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    O fator de impacto do JBCS: expectativas e esperanças

  

   

   

  Na moderna era digital, junho é um mês de ansiedade para todos os envolvidos com publicações científicas. Esse é o momento da divulgação, pelo Journal Citation Reports, dos novos fatores de impacto e, certamente, queremos voar em céu de brigadeiro. Expectativas e esperanças podem ser um fator de motivação; contudo, podem representar uma fonte de frustração e desilusão.

  Para a ciência é importante ter dados quantitativos e, frequentemente, Lorde Kelvin é citado pela afirmação: "Eu costumo dizer que quando você pode medir o que está falando e expressá-lo em números, você sabe algo sobre o assunto; mas quando você não pode expressá-lo em números, seu conhecimento é considerado escasso e insatisfatório; pode ser o início do conhecimento, mas seus pensamentos ainda não atingiram o estágio científico, não importa qual seja a questão."

  A maioria de nós, com uma formação em ciências exatas e trabalhando na área, tende a concordar com essa visão, mas é claro que temos que ser cuidadosos na avaliação de números e na compreensão da história que está por trás deles. Por outro lado, em química analítica, fomos treinados para entender que todos os dados contêm erros e que devemos nos empenhar para melhorá-los.1 Assim, vamos fazer um exercício sobre o fator de impacto - FI - do Journal of the Brazilian Chemical Society.

  A partir de 2008 e até 2012, os fatores de impacto do JBCS evoluíram da seguinte forma: 1,438, 1,458, 1,334, 1,434 e 1,283. O que você vê: um copo com água até a metade ou um copo meio vazio? Estamos paralisados? Para onde estamos indo?

  Contudo, um ponto muito importante a destacar é que a quantidade de artigos publicados no JBCS aumentou 20% a partir de 2010 em consequência da mudança de periodicidade para um fascículo por mês, o que, certamente, tem um forte impacto em qualquer variável intimamente relacionada a esse parâmetro.2 

  Combinando esses dados, podemos afirmar que o FI do JBCS diminuiu somente 10% apesar do aumento de 20% na quantidade de artigos publicados. Vale a pena lembrar que o FI de 2012 é calculado pela divisão da soma de citações de artigos publicados nos anos de 2010 e 2011 pelo total de artigos publicados nesses dois mesmos anos, ou seja, 766/597. À guisa de comparação, em 2009, tivemos 571/428. Em outras palavras, o número de citações aumentou 34%, apesar de o número de artigos publicados ter subido 39% nesses dois períodos.

  Parece que estamos suprindo as necessidades de nossa comunidade quanto à crescente demanda por publicação de artigos de alta qualidade sem afetar negativamente o impacto do JBCS. Um notável ponto favorável é que chegamos a esse impacto com apenas 8% de autocitações. É uma boa indicação da nossa saúde e pode até mesmo ser considerado um percentual muito baixo.

  Apesar de concordar com Lorde Kelvin, é importante salientar que todos os indicadores têm pontos positivos e negativos. Valem a pena os esforços para ter indicadores simples de avaliação de resultados científicos e econômicos; no entanto, cada um deles tem suas fraquezas particulares e mostra apenas um lado da moeda. Por exemplo, é sabido que, mesmo para os periódicos científicos já consolidados, as citações estão relacionadas a um número relativamente reduzido de artigos.

  Um editorial da revista Nature de 2005 enfatizou que "o artigo mais citado da Nature no período 2002-03 foi sobre o genoma do rato, publicado em dezembro de 2002. Esse artigo representa o ponto culminante de um grande empreendimento; contudo é, inevitavelmente, um importante ponto de referência ao invés da expressão de um insight mecanicista extraordinariamente profundo. Até agora já recebeu mais de 1000 citações... Nosso próximo artigo mais citado de 2002-03 (sobre a organização funcional do proteoma de levedura) recebeu 351 citações naquele ano. Apenas 50 de aproximadamente 1800 artigos citáveis publicados naqueles dois anos receberam mais de 100 citações em 2004. A grande maioria dos nossos artigos recebeu menos de 20 citações.

   Esses números refletem quão fortemente o fator de impacto é influenciado por uma pequena minoria de artigos — sem dúvida em menor grau nos periódicos mais especializados, mas com significativa influência. Entretanto, estamos tão satisfeitos com o valor de nossos artigos na 'cauda longa' quanto com o dos trabalhos mais citados."3

  Quando citado esse editorial na Wikipedia, destacou-se que "... cerca de 90% do fator de impacto de 2004 da Nature foram baseados somente em um quarto de seus artigos e, portanto, a importância de qualquer um dos artigos será diferente e, na maioria dos casos, menor do que o número global."

  Então, pense novamente e aprofunde sua análise. Sem dúvida queremos seguir em frente, mas também queremos continuar caminhando em uma estrada segura. A jornada é longa e o ponto de chegada depende muito do seu apoio contínuo. Somos muito gratos por todos os seus esforços e contamos com eles!

   

  
    Joaquim A. Nóbrega 

    Editor do JBCS

    Watson Loh 

    Editor do JBCS

  

   

  Referências 

  1. Senise, P. E. A.; Quim. Nova, 1983, 6, 112.

  2. Nóbrega, J. A.; Hatje, V.; J. Braz. Chem. Soc.2013, 24, 1.

  3. Nature, 2005, 435, 1003.





  DOI: 10.5935/0103-5053.20130175

  EDITORIAL

  
    Nóbrega JA, Loh W. Journal impact factor: expectations and hopes. J. Braz. Chem. Soc., 2013;24(8): 1213-14.

  

  
    Journal impact factor: expectations and hopes

  

   

   

  In the modern digital era, June is a month of anxiety for everybody involved with publishing in sciences. June is the moment for divulgation by the Journal Citation Reports of the new impact factors and certainly we want to fly to the blue skies. High expectations and hopes may be a source of motivation, but they may act as a nest for frustration and disillusion.

  It is important to have quantitative data in science and frequently Lord Kelvin is quoted by stating that "I often say that when you can measure what you are speaking about, and express it in numbers, you know something about it; but when you cannot express it in numbers, your knowledge is of a meager and unsatisfactory kind; it may be the beginning of knowledge, but you have scarcely, in your thoughts, advanced to the stage of science, whatever the matter may be".

  Most of us with a background in exact sciences and working in this area tend to agree with this view, but of course we must be careful in the evaluation of numbers and in the understanding of the history behind. On the other hand, in analytical chemistry we are trained to understand that all data contain errors and we should strive to improve them.1

  Let us make an exercise about the impact factor of the Journal of the Brazilian Chemical Society.

  Starting in 2008 and going through 2012, the JBCS has reached the following impact factors: 1.438, 1.458, 1.334, 1.434, and 1.283. Do you see a half-full glass of water or a half-empty glass of water? Are we stuck? Where are we going to?

  However, a critical point to stress is that the number of published papers in the JBCS has increased 20% starting in 2010 as a result of the change in the periodicity to one issue per month and of course this change has a huge impact in any data critically dependent on this parameter.2

  Combining these data, we may say that the JBCS impact factor has decreased only 10% despite our 20% increase in the number of published papers. It is worth remembering that the impact factor of 2012 is calculated by dividing the sum of citations in 2010 and 2011 by the number of papers published in these same years, i.e. 766/597. Just for comparison sake, in 2009 we had 571/428. In other words, the number of citations has increased 34%, but the number of published papers has increased 39% when comparing these two periods.

  It seems like we are attending our community and its increasing demand for publishing high quality papers without negatively affecting the JBCS impact. A great point is that we reached this impact with only 8% of self-citations. It is a good indication of our health, and eventually it may be even considered as too low.

  Despite agreeing with Lord Kelvin, it is important to highlight that all indicators have good points and bad points. It is worth the efforts to have simple indicators for evaluating science and economic outputs; however each one of them has its particular weaknesses and show only part of the picture. For instance, it is known that even for well-consolidated scientific periodicals the citations are related to a relatively reduced number of papers.

  In an Editorial published in 2005 Nature had already emphasized that "The most cited Nature paper from 2002–03 was the mouse genome, published in December 2002. That paper represents the culmination of a great enterprise, but is inevitably an important point of reference rather than an expression of unusually deep mechanistic insight. So far it has received more than 1,000 citations… Our next most cited paper from 2002–03 (concerning the functional organization of the yeast proteome) received 351 citations that year. Only 50 out of the roughly 1,800 citable items published in those two years received more than 100 citations in 2004. The great majority of our papers received fewer than 20 citations.

  These figures all reflect just how strongly the impact factor is influenced by a small minority of papers — no doubt to a lesser extent in more specialized journals, but significantly nevertheless. However, we are just as satisfied with the value of our papers in the 'long tail' as with that of the more highly cited work."3

  When citing this Nature's editorial in Wikipedia it was pointed out that "…about 90% of Nature's 2004 impact factor was based on only a quarter of its publications, and thus the importance of any one publication will be different from, and in most cases less than, the overall number."

  So, think again and go deeper in your analysis. Of course we want to move ahead, but we want to stay trekking on a safe road. It is a long journey and the arrival point will be critically dependent on your continuous support. We do appreciate all your efforts and we do count on them!

   

  
    Joaquim A. Nóbrega

    JBCS Editor

    Watson Loh

    JBCS Editor
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  Elenice A. Carlos; Renata D. Alves; Maria Eliana L. R. de Queiroz*; Antônio A. Neves

  Departamento de Química, Universidade Federal de Viçosa,Campus Universitário, s/n, 36570-000 Viçosa-MG, Brazil

   

  
    Um método para determinação simultânea de 14 agrotóxicos (organoclorados e piretroides) em água foi desenvolvido utilizando microextração em gota única (SDME) e cromatografia gasosa com detector de captura por elétrons. Variáveis experimentais incluindo solvente orgânico, volume da microgota, tempo de extração, volume e velocidade de agitação da amostra e adição de sal foram avaliadas a fim de maximizar o desempenho da técnica SDME. Coeficientes de variação (CV), abaixo de 20% e recuperações relativas entre 71 e 107% indicaram boa precisão e exatidão do método. O protocolo desenvolvido também mostrou seletividade e boa linearidade com coeficientes de correlação (r) superiores a 0,99. Os limites de detecção dos analitos de interesse apresentaramse entre 0,003 e 0,6 μg L–1, todos abaixo dos respectivos níveis máximos de contaminantes para água potável. Amostras de água potável foram analisadas utilizando o método proposto e nenhum dos pesticidas foi detectado.

  

   

  
    A method for simultaneous determination of 14 pesticides (organochlorine and pyrethroid) in water was developed using the single drop microextraction (SDME) and gas chromatography with an electron capture detector. Experimental variables including organic solvent, volume of the microdrop, extraction time, volume and stirring speed of the sample and the addition of salt were evaluated to maximize the performance of the SDME technique. Coefficients of variation (CV) lower than 20% and relative recoveries between 71 and 107% indicated good precision and accuracy of the method. The developed protocol also showed selectivity and good linearity with correlation coefficients (r) greater than 0.99. Limits of detection of the analytes of interest were between 0.003 and 0.6 μg L–1, all below the respective maximum contaminant levels (MCL) for drinking water. Drinking water samples were analyzed using the proposed method and none of the pesticides were detected.

    Keywords: single drop microextraction, organochlorine, pyrethroid, gas chromatography, electron capture detector

  

   

   

  Introduction

  The intensive use of pesticides in agriculture and non-agricultural activities, such as livestock production and public health campaigns, can generate potentially toxic substance residues in the environmental compartments: soil, water and air, and in foods as well. The exposure of humans to these substances, either directly or by consumption of contaminated food and water, increases the risk of cancer incidence since many of these substances are identified as potentially carcinogenic.1,2

  Organochlorine pesticides tend to bioaccumulate in foodstuffs of animal origin, mostly in fatty tissues, in milk and dairy products, eggs and fish due to their lipophilic nature.3,4 The harmful action of the pesticides to the environment and public health has been proven, leading to the restriction and even prohibition in different countries. Even banned, these pesticides have been found in several matrices,5-11 proving their persistence in the environment. In Brazil, the organochlorine pesticides are prohibited since 1985,12 however these pesticide residues have been found in blood samples of people who lived and worked in the urban area of Rio de Janeiro (Brazil),13 and in drinking water14 samples in Bartolomeu River in Viçosa (Minas Gerais State, Brazil). Because of the persistence of the organochlorine pesticides until the present days, it is so important to analyze organochlorine pesticides in a variety of matrices.

  Avoiding the intake of such substances at levels that may cause health risks, the government agencies have established maximum residue limits of pesticide in foods and water intended for human consumption. In order to guide the assessment of the drinking water quality, maximum contaminant levels (MCL) were established for pesticides, the majority being organochlorines. Another class of contemplated compounds is that of synthetic pyrethroids, for which an MCL level was established for permethrin.2,15

  The demand for low concentrations of a variety of pesticides to be monitored in drinking water has spurred the development of analytical methods for multiresidue analyses of these compounds with high sensitivity. Besides, currently, there is also a request for environmentally safe methods, reducing or eliminating the use of organic solvents which are often toxic substances.16

  These methods have been developed by the association of gas chromatography and sample preparation techniques that do not employ organic solvents, or which employ a reduced amount of solvent such as solid phase microextraction (SPME)17-20 and the single drop microextraction (SDME).21-27 Review articles have covered different aspects of SDME.27-37 Single drop microextraction, as first developed by Jeannot and Cantwell38 in the late 1990s, was initially combined with gas chromatography.

  Single drop microextraction is a sample preparation technique for chromatographic analyses which uses simple equipment and causes low environmental impact. The first applications of SDME were performed by the immersion of an immiscible solvent drop in the bulk solution (direct SDME) for the extraction of organic analytes.23,24 In the last years, the headspace single drop microextraction (HS-SDME) was developed for the extraction of volatile analytes.39,40 The preferred technique for the analyses of the organic compounds is the gas chromatography (GC)23,31 in spite of the fact that SDME has also been combined with high performance liquid chromatography (HPLC).41,42 This technique is coupled with graphite furnace atomic absorption spectrometry,43,44 inductively coupled plasma mass spectrometry,45 electrothermal atomic absorption spectrometry,46,47 UV-Vis spectroscopy,30,48,49 capillary electrophoresis50 and mass spectrometry.51

  This technique is currently gaining prominence since it drastically reduces the consumption of organic solvent and provides a high concentration factor, as well as integrates extraction and injection.21,52 In addition, the SDME technique is not exhaustive, offers the freedom to select the most suitable solvent for the target analytes, requires only short time for analyses. It has a high sensitivity and low cost when compared to SPME and solid phase extraction (SPE).22,24,53,54

  This technique involves maintaining a microdrop of a water-immiscible solvent suspended at the tip of a microsyringe needle, which is then immersed in an aqueous sample under agitation. The analytes are transferred from the aqueous solution to the organic phase, and after a determined time, the microdrop is retracted back into the microsyringe and transferred to the chromatographic system for analyses.38,55 It is essential to select a proper organic solvent, which must have good affinity for the target compounds.

  The disadvantages of SDME include drop instability and low sensitivity.33 Thus, the ease of dislodgment of the microdrop hanging from the tip of the microsyringe needle during the extraction process limits the use of extended extraction times, high stirring rates, sample temperature and the type of sample matrix to relatively clean (no solid particles present).29,31

  Some works in the literature have demonstrated the efficiency of SDME for the analyses of some pesticides in water,21,23,24,56-58 providing low limits of detection, good linearity and high accuracy.57 The presented results demonstrate that this technique may be a good alternative to the sample preparation in multiresidue analyses of pesticides by gas chromatography and also for analyses of persistent organic pollutants (POPs) in drinking water. This work presents a method for the preconcentration of fourteen pesticides (some of which have not been considered previously) from water samples coupling SDME and gas chromatography-electron capture detector (GC-ECD) and to provide a sensitive and easy-to-use tool for the environmental monitoring of these contaminants. For the purpose of the present studies, different parameters affecting the extraction process were studied and optimized. The procedure was then applied to the simultaneous determination of organochlorine and pyrethroid pesticides in drinking water.

   

  Experimental

  Reagents and solutions

  Ten standards of organochlorine pesticides and four pyrethroids were employed in this study: cypermethrin (purity = 92.4%) obtained from Chem Service, Inc. (West Chester, PA, USA), λ-cyhalothrin (purity = 86.5%) and permethrin (purity = 92.2%) obtained from Syngenta Ltd (Bracknell, Berkshine, UK), aldrin (purity = 98.5%), DDT (purity = 98.8%), heptachlor (purity = 99, 5%) and heptachlor epoxide (purity = 99.5%) obtained from Supelco, Inc. (Bellefort, PA, USA) and standards of deltamethrin (purity = 98%), dieldrin (purity = 97.9%), endosulfan (purity = 73.2% for endosulfan I and 26,6% for endosulfan II), endrin (purity = 99.3%), lindane (purity = 99.8%), methoxychlor (purity = 98.7%) and hexachlorobenzene (purity = 99.8%) were obtained from Sigma-Aldrich (Seelze, Germany). Stock solutions were prepared in acetonitrile (Tedia/HPLC-Spectro grade; Fairfield, OH, USA) and stored at –18 ºC. Working solutions were prepared by the dilution of stock solutions in distilled water, free of the analytes, and these were stored at 4 ºC. The solvents n-hexane (Vetec; Duque de Caxias, RJ, BRA) and toluene (Vetec; Duque de Caxias, RJ, BRA) were of pesticide grade. Water used for optimization and validation was distilled and passed through an ion exchange resin.

  Single drop microextraction (SDME)

  The water sample (10.0 mL) was placed in a 15 mL glass flask, equipped with a magnetic stir bar and silicone septum. A 10 μL microsyringe was used to measure and introduce the microdrop of solvent. The microsyringe with a steel needle (701 RN, Hamilton, USA) containing n-hexane was introduced into the flask and the needle tip was submerged in the aqueous sample to half the height of the liquid column and the plunger was slowly pushed down exposing the microdrop in the solution. A microdrop of 1.6 μL was maintained in contact with the sample agitated at 380 rpm (PC-420, Corning) for 15 min at 20 ºC. After extraction, 1.0 mL was collected in the microsyringe and directly injected into GC-ECD. Before each extraction, the microsyringe was washed with organic solvent to ensure thorough cleaning and removal of air bubbles.

  Chromatographic analyses

  Analyses were performed using a Shimadzu gas chromatograph, model 2014, equipped with an electron capture detector. The chromatographic separations were performed in an Rtx-5MS capillary column, Restek (30 m × 0.25 mm i.d. and 0.25 mm film thickness). The oven temperature programming was as follows: initial temperature of 150 ºC (1 min), heating at 30 °C min–1 to 200 ºC, followed by heating at a rate of 3 °C min–1 to 240 ºC, and finally heating at 20 °C min–1 to 290 ºC, and this temperature was maintained for 6 min. Nitrogen was used as carrier gas at a flow rate of 1.0 mL min–1; and temperatures of the injector and detector were maintained at 280 and 300 °C, respectively. All injections were done in the split mode with a flow split of 1:5.

   

  Results and Discussion

  Chromatographic analyses

  The optimized chromatographic conditions for the simultaneous analyses of the 14 pesticides after SDME allowed the complete separation of all the analytes with an analysis time of 25 min. Figure 1 represents a chromatogram obtained after the analyses of the drinking water spiked with the organochlorine pesticides: aldrin, dieldrin, endosulfan, endrin, heptachlor and heptachlor epoxide at 0.4 μg L–1; hexachlorobenzene, lindane, DDT and methoxychlor at 0.8 μg L–1; and the pyrethroids: λ-cyhalothrin, cypermethrin, deltamethrin and permethrin at 8 μg L–1, by SDME.

  
    

    [image: Figure 1. Chromatogram]

  

  Optimization of the single drop microextraction

  In the optimization process of the method for the simultaneous analyses of the organochlorine and pyrethroid pesticides in water, some variables of the SDME technique were evaluated in a univariated approach. The peak area of the analyte was used as the GC response to evaluate the extraction efficiency under different conditions. For this study, distilled water samples spiked with seven organochlorine pesticides (aldrin, DDT, dieldrin, endrin, endosulfan, heptachlor and methoxychlor) and four pyrethroids (λ-cyhalothrin, cypermethrin, deltamethrin and permethrin) were used. The samples were spiked at 1 and 40 μg L–1 for organochlorines and pyrethroids, respectively. The variables of the optimized technique were: organic solvent, volume of the microdrop, extraction time, volume and stirring speed of the sample and ionic strength (addition of NaCl). Table 1 reports the order in which the experiments were performed, the variables and their combinations in the optimization of SDME. For each combination, tests were performed in triplicate. The best performances of each variable were considered by the obtained chromatographic responses and their influence on the stability of the microdrop.
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  Extraction solvent

  The selection of the organic solvent is a critical step in ensuring good performance of SDME. The selected solvent must, at the same time, ensure efficiency of the analyte mass transfer to the organic phase and preserve the integrity of the microdrop during the extraction. For extraction by immersion of the microdrop in an aqueous solution, the main requirement is the immiscibility of the solvent in the aqueous phase. Another property that should be taken into consideration for the organic solvent selection is viscosity, which should be adequate for the formation and retention of the microdrop on the tip of the microsyringe needle during the extraction. Considering these characteristics, toluene and n-hexane were the solvents used in this study. These solvents were also used in other works that combine SDME with gas chromatography.24,26,59,60

  The assays were performed using the extraction conditions shown in Table 1. For each employed solvent, the results were expressed by the mean areas of the peaks (n = 3) of each analyte. The efficiencies of the n-hexane and toluene for the extraction of the analytes are shown in Figure 2.
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  The obtained chromatographic responses for most analytes of interest using n-hexane or toluene as the extraction solvent were statistically similar. Only aldrin, methoxychlor and cypermethrin showed significantly different responses depending on the employed organic solvent. The observed relative increase in the response for aldrin was 35% when n-hexane was employed. For methoxychlor and cypermethrin, these increases were 29 and 38%, respectively, when the organic solvent was toluene. However, n-hexane showed the best response for aldrin and dieldrin, presenting the most restrictive MCL level in drinking water, 0.032,15 μg L–1 for both summed together. The MCL level for methoxychlor and cypermethrin is much higher, 20 μg L–1.15 Considering the need for a method with sufficient sensitivity to meet the requirements for aldrin, n-hexane is more appropriate than toluene. In addition, n-hexane presented lower standard deviations between the measurements, as can be seen in Figure 2, and therefore, this solvent was used in later assays.

  Extraction time

  SDME is an equilibrium technique, and it is, therefore, expected that the increase in the extraction time results in an increase in the mass of the analyte transferred from the aqueous phase to the organic phase, reaching its maximum at the moment in which the system attains the equilibrium. However, the drop depletion must be considered in choosing the extraction time since only a very small volume of organic solvent is used in this technique, and the drop depletion would lead to concentration variations of the analyte in the microdrop.1,35,57 In this study, the extraction time profiles were investigated by monitoring the analytical signal as a function of exposure time. Figure 3 shows the variations of the chromatographic responses for each analyte in function of the exposure time of the microdrop with the sample from 5 to 35 min. It was observed that the amount of extracted pesticide by SDME increased with increasing exposure time. At this time (35 min), the system had not yet reached the equilibrium.
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  It was also observed that incidents of microdrop dissolution happen after exposure times greater than 15 min. A decrease of 45% in the initial volume of the microdrop was registered for an extraction time of 35 min. In order to avoid variations in the volume of the microdrop during extraction, an extraction time of 15 min was selected for all subsequent analyses. It is possible to work in non-equilibrium conditions since the time measurement has been accurate.61 Other researchers have also opted to work outside of equilibrium conditions, reporting good results with respect to the performance of the method.1,22,57

  Stirring rate

  The elevation of the stirring speed increases the extraction of the analytes and reduces the time required for the system to reach equilibrium.1,36,62 However, just as extraction time, the stirring speed is a factor that must be evaluated considering not only the efficiency of the analyte mass transfer from the aqueous phase to the organic phase, but also the integrity of the microdrop. Elevated agitation speeds increase the occurrence of separation or displacement of the microdrop and decrease the volume due to the dissolution of the solvent droplet in the aqueous phase, as well as the formation of air bubbles.16 With the purpose of avoiding these incidents and of ensuring greater precision, agitation speeds below 900 rpm are generally selected in works reported in the literature.1,22,27,58,62 The effect of stirring speed on the analyte extraction was evaluated using speeds between 100 and 870 rpm. Greater speeds were not considered in this work due to the formation of air bubbles, and the high frequency of microdrop detachment in preliminary tests when applying the extraction conditions shown in Table 1. The relationship between the analytical signal and stirring speed is shown in Figure 4.
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  Increases in the peak areas with the increased stirring speed were observed for all the analytes. It was also observed that the maximum mass transfer of analytes was not achieved using an agitation speed of 870 rpm. However, higher speeds may compromise the integrity of the microdrop.23 It has been found that stirring speeds higher than 380 rpm decreased the volume of the microdrop, compromising its stability and the precision of the results. Based on these observations, a stirring rate of 380 rpm was adopted.

  Microdrop volume

  The effect of microdrop volume on the extraction of analytes was evaluated by maintaining the volume of the organic phase that was collected at the end of extraction constant equal to 1.0 mL, independent of the initial volume (1.6 to 2.2 μL). This procedure was adopted to control the volume injected since this volume must vary in accordance with the employed microdrop volume. In previous studies, microdrop volumes greater than 1.0 μL were tested and a minimum volume of 1.6 μL was determined since smaller volumes presented the risk of collecting the matrix along with the organic phase, and a maximum volume of 2.2 μL since larger volumes of microdrop caused drop instability and handling difficulties.1,16,22 Another disadvantage of employing a larger microdrop volume is the time increase required for the system to reach equilibrium since mass transfer inside the droplet is only by diffusion.63 Figure 5 presents the peak areas of the analytes for each employed microdrop volume: 1.6, 1.8, 2.0 and 2.2 μL.
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  It was observed that minor standard deviations between the measurements (n = 3) were obtained when employing a microdrop volume equal to 1.6 &#181;L. Increasing trend in the responses when employing volumes equal to 1.8 &#181;L was also observed. However, the Tukey test showed that the responses for most analytes are not significantly different at a 95% confidence interval. Thus, the volume of microdrop of 1.6 &#181;L was selected for further experiments due to its stability and lower standard deviations that were presented by the most of the compounds.

  Effect of the salt addition

  The effect of increasing the ionic strength of the water sample was evaluated by adding NaCl (ranging from 0 to 6%, m/v) into the water sample under the conditions shown in Table 1. The variations in the chromatographic responses as a function of the NaCl concentration in the solution are presented in Figure 6.
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  The decrease in the peak areas of the analytes due to the increase of the NaCl concentration in the solution indicates the negative effect of the salt addition on the mass transfer of the analytes from the aqueous phase to the organic phase. The addition of salt to the sample generally increases the extraction of slightly polar compounds due to the increased ionic strength of the solution.36 However, adverse effects have also been observed for SDME.1,22,23,64 It is assumed that besides the effect of "salting-out", the presence of salt causes changes in physical properties of the extraction surface, reducing the rates of analyte diffusion to the organic phase.53,54,57

  Sample volume

  The effect of the sample volume on the rate of the analyte mass transfer from the aqueous phase to the organic phase under non-equilibrium conditions was examined from 10 to 35 mL of sample volume. Different factors were fixed in each experimental stage (Table 1). In the first step, the analyte concentrations were maintained constant; in the second step, the concentrations were modified to maintain constant the total mass of each analyte. For this second condition, the tests using 35 mL of sample were performed with samples diluted by a factor of 3.5 times. The obtained analytical responses are shown in Figure 7.
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  The tests were performed under non-equilibrium conditions and the variables were strictly controlled and maintained constant in all the experiments. The extraction of the analytes from the aqueous phase to the organic phase (microdrop) is controlled by kinetic factors. Then, varying the sample volume and keeping constant the concentration of the analytes in the aqueous phase, the chromatographic responses were statistically similar. In the second step, the results revealed that the reduction in the analyte concentration decreased the chromatographic responses. These results indicated that for the studied volumes, SDME depends on the concentration of the analytes in the sample and not the sample volume, consequently permitting the use of small sample volumes. Lower volumes than 10 mL should be tested in another study to evaluate if these kinetic conditions continue valid.

  The sample volume was fixed at 10 mL in the assay for the validation of the method.

  Performance of the analytical method

  The performance of the optimized method was evaluated for simultaneous analyses of ten organochlorines and four pyrethroids in water samples.

  Evaluating the analytical performance of the developed method, the parameters of selectivity, linearity, repeatability, intermediate precision, relative recovery and limits of detection (LOD) and quantification (LOQ) were used. The parameters were determined according to the recommendations of the International Conference on Harmonization (ICH).65 The obtained results are presented in Tables 2 and 3.

  
    

    [image: Table 2. Linearity]

  

  
    

    [image: Table 3. Repeatability]

  

  The selectivity of the method was evaluated by submitting the drinking water samples to the developed analytical procedure. For this matrix, no chromatographic peak was recorded at the same retention time of the analytes, indicating the absence of compounds that could affect the analytical signal of the organochlorines and pyrethroids of interest (Figure 8).
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  The LOD and LOQ values of the method were determined by the signal/noise ratio. Distilled water samples spiked with organochlorines and pyrethroids were used in the concentration ranges from 1.0 to 0.001 μg L–1 and 10 to 0.1 μg L–1, respectively. The concentrations that produced signals above the noise baseline by 3 and 10 times were defined as LOD and LOQ, respectively. The LOD values of all the analytes are below their respective maximum allowed limits (MCL) in drinking water that were established by Brazilian legislation15 and by WHO (World Health Organization).2

  The compounds with the most restrictive MCL (0.03 μg L–1) are aldrin + dieldrin, heptachlor and heptachlor epoxide. For these compounds, the LOQ values were three times smaller than the obtained MCL values, except for aldrin + dieldrin whose LOQ is a little bigger than MCL. For the other analytes of interest, the obtained LOQ values are at least ten times smaller than MCL. These results indicate that the method presents adequate sensitivity for monitoring of drinking water quality with regards to the evaluated pesticides in this study.

  The linearity of the method was determined by the analyses of distilled water samples that were spiked with the analytes of interest in six different concentration levels, including the respective LOQ. The curves were constructed in the concentration ranges presented in Table 2. The correlation coefficients of the linear regression for the relationship between peak areas and spiking concentrations are above 0.99 for all the analytes.

  The repeatability of the method, expressed as relative standard deviation, coefficient of variation (CV) was calculated for three replicates at four different concentrations. For each level (LOQ, 2 LOQ, 5 LOQ and 10 LOQ), intra-day tests were performed. The values varied from 0.46 (permethrin at 5.0 &#181;g L–1) to 19.03% (λ-cyhalothrin at 0.6 &#181;g L–1). The intermediate precisions were evaluated at four different concentration levels, and were equal to one, two, five and ten times the LOQ value of each analyte. For each level, tests were performed in triplicate on three nonconsecutive days. The CV values for intermediate precision are lower than 17.91%. All the CV values for precision (repeatability and intermediate precision) are lower than 20%, the acceptable limit according to the US EPA.66

  To evaluate the performance of the method using the matrix of interest, recovery tests were performed. These tests were performed using drinking water samples spiked (previously analyzed to assure the absence of the target pesticides) with pyrethroids at concentrations equal to 8.0 μg L–1 and organochlorine concentrations between 0.2 and 0.8 μg L–1. The samples were submitted to the developed method and the concentrations of each analyte were calculated by obtained equations by linear regression of the respective calibration curves. The recoveries were determined by comparing the relative concentrations found with spiking concentrations. The obtained values ranged between 71 and 107%, and therefore, are within the acceptable range of 70 to 130%.66

  The evaluated parameters indicate the good performance of the analytical method proposed for the analyses of pyrethroids and organochlorines in water.

