycles (data not shown) a significant decrease in the current values was observed, indicating that the electrode surface was blocked by a strong adsorption of the reagent and products of the oxidation reaction. The adsorption of flavonoids has been attributed to the formation of a hydrogen bond between the hydroxyl groups of the phenolic compound and the carbonyl group present in the polymer.24 In addition, this property has been used to propose a PVP-CPE-based sensor for rutin determination. However, an accumulation time of 10 min was necessary to achieve good results.
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  Figure 3 shows the cyclic voltammograms recorded between –0.1 V and +0.7 V for 1.0 mmol L–1 quercetin in 0.1 mol L–1 phosphate buffer solution (pH 6.0) at the CPE and the PVP-CPE sensors. The potential range chosen corresponds to the potential interval of the first peak shown in Figure 2. As expected, no peaks were observed for the CPE (Figure 3a) and PVP-CPE (Figure 3b) in the absence of quercetin. Conversely, in the presence of the flavonoid, a well-defined oxidation peak at +0.25 V and a small reduction peak at +0.14 V were observed using the CPE (Figure 3c). For the PVP-CPE sensor (Figure 3d) the peaks were located at +0.32 V and at +0.17 V for the oxidation and the reduction reactions, respectively. Furthermore, the currents were at least twice as high using the PVP-CPE sensor.
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  As cited earlier, the first peak is associated with the oxidation of the catechol moiety at the B ring, which leads to the formation of the corresponding ortho-quinone, via a reaction involving two electrons and two protons. If the potential is reversed before the second peak, the reaction is reversible or, at least, quasi-reversible, and a reduction peak is clearly perceived. In addition, the formation of products and their adsorption onto the electrode surface were not observed. This behavior was investigated with the aim of applying the PVP-CPE sensor for the determination of flavonoids, in particular quercetin. Hence, all experiments described in the next sections were carried out using the potential intervals shown in Figure 3.

  Optimization of the experimental conditions

  In order to optimize the response of the PVP-CPE sensor, several experimental conditions were investigated, such as the percentage of PVP (5.0% to 40.0% w/w), pH of the supporting electrolyte (2.0 to 12.0) and the chemical composition of the supporting electrolyte (phosphate, acetate and Britton-Robinson buffers).

  The effect of the percentage of PVP, which was varied from 5% to 40 % (w/w), on the response of the PVP-CPE sensor to the oxidation of quercetin was investigated. It was observed that the current obtained by cyclic voltammetry for the oxidation of 1.0 mmol L–1 quercetin in 0.1 mol L–1phosphate buffer (pH 6.0) at a PVP-CPE did not increase with increasing content of the PVP in the carbon paste (Figure 4). On the contrary, the voltammetric profiles were less defined and the consistency of the paste was less satisfactory for the higher contents of PVP. Thus, the percentage of PVP chosen for the construction of the PVP-CPE sensor was 5%.

  
    

    [image: Figure 4. Cyclic voltammograms]

  

  The influence of the pH of the supporting electrolyte on the electrochemical oxidation of quercetin was also investigated. In this case, the universal Britton-Robinson buffer was used at pH varying from 2.0 and 12.0. As in the previous experiments, the current obtained in the cyclic voltammetry for the oxidation of 1.0 mmol L–1 quercetin was monitored using a PVP-CPE sensor. For pH higher than 9.0, no redox signal was observed. The highest currents for the oxidation-reduction reaction of quercetin on the PVP-CPE sensor were observed for pH lower than 5.0, as shown in Figure 5. Thus, we selected pH values in the range of 2.0 to 5.0 to investigate the influence of the chemical composition of the supporting electrolyte on the electrochemical response of quercetin at the PVP-CPE sensor.
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  The effect of the different supporting electrolytes, such as the Britton-Robinson, phosphate and acetate buffers, with the pH varying between 2.0 and 5.0, was investigated by cyclic voltammetry for the oxidation of 1.0 mmol L–1 quercetin. The results are shown in Figure 6. The best voltammetric responses were obtained in 0.1 mol L–1 acetate buffer with the pH adjusted to 5.0. Thus, this supporting electrolyte and pH were selected for further experiments.
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  In summary, the electrochemical oxidation of 1.0 mmol L–1 quercetin was investigated by cyclic voltammetry in the potential interval of –0.1 V to +0.7 V applying the PVP-CPE sensor. The best results were obtained for the following experimental conditions, which were used in the subsequent experiments: (i) composition of the PVP-CPE sensor: (80:15:5%, w/w/w) graphite powder:mineral oil:PVP; (ii) composition of the supporting electrolyte: 0.1 mol L–1 acetic acid- sodium acetate buffer; and (iii) pH of the supporting electrolyte: 5.0.

  Influence of scan rate

  Figure 7A shows the influence of the scan rate (ν) on the voltammetric profile for 1.0 mmol L–1 quercetin in 0.1 mol L–1 acetate buffer solution (pH 5.0) obtained with the PVP-CPE sensor. This profile verifies that the quercetin and corresponding ortho-quinone co-exist at the sensor surface. The reaction is quasi-reversible because the potentials shifted with increasing scan rate. In addition, the cathodic current-ipc/anodic current-ipa ratio deviated slightly from 1.0. The current of both peaks changed linearly with the square root of the scan rate (Figure 7B). The corresponding linear regression equations are ipa/µA = 0.732 + 1.122 v1/2 / (mV s–1) 1/2 (R2 = 0.992) and ipc/µA = 4.104 = 1.668 v1/2/(mV s–1) 1/2 (R2 = 0.996). These results indicate that the redox reaction of quercetin at the PVP-CPE sensor is a diffusion-controlled process. Moreover, the plot of log i vs. log v (Figure 7C) exhibited a slope of 0.67 for the oxidation reaction and 0.58 for the reduction reaction, clearly indicating that the current for both reactions was diffusion-controlled with a small contribution from adsorption.
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  Selection of the electroanalytical technique

  Different electroanalytical techniques were investigated to evaluate their sensitivity in the oxidation of quercetin on the PVP-CPE sensor. To this aim, the experimental setup of the linear sweep voltammetry (LSV), differential-pulse voltammetry (DPV) and square-wave (SWV) was adjusted to obtain the same scan rate for the three techniques during the measurements. Figure 8 shows the results obtained when a solution of 1.0 mmol L–1 quercetin in 0.1 mol L–1 acetate buffer (pH 5.0) was used for the test. It can be clearly observed that the three techniques provided an analytical signal for the electrochemical oxidation of quercetin. However, the maximum current supplied by LSV (Figure 8a) was lower than that supplied by DPV (Figure 8b) which, in turn, was around half of that supplied by SWV (Figure 8c). The highest sensitivity in the latter case is due to the lower capacitive charging current made available in the SWV. Additionally, for reversible or quasi-reversible reactions, as is the case for the quercetin-corresponding ortho-quinone couple, the difference between the current produced by the anodic and cathodic pulses (Δip = ipa – ipc) gave a voltammogram with a peak current that was around twice that of the individual currents. Hence, SWV applied in the potential interval of the first oxidation peak, where the reaction studied was quasi-reversible and diffusion-controlled, was chosen for further experiments.
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  Calibration curve obtained by SWV/PVP-CPE sensor

  Applying the optimized experimental conditions discussed above the square-wave voltammograms shown in Figure 9A demonstrate the excellent response of the PVP-CPE sensor provided as a function of the quercetin concentration. It is evident that the current increased and the peak potential was not shifted with increasing quercetin concentration. The calibration curve obtained from Figure 9A is shown in Figure 9B. The analytical parameters extracted from the calibration curve are given in Table 1.

  
    

    [image: Figure 9. (A) Square-wave]

  

  
    

    [image: Table 1. Analytical]

  

  The calibration curve obtained for quercetin is linear in the concentration range of 0.5 to 5.5 µmol L–1, with a correlation coefficient of 0.998. The linear regression equation can be expressed according to the function Δi/µA = 0.57 + 3.96 [quercetin]/µmol L–1. The limit of detection (LOD) and limit of quantification (LOQ) were calculated according to the equations: LOD = 3.3 Sb/B and LOQ = 10 Sb/B, where Sb is the standard deviation of the linear coefficient and B is the slope of the curve. The LOD and LOQ values obtained were 0.17 µmol L–1 and 0.52 µmol L–1, respectively. The linear range of the calibration curve obtained from this study (0.5 to 5.5 µmol L–1) is somewhat lower than that obtained in previous studies24 (0.4 to 13.0 µmol L–1), but the detection limit is essentially the same, 0.17 and 0.15 µmol L–1, respectively. On the other hand, the procedure used allows increasing the speed of analysis, considering that it is not necessary the pre-concentration step. The intra-day repeatability provided by the PVP-CPE sensor was assessed by considering five times the peak current of the square-wave voltammograms using the same electrode, the surface being renewed after each measurement. The measurements were carried out at three different concentrations of quercetin in 0.1 mol L–1 acetate buffer solution (pH 5.0): 1.0 µmol L–1, 3.0 µmol L–1 and 5.0 µmol L–1. The relative standard deviation (n = 5) varied from 0.1% for the highest concentration to 2.7% for the lowest concentration. To assess the inter-day repeatability, a single sensor was used and the same procedure for the measurements was repeated on five consecutive days. The relative standard deviation (n = 5) varied from 0.1% for the highest concentration to 2.1% for the lowest concentration. The results indicate that excellent repeatability was achieved for the determination of quercetin at the three concentrations using the proposed 
    PVP-CPE sensor.

  Determination of quercetin in pharmaceutical preparation

  The electroanalytical determination of quercetin in a pharmaceutical formulation and the recovery experiments were performed by adding aliquots of a standard solution of 0.5 µmol L–1 quercetin. The sample solution was prepared as described in the experimental section above and diluted to concentrations comparable to those of the calibration curve.

  Figure 10A shows the square-wave voltammograms for the sample alone and after successive additions of the standard solution. The voltammograms revealed well-defined peaks at +0.31 V, and the peak currents increased linearly with increasing quercetin concentration. For comparison purposes the calibration curve is shown in Figure10B curve a together with the standard addition curve shown in Figure 10B curve b. It can be observed that the slopes of the two curves are very similar (the slope of the calibration curve was 3.96 µA L µmol–1 while that of the standard addition curve was 4.05 µA L µmol–1). This verifies the selectivity of the sensor for quercetin compared to the matrix components. In other words, the excipients present in the sample of the pharmaceutical formulation did not interfere in the determination of quercetin. The determination was carried out in triplicate and the mean concentration of quercetin found in the sample was 213 mg, which is consistent with the value provided by the manufacturer of the product (200 mg).
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  Accuracy and precision

  The accuracy provided by the PVP-CPE sensor for the determination of quercetin was evaluated in two ways: firstly through recovery experiments and then by comparison with the data furnished by the UV-Vis technique. For the recovery experiments, six determinations were carried out using different concentrations of the standard solution of quercetin added to the sample. The recovery values were between 96.9% and 102.6% indicating a good accuracy of the proposed sensor. Table 2 shows the results obtained for the determination of quercetin in a pharmaceutical product using the SWV/PVP-CPE sensor and UV-Vis technique.
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  The average values obtained from three determinations (n = 3) using the two techniques, i.e., 211 mg (UV-vis) and 213 mg (SWV/PVP-CPE sensor), were very close to the value provided by the manufacturer of 200 mg. The relative standard deviation (RSD) of the three determinations was 2.51% for the measurements taken with the comparative technique and 2.08% using the proposed sensor. The relative error between the UV-Vis technique and the labeled value was 5.50%, while for the SWV/PVP-CPE sensor the relative error was 6.50%. The relative error between the two techniques used for quercetin determination was less than 1.0%. The Student's t-test was used to compare the results obtained by the two techniques with the labeled value (accepted as the true value). At a confidence level of 95%, the calculated value (tvalue) was lower than the theoretical value (ttheoretical), indicating that there are no significant differences between the results obtained using the two techniques and the true (labeled) value. The precision of the data collected was evaluated using the variance or F test. The Fvalue value obtained for the determination of quercetin was lower that the Ftheoretical value at a confidence level of 95%, indicating that there is no significant difference between the precision of the data provided by the UV-Vis technique and that obtained with the SWV/PVP-CPE sensor. This set of experiments confirmed that the proposed sensor supplied accurate and precise data for the determination of quercetin in the pharmaceutical sample used for the test.

   

  Conclusions

  The results of this study showed that the PVP-CPE sensor can be used for the electroanalytical determination of quercetin. PVP enhanced the sensitivity of the CPE and under optimized voltammetric experimental conditions also increased the reversibility of the reaction for the quercetin-corresponding ortho-quinone couple. Since the reaction rate was diffusion-controlled under these optimized conditions, the determination of quercetin could be easily carried out. The PVP-CPE sensor showed excellent performance for the determination of quercetin in a pharmaceutical sample, with the results comparable to those obtained by UV-Vis spectroscopy. The proposed sensor is a low cost assembly; the surface is easily renewable and in association with square-wave voltammetry it provided low values for the limits of detection and quantification, as well as excellent selectivity, accuracy and precision.
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    Nesse trabalho foram obtidos eletrodepósitos de filmes finos de ZnTe sobre substrato de Pt, usando pulsos potenciotásticos. A influência do número de pulsos, tempo de deposição para cada elemento (Zn ou Te) e a ordem de deposição das camadas (Zn/Te ou Te/Zn) na morfologia, propriedades ópticas e na foto-corrente foi avaliada. Os dados de microanálise mostraram que a razão Zn/Te variou entre 0,12 e 0,30 sendo que o filme não era estequiométrico. Entretanto, o valor de energia da banda proibida obtido, em todas as condições experimentais utilizadas neste trabalho, foi de 2,28 eV, indicando a formação do filme de ZnTe. As amsotras com maior porcentagem de Zn apresentaram maior fotocorrente, a qual foi da ordem de 2,64 µA cm–2 e uma morfologia do tipo dendrítica.

  

   

  
    In this work, the ZnTe thin films were electrodeposited using potentiostatic steps, on Pt substrate. The effect of steps number, the deposition time for each element (Zn or Te) and layer order (Zn/Te or Te/Zn) in the morphology, composition, band gap energy and photocurrent was evaluated. Microanalysis data showed that the ratio Zn/Te ranged from 0.12 and 0.30 and the film was not stoichiometric. However, the band-gap value obtained from in all experimental conditions used in this work was 2.28 eV, indicating film growth of ZnTe. The samples with higher Zn showed higher photocurrent, which was of the order of 2.64 µA cm–2 and dendritic morphology.

    Keywords: electrodeposition, semiconductor, photocurrent, ZnTe thin film

  

   

   

  Introduction

  Current studies show that Zinc-based II-VI compound semiconductors (e.g., ZnO, ZnTe and ZnSe) have large band gap energy.1-4 Zn-X semiconductors can be applied to optoelectronic devices such as light emission diodes and photovoltaic solar cells.5 ZnTe is one of the type II-VI semiconductors that present good optical properties. It shows a direct optical band gap of 2.2-2.3 eV at room temperature, low resistivity and high transparency in the visible spectral domain. Because of these excellent characteristics, ZnTe thin films are used widely in modern solid-state devices, including photovoltaic and solar cells, green light emission and thermoelectric devices and photodetectors.6-10. Thin films of ZnTe can be obtained by different physical and chemical techniques both at room and at high temperature and it is found as a polycrystalline material in nature. The more usual techniques used to prepare polycrystalline thin films of ZnTe are thermal evaporation,11 sputtering,12 chemical vapour deposition13 and electrodeposition.14-16 Among these techniques, electrodeposition is the most suitable method because it is low cost and it allows the coating of large areas with good lateral control of the material quality. Mahalingam et al.17 studied the potentiostatic electrodeposition of ZnTe thin films on indium-doped tin oxide coated glass (ITO) substrates from an aqueous solution. They observed the ZnTe using scanning electron microscopy (SEM) images and found that nanowires protruding from nanorods had grown, which presented a direct transition band gap energy estimated at about 2.26 eV. Secondly, the authors established that the ZnTe-nanostructured grains with high surface-to-volume ratios could be applied in the construction of high-efficiency gas sensors. A similar system was evaluated by Diso et al.;18 however, in this case, the bandgap of the polycrystalline ZnTe layers was in the range of 2.65-2.75 eV for the ZnSO4 precursor and 2.70-2.87 eV for the ZnCl2 precursor; this increase was attributed to the quantum effect.

  A TiO2 array nanotube (NT) modified with ZnTe prepared by pulse potential electrodeposition was applied for photocatalytic degradation of anthracene-9-carboxylic acid (9-AnCOOH). Compared with the unmodiﬁed TiO2 NT, the ZnTe modiﬁed TiO2 NT showed signiﬁcantly enhanced photocatalytic activity under simulated solar light. The increased efficiency of photodegradation was due mainly to the improved photocurrent density, which resulted from the enhanced visible-light absorption and decreased hole-electron recombination due to the presence of the p-type semiconductor ZnTe.19 The influence of the Zn(II) concentration in solution was investigated in the ZnTe's electrodeposition from solution containing citric acid and sodium citrate. The dependence of the structure, composition and surface morphology was evaluated. The results demonstrated that as the Zn concentration in the electrolyte was reduced, the resistivity of the films obtained decreased continuously and that their band gap increased.20

  Another paper reported the ZnTe electrodeposition process from a highly acidic aqueous sulfate electrolyte and discussed the relationships between the electrochemical kinetics and the crystalline structure of the electrodeposits. It was observed that the nucleation process is instantaneous and that the films had a cubic crystalline structure.15 ZnTe nanowires on the anodic alumina membrane (AAM) membranes with 50-nm pore diameters were prepared through potentiostatic electrodeposition conditions. The electrodeposited ZnTe nanowires were characterised by SEM and X-ray diffraction analysis. The latter showed that they presented a preferential crystalline growth along the crystalline plan (200), which is different to that reported in the scarce literature available on this subject.21

  The literature review shows that there is a very sensitive and complex dependence of film microstructure on the preparation method and deposition conditions. Thus, it is important that studies seek to establish the deposition conditions that produce ZnTe films that have a particular crystalline structure with the desired optical properties and morphology. This paper studied the multiple steps in the potentiostatic electrodeposition of ZnTe thin films from aqueous solution on Pt substrates. The effect of the steps numbers, the deposition time for each element (Zn or Te) and the layer order (Zn/Te or Te/Zn) on the morphology, composition, band gap energy and photocurrent response was evaluated.

   

  Experimental

  The reagents used were 99.9% TeO2 , ZnSO4.7H2O and H2SO4 from Sigma Aldrich. Aqueous solutions were prepared with deionized water taken from a GEHAKA purification system. For the electrodeposition of films, a solution was prepared with 100 mmol L–1 ZnSO4 and 1 mmol L–1 TeO2 in 0.5 mol L–1 H2SO4, pH 0.30. The photoelectrochemical experiments used a 0.1 mol L–1 ferrocene ([Fe(C5H5)2]) in acetate nitrile (C2H3N) and 0.5 mol L–1 sodium perchlorate (NaClO4).

  Electrochemical measurements were performed using an Autolab® PGSTAT 302N potentiostat system with Autolab GPES software. The electrodes used were a platinum wire counter electrode and a potassium chloride saturated silver (Ag/AgCl/KCl(sat)) reference electrode. The working electrodes were Pt polycrystalline plates with a geometrical area of 0.9 cm2. The photocurrent system was a xenon lamp (150 W) from Newport 66902 and the cell that was used in this experiment had a quartz window and 3-cm optical distance. The temperature during all experiments was maintained at 25 ºC using a thermostatic bath of Polystat® from Cole-Parmer.

  The films were obtained by multiple potentiostatic steps at –0.2 and –0.7 V, where the potentials were choose from cyclic voltammetric results and are related to Te and Zn deposition, respectively. To assess the influence of the species deposited initially on the substrate (Zn or Te) and of the thickness of each layer on the optical properties of the films, several samples were prepared under the conditions given in Table 1. The total polarisation time was 35 min, which was the same for all the prepared samples; the initial polarisation potential (–0.2 or –0.7 V) and the number of steps for the deposition of each (12, 30, 120 and 300 s) was varied. The time change for each step allowed the modification of the thickness of each layer and also of the number of layers. The variation of initial polarisation potential enabled the selection of whether the first layer deposited was Zn or Te.
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  The photocurrent was analysed using the chronoamperometric technique at light on and off, applying 0.2 V more positive than the open circuit potential for 300 s with the chopper period adjusted to 50 s. SEM images and energy dispersive X-ray spectroscopy (EDS) spectra were obtained using a microscope mod 35 VP Zeiss-Supra. Reflectance UV-Vis spectra were obtained using a UV-VIS HITACHI U-3900H spectrometer. The band gaps of the films were calculated from transmission studies carried out to investigate the optical absorption properties of the ZnTe films; the optical band gap should obey the following Tauc equation, from the plot of (ahν)2 vs. photon energy (hν).22

  
    [image: Equation 01]

  

  where α is the absorbance, h is Planck constant and ν the frequency. Plotting (hν)2 vs. hν we can determine the band gap (Eg).

   

  Results and Discussion

  Initially, the voltammetric behaviour of the Te(IV), Zn(II) and Zn(II) + Te(IV) solutions were analysed using a Pt substrate. The objective was to determine the potentials of the deposition and dissolution of each species, which were used to grow the films. Figure 1 presents the cyclic voltammograms obtained from the individual and the mixture of the ionic species at 0.5 mol L–1 H2SO4, pH 0.30. It can be observed in the cathodic sweep (green curve, Te) that there is one peak at 0.55 V, which is characteristic of the reduction of Te(IV) to Te0. There are two peaks in the anodic branch at 0.55 and 0.65 V, which can be related to the dissolution of the deposited Te and the bulk and of underpotential conditions.23,24 In the case of Zn (red curve) a cathodic peak is visible at –0.7 V, corresponding to the reduction of Zn(II) to Zn0 and another very low anodic peak at –0.35 V, which is due to the dissolution of the Zn coating. The observed Zn dissolution current is low because Zn deposition occurs simultaneously with the hydrogen evolution reaction (HER) and because the HER has a cathodic current, the total anodic current observed on the voltammogram is reduced. This behaviour is usually observed for metal ions that are reduced at very negative potentials.9 In addition, the crossing of the cathodic and anodic currents is observed in the Zn voltammograms when the direction of sweep is changed, which is indicative of the nucleation of the metallic phases.25
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  For the mixture of ions, the peak at –0.7 V attributed to Zn deposition is no longer observed. In this case, the cathodic current increases exponentially due to the HER. However, a well-defined anodic peak appears at +0.52 V which presents a higher dissolution charge and more negative peak potential compared to pure Te. This behavior is typically associated with the formation of a new phase in voltammetry dissolution alloys.26 Therefore, we can say that this peak is not related to pure Te dissolution process, but probably a ZnTe phase, which is formed during the cathodic sweep by co-deposition of Te and Zn. From cyclic voltammograms were chosen for potential deposition of the layers, which were –0.7 V for Zn and –0.2 V for Te deposition.

  Several samples of ZnTe films were prepared under the conditions described in Table 1, which were analysed by SEM. The micrographs of some samples are shown in Figure 2. These micrographs relate to the Zn/Te and Te/Zn films with different thickness for each layer, as described in the experimental section.
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  It can be seen from Figure 2 that the films are uniform, dense and strongly adherent to the substrates and that they present two different types of morphology. One is formed by small globular crystals and the other is a dendritic structure with uniform branches. The branches have different thicknesses and they have an arrangement parallel to the substrate. The samples have examples of both morphologies but one type is usually dominant. The morphology type seems more influenced by the deposition time of each metal ion than by the order of the growth of the layers (Zn/Te or Te/Zn).

  The samples obtained under the conditions when the polarisation time is long (120 and 300 s), corresponding to five cycles of deposition, are shown in Figure 2a, 2b, 2d and 2e. In this case, irrespective of whether the deposition is Zn/Te or Te/Zn at –0.7 V, when Zn deposition or ZnTe co-deposition occurs at 300 s (Figure 2a and 2e), the film morphology is dendritic and the branches are thick. However, when the deposition time is 300 s at –0.2 V (Figure 2b and 2d), for Te(IV) reduction, the coatings are constituted by thin wire dendrites and some globular crystals. Therefore, we can conclude that the dendritic morphology is associated with species deposited at –0.7 V, i.e., Zn or ZnTe deposition. Comparing the samples obtained at 50 cycles, where the polarisation time at each potential is 10 times lower than for the previous samples (Figure 2c and 2f), the morphology of the Zn/Te or 
    Te/Zn is very similar and presents two structural forms, independently at –0.7 or –0.2 V when the deposition time is high. These coatings seem thinner and do not cover the substrate surface completely.

  The dendritic branches were analysed with the aid of Image'J software and the thicknesses of these structures were calculated to vary between 10 and 200 nm. The nanosizes of these structures are good because they provide a high surface area for the material, which is beneficial for applications in photo-sensible devices. By increasing the polarisation time at –0.7 V, these will be the preferential structures once the preformed nanowires have lower energy and will act as nuclei for subsequent ZnTe dendrites; thus, the dendritic structures are grown and their branches become larger. The growth of the dendritic structures is expected in the diffusion-controlled process, far from the conditions of non-equilibrium.27 At short polarization times (12 and 30 s) there is no time for these to structures to grow, because at –0.2 V, a portion of the film deposited at –0.7 V is dissolved. Thus, the dendrites observed in this case are thinner, a smaller amount of film is formed and the substrate is not fully covered.

  The EDS measurements were performed on samples produced under the experimental conditions described in Table 1 and the film compositions obtained from these analyses are shown in Table 2. Table 2 also presents the band gap (Eg) and photocurrent values (ipha) for the films.
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  From Table 2 it is possible to observe that the film composition is not stoichiometric and that the atomic ratio of Zn/Te ranged between 0.12 and 0.30. In all the experimental deposition conditions there was an excess deposition of Te, despite the low concentration of Te(IV) in the solution. The small amount of Zn deposited is due to the low deposition efficiency, once the process occurs simultaneously at HER and because at –0.7 V the Te is deposited with the Zn. Furthermore, it can be observed in Table 2 that the Zn/Te ratio is affected by time and the initial potential of the deposition cycle. The films that present the higher Zn percentage are those whose deposition cycles ended at –0.7 V or for which the time at this potential was 300 s. From EDS results it is also possible to see that for samples with higher amounts of Zn (Figures 2a and 2e) with the dendritic morphology thick branches are more pronounced, which shows that dendritic growth is related to the presence of Zn in the film.

  Figure 3 presents the plots of (αhν)2 vs. hν obtained from the diffuse diffraction spectrum (Figure 3a) and the chronoamperometric response to light on and off during polarisation at 0.2 V vs. open circuit potential for the different films (Figure 3b). The values of the photocurrent and the band gap determined from Figure 3 are shown in Table 2.
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  From Figure 3a, it is clear that the band gap values are practically the same for the different films. The average value is 2.28 eV, which is similar to that found in the literature for films produced by physical and electrodeposition techniques.9,28,29 This result indicates that the films obtained are of type ZnTe, which absorb light next to orange.

  The photocurrents vary for the different films but not significantly, except for the samples Te/Zn 30-12 and Te/Zn 120-300, which exhibit lower and higher photocurrent values, respectively. It can be said that the higher photocurrent values are observed for films where the percentage of Zn is increased. This occurs probably because the deposited Zn reacts with the excess of Te, forming a ZnTe phase and increasing the presence of the semiconductor in the deposits. It is worth noting that the photocurrent values obtained in this study are very significant, whereas the values of the order of nanoamperes are related to those in the literature for CdSe films.30

  From SEM micrographs and by varying the intensity of the peaks in the Pt EDS measurements, it can be concluded that the films thickness of the various samples are different. Because the films are very thin, the photocurrent can vary over the sample volume. This work was not measured the thickness of the films, therefore was calculated relative thickness in order to make a comparison between different samples. To calculate comparative values of the thicknesses between the samples, a direct proportionality was assumed between the Pt peaks intensity in EDS spectra, considering that the maximum value for the depth is 1 µm. So, it was possible to obtain a comparative value of the films thicknesses and these values were used to calculate the relative photocurrent per sample volume (r iphv). The values of thickness and r iphv are shown in Table 2. It is emphasized that the method used does not allow it to make absolute values of current per unit volume, but allows a comparison between different samples of ZnTe obtained in this work.

  In Figure 4 are represented the variation of relative photocurrent per volume unit as function of film composition. The results are similar to those discussed earlier, where the photocurrent increases with the content of Zn in the film. It is noted that despite having obtained a straight this case, the relationship between photocurrent and composition need not necessarily to be linear, since the values used are relative thickness between the different samples.
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  Conclusions

  ZnTe thin films were obtained by potentiostatic steps and aqueous solution. The morphology and film composition depend of deposition conditions, however the band gap value is not varied in the different experimental conditions used in this work. Eg was of 2.28 eV, which is a value close to that of ZnTe bulk and ZnTe films produced by other techniques. SEM analyses showed a dendritic morphology with thick branches for samples with higher amounts of Zn in coating. Using an approximate method for calculating the relative thickness of the different samples was possible to observe that the photocurrent increases with the content of Zn in the film and the values obtained for all samples were the order of mA cm–3. This value indicating that ZnTe obtained in this work is a promising material for use in pn-junctions.
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    Elementos de fase constante (CPE) são frequentemente usados para modelar dados de impedância oriundos de uma gama variada de sistemas experimentais. O modelo de lei de potências comprovou ser uma ferramenta poderosa na interpretação de parâmetros de CPE resultantes de uma distribuição axial ou normal das constantes de tempo. Este trabalho trata das dificuldades na aplicação deste modelo quando um de seus parâmetros possui valor incerto. São apresentados métodos que delimitam o valor do parâmetro, de calibração e de análise comparativa, na qual o parâmetro desconhecido pode ser eliminado. Os métodos são demonstrados por dados sobre óxidos em aços e sobre pele humana, retirados da literatura.

  

   

  
    Constant-phase elements (CPE) are often used to fit impedance data arising from a broad range of experimental systems. The power-law model has proven to be a powerful tool for interpretation of CPE parameters resulting from an axial or normal distribution of time constants. This paper addresses difficulties in applying this model associated with uncertain values for one of the model parameters. Methods are presented for bounding the value of the parameter, for calibration, and for comparative analysis in which the unknown parameter may be eliminated. The methods are illustrated by data taken from the literature for oxides on steels and for human skin.

    Keywords: electrochemistry, electro-analytical, voltammetry/amperometry/spectrophotometry/potentiometry analysis

  

   

   

  Introduction

  In 2010, Hirschorn et al.1,2 identified a relationship between constant-phase element (CPE) parameters and physical properties of films by regressing a measurement model3,4 to synthetic CPE data. Following the procedure described by Agarwal et al.,3,4 sequential Voigt elements were added to the model until the addition of an element did not improve the fit and one or more model parameters included zero within their 95.4 percent 2s confidence interval.

  Their concept was to identify the distribution of resistivity that, under the assumption that the dielectric constant is independent of position, would result in CPE behavior. The development is presented in detail in reference 1. The authors proposed a distribution of resistivity to be

  
    [image: Equation 01]

  

  where r0 and rd are the boundary values of resistivity at the interfaces. A graphical representation of the resistivity distribution associated with equation 1 is presented in Figure 1, where ρδ is the resistivity at y = δ or x = 1, and r0 is the resistivity at y = 0 or ξ = 0. The value of ρ0 was chosen for this representation to be 5 × 104 ρδ, but often ρ0 is too large to be seen in the impedance response.
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  Under the conditions that ρ0 >ρδand f < (2πρδεε0)-1, the impedance of the film was given as

  
    [image: Equation 02]

  

  where g is a function of g. Equation 2 was shown to be in the form of a CPE, i.e.,

  
    [image: Equation 03]

  

  for f < (2πρδεε0)-1. Examination of equation 3 and the high-frequency limit of equation 2 yielded 1/γ = 1 – α  where γ > 2  for 0.5 < α < 1 . Numerical integration was used to develop the interpolation formula

  
    [image: Equation 04]

  

  A relationship among the CPE parameters Q and α and the dielectric constant ε, resistivity ρδ, and film thickness d was found to be

  
    [image: Equation 05]

  

  where resistivity ρδ is the lower bound for the resistivity given in equation 1 and ε0 is the permittivity of vacuum with a value of ε0 = 8.8542 × 10-14 F cm-1.

  Orazem et al.5 recently provided a summary of methods used to extract system properties from CPE parameters. Following the concepts described by Jorcin et al.,6 CPE behaviors were described as resulting from surface or normal (axial) distributions of time constants. If the CPE results from a dielectric response of the material, i.e., a normal distribution of time constants, it allows determination of an effective capacitance expressed in terms of dielectric constant ε and film thickness δ as

  
    [image: Equation 06]

  

  If the CPE response is instead associated with a surface distribution of time constants, a double-layer capacitance may be identified, and the associated value may be used to assess the electrochemically active area.

  Equations 5 and 6 yield an expression for the effective capacitance as

  
    [image: Equation 07]

  

  In addition to the CPE parameters Q and α, Ceff,PL depends on the dielectric constant ε and the smaller value of the resistivity ρδ. A special feature of equation 7 is that it depends only on the high-frequency data without need for the resistance obtained at low frequency.

  The assumption of a uniform dielectric constant is not critical to the development summarized above. Musiani et al.7 have shown that equation 5 applies, even when the assumption of a uniform dielectric constant is relaxed by allowing variation of ε in the region of low resistivity. The power-law model has been demonstrated to provide a suitable approach for interpreting the CPE behavior associated with the dielectric response of a film.2,5 Indeed, the model has been adapted successfully to explore the role of water uptake in coatings.8 While the power-law model provides a better interpretation of CPE parameters than does the formula derived from the characteristic frequency of the impedance, i.e.,

  
    [image: Equation 08]

  

  which is equivalent to equation 3 in the work of Hsu and Mansfeld,9 it requires a parameter ρδ that has well-defined physical meaning but is generally unknown.

  In previous work,2 the experimental frequency range was coupled with physical insight to establish a range of values for ρδ. The authors also used independent measurements of film thickness to allow determination of a value for ρδ, but this approach may be criticized if the uncertainty in the film-thickness measurement is very large. The object of this work is to explore the propagation of errors from the film-thickness measurement to determination of ρδ and, ultimately, to the estimation of film thickness for other systems. An alternative approach is also explored in which determination of ρδ may be avoided. This work is intended to demonstrate how the power-law model may be applied to interpretation of CPE behavior.

   

  Experimental

  The experimental results discussed in the present work come from the literature.

  Impedance of free-machining steel

  Steel samples were masked using a vinyl tape, 0.132 mm thick, (3M 471) in which a precision 3 mm hole was cut. The coupon with applied mask was then sandwiched into a cell where 1 mL of electrolyte was used to fill the cell. The cell was attached to a PAR 2273 Potentiostat/FRA and impedance measurements were conducted at the measured open-circuit potential using a 10 mV perturbation.

  Impedance data were collected in an electrolyte consisting of 22 g L-1 boric acid with NaOH added, about 6 g L-1, to bring the pH to 7.2. The samples included steel in as-received condition and after a proprietary treatment to increase the chromium content of the oxide film. Additional information is provided in reference 5.

  Impedance of human skin

  The impedance data reported in the present work came from a larger study intended to correlate changes in the flux of p-chloronitrobenzene (PCNB) and 4-cyanophenol in response to physical and chemical damage.10-12 Split-thickness human cadaver skin (300-400 µm thick) from the back or abdomen was purchased from the National Disease Research Interchange (NDRI, Philadelphia, PA). The skin was collected within 24 h post mortem, frozen immediately, and stored at temperatures less than –60 ºC until used. The protocol described by White et al.10 was used to ensure that the skin resistance was greater than 20 kΩ cm2, a value considered to indicate that samples have sufficient integrity for meaningful measurements of in-vitro chemical permeability.

  The impedance was measured in a four-electrode configuration, in which two Ag/AgCl (In Vivo Metric, Healdsburg, CA) reference electrodes were used to sense the potential drop across the skin, and two Ag/AgCl working electrodes were used to drive the current. 
    Ag/AgCl electrodes are commonly used for biological systems because the electrolytes typically contain chloride ions and the associated electrochemical reactions do not change the electrolyte pH. The skin was exposed on both sides for roughly eight hours to a phosphate buffered saline solution (PBS) (0.01 mol L-1, pH 7.4, Sigma P-3813) prepared in deionized water.

  Mechanical damage

  The impedance measurements reported here were collected with a 10 mV potential perturbation after two permeation experiments (for 7 and 6 h, respectively) in which4-cyanophenol-saturated PBS was placed in the donor chamber and PBS was placed in the receptor chamber. After the first 4-cyanophenol permeation experiment, the frame holding the skin was removed from the diffusion cell, the skin was pierced by a 26 gauge needle (with a 464 µm outside diameter), the cell was reassembled, and the donor and receptor chambers refilled with fresh 4-cyanophenol-saturated PBS and PBS, respectively, for the second permeation experiment. Typical results show that the characteristic frequency before the puncture was substantially smaller than the characteristic frequency after the puncture.

  Because the diameter of the needle used to puncture the skin was small compared to the total skin area, the pinhole was expected to have little effect on the impedance properties of the remaining skin. Control experiments were used to show that the electrical properties of skin were unaffected by other skin handling steps. Therefore, the skin resistance and the dielectric constant for the skin were assumed to be the same before and after the skin was pierced by the needle. Additional experimental detail can be found in reference 11.

  Chemical damage

  The dimethyl sulfoxide (DMSO) experiments consisted of simultaneous measurements of impedance and PCNB flux through skin before and after 1 h treatments with 100% DMSO or with PBS, which acted as the control. The entire experiment was repeated three times. Before the measurements, skin was allowed to equilibrate by immersion in PBS for an eight to twelve hour period.

  After equilibration, both chambers were emptied and the receptor and donor chambers were rinsed and filled with 13 mL of PBS and PCNB-saturated PBS, respectively. To ensure saturation of the donor solution throughout the experiment, excess crystals of PCNB were added to the donor chamber solution. After treatment for 1 h, the frame holding each skin sample, including the PBS controls, was removed from the diffusion cell assembly and soaked in approximately 1 L of fresh deionized water three times for 0.25 h and then for 1 h in about 1 L of PBS. The diffusion cells were rinsed thoroughly and then reassembled and filled with PBS solution for another 8-h equilibration period with hourly impedance scans. Impedance results reported for before and after DMSO treatment were derived from the last spectrum collected during the equilibration periods. Additional experimental detail can be found in reference 12.

   

  Results and Discussion

  Values for Q and a are obtained from impedance measurements. If the dielectric constant is known, equation 5 may be used to extract δρδ(1–α). To obtain the film thickness δ, a value for ρδ is required. If d is known, equation 5 yields a value for εα/ρδ(1–α). To obtain the dielectric constant ε, a value for ρδ is required. The principal difficulty in the application of the power-law model is that values for the parameter ρδ are unknown. Several methods are proposed to address this difficulty. The frequency range over which CPE behavior is observed may be used to establish an upper bound for the value of ρδ. If the film thickness δ and dielectric constant ε are known for a material similar to that under investigation, the value of ρδ may be obtained through calibration. If calibration is not possible, the power-law model may be used to guide comparative studies.

  Establishing bounds

  Hirschorn et al.1 demonstrated the method by which bounds on the value of ρδ may be established through high-frequency limit of the impedance response. The impedance response of the power law model exhibits capacitive behavior above a characteristic frequency

  
    [image: Equation 09]

  

  Under conditions that the value of ρδ is unknown for data showing high-frequency CPE behavior, an upper bound on its value can be defined because the characteristic frequency fd must be larger than the largest measured frequency fmax. Thus, a maximum value of ρδ can be obtained

  
    [image: Equation 10]

  

  Hirschorn et al.2 applied this approach for data that were presented by Frateur et al.13 for the impedance response of a Fe17Cr disk (polarized in the passive domain for 1 h at –0.1 V measured with respect to a mercury/mercurous sulfate electrode in saturated K2SO4) in deaerated pH 4, 0.05 mol L-1 Na2SO4 electrolyte. A value of 12 was assumed for ε, which corresponds to the dielectric constant for Fe2O3 and Cr2O3. For this experiment, with a maximum measurement frequency of 100 kHz, ρδ,max = 1.5 × 106 Ω cm. A lower bound for ρδ may also be estimated on physical grounds. For an oxide, for example, ρδ is not expected to be smaller than minimum resistivity value expected for semiconductors, i.e., 1 × 10–3 Ω cm. Using equation 5, this conservative range of ρδ yields an estimated layer thickness of δ = 1.2 to 12.6 nm, which encompasses the value of 3 nm obtained from X-ray photoelectron spectroscopy (XPS).13 While it is satisfying that a physically reasonable range of film thickness can be identified by the methods discussed by Hirschorn et al.,2 more precise values are desired.

  For the impedance data associated with human skin in PBS, the thickness of the stratum corneum may be assumed to be around 15 µm, but the dielectric constant is not known. In this case, equations 5 and 10 must be solved simultaneously. Using an iterative technique, the maximum measured frequency yielded ρδ = 1.59 × 105 Ω cm, corresponding to a dielectric constant of 122. The lowest value for ρδ was selected on the grounds that the resistivity of the skin should approach that of the electrolyte in which it is immersed; i.e., ρδ = 55 Ω cm, corresponding to a dielectric constant of 22. In this case, the range of values obtained is too large to be meaningful, and, again, a more precise approach is desired.

  Calibration

  From XPS analysis, Frateur et al.13 showed that the passive film developed on Fe17Cr consisted of an inner layer of Fe2O3 and Cr2O3 covered by an outer layer of Cr(OH)3 and that the thickness was about 3 nm. Graphical analysis of the impedance yielded α = 0.89  and Q = 3.7 × 10–5 F cm-2 s-0.11. Equation 5 was used to obtain ρδ = 450 Ω cm. Under the assumption that other oxides on steel will have similar values for ρδ, this value of ρδ was used in subsequent analysis of the impedance response free-machining 18/8 stainless steel (18 Cr-8 Ni), also known as 303 stainless steel, and martensitic stainless steel.5 The power-law model yielded good agreement to independent values of film thickness measured by use of ex-situ XPS.

  Assessment of film thickness by XPS, however, is imprecise, and uncertainties in the measurement used for calibration should propagate to the value of ρδ. Monte Carlo simulations were performed to illustrate the manner in which uncertainty in the measurement of the film thickness causes uncertainty in the resulting ρδ. Under the assumptions that the standard deviation on the assessment of film thickness by XPS is 10% of the measured value and that the errors are normally distributed, the assessment of film thickness can be expressed as shown in Figure 2.
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  Under the additional assumption that the dielectric constant of the oxide was ε = 12, the resulting value of ρδ, obtained from equation 5, was found to be log-normally distributed, as shown in Figure 3a. The corresponding distribution of the logarithm of ρδ is shown in Figure 3b. The 10% uncertainty of the film thickness used to calibrate the power-law model results in an uncertainty of ρδ that extends over two orders of magnitude. The large uncertainty in ρδ shown in Figure 3 can be attributed to the observation that, in equation 5, ρδ appears raised to the 1–a power. When a is close to unity, equation 5 is relatively insensitive to ρδ.
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  The calibration from the data of Frateur et al.13 was used by Orazem et al.5 to estimate the thickness of films on a free-machining 18/8 stainless steel (18 Cr-8 Ni). They regressed the data with the equation

  
    [image: Equation 11]

  

  where R || is the parallel resistance. The results are presented in Table 1. The film thickness obtained by ex-situ XPS measurements are also reported. The dielectric constant was assumed to have a value ε = 12. As shown in Figure 4, the uncertainty in ρδ illustrated in Figure 3 is propagated to the estimate of film thickness, as reported in Table 1. The insensitivity of equation 5 to ρδ, which resulted in a large uncertainty shown in Figure 3, also explains the small standard deviation revealed in Figure 4. 
    The mean value of the film thickness obtained by the power-law model is in good agreement with the value obtained by ex-situ XPS, and the uncertainty in the estimated value is of the order of the uncertainty in the original XPS measurement.
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  While the emphasis in the present work was on the effect of uncertainty in the value of ρδ on assessment of film thickness, a similar Monte Carlo analysis could be applied for estimation of dielectric constant when film thickness is known. A Monte Carlo analysis may also be used to address uncertainty in other parameters, for example, in both ρδ and ε for estimation of film thickness.

  Comparative analysis

  When a reliable value for ρδ is unavailable, useful information may still be obtained by taking ratios. For example, the ratio of film thickness may be obtained from equation 5 to be

  
    [image: Equation 12]

  

  If film properties ε and ρδ may, respectively, be assumed equal for the two samples,

  
    [image: Equation 13]

  

  If α1 = α2, then g1 = g2, and values for ε and ρδ are not required. Thus,

  
    [image: Equation 14]

  

  From Table 1, α1 = α2. Under the assumptions that the surface treatment did not change the dielectric constant of the film and that the value of ρδ is the same for the two films, equation 14. For the data presented in Table 1, Q2/Q1 = 28 , which is in good agreement with the ratio of corresponding film thickness measured by XPS of 6.3/2.5 = 2.5. This work shows that film thickness is inversely proportional to the value of Q.

  A similar approach is available when the dielectric constant is the desired quantity. The ratio of values of dielectric constant can be expressed through equation 5 as

  
    [image: Equation 15]

  

  or, if the thickness and ρδ are unchanged between measurements,

  
    [image: Equation 16]

  

  Under the assumption that α, δ, and ρδ are unaffected by the different exposures,

  
    [image: Equation 17]

  

  Equation 16 is very sensitive to differences in a because Q and α are highly correlated in the regression analysis. Thus, equation 17 should not be used when α1 ≠ α2.

  The implications of equation 15 can be explored through analysis of recently reported impedance data on human skin. Results are presented in Table 2 for regression of equation 11 to the impedance of skin before and after a) being pierced by a needle;11 b) exposure to phosphate buffered saline solution (PBS) for a 1 h period;12 and c) exposure to dimethyl sulfoxide (DMSO) for a 1 h period.12 Values are the mean and one standard deviation of the parameter value for all exposed skin samples.
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  Under the assumption that ρδ = 55 Ω cm, the dielectric constant for skin obtained by use of the power-law model (equation 7) ranged between 19 and 41, as reported in Table 2. These values are in good agreement with values between 29 and 44 reported in the literature that were obtained by reflection of 300 MHz electromagnetic radiation.14,15 The value of dielectric constant obtained by use of equation 8, however, yielded physically unreasonable values ranging from 271 to 434. The standard deviations reported in Table 2 were obtained assuming a linear propagation of error with an assumed 10% uncertainty for the thickness of the stratum 
    corneum.

  As the average value of a was not constant between exposures, equation 17 could not be used to assess the ratio of dielectric constants before and after the treatments specified in Table 2. The ratios obtained by equation 16 are in good agreement with the values of dielectric constant calculated from equation 7.

   

  Conclusions

  The power-law model given as equation 7 is a powerful tool for interpretation of CPE parameters for cases where the CPE response is due to an axial or normal distribution of time constants within a film. While equation 8 should in principle apply for a normal distribution of time constants, the formula provides incorrect results. Equation 8 has the advantage of being unambiguous, as every parameter required for the analysis can be obtained from regression of a CPE model to the data, but, as discussed above, it gives incorrect results for a CPE resulting from a normal distribution of time constants. For these cases, the power-law model provides correct results, but is ambiguous because the parameter ρδ is unknown.

  Three approaches were used in the present work to resolve issues caused by the unknown parameter ρδ. The highest measured frequency that shows CPE behavior may be used to calculate an upper bound for the value of ρδ, and physical insight into the experimental system may be used to estimate a lower limit. As film thickness is weakly dependent on ρδ, identification of a range for ρδmay be useful. A conservative estimate for the range of ρδ associated with the data presented by Frateur et al.13 yielded an estimated layer thickness of d = 1.2 to 12.6 nm, which encompasses the value of 3 nm obtained from XPS. In other cases, the estimated range of ρδ is too large. If an independent assessment of film properties is possible, calibration may be used to obtain a value of ρδ.

  The third approach is to calculate ratios that allow cancellation of the unknown quantities. In the present work, the ratio of film thicknesses was found to be in good agreement with ex-situ XPS measurements, and a ratio of dielectric constants was ascertained for skin to be in good agreement with expected values.
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    Materiais eletrocrômicos híbridos são uma classe de compostos muito importantes para o desenvolvimento de novas tecnologias baseadas em propriedades ópticas e eletroquímicas. Neste trabalho é relatada a síntese do novo híbridoV2O5.1,26H2O([C3N2(C6H7N)3])0,07 que utiliza a combinação de dois métodos tradicionais, o melting quenching e o sonoquímico. O material resultante foi caracterizado por diversos métodos a fim de verificar as características físicas e químicas e a sua possível utilização como eletrodo eletrocrômico. O hóspede orgânico provoca uma diminuição do espaço entre as lamelas da matriz inorgânica e a interação eletrostática entre os grupos oxo da matriz do V2O5 com os anéis piridínios do hóspede orgânico demonstram uma forte interação. A nanoestrutura híbrida apresentou boa reversibilidade e ciclabilidade durante 50 ciclos, eficiência eletrocrômica de 22 cm2 C–1 (410 nm) e 96% de retenção de coloração após os 50 ciclos de mudança de cor.

  

   

  
    Hybrid electrochromic materials are a very important class of compounds, because they enable new and/or better optical and electrochemical properties to be unfolded. This paper reports the synthesis of the new V2O5.1.26H2O([C3N2(C6H7N)3])0.07 using the combination of two traditional methods, melting quenching and sonochemistry. The new material was characterized by several methods in order to verify the physical and chemical characteristics and its possible use as an electrochromic electrode. The organic guest provokes an interlayer spacing decrease of the inorganic matrix and the electrostatic interaction between the oxo groups of the V2O5 matrix and the pyridinium rings of the organic guest demonstrate a strong interaction. The new hybrid nanostructure presented good reversibility and cyclability during 50 cycles, electrochromic efficiency of 22 cm2 C–1 (410 nm) and 96 % color retention after 50 cycles of color changing.

    Keywords: electrochromic, hybrid materials, V2O5, nanofibers, melt sonoquenching

  

   

   

  Introduction

  Hybrid organic-inorganic materials have been used to develop new technologies based on the combination of organic and inorganic building blocks to generate multifunctional materials. A common method of preparation of organic-inorganic hybrid materials is the intercalation of organic molecules into layered inorganic compounds as transition metals oxides.1

  The hybrid materials take advantage of the best properties of each component and have found applications in many fields such as optics, electronics, and others.2-5 Different transition metal oxides are used as hybrid matrixes, for example: TiO2,6-11 Fe2O3,12,13 MnO2,14-16 WO3,17-21 V2O5,2,22-24 and others.

  Vanadium pentoxide (V2O5) xerogel has a versatile lamellar structure that can intercalate a wide variety of inorganic and organic guest species.25,26 Much effort has been made to produce new types of hybrid vanadium oxide/organic due to their potential applications in different fields such as: secondary batteries, catalysis, supercapacitor, thermochromism and electrochromism.27,28

  Electrochemical studies have shown that the performance of vanadium oxide films is directly related to its crystallinity, morphology, degree of disorder and other parameters related to the preparation methods. Significant differences were reported on the potential and optical transmittance on thin films electrodes of amorphous and crystalline vanadium oxide.27,29

  V2O5 xerogels have lamellar (or 2D) structure suitable for intercalation reactions. For this reason, V2O5 xerogel has been regarded as a suitable host unit for organic-inorganic hybrid materials.

  The strength of the intermolecular interactions between the organic guest and the inorganic matrix is responsible for the stability of the hybrid. Many studies have been performed to improve the properties of the polyaniline/V2O5 system.23,30-32 The polymeric component stabilizes the hybrid material probable due to a homogeneous distribution of the induced stress during cycling. Oliveira et al.33 synthesized melanin/V2O5•nH2O and polyaniline/V2O5•nH2O hybrids. They demonstrated that the presence of either melanin or polyaniline between the vanadium oxide layers causes an increase in the interplanar distances. Additionally, they provided an increase of electronic and ionic conductivity, and improvements on the optical properties of the V2O5.

  Several articles, dealing with the preparation of devices and multifunctional materials using V2O5 have been published.23,26,34-54 All the studies indicated that the performance of the hybrid is affected by the synthetic route.

  The vanadium oxide hybrids can be prepared by various techniques, among them we can highlight the sol-gel method, hydrothermal synthesis, (or mixed method sol-gel/hydrothermal), sonochemistry, electrochemisty, chemical polymerization, melting quenching, among others.23,26,34-49

  The melting quenching presents some advantages as easy implementation and use of simpler and cheaper equipment, compared to sol-gel methodor mixed method sol-gel/hydrothermal, electrochemistry, and others. Melting intercalation is commonly used for production of composites and nanocomposites, particularly with polymers55-57 but is little used for the synthesis of the inorganic matrix for inorganic/organic hybrids. The use of vanadium oxide in the production of electrochromic hybrids is of great importance due to the possibility of creating new optical and electrochemical properties, thus making of these hybrids an important source for the production of multicolored materials, with better response times, electrochromic and coulombic efficiencies, and greater transmittance variations when applying different electric potentials.

  In this paper, we present a fast and easy route to produce a new nanostructured hybrid V2O5/2,4,5-tris(1-methyl-4-pyridinium)-imidazolide nanofibers by a mixed method melt-quenching/sonochemistry (melt sonoquenching). The organic component is an unpublished molecule. This novel hybrid has some special advantages: low-cost, good electrochromic response and the mixed method procedure is easily applicable for industrial purposes.

   

  Experimental

  Synthesis of 2,4,5-tris (1-methyl-4-pyridinium)-imidazolidetetrafluoroborate (TPI-Me(BF4)2)

  All the reagents and solvents for synthesis and analysis were of analytical and/or spectroscopic grade and used without further purification. The 2,4,5-tris(4-pyridinyl)imidazole (Htpim) was prepared as described elsewhere.58,59

  A mixture of 200 mg (0.668 mmol) of Htpim and 0.5 mL (8.02 mmol) of methyl iodide in 9 mL of dimethylformamide (DMF) was heated at 100 ºC with stirring for 15 h. After cooling to room temperature, ethyl acetate was added to the reaction mixture, the solid formed was filtered, washed with hexane resulting in an orange solid (293.8 mg, 78%). 200 mg (0.335 mmol) of 2,4,5-tris (1-methyl-4-pyridinium)-imidazolate iodide was dissolved in water and 130 mg (0.668 mmol) of AgBF4 was added with stirring for 15 min. The AgI formed was filtered off and washed with distilled water. The filtrate was evaporated and the solid obtained was washed with ethyl ether resulting in a yellow solid (125.8 mg, 73%). ¹H NMR (DMSO-d6, 500 MHz) δ: 9.00 (d, 2H, J3 6.7 Hz), 8.90 (d, 4H, J3 6.6 Hz), 8.58 (d, 2H, J3 6.9 Hz), 8.25 (d, 4H J3 6.9 Hz), 4.35 (s, 6H), 4.34 (s, 3H). 13C NMR (DMSO-d6,75 MHz,): 146.0, 145.7, 143.3, 136.4, 125.3, 122.5, 54.6, 54.5, 47.5, 47.4.

  Instrumentation

  1H and 13C NMR spectra were collected on a Varian AS400 spectrometer. Elemental analyses were carried out on a CHN Varian EA 1100.

  Synthesis of the V2O5.nH2O and hybrid material

  Vanadium pentoxide xerogel (V2O5.nH2O) and hybrid material were synthesized through melt quenching assisted with ultrasound (melt sonoquenching) using ammonium metavanadate (NH4VO3) as precursor. In a porcelain crucible 2.0 g de NH4VO3 was added, and heated at 800 ºC during 1 h. After this step, the liquid formed was immediately spilled into 20.0 mL in a saturated aqueous TPI-Me(BF4)2 at room temperature under the influence of an ultrasound probe (Sonics Vibra-cell 130 W and 20 kHz-Probe No.630-0435) during 1 h. The procedure of spilled of V2O5 liquid into a becker with the TPI-Me(BF4)2 is with the aid of a claw 50 cm and using all necessary personal protective equipment. The hybrid material was left ageing for 7 days without stir and, at the end of this time, the gel produced was centrifuged and washed several times with ethanol and then dried at 110 ºC for 24 h.

  The material was deposited in indium tin oxide (ITO) substrate using spin-coating technique. The spin-coater used is homemade equipment; all parameter (rpm, time, concentration of suspension and volume apply) was the same for all materials studies for maintain the same geometric area, uniformity surface and film thickness. For all the depositions, it was used 1000 rpm, 1 min and 10 drops of a suspension of the materials (50 mg mL–1 in acetonitrile). The exposed area was 0.84 cm2. The resulting electrodes were allowed to 110 ºC for 24 h.

  Materials and methods

  The crystalline structure of the powders was analyzed by X-ray powder diffraction (XRD). The diffractometer used was a Bruker AXS D8 Advance (Cu Kα radiation, 40 kV and 40 mA) with LynxEye detector. The diffraction patterns were collected in a flat geometry with steps of 0.02º and accumulation time of 0.5 s per step.

  Fourier transform infrared spectroscopy (FT-IR) measurements were taken in a Varian 660-FTIR spectrometer.

  Thermal analyses were performed in a Shimadzu TGA-60, using a heating rate of 5 ºC min–1 from room temperature to 600 ºC in N2 with a flow rate of 50 mL min–1.

  Surface morphology was investigated using a Jeol JSM-6701F scanning electron microscope (SEM). The accelerating voltage was preset at 5 kV. Imaging was obtained by a backscattering electron detector with the preset charge-up reduction mode. Jeol software was used to control the instrument.

  Atomic force microscopy (AFM) were taken in a Nanosurf Flex AFM. The hybrid material was deposited on a Si substrate and images were acquired in tapping mode under ambient conditions, using the Nanosurf easyScan 2 Flex AFM scanner and cantilever type PPP-NCLR (Nanosensors).

  A potentiostat/galvanostat Microautolab Type III and a spectrophotometer Ocean Optics USB650UV were used for the spectroelectrochemical measurements. The electrochemical cell was composed of a quartz cuvette with 1 cm optical path containing three electrodes. The working electrode was glass covered with ITO with the composite deposited on a conducting surface using the technique of spin-coating, the counter electrode was a Pt wire and the quasi-reference electrode was a silver wire coated with AgCl. A solution of 0.5 mol L–1 LiClO4 in acetonitrile was used as electrolyte. The optical and electrochemical measurements were carried out at room temperature.

   

  Results and Discussion

  Synthesis and characterization of TPI-Me(BF4)2

  The synthesis of TPI-Me(BF4)2 is straight forward, the Scheme 1 shows the synthetic route. Htpim was prepared as described by Proskurnina et al.58,59 followed by the alkylation60 of the pyridines resulting in the TPI-Me diiodide with yield of 78% (see Scheme 1). The exchange of the anion by  by salt metathesis reaction can be verified by the infrared spectrum, which has the characteristic BF4–band at 1050 cm–1. The deprotonating of the imidazole is due to the weakness of the N–H bond caused by the strong electron-withdrawing effect of the three cationic pyridyl groups connected to each carbon of the imidazole ring. In this case, the water molecules from the metathesis solution keep the media alkaline enough to remove the imidazole proton. The synthesized compounds were analyzed by 1H NMR spectroscopy and 13C (Supporting Information).

  
    

    [image: Scheme 1.Synthetic route]

  

  Hybrid material

  The melt sonoquenching synthesis used in the production of vanadium oxide is based on heating the vanadium oxide at temperatures above its melting point with subsequent abrupt cooling to room temperature. The heating at 800 ºC of the NH4VO3 for 1 h was enough for the precursor total decomposition, forming the vanadium pentoxide, according to reaction 1. The melting point of the vanadium oxide occurs at a temperature of 670 ºC, forming vanadium oxide in liquid state, according to reaction 2. When turning the liquid vanadium oxide into saturated solution of TPI-Me(BF4)2 under ultrasonic processors at room temperature, a gel is immediately formed with a green-orange color, according to reaction 3. The green-orange color is because the incorporation of TPI-Me2+ that induces the reduction of part of V+5 to V+4.

  
    [image: Equation 01]
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  The influence of ultrasonic irradiation on heterogeneous media is complex since it may involve several physical and chemical processes, such as the production of microstreaming, microstreamers, microjets, shock waves reactive free radicals, mass transfer, enormous local temperatures and pressures, mixing, solid erosion, all associated with the process of cavitation.61-66

  Currently, the influence of TPI-Me2+ and the mechanism of formation of the hybrid nanofibers are still under investigation. Apparently, the use of the ultrasonic bath in the cooling process impairs crystal growth, since the uniform and fast cooling creates a kinetic condition unfavorable to the occurrence of recrystallizations during cooling. The reactions induced by low frequency ultrasound, more violent cavitation, resulting in higher localized temperatures and pressure improve the intercalation of the organic compound.

  XRD measurements of the matrix intercalation (V2O5•nH2O xerogel) and the hybrid material were performed, and are shown in Figure 1. The XRD pattern of the matrix indicates the presence of the peak at 2θ = 6.2º for the (001) diffraction plane, as expected for a layered material with the layers parallel to the reflection plane, corresponding to the interlayer distance of 14.2 Å, which is consistent with data found in the literature.67-69 It is possible to observe a second peak at 2θ = 26º for the (003) diffraction plane, according to the literature.26,33,70,71

  
    

    [image: Figure 1. XDR for V2O]

  

  It is important to note also that the X-ray diffraction pattern is characteristic of an amorphous material. Diffraction pattern of the hybrid material, Figure 1b, shows the same peak of matrix at 2θ = 26º, but it shows a diffraction peak at 2θ = 7.2º for the (001) diffraction plane, corresponding to the interlayer distance of 12.2 Å.

  The interlayer spacing decreases from 14.2 Å to 12.2 Å. This might correspond to water expulsion and to the thickness of TPI-Me2+ molecules lying flat between V2O5 ribbons. As shown in Figure 1a and b, the relative intensities of the (001) diffraction plane of V2O5 (I001/I110 = 3.0) 
    and hybrid (I001/I110 = 2.9) are similar. The hybrid presents strong (001) reflexions as one would expect for a well-organized intercalation compound. The increase of the crystallinity of hybrid materials has also been observed elsewhere.33,70 This is a clear indication that the 1D order along the c* axis of the material is not lost. Nevertheless, our XRD data will obviously need confirmation by other techniques.

  It is noteworthy that these interlamellar distances are relative, because they are directly dependent on the new composition of hybrid materials produced. So, in order to verify the composition and thermal stability, the hybrid material synthesized was characterized through thermogravimetric measures, according to Figure 2.

  
    

    [image: Figure 2. Thermal analyses]

  

  Figure 2a presents the thermogram of V2O5•nH2O xerogel where two regions of weight loss can be observed. The first weight loss extends to 130 ºC and is related to the loss of absorbed water interlayer of vanadium oxide. The second weight loss, of less intensity, occurs from 320 to 360 ºC and is attributed to the release of water molecules coordinated to the vanadyl group and molecules present in the plane of the lamella.71 The probable composition of the intercalation matrix is V2O5.2.8H2O.

  Figure 2b shows the thermogram of the intercalating TPI-Me(BF4)2. It is possible to check a very intense weight loss in three consecutive steps, starting at 180 ºC and extending up to 600 ºC, related to the decomposition of the TPI-Me(BF4)2. In the thermogram of the hybrid, Figure 2c, there is an initial weight loss extending up to 130 ºC related to water loss and a second weight loss that occurs from 290 to 430 ºC is due to the decomposition of the TPI-Me(BF4)2 interlayer.

  The composition was determined to be 
    V2O5.1.26H2O([C3N2(C6H7N)3])0,07 based on the consecutive weight loss of water and polymer, i.e., V2O5.yH2O.(TPI – ME)x → V2O5. (TPI – ME)x → V2O5

  The FT-IR spectra of V2O5 xerogel, TPI-Me(BF4)2 and TPI-Me/V2O5 hybrid are shown in Figure 3. The characteristic bands of V2O5 xerogel are clearly observed in Figure 3a specifically, the three absorption bands centered at 535, 798 and 995 cm–1 assigned to symmetric and asymmetric stretching modes of V–O–V (νsy and νasy) and symmetric stretching mode of the V=O (νs), respectively.72
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  The infrared spectrum of TPI-Me(BF4)2 (Figure 3b), shows a band at 854 cm–1 assigned to the C–H out-of-plane bending vibration of pyridinium rings. The doublet at ca.1039-1059 cm–1 confirms the  ion in the structure.73 The bands at 1365 and 1435 cm–1 are attributed to ν(C=N), 1635 and 1737 cm–1 to ν(C–Caromatic), 2970 cm–1 ν(C–Haliphatic) and 3025 cm–1 ν(C–Haromatic).

  For the TPI-Me/V2O5 hybrid (Figure 3c), the intercalation of TPI-Me2+ is evidenced by the presence of the TPI-Me2+ peaks between 1000-3200 cm–1. The V–O–V vibration at 798 cm–1 (V2O5) shifted to 748 cm–1 (TPI-Me/V2O5), indicating a strong electrostatic interaction between V2O5 and TPI-Me2+. The vanadyl V=O vibration band at 995 cm–1 in the V2O5 xerogel shifted to 985 cm–1 upon intercalation of TPI-Me2+ into V2O5. This shift suggests a strong interaction between vanadyl group and the incorporated TPI-Me2+. The characteristic absorption band of the  ion disappeared in the hybrid suggesting that the intercalated TPI-Me2+ in the oxide matrix is stabilized by the anionic nature of the V2O5. This is confirmed by the shift of the ν(C=N) bands to lower wavenumbers in the TPI-Me/V2O5 hybrid, that confirm the electrostatic interaction between the oxo groups from the V2O5 matrix and the pyridinium rings of the organic guest. All these interactions between V2O5 and TPI-Me confirm the interlayer spacing decrease as shown in the XRD results.

  The hybrid was characterized by SEM and AFM, as shown in Figure 4a and b respectively. There is an aggregate fibrous morphology. In Figure 4b, a fiber medium length of 300 nm and medium width of 30 nm. The ﬁlm thickness is determined by AFM ca.112 nm. It is also found that these submicrosized particles are aggregates made of much smaller nanofibers.

  
    

    [image: Figure 4.SEM image]

  

  In order to understand the effect of the incorporation into V2O5 in the electrochemical performance electrochemical experiments as cyclic voltammetry (CV) and chronoamperometry method with UV-Vis in situ were carried out.

  The CV experiment (Figure 5), under conditions of continuous potentiodynamic cycling at a scan rate of 10 mV s–1, started from open circuit potential (0.38 V vs. Ag), scanning in the positive direction until 1.2 V and then, scanning in the negative direction until –0.6 V. The CV is very similar to that of V2O5 xerogel, with two well-defined anodic peaks at 0.14 V and at 0.56 V (vs. Ag), these waves are ascribed to the V4+ to V5+, presumably due to the Li+ deinsertion in two non-equivalent sites in the vanadium oxide matrix. This first cycle confirms that the green-orange color is caused by the incorporation of TPI-Me2+ which induces the reduction V+5/V+4. In the reduction process, broad peaks localized at 0.27 V and at –0.49 V are observed and correspond to the intercalation of Li+. After 10 cycles, a little decrease of anodic and catodic current is observed, which corresponds to the organization of layers of V2O5 when Li+ is intercalated. The TPI-Me2+ is electrochemically active (support information), but in the hybrid, the organic part apparently does not contribute to the overall redox process in the potential range used.
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  It must be noticed that, as a consequence of the synergistic effect between the two components, the hybrid with fiber shape is electroactive in this range of potential.

  The color transitions have been further investigated by recording the film absorption spectra at controlled potential. The vanadium oxide xerogel in a yellow-colored state may be converted to a green and/or blue-colored state upon inserting and extracting ions and electrons. It is observed an absorption band at 410 nm that is related to the transfer process the ligand-to-metal charge transfer (LMCT) transition of O2– to V5+ and d-d transition of V4+ in the range of 530-850 nm, which is consistent with data from Gao et al.74 and Liu et al.75

  Figure 6 shows the inspected UV-Vis spectra when applying a series of potential differences using chronoamperometry considering every spectrum was inspected when the current found its stability. UV-Vis spectroscopy was used to investigate the oxidation state changes of the hybrid. At –0.6 V (coloration state) it presents two absorption peaks, one with large absorption at 338 nm and another large peak at ca. 700 nm. The region 400-1000 nm corresponds to the d-d transition that occurs for V (+4) in the V2O5 matrix and the strong peak at 340 nm is assigned to the π-π* transition of the piridinium ring.
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  When more positive potential is applied the peak of the π-π* transition of the piridinium ring is shifted by 18 nm to a longer wavelength (358 nm). When applied potential, imposing 1.2 V (bleaching state), two bands are observed, at 348 nm (π-π* transition of the piridinium ring) and at 410 nm assigned to transference for the V (+5) in the inorganic matrix; according to Ryczkowsky76 the load transference of the binder to the metal (LMTC).

  Figure 7 shows the variation of potential, absorbance and intensity in a 3D graph. Over the region from 540 to 850 nm, the absorption of the d-d transition of V2O5 decreases from 0.60 to around zero with potential increase; the absorption intensity increases from 1.00 to 1.70 for the LMCT transition and the π-π* transition of the organic compound shows an increase, from 1.00 (–0.6V) to 2.00 (0.2 V) and a decrease from 2.00 (0.2 V) to 1.78 (1.2 V) followed by a wavelength shift from 340 (–0.6 V) to 358 (1.2 V) nm.
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  Vanadium oxide undergoes structural modification during the Li+ insertion process induced by mechanical stress leading.23 These structural modifications arise from a variety of sources such as solvent transport into or out of the material during redox cycling, volumetric changes due to the electrochemical intercalation/deintercalation of Li+ and changes in the coordination geometry at the metal center that result from the redox transition. When lithium is deintercalated (1.2 V) results in increased interlamellar separation and leads to a decrease in steric and electrostatic effects promoted by the higher interlamellar distance; in this situation the organic compound improves the effective degree of π-electron delocalization of the piridinium rings and increases the intensity of the π-π* transition. On the other hand, when Li+ is intercalated (–0.6 V) results in decreased interlamellar separation and leads to a reduction of the partial charge of the N in the piridinium ring, therefore reducing the intensity of the π-π* transition.

  Other electrochromic parameters were studied, such as response time, efficiency and reversibility. Chronoamperometric analysis (Figure 8) was also carried out, with follow-up of optical density variations in situ, using a 450 and 700 nm wavelength, in which there was a successive application of –0.6 V for 60 s and 1.2 V for 60 s, and the evolution of color variation on the material could be observed as a result of the cycles. It was also noted that the optical density (OD) variation in situ was 0.73 (450 nm) in the first cycle and increased to 1.09 in the last cycle. According to the analysis, after 50 cycles ΔOD increased 43.6%. At 700 nm the ΔOD showed a little reduction of 4%.
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  The electrochromic response time (t) is the time necessary for the material to change color, although there is no specific criterion to determine this response time, it can be obtained by the total transmittance variation (or absorbance) or by a fraction of this.77 In this study, the response time calculation was defined as the necessary time from the beginning of the pulse until it reaches 50% of the total transmittance or absorbance variation of each pulse. In analyzing the response times necessary for the oxidation and reduction of the material a significant difference between them can be noticed. The response time of the reduction (around 12 s) was always higher than the response time for the oxidation (less than 5 s) throughout the 100 cycles, indicating that the V2O5 film takes approximately 2.4 times longer to reach the reduced state than to reach the oxidized state,78 reported the color-switching time of vanadium oxide nanofibers to be 5 s and 6 s from the bleached state to the colored state and from the colored state to the bleached state. Cao et al.79 reported that a 30% transmittance change at 700 nm took 50 s for a V2O5 nanorod, and 300 s was required for a sol-gel V2O5. For electrochromic applications, immediate color-switching is very important. The rates of coloring and bleaching depend on the lithium ion diffusion and are related to the distance in the interlayer space of the nanofibers. In our case, the hybrid nanofibers are 30 nm wide, which provides a short diffusion distance, but the TPI-Me2+ charge difficults the diffusion of Li+ in the inorganic matrix, therefore the hybrid presents a long response time.

  The electrochromic and coulombic efficiencies were calculated. The electrochromic efficiency was 22 cm2 C–1 (700 nm) and the coulombic efficiency for the first and fiftyth cycles were 0.94 and 0.97, respectively. At 450 nm the electrochromic efficiency was 14 cm2 C–1 and the coulombic efficiency the same as at 700 nm.

  An essential characteristic that must be searched in these types of materials is their electrochromic stability, because they are subjected to multiple intercalation/deintercalation of Li+. The hybrid nanofibers shown in this work exhibited good long-term cycle stability; at 450 nm the ΔOD increased from 0.72 to 1.12 and at 700 nm there was less than 4% drop in coloration contrast after 50 switching cycles. These results demonstrate a substantial improvement in cycling efficiency of the hybrid, and that the insertion of the TPI-Me2+ into the inorganic matrix resulted in an assembled hybrid structure which led to the stabilization of the electrochromic response.

   

  Conclusion

  This contribution demonstrates that it is possible to obtain an inedited hybrid nanomaterial using the mixed technique, melting quenching and ultrasound. This hybrid, with defined morphology, can be used as electroactive material in electrochromic electrodes. In the proposed method of synthesis, it is possible to obtain a hybrid with 0.07 mol of TPI-Me2+ per mol of V2O5. The experimental tools used allowed the characterization of the morphology and local structure showing that the TPI-Me2+ causes an interlayer spacing decrease of the inorganic matrix and the electrostatic interaction between the oxo groups from the V2O5 matrix and the pyridinium rings of organic guest demonstrates a strong interaction. These new hybrid nanostructures improve the electrochromic performance, as it was shown by using spectroelectrochemical analysis. After 50 cycles the ΔOD increased 43.6%. At 700 nm the ΔOD showed a little reduction of 4%. The hybrid exhibited good long-term cycle stability, at 450 nm the ΔOD increased 43.6% and at 700 nm with less than 4% drop in coloration contrast after 50 switching cycles, the electrochromic efficiencies were 22 cm2 C–1 (700 nm) and 14 cm2 C–1 (450 nm), and the coulombic efficiency was 97%, indicating that this hybrid possesses great potential to be used in electrochromic electrodes.
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    Este trabalho apresenta a construção de um novo sensor eletroquímico para detecção de analitos orgânicos, usando um eletrodo de carbono vítreo (GCE) modificado com um filme de rutênio suportado em quitosana. O filme de rutênio suportado em quitosana foi obtido a partir da síntese do complexo mer-[RuCl3(dppb)(H2O)] como precursor de [1,4-bis(difenilfosfina)butano] (dppb), e quitosana (QT). A estrutura do filme de rutênio suportado em quitosana na superfície do eletrodo de carbono vítreo foi caracterizada por espectroscopia UV-Vis, ressonância paramagnética eletrônica (EPR), microscopia eletrônica de varredura (SEM), microscopia de força atômica (AFM), difração de raios X de pó (XRD) e espectroscopia de absorção atômica (AAS). Um eletrodo de carbono vítreo foi modificado com um filme formado pela evaporação de 5 µL de uma solução composta de 5 mg de composto de rutênio suportado em quitosana (RuQT), solubilizado em 10 mL de ácido acético 0,1 mol L-1. Este eletrodo modificado foi testado como sensor eletroquímico para detecção de citrato de sildenafil (Viagra® 50 mg) e acetaminofen (Tylenol®). A técnica utilizada para essas análises foi voltametria de pulso diferencial (DPV), em 0,1 mol L-1 de H2SO4 (pH 1,0) e 0,1 mol L-1 de CH3COOK (pH 6,5) como eletrólitos suporte. Todas as análises foram realizadas durante um mês utilizando-se o mesmo eletrodo, sendo lavado com bastante água entre as análises de um analito e de outro e mantendo-o em geladeira quando não utilizado. Este eletrodo mostrou-se estável durante o período utilizado mostrando a não degradação do filme e apresentou uma resposta linear no intervalo de concentração avaliado (1,25 × 10-5 a 4,99 × 10-4 mol L-1).

  

   

  
    This work presents the construction of a novel electrochemical sensor for detection of organic analytes, using a glassy carbon electrode (GCE) modified with a chitosan-supported ruthenium film. The ruthenium-chitosan film was obtained starting from the mer-[RuCl3(dppb)(H2O)] complex as a [1,4-bis(diphenylphosphine)butane] (dppb) precursor, and chitosan (QT). The structure of the chitosan-supported ruthenium film on the surface of the glassy carbon electrode was characterized by UV-Vis spectroscopy, electron paramagnetic resonance (EPR), scanning electron microscopy (SEM), atomic force microscopy (AFM), powder X-ray diffraction (XRD) and atomic absorption spectroscopy (AAS) techniques. The glassy carbon electrode was modified with a film formed from the evaporation of 5 µL of a solution composed of 5 mg chitosan-supported ruthenium (RuQT) in 10 mL of 0.1 mol L-1 acetic acid. The modified electrode was tested as a sensor for sildenafil citrate (Viagra® 50 mg) and acetaminophen (Tylenol®) detection. The technique utilized for these analyses was differential pulse voltammetry (DPV) in 0.1 mol L-1 H2SO4 (pH 1.0) and 0.1 mol L-1 CH3COOK (pH 6.5) as supporting electrolyte. All analyses were carried out during a month using the same electrode. The electrode was washed only with water in between the analyses, keeping it in the refrigerator when it was not in use. This electrode was stable during the period utilized showing no degradation and presenting a linear response over the evaluated concentration interval (1.25 × 10-5 to 4.99 × 10-4 mol L-1).