  The proposed method can be compared with other alternatives based on microextraction techniques. Table 4 summarizes the main analytical information of the reported SDME methods for the determination of pesticides in water samples. The limits of detection are either comparable to or better than those reported elsewhere, being the proposed one a little bit more sensitive for some pesticides. Similar results of CV and recovery levels were obtained in other studies using SDME GC-MS, SDME GC-FID and SDME GC-NPD. Additionally, the total time analysis of 40.0 min is shorter than those obtained in other studies that used SDME GC-NPD (46.5 min),67 SDME GC-FID (53.33 min),24 SDME GC-MS (> 50 min),21,23 and SDME GC-FPD (75 min).57
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  Table 5 compares the same pesticides analyzed by the proposed method and by another similar based on directly suspended droplet microextraction (DSDME) recently published.68 Our proposed method is more sensitive than the other one. Besides this, our proposed method presents the best limits of detection for the same analyzed pesticides in both methods.
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  Analyses of water samples

  The proposed technique was applied to the determination of four pyrethroids and ten organochlorines in drinking water collected from three points of the distribution network of the Water Treatment Station of the Universidade Federal de Viçosa (Viçosa city, Minas Gerais State, Brazil). The results for drinking water showed that they were free of pyrethroids and organochlorine pesticide contaminations.

   

  Conclusions

  The SDME technique associated with gas chromatography is suitable to determine organochlorine and pyretroid pesticides in drinking water. Considering the drastic reduction in the volume of the solvent used and the integration between the extraction/concentration and injection, this protocol may be a useful tool for routine checking of the levels of pesticides present in water destined for human consumption. The present SDME-GC-ECD method has demonstrated to be accurate, precise and linear over a wide range with the advantage of being rapid, simple and to require smaller volumes of organic solvent. The proposed method may be successfully applied to the drinking water monitoring.
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    A determinação de triptofano usando voltametria de varredura rápida com um ultramicroeletrodo de fibra de carbono (CF-UME) é descrita. O eletrodo CF-UME foi submetido a um pré-tratamento eletroquímico. Parâmetros tais como número de aquisição de ciclos, velocidade de varredura, intervalo de potencial e pré-tratamento eletroquímico da superfície foram otimizados. Sob condições ideais, três curvas analíticas foram obtidas para o triptofano (entre 30 e 300 &#181;mol L–1) usando três diferentes CF-UME pré-tratados através de um procedimento de tratamento eletroquímico otimizado. Observou-se uma dependência na sensibilidade e concentração do triptofano com o raio do eletrodo, com limites de detecção entre 16,7 e 22,7 &#181;mol L–1. O método foi aplicado na determinação de triptofano em amostras comerciais com erros entre -0,99 e +13,2% em relação a um método comparativo.

  

   

  
    Tryptophan determination using a fast-scan voltammetric method at carbon fiber ultramicroelectrodes (CF-UME) is described. CF-UME electrode was submitted to electrochemical pretreatment. Parameters such as number of acquisition cycles, scan rate, potential interval and electrochemical surface pretreatment were optimized. Under optimized conditions, three analytical curves were obtained for tryptophan (between 30 and 300 &#181;mol L–1) using three different CF-UMEs pretreated by means of an optimized electrochemical treatment procedure. It was observed a dependence on the sensitivity and tryptophan concentration linear range with the radius of the electrode, with limits of detection between 16.7 and 22.7 &#181;mol L–1. The method was applied in the determination of tryptophan in commercial samples, with errors between -0.99 and +13.2% in relation to a comparative method.

    Keywords: tryptophan, carbon fiber ultramicroelectrode, fast-scan voltammetry

  

   

   

  Introduction

  Tryptophan (l-2-amino-3-(indol-3-yl)propionic acid,
    Trp, Figure 1) is a vital constituent of proteins and it is
    an essential amino acid for humans, helping in the normal growth of infants establishing and maintaining a positive nitrogen balance in adults. Trp cannot be synthesized by the mammal body, being frequently added to dietary and feed products as a fortifier and to pharmaceutical formulations to supplement the typical diet, sometimes deficient in vegetables. The common side effects of Trp high dosages are drowsiness, nausea, dizziness and loss
    of appetite.1,2
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  Trp is considered exceptional in its diversity of biological
    functions. It is a precursor of hormones, neurotransmitters, in particular serotonin, and other relevant biomolecules, as melatonin and niacin. It is essential for people with sleep deprivation, anxiety and mood enhancement due to its ability to increase brain levels of serotonin and melatonin. It has been implicated as a possible cause of schizophrenia in people who cannot properly metabolize Trp.3

  Therefore, several methods have been established for Trp determination in a variety of sample matrices, mainly based on high performance liquid chromatography (HPLC), as the most recent ones described in the references,4-9 and spectrophotometric methods.10-13

  Electroanalytical methods have also been used for the Trp determination due to their simplicity, sensitivity, low cost and low waste generation. Many strategies for the modification of graphite are presented in Table 1, the glassy carbon and carbon paste electrodes regarding the Trp determination with a large range of limits of detection (LOD) are pointed. Although many low limits are observed, sometimes, this requires modifications involving toxic substances that can restrict the use of a device in an in vivo and/or single cell procedures.
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  Unmodified carbon electrodes have also been used for the Trp determination. Wang et al.38 determined Trp in synthetic serum samples, using an adsorptive stripping voltammetric method at an electrochemically pre-treated unmodified carbon paste electrode. Fiorucci and Cavalheiro39 determined Trp in pharmaceutical formulations using a bare carbon paste. Using a boron-doped diamond electrode in differential pulse voltammetry (DPV), Zhao et al.40 determined simultaneously Trp and tyrosine in real samples of amino acids. Typically, LOD in the &#181;mol L–1 magnitude is reached under these conditions.

  In this work, bare carbon fiber ultramicroelectrodes (CF-UME) were proposed to act as sensors in sensitive determinations of Tryptophan. The advantages of using such devices are, of course, their small sizes that can suggest the in vivo use in the future.

   

  Experimental

  Reagents and solutions

  All chemicals were of analytical reagent grade. Monobasic sodium phosphate monohydrate (Mallinckrodt), anhydrous dibasic sodium phosphate (Mallinckrodt) and Trp (Synth) were used as received.

  Stock solutions of Trp were prepared daily, just before use, in 70 mmol L–1 phosphate buffer (pH 7.4). All the determinations were performed at room temperature and without deaeration.

  The samples 1-4 were Buclamin (Teuto), Organoneuro Óptico (Gross), Panvit (Teuto) and Profol (Medley), respectively.

  According to the Brazilian Pharmacopea,41 twenty tablets of each solid pharmaceutical sample were ground and a selected amount, equivalent to one tablet (average mass of 20 tablets), was dissolved in phosphate buffer and filtered in order to eliminate insoluble excipients.

  Electrodes

  A saturated calomel electrode (SCE) was used as a reference electrode and a carbon fiber (7-8 &#181;m diameter; CTA, Brazil) was used as working electrode.

  The fabrication of the carbon fiber ultramicroelectrodes (CF-UME) was adapted from previously described procedure.42,43 Briefly, the carbon fiber was first connected to a copper wire with the help of a silver epoxy (EPO-TEK 410E, Epoxy Technology, USA) and left to cure for 24 h. After that, this set was sealed in a micropipette tip with a polyurethane resin (Poliquil, Brazil). The CF-UME electrode was left overnight at room temperature. After curing, the tip of the electrode was gently sanded off in a polishing wheel (Arotec, Brazil) using 600 grit silicon carbide paper (Arotec, Brasil), and finally, the surface was gently polished in the polishing wheel with γ-alumina suspension (0.1 &#181;m particle size) (Arotec, Brazil). Before use, the polished electrodes were sonicated44,45 in isopropyl alcohol and in doubly distilled water for 5 min in each solvent.

  Electrochemical pretreatment of CF-UME

  As there is not a universal procedure for electrode pretreatment in order to generate a stable surface that allows a base for the background subtract procedure, in this work, three electrochemical pretreatments were tested and selected on the basis of the fast-scan voltammetry (FSV) procedure results.

  (i) Procedure adapted from Brajter-Toth et al.:42 in this case, CF-UME was submitted to 4000 consecutive cycles of potential between -1.0 and +1.5 V (vs. SCE) at 10 V s–1 in 70 mmol L–1 phosphate buffer solution (pH 7.4).

  (ii) Procedure adapted from Hernández et al.:46 in this case, CF-UME was submitted to 120 consecutive cycles of potential between 0.0 and 1.5 V (vs. SCE) at 200 mV s–1 in 70 mmol L–1 phosphate buffer solution (pH 7.4).

  (iii) Procedure adapted from Crespi:47 in this case, CF-UME was submitted to three different treatments using cyclic voltammetry (560 cycles between 0 and 3 V at 420 V s–1; 700 cycles between 0 and 2.5 V at 350 V s–1 and 700 cycles between 0 and 1.5 V at 210 V s–1), followed by the application of a +1.5 V potential for 5 s and -0.9 V for 5 s, in 100 mmol L–1 phosphate buffer solution (pH 7.4).

  Instrumental

  The FSV experiments were performed using an AUTOLAB potentiostat/galvanostat PGSTAT30 (Eco Chemie, The Netherlands) equipped with a Scan-Gen and an ADC-750 modules for high scan rate and slow current acquisition, respectively, coupled to a personal computer and controlled with a GPES 4.9 software (Eco Chemie). A two electrode configuration cell was used inside a homemade Faraday cage during the FSV measurements in order to minimize the environmental noise.

  For the tryptophan determinations, a pre-defined number of scans was recorded under a set of optimized experimental conditions such as scan rate (69.60-117.7 V s–1), potential window (-1.0 to 1.5 V) and number of acquisition scans (150-200). The measured currents were averaged and stored.

  Before each measurement, the background currents were recorded in the supporting electrolyte without analyte, under exactly the same experimental conditions used in the analytical determinations of tryptophan. These currents were stored, averaged and used later for digital background subtraction48,49 from the tryptophan voltammograms with the help of a personal computer.

  Comparative spectrophotometric method

  A spectrophotometric procedure was performed according to Verma et al.,50 which is based on a specific reaction for compounds that present indolic groups in their structures. The procedure involves a specific reaction of HNO2 with indols whose product is monitored at 400 nm.

   

  Results and Discussion

  According to works in the literature,51,52 Trp undergoes an oxidative process involving one step and a two electron reaction, resulting in a methylene-imine intermediate. These intermediates can react with water generating other electroactive species that can present oxidation/ reduction peaks in the successive voltammmetric cycling in fast-scan.

  Evaluation of the pretreatment procedure performance using FSV

  The electrochemical pretreatment of the CF-UME surface was necessary in order to reach a stable and reproducible surface. This is the basis of the background subtraction procedure.48,49

  According to McCreery and Cline,53 the electrochemical pretreatments are the easiest ones to be performed in the CF-UME surface. However, although there are several different kinds of proposed activation/stabilization procedures in the literature, there is not hitherto to general procedure that could be used for any analyte/medium and a specific treatment should be optimized in each case.

  For instance, three pretreatments were chosen to be evaluated as the best for this specific case. Better peak definitions related to the irreversible oxidation of Trp at 0.804 V (vs. SCE) were found using the pretreatment adapted from the Hernández et al.46 procedure, as presented in Figure 2.
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  In order to perform the background subtraction, it is imperative that a stable and reproducible response be reached. From curves in Figures 2a and 2c, it is possible to conclude that the Brajter-Toth et al.42 and Crespi47 procedures resulted in funny shaped voltammograms after the subtraction, suggesting that they resulted in non-stable responses. However, the Hernández et al.46 procedure (Figure 2b) was well succeeded in meeting this goal, being thus chosen for future use.

  In addition, the Hernández et al.46 procedure gave higher peak currents when compared with those from the Brajter-Toth et al.42 treatment, although the shapes of the voltammograms are quite similar. Meanwhile, the Crespi47 procedure led to a relatively high current with low definition of the voltammogram.

  Evaluation of the best potential interval for the electrochemical pretreatment and measurements

  Thus, using the Hernández et al.46 procedure, different potential intervals were evaluated in the range of -1.0 V to +1.1, +1.2, +1.3, +1.4 or +1.5 V (vs. SCE).

  Better definition of baseline and higher peak currents were found within the -1.0 to +1.5 V range, which was chosen for further studies, as shown in Figure 3.
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  The influence of inversion potentials towards negative values was not investigated because the electrode treatment procedure is well established. As the positive potentials induce the generation of functional groups, and consequently changes the electrode surface, only the positive branch was considered in such case.

  Number of acquisition cycles

  Although in conventional scan rates only one cycle can be enough to define the voltammogram, in fast-scan voltammetry, it is necessary to acquire a certain number of cycles and subtract the background due to the huge increase in the capacitive current that, along with noise increase, makes the measurements of Faraday currents of the redox process of interest more difficult.44,54

  Thus, the number of acquisition cycles is another important feature in the background subtraction procedure since few cycles result in highly noisy voltammograms while a larger number of cycles results in a smaller analytical frequency.

  Figure 4 presents the effect of the number of cycles on the peak signal for Trp determination (50 &#181;mol L–1) at a CF-UME pretreated by the Hernández et al.46 procedure at 70 V s–1, in the -1.0 to +1.5 V (vs. SCE) potential interval, in 70 mmol L–1 phosphate buffer solution (pH 7.4).
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  Due to limitations of the equipment in relation to the pre-established experimental conditions, the maximum limit was 200 cycles and the minimum was 150 cycles.

  With decreasing of the number of cycles from 200 to 150, there is a discernible increase in the analytical signal of the irreversible peak currents at 0.8 V. However, with less cycles, it was noticed an increase in the noise. Thus, further studies were performed using the average of 200 cycles and step potential of 33.41 mV.

  Scan rate optimization

  The investigated range of scans is rather narrow due to instrumental limitations in data acquisition, since it is necessary to work in relatively wide potential interval, using high scan rates and density of points for a proper resolution. This set of conditions limits the equipment capacity in acquiring data in a wider range of scans.

  Regarding the scan rate, it is possible to observe that with higher scan rate, higher peak currents can be achieved, according to the data in Table 2. Scan rates between 69.60 and 117.7 V s–1 were evaluated due to both peak definition and instrumental limitations.
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  The electrode radius after electrochemical treatment was calculated according to the equation under Table 2. Sometimes, the fiber is not so uniform in size. So, maybe, this is the explanation for the electrode radius three times higher than its nominal value, in which an unusual fiber size was used to manufacture the electrode.

  Considering the sensitivity and speed of the analysis, the use of 117.7 V s–1 scan rate would be more advantageous in analytical frequency terms. However, Figure 5 suggests an increase in the noise with the scan rate.
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  Regarding the Trp oxidation peak at 0.8 V (vs. SCE) and the noise between 1.0 and 1.25 V (vs. SCE), the signal-to-noise ratio was measured as 11, 4.8 and 4.7, for curves in Figures 5a, 5b and 5c, respectively. This can reach a signal-to-noise of 1.8 if one considers the noise at –0.75 V (vs. SCE) in curve c. Because of this, the 99.5 V s–1 scan rate was chosen, presenting similar sensitivity, however with lower level of noise in relation to the higher scan rates, without significant loss of peak current intensity.

  Trp analytical curve using FSV and the optimized parameters

  Once the experimental and instrumental parameters for data acquisition were established, three analytical curves were obtained for tryptophan between 30 and 300 &#181;mol L–1, using three different pretreated CF-UME by the Hernández et al.46 procedure. The results are presented in Table 3.
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  The apparent radius of CF-UME was estimated by cyclic voltammetry between +0.4 and -0.1 V (vs. SCE) measuring the limiting diffusion current of the stationary state voltammograms of a 5.0 mmol L–1 K3[Fe(CN)]6 solution in 0.5 mol L–1 KCl, using equation 1:

  
    [image: Equations (1)]

  

  in which I = current; n = number of electrons involved in the reaction; F = Faraday' constant; D0 = diffusion coefficient; r = electrode radius (cm); C0 = bulk concentration  (mol cm–3).

  It was observed a change in the sensibility and linear range with the electrode radius. However, all the electrodes presented linear response in relation to the concentration in the studied interval.

  The LOD values were calculated using the relation LOD = 3sa/b, where sa is the standard deviation of the linear coefficient and b is the slope of the analytical curve, according to Miller and Miller.56

  Although CF-UME does not present linear response in concentrations lower than 30 &#181;mol L–1, the electrodes present the advantages of stability and linear response to higher concentrations of Trp. This is a useful advantage in analyzing samples containing high concentrations of Trp, as those in pharmaceutical formulations.

  The experimental sensitivities (expressed by the b value in Table 3) of CF-UME of radius 5.41 and 13.4 &#181;m were 18.9 and 26.9 times higher than the sensitivity calculated from the Randles-Sevcik equation for an irreversible system.55,57,58 These results confirm that the electrochemical pretreatment has a differentiated effect in terms of sensitivity that depends on the area of CF-UME. However, the slope does not change significantly.

  The voltammograms for the Trp solutions in different concentrations and the analytical curve obtained with one of the electrodes are presented in Figure 6a. In Figure 6b, it is possible to observe that the intercept value in the current axis is significant in relation to the values of current determined for any concentration in the analytical curve.
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  This can be related to the fact that the anodic current measured at +0.8 V (vs. SCE) had a contribution of the anodic secondary processes related to the product(s) of the Trp electrochemical oxidation, which occurs in potentials less anodic than of the irreversible peak in +0.8 V. This signal generated by oxidation of Trp product(s) is probably the responsible for those high values of limits of detection (Table 3). The analytical curve was obtained from current measurements in relation to the zero value of current and, therefore, without any baseline correction.

  Commercial sample analyses

  To verify the performance of CF-UME, the determinations of Trp in commercial samples were performed using the proposed voltammetric method under the previously optimized pretreatment adapted from Hernandez et al.47 Table 4 presents the pharmaceutical sample contents.
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  The obtained results using these conditions were compared with the labeled values and the values were determined by spectrophotometry, according to Table 5.
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  For sample 4, a discrepancy was observed between FSV and UV methods. This fact is related to the presence of a yellow coloring in this sample which is visually perceived, even after dilution of the sample for analyses by FSV.

  The presence of substances as buclizine chloridrate, L-lysine chloridrate and pyridoxine chloridrate seems not to provoke interference in the Trp determination using the proposed method. This happens because the sample 1 also contains these substances and the result obtained using FSV method for sample 1 was in a good agreement with that obtained using the spectrophotometric method. Moreover, a positive error was verified for sample 4.

  Cysteine (Cys) voltammograms taken at CF-UME and FSV, under the same employed conditions for Trp analysis, showed that Cys does not interfere in the Trp signal even when both are mixed in 1:1 (mol mol–1).

  The fact that the sample 4 contains a 0.13:1 mol ratio (mol mol–1) between Cys and Trp confirms that the first is not responsible by the highest error in the determination of Trp by the FSV method. The interference in sample 4 was thus attributed to the coloring agent.

   

  Conclusions

  The studies with CF-UME indicated that the electrodes are applicable in the determination of tryptophan only when the voltammetric measurements are carried out with high scan rates after previous electrochemical activation of these electrodes using adequate pretreatment.

  The use of cyclic voltammetry in fast-scan mode (FSC) is essential for the establishment of a stable response for Trp. This is probably to minimize the effects of surface blockage that are caused by the electrochemical oxidation product of this analyte.

  The application of FSV with CF-UME in the determination of Trp is also advantageous in terms of sensitivity as demonstrated by analysis of the results.

  The presence of substances, that are usually found in Trp formulations, seems not to severely interfere in this procedure, except for the dye in sample 4.
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    Neste trabalho, a síntese e a caracterização de nanopartículas de ouro (AuNPs) estabilizadas com quitosana (Chit), assim como a capacidade deste material para formar filmes automontados multicamadas com ftalocianina tetrassulfonada de cobalto(II) (CoTsPc), são reportadas. Este novo material híbrido baseado em Chit-AuNPs e CoTsPc foi caracterizado por diversas técnicas, e as propriedades eletroquímicas de um eletrodo de ITO (óxido de estanho dopado com índio) modificado com Chit-AuNPs e CoTsPc foram investigadas. A quitosana evitou a aglomeração das AuNPs (diâmetro de 6,0 nm), formando uma suspensão coloidal estável por meses. A interação entre as AuNPs e as moléculas de quitosana ocorre principalmente pelos grupamentos CH2 e NH3+ da quitosana. Para os filmes automontados de Chit-AuNPs/CoTsPc, observou-se uma interação supramolecular entre as multicamadas, além do fato de que as AuNPs influenciaram as propriedades redox da CoTsPc. A presença das nanopartículas não só aumentou a área eletroativa do eletrodo, mas também a velocidade de transferência de carga, indicando que este material é um candidato muito promissor para futuras aplicações em dispositivos eletroquímicos.

  

   

  
    In this work, we report the synthesis and characterization of gold nanoparticles (AuNPs) stabilized with chitosan (Chit), as well as the capability of this material to form multilayer films with cobalt(II) tetrasulfonated phthalocyanine (CoTsPc). The new hybrid material based on Chit-AuNPs and CoTsPc was characterized by several techniques, and the electrochemical properties of an ITO (indium tin oxide) electrode modified with Chit-AuNPs and CoTsPc were investigated. Chit prevented AuNPs (diameter of 6.0 nm) agglomeration, forming a colloidal suspension that was stable for months. The interaction between the AuNPs and Chit molecules occurs mainly through the CH2 and NH3+ groups from Chit. Supramolecular interaction was observed for multilayer films of Chit-AuNPs/CoTsPc, and the AuNPs influenced the redox properties of CoTsPc. The presence of the nanoparticles not only increased the electroactive area of the electrodes, but also the rate of charge-transfer, suggesting that this material is a very promising candidate for further applications in electrochemical devices.

    Keywords: gold nanoparticles, chitosan, supramolecular, layer-by-layer films

  

   

   

  Introduction

  There is no doubt that nanomaterials (e.g., biopolymers, metallic nanoparticles, carbon nanotubes, quantum dots, inorganic complexes and others)1-3 have attracted attention from various fields of science and generated an impact on the technology industry due to the possibility of developing new robust products with unique properties.1,4 Among the various classes of nanomaterials, hybrid nanomaterials (with organic and inorganic components) can show complex structures at nanoscale, in which the components can interact through hydrophobic force, hydrogen bonding, electrostatic, charge transfer and metal-ligand interaction.3,5,6 Based on the IUPAC definitions, the term "hybrid" is attributed to a material composed of an intimate mixture of inorganic, organic or both types of components, in which they usually interpenetrate on scales of less than 1 mm.7 The application of these materials ranges from devices for catalysis in organic reactions8 to biodevices containing bacteria for use in biosensing.9

  In recent years, our group showed the possibility of hybrid materials composed by metallophthalocyanines, nanostructures and polyelectrolytes to build blocks with different architectures that allow various applications, such as in electrocatalysis, biosensors, photocatalysis and electrochromic devices.10-12 The synthetic strategies explore the interactions between metallophthalocyanines and nanostructures in the self-assembly way. As a consequence of the multilayer growth comprising metallophthalocyanines and nanostructures, a refinement of the chemical and physical properties is possible. For these purposes, generally multilayer platforms based on the layer-by-layer (LbL) technique are utilized.13,14

  LbL is an interesting technique to produce hybrid materials because it is cheap, robust and versatile. Furthermore, LbL is based on the bottom-up approach, from which several types of 2D hybrid material films can be assembled.11,13 For instance, cobalt(II) tetrasulfonated phthalocyanine (CoTsPc), single-walled carbon nanotubes (SWCNTs) and chitosan (Chit) were used to construct Chit/CoTsPc) aiming at investigating a possible intimate contact between SWCNTs and CoTsPc at the nanoscale level. An evidence of constitutional dynamic chemistry (CDC) concepts was observed in the above mentioned materials. Based on a report by Lehn15, CDC involves dynamic issues as molecular recognition, reversible interactions and self-organization.

  In the present work, a hybrid material based on gold nanoparticles (AuNPs) stabilized by Chit was prepared, and the supramolecular properties of Chit-AuNPs within an LbL film with CoTsPc were investigated. For this purpose, spectroscopic, microscopic and electrochemical techniques were used to investigate the chemical and physical properties of the film. Hybrid materials based on AuNPs have proved to be useful in biocatalytic processes,10 clinical practice16 and diagnosis of diseases17 due to their electroactivity and their electronic and molecular-recognition properties.18-20 In order to achieve a functional material, Chit was used as a polymeric matrix for film fabrication.21 The electrochemical properties of the Chit-AuNPs within an LbL film with CoTsPc were also investigated.

   

  Experimental

  Chemical and materials

  Acetic acid (HAc) was obtained from Vetec. Commercial chitosan (deacetylation degree of 85%) was acquired from Technological Development Park (Ceará State, Brazil) and used in the preparation of 0.5 g L–1 chitosan solution utilizing 1.0% HAc (pH 4.0). Chitosan is a copolymer of glucosamine and N-acetylglucosamine showing deacetylated structure22 with primary amine groups available for interactions, also allowing the production of thin films.11,23 Besides, chitosan has been widely noticed for biomedical and pharmaceutical applications due to its well-known nontoxicity, biocompatibility, biodegradability and hydrating properties.22 Sodium dihydrogen phosphate (NaH2PO4) and sodium monohydrogen phosphate (Na2HPO4) were purchased from Dinâmica and Anidrol, respectively, and used to prepare 0.1 mol L–1 phosphate buffer solution (PBS, NaH2PO4/ Na2HPO4, pH 7.2). Sodium borohydride (NaBH4) and tetrachloroauric acid trihydrate (HAuCl4•3H2O) were obtained from Aldrich. Chit, NaBH4 and HAuCl4•3H2O were used in the syntheses of AuNPs. Cobalt(II) tetrasulfonated phthalocyanine was purchased from Porphyrin Systems and utilized without further purification. The CoTsPc and Chit (or Chit-AuNPs) materials were utilized to prepare solutions with concentration of ca. 0.5 g L−1 in 1.0% HAc (pH 4.0) and used as polyelectrolyte for LbL fabrication. All other solutions were prepared with water purified by a Purelab Option-Q (Elga) system, with a resistivity of 18.2 MΩ cm.

  Synthesis of AuNPs stabilized in chitosan

  A solution of HAuCl4 (1.3 × 10–2 mol L–1, 2 mL) was added to 10 mL of a chitosan solution (1.0%) and kept stirring for 3 min. This mixture was then added dropwise to 10 mL of 8.0 × 10–2 mol L–1 NaBH4 kept at 0 ºC to promote the reduction of Au3+ to Au0, during which a change of solution coloration from yellow to red indicating the formation of AuNPs was observed.10,17 The product was kept stirring for 3 h. The formation of AuNPs immobilized within the chitosan matrix (Chit-AuNPs) was evidenced by the appearance of the plasmon absorption band at 520 nm.10,20 For the transmission electronic microscopy (TEM JEOL JEM 2011, 200 kV), a drop of Chit-AuNP suspension was deposited over a copper grid, which it was then air dried. TEM images were obtained digitally by using the Gatan digital micrograph software package. Scheme 1 illustrates the Chit-AuNPs synthesis.
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  In order to investigate the interaction between chitosan molecules and AuNPs, Fourier transform infrared spectroscopic (FTIR) technique was utilized. The experiments were carried out with a Varian 610 IR micro-spectrophotometer. The measurements were performed in the reflectance mode from 4000 to 700 cm–1 . The samples (Chit solution and Chit-AuNPs suspension) were deposited on a gold substrate by drop coating and dried in vacuum.

  Chit-AuNPs in the form of nanostructured films with CoTsPc multilayers

  Self-assembled films were prepared by the LbL method onto ITO (indium tin oxide) and glass substrates using Chit-AuNPs (cationic suspension) and CoTsPc (anionic solution), respectively. For this purpose, the solid substrate was immersed in the Chit-AuNPs suspension for 5 min and washed with acetic acid (pH 4.0) and dried with N2 gas flow. After Chit-AuNPs layer formation, the substrate was immersed into the CoTsPc solution for 5 min, washed in HAc and dried with N2 gas. In this step, the first bilayer ITO-{Chit-AuNPs/CoTsPc} was formed. With continuous repetition of this process, the deposition of the desired number of bilayers occurs.14

  UV-Vis spectra (using a double beam Hitachi U-3000 spectrophotometer) of the Chit, Chit-AuNPs and CoTsPc samples were registered before and after the production of cast films immobilized on quartz substrate and dried in a desiccator. Also, the electronic spectra in the visible region of Chit-AuNPs/CoTsPc using hydrophilic glass substrates (recorded after each deposition step utilizing 1 to 10 bilayers) were obtained. For AFM study, glass plates coated with gold film were used as substrates for deposition of the materials. The AFM images were obtained from LbL films containing 1, 3 and 5 bilayers deposited onto ITO electrodes using an Agilent 5500 equipment with cantilevers operating in the intermittent-contact mode (AC mode), slightly below their resonance frequency of approximately 290 kHz. Image processing and the determination of the roughness (RMS) were performed by using Gwyddion software version 2.26.

  The electrochemical experiments were carried out using ITO and ITO-modified electrodes. The cast and LbL films were deposited onto ITO electrode and utilized in the cyclic voltammetry (CV) experiments using an Autolab PGSTAT 30 potentiostat. For CV measurements, 5.0 × 10–3 mol L–1 potassium ferricyanide, K3[Fe(CN)6], in 0.1 mol L–1 KCl (scan rate of 0.005 to 0.5 V s–1) was used as electrolyte in order to evaluate the charge transfer kinetics on the Chit-AuNPs-modified electrodes. The electrochemical cell with three electrodes contained: (i) ITO or ITO modified electrode (area of 0.24 cm2) as working electrode, (ii) saturated calomel reference (SCE) as reference electrode, and (iii) platinum wire as counter electrode. PBS (pH 7.2) electrolyte was also employed as supporting electrolyte. Prior to the electrochemical experiments, oxygen was removed from the electrolyte by bubbling N2 gas (99.9%) through the electrochemical cell for 15 min.

   

  Results and Discussion

  Synthesis and characterization of Chit-AuNPs

  The synthesis of AuNPs was first confirmed by electronic spectroscopy (UV-Vis), in which the presence of a plasmonic band at 520 nm (Figure 1) attributed to AuNPs was observed.10,17,20 It is well-known that nanomaterials exposed to light also promote the scattering. Thereby, the total light absorbance is a contribution of absorbed radiation (αabs) and of scattered radiation (αsca), thus plasmon absorption band depends on size, shape, aggregation and spatial distribution of NPs.24,25 It was observed that AuNPs were stabilized by chitosan and the Chit-AuNPs suspension showed a higher extinction than solid-phase Chit-AuNPs (immobilized onto glass substrate). This fact can be related to a higher concentration of nanoparticles dispersed in water than onto the quartz surface. Regarding the plasmon energy, the literature reports1,25 that the increase in particle size or self-organization of NPs into clusters in cast films causes bathochromic effect. The latter is observed for the Chit-AuNPs nanocomposite as a shift from 520 to 525 nm when the AuNPs are immobilized on the solid surface.
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  The AuNPs stabilization by the Chit molecules was also investigated by FTIR spectroscopy in the reflectance mode. Generally, FTIR spectra for Chit and Chit-AuNPs (Figure 2) show slight differences. For both spectra, a broad characteristic band in the 3100-3550 cm–1 region, attributed to O–H stretching, which normally overlaps the N–H stretching was observed.26 However, the symmetrical and anti-symmetrical C–H stretchings in the 2900-2500 cm–1 region present in the Chit spectrum practically disappear after immobilization of the AuNPs. This effect can also be associated to changes in the symmetry of the –CHn group. The peaks centered at 1650 and 1575 cm–1 in the Chit spectrum were assigned to C=O stretching (amide group CONHR) and N–H stretching (protonated amino peak), respectively. The cited peaks are related to the degree of N-deacetylation of chitin.26,27 The νNH peak shift to low energy is observed in the Chit-AuNPs spectrum, even at half the concentration of HAuCl4 reported in Chit-AuNPs synthesis, probably due to the interaction between the AuNPs and Chit polymer (zoomed region, Figure 2B).26 These results are consistent with those reported by Huang et al.,27 who observed a blue-shift of the coupling of νC=O and νN-H for an AuNPs/carboxymethylated chitosan  (CM-Chit) nanocomposite, and they proposed two reasons  for changes in the spectrum. First, the electrostatic repulsive  interaction between AuNPs and CM-Chit occurs, and second, the formation of coordination bonds between  AuNPs and nitrogen/oxygen atoms of carboxymethylated  chitosan is speculated. Additionally, the asymmetrical C–H  bending (CH2 group), oxy bridge stretching (C–O–C from  glucosamine unit) and C–O skeletal stretching at 1420, 1065 and 1012 cm-1, respectively, decrease in relative  intensity for Chit-AuNPs spectrum. Based on all these  results, a possible intimate contact between Chit (mainly  through of CH2 and NH3 + groups) and AuNPs, as suggested  in Scheme 2, may have occurred.
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  Aiming at evaluating the size, distribution and structure of AuNPs, the Chit-AuNPs suspension was deposited onto a copper grid and analyzed by TEM. As observed in Figure 3, the AuNPs exhibited spherical shape. The size distribution histogram for AuNPs revealed a mean diameter of 6.0 nm (n = 421 nanoparticles). This distribution and the absence of agglomerates suggest that the Chit matrix prevents the agglomeration of AuNPs. Furthermore, Chit interacts effectively with AuNPs avoiding both uncontrollable nucleation of AuNPs and their aggregation.28 It is important to mention that Chit-AuNPs showed excellent stability in aqueous suspension over 3 months, during which the λmax of the plasmonic band remained the same. Other authors have also proposed several mechanisms to explain the AuNP stabilization28,29 in organic matrices. For instance, Brunel et al.29 showed the influence of several parameters associated with the AuNP stabilization, such as time, ionic strength, temperature and pH. The authors proposed three stabilization mechanisms: (i) electrostatic and steric stabilization, achieved as function of acid pH and low ionic strength; (ii) steric stabilization only, that depends on both acid pH and high ionic strength; and (iii) no stabilization, generally evidenced at neutral pH. In the case of our results, since the Chit-AuNP suspension showed low pH (4.80) and high ionic strength, the second mechanism above mentioned,29 with formation of R-NH3+ group from chitosan, is more favorable. It is also reasonable to point to the formation of a tridimensional net involving chitosan and AuNPs since CH2 groups are also affected by the presence of nanoparticles. Although it is not possible to conclude from these results what are the real contributions of each of these chemical groups to the effective interaction with AuNPs, different molecular interactions based on different kinds of binding contributing to nanoparticle stabilization are almost evident.5
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  In order to investigate the electrochemical properties of Chit-AuNP films looking for future applications in electrochemical devices, cast films based on Chit and Chit-AuNPs were deposited onto ITO electrodes. The idea was to study if AuNPs cause significant changes to the electrochemical properties of the ITO-modified electrodes. For this purpose, two electrodes were prepared: for the first one, 40 mL of chitosan suspension (0.5 g L–1) were deposited onto ITO surface (0.24 cm2, ITO-Chit), while the second electrode was prepared in a similar way, but with the presence of AuNPs (ITO-Chit-AuNPs), with the same concentration of chitosan. The electrodes were utilized in cyclic voltammetry experiments, in the presence of 5.0 × 10–3 mol L–1 hexacyanoferrate (III) (electrolyte 0.1 mol L–1 KCl). Figure 4 reports the voltammograms obtained for bare ITO, ITO-Chit and ITO-Chit-AuNPs in the range from –0.8 to 0.8 V (vs. SCE). The voltammograms exhibited a well-defined redox pair, with E1/2 centered at 0.190 V, assigned to [FeII(CN)6]4–/[FeIII(CN)6]3– conversion. When compared to the bare ITO, the current densities for ITO-Chit showed slight decrease probably due to the insulating properties of chitosan. For ITO-Chit-AuNPs, an increase of approximately 320% on the peak currents is observed.
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  Two factors may be contributing to the increase of the current. First, the electroactive area of the electrode increased, and thus the current must increase proportionally. Second, the gold nanoparticles can increase the conductivity of the film, causing less blockage effect when compared with ITO-Chit, leading to more species that react effectively at interface. Probably, the effect of the electroactivity area is more prominent. As also supported by AFM experiments (discussed in sequence), there is an increase in average roughness when there are AuNPs on the electrode surface. Although the electroactive area of the electrode increases, AuNPs also play an important role in the electron transfer. This can be verified when calculating the rate constant for electron transfer (kET).

  The literature has reported several electrochemical techniques for determining kET in redox-active molecules, such as cyclic voltammetry (CV), chronoamperometry (CA), alternating current voltammetry (ACV) and electrochemical impedance spectroscopy (EIS).30,31 All these approaches show some advantages and disadvantages. In this work, the sweep method from CV was employed, since the idea was just to compare kET for ITO, ITO-Chit and ITO-Chit-AuNP electrodes. The Laviron method was applied,32 which is a mathematical treatment based on the Butler-Volmer formalism. It is worth mentioning that, for others systems (e.g., enzyme modified electrodes), more accurate values of kET are obtained by using Marcus theory.31,33-36 As observed in Figures 5a and 5c, the ITO-Chit-AuNPs electrode revealed a linear plot for both cathodic and anodic peak currents for the [FeII(CN)6]4–/[FeIII(CN)6]3– pair against the scan rate, indicating diffusion controlled process. The logarithm of the square root of scan rate vs. peak potential is shown in Figure 5b, in which an increase in the scan rate resulted in a shift of the oxidation wave to a more positive potential, while the reduction wave shifted to a more negative potential. For the latter, a plot of Ep = f(log ν) yielded two straight lines corresponding to a slope −βRT/αnF for the cathodic peak and βRT/(1 − α)nF for the anodic peak, where β is constant. Based on the slope of the straight lines, the charge transfer coefficient (a) determined was 0.08. Thus, based on the Laviron formalism, kET for electron transfer between the ITO-Chit-AuNPs electrode and the [FeII(CN)6]4–/[FeIII(CN)6]3– redox pair was also of 1.50 s–1 . The same approach was also employed for ITO and ITO-Chit electrodes in the same experimental conditions as for ITO-Chit-AuNPs, leading to values of kET for electron transfer of 0.90 and 0.61 s–1, respectively (Figures S1 and S2 in the Supplementary Information (SI) section). The kET(ITO) > kET(ITO-Chit) provided a strong indication that not only the geometrical area of the electrode contributes to enhance the faradaic currents, but also the presence of AuNPs contributes to increase the rate of heterogeneous charge-transfer at the interface.
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  The processing of Chit-AuNPs in the form of nanostructured films with CoTsPc multilayers

  In order to apply Chit-AuNPs in the preparation of nanostructured films, CoTsPc and Chit-AuNPs were assembled alternately onto solid substrates by LbL. Cobalt(II) phthalocyanine was chosen because it is a material with many potential applications ranging from photovoltaic devices to biosensors applied in diagnostics.17 Thus, multilayers comprising Chit-AuNPs and CoTsPc were assembled onto different solid substrates (glass, ITO and glass covered with gold). Films from 1 to 10 bilayers of Chit-AuNPs/CoTsPc were characterized by electronic spectroscopy, cyclic voltammetry and AFM.

  The UV-Vis spectra of metallic phthalocyanines are typically dominated by two strong absorptions called B (or Soret) and Q bands. The B band is attributed to the ligand transition and the Q band is composed of the two strong absorptions due to the formation of monomeric and dimeric species.37 For LbL films, as observed in Figure 6, the UV-Vis spectra for {Chit-AuNPs/CoTsPc}n exhibited two main absorptions for CoTsPc compound at 334 and 613 nm, assigned to the macrocycle ligand (B band) and dimeric species, respectively. Also, a prominent shoulder at 681 nm is attributed to the monomeric CoTsPc species, which normally increases in intensity for CoTsPc in solution. The plasmonic band (at 520 nm) previously observed for Chit-AuNPs in aqueous suspension was not observed for the LbL film. This band was overlapped by the Q band (CoTsPc), which exhibits a higher extinction coefficient.10 Similar behavior was observed in other studies related to the immobilization of metallic nanoparticles within thin films.9,22 The electronic spectra of the Chit-AuNPs and CoTsPc species (Figure S3 in the SI section) show a comparison between the spectra for the cast film of Chit-AuNPs and CoTsPc.
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  The Q band from CoTsPc was utilized to confirm the growth of Chit-AuNPs/CoTsPc multilayers, from 1 to 10 bilayers. As observed in Figure 6, the intensity of the Q band (λmax at 613 nm) increases linearly with bilayers numbers, indicating that the same amount of CoTsPc was incorporated in each LbL deposition. The linear growth was confirmed by plotting of λmax of the Q band vs. the number of bilayers, which showed good linearity (R = 0.9936). Similar behavior was observed for LbL systems produced from Chit-SWNTC, PAH, PAH-AuNPs, NiTsPc and CoTsPc: {PAH/CoTsPc},12 {PAH/NiTsPc},10 {PAH-AuNPs/NiTsPc}10 and {Chit-SWCNT/CoTsPc}.11 The stability of multilayer deposition for metallophthalocyanine and (bio)polymer species has been interpreted as arising from the strong electrostatic interactions between oppositely charged materials that occur at supramolecular level.38 However, hydrophobic and hydrogen interactions can also play a fundamental role in the stabilization of polymers and complex compounds in LbL films.1,2,10 The supramolecular organization of CoTsPc and chitosan is confirmed in LbL films estimating the ratio between the absorption intensities of dimeric and monomeric species (Idim/Imon).11 The {Chit-AuNPs/CoTsPc} system with one bilayer had a I613/I681 of 1.78, then it reaches values of 1.93 for 2 and 3-bilayers. With a 5-bilayer LbL film, the I613/I681 relation decreases to 1.86, which practically does not change until formation of 10 bilayers (Table S1 in the SI section). Thus, this result indicates that the amount of H-aggregates with dimer formation within LbL films decreases after new multilayer deposition. It is interesting to mention that the I613/I668 relation for CoTsPc species in solution was 1.52. This value is lower than the observed for the LbL system, indicating that the CoTsPc-CoTsPc molecular interaction for dimer formation in solution is less pronounced.

  AFM images of the {Chit/CoTsPc} and {Chit-AuNPs/ CoTsPc} platforms containing 1, 3 and 5 bilayers, generated under an area of 1.0 × 1.0 μm2 are shown in Figure 7. The topographical analysis for all modified electrodes showed a globular morphology with increase of both average roughness (Rms) values after new bilayer depositions. Comparing the Rms values for the mentioned systems, it is evident that AuNP incorporation within LbL films caused an increase in roughness in comparison to those observed for the {Chit/CoTsPc} system (Table S2 in the SI section). Differently from {Chit-SWCNT/CoTsPc}5,11 the {Chit-AuNPs/CoTsPc}5 modified electrode (containing AuNPs) exhibited a lower roughness probably due to the fact that the Chit-AuNPs nanocomposite favors high packing of monolayers in the 2D structures. Besides, an interpenetration of adjacent layers for LBL containing nanotubes and chitosan is expected.
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  Cyclic voltammetry was utilized to investigate both electrochemical properties and growth of the {Chit-AuNPs/CoTsPc}n LbL films. Voltammograms for LbL films with 1, 3, 7 and 10 bilayers on ITO (geometric area of 0.24 cm2) showed a linear increase of the peak current with the number of bilayers (Figure S4 in the SI section). This result is in agreement with UV-Vis results. Figure 8 shows the cyclic voltammograms for bare ITO and ITO-{Chit-AuNPs/ CoTsPc}3. The ITO-{Chit-AuNPs/CoTsPc}3 modified electrodes showed a redox process at –0.60 V (vs. SCE) attributed to the [CoITsPc]5–/[CoIITsPc]4– couple and an irreversible process at 0.70 V (Epa2) assigned to conversion of CoIITsPc to CoIIITsPc species.12

  
    

    [image: Figure 3. Histograms]

  

  As expected, 3-bilayer LbL film assembled with Chit and polystyrenesulfonic acid (PSS) (without CoIITsPc) did not exhibit electrochemical processes from –0.8 to 0.9 V since the PSS polymer is not electroactive (Figure S6 in the SI section). The charge transfer within the multilayers film was analyzed through the influence of the scan rate (0.01 to 0.5 V s–1 range) on the oxidation and reduction current peaks of CoTsPc (Figure S6 in the SI section). The results showed a good linearity for the plot of current density vs. scan rate, indicating that the electrochemical reaction is limited by the charge transfer along multilayers. Furthermore, AuNPs enhance the charge transfer within multilayers containing CoTsPc and Chit molecules. For instance, kET for ITO-{Chit/CoTsPc}3 and ITO-{Chit-AuNPs/CoTsPc}3 was obtained (Figure S7 and Table S3 in the SI section). Despite the immobilization of an insulating material (chitosan), the incorporation of AuNPs in LbL film clearly causes an increase in kET from 0.30 to 0.93 s–1. Also, the ITO-{Chit-AuNPs/CoTsPc}3 electrode is very stable, when the faradaic current remains stable up to 20 cycles using a scan rate of 0.1 V s–1 in 0.1 mol L–1 PBS solution (pH 7.2) (Figure S8 in the SI section). The faradaic currents practically do not change, even after long storage time (2 months), suggesting high chemical and electrochemical stability.

   

  Conclusions

  This work focused on the preparation and characterization of AuNPs stabilized into a Chit matrix as well as their immobilization with CoTsPc to form LbL films. A new hybrid material based on Chit-AuNPs and CoTsPc was characterized by several techniques, and the electrochemical properties of ITO-modified electrode with Chit-AuNPs and CoTsPc were investigated. The main findings of this study can be described as follows.

  By using the experimental conditions described here, AuNPs with spherical morphology can be obtained in the presence of the Chit biopolymer. Chit molecules prevented the AuNP agglomeration, as evidenced by TEM images. AuNPs are stabilized with chitosan in aqueous suspension for months. The molecular interaction between AuNPs and Chit molecules can occur mainly through CH2 and NH3+ groups from Chit, as observed from FTIR results. This can explain the well-defined spherical morphology of nanoparticles and also the capability of Chi to prevent the AuNP agglomeration.

  ITO electrodes modified with a cast film of Chit-AuNPs can be easily prepared, for instance by dropping the Chit-AuNPs suspension on the electrode surface. Cyclic voltammograms revealed that there is an increase in the faradaic currents of the [FeII(CN)6]4–/[FeIII(CN)6]3– reaction on ITO-Chit-AuNPs surface when compared with currents obtained by using bare-ITO and ITO-Chit electrodes. Probably, the increase of the electroactivity area is very representative, since the AFM experiments indicated that AuNPs increase the electrode roughness. On the other hand, kET obtained for ITO-Chit-AuNPs electrode showed that the AuNPs increase the rate of charge-transfer.

  Finally, CoTsPc and Chit-AuNPs were successfully immobilized as multilayered films on different solid substrates. From electronic spectroscopy results, supramolecular organization of CoTsPc and chitosan is observed in LbL films. By estimating the ratio between the absorption intensities of dimeric and monomeric species (Idim/Imon), it was observed that the amount of H-aggregates with dimer formation within LbL films decreases after new multilayer deposition. However, dimer formation in solution is less pronounced than in the LbL films. The supramolecular organization of Chit-AuNPs and CoTsPc in a multilayer way permitted the build-up of highly stable ITO-{Chit-AuNPs/CoTsPc}3 electrodes. Furthermore, AuNPs in LbL film promoted an increase on the charge-transfer rate, suggesting that this kind of electrode is a very promising candidate for further application in electrochemical devices.
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    A composição dos filmes de óxidos formados em aço inoxidável é fundamental no comportamento da corrosão destes materiais. Suas características têm sido largamente estudadas, mas ainda geram muitas questões, especialmente com relação aos mecanismos de crescimento do óxido e alterações em sua composição durante o crescimento do filme. Este trabalho visou estudar a composição química e o comportamento electroquímico destes filmes formados em condições distintas em substratos de AISI 316L. Investigou-se o efeito do número de ciclos, velocidade de varredura de potencial, composição do electrólito e pH na resposta eletroquímica dos óxidos formados. O aumento da velocidade de varredura promoveu a formação de filmes mais finos, de menor condutividade e mais ricos em Fe3+, principalmente hidróxidos. O estudo revelou uma dependência da composição do filme com o valor de pH, filmes formados em meios neutros apresentaram mais elevada resistividade e maior conteúdo de espécies de Fe e traços de Mo comparativamente a filmes formados em meio alcalino.

  

   

  
    The composition of the oxide layers formed in stainless steels is fundamental in the corrosion behavior of these materials. Its characterization has been widely studied, but still many questions arise, especially mechanisms of oxide growth and changes in its composition during the film development. This work aimed to study the chemical composition and electrochemical behavior of these films formed in different conditions of substrates de AISI 316L. The work investigated the effect of the number of cycles, scan rate, electrolyte composition and pH in the electrochemical response of the formed oxides. The increase of the scan rate promoted the formation of thinner films, richer in Fe3+ species, mainly hydroxide, with decreased conductivity. The study revealed a pH-dependent film composition, films formed in near neutral solutions presented higher resistivity and higher content of Fe species and traces of Mo compared to films formed in alkaline medium.

    Keywords: cyclic sweep voltammetry (CSV), impedance (EIS), oxide film, stainless steel

  

   

   

  Introduction

  Stainless steels find many applications in which corrosion resistance is a mandatory requirement. These materials are stable in a wide range of conditions and media due to the formation of Cr-rich stable passive films. The study of the properties of the passive films formed on stainless steels has been widely studied and reviewed by Olsson and Landolt.1 Relevant parameters such as thickness or composition have been investigated as a function of the electrolyte composition, the pH or the alloying elements.1 Surface analytical techniques such as X-ray photoelectron spectroscopy (XPS), Auger electron spectroscopy (AES) or scanning tunnelling microscopy (STM) have been widely employed for the film characterization.

  On the other hand, electrochemical methods provide a simple procedure to characterize material surfaces, allowing its accurate characterization. In particular, cyclic sweep voltammetry (CSV) is a well-known electrochemical procedure used to grow surface films, while acquiring information on the redox behavior of electrochemically active species, on the kinetics of electrode reactions and on the presence of electroactive species either in solution or at the electrode surface.2,3

  Recently, stainless steels have attracted much attention as current collectors or electrodes in systems for energy storage such as batteries, solid oxide fuel cells and supercapacitors because of the lifetime and competitive prices. In such applications, oxide layers of various thicknesses can be formed and different oxide film properties must be thought depending on the function. For example, in solid oxide fuel cell (SOFC) interconnects, thick, stable and non-resistive films should be formed in order to allow the desired conductivity and avoid Cr poisoning. In supercapacitors, the surface films must be highly conductive to avoid loss of efficiency and decreased cicleability. Moreover, in these applications, the steel materials can be exposed to very different environments, such as very alkaline, neutral or very acidic, as well as exposed to sudden potential variations. Films can be formed by various electrochemical techniques such as anodic polarization, cyclic sweep voltammetry and electrodeposition (either anodic or cathodic). Therefore, nowadays there is a renewed interest on the electrochemical growth of oxide films formed on stainless steels and its characterization targeting applications in energy storage/production devices. Thus, the present work aims at contributing for a deeper characterization of thicker oxide films grown on AISI 316L stainless steel, a material that is now finding many applications in the energy storage domain.1

  Concerning the state-of-art, there have been numerous studies on the electrochemical characterization of passive films formed on steels in different environments.4-11 However, only few of them are concerned with the characterization of thick films formed by CSV,6,12-15 using electrochemical techniques such as impedance spectroscopy (EIS).7,12,13,16 Indeed, systematic studies comparing the properties of the surface films formed by CSV in different electrolytes from neutral to alkaline conditions are needed to point out the main differences and similarities between these films. Besides the electrolyte composition, the number of cycles and the scan rate are parameters affecting the properties of the oxide films generated by CSV.11,13

  The present work aims at contributing for a better understanding of the electrochemical behavior of AISI 316L stainless steel oxides potentiodynamically generated in different electrolytes typically found in some energy devices (KOH and Na2SO4).17-20 For instance, in such studies it was observed that the lowest capacitance of magnetite in KOH could be attributed to the slow formation of an insulating layer on the magnetite surface, which may affect the performance of these materials in energy storage and production devices.

  In this work, oxide films were formed by CSV. During oxide formation, the current can be monitored continuously and the oxide growth is followed during the whole experiment, a great advantage over other oxide development procedures.3,21 In order to produce oxides with different thicknesses, compositions and electrical properties, the effect of variables such as electrolyte composition (Cl− and SO42−), pH (13 and 7) and polarization rate (2, 5 and 10 mV s–1) were studied.

  The electrochemical characterization of the formed oxide films was completed by using EIS spectroscopy. This study was combined with surface analysis by XPS spectroscopy.

   

  Experimental

  Passive oxide film growth and electrochemical analysis

  The chemical composition (wt.%) of AISI 316L stainless steel employed in this study is depicted in Table 1. The samples were abraded with wet emery paper of decreasing grit size down to 4000, and then polished with alumina paste (1 &#181;m) to get a mirror-like surface. After polishing, the samples were degreased with acetone and rinsed ultrasonically in distilled water. Then, the samples were dried in a dry air stream and kept in a desiccator prior to cycling.
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  The passive oxide films were grown in three different electrolytes, one alkaline and two near neutral. The alkaline solution (0.1 mol L–1 NaOH) was prepared with and without the addition of chloride ions (added as NaCl to reach 0.1 mol L–1 concentration). The two neutral solutions were 0.1 mol L–1 Na2SO4 (pH 7) and 0.1 mol L–1 NaCl (pH 7). The solutions were prepared with p.a. chemicals and deionized water.

  The passive layers were electrochemically generated using an Autolab PGSTAT 30 from Ecochemie®. A conventional three-electrode electrochemical cell, placed inside a Faraday cage, was employed. Different reference electrodes were used depending on the electrolyte in order to avoid any kind of contamination.22 The Hg/HgO (1 mol L–1 KOH) electrode was employed for the alkaline electrolyte, the Hg/Hg2SO4 (K2SO4 saturated) electrode was employed for the sulfate electrolyte, and the saturated calomel electrode (SCE) Hg/Hg2Cl2 (KCl saturated) was employed for the chloride containing solution. All the potentials in the text are referred to the SCE. A platinum mesh was used as a large area counter electrode. The working electrode area was 0.34cm2. All the electrochemical tests were performed at room temperature and under aerated conditions.

  CSV technique was used to grow the oxide layers. The potentiodynamic curves were obtained by polarizing the working electrode in the potential window of water stability. Three different scan rates were selected for the film grown (2, 5 and 10 mV s–1) to study the effect of the scan conditions on the oxide properties. The effect of the scan rate was studied in alkaline solution, 0.1 mol L–1 NaOH. In order to check the effect of the pH and the electrolyte composition, films formed at a scan rate of 5 mV s–1 in 0.1 mol L–1 NaOH + 0.1 mol L–1 NaCl and in neutral solutions containing Cl− or SO4–2 were investigated as well. The polarization procedure was repeated up to 20 cycles, until stable current densities were obtained.

  EIS measurements were carried out before and after the film formation. The spectra were obtained at the open circuit potential (OCP), applying a sinusoidal potential oscillation of 10 mV rms (root mean square) amplitude. The frequency was swept from 10 kHz down to 1 mHz, with seven points per decade.

  Surface characterization

  XPS measurements were performed using a Microlab 310 F (Thermo Electron, former VG Scientific) equipped with a Mg (non-monochromated) anode and a concentric hemispherical analyzer. The XPS analysis was performed under pressures below 5 × 10–9 mbar, using an Al radiation (non-monochromated). The spectra were taken in CAE (constant analyzer energy) mode (30 eV) and accelerating voltage of 15 kV. The peak quantification was determined after fitting. The fitting function used was a Gaussian-Lorentzian product function and the algorithm was based on the Simplex optimization as used in the Avantage® software.

  A JEOL JSM-5410 scanning electron microscope (SEM) was employed to study the structure and morphology of the electrochemically generated films.

   

  Results and Discussion

  Effect of the scan rate

  Cyclic voltammetry analysis

  Figure 1a depicts the evolution of the potentiodynamic polarization curves registered for the films formed at the slowest scan rate, 2 mV s–1, in 0.1 mol L–1 NaOH. Three different regions in the voltammograms can be differentiated. The assignment of the different peaks has been reported in previous publications.23,24 The first region, for potentials lower than −600 mV, corresponds to the iron activity. The main feature in this potential range is associated with the magnetite formation peak, Fe3O4, at approximately −700 mV. The passivity range extends from −600 to +200 mV, being characterized by very low current density values. Finally, at more anodic potentials, the redox processes associated with low-high oxidation states of Cr, Ni and Mo are detected (Cr3+/Cr6+, Ni2+/Ni3+ and Mo4+/Mo6+). During the cycling process, the original thin native oxide film, mainly composed of Cr and Fe oxides,25 is converted into a thicker and more conducting layer, mainly based on magnetite.26 The magnetite development, at about −700 mV, follows the redox reaction described in equation 1.

  
    [image: Equation (1)]

  

  
    

    [image: Figure 1. Cyclic voltammetry curves]

  

  The current involved in the magnetite formation peak increases during the potentiodynamic cycling, as expected, suggesting oxide growth. During the potentiodynamic cycling, the potential characteristic of magnetite shifts to nobler values, increasing from −720 to −700 mV, as graphically detailed in Figure 1a, and numerically shown in Figure 2a. Such behavior was already reported in the literature,11 and is related to a progressive enrichment of the oxide film in Fe3+ species in the outer part of the oxide film. This change is usually associated with an increase of the ohmic drop in the layer as reported.16,27
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  At the anodic limit of the voltammogram, the oxygen evolution (ca. +0.5 V) is displaced to lower potential values as cycling proceeds, showing a kind of activation for the O2 evolution process with the progress in the oxide layer chemical state in agreement with previous literature.28

  The magnetite oxidation process is negligible (very small anodic peak at the beginning of the passive region). Moreover, as magnetite is reduced in the cathodic cycle to a large extent, the thickness of the magnetite rich layer at cycle i can be estimated from the corresponding charge involved in the magnetite formation peak, Qi in equation 2. The area corresponding to the peak was first calculated and the corresponding thickness determined using Faraday's law (equation 2). The values assumed in this equation are: Fe3O4 molecular weight (M) 231.5 g mol–1 and its density (ρ) 5.2 g cm–3 .29 Then, the magnetite thickness (di) at cycle i, which is proportional to the passive oxide thickness, was calculated as a function of the cycle number as indicated in Figure 2b. The film formation follows a quite well defined linear tendency, obtaining for these experimental conditions a rate of oxide growth of 8.8 nm per cycle. By the cycle 15, the rate of film growth decreased to 1.9 nm per cycle, which corresponds to the near steady voltammogram situation. This variation will be discussed in the next paragraphs. The estimated film thicknesses are in the same order of magnitude of layers grown in similar conditions on identical substrates and measured by XPS depth profiling and reported elsewhere.30 The coincidence between the electrochemical estimation of thickness assuming magnetite as the only passivating species and the XPS depth profiling can be understood supposing that the dominant species in the electrochemically grown film are iron oxides.31 The reason for this is twofold: Cr3+ is oxidized at the anodic limit of the potential window giving soluble chromates, and Ni2+ leaves the oxide structure and accumulates as metallic nickel at the metal-oxide interface.

  
    [image: Equation (2)]

  

  mi is the mass formed on the metal surface at cycle i; F is Faraday constant (96500 C equivalent–1); z is the number of electrons involved in the reaction process depicted in equation 1 (equivalent mol–1).

  Passive oxide layers were also grown at 5 and 10 mV s–1 in the same alkaline electrolyte. The corresponding voltammetric curves are presented in Figures 1b and 1c. The magnetite formation peak at about −700 mV is also well defined and, as for the 2 mV s–1 sweep rate, the oxide layer growth is confirmed by the current increment with cycling. The characteristic potential of the magnetite formation peak shifts in the nobler direction, as indicated in Figure 2a. The rate of the anodic shift with cycling increases with the sweep rate (see slopes of the apparent linear fittings also depicted in Figure 2a). Therefore, this study allows to conclude that the oxide films grown by CSV oxidize faster when formed at higher scan rates.

  The thickness of the passive film was also estimated using equation 2 as shown in Figure 2b. Lower slopes were obtained at faster sweep rates in comparison to the slower scan rate (2 mV s–1), as indicated in the corresponding linear fits, confirming a decreased oxide growth rate probably due to its more resistive character. However, no significant differences between the cycling at 5 and 10 mV s–1 could be observed. It seems that an asymptotic growth rate was reached at 5 mV s–1.

  It is worth mentioning the ordinate values obtained in the fittings for the three scan rates at x = 0 in Figure 2b. Those values (6.6, 7.6 and 8.5 nm) should correspond to the native oxide thickness, and are in the same order of magnitude measured by XPS depth profiling.21

  As mentioned before, Figure 2b shows that the film thickness tends to an asymptotic value around the 15th cycle for the slowest scan rate, which was not observed for the 5 or 10 mV s–1 cycling rates. Thus, the film growth seems to become more difficult after the 15th cycle for the 2 mV s–1 cycling rate.

  After the 15th cycle, the film grows at approximately 1.9 nm per cycle, five times less than the rate measured before the 15th cycle (8.8 nm per cycle). This reduction agrees with the stabilization trends observed in Figure 2a, concerning the behavior of the characteristic potential of the magnetite formation peak. Thus, it can be said that the rate of film growth slows down when the oxidation to Fe3+ species in the outer part of the passive film is completed, which involves a change in the growth mechanism. The critical thickness at which that change occurs should be close to 121 nm, as indicated from the apparent linear fitting ordinate value depicted in Figure 2b.

  For the faster scan rates, the decreased development (critical film thickness) was not reached in the conditions of the experiment.

  The time consumed for the oxide growth is obviously shorter for the same number of scans when cycling at a faster rate. However, taking into account the linear fits presented in Figure 2b, a thicker film could be developed cycling faster (5 or 10 mV s–1) if the cyclic sweep is run for an equivalent time. For 10 mV s–1, the oxide film growth is 5.2 nm per cycle (from the linear fitting) in such a way that to get an equivalent film to that growth at 2 mV s–1 (ca. 160 nm), the sweep should be run up to 30 cycles, but considerably reducing the total treatment time. However, it must be stressed that the oxides grown at the different rates show different properties as discussed below. On the other hand, the stabilization in the growth process seems to arise after a certain number of scans as well.

  The cyclic voltammetric curves obtained after the 20th cycle in 0.1 mol L–1 NaOH at 2, 5 and 10 mV s–1 scan rates are compared in Figure 3. The characteristic peaks are very similar in the three voltammograms, with an apparent peak current density proportional to the scan rate. When the scan rate increases, there is a linear increase of the current density in both anodic and cathodic curves, according to equation 3. The Faradaic current (IF) associated with the electron transfer resulting from oxidation/reduction of electroactive species is increased by the capacitive charging current (IC). The total current is then defined as indicated in equation 3. The peak intensity is proportional to the scan rate (dE/dt).32 However, in the present case, taking C = 50 &#181;F cm–2, the maximum expected IC (for 10 mV s–1 scan rate) is 0.5 &#181;A cm–2, i.e., less than 0.5% of the recorded currents in Figure 3. Thus, in equation 3, I ≅ IF, which means that the differences observed in the peak currents correspond to the different degrees of development of the passive film at this particular cycle, in accordance with the above discussion for Figure 2b. This result also validates the calculations made from equation 2, where the capacitive current was neglected.
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  Electrochemical impedance spectroscopy analysis

  EIS was also used for the characterization of the oxide films formed by voltammetry. Figure 4 shows a comparison between the Bode plots obtained before and after the potentiodynamic cycling at the three scan rates studied in alkaline media. For the three experiments, a change was observed in the phase angle plot that allows to better differentiate between, the presence of two time constants. This effect is more evident for the lower scan rate (Figure 4a). Figure 4a shows that the low frequency limit of the impedance modulus decreases after cycling.
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  Nevertheless, at 5 and 10 mV s–1 (Figures 4b and 4c, respectively), an opposite trend was observed. Assuming that the low frequency process is related to the passive film properties, this trend suggests changes on the film conductivity, in agreement with the previous results. The results suggest that at lower scan rates, the film is more conductive, whereas at increased scan rate, a more resistive film seems to be produced. To obtain more detailed information on the electrochemical processes associated with the oxide films formed at different conditions, the impedance spectra were analyzed using the equivalent circuit presented in Figure 4d.