    Keywords: polymer-supported ruthenium compound, chitosan, modified glassy carbon electrode, electrochemical sensor, sildenafil citrate, acetaminophen

  

   

   

  Introduction

  The chemistry of ruthenium complexes has attracted continuous attention because of the wide variety of structures, reactivities and applications presented by these compounds. Particular emphasis has been placed on their electron-transfer properties and ability to catalyze a wide range of homogeneous organic reactions,1-4 with their high performance. Ruthenium complexes have also been studied with respect to their cytotoxicity against several diseases5-7 and as electrochemical sensors.8

  Chitosan (QT, Figure 1) is a pseudo natural polysaccharide extracted mainly from crustacean shells. It becomes water soluble under acidic conditions as soon as pH is lower than 6 and if the average degree of acetylation (DA) is equal or lower than 0.5.9 The solubilization occurs by protonation of the –NH2 function on the C-2 position of the D-glucosamine repeat unit, whereby the polysaccharide is converted to a polyelectrolyte in acidic media. Since it is soluble in aqueous solutions, it is largely used in different applications as solutions, gels, or films and fibers.10

  
    

    [image: Figure 1. Structure]

  

  The great interest in QT is due to its conceivable applications, such as photography, biotechnology, cosmetics, food processing, biomedical products (artificial skin, wound dressing, contact lenses, etc.), formation of films, colloids, powders, flakes, gel beads, and fibers, which make it an excellent candidate as a support for liquid phase catalysis, for a system of controlled liberation of medicines (capsules and microcapsules) and for the treatment of industrial effluents for the removal of metallic and coloring ions. The properties of QT, such as hydrophilic, positively charged, biodegradable, non-toxic, having a high sorption capacity for metal ions, biocompatibility and insolubility in the majority of common solvents, such as water, organic solvents and aqueous bases make it suitable to be used in a broad group of applications.11-19 QT has received much attention for the design of modified electrodes, such as the glassy carbon electrode (GCE), for application in electroanalysis, due to its excellent film-forming ability, bio-compatibility, non-toxicity, biodegradability, high mechanical strength, cheapness and high susceptibility to chemical modifications leading to a film-forming ability, water permeability, mechanical strength and good adhesion. Therefore, those properties make this biopolymer an excellent choice for the elaboration of biosensors.13,20-22 Methods for QT film preparation described in the literature can be broadly divided into four groups, namely: solvent evaporation, neutralization, cross-linking, and ion tropic gelation methods.23,24

  The present study describes the construction of a QT film doped with a ruthenium(III) phosphine complex, which was used to modify a GCE. The chitosan-supported ruthenium compound (RuQT) was characterized by UV-Vis spectroscopy, electron paramagnetic resonance (EPR), scanning electron microscopy (SEM), atomic force microscopy (AFM), powder X-ray diffraction (XRD) and atomic absorption spectroscopy (AAS) techniques. The film on the electrode surface was characterized by AFM, and it was applied as an electrochemical sensor in detection and quantification of sildenafil citrate (Viagra®) and acetaminophen (Tylenol®).

   

  Experimental

  Materials for synthesis

  Solvents were purified by standard methods. All chemicals used were of reagent grade or comparable purity. RuCl3∙3H2O was purchased from Aldrich. The ligands 1,4-bis(diphenylphosphino)butane (dppb) and the QT polymer (low molecular weight), 82% deacetylation degree were purchased from Aldrich. The compounds acetaminophen (> 98% of purity) and sildenafil citrate (> 99% of purity), used as standard to plot the calibration curve, were used as received form Aldrich. The commercial drugs Viagra® and Tylenol® were utilized as received.

  The mer-[RuCl3(dppb)(H2O)] complex was prepared according to published procedures.25

  Instrumentation

  UV-Vis spectra of the complex in acetic acid solution were recorded with a Hewlett Packard 8452A diode array. EPR spectra were obtained using a Bruker spectrometer model EMX plus, coupled with a standard or cylindrical resonator cavity. The spectra were obtained in frozen solutions in a 5 mm o.d. (2.0 mm i.d.) heavy wall EPR quartz tube (Wilmad glassware), using attenuation of 20 dB (2mW power), 54 ms conversion time, 163.84 ms time constant, 4G modulation amplitude, 100 kHz frequency amplitude, 32 scans and 3072 points, 1.0 × 104 detection, 9.51 GHz frequency. All measurements were carried out at 77 K.

  DPV experiments, in solution, were obtained in an electrochemical analyzer BAS model 100B instrument. The electrochemical experiments using the electrochemical sensor were carried out at room temperature, in 0.1 mol L-1 sulfuric acid (H2SO4, pH 1.0) and 0.1 mol L-1 potassium acetate (CH3COOK, pH 6.5) as supporting electrolyte using a one-compartment cell where the working and auxiliary electrodes were stationary Pt foils, and the reference electrode was 
    Ag/AgCl, 0.10 mol L-1 in KCl. The high-performance liquid chromatography (HPLC) analyses were performed on a Shimadzu UV-Vis SPD-10 AVP.

  SEM analyses were performed on FEI Inspect S 50 equipment and the AFM were performed on a Digital Instruments NanoScope V, both in the Laboratory of Structural Characterization (LCE), at the Department of Material Engineering, Federal University of São Carlos (UFSCar). AAS analyses were performed in an Analyst 300 Perkin Elmer equipment at the analytical laboratory of the Leibniz-Institut für Katalyse e. V. an der Universität Rostock in Rostock, Germany.

  Powder X-ray diffraction

  The powder XRD data were recorded on a Bruker D2 PHASER diffractometer with a LynxEYe detector using Cu Kα1,2 radiation (1.5418 Å). All samples were measured at 295 K. The data were collected in the Bragg-Brentano (θ/2θ) horizontal geometry between 5.00145 and 60.15145º (2θ) in 0.02020130º steps, at 191 s step–1. The optics of the D2 PHASER diffractometer was a system of Soller slit module with 2.5º, a divergence slit with 0.6 mm and a Ni filter. The X-ray tube operated at 30 kV and 10 mA.

  Synthesis

  The precursor mer-[RuCl3(dppb)(H2O)] was obtained reacting [RuCl2(dppb)(PPh3)] diluted in methanol with Cl2 gas, produced by the reaction between KMnO4 and HCl, according to the described in literature.25

  Synthesis of RuQT compound

  The RuQT compound was prepared by reacting a solution containing the precursor mer-[RuCl3(dppb)(H2O)] (0.2 g, 0.31 mmol) previously diluted in methylene chloride (CH2Cl2) with a solution containing QT (0.5 g, 0.71 mmol) previously diluted in 0.1 mol L-1 acetic acid. The reaction mixture was stirred during 3 hours. The final blue viscous solution was dried in a lyophilizer and the blue solid was washed with water, filtered off and dried under vacuum. Yield was 97%. Elemental analysis experimental values (%) were determined by AAS: C 38.35, H 6.62, N 6.36, Cl 0.40 and Ru 0.24.

  Preparation of working electrodes

  The RuQT compound (5 mg) was dissolved in 10 mL of 0.1 mol L-1 acetic acid and magnetically stirred for 40 min. An aliquot (5 µL) of the solution was applied on the surface of a GCE and air-dried at room temperature. A GCE coated with free QT was obtained in a similar way, including the application of a 2% aqueous acetic acid solution of QT (1.5 mg cm-3). The thicknesses of the membranes at the surface of the electrodes were determined by AFM and were found to be about 31.8 nm.

  Electrochemical analyses

  In order to evaluate the electrochemical response and the stability of the developed modified electrode, two different pharmaceutical compounds were analyzed by differential pulse voltammetry (DPV). Solutions of 1.0 × 10-2 mol L-1 sildenafil citrate and 1.0 × 10-2 mol L-1 acetaminophen were prepared and analyzed separately. The drugs were analyzed in two different pH values, which were obtained using 0.1 mol L-1 H2SO4 (pH 1.0) and 0.1 mol L-1 CH3COOK (pH 6.5) as electrolytes.

  The electrolytes mentioned above were used as references (blanks) for the subsequent analyses. After performing the blank, 25 µL aliquots of each drug were added until a total volume of 50 µL. For analyses up to 250 µL, aliquots of 50 µL were used. The same procedure was performed until 1050 µL adding 100 µL aliquots (concentration range 1.5 ×10-5 to 4.99 × 10-4 mol L-1). The scan rate used was 100 mV s-1. In order to confirm that the RuQT electrode was appropriate for the detection and quantification of the analyzed drugs, the analysis of the solution was compared with the two electrodes, the unmodified ones and the QT modified electrodes.

  HPLC method

  The DPV results obtained were compared with those results obtained by HPLC. The analytical column used was a C18 (15 × 0.46 cm; 10 µm). The analyses were performed in isocratic elution and the conditions of analysis were different for each drug:

  
    • Acetaminophen: mobile phase was 60% methanol and 40% Milli-Q water, flow of 1 mL min-1. Detection in λ = 290 nm.

    • Sildenafil citrate: mobile phase was 90% methanol and 10% acetate buffer, flow of 1 mL min-1. Detection in λ = 290 nm.

  

  Samples were prepared by dilution method with initial concentration of 1 mg mL-1. Injections were performed in triplicate of 50 µL each.

   

  Results and Discussion

  The presence of ruthenium(III) in RuQT was confirmed by EPR in solid state (Figure 2), having been observed in the spectrum the presence of more than one ruthenium(III) species. The authors suggest that the ligand H2O present in precursor mer-[RuCl3(dppb)(H2O)] could be substituted by QT, presenting in two ways. One of which is coordinated by the nitrogen atom (NQT) and the other by the oxygen atom (OQT) in a monodentate way: ([RuCl3(dppb)(NQT)] and [RuCl3(dppb)(OQT)]).

  
    

    [image: Figure 2. EPR spectrum]

  

  The UV-Vis spectrum of the RuQT compound, probably [RuCl3(dppb)(QT)n], shows three bands observed at wavelengths 320, 383 (broad) and 584 nm. The first band, at 320 nm, can be attributed to the transition from the dppb coordinated ligand to ruthenium(III); the band at 383 nm probably is a ligand to metal charge transfer (LMCT) transition from the dppb and from QT ligands to the Ru(III), and the band at 584 nm can be a LMCT from chloride to Ru(III).25

  According to the powder XRD (Figure 3) the ruthenium precursor is coordinated with QT (Figure 3a). In order to show that the mer-[RuCl3(dppb)H2O] is bonded to QT a powder X-ray diffractogram of the physical mixture (PM) of the Ru(III) complex with free QT was performed (Figure 3b). It can be seen that it is practically showing the diffractogram of the free species, which is not the case for the obtained blue solid (RuQT) diffractogram. In this case, the RuQT does not show any peak of crystalline phase since its diffractogram is typical of an amorphous solid, presenting a different diffraction pattern from the one of the free QT (Figure 3c).

  
    

    [image: Figure 3. Comparison of powder]

  

  SEM provides the morphology and the energy dispersive X-ray spectrometry (EDX or EDS), where ruthenium, chlorine, phosphorus and nitrogen was detected, confirming with the other analyses the presence of ruthenium in the sample. AFM of blue solid was performed to check the average thickness of the film in the electrode surface. The irregular formation of film layers due to the process of film formation (dropped and dried) measuring 31.8 nm thick (Figure 4) was observed.

  
    

    [image: Figure 4. AFM pictures]

  

  According to AAS and SEM the obtained polymer-supported compound has 0.26% of ruthenium and 0.40% of chloride, which means that ruthenium species containing chloride as ligand are present in the polymer sample (blue solid).

  The modified GCE (RuQT) was used as an electrochemical sensor. The electrochemical analyses were performed in two different pH, 1.0 and 6.5, as described in the experimental section for the detection of acetaminophen and sildenafil citrate. However, for sildenafil citrate, only pH 1.0 was used because this analyte was not detected at pH 6.5. Figure 5 shows the detection of sildenafil citrate in several concentration values, from 1.25 × 10-5 to 4.99 × 10-4 mol L-1 (adding aliquots from 25 to 1050 µL of a solution with 1.0 × 10-2 mol L-1 concentration). Figure 5a shows the DPV of the 15 analyses and Figure 5b shows the analytical curve that presented two different ranges of linearity (from 1.25 × 10-5 to 1.72 × 10-4 mol L-1, with R-value 0.990, and 2.20 × 10-4 to 4.99 × 10-4 mol L-1, with R-value 0.999). This electrode was used to perform all the analyses of both analytes and commercial drugs and its response and stability remained the same in the first and in the last analyses without degrading the film.

  
    

    [image: Figure 5. (a) DPV of sildenafil]

  

  Figure 6 shows the difference among responses of the modified electrode with RuQT compound, modified electrode with pure QT and unmodified GCE. These three analyses were performed with the same solution and only the modified electrode with the RuQT compound showed detection of the drug.

  
    

    [image: Figure 6. Electrochemical]

  

  The oxidative mechanism of sildenafil citrate was reported by Ozkan et al.,26 suggesting that its oxidation occurs in the piperazine ring:

  C22H30N6O4SC6H5O7 → [C22H30N6O4S]+C6H5O7 + e–

  Thus, in this work the oxidation of sildenafil citrate was performed using compounds with structural similarity to different parts of the sildenafil citrate molecule and it was possible to confirm through DPV that it is indeed the piperazine ring that is oxidized during the oxidation process (Figure 7) of sildenafil citrate.

  
    

    [image: Figure 7. Electrochemical]

  

  The proposed oxidation mechanism of sildenafil citrate is shown in Figure 8, below.

  
    

    [image: Figure 8. Proposed oxidative]

  

  The same procedure used for the detection of sildenafil citrate was performed for the analysis of acetaminophen (paracetamol) detection. For these experiments the RuQT modified electrode was shown to be able to detect the drug in both analyzed electrolytes, H2SO4 (pH 1.0) and CH3COOK (pH 6.5), keeping the stability without degrading the electrode. Figure 9 shows the response of the acetaminophen detection in different concentrations, using DPV. Figure 10a shows the DPV of those 15 analyses and Figure 10b shows the analytical curve that presented two different ranges of linearity (from 1.25 × 10-5 to 1.72 × 10-4 mol L-1, with R-value 0.984 and 2.20 × 10-4 to 4.99 × 10-4 mol L-1, with R-value 0.987).

  
    

    [image: Figure 9. (a) DPV of acetaminophen]

  

  
    

    [image: Figure 10. (a) DPV of the acetaminophen]

  

  It is known that chitosan is soluble in acidic pH, due to the protonation of its amino groups. In order to check the stability of the electrode, cyclic voltammetry (CV) studies were performed. First, two blanks were run in a 30 cycles experiment each; one in H2SO4 (pH 1.0) electrolyte and the other in CH3COOK (pH 6.5) electrolyte (Supplementary Information). The electrochemical response was considered satisfactory, in other words, there were no degradation or solubilization of the film in the electrode surface. This stability is probable due to the ruthenium complex coordinated to the chitosan. It is believed that the Ru-complex is cross-linking the chitosan, becoming insoluble.

  Afterwards, CV (Supplementary Information) and DPV (Figures 9-12) were performed for the analyte addition using both electrolytes with the same electrode, in order to check the analytical response for these analytes' detection. The stability remained the same in the first and in the last analyses without losing the linearity in the analytical response. As presented in the sildenafil citrate analyses, both Figures 11 and 12 show the comparison among a modified electrode with a film of RuQT, a modified electrode with a film of QT and the response in an unmodified GCE, at pH 1.0 and 6.5. As expected, the modified electrode with the RuQT compound showed an improvement of the analytical response.
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  It is early to propose a redox mechanism involving the ruthenium complex present in the chitosan film with these previous analyses. According to these results, it is possible to observe that the preconcentration of the analyte in the electrode surface is happening. It is believed that the Ru-complex contained in the film is interacting with the analyte, possibly by π-interactions between the aromatic rings of the biphosphine ligand and the aromatic ring in acetaminophen and sildenafil citrate.

  The mechanism of paracetamol oxidation is well known in the literature27 and it is dependent on pH values (Figure 13). In step I it undergoes electrochemical oxidation in a process that involves the loss of two electrons and two protons producing the intermediate N-acetyl-p-quinoneimine. In pH > 6.0, species II is stable in deprotonated form and in acidic pH it is rapidly protonated, producing species III, which is less stable than II, but also electrochemically active. The hydrated species IV is generated rapidly and easily converted to benzoquinone.

  
    

    [image: Figure 13. Mechanism]

  

  The RuQT modified electrode was also used for detection of acetaminophen and sildenafil citrate in commercial drugs by DPV. Two different solutions containing acetaminophen (Tylenol®) and sildenafil citrate (Viagra®), as commercial drugs, were prepared in 2.0 × 10-4 mol L-1 concentration, following the manufacturer mentioned concentration. The obtained values by calculation from the linear regression equation were: for acetaminophen in pH 1.0 the concentration found was 1.89 × 10-4 ± 0.20 × 10-4 mol L-1, and in pH 6.5 it was found 1.85 × 10-4 ± 0.18 × 10-4 mol L-1. The concentration found for sildenafil citrate in pH 1.0 was 1.96 × 10-4 ± 0.20 × 10-4 mol L-1. Therefore, the results found for the samples showed that the modified electrode is efficient for the quantitative determination of both drugs. Table 1 shows the limit of detection (LOD) and limit of quantification (LOQ) found for both analytes, in both pH values and the obtained results were satisfactory in both cases.

  
    

    [image: Table 1. LOD and LOQ,]

  

  All analyses were carried out during a month using the same electrode. The electrode was washed only with water in between the analyses of one analyte or another, keeping it in the refrigerator when it was not in use. This electrode was stable during the utilized period showing no degradation of the film, presenting a linear response over the evaluated concentration interval (1.25 × 10-5 to 4.99 × 10-4 mol L-1).

  Comparing the RuQT electrode developed in this work with some works in the literature (Table 2), it was possible observe that, in the case of row 2,28 the electrode developed in this work was more sensitive than the 
    C60/GCE, presenting a lower value of LOD. Comparing the results shown in the final line (this work) with the results in row 5,30 it is possible to observe that the RuQT electrode has a wider range of potential with a slightly larger LOD than the LOD for the boron-doped diamond electrode. Comparing all cases, the RuQT electrode is easier to develop and work.
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  The DPV results obtained with the RuQT sensor were compared with the ones obtained by HPLC analyses. The determination of both compounds, acetaminophen and sildenafil citrate, in commercial drugs Tylenol® and Viagra®, respectively, were performed by injection in triplicate of an aqueous solution (1:100, v/v) previously prepared from commercial drugs. The concentration found of acetaminophen in Tylenol® by HPLC method was (2.00 ± 0.15) × 10-4 mol L-1 (30.23 µg mL-1) and in Viagra® the concentration of sildenafil citrate found was (2.01 ± 0.07) × 10-4 mol L-1 (95.37 µg mL-1) (Figures 14 and 15). The HPLC method showed less than 15% accuracy and less than 5% precision. At 95% confidence level, there was no significant difference between the electrochemical method and the HPLC method.

  
    

    [image: Figure 14. (a) Chromatograms]
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  Conclusions

  We created a novel electrochemical sensor for sildenafil citrate and acetaminophen detection using a modified glassy carbon electrode with a film of RuQT compound. The film on the electrode was formed by dropping and drying a solution of RuQT compound in diluted acetic acid and characterized by powder XRD, SEM, AFM, EPR and AAS. The modified electrode was used as a sensor for drug detection and was shown to be stable during the utilized period having no degradation of the film and presenting a linear response over the evaluated concentration interval (1.25 × 10-5 to 4.99 × 10-4 mol L-1), with acceptable values of LOD and LOQ, when compared with a modified electrode with a film of QT or with an unmodified GCE.

   

  Supplementary Information

  Supplementary data including cyclic voltammetry are available free of charge at http://jbcs.sbq.org.br as a PDF file.
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    A geração de potencial em bioânodos de Pseudomonas aeruginosa a partir da bio transformação de glicerol, foi acoplada à captura de dióxido de carbono em biocátodos de Chlorella vulgaris em uma célula a combustível híbrida fotossintética (HPSBC). Parâmetros bioquímicos tais como crescimento microbiano, consumo de substrato, produção de pigmentos bacterianos e a captura de CO2 foram estudados. Igualmente, parâmetros eletroquímicos de densidades de correntes máximas (Idmax), geração de densidade potencia máxima (Pdmax) e eficiências coulômbicas (CE), foram estudados. Inicialmente, ambos os sistemas foram avaliados em separado contra os correspondentes pares redox Fe3+|Fe2+. No sistema bacteriano, resultados importantes em termos de Idmax de 42 ± 2,1 µA cm-2, CE de 48 ± 2,4% e Pdmax de 350 ± 17,5 mW cm-2 foram alcançados. Igualmente, para o sistema catódico algal isolado, valores de Idmax de 93 ± 4,65 µA cm-2, CE de 56 ± 2,8% e Pdmax de 3,2 ± 0,16 mW cm-2, foram atingidos. Em contraste, quando os dois sistemas foram acoplados, um valor menor de Idmax de 48,5 ± 2,42 µA cm-2 foi observado. Finalmente, as condições bioeletroquímicas foram melhoradas com base no consumo de substrato, a geração de produtos eletrogênicos, o transporte de cátions e os sistemas para transporte de elétrons empregados. Assim, maiores valores médios para Idmax de 80 ± 4,0 µA cm-2, para CE de 71,5 ± 3,57% e para Pdmax de 650 ± 32,5 mW cm-2 foram obtidos.

  

   

  
    Power generation at bioanodes of Pseudomonas aeruginosa for glycerol biotransformation was coupled to the carbon dioxide capture in biocathodes of Chlorella vulgaris in hybrid photosynthetic biofuel cells (HPSBC). Biochemical parameters such as microbial growth, substrate consumption, production of bacterial pigments and CO2 capture were studied. Also electrochemical parameters of maxima current densities (Idmax), power output (Pdmax) and coulombic efficiencies (CE) were studied. Initially, both systems were evaluated in separate against the corresponding Fe3+|Fe2+ redox pair. In bacterial systems, important results in terms of Idmax of 42 ± 2.1 µA cm-2, CE of 48 ± 2.4% and Pdmax of 350 ± 17.5 mW cm-2 were achieved. Likewise, for isolated algal cathode systems, Idmax of 93 ± 4.65 µA cm-2, CE of 56 ± 2.8% and Pdmax of 3.2 ± 0.16 mW cm-2, were achieved. In contrast, when both systems were coupled, a lower Idmax of 48.5 ± 2.42 µA cm-2 was observed. Finally, bioelectrochemical conditions were improved based on substrate consumption, electrogenic products, cation transport and mediated electron transfer systems. Thus, higher average values for Idmax of 80 ± 4.0 µA cm-2, CE of 71.5 ± 3.57% and Pdmax of 650 ± 32.5 mW cm-2 were obtained.

    Keywords: Pseudomonas aeruginosa, Chlorella vulgaris, microbial fuel cells, bioelectrodes, glycerol biotransformation, carbon dioxide capture, electron shuttles

  

   

   

  Introduction

  The search for alternative sources of renewable energy with low environmental impact has been the major concern in recent years due to the availability of sources with higher energy densities, which, nowadays are obtained mainly from fossil fuels. Microbial fuel cells (MFC) are a relatively new and promising option for renewable and clean energy production. However, the power densities and efficiencies achieved up to this date are still low, demanding research to provide solutions for their implementation and scaling-up. Efforts have been concentrated to overcome some major problems involving high costs caused by: the use of metallic catalysts; losses associated with energy and mass transfers; to increase the rates of microbial metabolism,1-3 and finally, the use of ferri- or ferrocyanide that have been widely used in lab scale MFC systems, although not as expensive as metallic catalysts, require replenishment and are toxic to the environment.4 MFC are electrochemical devices able to convert chemical energy to electricity from reactions catalyzed by microorganisms. This energy harvesting from organic matter can be achieved either from pure substrates, residues, domestic or industrial wastewaters, greenhouse gases or any other source with variable levels of complexity or purity. In this context, glycerol and carbon dioxide can be targets for their use as fuels in bioelectrochemical devices.

  Despite glycerol being initially considered as a very desirable by-product, since it can be used as intermediate in food and cosmetic processing, it has now become a great market problem due to its accumulation and to the rapid growth of the very profitable biodiesel industry. The use of glycerol in bio and chemical transformation processes to obtain high-priced by-products has already been successfully achieved.5,6 Glycerol as substrate in MFC has also been explored to produce new substances that act as final electron donors or acceptors, or electron shuttles which can be oxidized or reduced at the electrodes' surfaces, resulting in indirect electron transfer mechanisms, which in most cases can be reversibly oxidized or reduced, making the entire electron shuttle system recyclable.7-9 Among these electron shuttles, pyocyanin or 1-hydroxy-5-methyl-phenazine, also known as PCN, is produced using Pseudomonas aeruginosa. The optimization of culture conditions for PCN production have achieved improvements that allow its application in the construction of bioanodes for MFC prototypes using glycerol as biofuel.9

  In contrast, biofuel production by algae can be advantageous if we keep in mind the impressive productivity that these microorganisms have, their non-competitiveness with agriculture activities, their flexibility in terms of water quality and specially the possibility of coupling the sequestration, fixation and biotransformation of CO2 throughout the photosynthetic process to the generation of algae by-product with industrial interest,10 including the energy conversion at biocathodes in photosynthetic fuel cells (PSFC).4,11 Conventionally, in fuel cells electrons from the anodic compartment flow through an external circuit where its energy can be used; meanwhile protons are transferred to the electrolyte and transported through suitable means to the cathodic compartment. At the cathode, protons and electrons are used to reduce air oxygen on the surface of metallic catalyst, closing the cycle. A wide variety of studies have been already achieved in terms of the biocatalyzed oxygen reduction using microbial anodic half cells,12-15 coupled to electrochemical half cells, and more recently microbial cathodes,16-20 as well as photosynthetic microbial cathodic half-cells,11,21 employing the microalgae species as direct electron acceptors.

  This work is focused on the utilization of a previously optimized bacterial anodic system for glycerol biotransformation using P. aeruginosa in MFC,9 now coupled to the bioelectrochemical sequestration and conversion of CO2 by algal biocathodes using the microalgae C. vulgaris.

   

  Experimental

  Microorganisms

  Pseudomonas aeruginosa ATCC 27853 was donated by the Group of Microbial Biotechnology from the University of São Paulo, São Carlos, Brazil . Chlorella vulgaris wild type was donated by the Group of Research in Fuels and Energy from the University of Pernambuco, Recife, Brazil.

  Other materials

  Pyocyanin (PCN) > 98% HPLC grade was purchased from Sigma-Aldrich (USA). Ammonium hydroxide, absolute ethanol, isopropanol (99%), sodium monobasic and sodium dibasic phosphates, hydrogen peroxide (30 vol.), potassium chloride and sodium hydroxide were obtained from J.T. Baker Co. (USA). Potassium hexacyanoferrate(II) trihydrate (ACS reagent, 98.5-102.0%) and potassium hexacyanoferrate(III) (ACS reagent, > 99.0%) were purchased from Sigma-Aldrich All aqueous solutions were prepared with MilliQ grade purified water. Bromocresol green (BCG, ACS reagent, dye content 95%), and methylene blue (MB, dye content > 82%), were purchased from Sigma- Aldrich.

  Carbonaceous materials

  Carbon felt Type A (0.35 mm thickness) from E-TEK Inc. (USA); carbon felts were pre-treated with ammonia prior to their use according to previous studies.9,22 Vulcan XC-72R® carbon black (bulk density 96.11 g L-1) was obtained from Cabot Carbon Corp. (USA) and Vulcan 0.5% platinized carbon black was donated by the Group of Electrochemistry, IQSC, University of São Paulo, São Carlos, Brazil.

  Bacterial growth, PCN production and glycerol consumption

  For the bacterium adaptation, plates containing King A solid medium (KA) were inoculated and incubated at 37 ºC for 48 h. For the immersed culture, an optimized King A broth medium (OKA) was used, contained 25 g L-1 of glycerol purchased from Vetec, (Brazil), 20 g L-1 of soybean peptone purchased from Bacto®Peptone-Difco Lab. (Brazil), dibasic potassium phosphate 1.5 g L-1 and 1.4 g L-1 of MgCl2 all purchased from Synth (Brazil), and 2.0 g L-1 tetrahydrate ferric sulfate, purchased from Vetec. All experiments were performed during 120 h and pH 7.4, at 37 ºC. Pre-inoculum was adjusted to a cellular concentration of 109 colony forming units (CFU) by optical density (OD) at λ = 610 nm. An inoculum of 24 h was used for the in-cell experiments to inoculate the anodic compartment at the fuel cell. Duplicated samples of 2 mL were taken every 12 h and centrifuged at 4500 rpm for 10 min. Supernatants were used for PCN quantification using UV-Vis spectrophotometry according to the methodology described below and, for glycerol consumption, a colorimetric enzymatic kit purchased from Bioclin® (Brazil) was used for triglyceride-glycerol determination and the concentration was expressed in mg L-1. Bacterial growth was followed by OD at λ = 610 nm using the re-suspended cells in normal saline solution. All spectrophotometric determinations were performed employing a Biochrome Libra S32 UV-Vis spectrophotometer.

  Total PCN concentration quantification

  For quantification of the total PCN concentration, a liquid-liquid extraction was performed using consecutive addition of two volumes of chloroform to one volume of cell free culture supernatant and stirred for 5 min. PCN was then extracted from the chloroform phase into 0.2 mol L-1 HCl aqueous phase. To this deep red acid solution 0.4 mol L-1 borate-NaOH buffer (pH 10) was added until complete color change into blue. The concentration of extracted PCN was estimated by measuring the absorbance at 520 nm and comparing this to a standard solution of 0.4 mol L-1 PCN in borate-NaOH buffer (pH 7), and is expressed as mmol L-1 according to its molar extinction coefficient (ε520 nm = 4310 mmol-1 L cm-1 at pH 7 or 2460 mmol-1 L cm-1, in 0.2 mmol L-1 HCl).23

  Algae growth and CO2 sequestration

  Chlorella vulgaris was maintained in sterilized tap water, pre-adapted and cultivated in a modified medium according to the standard ISO 8692.24 The algal experiments were conducted also at 25 ºC, for 120 h. A cellular concentration of 3  × 103 cells mL-1 was used as the starting point in all experiments. Algae cultures were left to grow for an adaptation period equivalent of 3 logs using the mineral medium already described. Dilutions up to the desirable cell concentration of 3 × 106 cells mL-1 were made using fresh medium. Hence the microalgae were left to be acclimatized during 24 h until their use. After inoculation, the cell concentration was adjusted, and the growth media were pre-aerated using pure CO2 bubbling or air (containing approximately 0.038% of CO2 per volume or 380 ppm) through fritted glass bubblers at a total flow rate of 200 mL min-1 for 1 h at 25 ºC. During algal cultivation, aeration to the cathode was stopped. For lighting, 18 W fluorescent lamps (3500 to 4000 lux) purchased from Philips Co (USA) were used. Samples were then taken in duplicate from the culture vessel using a hypodermic syringe to measure the cell growth with time by the increase in absorbance at 648 nm compared with a standard concentration curve of ABS vs. number of cells per milliliter. CO2 consumption was quantified by titration to a phenolphthalein end point at pH 8.3 with a sodium hydroxide standard solution according to previous reported methodology,25 since the analysis for dissolved carbon dioxide in water is similar to that for acidity. The total amount of CO2 consumed (CO2C) was expressed in terms of percentage of titrated dissolved carbonate, according to equation 1:
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  where CO2D is the initial CO2 concentration, solubilized as carbonate at the beginning of the experiment; CO2F is the final CO2 concentration solubilized as carbonate that remained at the end of the experiment and CO2R is the amount of CO2 released from the medium that was not consumed nor solubilized as carbonate. CO2 and O2 concentrations were also determined from the cell up-stream exits using an on-line GEM2000® gas analyzer purchased from LandTec (England) and results were expressed as ppm.

  Fuel cell configuration

  In general, the hybrid photosynthetic fuel cells (HPSFC) consisted in cylindrical acrylic reactors with working volumes of 100 mL in each compartment. Bacterial anodes (BA) were composed by bacteria cell suspension and as electrodic material an immersed carbon cloth electrode pre-treated with ammonia was used. Algal cathodes (AC) were composed of algae cell suspension and as electrodic material a Pt-Black 10% (m/m) dispersed on a carbon felt with carbon black powder electrode was used. Initially, both BC and AC systems were evaluated in separate against the corresponding Fe2+|Fe3+ redox pair using immersed carbon felt electrodes in a 10 mL volume of 20 mmol L-1 potassium ferricyanide or potassium ferrocyanide solutions, for the cathodic or anodic compartment, respectively. Lastly, both MFC approaches were put together in a hybrid system using BA and AC at the same time. In all cases, the electrodes had surface areas of 19.6 cm2, connected to an external resistance of 1000 Ω. Saline bridges (SB) of potassium chloride saturated agar gel of 5 cm length and 0.5 cm diameter were used as cation transport system between compartments. Additionally, based on previous reports,11,26 bromocresol green (BCG) and methylene blue (MB) were evaluated as electron shuttles as a way to enhance the AC coulombic efficiencies.

  The acrylic apparatus and the nickel wires were sanitized using 70% ethanol and sterilized under UV light during 30 minutes. Other fuel cell components such as electrodes, magnetic bars, and saline bridges were sterilized in autoclave for 20 minutes. The MFCs were operated in a temperature-controlled room at 25 ºC. The bioanolytes and biocatholytes, both with external volumes of 200 mL, were continuously circulated inside the respective fuel cell compartment by peristaltic pumps at a 2 mL min-1 rate.

  Electrochemical analysis

  Chronovoltammetric analyses were performed using the bicompartmented microbial fuel cells described above, connected to a digital Fluke 8808A Multimeter coupled to a FlukeView® data acquisition system (Fluke Corporation, USA). All experiments were allowed to stabilize for about 30 minutes before each measurement, and the in-situ microbial cultivation was performed for up to 120 h at 25 ºC. The obtained voltage values were then converted to current density (µA cm-2) and power density (mW cm-2) according to Ohm's law. The coulombic efficiency (%) determination was calculated from the expression in equation 2 adapted from Logan et al.:14
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  where M (g mol-1) is the molecular mass of the substrate used (PCN = 210.23, O2 = 16, CO2 = 44.01 and glycerol = 92.09 g mol-1), I is the integrated current density (A cm-2), t is the time (s), A is the electrode area (cm-2), z is the number of electrons transferred per mole of substrate (O2 = 4e–, glycerol = 12 e– and CO2 = 12e–); F is Faraday's constant; VAC/CC is the volume (L) at the electrode compartments or the volumetric influent liquid flow rate inside the electrode compartment (L min-1), and ΔS is the change in substrate concentration (g L-1). Polarization curves and power output curves were also obtained from steady-state experiments, using a PalmSens® potentiometer coupled to a PSTrace 4.1® software, using an Ag|AgCl electrode as reference and scan rates of 0.05 V s–1. The potential ranges were established from the open circuit voltage (OCV) observed in each case.

  Statistical analysis

  Each bacterial or algal growth experiment lasted 120 hours and was repeated in triplicate to determine the standard deviations for the growth rates, the PCN production and the glycerol or the CO2 consumptions. Each bacterial fuel cell (BFC) condition was also performed in triplicate and since the optimized substrate concentration did not affect previous fuel cell runs, two HPSFC runs were combined to demonstrate the reproducibility of the transient chronovoltammetric curves. The standard errors and 95% confidence limits, regression analysis relating the maximum power densities and the microbial growth rates were statistically analyzed by variance analysis (ANOVA) using Origin® software from OriginLab Corp. (USA).

   

  Results and Discussion

  Bacterial growth, PCN production and glycerol consumption

  Despite the minor differences, all bacterial experiments showed high reproducibility and similar profiles of growth, glycerol consumption and PCN production. An example of the bacterial growth profiles obtained can be observed in Figure 1. As demonstrated in previous results,9 no significant differences were observed when a catholyte of ferricyanide and KCl saline bridge was used compared with Pt-Black cathodes and Nafion® as proton exchange system. Although a low detrimental effect caused by ferricyanide and the use of saline bridges was observed, this system continues to be the best choice, since it represents an economical alternative rather than using the highly priced proton exchange membrane (PEM) systems and expensive electrodes based on rare metals, such as platinum.
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  The same profiles were observed for P. aeruginosa when it was grown in Bacterial Anodes (BA) against cathodes containing of potassium ferricyanide 20 mmol L-1. It was also observed that glycerol consumption reached a maximum after 60 h, following the maximum growth rates observed close to the first 40 h according to the curve-fitting analysis by ANOVA. As was also observed, PCN production under the studied conditions was almost 15 times higher (x-bar 1.333 ± 0.066 mmol L-1) if we compare it to previous reports where less than 0.1 mmol L-1 PCN was obtained from P. aeruginosa cultures using 2.5 to 10 g L-1 glucose or glycerol, respectively.15,27,28 Previous observations also demonstrated that solvent extracted total PCN concentrations from free cell media ranged almost twice the concentration of PCN measured directly (x-bar 2.411 ± 0.1205 mmol L-1). In terms of cell growth rates, this reached the highest values of 1.1023 × 10-4 CFU h-1 at 42.3 h.

  Algal growth and CO2 consumption

  Previous studies have shown us how air or pure CO2 supplementation can cause well-differentiated algal growth profiles. As expected, the algal growth was notoriously lower when the culture was only supplemented with air. Nevertheless, the continuous supplementation of an oxidant (such as oxygen) present in the air stream supply to the cathode is essential to maintain the potential and current of a PSFC.29 Since the rates of oxygen generation from the algae cell are lower than the rates for CO2 intake, the presence of alternative sources of O2 at the cathodic compartment are mandatory. From Figure 2, it remains remarkable that the lowest algal growth was observed when algal cultures were supplemented only with air instead of CO2. In both cases, the growth curves were normalized from the initial cell concentration at t0. Thus, only the increase in OD was plotted. Table 1 shows the average values observed for the growth of C. vulgaris in the biocathodes (AC) under the two evaluated conditions of aeration.
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  There is a clear consistency between our observations and previous reports on AC using the same microorganism, where a substantial increase in biomass generation was related to the source of CO2.11,21 In this case, it was observed a two log increase on the microbial growth rate when pure CO2 was supplied. In contrast, only approximately 61% of the initial CO2 concentration was consumed when pure gas was used, compared with the almost depletion of the CO2 (91.2%) when the medium was supplied with ar. Control experiments were performed to estimate the release of CO2 from the media during the whole experimental time, and this led us to estimate the real algae carbon sequestration. As such, gas traps were attached to the up-stream exits of the cathodic compartments, and the trapped CO2 was then quantified. The results showed that in average only less than 5 and 1.5% of the solubilized CO2 was released back from the AC during the experiments using enriched media with pure CO2 or air, respectively. According to this, to reach the optimum growth rate of C. vulgaris cathodes, it is important to increase the dissolved CO2 concentration. Some reports have shown that the increase of dissolved carbon dioxide must be simultaneous to the increase in radiant flux, since both clearly are limiting factors for growth rate.11,21,30,31 However, in this study, only one radian flux condition was studied. On the other hand, the yield of biomass produced in the case of AC agreed with previous values reported for C. vulgaris cultures,11,32 in which it was found that the CO2 consumption follows a biomass yield coefficient of 0.5 mg biomass per mg CO2.