  Although there are other possible equivalent circuits, which would easily fit the experimental data, the one adopted for this study consists of two time constants distributed hierarchically. The equivalent circuit, according to the impedance function given in equation 4, has been reported as suitable to model the behavior of stainless steels in different media.30,33 One possible interpretation for the circuit elements in this circuit is as follows: Re is associated with the electrolyte resistance, the high frequencies time constant (R1C1) is associated with the charge transfer resistance (R1) in parallel with the double layer capacitance (C1). The low frequency time constant (R2C2) has been proposed to describe the redox processes taking place in the oxide film (see next for details). The parameters α1 and α2 model the Cole-Cole type dispersion of the time constants.34

  The best fitting parameters are reported in Table 2. For the exponents, α1 and α2 have values close to 0.9 in all cases.
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  For the three samples, R1 decreases after cycling, probably due to chromite dissolution and magnetite enrichment in the surface film as suggested elsewhere.30 As the scan rate increases, the differences between the R1 values obtained before and after the cycling, attenuate. R1 reduces by 85, 74 and 35% in comparison with the values before cycling for 2, 5 and 10 mV s–1, respectively. The reduction of the charge transfer resistance value agrees with the development of an oxide film with higher conductivity, which contains a lower proportion of Cr2O3, which is one of the species contributing for the resistive behavior of the oxide film. For the faster cycling rate, a lower amount of magnetite is potentiodynamically generated and, in consequence, a higher percentage of the native Cr2O3 is still present after the polarization. This different oxide composition is responsible for the poorer oxide conductivity measured under these conditions. These results are in good agreement with the larger thickness found for the magnetite at slower sweep rates as discussed in the previous section.

  Table 2 also shows that the R2 value decreases after cycling at 2 mV s–1. However, it shows an increase for the higher scan rates. R2 can be assigned to changes in the oxide film, and it has been attributed to the magnetite transformation rate to Fe3+, as indicated in equation 5.34 Therefore, it is possible to distinguish two types of films from the results obtained by fitting the EIS spectra:26 films grown at the slower scan rate (2 mV s–1), where the redox process is relatively fast, and the two other cases, where that process is slower.

  
    [image: Equation (5)]

  

  The capacitance values evidence also some differences as a function of the scan rate. The capacitance that is assumed to be associated with the double layer (C1) does not change significantly, although there is a slight increase for the slower scan rate. Since this capacitance is directly related to the active electrode surface, the increase in the C1 can be associated with an increase of the active surface and/or higher surface roughness as a consequence of the potentiodynamically developed oxide layer.

  The effects on C2 are again more evidenced for the slower scan rate. C2 can be evaluated from equation 6, where q is the total charge stored in the passive film and θ is the transformation degree of the oxide film at a given potential (E).35
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  As the potential values registered before and after the polarization are very similar in the three cases, as indicated in Table 2, the capacitance C2 can be related to the available magnetite charge, and therefore to the magnetite layer thickness. Consequently, after cycling at 2 mV s–1, a thicker film of magnetite is formed, in agreement with the higher values of effective charge registered after polarizing at this scan rate. The percentage of increment for the C2 is decreased after cycling at 5 mV s–1 and it is even lower for the 10 mV s–1 scan rate.

  An interesting aspect to be noticed in Table 2 concerns the initial C2 capacitance values that are not equal for the different (nominally identical) samples. However, a correlation exists between the OCP values and the C2 values: higher C2 values correspond to more cathodic OCP values. That relationship has already been observed36,37 and is directly related to the parameter q in equation 6. At more anodic potential values, only the redox process depicted in equation 5 is active (magnetite oxidation/reduction), while for more cathodic potential values, the backward process of the redox reaction depicted in equation 1 (magnetite formation/reduction) starts to become important, thus contributing to the total charge q in equation 6. The conclusion is that, although nominally identical, the starting oxide films present dissimilar degree of oxidation (Fe3+/Fe2+ ratio).38 Those differences are, however, not relevant in the study because no cross-comparisons are performed.

  Surface analysis

  The SEM pictures taken after the cycling are presented in Figure 5. The film morphology depends upon the scan rate. The morphology is more uniform for the films formed at 2 and 5 mV s–1 scan rate, whereas increasing the sweep rate leads to an uneven film morphology or topotactic development.39 These observations correlate well with the results discussed from the electrochemical data. Higher surface roughness is confirmed for the oxides formed at lower scan rate, in agreement with the increased double layer capacitance (C1). The non-uniform growth at faster sweep rates suggests a lower extent in the processes of dissolution of chromite and development of the magnetite layer.
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  In order to detail the chemical composition of the oxide films obtained, XPS analysis was performed as well. The Fe 2p, Cr 2p and O 1s high resolution ionizations are presented in Figure 6. The O 1s ionization shown in Figure 6c is composed of three peaks for the three different oxides studied. The main peak, centered at about 532.4 ± 0.3 eV, shows the presence of hydroxides, probably Fe-hydroxides as well as adsorbed hydroxyl groups on the surface.40 The peak at the lowest binding energy (530.3 ± 0.3 eV) corresponds to the presence of oxide species. The peak detected at the highest binding energy (534.7 ± 0.3 eV) for this study is typically attributed to adsorption of water molecules. The atomic percentage for the main signal related to the OH– containing species increases for the faster scans from 64% (at 2 mV s–1) to 81% (at 5 and 10 mV s–1). The signal associated with the oxide anions decreases from 29 to 11%, whereas that for the adsorbed water remains almost constant. Thus, a surface film with a lower fraction of hydroxide41 and probably more conductive character develops at the lowest scan rate.
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  The presence of metallic Fe is excluded since no signal below 707 eV42 could be detected (Figure 6a). In the Fe 2p3 ionization, four different contributions could be deconvoluted for the oxide films formed at 2 and 5 mV s–1. One of these peaks is located in the low binding energy side 708.1 ± 0.4 V. At the highest scan rate (10 mV s–1), this peak is not observed. This peak shows a binding energy lower than that typically expected for Fe2+, which is around 709 eV,43 but it can be associated with Fe2+. In fact, the literature reports the presence of Fe2+ in the range 708.0 -708.5 eV.44,45 Another interpretation proposed in the literature is that the presence of a peak at 707.9 eV can be due to the presence of metallic iron strongly interacting with the oxide.46 These species are not detected at the highest scan rate in agreement with the faster oxidation under these conditions as previously discussed.

  Other three different peaks were identified in the Fe 2p3 ionization. The peak at 710.3 eV can be attributed to Fe2+ or Fe3+ species in the form of oxides. Considering that the presence of magnetite can be observed in this range,47 overlapping with Fe2+ oxide/hydroxide, thus the deconvolution of the magnetite peak is not accurate due to this superimposition of species. At 711.8 ± 0.4 and 713.2 ± 0.1 eV, the signals related to Fe3+ ions from Fe2O3/FeOOH or hydrated species are detected, in agreement with literature. Some authors have related this higher binding energy signals to the sum of multiplet peaks, attributing the highest energy one to α-Fe2O348,49 and/or γ-Fe2O3, γ-FeOOH and α-FeOOH.50 A Fe3+ satellite peak was also detected at 720 eV. About 70-75% of the total iron signal corresponds to Fe(III). No significant differences were found in the global atomic ratios for the Fe peaks as a function of the scan rate.

  Cr species were only found in the oxide films formed at the higher scan rates (5 and 10 mV s–1), as shown in Figure 6b. The signal detected at around 577 ± 0.1 eV shows the presence of Cr3+ oxide compounds.51 For the layer formed at 10 mV s–1, an additional peak is found at 579.9 eV, which admits two interpretations depending on the authors: non-stoichiometric CrOx oxides as already reported52 or CrO3.42,53,54 The performed XPS analysis does not allow to estimate the thickness of the oxide layers. however, the existence of Cr oxides only at high scan rates, generally expected to be present at the inner part of the passive layer,50 could be related to thinner films (magnetite component), according to the electrochemical results. A more heterogeneous magnetite development for the faster scans cannot be completely excluded. The binding energies of the main peaks detected are presented in Table 3.
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  Effect of the electrolyte composition

  In this section, the effect of the electrolyte composition in the electrochemical behavior of the oxide layer properties is discussed considering the effect of the anions OH−, Cl− and SO4–2. Oxide films were grown at a fixed 5 mV s–1 scan rate in different aqueous solutions: 0.1 mol L–1 NaOH (data presented in the previous section), 0.1 mol L–1 NaOH + 0.1 mol L–1 NaCl, 0.1 mol L–1 Na2SO4 and 0.1 mol L–1 NaCl. The potential range explored was shifted according to the pH variation.55

  Figure 7a shows a comparison of the 20th cycle (after oxide development) obtained in alkaline pH (0.1 mol L–1 NaOH) with and without chloride ions. Differences are hardly visible after the contamination with chlorides, in good agreement with Addari et al.7 The characteristic signals and the current density values are very close. The impedance measurements carried out before and after the cyclic polarizations (data not shown) confirmed negligible variations on the electrochemical response in the presence of this concentration of chlorides. No significant chloride incorporation into the oxide layer was previously found in agreement with other authors.50

  
    

    [image: Figure 7. Cyclic voltammograms]

  

  Figure 7b shows the curves obtained in neutral media. No major differences were found by the effect of changing the electrolyte anions. The effect of chlorides is however evident, resulting in lower anodic currents around the magnetite formation peak in NaCl solution.

  There are some differences when the results are compared to the ones presented in the previous section for alkaline solutions. Firstly, the potential peaks are shifted positively, according to the pH decrease and in good agreement with the behavior expected from to the Pourbaix diagram.55 Besides, the peak assigned to the partial oxidation of magnetite, obtaining goethite as final product is, in neutral media, more evidenced.

  Finally, the peaks corresponding to the redox processes of iron show significantly lower intensity (one order of magnitude less) than those measured in alkaline medium. This decrease can be understood if the reaction for the magnetite formation is considered (equation 1). Thus, for a lower hydroxide content, due to the lower pH, the oxidation of FeO to magnetite is hindered. Therefore, as the pH decreases, the magnetite content in the passive oxide film should decrease, in agreement with previous studies.30,56,57

  EIS results also highlight some differences comparatively to the films grown in alkaline media. The Bode diagrams obtained before and after the polarization in the corresponding solutions at pH 7 are depicted in Figure 8. Table 2 summarizes the fitting results obtained following the equivalent circuit presented in Figure 4d.

  
    

    [image: Figure 8. Bode plots measured]

  

  For the oxide films developed at neutral pH, the increase in the R2 values is significantly higher than that observed at alkaline pH, which indicates slower magnetite oxidation process. This result is in good agreement with the lower amount of magnetite found in the polarization curves, and can be understood using equation 5: lower OH− concentration hinders the oxidation process.

  The redox capacitance (C2) also increases after cycling, showing that more charge is stored in the oxide film. This variation can be associated with higher incorporation of anions (Cl− or SO4–2) from the electrolyte in the outer part of the film, at lower pH values. Actually, the increase in C2 for the oxide developed in Na2SO4 is more noticeable pointing out a more significant incorporation of SO4–2 in the oxide layer in comparison with the Cl−, in agreement with Mitrovic-Scepanovic et al.58 However, neither Cl− nor SO4–2 were detected by XPS in the films formed under these conditions, which accounts for a low content of anions on the surface or just surface adsorption processes.26

  The characteristic binding energies for the O 1s and Fe 2p3/2 peaks are similar to those discussed in the previous section and summarized in Table 3. Thus, the three components were also distinguished for the O 1s ionization and the four components for the Fe 2p3/2 ionization.

  No significant variation was detected in the oxide/hydroxide ratio and a slight increase was measured in the Fe2+ relative atomic percentage (40%) in comparison to the values obtained in alkaline conditions. The neutral pH makes the oxidation of the Fe2+ species (equation 1) more difficult, in agreement with that discussed above from the electrochemical results.

  The Mo 3d peak is slightly better resolved at neutral pH (Figure 9). The main difference is the detection of Mo6+ species at 231.7 ± 0.3 eV,59,60 although the weak signal does not allow a concluding statement. However, this result would be in agreement with the known higher solubility of the Mo6+-containing species in alkaline solutions.61 A reduced Mo fraction for higher pH value has been also measured by Liu et al.60 in the acidic range.

  
    

    [image: Figure 9. XPS spectra]

  

  Thus, alkaline pH favors the formation of magnetite on steels, in agreement with the literature,61 and Fe3+ oxides such as FeOOH are the main component in the films generated potentiodinamically.

  The corresponding SEM pictures taken for the films formed in NaCl and Na2SO4 are depicted in Figure 10. In comparison with the oxide generated in alkaline solution (at 5 mV s–1), a less uniform film is formed at neutral pH, especially for the NaCl electrolyte.

  
    

    [image: Figure 10. SEM images obtained]

  

  The above discussed results are relevant not only for the better understanding of the oxidation phenomena but also for practical aspects related to energy storage technologies. The use of oxides on stainless steel substrates as electrodes in batteries could become an interesting strategy to minimize costs and to improve its life service. Oxide layers can be easily developed with a variety of properties by tuning the experimental parameters.

   

  Conclusions

  The present work reveals some interesting features concerning the formation and electrochemical characterization of passive films formed on the stainless steel AISI 316 in various electrolytes. The effect of changing the electrolyte conditions affects two main properties of the surface film: thickness and conductivity. This one has implications on further applications where accurate control of the resistivity is needed.

  The films generated potentiodynamically become less conductive as the cycling progresses due to Fe(III) enrichment. This transformation is faster for the films developed at high scan rate. The main component for all the studied oxide layers is a Fe(III)-hydroxide compound, probably FeOOH. The hydroxide contribution is more significant for the faster cycling rate contributing to the development of more resistive films.

  In neutral media, the lower concentration of hydroxyl ions makes more difficult the transformation process of the iron oxides. In consequence, a higher percentage of Fe species with lower oxidation state were identified in the XPS study. On the other hand, the lower amount of magnetite in the films formed in neutral solutions leads to more resistive layers in comparison with alkaline electrolytes.

  As demonstrated, electrochemical methods are useful tools to promote oxide films growth, while studying its electrochemistry. They provide rapid, accurate and quantitative information, concerning oxide films of metallic substrates combined with surface analysis. These results contribute to understand how these materials are affected by different ageing conditions, thus making the application of these materials more reliable in service conditions.
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    Este trabalho apresenta um estudo da degradação do herbicida diuron utilizando os anodos Ti/RuxTi(1-x)O2 e Ti/IrxTi(1-x)O2 (x = 0,3, 0,5 e 0,7). A investigação da degradação foi conduzida na presença e na ausência de cloreto. O estudo da remoção do herbicida em função da densidade de corrente na ausência de cloreto rendeu remoções de 41 e 49% de demanda química de oxigênio (COD) e remoções de 10 e 14% de carbono orgânico total (TOC) a 100 mA cm–2, respectivamente. Mantendo-se o tempo de eletrólise constante (4 h), a composição do anodo Ti/Ru0,7Ti0,3O2 foi determinada como a mais ativa para remoção do diuron e seu subproduto. O valor de remoção máximo atingido após 4 h foi 58%. A adição de cloreto dobrou a taxa de remoção, e obteve-se 100% de remoção de COD para Ti/Ru0,3Ti0,7O2. A análise por cromatografia líquida de alto rendimento (HPLC) confirmou a remoção total do herbicida em meio de cloreto e indicou a formação de subprodutos de degradação. Os subprodutos gerados são apresentados em função da densidade de corrente aplicada e da composição do anodo. Os anodos baseados em Ir promoveram a oxidação de maneira mais branda e forneceram mais subprodutos em meio aquoso.

  

   

  
    This work presents a study of the electrochemical degradation of the herbicide diuron using Ti/RuxTi(1-x)O2 and Ti/IrxTi(1-x)O2 (x = 0.3, 0.5 and 0.7) anodes. The investigation of the degradation was conducted in the presence and in the absence of chloride. The study of the herbicide removal as a function of the current density in the absence of chloride yielded 41 and 49% COD (chemical oxygen demand) removals and 10 and 14% TOC (total organic carbon) removal at 100 mA cm–2, respectively. By keeping the electrolysis time constant (4 h), Ti/Ru0.7Ti0.3O2  anode composition was determined as the most active for removal of diuron and its byproduct. The maximum removal value achieved after 4 h was 58%. Addition of chloride doubled the removal ratio, and 100% COD removal was obtained for Ti/Ru0.3Ti0.7O2. High-performance liquid chromatography (HPLC) analysis confirmed the total removal of the herbicide in chloride medium and indicated the formation of byproducts. The generated byproducts presented as function of the applied current density and the anode composition. Ir-based anodes promoted milder oxidation and furnished more byproducts in aqueous medium.

    Keywords: diuron herbicide, electrochemical oxidation, DSA® electrodes, electrolysis, wastewater

  

   

   

  Introduction

  The search for new approaches for better degradation of toxic and persistent organic compounds remains a challenge to be faced by many research teams worldwide.1-3 Pesticides (herbicides), dyes and medicines, among others, are generally a matter of concern for many environmental regulatory agencies. When accumulated in the environment, either in the soil or water, these organic compounds can cause damage to our fauna and flora. Because of the high toxicity and the large amount of pesticides being used for the control of many types of pests worldwide, much attention has been given to the determination and degradation of well-known insecticides, herbicides and fungicides.4-6 In this context, the degradation of herbicides employed in the control of weeds that grow together with the target plant culture, such as sugarcane and soy bean, among others, has raised the interest of some research groups, including ours.7-9

  Diuron [3-(3,4-dichlorophenyl)-1,1-dimethyl urea] is one of the herbicides that is most commonly utilized for the control of the growth of undesirable species. Because it is chemically stable and belongs to the class of phenylurea herbicides, this chemical has been used for over 40 years, even though it is considered to be highly toxic and persistent.10 Diuron is widely used in agriculture and is also utilized as a large spectrum herbicide in urban and industrial areas in many parts of the world. Its action mechanism regarding weed control generally involves blockage of the electron transport in photosystem II, thereby inhibiting photosynthesis.11

  Nowadays, there are many techniques being developed for the treatment of wastewater. The most frequently investigated are photochemical, fenton, photo-fenton, electrochemical, photoelectrochemical and biological processes, among others.12-15 Although advancements have been made during the past years in terms of treatment efficiency and convenience, the existing methodologies also have limitations. The choice of a proper treatment technique will generally depend on economic factors, as well as on the controllability, reliability and efficacy of the method, not to mention the type of chemical that must be treated.16 Biological techniques are more often employed for the treatment of industrial waste, because they are less expensive and easy to operate. However, their kinetics is slow and their action is limited to compounds of low toxicity and to low concentrations of contaminants. Advanced oxidation processes (AOPs) have also been widely tested for the decontamination of water containing organic pollutants. Several studies using these processes have been published, and different possibilities and alternatives for better degradation of hazardous compounds have been presented.17,18 Although each process provides a different medium in terms of reactivity, they are all characterized by the production of hydroxyl radicals (•OH), which are able to oxidize and mineralize organic molecules, thus resulting in less oxidizable compounds, CO2 and inorganic ions.19

  In this context, our research team has concentrated efforts on the development of electrochemical processes using DSA® anodes for the oxidation of several classes of organic hazardous compounds, such as herbicides, phenolic compounds and dyes. Indeed, our group has shown that good degradation yields can be obtained from electrochemical treatment.7,8,20,21 Electrochemical processes appear as an attractive alternative for the treatment of wastewater containing organic pollutants due to their versatility, facile operation, effectiveness, low cost and ability to generate different reactive species on the electrode surface (O3, •OH, H2O2 and O2). The choice of the material to be applied in the electrochemical process is always a critical step once it involves consideration of the cost, and convenience of the preparation method, besides examination of the potential of the technique for the scaling-up to large reactors, with a view to applying in industrial treatment plants. The tridimensional DSA®-type anodes are traditionally used in many industrial electrochemical processes, such as the chlorine/soda process. DSA® electrodes are usually prepared by casting a mixture of metal oxides onto a titanium support. Several methods for the preparation of oxide electrodes have been reported, but the thermal decomposition of chlorides (traditional method) and the thermal decomposition of polymeric precursor (Pechini method) are generally employed.22-24 The traditional method is accomplished via deposition of inorganic salt precursor layers, usually in the form of chlorides, dissolved in hydrochloric acid and water 1:1 solution, followed by heat treatment ranging from 400 to 550 °C in order to obtain the desired metal oxide loading. The main difference between the traditional and the Pechini method is that the latter involves the formation of a polymer before the calcination process, so that the metal atoms are trapped within the resulting polymeric matrix, thereby hindering evaporation and consequent loss of the atoms.25

  Among the different electrode compositions that have been investigated to date, metallic oxides containing RuO2 and IrO2 have been widely utilized in environmental electrochemistry because of their mechanical strength, relatively low cost and successful scaling-up for industrial electrochemistry. In addition to these features, the association of ruthenium oxide with titanium oxides promotes excellent mechanical stability to the material,26,27 and their high catalytic activity often makes them an interesting choice for application in water electrolysis, chlorine production, organic synthesis and oxygen reduction.28-30

  The literature brings some degradation studies that use diuron herbicide as a model molecule. An interesting approach has been demonstrated by Oturan et al.,31 which showed the degradation route of this herbicide under fenton, electron-fenton and photo-fenton processes. These authors obtained a quasi-complete mineralization under these treatments. There are also reports on diuron degradation by biological processes,32 and by association between biological and photo-Fenton process.33 Also, some good results have been obtained with the photocatalytic process.34 Furthermore, the combination of the photo-Fenton treatment with the biological process has furnished satisfactory data concerning the mineralization of this herbicide in industrial wastewater.33 Nevertheless, despite the good oxidation rates that have been reported, the mineralization rate of this compound must be improved.

  In this sense, the present work aims at evaluating 
    Ti/IrxTi(1-x)O2 and Ti/RuxTi(1-x)O2 (x = 0.3, 0.5 and 0.7), with a view to the total degradation of this compound or formation of more oxidable products, in the absence and in the presence of chloride.

   

  Experimental

  Chemicals

  Except for the commercial suspension solution of diuron, which was kindly provided by Nortox SA, all the reagents were of analytical grade and were used without further purification. The support electrolyte was Na2SO4 (Synth), and the ionic strength was kept constant at 1.5 mol L–1 in all the experiments in both the presence and absence of chloride (1000 mg L–1). H2SO4 and NaOH were employed for adjustment of the pH of the solutions to 3.0. Solutions were prepared with high-purity water from a Milli-Q system (Millipore Industry 18 mΩ cm–1), and pH measurements were carried out with a pH electrode coupled to a Qualxtron pH meter model 8010.

  Preparation of the electrodes and electrochemical tests

  The choice of electrode nominal composition was based on the most suitable composition as previously described by one of us.35 Therefore, it was used a longer-lasting material (Ir-based anodes) and a good active catalyst for organic compound oxidation (Ru-based anodes). Electrodes of nominal composition Ti/IrxTi(1-x)O2 and Ti/RuxTi(1-x)O2 (x = 0.3, 0.5, and 0.7) were prepared from appropriate mol ratios by thermal decomposition of polymeric precursors at 450 °C. Energy dispersive X-ray (EDX) analysis using a Leica microscope Zeiss LEO 440 model TEM coupled to an Oxford 7060 model analyzer was used to determine the composition of the electrodes.

  The polymeric solution was prepared by mixing citric acid (CA) (Merck) in ethylene glycol (EG) (Merck) at 65 °C. After total dissolution, the temperature was raised to 90 °C, and titanium isopropoxide (TI) (Hulls) as well as IrCl3.nH2O (Aldrich) or an appropriate amount of RuCl3.nH2O (Aldrich) solution were dissolved in HCl (Merck) (1:1 v v–1). The CA/EG/metal molar ratios were 4:16:1 for titanium and 3:3:1 for ruthenium and iridium resins. Appropriate resins were prepared in order to obtain the desired nominal electrode composition.

  The mixture of polymeric precursors was applied onto both sides of a pre-treated titanium support of 1 cm2 (total exposed area of 2 cm2) by brushing, followed by calcination. Details concerning the preparation and the physical and electrochemical characterization are discussed elsewhere.25,35

  The electrochemical measurements were conducted in an open system, using a three-compartment electrolytic cell consisting of a main body (60 mL solution), and two smaller compartments containing the counter electrodes, which were isolated from the main body by coarse glass frits (see supplementary material). Two spiraled platinized platinum wires (15 cm), placed parallel to each other, were used as counter electrodes. All the potentials are referred to the saturated calomel electrode (SCE). The electrolyses were conducted in the galvanostatic mode applying 25, 50 and 100 mA cm–2, representing 360, 720 and 1440 C, respectively, under magnetic stirring, using the Potentiostat/Galvanostat Solartron 1480 multistate model at 25 ± 1 ºC.

  Analyses

  After the electrolysis, the analytical control for the total degradation of the herbicide and the possible byproducts was followed by: total organic carbon (TOC) (Shimadzu TOC-VCPN), chemical oxygen demand (COD) (Reactor Hach; Hach DR 2800 spectrophotometer) and high performance liquid chromatography (HPLC) data (apparatus from Shimadzu containing a UV-Vis detector, the products were separated in a C18 Shim-pack CLC-ODS column). Spectrophotometric detection of diuron was performed at 254 nm, using a Varian model Cary 50 Conc spectrophotometer. All the results are based on the measurement of triplicate samples.

   

  Results and Discussion

  Optimization of the conditions employed during electrolysis

  EDX analyses of the prepared electrodes showed the following experimental compositions: Ru0.18Ti0.82O2, Ru0.29Ti0.71O2 and Ru0.49Ti0.51O2 for ruthenium electrodes and Ir0.21Ti0.79O2, Ir0.40Ti0.60O2 and Ir0.60Ti0.40O2 for iridium ones.

  The first stage of this investigation consisted in finding the optimal conditions for the electrooxidation of the herbicide diuron. To this end, several experiments were carried out by applying different current densities and using freshly-prepared electrodes. The concentration employed for the commercial diuron formulation was 50 mg L–1 (which was the maximum solubility achieved in the investigated support electrolyte), corresponding to approximately 22 mg L–1 of TOC and 80 mg O2 L–1 COD. The TOC and COD values were experimentally obtained at least in triplicate. The correlation between COD and TOC may vary depending on the quality of the wastewater and the presence of recalcitrant compounds, so it is noteworthy to report both data.

  Figure 1 depicts the representative percentage of organic matter removal (COD and TOC) after 4 h of electrolysis as a function of the applied current using the electrode composition Ti/Ru0.29Ti0.71O2. According to the obtained results, there was only a slight increase in the organic matter removal upon elevation of the applied current density. In fact, the COD removal percentage ranged from 41 ± 3 to 49 ± 4%, whereas the TOC removal varied from 10 ± 0.5 to 14 ± 0.7%, ongoing from the applied charges (360-1440 C). On the basis of this degradation behavior, two situations can clearly be delineated. Firstly, the TOC/COD removal indicates a small ability of the electrochemical technique in terms of total organic matter removal. Secondly, the mass transfer seems to limit the achievement of higher percentage removal of diuron under the studied experimental conditions.

  
    

    [image: Figure 1. Percentages of COD and TOC]

  

  Keeping the current density at the level in which the highest degradation was obtained which represents 1440 C, electrolyses were performed as a function of the electrode composition. Figure 2 illustrates the typical behavior achieved for the degradation of diuron at the various electrodes investigated herein, at lower metal composition, both electrodes have similar degradation rate, nevertheless at the higher catalyst percentages, Ru-based electrodes furnished higher degradation rates. In fact, the best Ru electrode composition (Ti/Ru0.49Ti0.51O2) furnished degradation rates of 25 ± 1.25 and 58 ± 5% for TOC and COD, respectively, whereas the most efficient Ir-electrode composition (Ti/Ir0.21Ti0.79O2) gave just 18 ± 0.9 and 38 ± 1.9% of TOC and COD removal, respectively. Among the different compositions tested in this work, the results obtained with the Ru electrodes confirmed that the composition with the lower amount of Ti, i.e., the higher catalysts content, provided a slight increase in the oxidation performance. These results are similar to previously reported data.7,8,20
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  The low overpotential for the oxygen evolution reaction (OER), an undesirable side reaction that is responsible for decreased electrochemical degradation efficiency since it consumes large part of the current applied during the treatment accounts for the low TOC/COD removal attained with both anode compositions. Ruthenium based anodes are referred to have higher activity towards OER than iridium based anodes.36,37 The better performance observed for this material can be due to many RuO2 oxidation    states which can improve the total organic compound oxidation.

  The degradation rates were investigated applying 25 mA cm–2 at a fixed catalyst composition of ruthenium and iridium oxides (Ti/M0.2Ti0.8O2, M = Ir and Ru). Figure 3 shows the behavior of the electrolysis. The kinetic data obtained indicated that the rate constant is independent of the catalyst investigated and the measurement technique. The following values were obtained for ruthenium and iridium catalyst, respectively: TOC data (k = 2.89 × 10–5 and 1.0 × 10–5 s–1) COD data (4.6 × 10–5 and 4.8 × 10–5 s–1).
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  Because almost 50% of the organic carbon still remained in the solution without being mineralized, it is very important to find out which other species might also be formed during the electrolysis. In the particular case of diuron, both UV-Vis and HPLC assays conducted after the electrolysis indicated the formation of undesirable byproducts for all the investigated electrode compositions. Figure 4 shows a representative UV-Vis spectra of 50 ppm diuron solutions before and after electrolysis (i = 100 mA cm–2, Ti/Ru0.29Ti0.71O2). The spectra recorded after the electrolysis displayed a slightly decreased peak in the UV region of the spectrum (254 nm), which was accompanied by the enhancement of the shoulder at 288 nm. These features suggest the formation of byproducts. The chromatographic analyses obtained for the 50 ppm diuron solution before electrolysis at 100 mA cm–2 display only the single peak relative to the herbicide diuron, after 4 h of electrolysis. There is evidence that partial oxidation of the herbicide occurred since the well-defined peak of diuron diminished to 42% as compared to the peak registered for the freshly prepared herbicide solution. Furthermore, four new peaks were detected, independent of the investigated electrode. These new peaks can be directly related to some of the common byproducts of diuron oxidation.38 The chromatographic data thus confirmed the previous results presented in Figures 2 and 3, and also corroborated with spectroscopic data, indicating that approximately 25% of the herbicides was converted to intermediate products after 4 h of electrolysis, and that 15% CO2 was formed.

  
    

    [image: Figure 4. UV-VIS spectra]

  

  The UV-Vis and HPLC analyses evidenced that the removal of the active ingredient does not depend on the electrode material and composition because there was a 40% decrease in the amount of diuron for all the examined electrodes.

  Considering the similar performance of the electrodes with respect to diuron degradation, the Ti/Ru0.18Ti0.82O2 and Ti/Ir0.21Ti0.79O2 compositions were selected for assessment of the effect of chlorine on the degradation rate. These compositions were chosen for the lower amount of Ru and Ir employed during electrode preparation in order to make the electrodes economically more viable.