  Half microbial cell using bioelectrodes and redox counter-electrodes

  Both sets of bioelectrodes, bacterial as well as algal, were evaluated independently against the redox pair Fe2+|Fe3+, prior to their use together within the hybrid system. Initially, aeration was performed directly into the cell compartments, however the mass transfer from the gas source into the liquid cultures varied the experiment performance since the gas remained on top of the culture media. The use of external vessels where the aeration can be made alternatively by bubbling into the media directly through fritted glass bubblers solved this problem, and improved the final performance of the PSFC. The effect of this change on mass transfer rate was determined by measuring the rate of the dissolved CO2 of build up as described earlier.33 As related on previous reports based on this approach, the bubblers improved the gas transport rate into the culture media by a factor of three and four in the case of CO2 and O2, respectively.11,21

  Examples of the chronoamperometric profiles obtained for each half fuel cell can be observed in Figure 3. Experiments involving the algal cathodes with air supplementation showed to be very stable along the evaluation period (Figure 3A). In this case, the apparent stability for the observed current densities (Id) was related to the highest concentration of oxygen present in the air stream, which can contain up to 23% of O2, and only 0.046% (m/m) of CO2. As previous reports have shown, under illumination, and assuming that algae in the cathode compartment generate oxygen, the rate of current generation of a PSFC will be proportional to the algal oxygen producing activity, if oxygen is rate-limiting.11,21 The O2 concentration could easily reach 40 mg L-1 when solubilized at room temperature, while the measured CO2 reached a maximum concentration of 380 mg L-1, which corresponds to almost 10 times the O2 concentration. Consequently, the low concentration of solubilized O2 may compensate the low rates of O2 generated by the algae and hence maintains the Id relatively constant between 3.5 and 4.0 µA cm-2.
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  In Figure 3B, it was observed a dramatic decay in Id, after 12 h. This behavior was observed several times when the culture medium was supplemented with pure CO2 instead of air. This is related to the decrease in the pH value caused by the solubilized CO2 in the form of HCO3–, which caused a cytotoxic effect over C. vulgaris, observing that the average measured concentration of solubilized CO2 reached 1500 mg L-1, when pure CO2 was used. After 24 h, the Id values reached higher levels that were not observed in the case of the medium supplemented with air. In addition, profiles showed to be less stable than the previously observed for air supplementation; however, the highest Id peak at 93 µA cm-2 at 72 h was obtained when pure CO2 was used. After this point a small decrease on the Id values was observed, and then Id values maintained a relatively constant and slow increase for the next 30 h ranging between 8.0 and 9.0 µA cm-2. After 100 h of process, the CO2 depletion caused a rapid decrease in Id. Figure 4 shows the control experiments that were performed to determine the effect that the illuminated algal cultures caused on the chronoamperometric profiles without aeration and the effect of free cell media supplemented with air or pure CO2. At first, when the cell free media were evaluated, it was demonstrated the contribution of the O2 present in the air stream to the Id generation since higher values were observed when compared to the pure CO2 supplementation. Since there were no algae responsible for the conversion of CO2 to O2, the lowest Id profiles were observed. In both cases, very stable profiles were obtained since the very beginning, as such plateaux were obtained with Id values ranging from 0.5 to 0.8 µA cm-2 and 2.0 to 2.5 µA cm-2, for the free cell media (abiotic control) supplemented with CO2 or air, respectively. In general, the major contribution to the Id values was caused by the algal culture. As such, in this process, a slow increase in the Id values was observed during the first 40 h followed by a fast increase until 100 h, where the highest peak of Id of approximately 3.5 µA cm-2 was observed. After this point, a slow decrease in Id values was observed following the O2 depletion and the cellular death. This indicates that even without the gas supplementation the algae were able to generate O2 from other processes that did not involve CO2 capture and biotransformation. These three profiles were in accordance with previous reports in terms of behavior.11,21 However, lower Id values were observed in our control experiments. In general, the results obtained for the AC Idmax were clearly consistent with the previous reports where similar approaches were used, such as: algae species, ferrocyanide as counter-electrode and saline bridges as cation exchange system.4,11,21
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  Finally, Figure 3C shows the chronoamperometric profile for the bacterial anode. As previous results have demonstrated (data not shown) the use of a saline bridge promotes more stable profiles for Id generation than other cation exchange system, such as Nafion membranes. This is related with the inherent deficiencies during the proton exchange through the membrane towards the cathodic compartment. PEMs such as Nafion, when used in microbial cultures at pH values above 7.0, tend to be especially affected.1 In this case, the Id values increase rapidly during the first 48 hours following the substrate consumption, however, after the 48 h the Id generation enters a steady-state plateau until the 96 h of process, with Id maxima values ranging between 40 to 45 µA cm-2. This maximum Id plateau is closely related to the accumulation of PCN in the medium. As previous studies have shown,9,33 the electron generation in anodes of P. aeruginosa is dependent on PCN production and especially limited only to the protonated species of PCN (PCNH+), which is actually responsible for the electron transportation between the bacterium cell wall and the electrode surface. PCN and other phenazine-like compounds could also play an important respiratory role in other conditions of high bacterial densities, poor mixing, and oxygen limitation. How these parameters affect PCN production and electron transportation has been already described.9,34 Nevertheless, it is interesting to mention that during the production of PCN, this electron shuttle could be present inside the culture media in three different forms: PCN zwitterion (PCN+-), dihydro form (PCNH2) or protonated form (PCNH+) (due to factors such as: pH value, oxygen concentration), and other bio or electrochemical conditions or even recycling.9,34,35

  Despite the minor differences, all bacterial cultures showed similar profiles of growth, glycerol consumption and PCN production. At this point, we can assume that with Fe+SB or Pt+PEM systems, we can achieve good results and reproducibility in terms of current densities, coulombic efficiencies and power outputs, so we could choose either system for future works. Although there are some detrimental effects, ferricyanide and the use of saline bridges continue to be the best system, since it represents an economical alternative to highly priced PEM systems and expensive electrodes based on rare metals, such as platinum.9 The current tendency is to avoid PEM systems as well as saline bridges and work in membraneless devices where phase separation can be achieved by other means. Nevertheless, crossover problems can be observed in terms of oxygen and carbon source migration to one compartment (phase) to another.36

  Table 2 condenses the results achieved in terms of coulombic efficiencies (CE) for each bioelectrodic system. Since good biotransformation into PCN was achieved for P. aeruginosa using the optimized medium containing glycerol at 25 g L-1, that was also reflected on a good CE value around 47%. In previous studies we have observed that specific CE for PCN exceeded the one observed for glycerol.9 This could indicate that PCN, like other previously described electronic shuttles, is suffering re-cycling during the bioelectrochemical process.15,37 Having this in mind, we can estimate a turnover number (TON) for the total amount for the PCN produced from glycerol in 120 h, of approximately 50.3 for the half-biofuel cell system studied. In general, the CE values could be even higher if the internal electronic and mass transfer losses are avoided as well as other biological processes that can reduce the concentration of available PCN inside the medium, as complexation or degradation.
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  Comparing both the bacterial and the algal electrodes, it was noticeable that the highest Id values were observed for the algal cathodes when pure CO2 was supplemented instead of air. Nevertheless, higher CE were observed when air was used instead of pure CO2. As cited before, the presence of O2 in the air stream was the main cause for the differences in terms of CE and current densities observed for the algal cathodes. The electrochemical availability of O2 is higher within the air stream than the one coming from the capture and biotransformation process due to the algae. This fact was confirmed throughout the observations made from the control experiments, where half of the CE observed for the AC supplemented with air corresponded only to the air stream and 1/5 when AC was supplemented with pure CO2. Another interesting observation was made from the contribution that algal biomass had over the total CE in AC. In that case, CE obtained from algal biomass corresponded to 1/3 and 1/2 of the total CE value when algal cathodes were supplemented with air or pure CO2, respectively.

  Use of mediated electron system for CE in ACs

  Although several electron mediators or electron shuttles have been studied to improve the capture and transport of electrons, recent research has shown that mediator-less anodic cells are feasible, especially when the cells grow as a film coating on the anodic electrode. Nevertheless, due to the type of carbonaceous materials used as electrodes in this study, the formation of such bio-structures has not been accomplished successfully, making the addition of suitable electron shuttles mandatory to improve electron transfer between the electroactive species at the electrode, the solution and the biological component. The concentrations of the chosen electron shuttles were optimized in previous studies (data not shown), ensuring: maximum Id production, improved CE and minor toxic effects over the algal cells. According to this, maximum concentrations of 0.1 and 0.2 mmol L-1 of MB and BCG were used, respectively. Although these mediators have proven electron transport capacity, with excellent regeneration and recycling features as previous studies have shown,11,38,39 they have been employed mostly in bioanodes. Both mediators have well differentiated mechanisms for electron transportation. As such, MB or 3,7-bis(dimethylamino)-phenothiazin-5-ium chloride corresponds to a phenothiazine dye which transports electrons on a protonable nitrogen atom present at the heterocyclic ring. In the case of BCG or 3,3',5,5'-tetrabromo-m-cresolsulfonphthalein, it is a triphenylmethane dye which can transport electron throughout the formation of quinone-like derivatives.26,38

  Chronoamperometric profiles for AC hemi-cells were obtained in separate experiments evaluating both electron shuttles to understand the effect that these compounds really caused on the current profiles and consequently on the CE values during the algae growth using the previous studied gas supplementation. It can be observed in Figure 5 how noticeable the increments on CE were when both electron shuttles are employed. The real CE values were recalculated using the CE observed in control experiments, allowing the determination of the real efficiency that the electron shuttles caused on the overall current values. In general, the best results were observed when BCG was employed using air supplementation, achieving efficiencies 3 times higher than when no mediator was used. When CO2 was supplemented along with the mediators, no significant CE differences were observed among them. However, increases in the CE values were higher when MB was used instead of BCG in the case of the supplementation with pure CO2. It must be considered that both electron shuttles were chosen due to their recycling properties. Having this in mind, it was considered that the observation of such high CE values is closely associated to the occurrence of recycling processes which are responsible for the high turnover numbers already observed for both mediators.26,38
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  Hybrid biofuel cells using bacterial anodes and algal cathodes

  The hybrid photosynthetic biofuel cell (HPSBC) combined best results were from isolated experiments for both algal and bacterial bioelectrodes in a novel single device. Initially, when both approaches were set together it was expected to obtain close profiles to the ones previously observed, however, the results clearly showed the dominance of the bacterial anodic profile over the algal one. From the initial observations some adjustments were made in a way to improve the performance and efficiency of this device. At first, HPSBC was supplemented with a glycerol concentration of  25 g L-1 for the BA and air for the AC. The chronoamperometric profiles were similar to the ones observed for the bacterial half-fuel cell, where an inverse parabolic curve was obtained rather than the sigmoidal curved observed for the algal half-cell. It must be mentioned that the Id maxima values observed at the plateau presented values between 35 and 40 µA cm-2 lower than those previously observed. Similarly, the CE value obtained was just 34%. Some explanations are now identified, and they are mostly related with charge and mass transportation problems. Ion generation and transportation is faster when chemical electrolytes are used as observed during the half-cell approaches. As such, in BA when PCN is oxidized at the anode, protons are released and their migration to the cathodic chamber is expected, where they will be consumed during the processes of O2 reduction. However, since protons cannot migrate at a sufficient speed from the anode to cathode, the pH decreases rapidly due to their accumulation. In this case, the electrolyte balance was maintained by K+ coming in the opposite direction from the cathodic compartment as a product of the reduction of ferricyanide, as shown in equation 3.
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  An antagonistic process was observed during the O2 reduction in AC, as shown in equation 4. In this case, an increase of pH was expected, due to the consumption of protons during the O2 oxidation without the corresponding replacement from an external source.
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  The resistance depends on the salt bridge construction: its length, diameter and the type and concentrations of dissolved ionic species. Since the redox pair Fe+2|Fe+3 was no longer employed, we decided to replace the KCl bridge with other cation exchange systems. Even when proton exchange membranes such as CMI-7000® or Nafion 117® are expected to be the best choice, our previous experiences with bacterial anodes showed us that similar results can be achieved using cheaper materials. For the HPSBC device we adapted the saline bridge replacing the saturated KCl agar gel for saturated K2HPO4 agar and this will lead the cation transportation not just of K+ ions but also protons.
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  On the other hand, PCN production rate was much faster than the O2 generation from the algae. This was also related with the initial concentration of substrates that are quite different, 25 g L-1 of glycerol (BA) and 0.38 or 1.5 g L-1 of CO2 (AC). PCN, like other previously described electronic shuttles, can suffer re-cycling during the bioelectrochemical process.26 Hence, it can be estimated a turnover number (TON) for the total amount of the PCN produced from glycerol during 120 h, of approximately 50.3, which corresponds to a maximum concentration of electrogenic by-product of approximately 0.5 g L-1 (or 2.5 mmol L-1). According to equation 6, the maximum O2 concentration can be estimated by the O2 produced from algal biomass. Thus, if one considers that during the photosynthesis 2 moles of CO2 generate 2 mole of O2, an average O2 concentration of 59.4 mmol L-1 can be obtained. The obtained values indicated a concentration of O2 at the AC at least 20 times higher in comparison with the expected H+ generation at the BA if the relation between PCN and H+ is also equimolar. Nevertheless, in electrochemical terms and according to equation 7, the amount of O2 generated from algal cathodes are half of the CO2 moles consumed. Therefore, the concentration of O2 is only 10 times higher than the expected proton concentration coming from the BA compartment.
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  Figure 6 shows the chronoamperometric profiles obtained for the HPSBC approaches using glycerol and either air or pure CO2 as substrates for the BA or the AC, respectively, in the presence of these two different electron shuttles. In general, profiles present consistent patterns that are similar to those observed in the case of bacterial anodes when cultures were supplemented with air instead of CO2. As such, an initial current lost during the lag-time of the microbial growth during the first 24 h was observed; followed by a fast increase in Id rate values during the next 20 to 40 h when a plateau of Id was reached, in which the current values have not changed significantly, lasting in average 40h. And finally, a rapid decrease on Id values due to the substrate starvation and cellular death.
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  It can be observed, that when both electron shuttles were used with air supplementation, peaks of higher Id values were obtained earlier, within 50 and 56 h, differently than the usual 72 h when no electron shuttle was added. In the case of cultures supplemented with CO2, earlier Id peaks were obtained when only MB was added at 45 h. From the chronoamperometric experiments using the HPSBC cells a new set of data in terms of CE and Idmax are shown in Table 3. In both gas supplementation approaches, the best results in terms of overall coulumbic efficiency were obtained when electron shuttles were added. However, the increase in CE was remarkable in the case of air-supplemented cultures in which the obtained values doubled the previous observations, when no electron shuttles were added. In the case of CO2 supplementation, similar results were obtained for both electron shuttles, but once more it remained clear that the absence of oxygen was directly related to the lower Id values observed. In general, the CE values could be even higher if internal electronic and mass transfer losses are avoided as well as biological processes that can reduce the concentration of available mediators inside the culture media, by complexation or degradation. In general terms, best improvements were achieved when BCG was used compared with MB.
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  Also in Table 3 are shown the best results achieved for power outputs (Pd) in the BA, AC and the hybrid systems using electron shuttles and the two evaluated aeration modes. Figure 7 shows the results from the polarization curves obtained using a bicompartmented cell, where BA or AC were set in separate against Fe+2|Fe+3 redox pairs or together as the hybrid system. In all cases, microbial cultures were examined at 60 h of the process, where the Idmax plateaus were previously observed. As such, the results can be grouped into three blocks. The first one, the hemi-algal or bacterial fuel cells: power output values were noticeable higher in the case of BA in comparison with AC. As such, the Pd was at least 10 times higher when air was used and 6 times higher when pure CO2 was used. The second one, in hybrid BA|AC cells, when only air supplementation was evaluated along either the absence and presence of mediated electron transfers (METs), similar results were observed when electron shuttles were employed, and also the Pd values were higher than the ones obtained when no mediator was used. Finally, the third approach, the hybrid BA|AC cells using supplementation of pure CO2. The results showed the highest Pd peaks, ranging from 1.5 to 2 times higher than the values observed without mediators. Nevertheless, as previously discussed, stable Id and Pd profiles could be obtained when air was used instead CO2. The obtained Pd values for the studied AC, when compared with the previously described algal-based cathodes, were shown to be up to 8 times higher when the non-modified algal cathode was used, and up to 20 times higher when either the algae/cellulose or the algae/wire electrodes were used.4
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  Conclusions

  The use of a chemical catholyte or metal catalyst requires the physical separation of the anode and cathode chambers by an ion exchange membrane (IEM) to prevent substrate diffusion from the anode to the cathode that leads to a rapid deactivation of the cathode and deterioration of MFC performance IEM inhibits substrate diffusion but permits proton migration from the anode to the cathode. Yet, the application of IEM results in a high internal resistance and a retarded transfer of protons from the anode to the cathode, which leads to pH splitting and thus lowers the system stability and bioelectrochemical performance. In spite of the detrimental effect that ferro- and ferricyanide can cause on the microbial electrodes, their use together with the saline bridges continues to be the best choice, instead of using the highly priced PEM systems and expensive electrodes based on rare metals.36 In general, CE values at the BA could be even higher if internal electronic and mass transfer losses are avoided.36 Under the evaluated experimental conditions, the average power output densities reached for BA systems were at least 4 times higher than the ones obtained in other MFCs based on the PCN production from glycerol and glucose.14,15,36 The proposed hybrid photosynthetic fuel cell was shown to be viable when algae cathodes were used for CO2 capture using either air or pure CO2 streams. Clearly, higher Id peaks were achieved when external electron shuttles were added to the algal cathode. However, the best results in terms of Id and Pd were reached when the cathodic compartments were supplemented with pure CO2 instead of air. Nevertheless, in terms of CE the best results were achieved when air was used. In general terms, the best improvements can be achieved when BCG was used in comparison with MB when MET systems were used with algal cathodes. The HPSFC approach also was shown to be efficient when coupled to microbial anodes where glycerol biotransformation was already efficiently achieved by P. aeruginosa. This hybrid system could let us get rid of an inconvenient residue, such as glycerol, to produce energy, with the simultaneous production of bacterial and algal by-products, such as biomass, complex carbohydrates and lipids, which are all targets of the biofuel industries. Current works are exploring the use of raw glycerol as fuel for bacterial and mixotrophic algal cultures, which can also couple its biotransformation to the CO2 sequestration and energy production in HPSFC.
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    Descreve-se um método eletroquímico para a preparação do copolímero poli(2-bromo-5-metoxi-p-fenilenovinileno/2,5-diciano-p-fenilenovinileno) (cop-MB-PPV/DCN-PPV). Este copolímero foi proposto por apresentar uma estrutura D-A, produzida pela presença do grupo elétron-doador metoxi e do grupo elétron-retirador diciano. O copolímero foi sintetizado eletroquimicamente por redução catódica dos materiais de partida convenientes dissolvidos em DMF/LiClO4 usando um poço de mercúrio como eletrodo de trabalho. O copolímero foi caracterizado por medidas de espectroscopia no infravermelho (IR), no UV-Vis e de fluorescência (FL) e por medidas de voltametria cíclica (CV). Todos os resultados foram comparados com o homopolímero MB-PPV. A análise dos resultados indica que o cop-MB-PPV/DCN-PPV foi obtido através da formação de blocos contendo unidades de DCN-PPV ligadas por blocos contendo unidades de MB-PPV. A caracterização da estrutura eletrônica, obtida por meio de medidas de CV, UV-Vis e FL mostraram que a banda de condução é mais estabilizada no copolímero em comparação ao homopolímero. Além disso, os espectros de FL indicaram que a emissão de luz do cop-MB-PPV/DCN-PPV em solução de clorofórmio ocorre por meio da formação de excímeros.

  

   

  
    The present work describes an electrochemical method to produce the copolymer poly(2-methoxy-5-bromo-p-phenylenevinylene)/(2,5-dicyano-p-phenylenevinylene) (cop-MB-PPV/DCN-PPV). This copolymer was proposed due to its D-A characteristic produced by the presence of the electron-donating methoxy moiety and the electron-withdrawing dicyano moiety. The copolymer was electrochemically synthetized by cathodic reduction of the convenient starting materials dissolved in a DMF/LiClO4 using a mercury pool acting as working electrode. The copolymer was characterized by infrared (IR), UV-Vis and fluorescence (FL) spectroscopy and cyclic voltammetry (CV). All the results were compared to the MB-PPV homopolymer. The analysis of electrochemical measurements and IR indicated that the cop-MB-PPV/DCN-PPV was obtained through the formation of blocks containing DCN-PPV units linked by blocks containing MB-PPV units. The electronic structure, performed by CV, UV-Vis and FL showed that the conduction band is more stabilized in the copolymer than in homopolymer. Furthermore, the FL spectra indicated that the light emission of the cop-MB-PPV/DCN-PPV in chloroform solution occurs by means of excimer formation.

    Keywords: PPV-like copolymer, donor-acceptor structure, polymeric solar cell, electrochemical polymerization

  

   

   

  Introduction

  During the last two decades, bulk heterojunction polymer solar cells (PSCs) have been widely studied regarding the possibility of developing efficient and renewable energy sources through the low cost devices production.1-3 Due to massive research efforts there has been significant progress in the ﬁeld of organic solar cells and within about 25 years higher efﬁciencies and lifetimes were achieved and power conversion efficiencies (PCEs) higher than 10% have been reported.4 Nevertheless, before commercialization, additional improvements, particularly in the power conversion efﬁciency, are required. One of the reasons for the low efficiency of the PSCs is the lack of acceptor polymers which present properties such as high electron affinity, high electron mobility, and higher sunlight absorption. The former requirement could be overpassed if the absorption spectra of the conjugated polymers match the solar spectrum, and for this the polymers must present band gap (Eg) values close to 1.75 eV.5-9 One of the most useful methods to obtain a low band gap polymer is the production of a copolymerized donor-acceptor (D-A) structure.10 In these types of structure the proper combination of donor (D) and acceptor (A) units in the copolymer gives the possibility of tuning the electronic energy levels and produce a broadening in the photoactive material absorption. For this purpose, a vast diversity of D-A copolymers11 based on different donor units and acceptor units have been synthesized and applied to PSCs.6,10-12 Another important feature that must be taken into account concerning the production of organic semiconductors suitable for PSC application is the possibility of molecular ordering, since higher aggregation states could result in higher mobility. In this context, diketopyrrolopyrrole polymeric systems (PDPP) have been prepared and studied as activity material for a series of devices based on organic electronics.13-15 This class of polymer has presented some of the highest mobility values assigned to the remarkable aggregation properties of the DPP moieties.15

  Based on what has been discussed above the present paper describes the electrochemical synthesis of the copolymer poly(2-methoxy-5-bromo-p-phenylenevinylene)/(2,5-dicyano-p-phenylenevinylene) (cop-MB-PPV/DCN-PPV) as shown in Scheme 1. This copolymer was proposed due to the fact that it contains the electron-donating methoxy-phenylene units (the MB-PPV units) as the donating group (D) and the electron-withdrawing dicyano-phenylene units (the DCN-PPV units) as the acceptor (A) group. In this way, the MB-PPV/DCN-PPV copolymer was electrochemically synthetized by the cathodic reduction of a mixture of compounds 1 and 2 (as shown in Scheme 1) dissolved in a DMF/LiClO4 electrolytic solution using a mercury pool as working electrode. This approach allows the production of a soluble fraction of the copolymer. This soluble copolymer was characterized by infrared (IR), UV-Vis and fluorescence emission spectroscopies. The electronic characteristics of the films were measured by cyclic voltammetry. All the results were compared to the MB-PPV homopolymer.
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  Experimental

  Solvents and electrolyte

  N,N-dimethylformamide (DMF) (Vetec 99.8%) was heated under reﬂux over copper sulfate for 36 h before distillation under reduced pressure. It was stored over freshly baked 4 Å molecular sieves. Lithium perchlorate (LiClO4) (Merck, 99%) was held in a dessicator with phosphorus pentoxide overnight before use. All other chemicals were commercial grade and used as received.

  Equipment

  The electrosyntheses were carried out using an OMNI 101 Potentiostat/Galvanostat. Fourier transform infrared spectra (FTIR) were measured on KBr pellets on a Shimadzu FTIR-8400 spectrophotometer; UV-Vis spectra were obtained by transmission on a Hitachi U-321 spectrophotometer. Emission spectra were recorded on an Ocean Optics HR-4000ﬂuorimeter. Electrochemical characterizations were carried out using a Palm Sens Potentiostat/Galvanostat.

  Starting material

  The MB-PPV starting material (compound 1 from Scheme 1) was obtained as described below: In a three neck round-bottom flask, 46.7 mmol of 2,5-dimethylanisole and 47 mL of CCl4 were mixed. In round-bottom flask a reflux condenser and a dropping funnel with 0.2 mol of previously dried Br2 were connected. This mix was heated with constant stirring and lighted by an IR incandescent lamp of 500 W. The Br2 in dropping funnel was added dropwise in flask, and a new drop was only added after decolorization of the solution. After finished reaction, the mix was cooled overnight. The solid obtained was filtered and recrystallized in CHCl3. The DCN-PPV starting material (compound 2 from Scheme 1) was obtained as described by 
    Garcia et al.16

  Electropolymerization

  The electrochemical synthesis of the MB-PPV/DCN-PPV copolymer was carried out on a stirred mercury pool working electrode, using Ag/AgCl as reference electrode and graphite sheet as counter electrode. Starting materials were used on a mass proportion of 7:3 of compound 1 and 2, respectively, from a total mass of 0.6 g of starting material dissolved in 50 mL of distilled DMF and 0.1 mol L-1 of LiClO4. Syntheses were performed using potentiostatic methods by passing a total charge of 4.4 F mol-1. Using this approach the copolymerization was completed after 5 hours. It was also produced the homopolymer MB-PPV using a similar procedure as described above, but in the absence of compound 2. Purification of the copolymer and the homopolymer occurred by water addition followed by filtration of the solid polymers and Soxhlet extraction of the soluble fraction with CHCl3. Obtained copolymer and homopolymer were submitted to FTIR, UV-Vis and emission fluorescence spectroscopies.

  Film preparation and electronic characterization

  Films of MB-PPV and cop-MB-PPV/DCN-PPV were obtained by drop casting method. Soluble portion of separated materials dissolved on CHCl3 were dropped over indium tin oxide (ITO) transparent substrate and the solvent was evaporated. Cyclic voltammetry measurements were performed on an H format electrochemical cell using ACN/LiClO4 as a solvent/electrolyte system. A graphite sheet was used as the counter electrode and Ag/AgCl as reference electrode. N2 was bubbled through the system, shortly before measurements, in order to remove any dissolved O2.

   

  Results and Discussion

  Electrochemical polymerization

  The cop-MB-PPV/DCN-PPV was synthesized by application of –2.0V (vs. Ag/AgCl) potential and the MB-PPV by application of –1.8V (vs. Ag/AgCl) potential. The more negative potential used to synthesize the copolymer was necessary because it was demonstrated that the formation of the DCN-PPV occurs in less negative potential values in relation to MB-PPV.16 For this reason the preparation of copolymer MB-PPV/DCN-PPV was held through the application of a more negative potential value in order to increase the amount of MB-PPV units in the copolymeric chain since the formation of DCN-PPV would be predominant in less negative potentials. The polymer formation was accompanied using achronoamperometric measurement technique and the current profiles as a function of time for the electrochemical formation of the two polymers are shown in Figure 1.
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  The behavior of the current with the elapsed time shows interesting information about the electropolymerization process, for example, in the case of the MB-PPV formation (Figure 1a) the current value remains practically constant during the time in which the starting compound is present in the reaction medium. This kind of profile indicates that the rate of the polymer formation is the same while the charge transfer process is possible. This homogeneity on electropolymerization kinetics is possible due to mechanical agitation of the solution during the process. In the case of the preparation of cop-MB-DCN-PPV (Figure 1b) the current profile as a function of time shows that the current value is greater at the beginning of the process and decreases with increasing time. It is observed that the current profile form three levels with values of ca. 35, 28 and 25 mA, respectively.

  This behavior indicates that the rate of polymerization is higher at the beginning and decreases during the polymer formation. This suggests that the copolymer formation occurs mainly by the preferential formation of blocks of DCN-PPV due to the fact that the overpotential for electropolymerization of the DCN-PPV is lower than for the MB-PPV.16,17 In this way, the consumption of the monomer for the DCN-PPV is greater at the beginning, and its concentration decreases favoring the increase of the reduction of the monomer of the MB-PPV, diminishing the reduction velocity due to the increase of the required overpotential for the reaction.16-18

  Spectroscopic analysis

  The electrochemical polymerization of the MB-PPV homopolymer and the cop-MB-PPV/DCN-PPV over the mercury pool allows the production of a soluble and an insoluble fraction. The IR spectra of MB-PPV and cop-MB-PPV/DCN-PPV insoluble fraction are shown in Figure 2.
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  Both the soluble and insoluble fractions of the cop-MB-PPV/DCN-PPV presents typical C≡N band at 2222 cm-1, although it should be noted that the ratio of the intensity of this band related to the other characteristic bands of the copolymer (for example in ca. 1594, 1490 and 1379 cm-1) is smaller for the spectrum of the soluble fraction than for the spectrum of the insoluble fraction. Furthermore, only the insoluble fraction of this copolymer presents the typical DCN-PPV band at 505 cm-1.16 These two observations can be an indication that, in condition of preparation used in this study, the insoluble fraction of the cop-MB-PPV/DCN-PPV contains more units of DCN-PPV than the soluble fraction. This could be explained by the higher insolubility of the DCN-PPV compared to the MB-PPV units.16-19

  The observations described above corroborate the discussions of the behavior of the current profile observed during the electrochemical production of the cop-MB-PPV/DCN-PPV where the higher current value at the beginning of the reaction was assigned to the preferential formation of DCN-PPV blocks. Table 1 shows the band assignments for the principal absorptions in the FTIR spectra of the studied polymers.16
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  The UV-Vis spectra of solutions of the soluble fraction of MB-PPV and cop-MB-PPV/DCN-PPV prepared in chloroform are shown in Figure 3a and 3b, respectively. Both spectra present a main absorption band around 320 nm and a shoulder at 395 nm. According to Brédas et al.19 the transition in ca. 320 nm could be assigned to the localized transitions l→π* and p→l* (where l represents localized levels and π represents delocalized levels). On the other hand the shoulder at 395 nm could be assigned to the strongly delocalized p→π* electronic transition.
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  The predominance of non-delocalized transitions is an indication that the polymers formed have a short average chain length. In fact, the method of electropolymerization in Hg pool produces the conjugated polymer in one step, and for this reason, the major chains formed remain in the insoluble form. However, the addition of O–CH3 (methoxy) group increases the solubility, as can be seen when comparing polymers DCN-PPV and PPV obtained by Péres et al.20,21 with the polymers obtained in this work.

  Fluorescence emissions were also investigated in order to get information about the electronic structure of polymers as well as data about the process of radiation emission. Figure 4 shows fluorescence emission spectra of the soluble fraction in chloroform solution of MB-PPV and cop-MB-PPV/DCN-PPV, both containing 3.2 mg L-1. The emission of the polymers was evaluated at four different wavelengths of excitation, 350, 400, 450 and 500 nm. It may be noted in Figure 4 that the emission spectra for the first three wavelengths of excitation present similar format with a small displacement of the emission maximum to the red region as excitation radiation is also shifted to red. This behavior is a strong indication that the emission process should occur from entities like aggregates or excimers formed by strong interactions between the polymer molecules. These entities have a tendency to emit at longer wavelengths than the isolated molecules.
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  The excitation spectra obtained for both polymers also indicate that the maximum of excitation does not match the maximum absorption of the UV-Vis spectrum (Figure not shown). These characteristics are typical of exciton emissions, which could be formed between chains, such as excimer and aggregates. Excimers are groups of two or more segments of molecules with a coplanar arrangement having a repulsive interaction in the ground state, which becomes attractive when one of these molecules is excited. Aggregates are arrangements of molecules that form entities through attractive interactions in both the ground state and exited state.18 The formation of aggregates or excimers requires basically the same conditions. In the case of the excimer, the distance between the two parallel units must be between 3 to 4 Å to enable a π orbital overlap. For the formation of aggregates the space between the forming units must be smaller than in the case of excimer in order to provide a sufficiently large interaction to form a stable association in the ground state.18,19 Thus it can be inferred that the observed emission behavior of the polymers evaluated in this paper occurs due to the formation of excimers since the excitation spectra for both polymers does not match the absorption of the UV-Vis spectra.

  Cyclic voltammetry of films

  The cyclic voltammograms of the films of the soluble fraction of the polymers obtained in this work are shown in Figure 5. These measurements were performed by cycling the potential from 0.0 V (vs. Ag/AgCl) toward positive potentials until 1.5 V (vs. Ag/AgCl) in the limit range allowed by the solvent/electrolyte system used. In this case no current increase was observed concerning the oxidation of the MB-PPV or the cop-MB-PPV/DCN-PPV.
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  On the other hand, toward negative potential values it was observed that the cop-MB-PPV/DCN-PPV reduction process starts at less negative values in comparison with MB-PPV reduction process. The use of electrochemical data to estimate parameters of the electronic structure requires that the charge transfer process be reversible, which is not true for the processes noted above.22,23 However it can be observed that the reduction to cop-MB-PPV/DCN-PPV begins to flow through the system in less negative potentials compared to MB-PPV. These results indicate that the copolymer presents a more stable conduction band than MB-PPV, which is consistent with the presence of DCN-PPV blocks formed during electropolymerization process, as already shown by IR results. This observation indicated that the cop-MB-PPV/DCN-PPV formed at the Hg pool presented a D-A characteristic, and for this reason is a good candidate to be used as active layer in photovoltaic devices.

   

  Conclusions

  The electrochemical method has been effective for preparing soluble PPV-like polymer and copolymer, containing units with –O–CH3 groups and/or –CN groups attached to the aromatic ring. The analysis of electrochemical measurements and infrared spectroscopy indicated that the copolymer cop-MB-PPV/DCN-PPV was obtained through the formation of blocks containing DCN-PPV units linked by blocks containing units of MB-PPV. The characterization of the electronic structure of the obtained polymers, performed by cyclic voltammetry measurements, UV-Vis and fluorescence spectroscopy allowed verifying that the conduction band of the copolymer is more stabilized than the conducting band of the homopolymer MB-PPV. Furthermore, the measurements of emission and excitation spectra indicated that the process of light emission in the case of dilute solutions of the copolymer prepared in chloroform occurs by means of the formation of excimers. The production of the cop-MB-PPV/DCN-PPV opens the possibility of using the electrochemical methods to produce interesting materials as PPV-like polymers with good properties to be used in photovoltaic devices with improved processability due to the increase of solubility caused by the presence of the –O–CH3 moieties.
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    Nanotubos de TiO2 (TiO2NTs) foram decorados com nanopartículas de Pt via deposição catódica. Estas nanopartículas foram uniformemente distribuídas, altamente separadas e espaçadas sobre toda a superfície do TiO2NT para o menor tempo de deposição, com os tamanhos das partículas de Pt proporcionais às cargas aplicadas. O fotoeletrodo de Pt/TiO2NTs apresentou intenso pico de absorção na região do visível com significativo deslocamento para vermelho induzido pela platina depositada na superfície do TiO2NTs, diminuindo a energia do band gap de 3,21 eV para 2,87 eV. O fotoeletrodo de Pt/TiO2NTs foi testado na oxidação fotoeletrocatalítica do corante Vermelho Ácido 29 com grande sucesso. Descoloração total e 92% de remoção do carbono orgânico total foram obtidos após 120 min de tratamento empregando o fotoeletrodo de Pt/TiO2NTs, o qual apresentou valores superiores aos do não-decorado (87% e 68%, respectivamente), devido ao melhor uso da radiação e da minimização da recombinação de carga.

  

   

  
    Pt nanoparticles were decorated on TiO2 nanotube arrays (TiO2NTs) by cathodic deposition. These nanoparticles were uniformly distributed, highly separated and spaced all over TiO2NT surface to shorten deposition times with Pt particle sizes proportional to the applied charges. The Pt/TiO2NT photoelectrode shows an intense absorption peak in the visible region with a significant red shift induced by Pt deposited on TiO2NT surface, decreasing the band gap energy from 3.21 eV to 2.87 eV. Pt/TiO2NT photoelectrode was tested as photoanode in the photoeletrocatalytic oxidation of Acid Red 29 dye with great success. Total decolorization and 92% of total organic carbon removal were obtained after 120 min of treatment by using Pt/TiO2NT photoelectrode which was superior to the values obtained for the undecorated one (87% and 68%, respectively) due to better use of irradiation and minimization of charge recombination.

    Keywords: photoelectrocatalytic process, Pt decorated TiO2, dye degradation

  

   

   

  Introduction

  The exponential increase of industrial activities and the high demand for manufactured products have caused a considerable impact on the environment. In this context, new environmentally friendly techniques to eliminate or at least reduce the effect of recalcitrant pollutants have been developed.1-5 Among the different techniques employed for contaminant removal, electrochemical advanced oxidation processes (EAOPs) have aroused a great interest for degradation/mineralization of organic pollutants due to their potential environmental compatibility,6 since it rears no generation of secondary pollution, and allows the use of biologically inert materials and of low cost without generation of secondary pollution. Moreover, the EAOPs are being widely studied because of the strongly oxidant hydroxyl radical (•OH) generation which reacts non-selectively with organic compounds in waters.7

  Among the different EAOPs, photoelectrocatalysis by using semiconductor materials has been extensively investigated in recent decades, with emphasis on the semiconductor TiO2.4,8-10 The combination of bias potential and UV irradiation has contributed to many applications, such as wastewater treatment.2,4,11-14 Although many studies reported in literature have demonstrated the efficiency of TiO2 as photoanode for degradation/oxidation of persistent organic compounds,12-14 the interest of improving the properties of this material with focus on decreasing the high band gap value (3.20 eV) for TiO2 in anatase phase,15-17 which limits its photoactivity at low wavelengths,16 has gained attention.

  The doping or band gap engineering of TiO2 has been made in order to shift the absorption spectra to longer wavelengths. This is obtained by the incorporation of metal ions into the lattice, such as Pt,18,19 non-metals such as C and N20,21 and composites of semiconductors such as WO3/TiO2.22

  Platinum decorated TiO2 nanotubes (Pt/TiO2NTs) have been destined for methanol, glucose and dopamine oxidation.23-26 The introduction of Pt nanoparticles on TiO2NTs (undecorated) has improved its electrical conductivity, catalytic activity and its stability in several chemicals.27-29 Furthermore, the properties of this metal may also favor the enhancement of organic compound degradation (i.e., enhancement of the photocatalytic efficiency), since the Fermi levels of these metals are lower than the TiO2NT conduction band when deposited on this material, allowing the electrons to move towards the noble metal Fermi levels, reducing the electron-hole recombination rate.30-32 The decrease in electron density within the TiO2NTs causes the holes which freely diffuse to the surface where oxidation of organic compounds can occur.

  Park et al.33 deposited Pt nanoparticles on the TiO2NT structure by photoreduction method and their physicochemical properties were investigated. In this work, Pt decorated photoelectrode exhibited higher photocatalytic performance than the undecorated one on the photodegradation of Methylene Blue dye. Pt/TiO2NT photoelectrodes prepared by platinum deposition-precipitation method were also studied by Zhu et al.34 and their photocatalytic performance was evaluated by the degradation rates of Methyl Orange solution under UV-vis light irradiation. Using stable TiO2NTs, An et al.35 studied the Pt nanoparticle deposition on nanotubular TiO2 surface via photodeposition process and the photocatalytic performance was also evaluated by the photodegradation of Methyl Orange under UV light irradiation. According to these authors, Pt/TiO2NTs exhibited higher photocatalytic activity than the undecorated one. Hosseini and Momeni36 recently evaluated the performance of Pt/TiO2NT electrodes for electrochemical oxidation of formic acid. Nevertheless, the literature does not explore the increase of electrical conductivity of Pt/TiO2NTs to evaluate its performance in the photoelectrocatalytic oxidation of an organic pollutant.

  In this context, the present work reports the preparation of Pt/TiO2NT photoelectrodes by galvanostatic electrodeposition of Pt nanoparticles on TiO2NT surface. The influence of Pt introduction onto TiO2NT surface was evaluated by systematic characterization of the morphology and photoactivity response when irradiated by UV-Vis light. In order to assess the photoelectrocatalytic (PEC) performance of the Pt/TiO2NT photoelectrode, this material was applied to the degradation of the azo dye Acid Red 29 (AR29) (see formula in Figure 1). This textile dye was chosen as model compound due to its wide applicability and because 70% of the dyes usually consumed in the world are based on azo dyes, characterized by the presence of one or more azo groups (–N=N–).3,37 Percentages of color removal and changes of total organic carbon (TOC) of AR29 dye solutions were monitored as responses. Decay kinetics for AR29 dye was followed by high-performance liquid chromatography (HPLC) during the dye mineralization. All results are compared with TiO2NTs without modification.
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  Experimental

  Preparation of TiO2NT and Pt/TiO2NT photoelectrodes

  TiO2NT electrodes were produced by anodization according to described in the literature.2,38 For this, titanium sheets (99.9%, Sigma Aldrich) were previously cut (2.0 cm × 2.5 cm) and mechanically polished with different sandpapers, ultrasonically degreased in isopropyl alcohol, acetone and ultrapure water, successively for 15 min each one and drying in nitrogen flow. The TiO2NT photoelectrodes were prepared by anodization using two-electrode cell configuration, with Ti foils as anode and ruthenium foil (2.0 cm × 2.0 cm) as a cathode. Ethylene glycol solution containing 0.25 wt.% NH4F and 10 vol.% ultrapure water was used as electrolyte. The anodization consisted of a potential ramp from 0 to 30 V (sweep rate of 1.0 V min–1) maintained at a constant potential of 30 V for 50 h. Immediately after the anodization the obtained electrodes were fired at 450 ºC during 30 min in a muffle furnace to transform amorphous TiO2 into crystalline anatase phase.

  Finally, Pt/TiO2NT photoelectrodes were prepared by Pt nanoparticle deposition on TiO2NT surface by using a procedure adapted from Hosseini et al..39 A conventional three-electrode electrochemical cell with a platinum gauze (auxiliary electrode) and Ag/AgCl (reference electrode) was used for deposition of Pt nanoparticles on TiO2NTs. All the Pt electrodeposition assays were performed at cathodic current density of 10 mA cm–2 in 10 mmol L–1 chloroplatinic acid (> 99.9% purity, Sigma Aldrich) of ethanolic solution and at room temperature. In this electrochemical method, deposition times of 15, 20, 30 and 40 min were studied and a potentiostat/galvanostat (AUTOLAB Model PGSTAT 302) controlled by GPES software was used during the electro deposition experiments.

  Characterization of the Pt/TiO2NT photoelectrodes

  TiO2NT (undecorated) and Pt/TiO2NT photoelectrodes were characterized according to their physical structure by means of X-ray diffraction (XRD) on a Siemens D 5000 using radiation in the 4 to 70º range. The structures and morphologies were characterized by field emission gun scanning electron microscopy (FEG-SEM), Zeiss Supra 35, coupled to an energy dispersive X-ray (EDX). The photochemical properties were analyzed by diffuse reflectance spectroscopy (DRS), by using an UV/Vis/NIR spectrophotometer (PerkinElmer Lambda 1050) equipped with a 150 mm Integrating Sphere and a high sensitivity Gridless-PMT detector operating between 200 and 800 nm. The UV/Vis/NIR spectrophotometer was calibrated with a Spectralon standard (Labsphere USRS-99-020).

  Photocurrent measurements of both photoelectrodes were performed with a Potentiostat/Galvanostat Model 263 (EG&G Princeton Applied Research Co., USA), by using a conventional three-electrode cell with a double jacket where external thermostated water recirculated to maintain the solution temperature at 25 ºC. A Philips high-pressure Hg lamp (I = 9.2 W m–2 and 125 W) without glass protection (inserted in a quartz cylinder) was immersed in 250 mL of 0.100 mol L–1 aqueous sodium sulfate (Na2SO4). A platinum wire and an Ag/AgCl (KCl, 3.0 mol L–1) were employed as counter and reference electrodes, respectively. The linear sweeps were carried out using a scan rate of 10 mV s-1, in the range potential of –0.5 to 2.0 V under and without lamp exposure, separated from the photoanode by a distance of 2.0 cm.

  Evaluation of the photoelectrocatalytic activities of TiO2NT and Pt/TiO2NT photoelectrodes

  Photoelectrocatalytic experiments were performed by using a conventional three-electrode electrochemical cell with cylindrical cell of 500 mL capacity with a double jacket, where the temperature was maintained at 25 ºC via external water recirculation by using a thermostat.

  TiO2NT (undecorated) and Pt/TiO2NT photoelectrodes were used as anodes, platinum gauze as a cathode (auxiliary electrode) and Ag/AgCl (KCl, 3.0 mol L–1) as the reference electrode. The geometric areas of the photoanodes were 5.0 cm2, whereas the platinum gauze cathode was 4.0 cm2. For all PEC experiments, photoanode and platinum gauze cathode were arranged around a high-pressure mercury lamp (125 W) without the bulb. The gap between photoanodes and Hg lamp was ca. 2.0 cm. The PEC assay experiments were performed with a TECTROL R3/AS1 power supply and under potentiostatic mode. The cell potentials were monitored with a MINIPA ET-2042D digital multimeter connected in parallel to the electrochemical cell.

  Comparative PEC treatments (by using TiO2NT and Pt/TiO2NT photoelectrodes) of 500 mL of 85.4 mg L–1 AR29 solution (35 mg L–1 TOC) in 0.05 mol L–1 Na2SO4 were conducted at potential of 2.0 V vs. Ag/AgCl (KCl, 3.0 mol L–1) in the range of pH from 3.0 to 6.0 and under continuous stirring with a magnetic bar to provide the transport of species towards the electrodes. Samples were withdrawn from the cell at regular time intervals. The color removal of AR29 solutions was monitored from the absorbance decay at the wavelength of 508 nm (corresponding to maximum absorption) using a Hewlett Packard 8453 UV-Vis spectrophotometer operating in the range of 190-900 nm and the efficiency of dye decolorization was calculated as:3 
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  where A0 and At are the maximum absorbance (λ = 508 nm) before and after irradiation, respectively.

  The degradation of AR29 solutions was monitored from the abatement of their TOC, determined on a Shimadzu TOC-V CPN analyzer and reproducible TOC values with an accuracy of ± 2% were always found by injecting 800 µL samples to the TOC analyzer. Decay kinetics of AR 29 were followed by reversed-phase HPLC using a Shimadzu 10 Avp LC ﬁtted with a Spherisorb ODS2 (5 µm, 150 mm × 4.6 mm i.d.) column and coupled with photodiode array detectors at λ = 508 nm. The mobile phase used in isocratic mode was 75:25 (v/v) acetonitrile/phosphate buffer (pH = 3.5) with a flow rate of 0.6 mL min–1 at 25 ºC.

   

  Results and Discussion

  Characterization of TiO2NT and Pt/TiO2NT photoelectrodes

  Figures 2a-2e illustrate the morphologies of TiO2NT photoelectrodes produced via anodization of Ti sheets before (Figure 2a) and after (Figures 2b-e) modification with Pt nanoparticles by electrodeposition methodology using different deposition times. The results indicate that the adopted methodology promoted the formation/growth of highly ordered and structured nanotubes, with mean inner diameters varying from 104 to 124 nm and with thickness of about 13 nm (see Figures 2a and 2b). The synthesized TiO2NTs were remarkably well-aligned (vertically to the Ti substrate) with nanotube layers of up to 1.20 µm length, as shown in the inset of Figure 2a.
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  The Pt/TiO2NT photoelectrodes prepared by electrochemical Pt deposition employing a cathodic current density of 10 mA cm–2 during 15, 20, 30 and 40 min (Figures 2b, c, d and e, respectively) show that the time of electrochemical reduction of chloroplatinic acid affects directly the Pt nanoparticles formation. By using 15 min of cathodic deposition the TiO2NT surface is decorated with uniformly distributed Pt nanoparticles with diameter of 2-5 nm (Figure 2b), which were confirmed as Pt atoms by EDX measurements. The cross-sectional view illustrated at the inset of Figure 2b shows that the Pt nanoparticles were also uniformly deposited on TiO2NT walls without any sign of aggregation, with nanoparticle sizes similar to those described above (2-5 nm). Figure 2c shows that Pt/TiO2NT photoelectrode prepared employing 20 min of electrolysis presents deposits with bigger and more irregularly distributed Pt nanoparticles, with Pt deposits reaching up to 30 nm. Figures 2d and 2e (for 30 and 40 min of Pt deposition, respectively) indicated that the Pt deposits are deeply irregular with cluster formation, which compromises the deposits' quality. Furthermore, Pt/TiO2NT electrodes obtained for 40 min of electrolysis showed Pt nanoparticles with varying sizes and poorly distributed Pt clusters, when compared with the electrodes produced in shorter times (see Figure 2e). Therefore, we can verify that Pt particles sizes were proportional to the applied charge for electrodeposition, i.e., more aggregation of Pt nanoparticles was observed at longer deposition times. The results indicate that Pt deposition by electrochemical reduction on TiO2NTs is very efficient for obtaining Pt nanoparticles regularly distributed on TiO2NT surface, i.e., highly separated and spaced over all electrode surface, and short deposit times, such as 15 min can promote small particle formation and more efficient coating. Although EDX analysis has been used for all TiO2NT photoelectrodes to confirm the formation and presence of platinum, for simplicity only EDX spectrum of Pt/TiO2NT photoelectrode obtained during 15 min electrolysis is depicted, as can be seen in Figure 2f.

  Figure 3 compares the X-ray diffraction patterns of the TiO2NT and the Pt/TiO2NT photoelectrodes (deposits of 15 min). As can be seen, the shape of X-ray diffraction peaks of Pt/TiO2NT photoelectrode was similar to the undecorated one, due to the small Pt concentration in relation to the TiO2NTs and to the detection limit of the equipment employed. All the diffraction peaks identified and located at 25.5, 38.1, 48.1, 54.8 and 62,7º are indexed as anatase TiO2 (JCPDS card No. 21-1272) corresponding to reflections of (1 0 1), (0 0 4), (2 0 0), (1 0 5) and (2 0 4) planes, respectively.35
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  Photocurrent-potential curves in dark conditions (curve a) and under UV-Vis illumination by using TiO2NT and Pt/TiO2NT (Pt electrodeposition times of 15, 20, 30 and 40 min) photoelectrodes in 0.100 mol L–1 Na2SO4 are compared in Figure 4. All photocurrents generated for Pt/TiO2NT (decorated) photoelectrodes (curves b-e, Figure 4) are higher than the undecorated one (Figure 4, Curve f), and gradually reaches current plateaus (saturated states) at positive potentials near 1.0 V under UV-Vis lamp exposure, with insignificant current response in the dark in the potential range of –0.5 to 2.0 V. Taking into consideration that the irradiation source includes UV and visible light content, it seems that the Pt introduction could be improving the light absorption in relation to TiO2NTs (undecorated) that is activated only at wavelengths lower than 380 nm.
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  Nevertheless, comparing the effect of Pt nanoparticle size deposit on TiO2NT surface it is possible to observe that the photocurrents generated were inversely proportional to the electrodeposition time. The maximum photocurrent densities for Pt/TiO2NTs is obtained for Pt electrodeposition times of 15 min, approximately 41% higher than obtained for electrodeposition carried out on 40 min. The respective values of photocurrent (taken at 1.5 V) for all Pt/TiO2NT (decorated in different times) photoelectrodes are shown in Table 1. This behavior can be simply explained by the formation of smaller and more uniformly distributed Pt nanoparticles which serve as efficient electron traps (i.e., Schottky barriers) to avoid the electro-hole recombination.40 On the other hand, superfluous Pt content and/or a large particle size distribution on the TiO2NT surfaces would block the transferring of electrons to the Pt nanoparticles to some extent, increasing the electron-hole recombination.41 In short, the modification of TiO2 with Pt smaller nanoparticles promotes efficient light absorption and reduction on the recombination of the photogenerated electron-hole pairs generated under UV-Vis light. These photogenerated holes can be trapped in the photoanode surface by H2O/OH– species, giving rise to •OH radicals, which could improve the mineralization of organic compounds in favorable conditions.5
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  The other effect observed for photocurrent-potential curves by using TiO2NT and Pt/TiO2NT (Pt electrodeposition times of 15, 20, 30 and 40 min) photoelectrodes in 0.100 mol L–1 Na2SO4 (Figure 4) is the shift on flat-band potentials (Efb). This corresponds to the situation in which there is no charge accumulation at semiconductors and that at n-type semiconductors photoanodic currents only flow at potentials more positive than Efb.42 The flat-band potentials for TiO2NT (undecorated) and for all Pt/TiO2NT photoelectrodes were calculated using the Butler equation,5,43 and their values are exhibited in Table 1. From similar plots, the introduction of Pt nanoparticles promotes a shift of 167 mV in the flat-band potentials to less positive potential when TiO2NTs are decorated with smaller Pt nanoparticles (electrochemical deposition during 15 min). This could be indicative of a better band bending and of a consequent improvement in the charge separation.44

  These results are confirmed by comparing the UV-Vis diffuse reflectance spectra of TiO2NTs (undecorated) and Pt/TiO2NTs (electrodeposits of 15 min), as shown in Figure 5. The spectra indicates a strong light absorption in the UV region, ascribed to the charge transfer from the valence band (2p orbital of TiO2NTs) to the conduction band (3d orbital of the Ti4+) for both photoelectrodes.45 But, marked peaks around 650 nm (absorption in the visible region) were observed for Pt/TiO2NT materials. The increase in the absorption peak intensity in the visible region with the addition of platinum can possibly be related to surface plasmon resonance (SPR) effect of electrons in the Pt nanoparticles.46,47 Additionally, it is observed a significant red shift induced by platinum deposited on TiO2NTs probably due to the formation of an intra-gap energy level inside the band gap of TiO2NTs.46 Figure 6 shows the estimated band gap values (obtained by extrapolating the linear region to (αhν)1/2 = 0) for TiO2NT and Pt/TiO2NT photoelectrodes, calculated with the Kubelka-Munk function (equation 2):48
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  where α is the extinction coefficient, h is Planck's constant (J s), v is the incident light frequency (s–1), A is the absorption constant, Eg is the band gap (eV) and n is the absorption coefficient. An n value of 1 was chosen for all the samples, indicating a direct allowed optical transition.49 The band gap of TiO2NT (undecorated) and Pt/TiO2NT photoelectrodes were estimated to be 3.21 and 2.87 eV, respectively (Figure 6). Thus, the results indicate that Pt deposition on TiO2NT photoelectrode results in an increase in the visible-light response, i.e., that the deposition of Pt nanoparticles effectively extends the absorption from UV to a visible region by the reduction of the band gap value.32 Taking into account that the irradiation system adopted as source promotes irradiation in UV and visible light, an improvement in the photodegradation of pollutants is expected when TiO2NTs are decorated with Pt nanoparticles. Further studies were carried out comparing the degradation of AR29 dye by using both electrodes.

  Degradation of AR29 dye at TiO2NT and Pt/TiO2NT photoelectrodes

  In order to test the photoelectrocatalytic activities of TiO2NT (undecorated) and Pt/TiO2NT (decorated with Pt by electrochemical method during 15 min) photoelectrodes, PEC assays were conducted for 85.4 mg L–1 AR29 solutions (35 mg L–1 TOC) in 0.05 mol L–1 Na2SO4 (pH 6.0) at bias potential of 2.0 V vs. Ag/AgCl by using UV-Vis irradiation. Figure 7 compares the percentage of color removal and the TOC abatement obtained using TiO2NT (undecorated) and Pt/TiO2NT photoelectrodes. The percentage of decolorization was obtained by monitoring the absorbance at λ = 508 nm, where azo group is acting as chromophore.3 As can be seen at Figure 7, PEC assays conducted by using Pt/TiO2NT photoelectrode were more efficient than the undecorated one for both responses, i.e., for efficiency of decolorization and TOC abatement.
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  Then, the effect of pH was studied by monitoring the dye decolorization in 0.05 mol L–1 Na2SO4 at pH 3.0, 4.5 and 6.0, and bias potential of 2.0 V vs. Ag/AgCl by using UV-Vis irradiation. For all degradation experiments, slight pH decreases with prolonging electrolysis time up to 120 min were observed. This drop of pH can be related to the formation of aliphatic carboxylic acids as found for treatment of other dyes.3,50 Taking into account that at acidic conditions there is no need of pH correction, all the experiments were done in acidic medium. The percentages of color removal calculated from equation 1 and for three pH values are plotted in Figure 8 for both photoelectrodes. Total color removal of the AR29 solutions was obtained by using the Pt/TiO2NT (decorated) photoelectrode at pH values of 3.0 and 4.5 after 60 min of electrolysis. On the other hand, at pH 6.0 partial color removal (87%) was obtained for the same time of electrolysis. A similar tendency was observed while using TiO2NT (undecorated) photoelectrodes, with maximum decolorization efficiencies at pH values of 3.0 and 4.5. However, decolorization efficiencies obtained by using the undecorated material were slightly lower compared to the decorated one for 60 min of electrolysis. 
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  The adsorption process of ionic form of the AR29 dye (AR292–) onto Pt/TiO2NT and TiO2NT surfaces is probably the first step in the process of AR29 oxidation.51 So, the effect of pH on photoelectrocatalytic oxidation of AR29 may be securely explained by the relation/interaction between the surface charge of TiO2 surface and the acid dissociation constant (pKa = –3.08 at 25 ºC) of AR29. Charge on TiO2NT surface is formed by either protonation (Ti–OH + H+ → Ti-OH2+) or deprotonation (Ti–OH + OH– → Ti–O– + H2O) of the Ti–OH bonds.52 It is known from literature that the isoelectric point (IEP) for TiO2 varies between 5.2 and 5.5.53 The IEP (or point of zero charge, PZC) is the pH at which the surface charge is electrically neutral. On the other hand, the surface is positively charged at a pH < IEP and negatively charged at pH > IEP.52 The anionic form of the AR29 (AR292–) predominates above its pKa value. Therefore, the pH range from –3.08 to 5.5 (i.e., at pH between the pKa and the IEP) which may be the optimum condition for the adsorption of AR292– onto Pt/TiO2NT and TiO2NT surfaces, explains why the kinetics of the AR29 oxidation was favored at more acid conditions. For pH values above 5.5 the TiO2NT surface is negatively charged and the adsorption process of AR292– is not favored.

  Better results shown by the Pt/TiO2NT photoelectrode compared with the undecorated one can be explained by the fact that when coupling metallic Pt with TiO2NTs, photogenerated electrons can ﬂow from the semiconductor to the metallic Pt forming the Schottky barrier on the metal-semiconductor interface33,35,54,55 due to the higher energy of conduction band of the TiO2NTs (undecorated) compared with the new formed Fermi level of Pt/TiO2NTs. So the electrons on the Pt surface can be transferred to adsorbed O2 to form O2•–, while holes accumulated at the valence band of TiO2NTs led to the additional production of the strong and non-selective radical •OH. Finally, the hydroxyl radical formed reacts with the AR29 dye until their total mineralization, i.e., conversion into carbon dioxide, water and inorganic ions. In other words, Pt nanoparticles deposited on the TiO2NT surface act as electron scavengers, promoting a better separation of electron-hole pairs. Consequently, more •OH radicals were generated, enhancing the photocatalytic activity of TiO2NTs and the decolorization and degradation rates. Moreover, Pt/TiO2NT photoelectrodes have shown a stronger light absorption both in UV and visible regions than that of undecorated ones (see Figure 8), which coincides with the absorption lines in the regions (i.e., at λ = 254, 373, 410, 441, 542 and 572 nm) obtained for the employed Hg lamp. Therefore, more photons with specific wavelength can be absorbed, thus enhancing the photoelectrocatalytic activity. Furthermore, AR29 solutions were exposed directly to the same high-pressure Hg lamp during 30 min and significant changes in the absorbance (at λmax = 508 nm) were not observed, indicating that this dye is not directly photolyzed.

  The mineralization of AR29 solutions by PEC process was monitored as a function of the TOC abatement. Figure 9 shows the TOC-time plots obtained for the degradation of the 85.4 mg L–1 AR29 solution by using TiO2NT (undecorated) and Pt/TiO2NT photoelectrodes at pH values of 3.0, 4.5 and 6.0. It can be observed that TOC decayed more rapidly for the Pt/TiO2NT photoelectrode when compared to the undecorated one, after 120 min of degradation. At this time, TOC reductions of 92%, 89% and 80% were obtained for pH values of 3.0, 4.5 and 6.0, respectively. On the other hand, at the same time and by using the TiO2NT (undecorated) photoelectrode only 66%, 67% and 61% of TOC abatement (after 120 min electrolysis) were found for pH values of 3.0, 4.5 and 6.0, respectively. These results corroborate the findings of photocurrent and decolorization obtained in this work (Figures 4 and 8, respectively), due to the better adsorption of ionic form of the AR29 dye (AR292–) onto Pt/TiO2NT and TiO2NT surfaces at more acid conditions (as explained above). As expected, higher efficiency on the dye mineralization was obtained by using the Pt/TiO2NT material probably due to the better separation of electron-hole pairs generating additional •OH radicals, which accelerate the oxidation process, as it has been explained above. Furthermore, the TOC content in AR29 solutions did not vary when exposed to Hg lamp source during 120 min, confirming that the direct photolysis of this dye can be neglected. Although the decorated photoelectrode has yielded 92% TOC removal of dye solution, the formation of recalcitrant products (i.e., products hardly destroyed by photogenerated •OH radicals) may have prevented their total mineralization.7
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  The kinetics of degradation of 85.4 mg L–1 AR29 in 0.05 mol L–1 Na2SO4 by •OH radicals formed at Pt/TiO2NT and TiO2NT (undecorated) photoanode surfaces were also followed by reverse-phase HPLC coupled to diode array detector (see Figure 10). The chromatograms obtained for AR29 dye displayed a well-defined peak at retention time (tR) of 8.35 min. Direct photolysis of the AR29 dye was discarded because its content in solution remained constant after 120 min under UV lamp exposure and without potential application by the photoelectrochemical cell.
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  Figure 10 highlights the quick and almost total degradation of the 85.4 mg L–1 AR29 solution in 0.05 mol L–1 Na2SO4 at pH 3.0 by using Pt/TiO2NTs (decorated) applying 2.0 V vs. Ag/AgCl and under UV-Vis irradiation exposure during 30 min. Similar concentration decay was observed using the TiO2NT (undecorated) photoelectrode under the same experimental conditions. As can be seen in the inset in Figure 10, the concentration decays fitted well with equation expected for pseudo first-order kinetics. From this analysis, pseudo first-order constants (k1) of 3.0 × 10–3 s–1 (R2 = 0.996) and 1.36 × 10–3 s–1 (R2 = 0.987) were obtained for Pt/TiO2NT (decorated) and TiO2NT photoelectrodes, respectively. The fastest AR29 dye degradation promoted by the 
    Pt/TiO2NT photoelectrode can be ascribed to Pt nanoparticles deposited on the TiO2NT surface, which act as electron sinks promoting a better separation of electron-hole pairs, generating more •OH radicals,32 and consequently also promoting a better light absorption than TiO2NT (undecorated) photoelectrode.

  These results are in agreement with the TOC abatement illustrated in Figure 9, indicating that the use of Pt/TiO2NT photoelectrodes in the photoelectrocatalytic oxidation of dye are not only more efficient in decolorization of dye solutions, but also for TOC mineralization when compared to the undecorated one.

   

  Conclusions

  In this work, Pt decorated TiO2NT photoelectrodes were prepared using different deposition times under galvanostatic condition. Platinum nanoparticles were more uniformly distributed, highly separated and spaced over the entire TiO2NT surface in shorter deposition times. Additionally, it has been verified that Pt particle sizes were proportional to the applied charge, i.e., more aggregation (clusters) of Pt particles were observed at longer deposition times. Similarly, the higher photocurrent response was obtained by applying the Pt/TiO2NT photoelectrode which presented a better Pt nanoparticle distribution on TiO2NT surface. The band gap of this Pt/TiO2NT photoelectrode was red shifted to the visible region in comparison with the undecorated one, and their band gap were estimated (by using Kubelka-Munk function) to be 3.21 and 2.87 eV, respectively.

  The decolorization and mineralization rate of AR29 dye solutions were studied employing TiO2NT (undecorated) and Pt/TiO2NT photoelectrodes and at different pH values (3.0, 4.5 and 6.0). Although the total color removal of AR29 dye solutions has been achieved by using the Pt/TiO2NT photoelectrode at pH values of 3.0 and 4.5 (i.e., pH values which are between the pKa of AR29 and the IEP for TiO2) after 60 min of electrolysis, at pH 6.0, only partial color removal (87%) was achieved at the same time. Similar tendency was observed for the undecorated photoelectrode, even if less efficient than the decorated one. Furthermore, TOC reductions of 66 and 92% were obtained at pH 3.0 (the optimum pH value) and after 120 min electrolysis by using TiO2NT and Pt/TiO2NT photoelectrodes, respectively. For both materials, the AR29 decay followed pseudo first-order kinetics with similar constant rates, which is double than with the Pt/TiO2NTs electrode. This difference on TOC reductions showed that platinum nanoparticles improves the light absorption composed of UV and visible irradiation in relation to TiO2NTs (undecorated) that is activated only by UV irradiation and, in addition, it can accelerate the dye mineralization due to the better separation of electron-hole pairs, generating additional •OH radicals, i.e., due to the higher photocatalytic activity of the Pt/TiO2NT photoelectrode compared to the undecorated one. Finally, our results revealed that platinum modification of TiO2NTs by using a simple method is a promising and an attractive way to develop photoelectrodes with high photocatalytic activity and capacity for dye oxidation improving the light absorption in a situation close to solar radiation.
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    A maconha é uma das drogas ilícitas mais consumidas no mundo. Sendo assim, os traficantes têm procurado novos meios para mascarar o teste preliminar (colorimétrico) atualmente utilizado. Este trabalho descreve uma metodologia para detecção de delta-9-tetraidrocanabinol (Δ9-THC) por voltametria de onda quadrada (SWV) em meio orgânico N,N-dimetilformamida utilizando tetrafluoroborato de tetrabutilamônio (TBATFB) como eletrólito de suporte e eletrodos de trabalho de disco de carbono vítreo e platina. Aplicando-se um potencial de –0,5 ± 0,01 V vs. Ag/AgCl, KCl(sat), verifica-se um pico de corrente anódica após etapa de pré-concentração. Utilizando eletrodo de disco de carbono vítreo como eletrodo de trabalho, obteve-se uma dependência linear na faixa de concentração entre 1,0 × 10-9 mol L-1 a 2,2 × 10-8 mol L-1, com um coeficiente de correlação linear em 0,999 e um limite de detecção de 6,2 × 10-10 mol L-1. Tais resultados apontam que a técnica SWV, utilizando eletrodo de trabalho de disco de carbono vítreo, permite a análise qualitativa de Δ9-THC em concentrações maiores que 1,0 nmol L-1.

  

   

  
    Marijuana is a widely consumed illicit drug. Therefore, drug dealers have sought new ways to mask its forensic (spot test) analysis. In this article we describe a methodology for delta-9-tetrahydrocannabinol (Δ9-THC) detection by square-wave voltammetric (SWV) analysis in organic medium (N,N-dimethylformamide) using tetrabutylammonium tetrafluoroborate (TBATFB) as supporting electrolyte, and glassy carbon and platinum disc as working electrode. Applying a potential of –0.5 ± 0.01 V vs. Ag/AgCl, KCl(sat), we detected a well-defined anodic peak current after the pre-concentration step; Δ9-THC detection presented linear dependence at concentrations ranging from 1.0 × 10-9 mol L-1 to 2.2 × 10-8 mol L-1, with a linear correlation coefficient 0.999 and a detection limit of 6.2 × 10-10 mol L-1, using the glassy carbon disc working electrode. These results confirm that optimized SWV technique using glassy carbon disc working electrode enables qualitative analysis of Δ9-THC at concentrations higher than 1.0 nmol L-1.

    Keywords: square-wave voltammetry, tetrahydrocannabinol, forensic science, marijuana

  

   

   

  Introduction

  Illicit drugs are substances that change one's perception and feelings by stimulating, depressing, or disturbing the central nervous system. They can be classified as depressants (barbiturates, alcohol, and opiates), stimulants (nicotine, cocaine, crack, cocaine, and amphetamines), hallucinogens (lysergic acid, LSD), disturbing (marijuana derivatives), and mixed-action drugs (ecstasy) depending on their effect on the central nervous system.1 Illicit drug abuse is a global concern because it poses risks to human health.2,3

  Marijuana is a plant that contains over 400 chemicals. A series of compounds containing 21 carbon atoms each accounts for its biological activity. More specifically, this plant displays over 60 different cannabinoids with terpene phenolic structures that have not been isolated from any other plant or animal species. Δ9-tetrahydrocannabinol (Δ9-THC) is a molecule of forensic interest because it exhibits psychotropic effects (see Figure 1).4

  
    

    [image: Figure 1. Molecular structure of Δ9-THC]

  

  Physiological and psychological effects of Δ9-THC are discernible soon after marijuana consumption settles a few minutes, and it reaches maximum concentration in the brain within 15 minutes. If inhaled or administered intravenously, cannabinoids spread through the organism and affect the brain, lungs, liver, kidneys, and ovaries.5 Δ9-THC acts on the central nervous system receptors located in specific regions of the brain called CB1. These areas are responsible for motor activity, posture, memory, cognition, emotion, sensory perception, endocrine and autonomic functions, and peripheral nerve functioning; their activation inhibits the release of neurotransmitters in the heart, bladder, and bowel.6,7 Δ9-THC also affects CB2 receptors, which occur in spleen macrophages and play an important immunological role.5 However, Δ9-THC leads to low mortality rates: the brainstem, which controls vital functions, lacks Δ9-THC receptors.7

  In forensic analysis, Δ9-THC can be identified by instrumental techniques such as liquid and gas chromatography, spectroscopy, and colorimetric tests. Police forces worldwide use a colorimetric test to initially identify Δ9-THC and other cannabinoids in seized samples. This test consists in extracting cannabinoids with organic solvents such as hexane or methanol and adding the Fast Blue B salt C14H12Cl2N4O2.ZnCl2 to the resulting solution.8 A coupling reaction between Δ9-THC and other cannabinoids with Fast Blue B salt generates a deep red or purple chromophore with the active ingredients of the substance of forensic interest.

  Analytical techniques can help identify drugs of abuse according to the recommendation of United Nations (UN) and the Drug Enforcement Administration (DEA) Scientific Working Group for the Analysis of Seized Drugs, named "SWGDRUG". These techniques comprise three categories: A, B, and C (Table 1). However, to identify illicit substances it is necessary to employ one (or two) techniques belonging to class A and another technique belonging to class B or C. If class A technique is not available, two (or three) class B techniques and one class C technique should be used (Table 1).9
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  Electroanalytical techniques aid analysis of a wide range of substances in different areas.10-14 These techniques are simple, easy to miniaturize, highly sensitive, specific, fast, and inexpensive, so they are an interesting alternative for detection of electroactive species. Electrochemical techniques demand lower amounts of chemicals as compared with chromatographic techniques. Additional advantages are their good analytical frequency and the possibility to apply them to handheld field analysis devices.15

  Electrochemical methodologies can be used to detect illicit drugs. Several studies have used electrochemical analysis to detect cocaine in seized samples, for instance.12,15-17 In the context of marijuana, cyclic and linear sweep voltammetry was applied for direct analysis of Δ9-THC using glassy carbon electrode. It was observed an anodic peak at 0.0 V after pre-concentration step in 30 seconds.18 Combining voltammetric analysis with pre-concentration step offers higher sensitivity and allows determination of trace compounds in different matrices.19-21

  Square wave voltammetry (SWV) is a pulse voltammetric technique where the current peak stems from overlapping pulses at high potential (pulse amplitude). The limits of detection are comparable to those of the chromatographic and spectroscopic techniques.11

  Several studies have demonstrated optimization of marijuana production in tropical countries.7 Therefore, it is necessary to develop even more sensitive and fast ways to detect Δ9-THC in seized samples apprehended by the police forces.

  Therefore, the aim of this research was to develop and to optimize a square-wave voltammetric method for determination of Δ9-THC in seized samples using glassy carbon and platinum as working electrodes.

   

  Experimental

  Reagents and samples

  Δ9-THC samples were provided through a cooperation between this research group and the laboratory of toxicological analysis, Institute of Criminalistics, Ribeirão Preto, São Paulo state, Brazil. A standard sample of 3.2 × 10-3 mol L-1 Δ9-THC (Cerrilliant®) in methanol was employed. The supporting electrolyte used during the electrochemical analyses was prepared with tetrabutylammonium tetrafluoroborate (TBATFB), by addition of 0.66 g TBATFB into a 100 mL volumetric flask. N,N-dimethylformamide (DMF) and deionized water 9:1 (v/v) were added to the flask containing TBATFB, giving a supporting electrolyte solution in DMF/water at 9:1 (v/v), resulting in a final TBATFB concentration of 0.1 mol L-1. In order to remove electroactive oxygen from the solution, the supporting electrolyte solution was previously purged with nitrogen gas for 15 minutes.

  Preparation of the standard Δ9-THC solution

  For voltammetric analysis, 1 mL of a 3.2 × 10-3 mol L-1 Δ9-THC standard solution was evaporated to remove methanol present in the solution. Next, 25 mL DMF were added, giving a final Δ9-THC concentration of 1.1 × 10-6 mol L-1.

  Square-wave voltammetry (SWV)

  SWV experiments were carried out on a potentiostat from Autolab, model PGSTAT 128N, coupled to a microcomputer. A 5.0 mL conventional electrochemical cell was employed. The electrode arrangement consisted of a working electrode (glassy carbon and platinum disc, 2 mm diameter, from Metrohm), an Ag/AgCl (saturated aqueous KCl) reference electrode, and a spiralized platinum auxiliary electrode. The potential scans were performed between –0.3 and 0.3 V for glassy carbon working electrode. Square-wave amplitude of 100 mV and a frequency of 12 Hz were optimized and used in all SWV experiments. Measurements were performed in triplicate and sextuplicate (for intra-day and inter-day assay precision accuracies).

  Preparation of the working electrodes

  The working electrodes were polished to a mirror-like appearance with alumina powder, rinsed with water, cleaned in an ultrasonic aqueous bath, and rinsed again with water before use.

  Purification of the Δ9-THC present in the marijuana samples seized by the police by thin layer chromatography (TLC)

  This technique was used for pre-puriﬁcation. TLC silica plates (Whatman®) containing a fluorescent indicator UV (254 nm) were employed. The eluent was hexane/methanol 8:2 (v/v). A shortwave UV light device was used to locate the spot containing Δ9-THC. The analyte was conditioned after grating, dilution in DMF, and filtering (for chromatographic silica separation).

  Comparative HPLC analyses

  Reversed phase high performance liquid chromatography (HPLC) analyses of the marijuana sample were performed for comparison with voltammetric analyses. They were carried out on a Thermo Scientific® Dionex Ultimate 3000 coupled with a microcomputer and a photodiode-array detector (DAD) for detection. Stationary phase was Ace® C18 (250 mm, 6 µm), mobile phase was constituted of methanol (LiChrosolv®) and water (9:1, v/v), and was previously filtered through a 0.45 mm filter (Milipore, Milex®) and degassed by an ultrasonic device. An isocratic mode was applied for HPLC analyses. The total runtime was 15 min. A wavelength detector was selected at 209 nm, flow rate of 1.0 mL min-1, 20 µL injection volume of analytes. All analyses were carried out at 30 ºC.

   

  Results and Discussion

  Choice of supporting electrolyte and solvent

  DMF/water 9:1 (v/v) as solvent and 0.1 mol L-1 TBATFB as supporting electrolyte proved to be effective in the potential range –0.5 to 1.2 V vs. Ag/AgCl, KCl(sat) for glassy carbon working electrode. Non-faradaic peak currents were significantly in this medium (see Figure 2). The supporting electrolyte provided better degree of ionization as well as chemical and electrochemical stability and the selected DMF/water solvent was selected because both analyte and supporting electrolyte are highly soluble in this medium.18

  
    

    [image: Figure 2. Square wave voltammogram of the supporting electrolyte]

  

  Accumulation time

  The instrumental parameters were optimized after applying potential amplitude of 100 mV and a frequency of 12 Hz, and potential range from –0.3 to 0.3 V vs. Ag/AgCl, KCl(sat). We studied the effect of different accumulation times. First, we applied an electric negative potential to pre-concentrate the electroactive species of the Δ9-THC molecule on the surface of the working electrode. For SWV analysis, applied potentials above –0.5 V did not increase the anodic peak current, whereas potentials below –1.2 V did not increase the anodic peak current signals. In this context, the anodic current peaks due to the presence of Δ9-THC in solution were time-dependent at an applied potential of –0.5 V, which created an accumulation of electroactive species on the electrode surface.18

  We obtained square-wave voltammograms for the Δ9-THC species at different time intervals between 0 and 120 s. The anodic peak current increased linearly up to 30 s, reaching a plateau thereafter. This time dependence indicates that, after adsorption step on the electrode surface and subsequent anodic potential scan, it is possible to produce the oxidation of the phenol group22-24 of Δ9-THC in one electron process.18,25

  We conducted further measurements using an accumulation time of 30 s and an applied potential of –0.5 V. Initially, we tested a low concentration (18 nmol L-1) of Δ9-THC in the electrochemical cell and recorded the square wave voltammogram using a glassy carbon electrode (Figure 3) and platinum electrode (Figure 4), which furnished an anodic peak current at ±0.025 V vs. Ag/AgCl, KCl(sat), after accumulation time of 10 s.