  Electrochemical oxidation in chloride medium

  Chlorine has been widely used as a decontaminant agent for aqueous effluents. For this purpose, it is directly added in the form of hypochlorite or in situ generated by conduction of the electrolysis under chloride medium. DSA®-based electrodes are highly active for chloride evolution, so they have been often employed in the chlor-alkali industry.23 The advantage of using this type of electrode when sodium chloride is employed as the supporting electrolyte is the direct generation of many powerful oxidizing species, such as Cl2 gas, ClO– and HClO, in the bulk solution. The mechanism for the chlorine evolution reaction (ClER) in oxide electrodes ends with formation of Cl2 gas at the anode surface producing reactive species responsible for faster organic compound degradation, as follows:23

  
    [image: Equation (1)]
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  Sodium chloride plays an important role in the degradation of organic compounds because it can provide a media with more powerful oxidizing species during the electrolysis. These species, in turn, are able to oxidize the herbicide faster, thereby promoting increased degradation rates. Figure 5 represents the degradation behavior of diuron after 4 h of electrolysis in the presence of 1000 mg L–1 chloride, upon application of different charges (360, 720 and 1440 C). The analysis of Figure 5 clearly shows that the presence of chloride ions enhances the performance of the electrode for herbicide degradation. Even at low current density, chloride provides much better organic removal as compared to the electrolysis carried out in sodium sulfate. Moreover, again, it seems that the current density does not have an important part in the electrolysis efficiency, i.e., for both electrodes employed herein, the best rates of diuron degradation were obtained at low current densities. So, even at low current density, the electrodes are capable of generating sufficient amount of the oxidizing species that are responsible for better removal of organic matter. The comparison of both evaluated materials evidences that the Ru-based electrodes afford much better removal than Ir-based electrodes. In fact, 55 ± 2.5% TOC removal and almost 100% COD removal were attained after 4 h electrolysis, with the Ti/Ru0.18Ti0.82O2 material, by passing 360 C. Again, Ir-based electrodes led to lower efficiency as compared to Ru-based ones. This indicates that, besides presenting higher performance in the absence of chloride, the Ru-based electrode seems to be more active for the chloride evolution reaction, thus generating more active species during the electrolysis.
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  Another interesting feature about electrode composition can be noted by analyzing Figure 6. The UV-Vis spectrum recorded after accomplishing the electrolysis in the presence of Ti/Ru0.18Ti0.82O2 in chloride medium (Figure 6a) demonstrates that the peak related to the herbicide at 249 nm disappeared, indicating complete diuron removal with formation of simple molecules. As for Ti/Ir0.21Ti0.79O2 anodes (Figure 6b), the spectrum displayed an intense peak at 300 nm, not observed before and suggests the formation of a different byproduct.
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  The HPLC analyses of the samples before and after the electrolysis in chloride media were conducted to investigate the possible formation of byproducts from the oxidation of diuron. After 4 h of electrolysis, the peak relative to diuron diminished, indicating that the herbicide was almost completely oxidized. Furthermore, other peaks related to the products generated from the breakdown of the diuron molecule were identified. These data are in agreement with Figure 5, which showed that 45 ± 2.2% TOC still remained in solution even under the best removal conditions.

  The HPLC analysis for the chloride medium (1000 mg L–1) was also performed as a function of electrode composition and charge (360, 720 and 1440 C). The examination of the data revealed that the resulting byproducts depend on electrode composition and current density.

  This is an important finding since it has been observed that, while there was no significant enhancement in the total removal of organic matter, larger current densities culminate in a different byproduct profile. In other words, increased current density led to a higher amount of some of the more oxidizable species as well as to new byproducts.

  Table 1 summarizes the HPLC profile obtained with both tested electrodes after 4 h of electrolysis in chloride medium. Besides the main 6 byproducts (B, D, E, F, G and H) formed under lower current density, two new byproducts (A and C) were detected at higher current densities, regardless of the electrode composition. This indicates that when higher charge is applied, new products are formed indicating the degradation of more recalcitrant byproducts can be obtained. Besides the above mentioned byproducts, a large number of new byproducts (I, J, K, L, M and N) was also detected in the case of the Ir-based electrode, also depending on the applied current. This complex behavior confirms the previous analysis showing that the oxidation at the iridium oxide electrode was milder and therefore more likely to generate a larger number of byproducts.
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  A very easy way to obtain more clues about the efficiency of each tested material and electrolysis condition is to determine the energy cost during the different experiments. The energy cost is defined as the energy used for the oxidation of the organic compound. The energy cost is calculated by considering the TOC values of the wastewater before and after electrolysis. The energy cost was calculated by using the equation proposed by Martínez-Huitle and Brillas:39

  Energy cost [image: Equation (6)]

  where V is the average potential of the cell (V), I is the applied current (A), t is the time during which the process is applied (h), Vs is the total volume of the electrochemical cell (L), and Δ(TOC)exp is the TOC decay during the treatment (g L–1).

  The energy cost of the ruthenium electrode (Ti/Ru0.18Ti0.82O2) by passing 1440 C was 18.9 and 6.8 kWh mg–1 TOC in the absence and presence of chloride, respectively, with a twofold increase in percent removal values. The same occurred in the case of the Ir-based electrode (Ti/Ir0.21Ti0.79O2) with 18.5 and 9.0 kWh mg–1 TOC in absence and presence of chloride. These values are very high once the cell design for large scale application was not optimized. Considering an industrial cell design, in which the small distance between anode and cathode and the high current conductivity of the solution is employed (70 mS cm–1), a much better efficiency can be expected for a treatment plant.

  To the best of our knowledge, there is no investigation on the electrochemical degradation of diuron employing DSA®-anodes. The TOC abatement shows that electrochemical treatment has potential to achieve the lower limits determined by some environmental agencies (150 mg L–1).40

  Many works concerning the kinetics of chemical degradation of diuron have indicated that 33% degradation can be achieved under high temperature and extreme pH conditions.41,42 Other commonly investigated degradation processes are the fenton, electro-fenton and photoelectro-fenton processes. Under these conditions, total degradation of diuron has been obtained in highly oxidizing medium (electro-fenton and photo-electro-fenton).43-45 An interesting feature has been reported by Polcaro et al.,46 who utilized boron-doped diamond anodes under current densities of 15 and 51 mA cm–2 and obtained complete removal of the herbicide diuron. These authors claimed no presence of intermediate products.

   

  Conclusions

  The results showed that DSA®-type electrodes can be potentially applied in the electrooxidation of the herbicide diuron. The studies conducted in the presence and absence of chloride demonstrated that the addition of chloride promoted a more efficient electrochemical process for the removal of COD and TOC. HPLC and UV-Vis analyses were important for assessment of the possible formation of byproducts during the oxidation of diuron. According to the chromatograms, the increase in current density led to higher amounts of some of the more oxidizable species, and some new byproducts were detected. The obtained products depended on anode composition: ruthenium-based ones gave fewer byproducts and higher degradation of the herbicide.
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    A determinação de selênio, crômio e cobre em corantes alimentares por espectrometria de absorção atômica com forno de grafite foi feita utilizando-se uma simples dissolução ácida como tratamento de amostra. Modificadores químicos foram investigados para os três analitos. Utilizando calibração por compatibilização de matriz, temperaturas de pirólise e de atomização de 1300 e 1800 ºC, respectivamente, e 5 &#181;g Pd + 3 &#181;g Mg(NO3)2 como modificador químico foi possível a determinação de selênio em todos os corantes estudados. Para o crômio, 15 &#181;g Mg(NO3)2 foram utilizados como modificador químico e as temperaturas de pirólise e atomização foram de 1500 e 2500 ºC, respectivamente, usando calibração externa. A determinação de cobre foi feita sob temperaturas ideais de pirólise (1200 ºC) e de atomização (2000 ºC) usando 5 &#181;g Pd + 3 &#181;g Mg(NO3)2 como modificador químico e, dependendo do corante, foi necessário o uso de calibração externa ou de adição de padrão. Valores de recuperação entre 90 e 110% foram obtidos com os métodos desenvolvidos. As análises dos corantes utilizados por indústrias alimentícias mostraram concentrações de Cu abaixo dos valores máximos recomendados pela legislação brasileira, no entanto, não existem limites estabelecidos para Se e Cr.

  

   

  
    The determination of selenium, chromium and copper in food dyes by graphite furnace atomic absorption spectrometry was carried out using a simple acid dissolution as sample treatment. Different chemical modifiers were investigated for the three analytes. Using the matrix-matching calibration technique, pyrolysis and atomization temperatures of 1300 and 1800 ºC, respectively, and 5 &#181;g Pd + 3 &#181;g Mg(NO3)2 as chemical modifier allowed the determination of Se in all the studied dyes. For chromium, 15 &#181;g Mg(NO3)2 were used as chemical modifier, and pyrolysis and atomization temperatures were of 1500 and 2500 ºC, respectively, using external calibration. The determination of copper was carried out under the optimized temperatures of pyrolysis (1200 ºC) and atomization (2000 ºC) using 5 &#181;g Pd + 3 &#181;g Mg(NO3)2 as chemical modifier and, depending on the dyes, it was necessary to use external or standard addition calibration. Recoveries between 90 and 110% were obtained for the developed methods. The analysis of dyes used by food industries showed concentrations of Cu below the maximum values recommended by Brazilian legislation, however, there are no established limits for Se and Cr.
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  Introduction

  Food additives, mainly dyes, are added to foods as additional substances, without the objective of increasing their nutritional value, having only the function of coloring or enhancing the color, and thereby, the acceptability of the product by consumers.1

  The relation between food colorants and harmful effects to human health may be increased by the presence of toxic elements or by the presence of essential elements in excessive quantity. From the point of view of public health, there are some disagreements concerning the safety of artificial colorants but generally the toxicity of the dyes is related to the amount ingested by the consumer, by either consumption of large amounts of naturally colored foods and/or artificially colored foods, or due to the amount of dye added to the food, which should be minimal, using only an amount that enables the dye to provide the desired color.1-6

  In Brazil, there is no production of food dyes, which means that these additives need to be imported.1 The quality of food products is regulated by the Brazilian National Health Surveillance Agency (ANVISA) associated to the Health Ministry. According to Resolutions No. 382 to 388, eleven artificial dyes are allowed for use in foods and beverages in Brazil: Tartrazine (E102, yellow), Sunset Yellow FCF (E110, orange), Azorubine (E122, red), Amaranth (E123, red), Ponceau 4R (E124, red), Erythrosine (E127, pink), Allura Red AC (E129, red), Patent Blue V (E131, blue), Indigotine (E132, indigo), Brilliant Blue FCF (E133, blue) and Fast Green FCF (E143, turquoise shade).5 Resolution CNS/MS No. 04, concerning inorganic contaminants, shows limiting values in food colorants only for arsenic, lead, copper, tin and zinc.7

  Many studies in the literature describe the toxicity of dyes, but few of them deal with the inorganic composition, i.e., the ions of inorganic elements that are present in the artificial food colorants. Among these few works, it is possible to find the determination of Cr in FD&C Blue No. 1 dye (for food, drugs and cosmetics).2-4,8-10

  A major advantage of GF AAS (graphite furnace atomic absorption spectrometry) for the determination of metal ions is the introduction of the sample with little or no pre-treatment. Although this technique does not present many difficulties in the determination of one analyte in the presence of others, considering that the matrix should be eliminated in the pyrolysis step, some problems can occur in the determination of certain analytes, especially when present in very complex samples, such as food colorants. In these cases it is extremely important to use chemical modifiers, mainly in the determination of selenium. This element has a very low wavelength for absorbance that generates high background values, hindering its determination in various matrices.11,12

  The determination of selenium using GF AAS in various matrices shows the difficulty of using an external calibration curve. All the works found in the literature describe the need of chemical modifier, and frequently a matrix-matching procedure is also used in order to allow the determination of Se. The use of a L'vov platform coated with W-Rh proved to be more efficient than ammonium phosphate, magnesium nitrate, and palladium, usually used as chemical modifiers.13 For the determination of Se in plants, however, the use of Pd(NO3)2 showed the best results.14 In another work, the same authors have used W for the determination of Se in soils and obtained recoveries between 80 and 90%, in addition to a significant increase in the lifetime of the graphite tube, corresponding to 750 heating cycles.15 Theodorolea et al.16 have studied Zr, Ir and the mixture of Zr-Ir concluding that the combination of 2 &#181;g Zr + 2 &#181;g Ir showed the best results for the determination of Se. González-Nieto et al.17 have described the effects of Pd, Ni and mixtures of these two different modifiers to determine Se in soils and they have shown that all combinations evaluated lead to accurate results and good detectability. For the determination of Se in the presence of Pd/Mg(NO3)2, Pd or Ir was also reported for different kinds of matrices.18-21

  In contrast, the determination of Cr and Cu does not indicate a great difficulty, but usually it is also necessary to use chemical modifier for the determination of these analytes in complex matrices. Daftsis and Zachariadis22 emphasized the use of standard addition calibration as well as a chemical modifier for the determination of Cr and other analytes by GF AAS in fractions of blood, which is a very complex sample, while Dobrowolski23 did not find difficulties for the determination of Cr using an external calibration curve. Felipe-Sotelo et al.24 have accurately determined Cr, Ni and V in complex matrices by GF AAS using slurry-based procedures. The determination of copper by GF AAS has been the aim of many studies in different kind of samples and the use of chemical modifiers such as Sc + Pd + NH4NO325 is described in the literature. Kılıç et al.26 have determined Pb and Cu in chewing gum using various chemical modifiers and obtained good results with W + Pd.

  The presence of these analytes in the dyes originates from the use of catalysts in previous stages of the synthesis of these macromolecules.8 The determination of Se and Cu are of great interest because they are considered essential elements at trace levels but they may become toxic at higher concentrations. The inorganic forms of Se are more toxic than organic forms and its particularity is in the small difference between the concentration considered toxic and that recommended in the diet. Related to chromium, the trivalent form is considered essential at trace level, while Cr(VI) is considered toxic at any concentration.8,13,27

  Considering the small number of studies related to food dyes and the lack of information in Brazilian law, as well as the commercial interest in this kind of sample and the importance of metal ions in the nutritional and toxicological areas, this work was carried out in order to obtain information about the total inorganic content of Cr, Cu and Se in food dyes.

   

  Experimental

  Instrumental

  All the experiments were carried out with a graphite furnace atomic absorption spectrometer (AAnalyst model 600, Perkin-Elmer, Norwalk, CT, USA) with background corrector based on the Zeeman effect, automatic sampler (model AS-800), standard graphite tube with integrated L'vov platform and transversal heating (THGA). The radiation sources were a Se electrodeless discharge lamp (EDL, Perkin Elmer; I = 290 mA) and hollow cathode lamps (HCL, Perkin Elmer, I = 25 mA) for Cr and Cu. The measurements were made at the 196.0 nm resonance line with a bandwidth of 2.0 nm for Se, and at 357.9 nm for Cr and at 324.8 nm for Cu, with a bandwidth of 0.7 nm for both of them. The inert gas used was argon, at 250 mL min–1 flow rate, except during the atomization step when it was interrupted. All the measurements were made in integrated absorbance units. The volumes of sample and chemical modifier, injected during the analysis into the graphite tube, were 20 and 5 &#181;L, respectively. The GF AAS optimized conditions used in the measurements are described in Table 1.

  
    

    [image: Table 1. Graphite fumace heating]

  

  Reagents

  All chemical reagents were of analytical grade. Deionized water (resistivity of 18.2 MΩ cm) was obtained with a Milli-Q System (Millipore, Bedford, MA, USA). Nitric acid and hydrogen peroxide were obtained from Merck (Merck, Darmstadt, Germany). All sample containers, autosampler cups and other materials were washed with water, soaked in 10% v v−1 nitric acid for 24 h and rinsed with deionized water prior to use.

  Stock solutions of Se, Cr and Cu (1000 mg L−1) were prepared by dissolving selenium oxide (Titrisol, Merck), chromic chloride and copper chloride (Titrisol, Merck) with previously distilled 2% v v−1 HNO3. Analytical standards with concentrations between 2 and 100 &#181;g L−1 were prepared from these solutions using 10% v v–1 HNO3 for selenium and 0.4% v v–1 HNO3 for Cr and Cu.

  The chemical modifiers were prepared from a 10,000 mg L−1 Pd(NO3)2 solution in 15% v v−1 HNO3 (Merck), a 10,000 mg L−1 IrCl3·3H2O solution in 20% v v−1 HCl (VHG Labs, Manchester, USA), solid Mg(NO3)2 (Acros, New Jersey, USA), solid Ni(NO3)2·6H2O (Ecibra, Santo Amaro, SP, Brazil), solid AgNO3 (Avi-Cenna, Guarulhos, SP, Brazil) and solid (NH4)6W7O24·6H2O (Carlo Erba, Milan, Italy).

  The food colorants used in this study were the following: Tartrazine - E -102 (BASF) and E-102b (from a food analysis laboratory), Sunset Yellow FCF - E-110 (BASF), Amaranth - E-123 (BASF) and E- 123b (from a food analysis laboratory), Ponceau 4R or New coccine - E-124 (BASF), Indigotine - E-132 (BASF) and E-132b (from a food analysis laboratory), Erythrosine - E-127 (from a food analysis laboratory) and Red 40 - E-129 (from a food analysis laboratory).

  Sample treatment

  For sample preparation, an acid dissolution was carried out, which consists in dissolving the dye in dilute HNO3 before transferring the sample to the GF AAS.

  For the determination of selenium, the samples were dissolved in 10% v v–1 HNO3, and to determine chromium and copper, the samples were dissolved in 0.4% v v–1 HNO3.

  Chemical modifiers

  The following chemical modifiers were evaluated for the determination of selenium in food dyes: 5 &#181;g Pd; 50 &#181;g Ni; 5 &#181;g Pd + 3 &#181;g Mg(NO3)2; 30 &#181;g Pd + 30 &#181;g Mg(NO3)2; 5 &#181;g Pd + 50 &#181;g Ni; 5 &#181;g Pd + 3 &#181;g Mg(NO3)2 + H2O2 (20, 40 and 60% v v−1), added to the sample solution; thermally coated treatment using 520 &#181;g Ir28 (alone and as a mixture, as follows); 520 &#181;g of thermally coated Ir + 5 &#181;g Pd + 3 &#181;g Mg(NO3)2; 520 &#181;g of thermally coated Ir + 5 &#181;g Pd + 50 &#181;g Ni; 250 &#181;g of thermally coated W29 (alone and as a mixture, as follows); 250 &#181;g W + 5 &#181;g Pd + 90 &#181;g Mg(NO3)2; and 200 &#181;g W + 5 &#181;g Pd + 50 &#181;g Ni. The study was carried out using E-132.

  For Cr and Cu, two modifiers were evaluated: 15 &#181;g Mg(NO3)2 and the mixture 5 &#181;g Pd + 3 &#181;g Mg(NO3)2. The study was carried out using the dyes E-102, E-110, E-123, E-124 and E-132.

  Figures of merit for analyte determinations

  Using the optimized conditions for sample treatment, furnace heating program and modifier, analytical calibration curves were built and the evaluation of analyte addition and recovery, slope of the calibration curve, relative standard deviation (RSD), and limits of detection (LOD) and of quantification (LOQ) was carried out. Additions of the analytes at three different concentrations were carried out in triplicate for each dye.

  The LOD and LOQ values were calculated from the equations: (3 × s/α) for LOD and (10 × s/α) for LOQ, where s is the standard deviation of the blank, and α the angular coefficient of the analytical curve.30 To evaluate the precision and accuracy parameters, addition and recovery tests were used, evaluating RSD, considering the lack of certified reference materials for these metal ions in food dyes.

  External analytical curves (20-80 &#181;g L–1 Se) were obtained and addition and recovery tests at three levels of concentration were done for each of the studied dyes. For this, 20, 50 and 80 &#181;g L–1 Se were added to 2.5 g L–1 of each dye. Analyte addition curves (16-80 &#181;g L–1 Se) were also built for each dye. The matrix-matching method was evaluated using the curve obtained for E-132 dye and addition and recovery of 60 &#181;g L–1 of Se for each dye.

  External analytical curves (2-17.5 and 10-80 &#181;g L–1) were obtained to evaluate low and high concentrations of Cr, and addition and recovery tests were done for each of the studied dyes. For this, 2.0, 7.5 and 15 &#181;g L–1 of Cr were added to 2.5 g L–1 of each dye to evaluate the recoveries of low concentrations, and 10 and 70 &#181;g L–1 of Cr were added to 1.6 g L–1 to evaluate the recoveries of high concentrations of this analyte in food dyes. Analyte addition curves (2-17.5 &#181;g L–1) were also built for each dye.

  For Cu, external analytical curves (2-25 and 10-100 &#181;g L–1) were obtained to evaluate low and high concentrations and additions, and recovery tests were also done for each of the studied dyes. For this, (2 and 10 &#181;g L–1), (7, 10 and 17.5 &#181;g L–1) and (12, 17.5 and 25 &#181;g L–1) of Cu were added to 12.5 g L–1 of each dye to evaluate the recoveries of low concentrations. The additions were done depending on the concentration of analyte in each dye. Additions of 10 and 90 &#181;g L–1 of Cu to 5 g L–1 of each dye were used to evaluate the recoveries of high concentrations of analyte in food dyes. Analyte addition curves (2-25 &#181;g L–1) were also built for each dye and recovery tests were done with the addition of 10 &#181;g L–1.

   

  Results and Discussion

  Optimization of the chemical modifiers and pyrolysis and atomization temperature for Se

  Different works described the difficulties of obtaining a chemical modifier that can improve the thermal stability of selenium in order to be able to apply higher pyrolysis temperatures to eliminate the matrix.17,18,31-33 Considering the complexity of the dye samples, a study of different chemical modifiers was carried out, as described in the Experimental section.

  The combination 5 &#181;g Pd + 50 &#181;g Ni gave good results, with recoveries of about 80% although it is necessary to use a matrix-matching calibration to determine Se in food dyes. The presence of Ni decreases the volatility of Se in the dye sample and the signal shows an adequate profile.17,31,34,35 Additionally, high analytical signals were obtained when increasing the amount of Pd in the combination Pd + Mg(NO3)2 due to the trapping of Se in the graphite surface in the presence of large amounts of Pd, although a broad peak and high background signal were observed in the presence of higher Pd concentrations. In the case of 30 &#181;g Pd + 30 &#181;g Mg(NO3)2, for instance, the analytical signals seem to be better than the 5 &#181;g Pd + 3 &#181;g Mg(NO3)2, and the background was efficiently corrected by Zeeman effect and quantitative measurements were allowed. However, usually higher deviations were observed, with RSD above 10%, while for 5 &#181;g Pd + 3 &#181;g Mg(NO3)2, RSD was about 3%, which showed to be suitable for analysis.

  The effect of hydrogen peroxide on the determination of Se was also evaluated. Solutions of  E-132 dye containing 100 &#181;g L–1 Se were prepared in the presence of 20, 40 and 60% v v–1 H2O2 and the analyses were done in the presence of 5 &#181;g Pd + 3 &#181;g Mg(NO3)2 as chemical modifier. Instead of an increase in the analytical signals, double peaks were observed for all amounts of hydrogen peroxide studied, suggesting that different selenium species are being formed.

  Permanent modifiers have been studied for the determination of various elements in different matrices. The use of coated W (250 &#181;g) or coated Ir (520 &#181;g), in the absence of other modifiers, did not stabilize Se at temperatures higher than 1000 ºC, probably because the analyte remains entrapped in the platform (Se-W and Se-Ir), affecting atomization. The combinations of 200 &#181;g W + 5 &#181;g Pd + 50 &#181;g Ni and 250 &#181;g W + 5 &#181;g Pd + 90 &#181;g Mg(NO3)2 or 520 &#181;g Ir + 5 &#181;g Pd + 50 &#181;g Ni and 520 &#181;g Ir + 5 &#181;g Pd + 3 &#181;g Mg(NO3)2 allowed pyrolysis temperatures of 1200 ºC but recovery tests showed values lower than 60%, in comparison with the aqueous standard solution.

  Another aspect that must be evaluated in the determination of Se in food dye samples is the background signal. Comparing the analytical signals obtained for Se in the dye and in the aqueous standard solution, higher absorbance values are obtained in the presence of Pd + Ni and Ni, while background signals increased in the presence of Ni (Figures 1 and 2), leading to higher values of RSD.

  
    

    [image: Figure 1. Absorbance]

  

  
    

    [image: Figure 2. Background absorbance]

  

  Figure 3 shows pyrolysis and atomization curves for Se in the presence of the Pd/Mg chemical modifiers and without modifier. Considering the absorbance values, the background and the profile signals, the conventional modifier 5 &#181;g Pd + 3 &#181;g Mg(NO3)2 was selected for Se determination.

  
    

    [image: Figure 3. Pyrolysis and atomization temperature]

  

  Selenium determination

  Considering the results obtained in the study of chemical modifiers, the most used conventional modifier 5 &#181;g Pd + 3 &#181;g Mg(NO3)2 was shown to be the most suitable for the determination of Se and was used in association with 1300 °C for pyrolysis and 1800 °C for atomization, in order to obtain two calibration curves, an external standard calibration and a standard addition calibration, for each of the dyes studied.

  Table 2 shows the figures of merit for these curves, for all the dyes studied in this work. Observing the curves and comparing the slopes, it is possible to verify the presence of a matrix effect, confirming the results obtained during the evaluation of the chemical modifiers. The same behavior was observed in the addition and recovery studies using external calibration. Considering the recovery values of about 50%, for three different levels of Se concentration, it is mandatory to use the matrix-matching calibration for the determination of selenium in food dyes.
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  As the slopes from the standard addition calibration curve were similar, it is possible to use the curve of any dye to determine the others. In order to confirm this possibility, an addition and recovery study of 60 &#181;g L–1 Se in the dyes was carried out. Table 3 shows the values of recovery for the studied dyes using the curve for E-132 dye. The obtained results are quantitative showing the possibility to use standard addition calibration of one dye for the determination of others.
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  Selenium was not detected in the dyes studied in this work but if its concentration is higher than the LOD value, the use of matrix-matching calibration allows detecting this analyte since the absolute use of chemical modifiers alone is not able to overcome the matrix effect of food dyes. Using this procedure, good accuracies, recoveries between 90 and 100% and relative standard deviations lower than 10% were obtained. The main advantage of the proposed procedure is the possibility of determining selenium when present in concentrations above the LOD value, in undigested solutions, using only sample dilution with 10% HNO3 v v–1, reducing the possibilities of experimental errors and contamination due to more complicated sample treatment.

  Optimization of the pyrolysis and atomization temperatures for chromium and copper

  After evaluating different reagents, 15 &#181;g Mg(NO3)2 were selected as chemical modifier for chromium determination and 5 &#181;g Pd + 3 &#181;g Mg(NO3)2 were used for copper. Figures 4 and 5 show the pyrolysis and atomization curves for Cr and Cu, respectively, in the presence of some dyes. Observing the curves obtained for Cr, it was possible to select the temperature of 1500 °C for the pyrolysis step and 2500 °C for the atomization since the absorbance decreases below this temperature for E-102, E-123 and E-110 dyes. The pyrolysis and atomization temperatures selected for Cu were 1200 and 2000 ºC, respectively.
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  The pyrolysis and atomization temperatures for Cr did not change significantly when different matrices are studied22-24,36,37 because when in contact with the platform, the analyte forms a very stable carbide that must be disrupted in the atomization step.

  For Cu, however, the pyrolysis and atomization temperatures vary widely25,26 depending on the matrix since this analyte is more affected by matrix interference. This is because the carbide compounds formed are not as stable as the Cr compounds.

  Chromium and copper determinations

  External standard calibrations for two concentration levels and standard addition calibration were obtained for each studied dye in order to investigate the matrix effect to determine Cr and Cu in dyes. Table 4 shows the figures of merit for Cu and Cr in all the curves.
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  Comparing the slopes obtained for curve A (external calibration for low concentration of the analyte) and the standard addition curves for Cr, less than 10% of variation between them were observed, which means that there is no significant matrix effect. However, 15 &#181;g Mg(NO3)2 as chemical modifier were needed in order to avoid analyte loss in the pyrolysis step.

  The curves for Cu did not follow the same trend observed for Cr. In the case of E-132 dye, the slope is lower than those of other dyes and also than that of the external calibration curve (A). The opposite effect was observed for E-123 dye. For these dyes, it is advisable to use the standard addition calibration for copper determination, while for the other dyes, external calibration may be used. Additionally, 5&#181;g Pd + 3 &#181;g Mg(NO3)2 must be used for the determination of copper.

  Addition and recovery experiments for Cr and Cu were carried out using the external standard calibration for all the dyes.  Considering precision, accuracy and repeatability in the determination of Cr in dyes, the quantification method using the external calibration curve showed a good performance with recoveries better than 90%. For Cu, the same results were obtained, except for E-123 and E-132 dyes. In this case, as commented before, standard addition calibration is necessary.

  It is important to emphasize that curve A represents the expected concentration of these analytes in this kind of samples and curve B was obtained taking into account the values established by legislation. The Brazilian legislation limit for Cu in food dyes is 20 mg kg–1, but there is no value for chromium. However, JECFA (Joint FAO/WHO Expert Committee on Food Additives) establishes the maximum limit of 50 mg kg–1 for Cr in some dyes.5-7

  Application of the proposed methods

  The methods developed were applied for the determinations of Cr and Cu in some food dyes in industrial use. The experiments were conducted using external calibration curves under the optimized conditions for each analyte and the results are presented in Table 5. The values for selenium are not shown as they were all below the LOQ value for all the dyes, and there is no value for Se in dyes in any legislation.
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  Analyzing the results obtained it is possible to conclude that the consumption of foods containing these dyes does not present any risk to health concerning the concentration of Cr and Cu.

   

  Conclusions

  A simple acid dissolution proved to be a suitable procedure for dye sample preparation without the need of many steps of sample manipulation.

  During the pyrolysis of the sample, Se cannot be completely stabilized, independent of the modifier studied in this work, showing the difficulty of an effective analyte thermal stabilization. In order to overcome this difficulty, matrix-matching calibration may be used, allowing better accuracy and precision for these kinds of samples.

  The methods for the determination of Cr and Cu in food dyes were also good, showing appropriate precision, repeatability and accuracy.

  The consumption of these dyes does not represent a serious health problem considering the results obtained, i.e., when only its inorganic content is considered, because according to the legislation,5-7 the amount of dye added to the food must be in the range of 5-600 mg kg–1. So, the quantities of the analytes found in this study are low, and thus the relationship between the amount ingested per day and the allowed daily intake shows that the metal concentrations ingested from the dyes are below this daily intake.27
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    O comportamento eletroquímico do aliscireno (ALS) foi estudado por meio de métodos experimentais eletroquímicos e cálculos teóricos realizados em nível B3LYP/6-31+G (d)//AM1. Estudos eletroquímicos foram baseados nos processos de redução reversível controlada por adsorção a ca. −1,5 V em eletrodo gotejante de mercúrio (HMDE) e de oxidação eletroquímica irreversível a ca. 1,0 V em eletrodo de carbono vítreo (GCE) do ALS vs. Ag/AgCl, KCl (3,0 mol L−1) em solução tampão Britton-Robinson pH 10 e 8, respectivamente. De acordo com os achados computacionais e experimentais, o ALS é esperado ser irreversivelmente oxidado na posição benzílica e reversivelmente reduzido nos grupos carbonila da amida. Métodos voltamétricos com e sem modo de redissolução adsortiva foram desenvolvidos e validados para quantificação do ALS em diferentes amostras. Limites de detecção e de quantificação para o ALS foram 6,3 × 10−8 e 2,1 × 10−7 mol L−1 por voltametria de pulso diferencial em HMDE e 1,2 × 10−8 e 3,9 × 10−8 mol L−1 por voltametria de onda quadrada com redissolução catódica adsortiva. Os métodos foram aplicados com sucesso em ensaios de fármacos em comprimidos e em sangue humano com boas recuperações, entre 91,7 e 102,3%, e desvio padrão relativo menor que 10%.

  

   

  
    Electrochemical behavior of aliskiren (ALS) was studied via experimental electrochemical methods and theoretical calculations performed at B3LYP/6-31+G (d)//AM1. Cyclic voltammetry studies were carried out based on the adsorption-controlled reversible reduction at ca. −1.5 V on hanging mercury drop electrode (HMDE) and irreversible electrochemical oxidation of ALS at ca. 1.0 V on glassy carbon electrode (GCE), vs. Ag/AgCl, KCl (3.0 mol L−1), in Britton-Robinson buffer at pH 10 and 8, respectively. According to computational and experimental findings, ALS is expected to be oxidized irreversibly at benzylic position and reduced reversibly at amide carbonyl groups. Voltammetric methods with and without adsorptive stripping mode were developed and validated for quantification of ALS in different samples. Limits of detection and of quantification for ALS were 6.3 × 10−8 and 2.1 × 10−7 mol L−1 for differential pulse voltammetry on HMDE and 1.2 × 10−8 and 3.9 × 10−8 mol L−1 for square-wave cathodic adsorptive stripping voltammetry. The methods were successfully applied to assay the drug in tablets and human serum with good recoveries, between 91.7 and 102.3%, having relative standard deviation less than 10%.