  
    

    [image: Figure 3. Square-wave voltammogram at different times of analyte accumulation]
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  Influence of Δ9-THC concentration

  We recorded voltammograms for different Δ9-THC concentrations by successively adding the Δ9-THC standard solution to the electrochemical cell and determined the best concentration range for the glassy carbon and platinum working electrodes.

  SWV analysis using the glassy carbon disc electrode

  Figure 5 shows the voltammograms obtained using the glassy carbon disc working electrode. It is possible to carry out pre-concentration step studies at concentrations in the range of nmol L-1 for an accumulation time of 30 s.18 We investigated Δ9-THC concentrations ranging from 1.0 × 10-9 to 2.0 × 10-8 mol L-1 and detected a current peak after adding 2.0 × 10-9 mol L-1 (10 µL) Δ9-THC standard solution in the electrochemical cell. We found that the concentration of the analyte is proportional to the peak current and verified a well-resolved peak after addition of 1.2 × 10-8 mol L-1 Δ9-THC standard solution to the electrochemical cell using a potential range of –0.3 to 0.3 V vs. Ag/AgCl, KCl(sat), a potential amplitude of 100 mV, and a frequency of 12 Hz. Figure 5 depicts the anodic peak current (ipa) analytical curve vs. Δ9-THC concentration in the electrochemical cell. Analyte accumulation upon application of a potential of –0.5 V increased the sensitivity of the amperometric analytical signal (m) at 1.00 µA mol L-1, showing that the voltammetric determination of Δ9-THC can be conducted in nmol L-1. The analytical curve displayed good linearity over the concentration range of 2.0 × 10-9 to 2.1 × 10-8 mol L-1. The linear correlation coefficient (r) and a standard deviation (SD) value were 0.999 and 0.21 µA, respectively; the corresponding equation was: 
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  These results allowed for a limit of detection (LOD) of 6.2 × 10-10 mol L-1 and a limit of quantiﬁcation (LOQ) of 2.1 × 10-9 mol L-1 using the relations 3SD/m and 10SD/m, respectively, where m is the amperometric sensitivity of the curve.12,18-21 These results showed that SWV technique is more sensitive than linear sweep voltammetry (LSV) technique (described in the literature)18 for Δ9-THC analysis when glassy carbon disc work electrode is used. The comparative of LOD and LOQ values reported in the literature18 is given in Table 2.
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  SWV analysis using the platinum disc electrode

  We applied, as experimental conditions, a potential of –0.5 V vs. Ag/AgCl, KCl(sat) for anodic stripping and the voltammograms were recorded in a work range from –0.3 to 0.3 V vs. Ag/AgCl, KCl(sat). We investigated Δ9-THC concentrations ranging from 1.0 × 10-9 to 4.0 × 10-8 mol L-1. The analyte concentration was proportional to the peak current. The anodic peaks were not well-defined as in the case of the glassy carbon working electrode (see Figure 6). However, we observed a peak current at 0.014 V vs. Ag/AgCl, KCl(sat) after the accumulation time and addition of 8.0 × 10-9 mol L-1 (40 µL) Δ9-THC standard solution to the electrochemical cell. The anodic peak current (ipa) analytical curve vs. Δ9-THC concentration using the platinum disc working electrode was plotted. Δ9-THC pre-concentration step by application of a negative potential of –0.5 V contributed to increased sensitivity of the amperometric analytical signal (m) obtained at 0.24 µA nmol L-1 and allowed us to conduct the voltammetric determination of Δ9-THC in nmol L-1. The corresponding analytical curve presented good linearity over concentrations ranging from 8.0 × 10-9 to 4.0 × 10-8 mol L-1. We obtained a linear correlation coefficient (r) and a standard deviation (SD) value of 0.992 and 1.45 µA for this dependence, respectively; the corresponding equation was: 
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  These results afforded a limit of detection (LOD) of 2.7 × 10-8 mol L-1 and a limit of quantiﬁcation (LOQ) of 9.0 × 10-8 mol L-1 using the relations 3SD/m and 10SD/m, respectively, where m is the amperometric sensitivity of the curve.12,18,20

  Comparison between the voltammetric results of the two different working electrodes

  After voltammetric analyses of Δ9-THC standard, we proposed a voltammetric analysis of a Δ9-THC seized sample. A Δ9-THC seized sample solution had the same concentration of Δ9-THC standard solution (1.1 × 10-6 mol L-1). However, a previous thin layer chromatography (TLC) is required to purify the extract. Other cannabinoids such as cannabinol and cannabidiol can affect the results, increasing the current peak or displacing the peak potential by 0.14 V. The phenol group is present in these substances. Figure 7 shows voltammograms when two different disc work electrodes are used.The results indicate a similar voltammetric response as a voltammogram of Δ9-THC standard solution. Voltammetric measurements showed the relevant influence between the voltammetric signal and the Δ9-THC concentration in the cell electrode. Δ9-THC concentrations ranging from 5.0 × 10-10 to 4.0 × 10-8 mol L-1 were investigated. The anodic peak current were well-defined at 0.00 V vs. Ag/AgCl, KCl(sat), after addition of 1.2 × 10-9 mol L-1 (glassy carbon disc working electrode) and –0.01 V vs. Ag/AgCl, KCl(sat), after addition of 2.2 × 10-8 mol L-1 (platinum disc work electrode).
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  Table 3 reveals that the glassy carbon disc working electrode is highly sensitive, enabling detection of lower Δ9-THC concentrations than the platinum disc working electrode. Under optimized procedure conditions, two commercial working electrodes showed good linearity (confirmed with statistical Student t-test). The recoveries varied from 98 to 100.6%, with confidence interval based on 95%. According to F-test and Student t-test used to compare ipa values, the variance and means between two work disc electrodes is significantly different (at 95% confidence level). Values of limit of detection (LOD), limit of quantification (LOQ), standard deviation (SD), linear correlation coefficient (r), amperometric sensitivity of the curve and standard solution peak current after addition of 1.2 × 10-8 mol L-1 Δ9-THC standard solution (ipa std. solution) were compared. The ratio of LOD and LOQ values obtained with glassy carbon disc electrode is 48 times (approximately) higher than the platinum disc work electrode. Addition of 1.2 × 10-8 mol L-1 Δ9-THC standard solution to the electrochemical cell affords 6.43 fold higher ipa values for the glassy carbon disc working electrode as compared with the platinum disc working electrode. These working disc electrodes have the same geometrical area.

  
    

    [image: Table 3. SWV results of two different commercial work]

  

  Values of repeatability and reproducibility are reported in Table 4. For intra-assay precision, six successive measurements (n = 6) were performed and calculated during one day; inter-assay precision was performed between 6 days during one week. Intra-assay and inter-assay results were expressed as: 

  
    [image: Equation 3]

  

  
    

    [image: Table 4. Accuracy and precision]

  

  The error (%) values were calculated as (experimental concentration / actual concentration) × 102. This step was performed for glass carbon disc work electrode and platinum disc work electrode for three different concentrations of Δ9-THC solution (see Table 4). The accuracy results were between 96 and 100.5%.

  A certified Δ9-THC standard solution was diluted into different concentrations and analyzed at concentrations ranging from 3.2 × 10-6 to 3.2 × 10-4 mol L-1. A well-deﬁned peak for Δ9-THC was visualized at a retention time of 9.1 min. The recovery efficiencies curve was calculated between 98.1% and 100.8%, considering the value of the concentration in the analytical curve. The relationship between the registered signal and the concentration of the Δ9-THC species was linear over the whole interval investigated, with a correlation coefficient of 0.999, a limit of detection (LOD) of 11 µmol L-1 and a limit of quantiﬁcation (LOQ) of 36 µmol L-1. The Δ9-THC contained in the seized marijuana samples was 3.7% (m/m), with relative standard deviation (RSD) value of 0.03% (see Table 5). However, the consumption of chemicals and the analytical frequency is 40 times higher than the proposed voltammetric methodology.

  
    

    [image: Table 5. Comparative values obtained (in triplicate) by the voltammetric]

  

   

  Conclusions

  SWV analysis of Δ9-THC is useful to determine low Δ9-THC concentrations (about 1.0 nmol L-1) when using glassy carbon or platinum disc working electrodes. An accumulation time of 30 s is considered ideal for Δ9-THC analysis, which can be quantitative assayed by the analytical curve method, offering an important comparison parameter for forensic investigation. These results have been demonstrated to be more sensitive than the other voltammetric methods reported in the literature for Δ9-THC analysis when glassy carbon work electrode is used. To the best of our knowledge, this is the first work on the direct determination of Δ9-THC by square-wave voltammetric technique. At last, these results showed that voltammetric analysis might be useful in forensic analysis for drug detection using different work electrodes.
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    Neste trabalho, a eletrodeposição do compósito polipirrol/cardanol (PPy/CD) foi realizada visando boa característica eletroquímica e melhoria de propriedade mecânica do filme. Compósitos de PPy/CD foram crescidos em superfície de ouro potenciodinamicamente e potenciostaticamente, em diferentes concentrações de Py e CD em meio de acetonitrila. A caracterização do compósito foi seguida com o uso de técnicas de espectroscopia de infravermelho, microscopia eletrônica de varredura, microscopia de força atômica e voltametria cíclica. O compósito apresentou a incorporação do CD no PPy com morfologia globular e também na forma de nódulos, com grãos de 1-2 nm. Os compósitos crescidos por voltametria cíclica e cronoamperometria apresentaram cargas anódicas de aproximadamente 2,9 e 5,7 mC, respectivamente.

  

   

  
    This study was carried out to investigate the electrodeposition of polypyrrole/cardanol (PPy/CD) composite, targeting for good electrochemical characteristics and improved mechanical properties of the film. Composites of PPy/CD were grown on gold surface potenciodynamically and potenciostatically in different concentrations of CD and Py in acetonitrile. The characterization of the composite was followed using infrared spectroscopy, scanning electron microscopy, atomic force microscopy and cyclic voltammetry. The composite showed the incorporation of CD in PPy morphology globular and also in the form of nodules, with grains of 1-2 nm. The composites grown by cyclic voltammetry and chronoamperometry showed anodic charges of approximately 2.9 and 5.7 mC, respectively.

    Keywords: Polypyrrole/cardanol, composite, conductor polymer, cardanol, CNSL

  

   

   

  Introduction

  Conducting polymers (CP) have aroused great technological and scientific interest because of the wide variety of applications, for example, in biosensors, organic solar cells, and electrochromic devices. One of the conducting polymers of interest is polypyrrole (PPy), which draws a lot of attention due to its great electric conductivity and its ease in synthesis by oxidizing the monomer in aqueous and non-aqueous solutions. Many researches, in order to improve the weak mechanical properties and low processability of the PPy film, have combined this polymer with other materials.1-4 This can be achieved by copolymerization of the pyrrole, making blends of PPy with other polymers or composites of PPy with inorganic or organic materials.5

  Conducting polymer composites (CPC) possesses flexibility, processability, light weight, ability to absorb mechanical shock and magnetic shielding property.6-8 These materials consist of conductive filler contained in an insulating matrix which these can be obtained chemically or electrochemically. Studies on CPC involving PPy are being carried out and new applications already have been reported in the literature as an antistatic material and for drug delivery system.9,10

  Cashew nut shell liquid (CNSL) is a toxic byproduct of processing cashew nuts which is obtained from the pericarp of the nut of Anacardium occidentale L.. This brown viscous liquid provides interesting phenolic compounds which are mainly anacardic acid, cardanol, cardol, polymeric materials and traces of 2-methyl cardol. By heating the natural CNSL, the anacardic acid will undergo decarboxylation transforming into cardanol. The natural CNSL after heat treatment is also called as technical CNSL.11-14 The concentration of each compound of both CNSL can be seen on Table 1.

  
    

    [image: Table 1. Composition of technical cashew nut shell liquid (CNSL)]

  

  Cardanol (CD) is a mixture of 3-alkyl-phenols differing in degree of unsaturation in the side chain: 3-(pentadecyl)-phenol, 3-(8Z-pentadecenyl)-phenol, 3-(8Z, 11Z-pentadecadienyl)-phenol, and 3-(8Z, 11Z, 14-pentadecatrienyl)-phenol (Figure 1). These compounds show to be very promising as renewable building blocks for a variety of applications for bio-based polymers, novolac resins, surfactants, fire retardants, nanowires, nanotubes, antibacterial coatings, porphyrins, fullerene conjugates, composites and many others.15-22

  
    

    [image: Figure 1. Structural representation of cardanol components]

  

  To our best knowledge, we have shown for the first time polypyrrole/cardanol composites (PPy/CD) synthesized by electrochemical methods on gold surface in acetonitrile medium. Studies were performed on morphology, topography, and charge transfer reaction of the electropolymerized novel composites.

   

  Experimental

  Materials and reagents

  The chemical reagents used for growth and electrochemical characterization were of analytical grade. The pyrrole (Aldrich Chemicals) was previously purified by distillation (59 ºC, 50 mmHg) in nitrogen atmosphere and was stored at low temperature in absence of light. The acetonitrile was used as aprotic medium, (Merck, HPLC-grade). The lithium perchlorate (Janssen, 99%) was heated to 80 ºC for 2 h before use. The cardanol was concentrated by chromatographic column (Merck, silicagel 60, 70-230 mesh), with hexane (Merck, HPLC-grade) as eluent.

  Equipments and electrodes

  Electrochemical cell (Methroms) consisted of three electrodes. A gold disc working electrode (Ø = 1.77 mm2), a gold helical wire counter electrode (area of 30 mm2) and potential vs. Ag/AgCl, 3 mol L–1 reference electrode. The working electrode was polished with alumina powder of 0.3 µm, sonicated, cleaned electrochemically using a solution of H2SO4 (0.5 mol L–1) and then washed with Milli-Q water (18.2 MΩ cm) after each procedure.

  The morphological characterization was carried by scanning electron microscopy (SEM) using a Zeiss 940 A. Investigations of the surface topography were performed by atomic force microscope (AFM) with an Agilent 5500 AFM/SPM microscope. Fourier transform infrared (FT-IR) of the films was recorded on a Varian 660-IR spectrometer.

  Electrosynthesis and characterization of PPy/CD film

  The conducting PPy/CD composites were synthesized by electrochemical techniques of cyclic voltammetry and chronoamperometry using the potentiostat/galvanostat Autolab® PGSTAT-12 controlled by GPES software. Films were synthesized: (i) potentiodynamically with ten cycles (from –0.5 to 1.0 V), and a scan rate of 50 mV s–1, and (ii) potentiostatically with fixed potential of 0.8 V for 600 s. In order to obtain a film with good electrochemical properties, different concentrations of Py and CD were evaluated. Py and CD concentrations ranged from 0.1 to 0.5 mol L–1 and 0.01 to 0.1 mol L–1, respectively; in acetonitrile medium containing lithium perchlorate (0.1 mol L–1) as supporting electrolyte. After the synthesis, the films were washed with acetonitrile to remove possible residue.

  After synthesizing the films, electrochemical studies were carried to analyze its ability to store charge at a scan rate of 50 mV s–1. Both studies were evaluated by cyclic voltammetry using only the supporting electrolyte in acetonitrile medium in a potential range from –0.3 to 0.7 V. The PPy/CD composites grown by cyclic voltammetry and chronoamperometric methods were characterized and compared by SEM, AFM and FT-IR.

   

  Results and Discussion

  Obtaining of cardanol

  CNSL was obtained by Cione Industry (Fortaleza, Brazil), from processes of cashew nuts production. The cardanol was seperated by column chromatography with silicagel and hexane, according to the methodology proposed by Pillai et al..23

  Electrosynthesis of PPy/CD film

  Potentiodynamic and potentiostatic electrodepositions of composites varying the Py and CD concentrations were performed. The growth and the conductivity of the films were previously analysed and therefore of Py (0.5 mol L–1) and of CD (0.1 mol L–1) was chosen for this work (Figure 2).

  
    

    [image: Figure 2. PPy/CD grown on gold surface with concentrations]

  

  In Figure 2a is observed the increase of current due the formation of the composite with oxidation of the monomer, a nucleation loop was observed till the switchable potential, incorporating the cardanol in the composite.24 It was verified on each cycle the oxidation potential was shifted to more positive direction which is the overpotential due the deposition of new layers of the composite.

  The potentiostatic response (Figure 2b) to the applied potential indicated the presence of hydroxyl groups being incorporated in the PPy chain. According to Otero et al.,25 the incorporation of the termination groups showed overoxidation reducing the electropolymerization. The chronoamperometric measurement points out the time that the whole gold surface was covered by the composite (about 600 s) leading to a new electron transfer of the monomer and the composite interface.

  The composite grown potenciostatically and potenciodynamically can be detached from the gold surface after being washed with acetonitrile and dried at room temperature.

  Morphological, spectral, topographic, and electrochemical studies

  In general, PPy possesses a globular morphology in nature26 and this is affected by the electrochemical methods used for the growth the film. Images of the PPy/CD conducting composite growth by cyclic voltammetry and chronoamperometric methods in acetonitrile and lithium perchlorate medium are shown in Figure 3.

  
    

    [image: Figure 3. SEM micrographs of PPy/CD films growth on Au]

  

  The film grown potentiodynamically (Figure 3a) showed a rough surface and globular morphology which is similar to the morphology of PPy in nature. The composite grown potentiostatically (Figure 3b) showed beside the globular morphology also a form of nodules. The morphology of the PPy/CD composite containing perchlorate ions suggests three-dimensional or isotropic growth.26

  The SEM images showed a granular surface, and when the PPy/CD composites were observed by AFM, a granular structure is visible on the surface. These granules or nodules are aligned to form a long ordered structure. The diameter of these nodules is very similar and the corrugation is 1.0-2.0 nm approximately. Figure 4 shows AFM images of the PPy/CD composites obtained by cyclic voltammetry and by applying constant potential. Films obtained by constant potential are more compact and the granules are bigger.

  
    

    [image: Figure 4. AFM topography of PPy/CD films prepared on Au]

  

  Infrared spectra (Figure 5) showed the presence of PPy and CD for the composites grown potentiostatically and potentiodynamically. The spectrum of the film grown by cyclic voltammetry is seen in Figure 5a. According to Jing et al.,27 the hydroxyl group of the cardanol is indicated by the band absorption at around 3345 cm–1, which was different of the observed band absorption at 3565 cm–1. This high wavenumbers indicated the presence of "free" OH group, meaning that there is a low absorption of the hydrogen bonds. Broad band absorption at 3306 cm–1 indicated the N-H stretching of the PPy and the C-H stretching of both aromatic regions. The presence of the C-H stretching of the alkyl chain of the phenolic compound was indicated at frequencies at 3003-2850 cm–1. In the literature, PPy has three weak bands at frequencies around 1610, 1490, and 1410 cm–1, caused by the C=C stretching of the aromatic ring, but these bands are not so clear due the overlapping of the strong peaks, 1546 and 1453 cm–1, caused by the C=C stretching of the cardanol. Another absorption of the PPy is the absorption at the frequency around 1032 cm–1 due the N-H bending.28

  
    

    [image: Figure 5. FTIR spectra of PPy/CD films prepared on Au]

  

  The composite grown potentiostatically (Figure 5b) showed characteristic bands for pyrrole and cardanol. In the spectrum, a small broad band absorption at 3279 cm–1 was observed, which is typical due to the absorption of hydrogen bonds. Strong absorptions peaks at 2919 and 2850 cm–1 were observed with almost the same intensity as the potentiodynamic composites (Figure 4a). CD and PPy have the same absorption range on aromatic region and the hydroxyl/amine region, making it difficult to identify the Py of the composite.

  In Figure 6, oxidation-reduction properties of composites are presented. The observed anodic charge of voltammetric grown composite was around 2.9 mC and, the obtained value of cronoamperometric grown composite was around 5.7 mC.

  
    

    [image: Figure 6. Cyclic voltammograms of PPy/CD composite in acetonitrile medium]

  

  The charge difference may be due to the existence of conglomerates of CD on the films, hindering the conductivity. This behavior of the films may be presented according to the reaction equation:

  
    [image: Equation 1]

  

   

  Conclusions

  In this work, we showed a methodology for PPy/CD composite grown by cyclic voltammetry and chronoamperometry, whose formation was evident from the chemical analysis and electrochemical evaluation. The film possesses good electrochemical properties. Moreover, the composite grown potentiostatically showed a better charge storage of the lithium ion than the potentiodynamic grown composite.
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    O presente estudo teve por objetivos o desenvolvimento e a aplicação de um método eletroquímico para a determinação da cumarina simples em meio aquoso utilizando o eletrodo de diamante dopado com boro (BDDE). Os estudos foram realizados em pH 8,0 utilizando a voltametria cíclica (CV) e observou-se um processo de redução irreversível controlado por difusão com um pico de redução em torno de –1,6 V. Entretanto, foi possível observar por voltametria de onda quadrada (SWV) que no mesmo pH a redução da cumarina possui um caráter reversível. Além disso, esta reversibilidade se tornou mais evidente com o aumento do pH da solução. Um estudo cronoamperométrico mostrou que o processo de redução da cumarina envolve dois elétrons. A partir dos parâmetros otimizados da SWV uma curva analítica foi construída no intervalo linear de 0,5 × 10-5 a 10,0 × 10-5 mol L-1. Os limites de detecção e de quantificação foram 1,5 × 10-6 mol L-1 e 4,5 × 10-6 mol L-1, respectivamente. A cumarina foi determinada em amostras de Mikania glomerata (infusão aquosa) com valores de recuperação entre 92 e 104%.

  

   

  
    The present study aims the development and application of an electrochemical method for simple coumarin determination in aqueous media by using a boron-doped diamond electrode (BDDE). The studies were carried out at pH 8.0 by cyclic voltammetry (CV) and registered an irreversible reduction process controlled by diffusion with the peak potential recorded around –1.6 V. The square wave voltammetry analysis (SWV) showed the reversible behavior of the electrochemical reduction of coumarin at the same pH. Additionally, the reversibility of the process was improved by increasing the solution pH. The chronoamperometry study showed that the coumarin reduction process involves two electrons. From the optimized SWV parameters, the analytical curve was constructed in a linear range between 0.5 × 10-5 and 10.0 × 10-5 mol L-1. The limits of detection and quantification were 1.5 × 10-6 mol L-1 and 4.5 × 10-6 mol L-1, respectively. The coumarin was determined in an aqueous infusion of Mikania glomerata, showing recovery values between 92 and 104%.
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  Introduction

  The medicinal plants market has been increasing in the last two decades.1,2 Mikania glomerata, commonly known as guaco, was formalized in the Brazilian Pharmacopeia in 1929 and has been widely applied to the treatment of diseases as an anti-allergic, bronchodilator, anti-asthmatic and anti-inflammatory drug. Its properties are attributed to the simple coumarin, or 1,2-benzopyrone (Figure 1), which is found highly concentrated in the upper leaves of Mikania glomerata. Its pharmaceutical formulations, syrup and oral solution, were included as reference for medicine and complementary inputs in primary healthcare.1 Simple coumarin is also used for other applications such as perfume fixative, paint, spray additive, food flavoring and cleaning supplies.2

  
    

    [image: Figure 1. Chemical structure of simple coumarin.]

  

  In general, analytical methods for coumarin and other organic compounds in medicinal plants are based on spectroscopic and chromatographic techniques.3-10 However, the applicability of these methods to plant extract samples could be difficult due to the matrix complexity. Moreover, these methodologies are usually time-consuming, costly and laborious. In this sense, electroanalytical methods appear to be alternatives as they are faster, low cost and more easily applied for samples with simple treatment, although few works have described electroanalytical methods for coumarin determination in natural samples.11-13 It is worth mentioning that the classic work by Harle and Lyons11 described coumarin's polarographic behavior, indicating that in the range 6.8 < pH < 11.2 two forms of coumarin, lactone and coumaric acid, are present. Furthermore, Wang et al.13 presented the electroanalytical reduction of coumarin using a glassy carbon electrode (GCE), a lead-modified GCE (Pb/GCE) and a mercury-modified GCE (Hg/GCE). The authors investigated coumarin levels using direct current as well as the cyclic (CV) and the differential pulse (DPV) voltammetries; eventually, a reduction wave was observed around –1.4 V vs. Ag/AgCl, reaching the more sensitive conditions in the pH range of 8.07 to 8.96.

  The boron-doped diamond electrode (BDDE) presents some advantages compared to other carbon allotropes, such as glassy carbon and pyrolytic. This material presents many attractive properties, which include a wide electrochemical window and high chemical stability.14,15 Thus, the BDDE applications have been increasingly used for the development of electroanalytical methods to determine inorganic and organic compounds, such as pesticides,16,17 polyamines,18 serotonin and histamine,19 and uric acid,20 as well as medicines such as paracetamol, ascorbic acid and caffeine,21 captopril,22 dopamine,23 fosamprenavir (an anti retroviral drug),24 and lornoxicam in serum.25 In general, the results of these studies agree at the 95% confidence level with those found in chromatographic methods.

  This work seeks to address the development of a methodology for coumarin determination in medicinal plants by using square wave voltammetry (SWV) combined with BDDE. This methodology was applied for simple coumarin analysis in aqueous infusions of guaco leaves.

   

  Experimental

  Reagents

  1,2-benzopyrone (simple coumarin) was purchased from Acros Organics. The Mikania glomerata infusions were prepared with guaco leaves purchased at a local commercial market. All of the solutions were made from analytical grade reagents and ultra-pure water (MilliQ, Millipore Corporation). The support electrolyte was a solution containing Britton-Robinson (BR) buffer.

  Apparatus

  A conventional three-electrode cell with the Ag/AgCl system and a Pt wire were used as the reference and auxiliary electrodes, respectively. The working electrode was a boron-doped diamond (BDD) film (8000 ppm boron and area = 0.25 cm2) on a silicon wafer. Prior to the experiments, BDDE was submitted to anodic treatment once (+3.0 V vs. Ag/AgCl for 10 min) to remove hydrophobic film. After that, a cathodic treatment was realized (–3.0 V vs. Ag/AgCl for 10 min) for surface conditioning. When electrodic surface recovery was necessary, cathodic treatment was used for 30 seconds.26 An electrochemical analyzer Autolab® PGSTAT128N (Eco Chemie, Netherlands) was used for all voltammetric measurements. Data acquisition and conducting potentiostat were achieved using a computer and GPES software.

  Study of the electrochemical behavior of simple coumarin

  The electrochemical behavior of coumarin (5.0 × 10-5 mol L-1) in BR buffer (pH 8.0) was analyzed using the cyclic voltammetry (CV) technique in the scan range from 0.5 to –1.6 V vs. Ag/AgCl reference electrode. The scan rate was evaluated from 10 to 100 mV s-1.

  The square wave voltammetry (SWV) technique was used for the analytical determination of simple coumarin. Parameters such as pH, frequency, amplitude and the step potential were optimized, aiming to improve the sensibility and selectivity. The voltammograms were registered from –1.30 to –1.75 V vs. Ag/AgCl.

  For the chronoamperometry study, 10 mL of the supporting electrolyte were added in an electrochemical cell (0.1 mol L-1 BR buffer, pH 8.0) with 500 µL of a stock solution of 1.0 × 10-3 mol L-1 coumarin. A potential of –1.8 V was applied to the system in time intervals of 0.4, 0.6, 0.8 and 5 seconds.

  Prediction of diffusion coefficients

  The diffusion coefficient predictions of the studied compounds in the aqueous phase with infinite dilutions were carried out based on a previously published method,27 in which the Wilke-Chang equation was applied:

  
    [image: Equation 1]

  

  where D is the diffusion coefficient of the solute in water (cm2 s-1), η is the viscosity of water (centipoise) at the temperature of interest (η = 0.8937 cp at 25 ºC), M is the molar mass of water (g mol-1), T is the temperature (K), x is the association parameter of water (2.53), and V is the molar volume of the solute (cm3 mol-1). The solute molar volume was calculated starting from the ratio between the Van der Waals molecular volume and the Le Bas molar volume.27 From quantum chemical calculations, the molar volume of simple coumarin was estimated. The calculations were based on the density functional theory (B3LYP) with 6-31 g basis set to optimize the coumarin molecule, and for the calculations involving solvents, the IEFPCM model was used.

  Studies with Mikania glomerata infusions

  The infusions were prepared by the dissolution of 3.0 g of dry guaco leaves in 150.0 mL of boiling water. A volume of 250 µL of the infusion sample was transferred to the voltammetric cell containing 10 mL of the supporting electrolyte (0.10 mol L-1 BR buffer, pH 8.0). After dissolved air had been removed from the solution by bubbling with nitrogen for 10 min, coumarin was determined by SWV through the standard addition method, using the BDD working electrode. The voltammetric parameters comprise the frequency (f): 100 s-1, the pulse amplitude (a): 100 mV, and the scan increment (ΔEs): 4 mV.

  The recovery experiments were carried out by the addition of 250 µL of the coumarin stock solution (1.0 × 10-3 mol L-1) in 1 mL of infusion sample. In sequence, 250 µL of this solution was added to 10 mL of supporting electrolyte, followed by standard additions from the coumarin stock solution which resulted in an analytical plot. All measurements were performed in triplicate. The recovery efficiencies (%R) for the system under investigation were calculated using equation 2, where the value [coumarin] found refers to the concentration obtained by extrapolation of the analytical curve in the corresponding spiked infusion samples:

  
    [image: Equation 2]

  

   

  Results and Discussion

  Electrochemical behavior of coumarin

  The cyclic voltammogram of coumarin on the BDDE in the aqueous solution exhibited an irreversible reduction peak at –1.65 V vs. Ag/AgCl at pH 8.0 (Figure 2). The scan rate variation analysis demonstrated that the reduction process of coumarin at BDDE is controlled by diffusion, since the peak current increases linearly with the square root of the scan rate (results not shown). Additionally, the peak potential (Ep) vs. log v plot (Figure 2 inset) showed a linear relationship (r = 0.993), in which the peak potential was shifted to a negative direction when the scan rate was increased, with a slope value of 39 mV per ten fold of v, which confirms the irreversibility of the process in this experimental condition.28

  
    

    [image: Figure 2. Cyclic voltamogram of 5.0 × 10-5 mol L-1 coumarin]

  

  The influence of the acidic and basic media was evaluated using the coumarin voltammetric behavior using the BDDE in a 0.1 mol L-1 BR buffer in the range 2.0 < pH < 12.0 by SWV (Figure 3). At pH values lower than 6.0, no peak was observed for coumarin reduction, since the water reduction reaction overlaps the coumarin signal in this pH region, due to the high current generated by the supporting electrolyte decomposition. On the other hand, while the Ep value was displaced non-linearly at pH > 6.0, the peak current (Ip) increased (Figure 3a).

  
    

    [image: Figure 3. (a) Square wave voltammograms of 5.0 × 10-5 mol L-1 coumarin]

  

  Unexpectedly, from what was observed by CV, the voltammetric reduction of coumarin presented a quasi-reversible character that is clearly influenced by solution pH. Using SWV, it was possible to observe the recording of a reverse current (anodic component), which improved its definition with the increase in pH. Figures 3b, 3c and 3d show the current decomposition as a function of the pH. It is possible that the reverse current could only be seen because SWV is more sensitive than CV.

  To better understand the electrochemical behavior of simple coumarin on BDDE, chronoamperometric experiments were aimed at determining the number of electrons involved in the process. Figure 4 shows a chronoamperogram registered for simple coumarin. The relationship between the registered current and the square root of time was linear and the estimate of the number of electrons was made by applying Cotrell's equation,3 as shown in Table 1.

  
    

    [image: Figure 4. Chronoamperogram of 5.0 × 10-5 mol L-1 coumarin]

  

  
    

    [image: Table 1. Number of electrons involved in the process]

  

  From the data shown in Table 1, it can be stated that 2 electrons are involved in the reduction process of simple coumarin. The molar volume was calculated considering coumarin in vacuum and water; for both results, similar values of diffusion coefficients were predicted and the same number of electrons calculated. It is important to highlight that the Wilke-Chang27 equation considers the aqueous medium involving an association parameter of water. Therefore, based on these results and corroborated with the literature data,29 we assume that coumarin reduction occurs in the carbonyl group with the involvement of two electrons and two protons to form the hydroxyl group as a reduced species. Consequently, it is possible to infer that an intermediate species in the radical form can be more stable in alkaline media. This possibility, to a smaller extent, would explain the reversibility observed by SWV, since it was not observed by CV in the same experimental conditions.

  Optimization of SWV conditions

  Optimization of the analytical procedure involved a systematic study of the experimental parameters affecting the SWV response; namely, the frequency (f), the pulse amplitude (a) and the scan increment (ΔEs). The results of these studies will be presented separately, as follows.

  In SWV, the frequency is the most important parameter, since it determines the intensity of the signal and, in turn, the sensitivity of the technique. The voltammograms obtained at frequencies ranging from 10 to 100 Hz with 5.0 × 10-5 mol L-1 coumarin are presented in Figure 5 and clearly show the influence of frequency on the SWV profiles for coumarin reduction on BDDE. The relationship between peak current and square root of the frequency was found to be linear over the entire range tested (Figure 5 inset). The Ip vs. f1/2 linear relationship is normally associated with an electrode process controlled by mass transport; in this case, by semi-infinite linear diffusion.30

  
    

    [image: Figure 5. Effect of frequency on the square-wave voltammograms for 5.0 × 10-5 mol L-1 coumarin]

  

  In order to analyze the relationship between peak current and pulse amplitude for 5.0 × 10-5 mol L-1 of coumarin, SWV was performed with various amplitudes in the range of 10 to 80 mV, as shown in Figure 6. Here, it was found that peak currents increase linearly with amplitude, but the half-peak width also increases, impairing the sensitivity of the method.31 As an optimal amplitude for coumarin on the BDDE, 50 mV was chosen, as demonstrated in Figure 6. Finally, ΔEs with a value of 4 mV was used in this investigation, since it had no influence on the peak current in the range from 1 to 10 mV.

  
    

    [image: Figure 6. Effect of amplitude of the square wave voltammograms for 5.0 × 10-5 mol L-1 coumarin]

  

  Analytical performance

  To establish the analytical procedure, a series of experiments was carried out using standard solutions of coumarin and the conditions described above concerning the relation to both the maximum peak current (sensitivity) and the minimum half-peak width (sensibility).

  The linearity, linear range and sensitivity were obtained from calibration plots using an external standard at eleven concentration levels, in triplicate, between 0.5 × 10-5 to 10.0 × 10-5 mol L-1 coumarin in 0.1 mol L-1 BR buffer pH 8.0 (Figure 7). The linearity was tested using a pure-error lack-of-fit test with simple regression, which was not significant at the 5% level. The sensitivity (slope of the calibration plot) and linearity (linear regression coefficient) were calculated as 0.17 A mol-1 L and 0.999, respectively. The corresponding linear equation was determined as Ip (µA) = –0.86 µA + 0.17 A / mol C, where C is coumarin concentration in mol L-1. The inter-assay precision, expressed as the estimate relative standard deviation and established through the analysis of a 1.0 × 10-5 mol L-1 coumarin solution (n = 10) was 1.1%.

  
    

    [image: Figure 7. SWV responses for the reduction of different coumarin concentrations]

  

  The limits of detection (LOD) and quantification (LOQ) were calculated as 3σB / b and 10σB / b, respectively, where σB is the standard deviation of the blank current at the potential value corresponding to the peak current and b the slope of the calibration plot.32 The calculated value of LOD for coumarin on the BDDE was 1.5 × 10-6 mol L-1 (0.22 mg L-1) while the LOQ was 4.5 × 10-6 mol L-1 (0.66 mg L-1).

  Table 2 shows a comparison among the analytical parameters obtained by the present work for coumarin determination by using BDDE with those registered in the literature obtained by different methods. It is possible to observe that our results are compatible with the literature.

  
    

    [image: Table 2. Comparison of the analytical parameters obtained using different electrode materials]

  

  Determination of coumarin in aqueous infusion Mikania glomerata

  After the extraction process, 0.25 mL of the infusion were added to 10 mL of the 0.1 mol L-1 BR buffer at pH 8.0 in the electrochemical cell. The square wave voltammogram registered for the infusion is presented in Figure 8. The diluted infusion sample in the electrochemical cell presented an amount of 1.6 × 10-5 mol L-1, corresponding to a concentration of 6.3 × 10-4 mol L-1 of simple coumarin in the original aqueous infusion. Therefore, around 14 mg of coumarin was found in 3 g of guaco dry leaves. The coumarin concentration was determined by using the standard addition method; the results are shown in Table 3.

  
    

    [image: Figure 8. Square wave voltammograms for coumarin in the infusion sample]

  

  
    

    [image: Table 3. Results for coumarin in the infusion samples]

  

  In sequence, for the recovery studies, the infusion sample was spiked with coumarin (0.6 × 10-5 mol L-1 in the electrochemical cell) and several standard solutions were added up to a concentration of 6.0 × 10-5 mol L-1. All of the square wave voltammetric responses were collected and the initial concentration was recovered by linear regression (Figure 8). The percentage found for each recovery experiment is also included in Table 2. They clearly demonstrate that the BDDE allowed an excellent percentage of recovery, even in highly complex samples, thus offering the possibility of analytical determinations in medicinal plants.