    Keywords: aliskiren, density functional theory, electrochemical behavior, electrode mechanism, HOMO-LUMO, voltammetric determination

  

   

   

  Introduction

  Aliskiren (ALS), chemically known as (2S,4S,5S,7S)-5-amino-N-(2-carbamoyl-2,2-dimethylethyl)-4-hydroxy-7-{[4-methoxy 3-(3-methoxypropoxy)phenyl]methyl}-8-methyl-2-(propan-2-yl)nonanamide (Figure 1), is an oral renin inhibitor used in the treatment of hypertension. It can be used in combination with other drugs in the antihypertensive class, as well as alone.1
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  Electrochemical studies and their results might be used in the investigation of physical, chemical and redox behaviors of organic-inorganic molecules. Some of these properties and their evaluation are of great importance to biologically important molecules, especially to drug compounds. Electrochemical methods make it possible to evaluate reduction and oxidation characteristics, plausible redox pathways and adsorption-diffusion parameters ofmolecules under investigation.2-7 These parameters are important for distribution, metabolism, pharmacological, toxicological and pharmacokinetic properties of drugs. Theoretical calculations were also found to be useful as an additional tool to enlighten oxidation-reduction mechanisms.6,8,9

  Since ALS is very new as a drug, only few analytical methods have been described for its determination in pharmaceutical samples/biological fluids and amongst them are spectrophotometry,10 spectrofluorimetry,11,12 layer chromatography (LC),13 micellar electrokinetic chromatography, 14 high-performance liquid chromatography (HPLC),15 hydrophobic interaction liquid chromatography16 and reversed phase-LC (RP-LC)17 methods. To the best of our knowledge, up to the present time, there is no electrochemical study dealing with voltammetric determination of ALS in pharmaceutical formulation and biological samples.

  Voltammetric techniques are used for the quantitative determination of a variety of organic and inorganic substances including drug active ingredients and excipients in pharmaceutical dosage forms and their possible metabolites in biological fluids. Additionally, voltammetric stripping technique extends the use of these methods ensuring lower limits of detection. Many applications of the voltammetric stripping methods have been reported in the literature to determine environmentally and biologically important substances.2,3,6-8,18-21

  The present study was designed to investigate the electrochemical behavior of ALS on hanging mercury drop electrode (HMDE) and glassy carbon electrode (GCE). A tentative reaction mechanism was also proposed. Computational studies were performed to enlighten the redox reaction mechanisms. In addition, it was also aimed to develop rapid, simple and novel voltammetric methods for direct determination of ALS in pharmaceutical dosage forms and human serum.

   

  Experimental

  Apparatus

  All voltammetric measurements on HMDE and GCE were carried out using a CH-instrument electrochemical analyzer (CHI 760). The three electrode system consisted of working electrodes (HMDE; BAS CGME 1108, 0.0145 cm2 and GCE; BAS, MF 2012, 0.071 cm2), reference electrode (Ag/AgCl, 3 mol L−1 KCl; MF-2052, RE-5B) and a Pt auxiliary electrode (BAS MW-1034). Prior to each experiment, GCE was polished manually with slurries prepared from 0.01 micron aluminum oxide on a smooth polishing pad (BAS velvet polishing pad), then rinsed with bidistilled water thoroughly.

  All pH measurements were made with Thermo Orion model 720A pH ion meter having an Orion combined glass pH electrode (912600; Thermo Fisher Scientific). Bidistilled deionized water was supplied from Ultra-Pure Water System (ELGA as PURELAB Option-S). All the measurements were performed at room temperature.

  Reagents and solutions

  ALS standard was supplied from Novartis. All the chemicals were of analytical grade.

  ALS stock solutions (1.0 × 10−3 mol L–1) were prepared in bidistilled water and kept in the dark in a refrigerator. ALS working solutions were prepared by sufficient dilution of stock solution with selected supporting electrolyte and used within 24 h to avoid decomposition. Phosphoric acid (Riedel-de-Haen, Honeywell Specialty Chemicals Seelze GmbH, Germany), boric acid (Riedel-de-Haen, Honeywell Specialty Chemicals Seelze GmbH, Germany) and acetic acid (Merck KGaA, Darmstadt, Germany) were used in the preparation of Britton-Robinson (BR) solution in which each component had an analytical concentration of 0.04 mol L−1. Bidistilled deionized water was used in preparations of all the solutions. All the chemicals were used as received.

  Procedure

  For voltammetric measurements, a known volume of ALS solution was pipetted into 10.0 mL selected supporting electrolyte. Voltammetric measurements were carried out after degassing with nitrogen for 5 min. The voltammograms were then recorded by scanning the potential towards the positive direction on GCE (oxidation studies) and negative direction on HMDE (reduction studies) vs. reference electrode.

  A three-electrode combination system for bulk electrolysis with mercury pool (55.4 cm2) and glassy sieve as working electrode, coiled platinum wire as an auxiliary electrode (BAS MW-1033 (23 cm)) and Ag/AgCl reference electrode (BAS MF-2052 RE-5B in 3.0 mol L–1 KCl) was used. In these studies, 25 mL of 1.0×10−5 mol L−1 solutions were used for both electrodes.

  Preparation of Rasilez® tablets

  Rasilez® tablets (Novartis; S0087; EU/1/07/405/002) were used as pharmaceutical dosage form which contains 150 mg ALS per tablet. Ten tablets were accurately weighed and crushed into a homogeneous fine powder in a mortar and mixed. Approximate weight of one tablet was calculated. A powder sample, equivalent to one tablet, was weighed and transferred into the calibrated flask containing ca. 100 mL of bidistilled water. Flask content was then sonicated for 10 min. After standing at room temperature for ca. 30 min, flask volume was completed to 250.0 mL with bidistilled water. Then, to prepare the final concentration, the required sample from the clear supernatant liquor was withdrawn and quantitatively diluted with the supporting electrolyte solution. Quantitations in all the proposed methods were performed by means of the calibration curve method from the related calibration equations.

  Preparation of spiked human serum

  Drug-free human serum samples were obtained from healthy volunteers and stored frozen until assay. After thawing, 2.0 mL of an aliquot volume of serum sample were spiked with ALS in BR buffer to maintain a 1 × 10−4molL–1 ALS concentration in serum, and acetonitrile was added to precipitate serum proteins. Then, the mixture was vortexed for 25 s and centrifuged for 10 min at 5000 rpm in order to eliminate serum protein residues. A volume of 2.0 mL from supernatant was taken and added into supporting electrolytes to attain the total volume of 10.0 mL. Sufficient volumes (25, 50, 75, 100, 200, 350, 500, 750 and 1000 &#181;L) from this solution were taken and added to voltammetric cell containing 10.0 mL of supporting electrolyte. Quantitation was performed as described in the preparation of of Rasilez® tablets, section above.

  Computational Methodology

  Theoretical calculations were performed to support the proposed mechanism for the electrode processes. All the calculations were performed with the Gaussian 09 suite of programs.22 The geometry of ALS was fully optimized at AM1 level. Frequency calculations were computed at the same level to verify that the optimized geometry is a real minimum on the potential energy surface without any imaginary frequency. Single point energy calculation was done using AM1-optimized geometry at DFT/B3LYP level of theory, with the popular polarized basis set, 6-31+G (d), which adds d functions on heavy atoms.

   

  Results and Discussion

  The electrochemical behavior, diffusion and adsorption properties of ALS were studied on HMDE on the reduction side and on GCE on the oxidation side. In these studies, the electrochemical methods such as cyclic voltammetry (CV), differential pulse voltammetry (DPV), square-wave voltammetry (SWV) and bulk electrolysis (BE) at constant potential were used.

  Electrochemical behavior of ALS on HMDE

  In CV studies on HMDE, a single well-defined reduction peak on negative scan and its oxidation on reverse scan at ca. −1.5 V in BR of pH 10.0 were observed (Figure 2). The height of these peaks increased with increasing ALS concentration (Figure 2 inset). Since anodic peak on reverse scan was observed and the ratio of anodic peak current to cathodic peak current was found to be around one, depending on ALS concentration, the reversible nature of reduction process could be suggested.2-4

  
    

    [image: Figure 2. Cyclic voltamograms]

  

  The electrochemical behavior was studied in detail. As a first step, the effect of pH on the peak potential and peak current were studied using CV between pH 2.0 and 12.0. As can be seen in Figure 3, the potential of the reduction-oxidation couple on HMDE shifted to more negative potentials with increasing pH between 8.0 and 12.0. This may be caused by the initial protonation of a functional group followed by electron transfer. The couple was not observed at pH values lower than 5.0. Following conclusions may be inferred based on the behavior of peak couple in solutions with lower pHs: (i) lack of electrochemical activity of ALS on such media, or (ii) existence of electrochemical activity having more negative potential than hydrogen evolution on HMDE.

  
    

    [image: Figure 3. Effect of PH]

  

  Subsequently, the graph Ep vs. pH was constructed and the peak potential was found to change linearly with the pH obeying the equation: Ep (V) = −0.069 pH – 0.798 (R2 = 0.991) (Figure 3 inset). The slope of this graph should be equal to 2.303RT(∂/nF) where ∂ is the number of protons involved in the electrode reaction, n is the number of electrons transferred and the rest are commonly known constants.6 In this study, the ∂/n values were calculated as 1.16, which may be concluded that the exchange of electrons is accompanied by exchange of protons in reduction process. Peak current, peak shape and symmetry were taken into account and finally the optimum pH was selected as 10.0.

  Afterwards, the effect of the scan rate on the peak potential was investigated while the ALS concentration was held constant at 0.6 mmol L−1. It is clear from Figure 4 that the potentials of the reduction-oxidation couple change slightly with the scan rate (i.e., the reduction peak potential shifts to 16 mV more negative values as the scan rate was increased 10-fold). The change of the potential with scan rate should be explained by quasi-reversible or irreversible mechanism. However, as given in the figure inset, the slope of the graph of Ep vs. log ν is negligible, therefore, proposing of a reversible mechanism is more appropriate.

  
    

    [image: Figure 4. Influence of the scan rate]

  

  The effect of the scan rate on the peak current was also studied. The graph of peak current vs. square-root of scan rate was found to be linear at relatively high scan rates greater than 0.75 V s−1 (graph not shown). This observation may be explained by the diffusion effect on the reduction mechanism. In addition, a plot of logarithm of the cathodic peak current (A) vs. logarithm of scan rate (V s−1) gave a straight line with a slope of 0.77 (R2 = 0.996, Figure 5a). Since this slope is between 0.5 and 1.0, which are the theoretical values for diffusion-controlled and adsorption-controlled mechanisms, respectively, both diffusion and adsorption contribute to the reduction mechanism.6,7,20 As shown in Figure 5b, the cathodic and anodic peak currents change linearly as the scan rate increases, obeying the relations ip,c (&#181;A) = −1.621 v(V s−1) − 0.350 (R2 = 0.981) and ip,a (&#181;A) = 2.276 v (V s−1) + 0.248 (R2 = 0.982), respectively. Linear dependence of peak current upon the scan rate confirmed adsorption contributions on mass transport and mechanisms.2-5,20,23,24

  
    

    [image: Figure 5. (a) log ip]

  

  Furthermore, the anodic peak on reverse scan is symmetric with cathodic peak that indicates adsorption effect.2,3,20 As mentioned before, reduction-oxidation peak potentials were hardly affected by the scan rate and the ratio of anodic peak current to cathodic peak current was calculated as ca. 1.0. This ratio is concentration dependent and becomes smaller than 1.0 when the ALS concentration is lower than 0.6 mmol L−1. Thus, it may be concluded that ALS forms a reversible reduction-oxidation couple on HMDE and this electrochemical reaction is controlled mainly by adsorption.

  The BE studies at −1.60 V were carried out to find the number of electrons in the reduction-oxidation couple. Although remarkable current flow was observed by applying constant potential for several hours, the peak potential and peak current were not affected by BE. Also, the reduction and oxidation processes have almost the same potential. Thus, the number of electrons involved in the mechanism was not calculated by Faraday's law. Instead, number of electrons was calculated following the approach and equation given in the literature.2,20 Following equations for adsorption process in cyclic voltammetry were used:

  
    [image: Equation (1)]

  

  and the relation

  
    [image: Equation (2)]

  

  where ip is the peak current (A); Q is the charge (C) calculated by the integration of the area under the peak; n is the total number of electrons transferred in electrode reaction; Γ is the surface coverage of adsorbed substance (mol cm–2); A is the working mercury electrode area (0.0145 cm2), F is the Faraday constant (96485 C mol–1) and ν is the scan rate (V s–1). Reorganizing these two equations gives the equation below:

  
    [image: Equation (3)]

  

  In the scan rate studies, n was found between 1.8 and 2.1, hence n was taken as 2. As mentioned before, the ratio of proton to electron was found as 1.16, leading to the conclusion that the same number of protons and electrons are involved in reduction-oxidation cycle per ALS molecule.

  Electrochemical behavior of ALS on GCE

  An oxidation peak at ca. 1.0 V in BR of pH 8.0 was observed in the CV studies on GCE (Figure 6). Increase of peak current with ALS concentration (Figure 6 inset) indicates that the oxidation peak should be caused by the ALS molecules. The absence of the cathodic peak on the reverse scan suggests the irreversible nature of oxidation process.

  
    

    [image: Figure 6. Cyclic voltammograms]

  

  The effect of pH on peak potential and peak current were studied in the same way as on HMDE. The oxidation potential moved towards less positive potentials as pH increased, as depicted in Figure 7. This may be concluded as the initial deprotonation followed by electron transfer.

  
    

    [image: Figure 7. Effect of pH]

  

  Peak current, peak shape and symmetry were taken into account and finally the optimum pH was selected as 8.0.

  The effect of the scan rate on peak potential was then investigated. The concentration of ALS was held constant at 0.2 mmol L−1. It is clear from the Figure 8 that the oxidation potential shifts to higher value with increasing scan rate. The relation between the logarithm of scan rate and peak potential was found as Ep (V) = 0.045 log ν + 1.05 (R2 = 0.996) between 10 and 90 mV s−1. This relation changes to Ep (V) = 0.055 log ν + 1.06 (R2 = 0.996) between 100 and 1500 mV s−1 (Figure 8 inset). The dependence of the peak potential on the scan rate also supports the irreversible characteristic of the oxidation mechanism.2-5

  
    

    [image: Figure 8. Influence of the scan rate]

  

  The effect of the scan rate on the peak current was also studied. Consequently, the peak current (ipa) changes linearly with the scan rate (Figure 9a) and the slope of the log ipa vs. log ν graph was calculated as 0.91 (Figure 9b). These findings reveal an adsorption effect.

  
    

    [image: Figure 9. (a) Peak current]

  

  BE at 1.50 V was carried out in triplicate in order to find out the number of electrons in the oxidation mechanism. The BE results were evaluated using Faraday's law and the number of electrons was found to be 1.87 ± 0.1. Hence, the number of electrons involved in the mechanism was deduced as 2.

  Theoretical investigation

  An electron flows from the metal electrode into the lowest unoccupied molecular orbital (LUMO) of the molecule under study as the reduction takes place. When the oxidation occurs, an electron from the highest occupied molecular orbital (HOMO) is involved. Consequently, the arrangement of these frontier molecular orbitals is important to determine the most relevant part/atoms of the molecule for the redox reactions. It is therefore necessary to determine HOMO-LUMO of the molecule to support the reduction and oxidation mechanisms in more accurate way. For this reason, the ALS geometry was optimized first, using semi empirical methods (AM1), to predict HOMO and LUMO. These methods are fast but often fail to predict accurate energy values of compounds. Hence, a more accurate basis set was found necessary to obtain energy values that match the experimental accuracy. Accordingly, the single point energy calculations were performed at B3LYP/6-31+G (d). HOMO and LUMO together with their corresponding energies are depicted in Figure 10.

  
    

    [image: Figure 10. Frontier molecular orbitals]

  

  According to Figure 10, the less tightly held electrons in the molecule (HOMO) lie mainly at the benzyl ring, whereas LUMO, which will be the easiest route to the addition of electrons to the molecule, is located around amide centers. Alkoxybenzylic ethers are known to be oxidized to form benzaldehydes and the related mechanisms are postulated in the literature.25,26 The reported mechanisms is an irreversible process which initiates by the removal of an electron from aromatic ring and involves a total of 2e/2H. Therefore, the oxidation of ALS is also expected to proceed in the same way, agreeing well with both theoretical and experimental findings. Several reduction mechanisms may be proposed for the fact that there are different functional groups on ALS that are available to be reduced. The first one is the protonation of one of the etheric oxygen followed by electron transfer and finally fragmentation into the corresponding alcohol and saturated hydrocarbon. But this obviously would be an irreversible reaction which will not meet with our experimental findings. Another mechanism is the reduction of carbonyl groups into their corresponding alcohols without undergoing any fragmentation step. This mechanism is also supported by computational study which shows that the reduction centers are located around amide carbonyl groups. In this mechanism, prior to electron transfer, the protonation of carbonyl oxygen takes place first, indicating that this is a classical acid catalyzed reaction. Reduction of carbonyl group will be more favorable at low pH values. Similarly, protonation step will be more difficult in higher pH values and higher potential will be needed as investigated in the pH studies.

  On the basis of CV, BE and ab initio calculations, the mechanism in Scheme 1 is proposed for the oxidation of ALS.

  
    

    [image: Scheme 1. Proposed oxidation mechanism]

  

  Voltammetric determination of ALS

  In an effort to develop a voltammetric method for the ALS determination, the quantitation of peak current resulting from the reduction on HMDE and oxidation on GCE were examined. SWV and DPV techniques were applied first without using stripping mode. Then, due to the adsorptive behavior of ALS and to get more sensitive methods, square-wave cathodic adsorptive stripping voltammetry (SWCAdSV), differential pulse cathodic adsorptive stripping voltammetry (DPCAdSV), square-wave anodic adsorptive stripping voltammetry (SWAAdSV) and differential pulse anodic adsorptive stripping voltammetry (DPAAdSV) techniques were applied.

  The nature of the supporting electrolyte affects the peak response of ALS. Thus, various electrolytes such as BR, phosphate and acetate buffer solutions were examined to find the optimum conditions for quantification of ALS. BR gave the highest peak current and better peak shape than the other buffers. Therefore, BR was selected for further studies. The effect of pH was also investigated. Peak current, peak shape and peak symmetry were taken into account and then the optimum pH was selected as 10.0 and 8.0 for HMDE and GCE, respectively.

  For all the techniques, the variations of the peak current and its shape with the instrumental conditions such as frequency (f), scan increment (ΔEi), pulse height (ΔE), accumulation time (tacc) and accumulation potential (Eacc) were investigated using 0.7 &#181;mol L–1 ALS in a BR under optimum experimental conditions. As a result, the optimum instrumental parameters were found as follows: f = 25 Hz, ΔEi = 2 mV and ΔE = 25 mV for SWV; ΔEi = 5 mV, pulse width 0.01 s and ΔE = 65 mV with and without stripping mode for DPV.

  Accumulation potential and time for AdS techniques were also optimized for both electrodes using 0.5 &#181;mol L−1 ALS. As a result, the values −0.65 V and 60 s were found optimal for HMDE and 0.40 V and 60 s for GCE.

  Applying these optimized conditions, the applicability of the proposed voltammetric procedures for the determination of ALS was investigated. Peak currents were measured as function of the ALS concentration in quintuplicate under the optimized operational parameters and the average of these five serial measurements was used as peak current. The calibration graphs for ALS were obtained to estimate the analytical characteristics of the methods. The results are given in Figure 11 for HMDE and Figure 12 for GCE.

  
    

    [image: Figure 11. Calibration dependencies]
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  Validation of proposed methods and determination of ALS in tablets and human serum

  The proposed voltammetric methods were validated investigating the following parameters: linearity range, limits of detection (LOD) and of quantitation (LOQ), accuracy, reproducibility and repeatability according to ICH.27

  The linearity was checked by preparing standard solutions at more than ten different concentration levels for each proposed method. Five serial measurements were taken for each concentration and subsequent to evaluation of required statistical test (Q-test), the average was used as peak current of the related concentration. The good linearity of the calibration graphs and the negligible scatter of the experimental points are clearly evident from the coefficient of determination (R2).

  LOD and LOQ values of the proposed methods were calculated using equations given in the literature,20 and results are given in Table 1. For the studies carried on HMDE, all the methods have R2 higher than 0.98. Repeatability and reproducibility of peak current and peak potential were found satisfactory in all the methods. Among all, SWCAdSV is the most sensitive with low limit of detection, 0.01 &#181;mol L−1. In case of GCE, all the methods have R2 higher than 0.99 but the repeatability and reproducibility of peak current were slightly less satisfactory compared to HMDE. Although sensitivity is higher in SWAAdSV, DPAAdSV standard deviation of intercept is lower. Hence, DPAAdSV has the lowest limit of detection (0.142 &#181;mol L−1). For all the methods on both HMDE and GCE, direct voltammetric methods are advisable to be used in pharmaceutical preparations containing relatively high ALS concentration compared to biological fluids in which adsorptive stripping methods are applicable.

  
    

    [image: Table 1. Regression data]

  

  In order to evaluate the applicability of the proposed methods to pharmaceutical preparations and biological samples, ALS was determined in Rasilez® tablets and spiked human serum samples.

  When a portion of ALS in tablet solution was added to BR at optimum conditions, a cathodic peak on HMDE (ca. −1.4 V) and an anodic peak on GCE (ca. 0.9 V) were recorded. The currents of these peaks increased with increasing concentration of the tablet solution (Figure 13). ALS was also determined in tablet solutions. As shown in Table 2, mean results of each application for both electrodes lie between 99.5-102.3% (relative standard deviation, RSD < 10.0%). These results indicate the validity of the proposed methods.

  
    

    [image: Figure 13. Voltammograms at various concentration]
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  Recovery studies in spiked human serum samples were also performed. In these applications, voltammetric base line for ALS-free serum samples in BR solution were taken and no voltammetric signal in the potential range of ALS was found. It was concluded that there is no interference effect of any potential species found in human serum. As can be seen in Table 3, recovery values are in the range of 91.7-99.2%. The differences between spiked and calculated concentrations are insignificant at 95% confidence level.
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  Tablet analysis results were examined using F and Student's t-tests to compare the accuracy and precisions of the proposed methods with an independent method found in the literature (Table 4).16 According to F-test results, the variances between methods were found to be insignificant at 95% confidence level regarding their precision. Besides, according to Student's t-tests results, it could easily be concluded for all the proposed methods that there is no significant difference between proposed methods and the method found in literature. These results indicate that the content of ALS in the pharmaceuticals could be safely determined using these methods without interference from other substances in the tablet and serum.

  
    

    [image: Table 4. Comparison of proposed methods]

  

   

  Conclusion

  Electrochemical characteristics of ALS on HMDE and GCE with the help of ab initio calculations were studied for the first time. Redox properties and electrochemical parameters of drug molecules may be of crucial importance in understanding the mechanism of action against their target/related organs. Combining CV, BE and theoretical calculations, the electrochemical reduction of ALS was proposed to occur at amide carbonyl groups whereas the oxidation is expected to occur at benzylic carbon.

  The determination of drug molecules in pharmaceuticals and biological samples are also of great importance. In the present study, precise, accurate, rapid and sensitive methods which require neither sophisticated instrumentation nor tedious extraction processes were proposed. Direct voltammetric methods without striping mode can be applied to the detection of ALS in pharmaceutical dosage forms. Besides, adsorptive stripping methods might be more suitable for the determination of ALS in biological media where the detection of lower concentration is required with an insignificant matrix effect.

  There is no official method present in any pharmacopoeia related to the determination of ALS. Consequently, the proposed methods have the potential of a good analytical alternative for determining ALS in pharmaceutical formulations and human serum. Also, they can be adopted for pharmacokinetic studies as well as for quality control laboratory studies.
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    Radiação micro-ondas em sistema fechado foi utilizada para a remoção de sedimentos de emulsão de petróleo para a posterior caracterização em laboratório. O programa de aquecimento do forno de micro-ondas foi otimizado através da avaliação do tempo de aquecimento (5 a 30 s) e da potência de micro-ondas (300 a 1400 W). O teor de sedimentos foi determinado usando um procedimento de filtração com membrana conforme recomendado pela norma ASTM D 4807-05, antes e após a remoção de sedimentos. Os teores de água e cloreto foram determinados no óleo obtido após a remoção de sedimentos. Até oito amostras de 20 g puderam ser processadas simultaneamente. A eficiência de remoção de sedimentos foi superior a 95%. Foi possível a obtenção de petróleo virtualmente isento de água, sal e sedimentos, permitindo a determinação de parâmetros como gravidade API, densidade, viscosidade e número de acidez total sem interferências causadas por sedimentos ou mesmo sal e água.

  

   

  
    Microwave radiation in closed vessels was applied for removal of sediments from crude oil allowing the subsequent crude oil characterization in laboratory. Heating time and microwave power were evaluated in the range of 5 to 30 s and 300 to 1400 W, respectively. Sediment content was determined using the method recommended by ASTM D 4807-05 based on a filtration step in a membrane before and after sediment removal. Water and chloride contents were determined in the oil phase obtained after sediment removal. Up to eight samples of 20 g of crude oil could be simultaneously processed. Sediment removal efficiency was better than 95%. It was possible to obtain crude oil in a suitable condition for determination of routine parameters as API gravity, density, viscosity and total acid number without interferences caused by sediments or even water and salt.

    Keywords: microwave radiation, sediment removal, crude oil, emulsion, demulsification

  

   

   

  Introduction

  Separation of water from crude oil is a challenging task in oilfields due to the high stability of water-in-oil (W/O) emulsions.1 It is already known that emulsion stability is directly related to oil composition and naturally occurring compounds present in crude oil.2 Asphaltenes and resins have been shown to promote and stabilize crude oil emulsion. Additionally, some works have demonstrated that inorganic solids can increase the emulsion stability.  The influence of these emulsion stabilizers in crude oil  was proved using model and natural emulsions and it was  concluded that solids play one of the major effects in the  stabilization of W/O emulsions.3,4

The mechanism of solids in the stabilization of W/O  emulsions is contradictory. According to Sullivan et al.,2 the presence of inorganic solids could increase the emulsion stability if the particle size is small enough to become interfacially active to cause the adsorption of resins and asphaltenes. The decrease of particle size would enhance the emulsion stability due to increase of interactions between asphaltenes and particles. On the other hand, it was concluded that solids have no effect in the adsorption of asphaltenes on water droplet surface, in spite of their contribution for emulsion stability.1

  Many efforts have been performed to develop new strategies for achieving an efficient breaking of W/O emulsions in crude oil and, consequently, to remove water, salt and solids. However, despite the importance of demulsification process, the laboratory characterization of crude oil can be more challenging than the step of the emulsion separation.5 The characterization of crude oil is extremely important for decisions during exploration, production and refining steps. In this way, samples with low content of water and salt are normally required for the determination of crude oil characteristics, such as density, viscosity, among others.6,7 In this sense, it is necessary to remove water, salts and also solids from crude oil emulsions before laboratory characterization in order to avoid interferences during the analysis.

  Water removal in laboratory scale is currently performed using conventional heating and chemical additives since the efficiency of removal can be evaluated by measuring the water content in the oil phase or the salt content in the aqueous phase.8 Other techniques have been investigated for water removal such as settling by gravity and simple distillation.9,10 In spite of relatively good efficiency of these methods, they are time consuming, especially for heavy crude oils, and the addition of demulsifiers is frequently required.11 Additionally, salt and solids are not efficiently removed from the crude oil and can cause interferences especially on density (API gravity) determination.7

  The determination of sediments in crude oil is usually performed using a method recommended by the American Society for Testing and Materials (ASTM D 4807-05), that is based on a dilution step of samples with toluene, filtration through a 0.45 μm membrane and quantification of solids by weighing.12 The solids present in crude oil are commonly described as clay particles.13 However, recent studies have been done in view of solid particles characterization isolated from crude oil samples using the proposed ASTM method and some authors found that these particles were composed mostly of sodium chloride, called salt spheres.5,14 The characterization of solid particles also revealed other finely divided materials that were composed of calcium and sulfur atoms, indicating the presence of calcium sulfate.5,14

  In addition to the determination of sediment and water contents, another important parameter to be determined in the crude oil is the salt content. In this sense, a method that consists of extraction using a mixture of solvent and subsequent chloride determination by titration with AgNO3 is usually employed for the determination of salt (expressed as NaCl) in crude oil.15 However, although some improvements have been proposed, this method is sample destructive and relatively time consuming.16 The use of microwave radiation in demulsification processes has been reported in several works.16,17 Microwave electromagnetic field causes fast heating due to molecular rotation and movement of ions as a consequence of induced or permanent molecule dipoles. Thus, the application of microwave radiation to emulsions results in destabilization of interfacial film because of the temperature increase and consequently water droplet coalescence.16

  Recently, a method using microwave radiation for salt extraction from heavy crude oils has been proposed.8 The method involves the addition of water to crude oil in a quartz vessel and subsequent microwave irradiation. Using this method, water and oil phases were completely separated and the salt content was determined in the water phase. On the other hand, the separation of water from heavy crude oil using microwave radiation was subsequently investigated and it was possible to obtain crude oil free of water and salt.18 The main advantage of the proposed microwave-assisted method is that it does not require chemical demulsifiers or other reagents and enables the determination of the salt content in water phase. Moreover, the demulsified crude oil is obtained in a suitable condition for laboratory characterization. In spite of its good performance for salt extraction and water separation, the feasibility of this method was not evaluated up to now for sediment removal.

  In the present work, microwave radiation was applied for removal of sediments from real crude oil emulsions with relatively high sediment content (1 to 6%). The efficiency of the proposed method was evaluated based on the determination of sediments in heavy crude oil emulsion without treatment and in the oil phase obtained after microwave heating procedure. Additionally, water and Cl were also determined in the oil phase after sediment removal. Microwave heating program, sample mass and number of extraction steps were evaluated. Samples obtained after microwave irradiation procedure were characterized by performing the determination of sediments, water, S, N and Cl (reported as NaCl). In addition, total acid number (TAN), kinematic and dynamic viscosity and API gravity were evaluated in demulsified heavy crude oil only after the proposed microwave-assisted sediment removal method.

   

  Experimental

  Instrumentation

  A microwave sample preparation system (Multiwave 3000, Anton Paar, Graz, Austria) equipped with eight high-pressure quartz vessels (80 mL) was used for the proposed microwave-assisted sediment removal method. Temperature and pressure were controlled in real time during all experiments. In order to keep a safe operation, the maximum operational temperature and pressure selected were 260 °C and 70 bar, respectively. This equipment was also used for crude oil digestion by microwave-induced combustion (MIC) for further Cl determination (before and after sediment removal).19,20

  An ion chromatographic system (Metrohm, Herisau, Switzerland) equipped with a pump (IC liquid handling unit), a conductivity detector (model 819), auto sampler (model 813), anion self-regeneration suppressor (model 833) and a sampling loop of 100 μL were used for Cl determination in crude oil before and after microwave-assisted sediment removals and after microwave-induced combustion (MIC) digestion according to the procedure described in previous work.20 An anion exchange column (Metrosep A Supp 5, with 150 × 4 mm i.d.) and a guard column (Metrosep A Supp 4/5 Guard) were used. The suppressor column was periodically regenerated with water and 50 mmol L–1 H2SO4. A solution of 3.2 mmol L–1 Na2CO3 and 1 mmol L–1 NaHCO3 was used as mobile phase at a flow rate of 0.7 mL min–1 as well as a dialysis cell composed of a cellulose triacetate membrane. Results were reported as NaCl content.

  The determination of TAN in crude oil before and after sediment removal was performed following the method recommended by ASTM21 using an automatic titrator (Titrando 836, Metrohm, Switzerland) equipped with a combined glass electrode for non-aqueous media. The same equipment was used for water content determination according to ASTM D 4377 standard test method, using a platinum electrode.22

  For the N and S determinations, a specific analyzer (model 9000 series, Antek Instruments, USA) was used and the procedures were carried out according to ASTM D 462923 and ASTM D 545324 methods, respectively. Samples obtained after sediment removal using microwave radiation were homogenized, dissolved in toluene and injected into the high temperature combustion tube using a syringe.