   

  Conclusions

  The voltammetric behavior registered for simple coumarin by using CV showed that the compound presents an irreversible reduction peak around –1.6 V and that this reduction process is controlled by diffusion using the BDDE. On the other hand, the pH study showed that the voltammetric behavior of coumarin is different when registered using SWV. In this case, it was observed that the reversibility was better defined with an increased pH. From the chronoamperometric study, it was estimated that two electrons are involved in the reduction process of simple coumarin. The determination in the aqueous infusion of guaco showed LOD and LOQ of 1.5 × 10-6 mol L-1 and 4.5 × 10-6 mol L-1, respectively, and the recovery values were around 92 to 104%. The results indicate that the use of BDDE combined with square wave voltammetry can be an efficient alternative for the quantification of coumarin in aqueous infusions of Mikania glomerata; the method was easy to apply and required almost no sample treatment.
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Figure 6. Fuel cell performance for different anode feed flow rates in the
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Figure 3. Chronoamperograms obtained for R = 1 k€ and around
the (a) first and (b) the second NDR region. Remaining experimental

conditions as in Figure 1.
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Scheme 1. Chemical structure of the predominant species of chlorhexidine in acidic medium.
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pH values (2.0;4.0;6.0; and 8.0). Inset in (B) i the plot of potential vs. pH.
Scan rate S0 mV <1
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Figure 2. Cyclic voltammograms for 1.0 mmol L quercetinin 0.1 mol L

phosphate buffer (pH 6.0) at a PVP-CPE sensor, (a) first cyele and
(b) second cycle, v = 100 mV s-'.
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Table 1. Chlorhexidine concentration (m/v) in commercial samples
analyzed by the proposed FIA method and by HPLC (n=3)

Samples Label / % FIA/% HPLC/ %
A 0.12 0.12001 012001
B 0.12 0.12001 0.10+0.01

c 2.00 1.96 £ 0.09 1.83+0.00
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re 3. Optimization of FIA parameters: variation of (A)
volume (100, 200, 250 and 300 uL) and of (B) flow rate (1.0, 2.0, 3.0 and
0 mL min") based on triplicate injections of 10 umol L' chlorhexidine.
Electrolyte: 0.1 mol L' HCIO,
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Figure 4. FIA amperometric responses of the GCE for triplicate injections
of (a) 1; (b) 2; (c) 4 (d) 6: and (¢) 8 pmol L chlorhexidine standard
solutions and (A-C) commercial samples. Inset: corresponding calibration
curve (R = 0.994). Electrolyte: 0.1 mol L' HCIO,; injected volume:
200 uL: flow rate: 3.0 mL min-
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igure 5. Schematic of the steps in the preparation of ITO/SAM/AgNPs/
B-CD electrode for nitroaromatic compound isomers and the expected
electrochemical responses (adapted from reference 10).
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Figure 6. The schematic of fabrication of impedemetric immunosensor
based on AuNP-diazonium salt modified sensing interface for the detection
of HbA ¢ (Adapted from reference 33).
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igure 7. Cyclic voltammograms in the presence of 1.0 10° mol dm [K Fe(CN),] and [K,Fe(CN) ] for a clean Au electrode (A) and after modification
with MUA (B). MUA-PDADMAC (C) (insets representing 14x magnification), and MUA-PDADMAC quantum dots of 2.2 (D), 2.5 (E), and 2.9 nm
(F) diameter. Voltammograms were measured at 5, 10, 50, 100, and 200 mV s (Adapted from reference 15).
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Figure 1. (a) Soluble NAD*-reducing hydrogenase from Ralstonia
eutropha. (b) X-ray erystallographic structure of E. coli hydrogenase I
(Hyd-1) with a membrane-anchor cytochrome b atached (only half of
the unit cell is shown: PDB code 4GD3).* Possible routes for electron
transfer are shown by black arrows. (c) Schematic representation of the
hydrogenase interfaced with an electrode such that the electrode surface
replaces the physiological electron acceptor or donor and the enzyme can
work in either dircction. Enzyme structures were generated using Pymol
(DeLano Scientific).
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Figure 2. Modular combination of hydrogenases with clectronically conducting particles and surfaces allows
production at an electrode; light-driven H,-production for hydrogenase on (b) a quantum dot, (¢) a dye-sens
photosystem I, (¢) oxidation of H, in fuel cells; and hydrogenase catalysis coupled to other enzyme redox reactions on graphite particles: (f) the water

gas shift reaction by hydrogenase and carbon monoxide dehydrogenase or (g) H,-driven recycling of the cofactor NADH used to supply cofactor to an
NADH-dependent dehydrogenase.

mbly of a variety of devices: (a) H,
"TiO, nanoparticle or (d) coupled to
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Figure 3. Hydrogenase active sites in catalytically active states: (2 [NiFel-
hydrogenase, (b) [FeFe]-hydrogenase. (c) Representation of the X-ray
structure of Desulfovibrio fructosovorans [NiFe]-hydrogenase (PDB code:
1YRQ) showing the active site and iron-sulfur clusters as dark spheres.
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Figure 4. Cyclic voltammograms revealing electrocatalytic properties of
hydrogenases adsorbed on a pyrolytic graphite edge electrode. (a) Two
[NiFe] hydrogenases at 30 °C, a scan rate of | mV s-' and an electrode
rotation rate of 8500 rpm (adapted with permission from reference 27). (b)
An [FeFe] hydrogenase at 10°C, a scan rate of 10mV s, and an electrode
rotation rate of 2500 rpm (adapted with permission from reference 28.
Copyright (2006) American Chemical Society).
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Figure 5. Electrochemical experiments on showing the ability of E. coli
Hyd-1 to oxidise H, in the presence of O,. The enzyme is adsorbed on a
pyrolytic graphite edge electrode at pH 6, 30 °C and under the gas mixtures
indicated, with an electrode rotation rate of 3000 rpm (adapted with
permission from reference 31. Copyright (2013) American Chemical Society).
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re 8. Coupling of NADH oxidation to H* reduction. (a) A device
demonstrated by Hambourger et al. for photoactivated NADH oxidation
at a porphyrin-sensitised TiO, anode coupled to H* reduction by an
[FeFe]-hydrogenase carbon felt cathode.* A longer goal of this work was
to achieve biomass oxidation at the photo-anode, recycling NADH (doted
arrow). (b) Cyclic voltammograms demonsrating that under appropriate
conditions, H reduction by NADH s thermodynamically favourable, and
is feasible with ideal electrocatalysts, here the HoxFU NAD*-reductase
moety of R. eutrmpha soluble hydrogenase (1 mM NADH), and Hyd-2
from E. coli (under N,), both at pH 7. Figure 8b is reproduced with
permission from reference 52.
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Figure 6. Practical demonstration of how O, and H, levels affect
electrocatalysis of H, oxidation by a [NiFe]-hydrogenase (E. coli
Hyd-1) and O, reduction by bilirubin oxidase immobilised on scparate
graphite clectrodes. The clectrodes are examined separately in a fucl
configuration. (a) Hydrogenase electrode under 1 bar (100%) H, and bilirubin
oxidase electrode under | bar (100%) O, with the electrodes separated by
a Nafion membrane; (b) both clectrodes under a mixed gas atmosphere
the fuel-rich safe regime: 96% H,/ 4% O,; and (c) both electrodes
in the fuel-lean safe regime: 4% H,/96% air (adapted with permission
from reference 12. Copyright (2010) American Chemical Society).
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Figure 7. Scheme showing the potential window in which Desulfovibrio
wlgaris Miyazaki F [NiFe]-hydrogenase is catalytically active for H,
oxidation (light gray box); reversibly inactivated by O; (dark gray box)
and reversibly inhibited by H.S (black box). (Adapted with permission
from reference 37. Copyright (2006) American Chemical Society).
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Figure 1. Cyclic voltammogram (at 100 mV s*) of the electrooxidation of

borohydride on platinum. Electrolyte: aqueous 1 mol L* NaOH solution
containing 5 mmol L' BH.-





OPS/images/a06img10.png
igure 9. NADH-dependent catalysis by a dehydrogenase can be coupled
to H, driven NADH recycling by co-immobilising enzymes on graphite
heads 15





OPS/images/a06img11.png





OPS/images/a13img04.png
loap o 207 v/ Ipap w203 v





OPS/images/a22img01.png
CO,

0,,-C0,.-C0,,





OPS/images/a13img03.png
oH 9
© = Q ca e
e M,C\Lr‘

cHy GHy

NPX ° > OO 1 Tite
Hos,, o (2N 8

igure 3. Mechanism of oxidation of paracetamol (PAR) and naproxen
(NPX) according to the literature."
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Figure S5. Cyclic voltammetry analyses of the blank in pH 6.5, 30 cycles,
<can rate 100 mV <!
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Figure 4. Optimization of FIA parameters: variation of (A) injected
volume (100, 200, 250, and 300 L) and (B) flow rate (1.5, 2.0, 2.5, and
3.0 mL min") based on triplicate injections of 10 pmol L' paracetamol (0)
and 10 pmol L of paracetamol -+ naproxen (). Electrolyte: 0.1 mol L
phosphate buffer solution (pH = 7.5).
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Figure 1. Bacterial growth, PCN production and glycerol consumption

observed in P. aeruginosa from 25 g L' glycerol, at 37 “C for 120 h.

OD: optical density.
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Figure S2. Cyclic voltammetry analyses containing the range of

125 % 10° 10 4.99 x 10* mol L"of acetaminophen in pH 1.0, scan rate
100 mV <!
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igure 2. Hydrodynamic voltammograms obtained by plotting peak
current values as function of the corresponding applied potential pulses
registered at (A) a MWCNT.SPE and (B) a C-SPE. (m) Injections of
10 pmol L paracetamol; (0) Injections of 10 pumol L:* naproxen. Potential
pulse time: 70 ms each; supporting clectrolyte: 0.1 mol L phosphate
buffer solution: flow rate: 2.5 mL min"; injected volume: 300 uL.
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Figure 4. Cyclic voltammetry analyses of the blank in pH 1.0, 30 cycles,
ccan rate 100 mV <!
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Figure 14. () TOC decay and (b) evolution of generated oxalic acid for
the degradation of 100 mL of 41 mg L ibuprofen (near saturation) with
005 mol L Na,S0, and 0.5 mmol L1 Fe at pH 3.0, 33.3 mA cm? and
25.0 °C using stirred tank reactors with 3 cm electrode area and an
O,-diffusion cathode. (O) EF with Pt (@) EF witha BDD anode, (0 PEF
with Pt under 6 W UVA light, (M) PEF with BDD under 6 W UVA
irradiation, () SPEF with PLand (&) SPEF with BDD. (¢) Decay of
ibuprofen concentration. The inset panel presents the Kineic analysis
assuming a pseudo-first-order reaction for the drug ®
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Figure 15. Schemes of (a) the 2.5 L pre-pilot plant and (b) he single
one-compartment file-presselectrocherical cell with a BDD anode and
an O,diffusion cathode, both of 20 e area, sed for SPEE. In (2, (1 flow
cell, (2) power supply. (3 solar photoreactor, (4) reservoir, () perisaltc
pump. (6) flowmeter and (7) heat exchangers.”
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lable 1. PC and IB simultaneous determination by HFLC-UV (official method) and by the proposed method (DFV). The values after + are the SD of
three measurements (n = 3)

Sample Ingredient Labeled / mg. DPV/ (mg per capsule) HPLC-UV / (mg per capsule)
, PC 325 325:4 32823

B 200 21323 2122
) PC 325 3264 325+3

1B 200 220£2 218+2
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Figure 13. (2) Sketch of the stimed cubic tank reactor used for the
combined PEF-PC treatment of dyes. (b) Percentage of color removal
with time for 2 L of a 20 mg L' Basic Red 46 solution in 0.05 mol L
Na.SO, with 0.1 mmol L Fe* at pH 3.0 and 25 °C. In the center of the
cell, 1.5 cm Pt anode, a 11.5 em? CNT-PTFE O, diffusion cathode and
2 6 W UVC lamp were placed. surrounded by the TiO, nanoparticles
immobilized onto glass plates covering its four inner walls. Applicd

current 100 mA. Method: (@) TiOJUV photocatalysis (PC), (M) EF,
(A) PEF and (W) PEF-PC.”
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Figure 17. Variation of (2) TOC and (b) energy consumption per unt
TOC mass with clectrolysis time for the SPEF treatment of 2.5 L of a
imulated textile dyeing wastewater (330 mg L TOC from additives)
with 0.10 mol L NS0, at pH 3.0, 1.0 A, 35 C and lquid flow rate of
200 L " The solutions contained: (1) 0.5 mmol L Fe’ + 0.1 mmol L
Cu™, (&) 0.5 mmol L' Fe* and 200 mg L* Disperse Blue 3 (DB3) and
(2)0.5 mmol L Fe* + 0.1 mmol L Cu™ and 200 mg L DB3.*
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Figure 3. DPV over BDD in 0.1 mol L' H,SO,. IB with constant
concentration at 50 pmol L* and changing PC concentration of 20 (a)
up to 800 (g) pmol L', DPV conditions: amplitude: 50 mV; pulse time:
500 ms: pulse width: 10 mV: scan rate: 20 mV s,
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Figure 14. (a) Chromatograms of acctaminophen; (b) commercial drug
analysis: (c) calibration curve for acetaminophen.
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igure 2. Differential-pulse voltammograms at BDD working electrode of
the supporting electrolyte plus 0.1 mmol L' PC and IB. DPV conditions:
amplitude: 50 mV; pulse time: 500 ms; pulse width: 10 mV; scan rate:
20 mV <!
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Table 2. Comparisons between literature data and this work

Electrode Analyle  Detection method  LOD/ (umolL-) Linear range / (umol L) oH
Ref. 28 C,JGCE AC DPV 50 50-1500 72
Ref. 26 GCE cs DPV 069 3300 20
Ref. 20 PIPIPGE AC DPV 079 5-500 70
Ref. 30 Boron-doped cs DPV 064 07373 10
diamond electrode.

This Work RuQT AC DPV 007 12.5499 10
066 12.5499 65

RuQT cs DPV 107 12.5499 10

AC: acetaminophen; CS: sildenafil citrate; DPV: differential pulse voltammetry; PIP: paracetamol imprinted polypyrrole; PGE: pencil graphite clectrode:
GCE: glassy carbon electrode.
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Figure 5. DPVs in 0.1 mol L' H,SO, over a BDD electrode containing
PC and IB in the following concentrations (umol L): 20 (a); 40 (b):
80 (c); 100 (d); 200 (e): and 400 (f). The respective calibration curves,
including the correlation coefficient, are shown in the inset. DPV
conditions: amplitude: 50 mV; pulse time: 500 ms; pulse widih: 10 mV;
ccan rate: 20 MV <1
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igure S1. Cyclic voltammetry analyses containing the range of 1.25% 10°
to 4.99 x 10 mol L-'of sildenafil citrate in pH 1.0, scan rate 100 mV s-.
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{able 4. Percentage of TUL removal, minera’ization current efficiency and energy consumption per umit 10L mass determined for the degradation of
several organic pollutants solutions by the SPEF process using a recirulation pre-pilot plant coupled to a solar photoreactor submitted to an average UV
iradiation of about 30 W m under selected conditions.

ToC ECpoc/
Compound call Solution emout/ % MCEI%  qungtiog | Referce
Industcial chenicals
Cresolst BDD/GDE 128 mg L substrate in 0.05 mol L' 98 2 0155 El
Na,S0,and | mmol L* Fet*, pH3.0, 1A and
35°C for 180 min
Sulfanilic acidt PUGDE 108 mg L* substrate in 0.05 mol L' 76 52 0275 8

NaSO, and 0.5 mmol Lt Fe®, pH 4.0,
2 A'and 35°C for 120 min

Pesticdes
McPA PUGDE 186 mg L herbicide in 0.05 mol L' 75 7 0088 8
Na.S0,and 1 mmol L Fe pH 3.0, SA and
35°C for 120 min
Mecoprop* BDDIGDE 634 mg L herbicide in 0.05 mol L' 97 3 019 3
NaSO, and 0.5 mmol L Fe, pH 3.0,
1 A'and 35 °C for 540 min
Dyes
AcidYellow36  BDDIGDE 108 mg L dye in 0.05 mol L Na.SO,and 95 & 0130 3
0.5 mmol L Fe*, pH 3.0, 0.5 A and 35 °C
for 360 min
Acid Red 88 BDDIGDE 50 mg L* TOC of cach dye in 0.l mol L' 98 ) 0490 o
Acid Yellow 9 Na,SO, and 0.5 mmol L' e pH 30, 95 i) 0390
1 A'and 35°C for 360 min
DisperseRed ' BDDIGDE 100 mg L TOC of cach dye in 0.1 mol Lt 97 82 ost 81
Disperse Yellow 9 NSO, and 0.5 mmol L' e, pH 3.0, 96 50 0155
1 A'and 35 °C for 240 min
Phamaceuticals
Enrofloxacin® PUGDE  I58mgLdrugin0.05 molL'Na.SO,and 69 34 0226 &
BDD/GDE 02 mmol Lt Fe, pH30, [Aand 35°C 86 2 0246
for 300 min
Paracetamol® PUGDE 157 mgLdrugin0.05 mol L'Na;SO,and 75 7 0003 8
0.4 mmol L Fe, pH 3.0, 5 A and 35 °C
for 120 min
Sulfanilamide: PUGDE 239 mg L of drug in 0.05 mol L' 91 7 010 8

Na,SO, and 0.5 mmol L' Fe*, pH 3.0,
1 A'and 35 °C for 180 min

25 L treated in  batchrecirculaion pre-piot plant witha filer-pess cellwith 20 e electrodes coupled 0.3 slar flal photoreactor of 600 mL ofiradiated

volume. 10 L degraded in a flow pre-pilot plant with a filter-press cell with 90.3 cm? electrodes coupled to a solar CPCs of 1.57 L of irradiated volume.
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Figure 4. DPV over BDD in 0.1 mol L' H,SO,. PC with constant
concentration at 50 pmol L and changing IB concentration of 20 (a)
up 10 800 (g) pmol L. DPV conditions: amplitude: 50 mV: pulse time:
500 ms: pulse width: 10 mV: scan rate: 20 mV s,
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Figure 1. Relative DMP concentration and TOC decay as a function of the electrolysis time for different salt concentrations: 0.15 mol dm NaCl (M) and
0.05 mol dm* Na,S0, (O). Conditions: 20 mA cm?, 30 °C, and pH 2. Ionic strength of 0.15 mol dm™.
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Table 1. Apparent first order kinetic constants (k) obtained for the TOC and DMP concentration removal conditions after | h of electrolysis considering
different variables and the corresponding extent of total removal or complete combustion (¢ at equation 9) and current efficiencies (CE at equation 1)

—_— Range TOC removal DMP abatement
ky /(10° min’) R CE/% _ k,/(10° min") R 9
) NaCl 231 098 1497 279 0.99 086
Supperting lectrolyte Na,SO, 191 0.99 1145 191 092 0.93
7.04 254 097 1517 4.06 096 0.70
[NaCl] / (mmol dm) 352 203 095 1116 286 096 0.72
704 207 094 11.99 268 096 051
2020 231 098 1497 270 0.99 0.8
Initial pH* 60(6.1) 0.99 097 645 201 0.99 053
10.0 (5.3) 0.90 095 648 132 058 0.69
20 3.00 0.99 1820 301 0584 0.95
i/ (mA cm?) 60 156 096 291 336 096 047
120 1.08 096 042 347 095 0.14
10 252 0.99 1518 283 094 086
T/°C 30 337 092 19.78 384 097 0.8
50 371 092 2056 5.00 097 0.73

“The values in parenthesis refer to the pH values after the electrochemical degradation experiments.
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Figure 1. Schematics of the electrode constructs first used by a) Zhao
et al. and b) Shein et al. where the observation of nanoparticle mediated
charge transfer was characterised in detail (Adapted from references 21

and 18, respectively).
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lable 2. Electrochemical results for the half-biofuel cells using bacterial anode (BA) and algal cathode (AC) against counter-electrodes containing
20 mmol L* of Fe*?[Fe”

Substrate C, /% 1, max / (pA o)
BA glycerol 4671233 30.00=1.99
AC +air co, 56772283 496024
AC + pure CO, co, 241147 0232046
Control cell free + air co, 24332121 2480.12
Control cell free + pure CO, co, 603030 090004
Control algac without acration o, #1685 2084 338017

BA: bacterial anode:

|gal cathode: *calculated as oxygen released from algal biomass.
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Figure 2. Variation in rate of electron transfer to [Ru(NH,),J** with the
length of the alkanethiol linker for (a) electrodes modified with the SAM
alone and (b) after nanoparticles were conjugated to the respective SAMs
(Adapted from reference 18).
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Figure 4. Chronoamperometric profiles obtained for control experiments
using algae cathodes without acration (AC) and with air or CO,
supplementations.
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Figure 18. (a) TOC removal with electrolysis time for the EF and SPEF
treatments of 10 L of 0.246 mmol L* metoprolol tarrate in 0.10 mol L
Na,SO, with 0.5 mmol L* Fe® at pH 3.0 and 35 °C in the pre-pilot plant
of Figure 16a withsingle and combined cell. (b) Decay of0.492 mmol L
metoprolol under the same conditions. The inset panel shows the kinetic
analysis assuming a pseudo-first-order reaction for the pharmaceutical
(O EF in PUGDE cell at 3.0 A, (W) EF in PUGDE-PUCF cella 3.0.0.4 A,
(O) EF in BDD/GDE cell at 3.0 A, (@) EF in BDD/GDE-PUCF cell at
3.0.04 A, (&) SPEF in PUGDE-PUCF cell 1t 3.0.0.4 A and (&) SPEF
 EOGDEPYCE cell at 3 0.0.4 A 5
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igure 5. (A) FIA-MPA registered at +0.3 and +0.7 V (70 ms each) for triplicate injections of solution containing only 10 pmol L paracetamol (PAR) or

only 10 pmol L " naproxen (NPX), 5 solutions containing simultancously increasing concentrations of paracetamol and naproxen (from 10 to 50 pmol L"),
and 2 diluted samples (s1 and s2). Calibration curves for paracetamol (B) and naproxen (C) are presenied (r > 0.99). Injected volume of 300 pL and flow

rate of 2.5 mL

Other conditions as in Figure 2.
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Table 1. Growth profiles for Chlorella vulgaris cathodes using air or pure CO, supplementation against 20 mmol L™ ferrocyanide anodes, at 37°Cfor 120 h

o . Tnital solubilized . Approximate CO, Real CO,
Supplied with How/ (Aabsi ) €O,/ ppm Final CO, / ppm consumption / % consumption / %
Air 0.0001 =3.146 x 10% 380114 332200 912 887

Pure CO, 0.0130 = 4.638 x 10+ 1500 +45.0 58202175 61.2 55.8
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lable 1. Analytical charactenstics of the proposed method

Analytes LDR/ (umol L) Sensitivity / (uA L pmol ) LOD / (umol L") Intra-dayRSD/ % Inter-day RSD/ %
Paracetamol 10-800 0042 04 10 85
Naproxen 10-400 0036 03 10 90

LDR: linear dynamic range: LOD: limit of detection: RSD: relative standard deviation.
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Figure 2. Effect of the gas supplementation on algal growth and carbon
dioxide consumption observed for C. vlgaris cathodes. (A): Air 380 ppm;
(B): pure CO.,
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Figure 3. Critical number of CH, units of a bridging SAM above which
gold nanoparticles are expected to lead to a change in the voltammogram
of areversible redox system in solution (shaded area) as compared to that
obiained on bare gold electrode. The black solid line shows the boundary
between two regimes and the equation for this line is equation 4, where &
is the reorganization energy (Adapted from reference 24).
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Tabl

Comparison of analytical characteristics between the proposed method and other analytical methods

Analytical method Analytes LDR/(umol L") LOD/(umolL')  Analytical frequency / h' Ref.

HPLC PAR 33529 nm. B 12
NPX 13200 nm.

HPLC PAR 2046 34 15 13
NPX 78182 10

SWV PAR 001250 00003 nm. 14
NPX 0.001-500 00005

FIA-MPA PAR 10-800 04 9% This work
NPX 10-400 03

LDR: linear dynamic range: LOD: limit of detection: n.

‘ot mentioned: SWV: square-wave voltammetry.
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Figure 4. Influence of the thickness of organic layer on the nanoparticle
mediated electrons transfer (Reprinted from reference 26. Copyright 2013

American Chemical Society).
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Table 2. Comparison of the analytical results obtained by FIA-MFA and HPLL for simultaneous determination of paracetamol (PAR) and naproxen (NFX)
in pharmaceutical formulations (n = 3), respeetive recovery tests (n = 3) and calculated f-values

Samples Analyte Label value / FIA-MPA/ HPLC/ Recovery /%  Calculated t-values
(mg per capsule) (mg per capsule)  (mg per capsule)
A PAR 300 2826 22514 9925 0.000
NPX 275 25026 24917 9824 0.096
B PAR 300 2033 300+ 10 1056 1162

NPX 275 26323 2694 138 2076
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Figure 3. Chronoamperometric profiles observed for the algal cathode.
supplemented with air (A) or pure CO, (B) and for bacterial anode (C).
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Figure 7. Polarization curves obtained for the evaluated systems at 60 h
where the maxima current peaks were observed.
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igure 4. Emission spectra of soluble fraction of a) MB-PPV
(-1.8 V vs. Ag/AgCl) at 3.2 mg L and b) cop-MB-PPV/DCN-PPV
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igure 5. Relative DMP concentration and TOC decay as a function of the charge applied per unit volume of electrolyzed solution (Q,) for different values
of current densities: (M) 20, (O) 60, and (A) 120 mA em”. Conditions: pH 2, 30 °C, and 7.04 mmol dm* NaCl. The ionic strength was kept constant at
0.15 mol dm" by addition of Na,SO,.
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Figure 3. UV-Vis spectra of soluble fraction of a) MB-PPY
(1.8 V vs. Ag/AgCl) at 80 mg L* and 3.2 mg L and b) cop-MB-PPV/
DCN-PPV (_2.0 V vs. Ae/A¢Cl) at 80 mg L and 3.2 mg L.
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zure 7. Relative (@) DMP concentration and (O) TOC decay as a
function of the clectrolysis time for the optimized conditions: 20 mA em®,
30 C, pH 2, and 7.04 mmol > NaCl. Constant ionic strength of
n of Na,SO,
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Figure 6. Relative DMP concentration and TOC decay as a function of the electrolysis time for different temperature values: (M) 10, (0) 30, and (&) 50°C.

Conditions: 20 mA cm?, pH 2, and 7.04 mmol dm™ NaCl. Tonic strength of 0.15 mol dm through addition of Na,SO,
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igure 5. Cyclic voltammograms of the polymer films obtained with the
soluble fraction of - - O - - MB-PPV (-1.8V vs. Ag/AgCl) and - - M - -
cop-MB-PPV/DCN-PPV (2.0 V vs. Ag/AgC)) at 80 mg L. The films
were obiained by drop casting of the polymeric solution in CHCL, over ITO
subtract, scan rate = 50 mV . The black dash line shows the voltametric
profile of the bare ITO surface on an ACN/LICIO4 0.1 mol L-1 solution
used as solvent/electrolyte system in all the voltametric characterization.
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re 3. Relative DMP concentration and TOC decay as a function of the electrolysis time for different concentrations of NaCl: (M) 7, (O) 35, and
(A) 70 mmol dm™ Na litions: 20 mA cm?, 30 °C, and pH 2. Tonic strength of 0.15 mol dm™ through addition of Na,SO,.
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ure 1. Profile of the current as a function of time for the
potentiostaticelectropolymerization of a) MB-PPV (—1.8 V vs. Ag/A¢Cl)
and b) cop-MB-PPV/DCN-PPV (<20 V vs. Ag/AgCl) in an electrolytic
solution of 0.1 mol L* LICIO, in DMF using a mercury pool as working
electrode.
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Figure 4. Relative DMP concentration and TOC decay as a function of the electrolysis time for different initial pH values: (M) pH 2. (O) pH 6, and
(A) pH 10. Conditions: 20 mA cm?, 30 °C, and 7.04 mmol dm NaCl. Tonic strength of 0.15 mol dm through addition of Na,SO,.
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Table 1. Assignments for the main IR bands observed for MB-FFV and cop-MB-FFV/DCNPPV at soluble and insoluble fraction

cop-MB-PPV/DCN-PPV.,

cop-MBPPV/DCN-PPV.__,.

MB-PPV bands / cm’ bands / em bands /em Assignment*

3058 3058 3058 Vet

- 222 00 Vex
1594 1594 1504 Vet
1490 1490 1490 Vet
1379 1379 1379 Vet
1257 1257 1257 Vesecoc
969 969 969 B s iy 0P
860 860 860 B

- - 505 ‘aromatic 1 4-disubstituted
464 464 464 Bcp0-0-p

“0-0-p: out-ofplane.
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Table 2. COD obtained for the DMP removal considering different
experimental parameters after 1 h of electrolysis

Variable Range COD removal / %

i NaCl 664
Supporting clectrolyte NasO. os
704 385
[NaCl] / (mmol dm) 352 440
704 613
2 362
Initial pH 6 102
10 78

20 207G7.1y

i/ (mA em?) 60 45.6(19.0¢

120 6100127y
10 620
T/°C 30 618
50 688

“The values in parenthesis refer to the ratio between COD removal and
Q.. (kA h m*) after 1 h of electrolysi:
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Figure 2. FTIR spectra of A) MB-PPV; B) cop-MB-PPV/IDCN-PPV.
and C) cop-MB-PPV/DCN-PPV_
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Figure 2. TOC removal with electrolysis time for 100 mL of:
(a) 100 mg L aniline®+ and (b) 178 mg L 4-chlorophenol solutions
in 0.05 mol " Na,SO, at pH 3.0 and 25 °C using a PYO, cell at 100 mA
(adapted from reference 43). (M) AO-H,O;, (A) EF with | mmol L’
Fe?* and (@) PEF with 1 mmol L Fe** under 6 W UVA light.
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Table 3. General results under optimized conditions for HPSFC using bacterial anode and algal cathode

System s‘;’:“‘f‘g Overall C,/ % % 1, max/ (uA cm?) P4/ (mW em?)
BA glycerol 46.71£2.33 PCN - 39.90 £ 1.99 350175
AC air 56.77+2.83 - - 496 +0.25 289+ 1.44
pure CO, 29.08 =145 - - 923046 53.8+2.69
HPSBC 1 glycerol + air 29.18 = 1.46 PCN - 33.66 £ 1.68 250+ 125
HPSBC 2 glycerol + air 61.92£3.09 PCN MB 60.97 £3.04 343151
HPSBC 3 glycerol + air 71.56 +3.58 PCN BCG 80.29 £4.01 387193
HPSBC 4 glycerol + pure CO, 27.46 137 PCN - 54.61 £2.73 375187
HPSBC 5 glycerol + pure CO, 3700185 PCN MB 9480 £4.74 603 £30.1
HPSBC 6 glycerol + pure CO, 39.00+1.95 PCN BCG 95.92 £ 4.80 655327

MET: mediated electron transport; BA: bacterial anode: AC: algal cathode: PCN: pyocyanis
blue: BCG: bromocresol green: *calculated as oxygen released from algal biomass.

HPSBC: hybrid photosynthetic bacterial cell; MB: methylene
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Table 2. Percentage of TOC removal, mineralization current efficiency (MCE) and pseudo first-order rate constant (k,) for the degradation of 100 mL
of solutions containing 100 mg L TOC of chlorophenoxyacetic acid herbicides in 0.05 mol L* Na,SO, at pH 3.0 by several EAOPs at 100 mA®15

i . After I b of treatment After 3 h of treatment -
Herbicide Method e . T Tl SHE K/ min
4CPA AOHO Pt 35 15 16 2 83 49x10°

AO-H,0,-BDD 2 2 54 16 54x100

EF-Pt 43 2 60 18 012

EEBDD 37 ) 75 2 027

PEF-Pt 78 70 98 2 0.16
MCPA AOHO Pt 35 96 89 2 70 59x10°
AO-H,0,-BDD 2 2 58 18 70x10°

EF-Pt 41 39 65 20 012

EEBDD 49 7 76 2 014

PEF-Pt 66 62 91 2 014
24D AOHO Pt 25 47 39 16 44 79%10°
AO-H,0,-BDD 35 27 2 57 16 71x10°

EF-Pt 25 35 29 57 16 018

EE-BDD 35 50 2 78 2 031

PEF-Pt 25 52 4 % 25 023
24,5T AOHO Pt 35 48 37 21 54 13102
AO-H,0,-BDD 20 16 59 15 66x10°

EF-Pt 38 30 53 1 ol

EE-BDD 49 38 80 21 024

PEF-Pt 64 50 % 2% 012

*AO-H,0,-Pt: anodic oxidation with a PO, cell, AO-H,0,-BDD: anodic oxidation with a BDD/O, cell; EF-Pt: electro-Fenton with a PYO, cell and
1 mmol L' Fe?*; EF-BDD: electro-Fenton with a BDD/O, cell and | mmol L' Fe?*; and PEF-Pt: photoelectro-Fenton with a PO, cell, | mmol L Fe** and
6 W UVA light.
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Figure 6. Effect of electron shuttles on the chronoamperometric profiles
for HPSEC. No mediator (line): MB (dash): and BCG (dash-dot).
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Figure 3. TOC abatement with electrolysis time for the degradation of
100 mL of 100 mg L nitrobenzene solutions in 0.05 mol L' Na,SO, at
pH 3.0, 100 mA and 25 °C in a cell with a 10 cm’ Pt anode and a 3 cm®
O,diffusion cathode. Catalyst: (O) | mmol L Cu®, (0) | mmol L* Fe®*
(EF process), (2A) 1 mmol L' Cu* + | mmol L Fe®, (M) 1 mmol L!
Fe?*+6 W UVA light (PEF process) and (A) | mmol L' Cu®*+ | mmol L*
Fe* + 6 W UVA light






OPS/images/a04img30.png
Mn~ + H,0, —

Mn* +°*OH + OH-





OPS/images/a14img10.png
60

40

20

00

J1(mA cm?)

60

40

20

00

03 06 09 12 15
E/Vvs. RHE

Figure 2. Cyclic voltammograms (10* cycle) of the commercial
Ti/Ruy iy 0, electrode at (a) 0.15 mol dm* NaCl and (b) 0.05 mol dm*
Na,SO,, in the presence (dashed line) and absence (solid line) of DMP.

20 mV s. Tonic strength of 0.15 mol dm>.
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igure 4. (a) TOC removal with electrolysis time for 100 mL of 190 mg L
4-chlorophenoyacetic acid (4-CPA) solutions in 0.05 mol L' Na,SO,
at pH 3.0 using a PUO, tank reactor at 100 mA and 35 °C. Method:
(@) AO-H,0,, (M) EF with | mmol L' Fe** and (&) PEF with | mmol L
Fe** and 6 W UVA light. (b) Decay of 4-CPA in the above experiments
(adapted from reference 49).
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Figure 3. Fuel cell performance for different glycerol concentrations in
the alkaline DGFC (temperature: 60 °C; KOH concentration: 4 mol L'
oxygen as comburent with a flow rate of 20 mL min"; anode flow rate
of 1 mL min-).
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n of the concentration of selected intermediates detected during the degradation of 4-CPA solutions under the conditions of Figure 4 by
(W) EF and (A ) PEF. Plots correspond to: (a) 4-chlorophenol, (b) glycolic acid, (c) oxalic acid and (d) chloride ion (adapted from reference 49).
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Figure S. Effect of the Sn amount in the electrode composition varied
in the following proportions: (a) 10%, (b) 20%, (¢) 25%, (d) 30%, and
(c) 40% (m/m). DPV voltammograms collected in 0.2 mol L~ PBS pH
6.0 containing 100 pmol L+ of levofloxacin. Inset: dependence of the
levofloxacin oxidation peak current and tin percentage.
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gure 6. Reaction sequence for 4-CPA degradation by EAOPs in a PYO, tank reactor (adapted from reference 49).
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Figure 6. DPV voltammograms for GC/MWCNT-SnO, composite
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Figure 9. TOC abatement vs electrolysis time for 100 mL of a 200 mg L
Dircct Yellow 4 solution in 0.05 mol L* Na,SO, with 0.5 mmol L Fe?* at
pH 3.0,33.3 mA cm? and 35 °C using a BDD/air-diffusion cell. In plot
(a), (#) 6 W UVA irradiation, (O) EF and (@) PEF with 6 W UVA light.
(00) EF process up o 60 min, whereupon the resulting solution remained
without any treatment. In plot (b), (O) EF process and photo-assisted EF
degradation where only UVA irradiation was applied to the solution after:
(W) 30 min. (A) 60 min and () 120 min of electrolysis.®
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igure 10. Experimental setup of stimed RuO/ACF tank reactors for
the PEF treatment of Acid Red 14 and sulfamethoxazole. In plot (),
(1) RuO/Ti anode, (2) ACF cathode, (3) Acid Red 14 solution, (4) quartz
tube, (5) 11 W low-pressure Hg lamp, (6) magnetic stirer, (7) DC supply,
(8) O, in, (9) sampling, (10) UV switch and (11) dark box. In plot (b),
(1) RuO,/Ti anode, (2) ACF cathode, (3) UVA lamp, (4) O; in pipe,
(5) magnetic stirrer and (6) dark box.>
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Figure 12. Proposed reaction sequence for paracetamol degradation in
acidic aqueous medium by EAOPS based on Fenton's reaction chemistry
using a PYO, cell (adapted from reference 62).
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electrode modified with SnO, electrodeposited film, and (b) GCMWCNT-
SnO, composite electrode, in 0.1 mol L' of HCl and scan rate of S0mV s,
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Figure 1. (A) SEM microscopy of MWCNT. Inset: EDX patterns for
MWCNT. (B) EDX patterns of MWCNT-SnO, composite containing
40% (m/m) of Sn. Inset: SEM microscopies.
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Table 3. Time needed for the total disappearance of pharmaceuticals () and percentage of 10C removal for drug solutions treated by EF and PEF
processes using two-clectrode or four-electrode cells with Pt, BDD or Ti/RuO; anode and CF, ACF or gas (O; or air) diffusion electrode (GDE) cathode
under selected condi

Pharmaceutical Method-anodefcathode ~ Solution* ! Toc Reference
min removal / %
Atenolol EF-PUGDE 158 mg L' with 0.5 mmol L' Fe*, 35 °C.at 60 46 £l
EF-BDD/GDE 50 mA for two-clectrode cells and 50-12 mA > 60 7
EF-PUGDE-PUCF  for four-clectrode cells during 360 min 25 81
EF-BDD/GDE-PUCF 30 90
PEF-PUGDE 35 83
PEF-BDD/GDE 35 95
PEF-PUGDE-PUCF 27 95
PEF-BDD/GDE-PUCF 25 97
Chloroxylenol EF-PUGDE 100 mg L drug with | mmol L' Fe* at 20 58 38
EE-BDD/GDE 100 mA and 35 °C for 360 min 20 82
PEF-PUGDE 20 91
PEF-BDD/GDE 20 9%
Clofibric acid EF-PUGDE 179 mg L' drug with | mmol L' Fe* at 7 73 65,66
EF-BDD/GDE 300 mA and 35 °C for 240 min 7 93
PEF-PUGDE 7 92
PEF-BDD/GDE 7 >96
Enrofloxacin EF-PUGDE 158 mg L' drug with 0.5 mmol L' Fe* at 30 45 61
EF-BDD/GDE 100 mA and 35 °C for 360 min 30 78
PEF-PUGDE 20 o4
PEF-BDD/GDE 20 9%
Flumequine EF-BDD/GDE 62mg L drug with 2 mmol L' Fe**at 100mAand 10 78 68
PEE-BDD/GDE 35 °C for 360 min 10 95
Thuprofen EF-PUGDE 41 mg L drug (near saturation) with 0.5 mmol L'~ 40 58 63
EF-BDD/GDE Fe®*at 100 mA and 35 °C for 360 min 40 81
PEF-PUGDE 40 83
PEF-BDD/GDE 40 o
Paracetamol EF-PUGDE 157 mg L of drug at 35 °C for 240 min. Catalyst: 6
- 1 mmol L' Fe®* 6 59
- 1 mmol L' Fe®* + 1 mmol L' Cu** 6 80
- 1 mmol L Fe®* 6 79
PEF-PUGDE - 1 mmol L' Fe®* + 1 mmol L' Cu** 6 95
EF-PUGDE 154 mg L' propranolol hydrochloride 29 50 70,71
Propranolol EF-BDD/GDE with 0.5 mmol L Fe*, 35 °C, at 120 mA 29 85
EEPUGDE-PUCF  for two-clectrode cells and 120-12 mA for 12 7
EF-BDD/GDE-PUCF  four-clectrode cells during 420 min 15 88
PEF-PUGDE 18 91
PEF-BDD/GDE 21 9%
PEF-PUGDE-PUCF 9 o7
PEF-BDD/GDE-PUCF 12 9%
EF-PUGDE 164 mg L' drug with 0.5 mmol L' Fe* at 30 57 64
Salicylic acid EF-BDD/GDE 100 mA and 35 °C for 180 min 30 73
PEF-PUGDE 30 97
PEF-BDD/GDE 30 9%
EF-BDD/GDE 193 mg L' drug with 0.5 mmol L' Fe* at 20 84 2
Sulfamethazine PEF-BDD/GDE 100 mA and 35 °C for 360 min. 10 05
EF-Ru0/ACF 200 mg L of drug with | mmol L' Fe**, room 75 63 2
Sulfamethoxazole” PEF-RuO/ACF temperature, at 360 mA for 360 min 75 80

*Experiments carried out with 100 mL solution in 0.05 mol L Na,SO, at pH 3.0 in a stirred tank reactor and with a 6 W UVA light for PEF. *Treatment
of 125 mL of an O,-saturated solution in 0.05 mol L' Na,SO, at pH 3.0 in a stirred tank reactor with a 8 W UVA li;
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igure 11. Evolution of (a) oxalic and (b) oxamic acids during the
degradation of 100 mL of 157 mg L* paracetamol solutions in 0.05 mol L*
Na,SO, at pH 3.0, 100 mA cm? and 35.0 °C using a stirred PVO, tank
reactor. Catalyst: (0) 1 mmol L' Cu™, (M) | mmol L' Cu* + 6 W
UVA light, (2) | mmol L Fe*; (A) | mmol L' Fe** + 6 W UVA light,
(©) 1 mmol L Fe* + 1 mmol L' Cu** and (#) | mmol L' Fe** +
1 mmol L' Cu* + 6 W UVA light (adapted from reference 62).
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Figure 1. Structures of the ions that compose the ILs used in this work:
[BMMI], [EtO(CH.),MMI]. [BMP] and [TE,N].
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Figure 5. A) LSPR in a pH range from 3.00 to 6.00 for ITO/PAA/Au electrode: B) titration curve pH 3.00 to 6.00.
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Figure 2. Laviron plot (Ep-E° vs. log potential scan rate) of an ITO/
PAA/Au modified electrode in 0.1 mol L' PBS pH 3.00.
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Figure 3. A) CV in a scan rate of 50 mV s~ for the ITO/PAA/Au electrode in pH range from 3.00 to 6.00: B) the respective EIS in same pH range.
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Table 1. Scan rate v, anodic (E,) and cathodic (E,) peak potentials, formal potential (E”) and AE for Laviron's plot

v/ (mV s log (v) E/V E/V (E+E)2 E-E E-E
20 130 306 26 283 023 023
30 147 346 -3.09 321 018 0.8
50 169 396 345 370 025 025
60 177 404 -362 383 020 -020
% 195 441 407 424 017 017
100 200 453 411 432 021 021
150 217 498 451 474 023 023
200 230 534 48 507 027 027

250 239 5.76 496 536 040 040
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Scheme 2. Modification of substrate: silanization, covalent binding of PAA and gold nanoparticle coating.