  The determination of density and viscosity was performed according to ASTM D 704225 method, using a Stabinger viscometer (model SVM 3000, Anton Paar, Austria). Samples obtained after sediment removal were homogenized and introduced into the measuring cells with controlled temperature.

  Chemicals, solutions and samples

  All reagents were of analytical grade. Purified water from a Milli-Q® system (Milipore, Billerica, USA) was used for sediment removal using microwave radiation and also to prepare all reagents, standard solutions and mobile phase. Stock standard solution of Cl (1000 mg L–1) was prepared by dissolving NaCl (Merck, Darmstadt, Germany) in water and analytical standards were prepared by sequential dilution of this solution in water. Sodium carbonate (Merck) and NaHCO3 (Merck) were used to prepare the mobile phase, and H2SO4 (Merck) was used to prepare the solution used for suppressor column regeneration. Glass materials were cleaned using toluene and water and further soaked in 20% (v v–1) HNO3 (Merck) and rinsed with water before use.

  Water content was determined in the crude oil before and after sediment removal using Karl Fischer (twocomponent) reagent Composite 5 (Riedel-de Häen, Seelze, Germany). A mixture of toluene (Vetec Química Fina Ltda., Rio de Janeiro, Brazil) and methanol (Carlo Erba Reagents, Milan, Italy) (3 + 1) was used for sample dissolution. Toluene (Vetec) was also used for sediment determination in crude oil.

  Standard solutions for S and N determination were prepared after dissolution of dibenzothiophen (DBT) (C12H8S, > 98%, Merck) and pyridine (Merck) in toluene, respectively. Naturally emulsified heavy crude oil samples, identified as A, B and C, were used. Heavy crude oil A was selected for development and optimization of the proposed method that was subsequently applied for other samples.

  Microwave-assisted sediment removal method

  Heavy crude oil emulsions were heated at 60 °C for 30 min and homogenized using a mechanical stirrer for 15 min. Subsequently, 20 g of sample were weighted directly into the quartz vessels and 20 mL of water were added. Five glass spheres (ø = 5 mm) were also added to avoid sample projection during the microwave heating. The proposed microwave heating procedure was performed using operational parameters described in Table 1.
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  After the end of the heating program, the oil phase was transferred to a polypropylene vessel using a syringe. Then, water containing the sediments was removed from quartz vessels and also transferred to vessels. Before characterization, crude oil was centrifuged (7000 rpm) in order to improve the separation of free water droplets, according to the procedure described in a previous work.18

Heavy crude oil was characterized by the determination of sediments, salt (as NaCl), water content, viscosity, density, N and S. After each microwave run, vessels were cleaned using, firstly, toluene for removing oil residues, then with concentrated nitric acid by heating in microwave oven for 10 min and rinsed with water.

  Determination of sediments in crude oil before and after microwave irradiation

  Sediment content in heavy crude oil was determined according to ASTM D 4807 method.12 Briefly, the procedure consists of filtering a known amount of crude oil with toluene at 90 °C through a 0.45 μm pore size nylon membrane. The weight of membrane is recorded (after drying at 105 °C) before and after crude oil filtration. The mass of solids (in percentage) is calculated by the difference of weight of membrane and related to the amount of filtered crude oil. This procedure was applied before and after sediment removal to evaluate the efficiency of the proposed method for sediment removal from crude oil.

  The water phase obtained after microwave-assisted sediment removal method was also filtered through a 0.45 μm pore size nylon membrane for the solid content determination. The membrane was washed with hot toluene to remove oil residues from solid particles, and the quantification was performed by weighing, as it was performed for crude oil. Additionally, water phase was also analyzed for determination of total solid content. In this case, the determination was performed following a procedure commonly used for total solid determination in water.26 Water phase was transferred to a previously dried and weighed platinum crucible, left in an oven until dry at 80 °C and after at 105 °C for 1 h. After cooling, the weight of crucible plus solids was recorded, and total solid content was calculated considering the mass of crude oil from respective water phase that was submitted to microwave heating procedure.

   

Results and Discussion

  Characterization of the crude oil emulsions

  Before optimizing the microwave-assisted sediment removal method, crude oil emulsions were characterized through the determination of sediments and water contents using ASTM D 4807 and D 4377 methods, respectively. Additionally, the determination of Cl (reported as NaCl salt) using MIC was also performed.

  Results obtained for sediments, water and salt for samples A, B and C before the proposed microwave-assisted method in closed vessels are shown in Table 2.
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  Sediments and salt content in crude oil emulsion samples were considered relatively high, justifying the interest in developing a unique method that could be suitable for both sediment and salt extractions using the same procedure. It is important to mention that TAN could not be determined in all the emulsions (before the proposed procedure) due to interferences during titration using the ASTM D 664 method. The titration end points were not well defined and no repeatability between results could be obtained during successive titrations. These interferences can be attributed to inorganic salts or sediments present in crude oil emulsions.27 Additionally, parameters such as density and viscosity could not be determined due to the presence of sediments and water that interfere in the analysis. The S and N determinations were not carried out before sediment removal because the sample is injected into a specific analyzer using a syringe and the presence of solid particles could block the syringe needle.23,24

Optimization of the microwave heating program for sediment removal

  Microwave radiation in closed vessels has been already applied for salt extraction from heavy crude oil, with addition of water. During the microwave heating, water refluxes inside the quartz vessels and allows washing of the crude oil, transferring salt to the water phase.8 In case of sediments, it would be expected that water could carry the solid particles from the crude oil to the water. Therefore, preliminary studies were performed for sample A using similar conditions employed in previous work for salt extraction (800 W power; 30 min of irradiation).8 At the end of the heating program, brown solid particles were observed in the water phase (on the bottom of quartz vessels), showing that microwave radiation could be feasible for sediment removal from heavy crude oil. After this initial test, microwave heating program was optimized, using 5 g of heavy crude oil and 20 mL of water. A three level full factorial design of two variables was used, as shown in Table 3. Experiments were performed in triplicate in random order for combination of levels.
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  Results from the factorial design were processed by analysis of variance (ANOVA) with confidence level of 95%. Sediments were determined in aliquots of crude oil obtained after microwave heating according to ASTM D 4807-05 method.12

Sediment removal was more efficient (Table 4) when microwave power was set at 1400 W. In this case, using only 5 min of heating at maximum temperature, the sediment content in sample A was reduced from 5.15 ± 0.20 to 2.9 ± 0.24% (43.7% of removal efficiency). Therefore, this heating program was chosen for subsequent tests.
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Evaluation of the sample mass and the use of additional extraction steps

  The maximum sample mass that could be submitted to microwave-assisted method was another parameter evaluated using sample A. Crude oil obtained after the proposed sediment removal method, virtually free of sediments, should be suitable for further determination of sediments, water, salt, TAN, among other important parameters. In this sense, experiments were performed using the previously optimized microwave heating program and emulsion amount ranging from 5 to 30 g, with addition of 20 mL of water. The results obtained for efficiency of sediment removal are shown in Figure 1.
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An efficiency of sediment removal close to 60% (Figure 1) was obtained with 15 and 20 g of crude oil submitted to microwave-assisted method. The lower efficiencies obtained when 5 and 10 g of emulsion were used could be attributed to difficulties observed during sample removal from quartz vessel. Especially when 5 g of emulsion were used, a relatively high sample mass stuck to the quartz walls and could not be recovered. On the other hand, when 30 g of crude oil were submitted to microwave radiation, probably, this amount (30 g of emulsion + 20 mL of water) was not efficiently heated, and therefore, the efficiency of the sediment removal was even worse. Higher sample amount was not evaluated due to safety reasons (since the maximum internal volume of quartz vessel was 60 mL to assure safety conditions) and an emulsion amount of 20 g was chosen for subsequent experiments. It is important to mention that this amount can be considered enough for crude oil characterization procedures.

  The efficiencies of the sediment removal from heavy crude oil emulsion (57.4 ± 2.6%) were not considered suitable for subsequent characterization analysis using one extraction step and 20 g of emulsion. Therefore, the use of additional extraction steps was evaluated, as performed in previous work, to improve salt extraction efficiency.8 After the end of microwave heating program, the heavy crude oil was transferred to another quartz vessel, a new addition of 20 mL of water was performed and the microwave heating was applied again. The same procedure was repeated up to five sequential steps. The obtained results, calculated in terms of efficiency of sediment removal with the increase of number of extractions applied, are shown in Figure 2.
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  It can be observed in Figure 2 that after 5 extraction steps, the efficiency of the sediment removal was higher than 98%, with a relatively low relative standard deviation (RSD < 7%). The proposed microwave-assisted method can be considered very attractive for sediment removal from crude oil for subsequent crude oil characterization. The sample throughput was considered suitable because even if 5 extractions steps are necessary the microwave heating program takes only 30 min (5 min ramp, 5 min heating and 20 min cooling time) and up to eight samples can be processed at the same time. The conventional methods used for water separation from crude oil are more time consuming and are not suitable for sediment removal.28

  The optimized conditions employed for sediment removal from sample A (microwave heating program of 5 min ramp and 5 min heating, 5 extraction steps, 20 g of emulsion and 20 mL of water) were applied for emulsions B and C. The sediment content after microwave heating, using 5 extraction steps, in samples B and C were 0.10 ± 0.02 and 0.06 ± 0.01%, respectively. These results correspond to sediment removal efficiencies of 97 and 95%, respectively. As it was observed for crude oil emulsion A, good sediment removal efficiencies were obtained for emulsions B and C, suggesting that the microwave-assisted method is suitable for sediment removal from crude oils with different characteristics.

Total solid content determination in aqueous phase

  The water phase obtained after 5 extraction steps using the proposed microwave heating procedure was collected, and the sediment content was determined using the procedure commonly employed for total solids determination in water.26 Additionally, the water phase was also filtered through a 0.45 μm porous membrane and the sediment quantification was performed following the ASTM D 4807-05 method.12 According to the results obtained for total solids in water, results were proportional to the reduction of solids in crude oil after each extraction step. In contrast, the sum of solid content determined in water phase after 5 extraction steps using the membrane filtration procedure was 0.52 ± 0.02%. This result is much lower than the expected value because the initial sediment content in crude oil emulsion was of 5.15 ± 0.20%. Then, it could be expected that part of sediments could have been dissolved during the microwave-assisted sediment removal method.

  It has been reported in the literature that solid particles isolated from crude oil samples using the proposed ASTM D 4807-05 method12 were composed mostly of sodium chloride.5,14 The concentration of salt in crude oil emulsion used in this work was 4.17 ± 0.33% (m m–1). In order to evaluate the possibility that solid particles present in crude oil could be sodium chloride or other chloride salts, the solids isolated by membrane filtration using the ASTM D 4807-05 method12 were weighed, transferred to polypropylene vessels and filled up with water. After homogenization, samples were centrifuged for 2 min at 3000 rpm (in case of some solids that could remain in suspension) and chloride determination in aqueous solution was performed by ion chromatography (IC). The obtained results showed that salt content (NaCl) in dissolved solids was 64.3 ± 4.0% (m m–1). According to these evidences, it could be expected that part of solids determined in the crude oil using the ASTM D 4807-05 method are composed of chloride salts.

  Characterization of the crude oil after sediment removal method

Crude oils obtained after the proposed sediment removal method were characterized for comparison of characteristics previously reported, before sediment removal (sediments, water and salt content). Additionally, other parameters, such as TAN, density, API gravity, kinematic and dynamic viscosity were determined after sediment removal and separation of water. The results obtained for samples A, B and C are shown in Table 5.

  
    

    [image: Table 8. Characterization of the crude oil]

  


  It is possible to observe that the water content in crude oil samples was lower than 0.50%, giving an efficiency of separation of water better than 96%. This result indicates the good performance of microwave radiation for water separation from crude oil emulsions in agreement with previous work.18 In the same way, the sediments and salt content were lower than 0.10% and 22 μg g–1, respectively. Several parameters could be determined in the crude oil samples after sediment removal method without interferences, such as the determination of API gravity, kinematic and dynamic viscosity, S and N. In case of TAN, the characteristic titration curves and well defined titration end points were obtained during titration of the crude oil after sediment removal.

  The proposed method could be considered advantageous in comparison with other methods used for sediment removal and subsequent crude oil characterization.27,28 For example, the simple distillation procedure allows removing only water, but not chloride salts.28 Using microwave radiation in closed vessels, it was possible to remove sediments and salt, as well as to separate water from heavy crude oil emulsion, in a single method, in a relatively short time and for eight samples simultaneously.

   

  Conclusions

  The efficiency of the proposed method using microwave radiation in closed vessels for sediment removal was better than 95%. Moreover, the salt and water contents were drastically reduced allowing the determination of several important parameters for crude oil characterization without interferences. Up to eight samples were simultaneously processed in a little time, resulting in a good sample throughput, although 5 extraction steps were necessary for almost complete sediment removal. The sediment removal process could be performed using only water, avoiding the use of toxic reagents or demulsifiers, an important aspect related to the green chemistry recommendations. Additionally, the use of microwave-assisted method is relatively easy to be performed and could be suggested for routine sediment removal from heavy crude oil for subsequent characterization.
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		A partir da 2-cloro-3-formilpiridina, sintetizou-se uma série de compostos derivados da 1H-pirazolo[3,4-b]piridina de modo a obter os correspondentes 1-hidroxibisfosfonatos, uma classe de compostos com potencial interesse biológico. Os dados espectroscópicos foram utilizados na caracterização de todos os compostos e na identificação dos regioisômeros N-1 e N-2, e dos derivados mono- e bisfosfonatos. Estudos de difratometria de raios X do composto 7a confirmaram a estrutura proposta.

	

	 

	
		A number of 1H-pyrazolo[3,4-b]pyridine derivatives, starting from 2-chloro-3-formyl pyridine, was synthesized to obtain new 1-hydroxybisphosphonates, a class of compounds with potential biological interest. Spectroscopic data were used to characterize all compounds and to identify N-1 and N-2 regioisomers, and mono- and bisphosphonates derivatives. X-ray diffractometry studies of compound 7a confirmed the proposed structure.
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	Introduction

	Bisphosphonates (BPs) are an important class of drugs known for their broad spectrum of therapeutical applications in the treatment and prevention of diseases of calcium metabolism.1-3 These compounds have high affinity for calcium and therefore to target the bone mineral, where they appear to be internalized selectively by bone-reabsorbing osteoclasts inducing their apoptosis.1-3 BPs were first developed in the mid 1960's and have been used as an effective treatment for Paget's disease.4 Further applications of BPs have been proven to succeed in the treatment of diseases characterized by abnormal calcium metabolism including hypercalcemia, osteoporosis, osteolysis, heterotopic calcification and ossification, bone metastases secondary to breast cancer and prostate cancer, inhibition of cell proliferation, invasion and adhesion to bone.2,5 BPs present several advantages in the treatment of bone diseases since they are bone-time specific, have minimal side effects, no known risk of carcinogenesis and antiresorptive efficacy equivalent or even greater than estrogens.2,6

	The P-C-P bonds in BPs make them resistant to enzymatic hydrolysis and the nitrogen containing functional group of the alkyl moiety bound to the bisphosphonic structure improves their activity in the treatment of both primary and secondary bone disorders.1-3,7 The most potent BPs contain one or two nitrogen atoms in a heteroaromatic moiety linked by a small side chain to the geminal bisphosphonate unit.8

	BPs also have applications in the inhibition of angiogenesis,9 as anti-inflammatory agents,10 and showed antiparasitic activity towards some Trypanosoma sp., such as Trypanosoma cruzi (agent of Chagas disease),11 some Leishmania sp.,12 and apicomplexans, such as Toxoplasma gondii (toxoplasmosis) and Plasmodium falciparum(malaria).13 Also, herbicidal activity,14 antibacterial15 and anticancer properties,16 as well as stimulation of γd-T cells of the immune system17 have been described for some BPs.

	Recently, BPs were studied as novel ligands in well-defined radioactive metal complexes that can be used in magnetic resonance imaging and imagiology, scintigraphy and radiotherapy applications,18 and as chelating agents for the treatment of human metal intoxications.19

	Pyrazole derivatives are pharmacologically important compounds and their ring systems form the basis of several drug molecules.20 Pyrazolopyridine, a condensed pyrazole system, could be used as an isoster of indole or indazole, which are known to be pharmacophoric elements in numerous active compounds.21

	The pyrazolopyridine system has attracted great interest in recent years due to the wide variety of biological and pharmacological properties associated with it. Among them, the biological applications range from anti-inflammatory,22 antipyretic,23 analgesic,23 regulation of cardiovascular system,24 hypoglycemic,25 anti-tumor,26 anxiolytic,27 inhibitor of glycogen synthase kinase-3 (GSK-3)28 and phosphodiesterase 4 (PDE4),29 to antimicrobial,30 antileishmanial31 or antiviral activity.32

	Taking these applications into account, it can be conceived that molecules bearing both the pyrazolopyridine and bisphosphonate units are prone to show biological properties. Following previous studies on bisphosphonates derived from indazole,18,33 the present investigation reports the synthesis of new BPs derived from pyrazolo[3,4-b]pyridine, substituted at N-1 position of pyrazole rings, with a side chain bearing different methylenic lengths ((CH2)n and n = 1, 2). The spectroscopic characterization, as well as the crystal structure determination of a BP to confirm the proposed molecular structure and to show its supramolecular arrangement in solid state, has also been performed. The aim of this work is to obtain new BPs derived from a condensed pyrazole with high potential biological/therapeutical activities.

	 

	Results and Discussion

	The synthesis of 1H-pyrazolo[3,4-b]pyridine 2 was performed in high yields (87%), using a process reported in the literature, by reaction of 2-chloro-3-formylpyridine 1 and hydrazine using p-TsOH34,35 (Scheme 1). All spectrometric data are according to the literature.34
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	The pyrazolo[3,4-b]pyridine 2 was used to synthesize its side chain ester derivatives by nucleophilic substitution reactions of the corresponding bromo esters with different hydrocarbon methylene chain lengths (Table 1). 1H-pyrazolo[3,4-b]pyridine 2 reacted with a base, K2CO3, in N,N-dimethylformamide (DMF), followed by addition of the corresponding bromo esters with one or two methylene group chain length. Under these conditions, a mixture of N-1 or N-2 substituted regioisomers pyrazolo[3,4-b]pyridine ester derivatives 3 and 4 was obtained in different yields and ratios, as pale yellow oils (Table 1).
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	The separation of these isomers and their correct identification were important since only the N-1 derivatives (3) were used in the subsequent synthesis. So, the mixture was separated by chromatography to provide the pure regioisomers, and the regioisomers substituted at N-1 (3) and N-2 (4) were identified by nuclear magnetic resonance (1H and 13C NMR spectroscopy, distortionless enhancement by polarization (DEPT) and two dimensional NMR techniques). The main resonances in the 1H NMR spectra (in CDCl3) (Table 2) of 1H-pyrazolo[3,4-b]pyridine ester derivatives 3a-b are: (i) three resonances in the δ 7.13-8.55 ppm region, as one proton double doublet, corresponding to the 4-H, 5-H and 6-H protons, (ii) a singlet at δ 8.06 (n = 1) or 8.01 (n = 2) ppm corresponding to the 3-H proton, (iii) a singlet (n = 1) or a triplet (n = 2) for the NCH2 protons at δ 5.30 and 4.85 ppm, respectively, and (iv) resonances at δ 3.01 ppm for the remainder CH2 protons. The 1H NMR spectra of N-2 ester derivatives present similar chemical shifts and multiplicities.
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	The 1H NMR spectra of the two regioisomers do not shown significant differences, but 13C NMR spectroscopy can be used to differentiate between the N-1 and N-2 substituted pyrazolo[3,4-b]pyridine derivatives as it was also shown for similar indazole derivatives.36 In the 13C NMR spectra, the C3 and C7a and NCH2 atoms showed different chemical shifts between the N-1 and N-2 isomers (Table 3). In the N-1 substituted isomer spectrum, C3 was generally shifted downfield 8.7 ppm, and C7a and NCH2 were shifted upfield, relatively to the corresponding carbon atoms in the N-2 substituted isomer.
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	The Fourier Transform Infrared (FTIR) spectra of esters 3a-band 4b show ν (C=O) stretching bands in the range of 1727-1754 cm–1. The ν (C=O) stretching band frequencies are similar for both N-1 and N-2 isomers. The absence of the NH stretching band confirmed the substitution on the nitrogen atom.

	Compounds 3a-b and 4b were also characterized by electron impact (EI) mass spectrometry. The mass spectra of ester derivatives 3a-band 4b are similar and their fragmentation pattern generally involves the formation of [M-OEt]+, [M-COOEt]+ and [M-(CH2)nCOOEt]+ ions.

	The ester N-1 isomers 3 were subject to basic hydrolysis to afford the corresponding N-1 pyrazolo[3,4-b]pyridine carboxylic acid derivatives (compounds 5), as white crystalline solids, in excellent yields (Scheme 2). The carboxylic acids 5a-b were fully characterized by 1H and 13C NMR spectroscopy, DEPT and two-dimensional NMR techniques, mass spectrometry and FTIR spectroscopy, and all data are in agreement with the proposed structures.

	
		

		[image: Scheme 2. Synthesis]

	

	The main resonances in the 1H NMR spectra (in MeOD) of carboxylic acid derivatives 5a-b are similar in chemical shifts and multiplicity pattern to the corresponding ester derivatives. Also, the 13C NMR spectra present analogous chemical shifts and multiplicity pattern to the starting ester spectra.

	The infrared analysis of compounds 5a and 5b also showed the presence of the carboxylic acid group with the strong C=O stretching band at 1728 and 1711 cm–1, respectively, and O-H stretching broad band in the region of 3100-2300 cm–1.

	All data for compounds 5a and 5b, including a correct elemental analysis m/[image: char02] 177 (M+) and m/[image: char01] 191 (M+), respectively, were consistent with the proposed structures. Mass spectra of carboxylic acid derivatives 5a-b also showed the formation of [M-COOH]+ and [M-(CH2)nCOOH]+ ions.

	The carboxylic acids derived from 1H-pyrazolo[3,4-b] pyridine 5a-b substituted at N-1 position were used as starting material for the synthesis of novel 1-hydroxy1,1-bisphosphonates derived from 1H-pyrazolo[3,4-b] pyridine. Several methods for the synthesis of 1-hydroxy1,1-bisphosphonates have been reported.37 The most used method involves the reaction of a carboxylic acid with phosphorus trichloride and phosphorous acid or phosphoric acid, followed by acidic hydrolysis.38,39 Recently, a modified Arbuzov reaction method40 was proposed by Lecouvey et al.41 This method involves the reaction of an acyl chloride with tris(trimethylsilyl)phosphite, followed by methanolysis.

	In order to synthesize the 1-hydroxybisphosphonates 7a-b, the classic method was used starting from the corresponding carboxylic acid 5a-b, by treatment with a mixture of phosphoric acid and phosphorus trichloride, followed by acid hydrolysis. The 1H NMR spectra of the crude mixture showed that the reaction afforded a complex mixture of products from which the separation and purification of BPs 7a-bwere not possible, by precipitation in acetone and methanol.

	The next attempt was made using Lecouvey's method (Scheme 3). The acyl chloride 6a was prepared in situ, by reaction of the carboxylic acid 5a with 4 eq. of thionyl chloride, in CHCl3. But, after reaction with 2 eq. of tris(trimethylsilyl)phosphite, followed by methanolysis, the only isolated pure product was the monophosphonate 8, in 36% yield, and recovered starting material. Other attempt with 6 eq. of thionyl chloride, in CHCl3, and 3 eq. of tris(trimethylsilyl)phosphite afforded a mixture of monophosphonate 8 and bisphosphonate 7a. Purification by precipitation allowed the isolation the bisphosphonate 7a.

	
		

		[image: Scheme 3. Synthesis of biophosphanate]

	

	The same methodology was tried once more but without any solvent. In neat thionyl chloride, from carboxylic acid 5a, the acyl chloride 6a was prepared in situ, and subsequently reacted with 3 eq. of tris(trimethylsilyl) phosphite, followed by methanolysis, to afford BP 7a in 81% yield (Scheme 3) with traces of monophosphonate 8. Repetition of both these reactions showed that to obtain the bisphosphonate 7a as major product, the acyl chloride needs to be prepared without solvent, with excess thionyl chloride (Scheme 3).

	Both compounds were identified by NMR spectroscopy. By 31P NMR spectroscopy, the monophosphonate 8 is clearly identified by its chemical shift at δ –4.1 ppm, in contrast to the bisphosphonate 7a, which presents a more deshielded singlet with its chemical shift at δ 17.0 ppm, assigned to the two chemically and magnetically equivalent P atoms. The 13C NMR spectrum of monophosphonate 8 shows a doublet at δ 210.5 (J CP 169 Hz) for a carbonyl quaternary carbon atom (disappearing in DEPT 135 13C NMR mode), coupling with one phosphorus atom, consistent with the signal of a carbon bearing a phosphonate group, forming an α-ketophosphonate structure. Also, the methylene NCH2C(O)PO3H2 carbon appears as a doublet at 57.2 (J CP64 Hz) while the 13C NMR spectrum for the same carbon of bisphosphonate 7a shows a triplet at δ 73.6  (J CP144 Hz) because of the coupling with two equivalent phosphorus atoms. The 1H NMR spectroscopy also supports both proposed structures, with the 1H NMR spectrum of BP 7a showing a triplet at 5.02 ppm (J HP 9 Hz) due to the coupling of NCH2 protons with two phosphorus atoms of equivalent phosphonate groups attached to the same carbon, while the 1H NMR spectrum of monophosphonate 8 shows a doublet at 5.77 ppm (J HP 3 Hz) due to the coupling of NCH2 protons with one phosphorus atom of the phosphonate group.

	The structures of these two compounds are consistent with all the obtained spectrometric data. The IR spectra show the change of the strong C=O stretching band from the carboxylic 5a at 1728 cm–1 to 1693 cm–1 of monophosphonate 8, and its disappearance in the IR spectrum of bisphosphonate 7a, and the appearance of characteristic large and strong bands in the 1260-915 cm–1 region due to the ν (P=O), ν (P–OH) and δ (POH) bands of the bisphosphonate group. This one is with multiple maxima, whose number is increased due to the large number of hydrogen bonds (see below the crystal structure of compound 7a).42 Large and weak ν (PO-H) and δ (POH) bands were observed with maximum at 2619 and 2774 cm–1 for compounds 8and 7a, respectively.42

	Both the monophosphonate 8and bisphosphonate 7a were also characterized by FAB (fast atom bombardment) mass spectrometry (low and high resolution) and their spectra are in agreement with the proposed structures.

	These methods were extended to the carboxylic acid 5b, with a side chain with two CH2 groups. The first attempt using neat thionyl chloride afforded a complex mixture of compounds. The synthesis of bisphosphonate 7b was performed from carboxylic acid 5b, by reaction in situ using thionyl chloride in CHCl3, to afford the corresponding acyl chloride, followed by reaction with 2 eq. of tris(trimethylsilyl)phosphate and methanolysis to obtain the expected compound 7b in 41% yield (Scheme 4).

	
		

		[image: Scheme 4. Synthesis of biophosphanate]

	

	The bisphosphonate structure of 7b was readily identified through the analysis of the NMR data, including bidimensional techniques. The 1H NMR spectrum shows a pair of multiplets at δ 2.41 and 4.75 ppm attributed to the CH2 protons of the side chain. This does not allow the identification of the phosphorus atoms but 13C NMR spectroscopy confirms the presence of the bisphosphonate group. The appearance of a quaternary carbon triplet (disappearing in DEPT 135 13C NMR spectra) at δ 72.2 ppm (with J CP 143 Hz) supported the proposed structure with two phosphonate groups attached to the same carbon (P-C(OH)-P) (Tables 2 and 3). The proton-decoupled 31P NMR spectra of BPs 7b showed a single signal at 20.2 ppm confirming that two phosphorus atoms are magnetically equivalent. It is observed a lower chemical shift for BP 7b relative to BP 7a, which has a smaller aliphatic side chain, with the phosphorus atoms connected to a carbon atom directly bonded to the aromatic heteroatom ring. The chemical shift generally increases with the increasing number of methylene groups in the side chain.

	The electrospray ionization (ESI) method was used to show the molecular ion of BP 7b, which confirmed the proposed molecular formula. The MS spectrum showed the characteristic fragment ions corresponding to the loss of HPO2 and H3PO3 fragments.43

	The IR spectra of bisphophonate 7b showed bands and intensities similar to the BP 7a with the disappearance of the strong C=O stretching band from the carboxylic acid 5b (starting material) and the appearance of multiple maxima at large and strong bands between 1261-919 cm–1 due to the phosphonate group vibrations ν (P=O), ν (P-OH) and δ (POH), whose number of maxima is increased due to the different influences of the hydrogen bonding system.42 A large and weak ν (PO-H) and δ (POH) band was observed with a maximum at 2775 cm–1.42

	Bisphosphonate 7a was recrystallized from a solution of acetone/water to afford crystals suitable for crystallographic studies. The X-ray analysis confirmed the structure of this compound proposed from the assignment of spectroscopic data. Compound 7a crystallizes in the monoclinic crystal system, space group C2/c. The molecular structure of 7a, with the atomic numbering scheme, is shown in Figure 1. The asymmetric unit cell contains one molecule of the compound 7aand one water molecule.

	
		

		[image: Figure 1. ORTEP]

	

	The crystal structure shows that the pyrazolo[3,4-b] pyridine ring is planar, and its bond lengths and angles are in agreement with its aromatic character (Table 4). The C7 atom, bonded to the ring, is also within the same plane. The C8 atom and both phosphonic groups are outside the plane of the ring (as shown in Figure 2), with one phosphonic acid moiety in a synclinal position (view from C8–C7) relative to the ring, displaying a torsion angle of –44.0(2)º between P1–C8–C7–N2.

	
		

		[image: Table 4. Selected bond]

	

	
		

		[image: Figure 2. conformation of phosphonic group]

	

	The C8–O7, C8–C7 and C7–N2 bond distances correspond to single bonds. The P–C8 lengths fall within the range observed for other alkylphosphonic acids (Table 4).45 The C7 and C8 atoms present a slightly deformation from the ideal tetrahedral geometry with angles of C8–C7–N2 of 116.0(2)º, P1–C8–C7 of 114.0(1)º and P2–C8–C7 of 104.4(1)º probably due to the presence of the bulky phosphonic acid groups. This also causes similar deformation from the ideal tetrahedral shape at both phosphorus atoms with angles ranging from 115.83(9)-104.9(1)º for P1 and 115.5(1)–103.9(1)º for P2. The larger angles always involve the P=O and the P–OH bonds that present similar bond length: P1–O1 (1.510(2) Å), P1–O2(H) 7(1.513(2) Å), P2–O4 (1.506(2) Å) and P2–O5(H) (1.528(2) Å), as observed for other akylphosphonic acids.45,46 The bond lengths and the wider angles could reflect the loss of pure double P=O or simple P–O bond to an intermediate character with electronic delocalization between these bonds.47

	The supramolecular arrangement of compound 7a results from the formation of an extended hydrogen bond network (see Table 5 and Figure 3) through the P=O and P–O–H groups in the phosphonic acids, water hydrogens and N3 atom that connect each BP molecule with four other molecules of BPs and with three water molecules. Two [image: Formula 1] and a [image: Formula 2] synthons are formed between the P=O and P–O–H groups in the phosphonic acids and an O–H…N interaction further connects the BP molecules (Figure 3a). The [image: Formula 3] synthons give rise to head-to-head dimers of BPs, while the [image: Formula 4] synthon and the O–H…N interactions connect these dimers with similar ones. Water molecules bridge two BP molecules (Figure 3b) originating extended chains of BP dimers along the c direction. Furthermore, the pyridyl rings are involved in short interactions (C-C 3.314(8) Å) connecting BP molecules.47
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	Conclusions

	New bisphosphonates derived from pyrazolo[3,4-b] pyridine were obtained and characterized. All the syntheses, starting from 2-chloro-3-formylpyridine, were described and the products were fully characterized. Spectroscopic data were used to assign the substitution patterns and identify the regioisomers; 13C NMR proved to be the best technique to identify the N-1 and N-2 ester regioisomers.