OPS/images/a19img12.png
100

Count

2 3 4
8 (XPS)/nm

Figure 2. Histogram of the oxide film thickness measured by XPS and

used to calibrate the power-law model. The standard deviation of the

measurement was assigned a value of 10%, and the errors were assumed
normally distributed.
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folder; B: conventional glass cuvette and C: cuvette plus ITO, the light is
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Aable 3. Results for coumann in the infusion samples
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igure 1. A) CV at pH 3.00; B) CV at pH 4.00: C) CV in pH 4.35: D) CV at pH 4.65: E) CV at pH 5.00: F) CV at pH 6.00.
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Figure 3. The distributed value of p; obtained from the thickness values shown in Figure 1 through equation 5 under the assumption that & = 12:
a) histogram of p,: and b) histogram of log p,.
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Hfable 2. Comparison of the analytical paramelers obtained using diflerent electrode materials and/or techniques for coumann determination:

Technique Lincar range Lob LoQ Ref.
DIP-APCLMS 01 0me Lt T2mgky' B3meks' B
HPLC-UVVIS 00246250 mg Lt 072 mgkg! 242 mgkg! E
HPLCMS 2030000mg L 01T mgLt 056 mgLt 3s
HPLC-UVVIS 025250 ag L 0 mgkg! 0 mgkg! 36
Fluorescence spectroscopy 0371461 mg Lt 015 mgLt - El
DPV-mercury lm electrode 260mg Lt - - 3
SWV-BDDE 0731461 mg Lt 022 mgLt 066 mgLt Present work

DIP-APCI-MS: dirctinlet probe-atmospheric-pressure chemical jonization-mass spectrometry: HPLC-MS: high performance liquid chromatography-mass
spectrometry: DPV: differential pulse voltammetry: LOD: limit of detection: LOQ: limit of quantification.
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Figure 4. ITO/PAA/Au electrode. A) Current value variation vs pH. scan rate 50 mV s B) peak potential variation vs. pH. scan rate 50 mV s-'.
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Figure 2. Thermal analyses measurements for V,0,nH,0 in (a), TPI-
Me(BF,), in (b) and hybrid in (c).
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Figure 2. Thermal analyses measurements for V,0,nH,0 in (a), TPI-
Me(BF,), in (b) and hybrid in (c).





OPS/images/a10img12.png
40 50

ol
=)
N
S
w
S

r/um
Figure 10. Plateau current vs. electrode radius for Fe(TEN), in
[BMMI][TE,N] (a) and [EtO(CH,),MMI][T£,N] (b) after drying.
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Figure 9. Voltammograms of Fe(TE,N), in [BMMIJ[TEN] (a) and
[E{O(CH,),MMIJ[TEN] (b) after drying, with microelectrode radii of
8 (black). 11 (red) and 44 (blue) um.
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Figure 3. FTIR spectra for intercalation matrix in (a), for intercalated in
(b) and for hybrid in (c).
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Figure 7. Voltammograms of Fe(TE,N), in [BMMIJ[TEN] (a) an
[E{O(CH,),MMIJ[TE,N] (b) obtained using microelectrodes with radi
of 11 (black), 24 (red) and 38 (blue) um.
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Figure 6. Lincar voltammetry of Mg in neat [BMP][TEN] (black solid
line) and in a solution of 100 mmol L~ acetylacetone in [BMP][TE,N]
at 1 mV ' starting at OCP. WE and CE were Mg ribbon and Pt mesh,

respectively.
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gure 8. Plateau current vs. electrode radius for Fe(NTF,), in
[BMMIJ[NTE,] (a) and [EtO(CH.).MMIJ[NTE,] (b).
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Figure 1. XDR for V,0..nH,O xerogel in (a) and hybrid material in (b).





OPS/images/a04img20.png
ABS"—ABS"

Color removal (%) = 100 (34)
olor (%) o





OPS/images/a10img03.png
05 ~
VAR e
0.0 — =
~ ﬁc‘—é
5 s S
. S
é ;o
= A0 +—
K
5
-3 -2 -1 0 1

E/Vvs. Pt

re 3. Cyclic voltammograms of [BMPJ[TE,N] with 5.0 mmol L
(solid black fine) and 50 mmol L+ (dashed red line) water at 10 mV.
WE and CE were platinum disk and mesh, respectively.
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lable 2. Results for regression of equation 11 to the impedance of human skin before and after a) being pierced by a needle (pinhole);™ b) exposure to
phosphate buffered saline solution (PBS) for a period of 1 hour;" and c) exposure to 100% dimethy! sulfoxide (DMSO) for a period of 1 hour.* Values are
the mean and one standard deviation of the parameter value for all exposed skin samples. The standard deviations reported for the calculation of dielectric
constant from equations 7 and 8 were obtained assuming a lincar propagation of error with an assumed 10% uncertainty for the thickness of the stratum
comeum

Variable Pinhole’! 1 hour PBS™ 1 hour DMSO™
Before. After Before After Before After

Ryl kQend) 118254 1625 1472139 128120 153261 142015
o 0816001 083001 087001 086001 087001 081001
Q/(F s cm?) 7442125 666105 4325 3827 3827 158228
No. samples 7 3 3

¢, /&, equation 16 078 149 088

¢ . cquation 8 432113 278268 342278 271268 208275 372102

¢, equation 7 197 2429 41213 2710 3513 4015
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Figure 2. Linear voltammetry of the ILs [BMMI][TF,N] (solid black line)
and [BMP][TE,N] (dashed red line) at 10 mV s the scans were started
from OCP (0.33V and 0.0V vs. Ag for [BMMI][TE,N] and [BMP][TE,N],
respectively) and were scanned in both directions (negative and positive
potentials). WE and CE were platinum disk and mesh, respectively.
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igure 1. (a) Sketch of the bench-scaled open and stirred undivided tank
reactor used for the PEF treatment with a carbon-PTFE diffusion cathode
directly fed with pure O, to generate H,0; (adapted from reference 15)
(b) Evolution of the concentration of hydrogen peroxide accumulated
during the electrolysis of 100 mL of 0.05 mol L' Na,SO, solutions
at pH 3.0 at 25 °C in a PUO, diffusion cell. (a, b and ¢) Without Fe,
(c and d) with 1.0 mmol L' Fe** and (d) under a 6 W UVA irradiation.
Applied current: (@) 450 mA. (b, ¢ and d) 300 mA and () 100 mA.2*
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Figure 4. Cyclic voltammograms of 100 mmol L Mg(TE,N), in [BMP]

[TEN] with S mmol L+ (a) and 50 mmol L+ (b) water at 10 mV s-%. WE
and CE were platinum disk and mesh, respectively.
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Table 2. Structure of the Doehlert design and the LV results

Factors i
oy SR/(mVs) oH i
i 062 w1n 467
2 omn s 11446
3 omn wn 11444
s 1104 s 90.69
5 0.5(93) 0.866 (13) 85.81
6 160 wn 54
7 -0.5(1) —-0.866 (11) 69.74
8 0.5(93) —-0.866 (11) 7745
9 -0.5(71) 0.866 (13) 89.72

“All tests were performed using 300 L of 1.2-benzopyrone at
2.26 x 10 mol L (final concentration of 3.34 x 10+ mol L); the real
factor values are given in parentheses.
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Figure 2. A Pareto chart used to evaluate the effects of the various factors
of the electrochemical analysis, including the pH, buffer concentration
(BC) in mol L' and scan rates (SR) in mV
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Figure 4. Cyclic voltammogram of TPL-Me(BF,),. WE: Au, RE: Ag/Ag*
and CE: Pt. Scan rate S0 mV s 10 mol L of TPI-Me(BE,) in 0.1 mol
L tetrabutylammonium hexafluorophosphate.
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Figure 3. Comparison of powder XRD of RuQT compound (a), a PM
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mer-[RuCl(dppb)H.O] (d).
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Figure 2. EPR spectrum of RuQT at 77 K in solid state.
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Figure S3. C NMR spectra of TPI-Me(BF.,), (DMSO-d... 75 MHz).
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Figure 1. Cyclic voltammograms of an electrod in the absence and presence
of BP using a 0.1 mol L' phosphate bufer solution at pH 12.3 (v=50 mV s°).
(2) The bare electrode and (b) 10 mmol L of the BP solution.
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Figure S2. '"H NMR spectra of TPI-Me(BF,), (DMSO-d.. 500 MHz).
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Scheme 1. Coumarin: both forms depend on the pH. The lactone is shown
on the left, and deprotonated coumaric acid (carboxylate) is shown on
the right.
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Figure S1. "H NMR spectra of TPI (DMSO-d,. 500 MHz).
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lable 1. Results of the LV analysis according to the 2° factonal design

Assay pH: BC SR* 3/ (uA cm?)
1 © © © 22.86+0.01
2 (&) © © 4429 £0.07
3 © ) © 24292003
4 (&) ) © 4429 £0.09
5 © © ) 68.57+0.08
6 @ © ) 88.57+0.00
7 © ) ) 44.28+0.06
8 (&) ) ) 118.57 + 0.08

‘Codified values: (), pH = 11 and (+), pH =
BC = 0.1 mol L and (+), BC = 0.5 mol L
SR =5 mV s' and (+), SR = 50 mV s*. All tests were performed using
300 L of 1.2-benzopyrone at 2.26 x 102 mol L (final concentration of
234 % 104 mol 1-1).

“codified values: (-),
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Figure 2. Detail of the deposition window for Fe/IL mixtures with lower
water content in [BMMIJ[Tf2N] (a) and [E{O(CH2)2MMIJ[T2N] (b).
Green lines represent the values considered to find the diffusion
coefficients (Figure 10).
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Figure 6. UV-Vis specira when applying a series of potential differences:
—0.6V;=-02V;---02V; -0- 10V and-a- 1.2V, Figure inside shows
the absorption peak at 348 nm for the bulk TPI-Me(BF. ), (in ACN).
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Green lines represent the values considered to find the diffusion
coefficients (Figure 8).
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Figure S4. Coulograms of Fe(TE,N), in [BMMIJ[T,N] (a) an
[E{O(CH,), MMI][TEN] (b) after drying, using microelectrodes with radi
of 8 (black). 11 (red) and 44 (blue) um.
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Figure 8. Chronoamperometric analysis and in sifu optical density
variation at 450 and 700 nm wavelength.
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Figure §3. Coulograms of Fe(TE,N), in [BMMIJ[TE,N] (a) and
[E{O(CH,).MMIJ[TE.N] (b) using microelectrodes with radii of 11 (black),
24 (red) and 38 (blue) um.
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Figure 7. Variation of potential, absorbance and wavelength in a 3D graph.
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Figure 9. Lincar sweep voltammograms of the 0.1 mol L' phosphate
buffer solution with a pH 12.3 and SR = 85 mV s". (a) Analytical blank
and (b) maceration containing sonicated dry leaves under the same
experimental conditions.
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Figure 12. Electrochemical comparison among RuQT, QT and GCE
electrodes in acetaminophen analyses, in pH 6.5.
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Figure 8. Lincar sweep voltammograms for the blank (—) and various
concentrations of BP (50; 100; 150; 200; 250; 300; 350; 400 x 10° mol L
in 0.1 mol L:* phosphate buffer solution with a pH of 12.3). The SR in
this experiment was 85 mV s'. Inset: calibration curve.
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Figure 11. Electrochemical comparison among RuQT, QT and GCE
electrodes in acetaminophen analyses, in pH 1.
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igure 1. Cyclic voltammograms of the supporting electrolyte 0.1 mol L
H,SO, with 10% (v/¥) ethanol () plus the addition of 1.0 mmol L' PC
and IB 1.0 mmol L at the BDD working electrode after anodic (—) and

cathodic (...) pretreatment. Scan rate: S0 mV . The chemical structures
of PC and IR are shown in the inset
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Table 1. LOD and LOQ. in mol L, for both drugs in pH 1.0 and pH 6.5

Drugs pH_ LOD/(umol L") LOQ/ (umol L)
sildenafil citrate. 10 107 356

65 - -
acetaminophen 10 007 023

6.5 0.66 220
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lable 3. Results obtained for detection of 1,2-benzopyrone in guaco samples using the proposed method and compared to an HPLC analysis

Concentration of 1,2-benzopyrone / (mg g')

Extraction method Solvent (1:1 v/v)
[

Maceration/sonication - DL Ethanol/water 75204
Infused - DL Water 73202
Maceration 7 days - DL Ethanol/water 8002
Maceration/sonication - IN Ethanol/water 2103
Infused - IN Water 2002
Maceration 7 days - IN Ethanol/water 22202

DL: dry leaf sample: I

in natura leaf sample.
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ioure 13. Mechanism of acetaminophen oxidation.?
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Figure 7. Nyquist diagrams in a 0.1 mol L' phosphate bufer solution with
a pH of 12.3 and 3.34 x 10 mol L* of BP. W) Bare clectrode; ®) after
five: A) afier ten; *) and after twenty consecutive cycles. The solid lines
represent the simulated semicircle. Applied potential: 0.53 V.
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Figure 10. (a) DPV of the acetaminophen - RuQT electrode oxidation
- pH 6.5 (1.25 x 10° to 499 x 10* mol L"); (b) analytical curves
of acetaminophen in pH 6.5 where the first curve is 1.25 x 10° to
172 % 10“ mol L' and the second curve is 2.20 % 10 to 4.99 % 10* mol L-
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Figure 9. (2) DPV of acctaminophen - RuQT electrode oxidation - pH 1.0
(1.25 % 10°104.99 x 10 mol L"); (b) analytical curve of acetaminophen
in pH 1.0.
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lable 1. Absolute second-order rate constant for the main general reactions
involved in a Fenton system at pH close to 3°

Reaction ky/ (mol L's") Number
Initiation
H,0, + Fe®* — Fe* + "OH + OH- 55 6
Catalysis: Fe(Il) regeneration
H,0, + Fe* — Fe* + HO, + HY 31x10° 7
Fe'* + HO," — Fe* + 0, + HY 2x10¢ 8
Fe* + 0,7 - Fe* +.0, 5x10° 9
Fe* + 0, +2H,0 - Fe + 2H0, 10x10° 10
Propagation
H,0, +*OH — H,0 + HO," 33%107 1
HO, 5 H+ 0, 48+ 12
RH +"OH - R+ HO 10100 13
ArH +"OH — AHOH* 10100 14
Inhibition
Fe** +"OH — Fe** + OH- 43x10° 15
Fe** + HO," + H' — Fe** + H,0, 12%10° 16
0, +HO, + H' - H0,+0, 97107 17
HO," + HO; — H,0,+0, 83x10° 18
HO," +*OH - H,0+ 0, 71107 19
0, +"OH — OH +0, 10x10° 20
0, +"OH+H,0 > HO,+OH +1%0,  97x107 2
"OH +*OH = H,0, 52x10° 2

‘Equilibrium constant.
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igure 6. Lincar sweep voltammograms in a 0.1 mol L phosphate buffer
solution with a pH of 12.3, a SR = 85 mV s and 3.34 x 10+ mol L' of
BP. — blank; ® first; 0 second; 2 third; W fourth; O fifth; and I tenth
consecutive sweeps.
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OPS/images/a11img09.png
Ip = 0.466nFAC,





OPS/images/a21img05.png
16x107
1ax0*
1.2010°
1.0x10°

soxic

Current/A

60x10°
40x10°

20010°

00

90 100 Moo 1200 130 400 1500 1600
Potential / mV vs. AgiAgCl

1200 (0)
o
100y ] 1/A= 39265+ 0016C / (mol L")
qou] P08

804
Tou
60
50
a0
304
200
108
00

Current/ A

41E-7 +0,035C / (mol L”)
0.990

00 1000, 20004 300y 40004 5000w
Concentration / (mol L)

Figure . (a) DPV of sildenafil citrate - RuQT electrode oxidation - pH 1.0

(1.25% 10°104.99 x 10 mol L); (b) analytical curves of sldenafil citrate

in pH 1.0 where the first curve is 1.25 % 10° to 1.72 x 10 mol L and the
second curve is 2.20 x 10 to 4.99 x 10 mol L.
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Figure 4, Linear sweep voltammogram obiained at different scan rates (5,
10,20, 30, 40, 50, 60, 70, 80 and 90 mV ) in a 0.1 mol L~ phosphate
buffer solution with a pH of 123 and 3.34 x 10+ mol L of BP. The inset
shows the plot of j vs. vV,
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Scheme 2. Coumarin oxidation (coumaric acid form - carboxylate)
forming a radical ketone under alkaline conditions (phosphate buffer
solution at 0.1 mol L, pH 12.3).
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Figure 7. Electrochemical oxidation of three different compounds

worfloxacin; silfenatil citrate and citric acid, in 0.1 mol L H,SO, electrolyte.
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Figure 5. Lincar sweep voltammogram for the electrode in 2 0.1 mol L™
phosphate buffer solution with a pH of 12.3, 3.34 x 10 mol L of BP and
0.5mV s Inset: linear relation between E (potential) and In [G;, —j)/jl.
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Figure 6. Electrochemical comparison among RuQT, QT and GCE
electrodes in the analysis of sildenafil citrate, in pH 1.0.
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lable 1. Companison of the results of photocurrent densities (/,,) and
Flat-band potentials (E,) for TIO;NTs (undecorated) and PUTiO,NTS
(decorated in different times) in 0.100 mol L Na,SO, under UV
iradiation exposure supplied by using a high-pressure mercury lamp
(125 W) without the bulb

Photoelectrodes *I,,/ (mA cm?) “E, | mV
TiO,NTs (undecorated) 650 228
PUTIO,NTs (15 min) 129 61
PUTiO,NTs (20 min) 9.70 84
PUTiO,NTs (30 min) 8.60 128
PUTIO,NTs (40 min) 820 208

‘At 1.5V vs. Ag/AeCl: "flat-band potential vs. Ae/A¢Cl (KCL 3.0 mol L.
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values. Kubelka-Munk function a(hv) = A (hv — E)* for (a) TIO,NT
(undecorated) and (b) PUTIONT (decorated by electrochemical deposition
during 15 min) photoelectrodes.
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igure 5. Diffuse reflectance spectra (DRS) of (2) TIO,NT (undecorated)
and (b) PUTIO.NT (decorated with platinum by electrochemical deposition
during 15 min) photoelectrodes.
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igure 4. Photocurrent (lincar sweep voltammetry) measurements
obtained for PUTIO,NT and TiO,NT (undecorated) photoelectrodes at
10 mV s and in 0.100 mol L~ Na,SO, in the absence of light (a) and
under UV-Vis lamp exposure (b-f). Pt clectrodeposition times: (b) 15 min,
(c) 20 min, (d) 30 min and (e) 40 min. (f) TIO,NT (undecorated)
photoelectrode.
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igure 3. X-ray diffraction (XRD) patterns of TIO,NT (undecorated) and
PUTIO,NT photoclectrodes before and afier Pt nanoparticle deposition
(for 15 minutes of Pt electrochemical deposition).
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Figure 8. Effect of pH on color removal vs. degradation time of 500 mL
of a 854 mg L Acid Red (AR29) solution in 0.05 mol L Na,SO, by
the PEC process and applying 2.0 V vs. Ag/AgCl for: (3, 4, 0) TIONT
(undecorated) and (W. & @) PUTIO,NT (for 15 minutes of Pt
electrochemical deposition) photoclectrodes. Applicd pH: (W, D) 3.0,
(A.2)45and (®. 0)6.0.
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Figure 7. Percentage of color removal and TOC abatement vs. degradation
ime of 500 mL of a 85.4 mg L-* Acid Red (AR29) solution in 0.05 mol L
Na,SO, by the PEC process and applying 2.0 V vs. Ag/A¢Cl for:
(0) TIO,NT (undecorated) and () PUTIO,NT (for 15 minutes of Pt
electrochemical deposition) photoelectrodes. Applied pH: 6.0.
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igure 9. Effect of pH on TOC abatement vs. degradation time of 500 mL_
ofa 85.4 mg L AR29 solution (35 mg L TOC) in 0.05 mol L+ Na,SO, by
the PEC process and applying 2.0V vs. Ag/AgCl for: (3. &, 0) TIONT
(undecorated) and (W, A, ®) PUTIO,NT (for 15 min of Pt electrochemical
deposition) photoelectrodes. Applied pH: (M. D) 3.0, (A, £) 4.5 and
(®.0) 6.
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‘able 3. SWV results of two different commercial work electrodes (w.e.) for A TH( analysis

Parameter Glassy carbon we. Platinum we.
Linearity range / (amol L") 200210 8010400
Amperometric sensitvity of the curve / (A per mol L) 102107 16x10°
Coeffcient of correlation (r) 0999 0992
Standard deviation (SD) 021 145
LOD/ (mol L") 62x10% 27x10¢
LOQ/ (mol L) 21107 9.0 10*
ip,std. solution 12 amol L/ pA 135 17
Repeatability (ip, RSD/ %) o051 070
Reproducibilit (ip, RSD/ % o083 102
Recovery / % 1006 9859
Diameter / mm (geometrical area) 30 30

For € meastrements.
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5. Square-wave voltammogram refering to successive additions
of 1.1 x 10° mol L 4"-THC standard using the supporting clectrolyte
TBATFB in DMF/water 9:1 (v/). Working electrode: plassy carbon disc.
Amplitude potential: 100 mV, frequency: 12 Hz; potential range: -0.3 o

03V vs. AAECI, KCl, Inset: ip, analytical curve vs. concentration
of ATHC. .
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Figure 4. Square-wave vollammogram at different accumulation times
using  platinum disc working clectrode. Supporting elecrolyt: TBATFB
in DMFfswater 1 (v/v); '-THC standard solution in the electrochemical
cell: 18 x 10° mol L amplitude potenial: 100 mV: frequency: 12 H.
Inset: anodic peak current (ip.) vs. time.
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Figure 7. Square-wave volammogram referring to successive additions
of 1.1 x 10¢ mol L ATHC seized sampl solution using the supporting
electrolyte TRATFR in DMF/water9:1 (v/v). Working electrode: a) glassy
carbon disc; b) platinum disc. Amplitude potential: 100 mV, frequency:
12 Hz: potential range: 0.3 t0 0.3V vs. Ag/AgCl, KCl_.
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Figure 6. Square-wave voltammogram referring o successive additions
of 1.1 x 10° mol L A"“THC standard using the supporting clectrolyte
TBATFR in DMF/water 9:1 (v/v). Working electrode: platinum disc.
Amplitude potential: 100 mV, frequency: 12 Hz; potential range: 0.3 to
0.3V 5. Ag/ASCL, KCl(sat). Inset:ip, Analytical curve vs. concentration
of ATHC.
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Figure 1. Molecular structure of A°-THC.
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Figure 10. Decay of AR29 normalized concentration during the
photoelectrocatalytic oxidation by using (W) TiO,NT (undecorated)
and () PUTIONT (for 15 minutes of Pt electrochemical deposition)
photoclectrodes. Experimental conditions: potential of 2.0 V vs.
Ag/AgCl (KCI, 3.0 mol L") and pH 3.0. The inset pancl presents the
kinetics analysis considering pseudo first-order reactions for AR29

degradation.
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Figure 3. Square-wave voltammogram at different times of analyte
accumulation using a glassy carbon disc working electrode. Supporting
electrlyte: TRATFR in DMFfwater 9:1 (v/v); A THC standard solution n
the lectrochemical cell: 1.8  10* mol L amplitude potential: 100 mV:
frequency: 12 Hz. Inset: anodic peak current (ip,) vs. time.





OPS/images/a25img02.png
i o0 s o 12
E s Ag/AgCLKC [V

Figure 2. Square wave vollammogram of the supporting clectrolyte
(TBATFB) 0.1 mol L in DMFiwater 9:1 (v/v) using glassy carbon ()
and platinum (-) disc working electrode. Amplitude potential: 100 mYV;
frequency: 12 Hz.
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Jable 2. Values of LOLY and LOQ for A™-1HC analysis obtained by SWV technique and LSV technique using glassy carbon disc work electrode

Vollammetric tchnique VW Lsve
Limit of detection (LOD) / (amol L) 062 10
Limit of quantificaion (LOQ) / (amol L) 210 360
Linear correlation coefficeat ) 0999 099
Standard deviation (SD) /A 0210 03%
First anodic peak current / uA (concentration / (nmol L)) 1820) 76(13)
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Aable 1. Recommended techniques for the analysis of seized drugs of abuse™

Category A Category B Category C
Infrared spectroscopy GC. HPLC, 20d TLC Color tests
Nuclear magnetic resonance spectroscopy Capilary electrophoresis Fluorescence spectroscopy
Mass spectrometry Phamaceuticalidentifiers Meliing point
Raman spectroscopy Macroscopical tests Immuncassay
Microscopical tests (Cannabis only) UV spectroscopy

GC: gas chromatography: HPLC: high-performance liquid chromatography: TLC: thin layer chromatography.
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igure 3. (a) hv vs. (cthv)? for a spectral response obtained in the samples
of ZnTe by UV-Vis that was describe on Table 1. (b) Chronoamperometry
in light and dark applying a E:=+0.20 V for 300 s in 0.1 mol L ferrocen
+0.5 mol L* NaClO, in the middle of acetonitrile. Equilibrium time
1800s.t,__=50s.
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Figure . FTIR spectra of PPY/CD films prepared on Au with
[Py = 0.5 mol L and [CD] = 0.1 mol L' in scetonitile medium
in the presence of [LICI0, ] = 0.1 mol L Cyclic voltammetry with
(2) v =50 mV 5, and chronoamperommetry (b) at E, = 0.8 V.
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Figure 4. AFM topography of PPY/CD films prepared on Au with
[Py] = 0.5 mol L and [CD] = 0.1 mol L in acctonirile medium
in the presence of [LiCIO, ] = 0.1 mol L. Voltammetry cyclic wih
(@) v= 50 mV s, and chronoamperommetry (b) at E, = 0.8 V.
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T1able 1. Experimental conditions for the preparation of Znle thin films
by potential steps

Sample Ey/V /s Eg IV tls :‘:‘;‘;‘;
TelZn
120300 02 120 05V 300 5
300/120 02 300 -05V 120 5
3012 02 30 05V 12 50
Zn/Te
120300 05 120 02 300 5
300120 05 30 02 120 5

3012 05 30 02 12 50
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‘able 1. Composition of technical cashew nut shell liquid (CNSL)™

Phenolic compounds Techaical CNSL/ %
Anacardic acid 1017
Cardanol 6718946
Cardol 38188

2 Methy cardol 1241
Minority components 3040

Polymeric materials 03216
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Table 2. Determination of quercetin in pharmaceutical preparation

Technique UV-Vis SWV/PVP-CPE
Labeled values / mg 200 200
Found values / mg* 21 213
RSD/ % 208 251
Er,/ %" 5.50 650
Er,/ % - 095
o 32 312
Fo 146 146

n = 3; *Er, = relative error between UV-Vis or SWV/PVP-CPE sensor
and labeled values; °Er, = relative error between SWV/PVP-CPE sensor
and UV-Vis;: %, 4.30;F, 19.
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igure 1. Cyclic voltammograms for Pt electrodes in 1 mmol L+ Te(IV),
100 mmol L+ Zn(II) and 100 mmol L~ Zn(ID) + 1 mmol L' Te(IV)
0.5 mol L-' H,SO, . scan rate of 50 mV s-'.
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Figure 2. PPy/CD grown on gold surface with concentrations of

[Pyl = 0.5 mol L~ and [CD] = 0.1 mol L in acetonitrile medium in

the presence of [LCIO,] = 0.1 mol L. Cyelic voltammelry curves with

(a) v=50 mV s, and chronoamperommetric curve (b) at E, = 0.8 V.
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Figure 1. Structural representation of cardanol components.
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Figure9. (A) Square-wave voltammograms for () blank, (b) 0.5 pmol L,
(¢) 1.0 pmol L™, (d) 1.5 pmol L, () 2.0 pmol L, (f) 2.5 pmol L,
(£) 3.0 pmol L, (h) 3.5 pmol L, (i) 4.0 pmol L, () 4.5 ymol L,
(k) 5.0 mol L+, (1) 5.5 pmol L, (m) 6.0 pmol L, (n) 6.5 pmol L-* and
(0) 7.0 pmol L-* quercetin in 0.1 mol L acetate buffer solution (pH 5.0)






OPS/images/a25img12.png
Zable 5. Comparative values obtained (in triplicate) by the voltammetnic (SWV) and chromatographic (HFLL) methods for quantitative analysis of A™
THC i marijuana sampls seized by the police.

Technique Work clectrode THC % (i) RSD/% oVi%
SWV Glassy carbon 35 002 057
SWV Platinum 34 008 235
HPLC 37 003 o1

CoV- coefficient of variation.
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igure 8. Voltammograms for 1.0 mmol L quercetin in 0.1 mol L

acetate buffer (pH 5.0) at a PVP-CPE sensor obtained by: (a) LSV, (b)
DPV and (c) SWV. v = 100 mV s
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Aable 4. Accuracy and precision data for A™THC by the proposed SWV techmique using two different commercial work electrodes (w.e.)

Analyie Actual conc./ (umol L) Experimentalconc./ (umol L) RSD/% Error /%

Intrassay (1=6)

Glassy carbon we 300 29020081 280 EE)
120 120120077 064 008
200 20612009 05 16

Platnum we. 120 11612016 138 EE
300 28912115 397 a6
00 3862005 247 350

Inicrassay (0 =6)

Glassy carbon we 300 2902004 138 EE)
120 12052007 057 042
200 20732007 036 EEY

Platnum we. 120 72014 125 EE
300 28862025 087 ET

100 38654035 092 337
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Figure 10. (A) Square-wave voltammograms for (a) sample alone, (b-g)
sample with successive additions of 0.5 wmol L' quercetin standard
solution in 0.1 mol L acetate buffer (pH 5.0) obtained at the PVP-CPE
sensor, f= 60 Hz, a = 100 mV and AEs =4 mV: (B) (a) the calibration
curve and (b) the standard addition curve.
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lable 1. Analytical parameters for the determination of quercetin using
SWV/PVP-CPE sensor

Analytical parameter Value
Peak potential /V 031
Linear range / (umol L") 051055
Correlation coefficient 0998
Slope / (WA L umol ) 396
Standard deviation of slope / (1A L pmol ™) 61x10
Intercept / A 0570
Standard deviation of intercept/ 1A 0208
Detection limit / (umol L™) 017
Quantification limit / (umol L) 052
Repeatability of Ai,(intra-day) / %~ 268

Repeatability of Ai,(inter-day) / % 205
‘Relative standard deviation: *n = 5.
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lable 2. Data of Znle thin ilms obtained at expenimental conditions described in lable |

Sample Te/ % n* 1% Zn/Te "'a""':::fk“"" ! 4 “Aﬂ:- r:ﬁ) (n;:'nl. - E,/eV
TelZn 120-300 77 23 030 337 264 783 228
Te/Zn 300-120 8 17 020 303 185 611 228
TelZn 30-12 8 1 012 257 122 475 228
ZnfTe 120-300 8 1 012 329 156 474 228
Zn/Te 300-120 79 21 027 m 196 721 228
Zo/Te 30-12 86 14 0.16 304 166 546 228

7% at/at; "value caleulated from estimative of thickness using EDS consi
i, = relative photocurrent intensity per volume unit.

ing the Pt substrate as reference; i, = photocurrent intensity by arca and
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re 3. SEM micrographs of PPy/CD films growth on Au with
[Pyl = 0.5 mol L+ and [CD] = 0.1 mol L in acetonitrile medium
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Figure 7. SWV responses for the reduction of different coumarin
concentrations: blank (a): 05 (b): 1.0 (e} 20d); 3.0 (); 4.0.(1: 50 (@)
60 (1); 7.0 G); 80 ;90 (); 100 () 10° mol L in 0.1 mol L' BR
buffer pH 8.0. Inset: linear dependence of |, with coumarin concentration.
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Tlable 2. Comparison of analytical charactenstics between the proposed method and other electroanalytical methods using mercury-based electrodes (n = 3)

Technique Sensitivity / (uA pmol L) Analytical range / (umol L LOD/ (umol L") Ref.
Detection potential / V

DPP nm. 360 05 12
~1L6V (vs. Ag/AgCl)

DPAASV nm. 022111 0055 13
~153V (vs. Ag/AgCl)

SWV 02 05020 nm. 14
~1.54V (vs. SCE)

DPV 065 10-79 15 15
19V (vs. SCE)

Amperometry 0029 110 03 This work

+13V (. Ag/AgCl)

DPP: differential-pulse polarography; DPAASV: differential-pulse adsorptive stripping voltammetry; DP
calomel electrode: n. m.: not mentioned.

fferential-pulse voltammetry: SCE: saturated
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Figure 8. Square wave voltammograms for coumarin in the infusion
sample: blank (a); infusion sample (b); coumarin 10 (c); 20 (d); 3.0
(¢); 40 (5; 50 (@); 20 60 () x 10 mol L, in 0.1 mol L' BR buffer,
PHB.0.f= 100 5%, =50 mV, and AE, = 4 mV. Inset: current peak s
oumacn concentration.
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Figure 4. Chronoamperogram of 5.0 x 10° mol L coumarin at —1.8 V
in a time interval of 5 s. Inset: Cotrell's linear relationship.
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Figure 3. (a) Square wave voltzmmograms of 5.0 % 10° mol L couarin a different pH values in 0.1 mol L* BR buffer (a = 50 mV. £= 100 s* and
AE. = 2 mV). Current components for the simple coumarin reduction by SWV at pH values (b) 6.0: () 8.0: and (d) 12.0.
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Figure 6. Effect of amplitude of the square wave voltammograms for

5.0 % 10% mol L coumarin in 0.1 mol L BR buffer, pH = 8.0, with

= 100 5" and AE, = 2 mV. Inset: lincar dependence of the peak current

‘of the square-wave amplitude.
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Figure 5. Effect of frequency on the square-wave vollammograms for
50  10° mol L coumarin in 0.1 mol L BR bufer, pH = 8.0, with

= 50 mV and A, =2 mV. Inset: linear dependence of the peak current
with the square wave frequency.
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Figure 6. Cyclic voltammograms of PPy/CD composie in acctoritrie

medium with [LICIO, | = 0.1 mol L. v = 20 mVs-. PPy/CD films

preparcd on Au with [Py] = 0.5 mol L-* and [CD] = 0.1 mol L-

acetonitrile medium in the presence of [LICIO, ] = 0.1 mol L, by

chronoamperommetry (2) at E, = 0.8 V and cyclic voltammetry () it
-
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Figure 2. Cyclic voltamogram of 5.0 10° mol L* coumarinin 0.1 mol L
BR bufferat pH8.0, v= 100 mV s°. Inset: linear dependence on the peak
potential with the logarithm of the scan rate.
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re 1. Graphical representation of the resistivity distribution associated
with equation | where p, is the resistivity at y = 8 or & = 1. and p, is
the resistivity at y = 0 or & = 0. The value of p, was chosen for this
representation to be 5 x 10° py, but often p is too large to be scen in the
impedance response.
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Figure 1. Chemical structure of simple coumarin.
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