	Following the hydrolysis of N-1 ester derivatives, the corresponding carboxylic acids were used as starting materials to synthesize the novel 1-hydroxy1H-pyrazolo[3,4-b]pyridine bisphosphonates, in moderated to good yields. The formation of a monophosphonate compound was also reported. Bisphosphonates and monophosphonate were fully characterized using the usual spectroscopic methods, especially NMR spectroscopy, including two dimensional NMR techniques (correlation spectroscopy (COSY) and one-bond (HSQC) and long-range (HMBC) 1H-13C NMR). The recrystallization of BP 7a (n = 1) yielded crystals suitable for single crystal X-ray diffraction analysis and its structure was determined, confirming the assignment of pyrazolo[3,4-b]pyridine derivatives.

	 

	Experimental

	General remarks

	NMR spectra were recorded on a Bruker AMX 300 and on a Bruker Avance II 300 (1H 300 MHz, 13C 75 MHz, 31P 121 MHz) and on a Bruker Avance II 400 (1H 400 MHz, 13C 100 MHz, 31P 162 MHz) spectrometers. Chemical shifts (d) are reported in ppm and coupling constants (J ) in Hz. 1H and 13C NMR chemical shifts were assigned using DEPT and APT (Attached Proton Test) sequences, and bidimensional COSY, HSQC and HMBC techniques. Assignments were made by comparison of chemical shifts, peak multiplicities and J values, and were supported by bidimensional heteronuclear HMBC and HSQC correlation techniques. Infrared spectra were recorded on a Perkin Elmer FTIR 1725xIR Fourier transform spectrophotometer using KBr discs or film. The bands are quoted in cm–1. Low resolution and high resolution mass spectra (HRMS) analyses were performed at the 'C.A.C.T.I. - Unidad de Espectrometria de Masas' at the University of Vigo, Spain, on a VG AutoSpect M, MicroTOF (Bruker Daltonics) or APEX-Q (Bruker Daltonics) equipments. Elemental analysis were performed on a CE instrument EA 1110CHNSO and a Fisons EA-1108 elemental analyzer. Melting points were determined on a Reichert Thermovar melting point apparatus and are not corrected.

	All reactions involving air sensitive reagents were performed under an atmosphere of dry nitrogen and all solvents were degassed before use. All solvents were distilled under a nitrogen atmosphere. Tetrahydrofuran (THF) was distilled from sodium benzophenone ketyl. CHCl3 was distilled from calcium hydride. Column chromatography was performed on silica gel (230-400 mesh) under a positive pressure of nitrogen.

	1H-Pyrazolo[3,4-b]pyridine (2)34

	Hydrazine hydrate (10 mL) was added to a mixture of 2-chloro-3-formylpyridine 1 (5.00 g, 35 mmol) and p-TsOH (3.50 g, 18 mmol). The reaction mixture was stirred for 3 h at 130 ºC. Upon cooling with cold water, the mixture was extracted with EtOAc. The combined organic extracts were dried over anhydrous MgSO4. After filtration, the solvent was removed in vacuum and gave compound 2 (3.65 g, 87%) as a yellow solid; mp 88-90 ºC (97-98 ºC);34 FTIR (KBr) νmax/cm–1 3450 (N-H), 3089, 3026 (C–H Ar), 2958, 2915 (C–H), 1606, 1588, 1509, 1470, 1429 (C=N, C=C); 1H NMR (300 MHz, CDCl3) δ/ppm 1.69 (s, 1H, N–H), 7.19 (dd, 1H, J 4.7 and 7.5, ArH, 5-H), 8.12 (s, 1H, ArH, 3-H), 8.15 (d, 1H, J 8.1, ArH, 4-H), 8.63 (d, 1H, J 4.5, ArH, 6-H).

	General procedure 1

	A mixture of 1H-pyrazolo[3,4-b]pyridine 2 (1 eq.) and K2CO3 (10 eq.) in DMF was stirred at 80 ºC. After 30 min, excess Br(CH2)nCO2Et was added and the reaction mixture was stirred for 1 h at 80 ºC. Upon cooling, the mixture was acidified with 10% aqueous HCl solution and the aqueous layer was extracted with EtOAc. The combined organic extracts were washed with brine and dried over anhydrous MgSO4. After filtration, the solvent was removed in vacuum and the resulting oil was purified by column chromatography (1:1 ethyl ether:petroleum ether).

	Ethyl 2-(1H-pyrazolo[3,4-b]pyridin-1-yl)acetate (3a)

	Following general procedure 1, reaction of 1H-pyrazolo[3,4-b]pyridine 2 (400 mg, 3.36 mmol) in DMF (4 mL), K2CO3 (4.64 g, 34.0 mmol) and BrCH2CO2Et (0.75 mL, 6.76 mmol) gave compound 3a (600 mg, 87%) as a pale yellow oil; FTIR (film) νmax/cm–1 3108, 3070 (C–H Ar), 2978, 2929 (C–H), 1754 (C=O), 1601, 1578, 1500, 1479, 1462, 1437 (C=N, C=C), 1201 (C-O); 1H NMR (300 MHz, CDCl3) δ/ppm 1.23 (t, 3H, J 7.1, OCH2CH3), 4.20 (q, 2H, J 7.2, OCH2CH3), 5.30 (s, 2H, NCH2), 7.13 (dd, 1H, J 8.1 and 4.5, ArH, 5-H), 8.05 (dd, 1H, J 7.8 and 1.5, ArH, 4-H), 8.06 (s, 1H, ArH, 3-H), 8.52 (dd, 1H, J 4.5 and 1.2, ArH, 6-H); 13C NMR (75 MHz, CDCl3) δ/ppm 14.0 (OCH2CH3), 48.1 (NCH2), 61.6 (OCH2CH3), 115.6 (Ar: C3a), 117.1 (Ar: C5), 130.2 (Ar: C3), 133.2 (Ar: C4), 148.9 (Ar: C6), 150.6 (Ar: C7a), 167.9 (C=O); MS (EI) m/[image: Character 03] 205 (M+, 18%), 132 (M+-CO2Et, 100%); HRMS (EI) m/[image: Character 04] calcd. for C10H11N3O2 205.0851 [M]+, found 205.0855.

	Ethyl 3-(1H-pyrazolo[3,4-b]pyridin-1-yl)propanoate (3b) and ethyl 3-(2H-pyrazolo[3,4-b]pyridin-2-yl)propanoate (4b)

	Following general procedure 1, the reaction of 1H-pyrazolo[3,4-b]pyridine 2 (500 mg, 4.20 mmol) in DMF (5 mL), K2CO3 (5.80 g, 42.0 mmol) and Br(CH2)2CO2Et (1.0 mL, 8.40 mmol) gave compound 3b (288 mg, 31%) and compound 4b (167 mg, 18%) as pale yellow oils.

	Compound 3b: FTIR (film) νmax/cm–1 3099, 3062 (C–H Ar), 2982, 2937 (C–H), 1733 (C=O), 1600, 1572, 1499, 1458, 1436 (C=N, C=C), 1190 (C-O); 1H NMR (300 MHz, CDCl3) δ/ppm 1.19 (t, 3H,J 7.2, OCH2CH3), 3.01 (t, 2H,J 7.2, NCH2CH2), 4.13 (q, 2H, J 7.2, OCH2CH3), 4.85 (t, 2H, J 7.2, NCH2), 7.14 (dd, 1H, J 8.1 and 4.5, ArH, 5-H), 8.01 (s, 1H, ArH, 3-H), 8.06 (dd, 1H, J 8.1 and 1.5, ArH, 4-H), 8.55 (dd, 1H, J 4.5 and 1.2, ArH, 6-H); 13C NMR (75 MHz, CDCl3) δ/ppm 14.1 (OCH2CH3), 34.3 (NCH2CH2), 42.7 (NCH2), 60.7 (OCH2CH3), 115.6 (Ar: C3a), 116.9 (Ar: C5), 130.1 (Ar: C4), 132.3 (Ar: C3), 148.7 (Ar: C6), 150.1 (Ar: C7a), 171.0 (C=O); MS (EI) m/[image: Character 05] 219 (M+, 7.6%), 174 (M+-OEt, 9.6%), 146 (M+-CO2Et, 10.7%), 132 (M+-CH2CO2Et, 100%), 118 (M+–(CH2)2CO2Et, 6.6%); HRMS (EI) m/[image: Character 06] calcd. for C11H13N3O2 219.1008 [M]+, found 219.1004.

	Compound 4b: FTIR (film) νmax/cm–1 3075, 3050 (C–H Ar), 2959, 2926 (C–H), 1727 (C=O), 1610, 1550, 1511, 1458 (C=N, C=C), 1208 (C-O); 1H NMR (300 MHz, CDCl3) δ/ppm 1.22 (t, 3H, J 7.2, OCH2CH3), 3.12 (t, 2H, J 6.3, NCH2CH2), 4.12 (q, 2H, J 7.2, OCH2CH3), 4.74 (t, 2H, J 6.5, NCH2), 7.04 (dd, 1H, J 8.4 and 4.2, ArH, 5-H), 8.02 (dd, 1H, J 8.4 and 1.5, ArH, 4-H), 8.04 (s, 1H, ArH, 3-H), 8.68 (dd, 1H, J 4.2 and 1.5, ArH, 6-H); 13C NMR (75 MHz, CDCl3) δ/ppm 14.0 (OCH2CH3), 34.5 (NCH2CH2), 49.3 (NCH2), 65.8 (OCH2CH3), 113.7 (Ar: C3a), 117.7 (Ar: C5), 123.6 (Ar: C3), 129.7 (Ar: C4), 151.4 (Ar: C6), 158.5 (Ar: C7a), 170.8 (C=O); MS (EI) m/[image: Character 07] 219 (M+, 21.9%), 174 (M+-OEt, 9.4%), 146 (M+–CO2Et, 36.7%), 132 (M+–CH2CO2Et, 21.4%), 118 (M+–(CH2)2CO2Et, 4.2%); HRMS (EI) m/[image: Character 08] calcd. for C11H13N3O2 219.1008 [M]+, found 219.1008.

	General procedure 2

	1H-pyrazolo[3,4-b]pyridine ester derivative (3) (1 eq.) and excess aqueous NaOH solution (10 mol L–1) were stirred at reflux for 1.5-2 h. After cooling, the mixture was acidified with 10% aqueous HCl solution and the aqueous layer was extracted with EtOAc. The combined organic extracts were washed with brine, dried over anhydrous MgSO4, filtered and the solvent removed in vacuum. The resulting solid was purified by recrystallization from ethyl acetate/petroleum ether. The following compounds were prepared by this procedure:

	2-(1H-Pyrazolo[3,4-b]pyridin-1-yl)acetic acid (5a)

	Reaction of compound 3a (830 mg, 4.00 mmol) in aqueous NaOH solution (10 mol L–1, 6 mL) for 2 h gave compound 5a (690 mg, 97%) as pale yellow crystals; mp 180-182 ºC; FTIR (KBr) νmax/cm–1 3100-2500 (OH), 3087 (C–H Ar), 2985, 2945 (C–H), 1728 (C=O), 1606, 1579, 1507, 1465 (C=N, C=C); 1H NMR (300 MHz, MeOD) δ/ppm 4.92 (s, 1H, OH), 5.29 (s, 2H, NCH2), 7.24 (dd, 1H, J 7.9 and 4.7, ArH, 5-H), 8.13 (s, 1H, ArH, 3-H), 8.23 (dd, 1H, J 8.1 and 1.5, ArH, 4-H), 8.52 (dd, 1H, J 4.5 and 1.5, ArH, 6-H); 13C NMR (75 MHz, MeOD) δ/ppm 48.9 (NCH2), 117.4 (Ar: C3a), 118.5 (Ar: C5), 132.3 (Ar: C4), 134.4 (Ar: C3), 150.1 (Ar: C6), 151.7 (Ar: C7a), 171.3 (C=O); MS (EI) m/[image: Character 09] 177 (M+, 5.6%), 132 (M+–CH2CO2H, 100%); found C, 54.12, H, 3.98, N, 23.68; C8H7N3O2 requires: C, 54.24, H, 3.98, N, 23.72%.

	3-(1H-Pyrazolo[3,4-b]pyridin-1-yl)propanoic acid (5b)

	Reaction of compound 3b (180 mg, 0.82 mmol) in aqueous NaOH solution (10 mol L–1, 1.5 mL) for 1.5 h gave compound 5b (150 mg, 98%) as yellow crystals; mp 83-84 ºC; FTIR (KBr) νmax/cm–1 3100-2300 (OH), 3100, 3068 (C–H Ar), 2940, 2857 (C–H), 1711 (C=O), 1604, 1580, 1500, 1460, 1439, 1420 (C=N, C=C); 1H NMR (300 MHz, MeOD) δ/ppm 2.96 (t, 2H, J 7.1, NCH2CH2), 4.76 (t, 2H, J 7.1, NCH2), 7.20 (dd, 1H, J 7.8 and 4.5, ArH, 5-H), 8.06 (s, 1H, ArH, 3-H), 8.19 (d, 1H, J 8.1, ArH, 4-H), 8.52 (d, 1H, J 4.5, ArH, 6-H); 13C NMR (75 MHz, MeOD) δ/ppm 34.7 (NCH2CH2), 43.8 (NCH2), 117.3 (Ar: C3a), 118.2 (Ar: C5), 132.1 (Ar: C4), 133.7 (Ar: C3), 149.9 (Ar: C6), 151.0 (Ar: C7a), 174.4 (C=O); MS (EI) m/[image: Character 10] 191 (M+, 5.2%), 146 (M+–CO2H, 5.2%), 132 (M+–CH2CO2H, 100%), 118 (M+–(CH2)2CO2H, 4.5 %); found C, 56.64, H, 4.82, N, 21.87; C9H9N3O2 requires: C, 56.54, H, 4.74, N, 21.98%.

	1-Hydroxy-2-(1H-pyrazolo[3,4-b]pyridin-1-yl)ethane1,1-diylbis(phosphonic acid) (7a) and 2-(1H-pyrazolo[3,4-b] pyridin-1-yl)acetylphosphonic acid (8)

	Thionyl chloride (0.49 mL, 6.76 mmol) was added to a solution of a carboxylic acid 5a(300 mg, 1.69 mmol) in CHCl3 (6 mL) at 0 ºC, then it was kept under reflux for 2 h. Solvents were removed under reduced pressure to give the corresponding acyl chloride, which was immediately used without further purification. The crude acyl chloride was dissolved in dry THF (6 mL) and tris(trimethylsilyl) phosphite (1.13 mL, 3.38 mmol) was added. Then, the mixture was stirred at room temperature for 1 h. The excess solvent was removed under reduced pressure, methanol (1.5 mL) was added and the mixture was stirred for 1 h. After solvent removal under reduced pressure, the residue was washed with ethyl ether and precipitated with acetone and methanol. Compound 8 (150 mg, 36%) was isolated as a white powder; mp 229 ºC (decomp.); FTIR (KBr) νmax/cm–1 3455 (OH), 3123, 3099 (C–H Ar), 2970, 2938 (C–H), 2619 (PO-H), 1693 (C=O), 1560, 1508, 1438 (C=N and C=C), 1239, 1155, 1101, 1066, 1008, 946, 920 (P=O, P-OH, POH); 1H NMR (400 MHz, DMSO-d6) δ/ppm 5.77 (d, 2H, JHP3.2, NCH2), 7.30 (dd, 1H, J 8.0 and 4.8, ArH, 5-H), 8.27 (s, 1H, ArH, 3-H), 8.33 (dd, 1H, J 8.0 and 1.2, ArH, 4-H), 8.56 (dd, 1H, J 4.4 and 1.2, ArH, 6-H); 13C NMR (100 MHz, DMSO-d6) δ/ppm 57.2 (d, J CP 64.3, NCH2), 116.1 (Ar: C3a), 118.2 (Ar: C5), 131.6 (Ar: C4), 134.2 (Ar: C3), 149.8 (Ar: C6), 151.4 (Ar: C7a), 210.5 (d, J CP 169.2, C=O); 31P NMR (121 MHz, H3PO4/DMSO-d6) δ/ppm -4.1 (s); MS (FAB) m/[image: Character 11] 242 ([M + H]+, 60.8%), 154 (100%); HRMS (FAB) m/[image: Character 12] calcd. for C8H8N3O7P 242.0331 [M + H]+, found 242.0328.

	A mixture of a carboxylic acid 5a (200 mg, 1.13 mmol) and thionyl chloride (3.7 mL, excess) was kept under reflux for 2 h. Solvents were removed under reduced pressure to give the corresponding acyl chloride 6a, which was immediately used without further purification. The crude acyl chloride was dissolved in dry THF (1.9 mL), cooled to 0 ºC and tris(trimethylsilyl)phosphite (1.13 mL, 3.38 mmol) was added. Then, the mixture was stirred at room temperature for 10 min. The excess solvent was removed under reduced pressure, methanol was added and the mixture was stirred for 1 h. After solvent removal under reduced pressure, the residue was washed with ethyl ether and precipitated with acetone to afford bisphosphonate 7a (290 mg, 81%) as white powder; mp 224-227 ºC; FTIR (KBr) νmax/cm–1 3368, 3125-2566 (OH), 3115, 3079, 3044 (C–H Ar), 2817 (C–H), 2774 (PO-H), 1619, 1522, 1503, 1469 (C=N, C=C), 1257, 1235, 1160, 1137, 1109, 1091, 1055, 1036, 1009, 982, 915 (P=O, P-OH, POH); 1H NMR (300 MHz, DMSO-d6) δ/ppm 5.02 (t, 2H, J 9.0, NCH2), 6.87 (br s, 1H, OH), 7.25 (m, 1H, ArH, 5-H), 8.19 (s, 1H, ArH, 3-H), 8.29 (d, 1H, J 6.0, ArH, 4-H), 8.55 (d, 1H, J 3.0, ArH, 6-H); 13C NMR (75 MHz, DMSO-d6) δ/ppm 50.7 (NCH2), 73.6 (t, J CP 144.0, C(OH)(PO3H2)2), 115.6 (Ar: C3a), 117.2 (Ar: C5), 131.4 (Ar: C4), 132.6 (Ar: C3), 148.2 (Ar: C6), 150.1 (Ar: C4a); 31P NMR (121 MHz, H3PO4/DMSO-d6) δ/ppm 17.0 (s); MS (FAB) m/[image: Character 13] 324 ([M + H]+, 14.4%), 157 (100%); HRMS (FAB) m/[image: Character 14]calcd. for C8H12N3O7P2 324.0151 [M + H]+, found 324.0152.

	1-Hydroxy-3-(1H-pyrazolo[3,4-b]pyridin-1-yl)propane1,1-diylbis(phosphonic acid) (7b)

	Thionyl chloride (0.08 mL, 1.05 mmol) was added to a solution of a carboxylic acid 5b (50 mg, 0.26 mmol) in CHCl3 (1 mL), then it was kept under reflux for 2 h. Solvents were removed under reduced pressure to give the corresponding acyl chloride, which was immediately used without further purification. The crude acyl chloride was dissolved in dry THF (1 mL), cooled to 0 ºC and tris(trimethylsilyl) phosphite (0.18 mL) was added. Then, the mixture was stirred at room temperature for 1 h. The excess solvent was removed under reduced pressure, methanol (1 mL, 0.524 mmol) was added and the mixture was stirred for 1 h. After solvent removal under reduced pressure, the residue was washed with ethyl ether and precipitated with acetone and methanol. Bisphosphonate 7b (36 mg, 41%) was isolated as a white powder; mp 130 ºC (decomp.); FTIR (KBr) νmax/cm–1 3393, 3150-2500 (OH), 3121 (C–H Ar), 2940 (C–H), 2775 (PO-H), 1629, 1618, 1508, 1475, 1458 (C=N, C=C), 1261, 1153, 1107, 1065, 996, 976, 938, 919 (P=O, P-OH, POH); 1H NMR (400 MHz, DMSO-d6) δ/ppm 2.41 (m, 2H, NCH2CH2), 4.75 (m, 2H, NCH2), 7.20 (dd, 1H, J 8.0 and 4.4, ArH, 5-H), 8.14 (s, 1H, ArH, 3-H), 8.23 (dd, 1H, J 8.0 and 1.6, ArH, 4-H), 8.53 (dd, 1H, J 8.0 and 1.4, ArH, 6-H); 13C NMR (100 MHz, DMSO-d6) δ/ppm 34.3 (NCH2CH2), 43.4 (NCH2), 72.2 (t, J CP143.5, C(OH)(PO3H2)2), 116.2 (Ar: C3a), 118.0 (Ar: C5), 131.6 (Ar: C4), 133.1 (Ar: C3), 149.6 (Ar: C6), 150.4 (Ar: C7a); 31P NMR (121 MHz, H3PO4/ DMSO-d6) δ/ppm 20.2 (s); MS (ESI) m/[image: Character 15] 338 ([M + H]+, 100%), 256 ([M + H]+-H3PO3, 29,9%), 192 (256-HPO2, 12,8%); HRMS (ESI) m/[image: Character 16] calcd. for C9N3O7H14P2338.0301 [M + H]+, found 338.0287.

	Crystal structure determination of 1-hydroxy-2-(1Hpyrazolo[3,4-b]pyridin-1-yl)ethane-1,1-diylbis(phosphonic acid) (7a)

	Crystal data for the BP 7a were collected at 150 K on a Bruker AXS-KAPPA APEX II diffractometer using graphite-monochromated Mo Kα radiation (λ = 0.71069 Å) at room temperature. The X-ray generator was operated at 50 kV and 30 mA. X-ray data collection was monitored by the SMART program (Bruker).48 All data were corrected for Lorentzian, polarization and absorption effects using the SAINT and SADABS programs (Bruker).48 All non-hydrogen atoms were refined by full matrix least squares on F2 with anisotropic thermal motion parameters whereas H-atoms were placed in idealized positions and allowed to refine isotropically riding on the parent C atom. The structure was solved by direct methods with SIR9749 program and refined by full matrix least-squares on F2 with SHELXL-97 program,50 both included in the package of programs WINGX version 1.70.01.51 Graphical representations were prepared using ORTEP3544 and Mercury 36 programs.52

	A summary of the crystal data, structure solution and refinement parameters are given in the Supplementary Information (SI) section. Cambridge Crystallographic Data Centre 912669 contains all crystallographic details of this publication.

	 

	Supplementary Information

	Supplementary data (NMR data 1H, 13C and 31P NMR spectra) of new compounds and crystal data and structure refinement for compound 7aare available free of charge at http://jbcs.sbq.org.br as PDF file.
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		1-(2-Hidroxietil)piperidina (HEP) está presente em muitos fármacos e em protótipos de fármacos, mas seus mecanismos de oxidação são mal compreendidos. Assim, a reação de oxidação da HEP pelo bis(hidrogenoperiodato)-argentato(III) ([Ag(HIO6)2]5–) foi investigada em meio alcalino aquoso. Piperidina e formaldeído foram identificados como principais produtos da reação através da técnica de espectrometria de massa com ionização electrospray. A cinética de oxidação foi acompanhada espectrofotometricamente no intervalo de temperatura de 25,0 a 40,0 ºC, verificando-se que a reação é de primeira ordem em [Ag(III)] e de ordem fracionária em [HEP]. O estudo da dependência das constantes de velocidade kobsd em relação a [OHˉ] e [IO4ˉ] tot (concentração de periodato total) possibilitou estabelecer uma lei de velocidade e propor um mecanismo de reação. O mecanismo envolve a formação do complexo ternário periodato-Ag(III)HEP, seguido de sua decomposição a Ag(I) através de dois caminhos: um independente e outro facilitado por OH–. As constantes de velocidade e de equilíbrio bem como os parâmetros de ativação correspondentes às etapas determinantes de velocidade foram calculados.

	

	 

	
		1-(2-Hydroxyethyl)piperidine (HEP) is involved in many drugs and drug leads, but its oxidation mechanisms are poorly understood. The oxidation of HEP by bis(hydrogenperiodato)-argentate(III) ([Ag(HIO6)2]5–) in aqueous alkaline medium was shown, by electrospray ionization mass spectrometry (ESI-MS), to generate piperidine and formaldehyde as the major products. The reaction was monitored spectrophotometrically in the 25.0 to 40.0 ºC range revealing that the oxidation followed a first-order kinetics in [Ag(III)] and a fractional-order in [HEP]. A rate law and a reaction mechanism were proposed based on the study of the dependency of the pseudo-first-order rate constants, kobsd, on [OHˉ] and on [IO4ˉ]tot(total concentration of periodate). The mechanism involves the formation of a periodato-Ag(III)-HEP ternary complex, whose decomposition generates Ag(I) by means of two pathways: one independent and another facilitated by OHˉ. The reaction rate constants and associated equilibrium constants as well as the activation parameters of the rate-determining steps were calculated.
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	Introduction

	It is not exaggerated at all to describe 1-(2-hydroxyethyl)piperidine (HEP) as an important drug intermediate since it is involved in several clinical drugs and in many newly developed drug leads. For instance, raloxifene,1,2 pipazethate3,4 and flavoxate,5,6 all containing HEP moiety, are currently prescribed drugs. Specifically, raloxifene has been used for treatment and prevention of osteoporosis in postmenopausal women,1,2 whereas pipazethate is a non-narcotic antitussive drug.3,4 Flavoxate is an anticolinergic with antimuscarinic effects and has been employed to treat urinary bladder spasms.5,6 Also, many drug leads containing HEP moiety, some with functions ranging from anticancer, via anti-estrogen, to anti-inflammatory, can be found in very recent literature.7-10

	On the other hand, HEP oxidation studies appeared to be very scarce,11,12 providing very little mechanistic information. Thus, our group initiated a detailed spectrometric kinetic investigation on the oxidation of HEP by the bis(hydrogenperiodato)argentate(III) complex anion, [Ag(HIO6)2]5–, establishing the rate law and delineating a mechanistic picture.

	The structure of [Ag(HIO6)2]5– and its solution chemistry were well described earlier.13-17 In the last few years, our investigations on [Ag(HIO6)2]5− have led to two important findings: (i) the complex has shown some potential to modify peptides and drugs;17,18 (ii) the Ag(III) complex can react with luminol or interact directly with some chemicals of analytical importance producing chemiluminescence. This property has been utilized by us and other researchers to analyze biological samples, such as hormones and some drugs, with unusually high sensitivities.19-24 Meanwhile, we have also paid attention to the kinetic and mechanistic aspects of the Ag(III) oxidation reactions, gaining some insights on the possible oxidation mechanisms.17,18,25,26 In this work, we report our spectrometric, kinetic and mechanistic results on the oxidation of HEP by that Ag(III) complex.

	 

	Experimental

	Instrumentation

	Electronic spectra and kinetic measurements were carried out on a UV-Vis spectrophotometer (TU-1901, Beijing Puxi, Inc., Beijing, China) equipped with several cell compartments whose temperature was controlled (± 0.2 ºC) by circulating water from a thermostat (BG-chiller E10, Beijing Biotech, Inc., Beijing, China). Mass spectra were recorded on an Agilent 1200/6310 ion trap mass spectrometer equipped with an electrospray ionization (ESI) source.

	Chemicals and solutions

	HEP and 2,4-dinitrophenylhydrazine (DNPH) were obtained from Sigma-Aldrich (St. Louis, MO, USA). Analytical grade AgNO3, KIO4, K2S2O8, KOH, NaNO3, KNO3 and acrylonitrile were purchased either from Beijing Chemical Reagent Company (Beijing, China) or from Tianjin Chemical Reagent Company (Tianjin, China).

	The crystallized Na5[AgIII(HIO6)2]•5H2O complex was synthesized using AgNO3, KIO4, K2S2O8, KOH and NaNO3 according to the procedure reported by Balikungeri et al.13 Electronic spectrum of aqueous Ag(III) complex solution displayed two absorption maxima at 253 and 362 nm, as previously reported in the literature.14 The stock solutions were prepared and measurement of the Ag(III) complex concentration was conducted by methods described elsewhere.18 All solutions were prepared with doubly distilled water.

	Kinetic measurements

	Kinetic measurements were carried out under pseudo first-order reaction conditions, [HEP] > 10[Ag(III)], [IO4ˉ]tot > 10[Ag(III)], where [IO4ˉ]tot denotes the total concentration of externally added periodate. Reaction was started by mixing equal volumes of the Ag(III) and HEP solutions, previously thermostated for at least 15 min, and the reaction mixture was quickly transferred to a pre-thermostated cell. Appropriate amounts of KOH, KIO4 and KNO3 were added to adjust [OHˉ], [IO4ˉ]tot and ionic strength (μ = 0.30 mol L–1 used throughout) of both Ag(III) and HEP solutions.

	Figure 1 shows the time-resolved spectra for a set of reaction conditions, and the kinetic curves monitoring the absorbance at 360 nm as a function of time are given in Figure 1 as an insert (data point). The kinetic trace was fitted with single exponential equation (equation 1) using nonlinear least-squares routines, where At, A0 and A∞ stand for the absorbances at time t, zero and infinity, respectively.

	
		[image: Equation (1)]

	

	
		

		[image: Figure 1. Time-resolved spectra]

	

	The excellent fitting, shown in Figure 1, demonstrates that the reaction is unequivocally first-order in [Ag(III)]. The observed pseudo-first-order rate constants, kobsd, were calculated from the kinetic traces, and the average values of three independent runs are reported. Standard deviations of kobsd were usually less than 5%.

	Test of free radical involvement

	A volume of 50 mL of 0.10 mmol L–1 Ag(III) solution containing 0.10 mol L–1 KOH was mixed with 50 mL of 2 mmol L–1 HEP solution containing 8% acrylonitrile in a three neck flask, and stirred for 4 h in N2 atmosphere. No precipitate of polyacrylonitrile was observed, suggesting that free radicals have not been formed in the reaction. Both solutions were purged for 20 min with nitrogen gas before the reaction.

	Identification of the oxidation products

	A volume of 100 mL of 1 mmol L–1 Ag(III) solution containing 0.1 mol L–1 KOH was mixed with an equal volume of 10 mmol L–1 HEP solution. After disappearance of the yellow color of the Ag(III) complex indicating the end of the reaction, the reaction mixture was divided in two equal parts. One was extracted with 200 mL of ether, washed once with water and then evaporated to dryness. The residue was dissolved in 2 mL of dilute HCl solution and subjected to mass spectrometry analysis. In the mass spectrum, one of the dominant peaks at m/[image: Character 01] 86.4 was ascribed to protonated piperidine (piperidine•H+), whose calculated m/[image: Character 02] is 86.15. The minor difference is due to the calibration of the equipment.

	An excess of KI and Na2S2O3 was added to the second fraction of the reaction mixture, the pH was adjusted to 5-6 with 1 mol L–1 HCl. In this condition, the periodate was rapidly reduced, giving rise to I3ˉ which was quickly reduced to iodide by thiosulfite,27 leading to precipitation of AgI and AgCl, after a while. These were filtered off and a saturated solution of DNPH (in 2 mol L–1 HCl) was added to the filtrate. The yellow precipitate, generated after aging the mixture for 2 days in a refrigerator, was washed with water, dissolved in DMSO and analyzed by mass spectrometry. The peak at m/[image: Character 03] 233 (sodium peak), probably stems from the phenylhydrazone derivative formed by the reaction of DNPH with formaldehyde. Therefore, piperidine and formaldehyde probably are the oxidation products of HEP.

	 

	Results and Discussion

	Influence of [HEP] on the oxidation rate

	The oxidation rate as a function of [HEP] (0.60 < [HEP] < 6.0 mmol L–1) was studied at four temperatures and the plots of kobsd vs. [HEP] are displayed in Figure 2. Some simple calculations reveal that the reaction order n in [HEP] is fractional, namely 0 < n < 1. As a matter of fact, good linear relationships between 1/kobsd and 1/[HEP] were found at all the temperatures (not shown), suggesting that they may follow a Michaelis-Menten type kinetics of enzyme-catalyzed reactions.28 It implies that HEP forms an intermediate complex with Ag(III).

	
		

		[image: Figure 2. Plots of the observed]

	

	The time-resolved spectra in Figure 1 show an absorption peak at 360 nm, which is in contrast with 362 nm peak of the Ag(III) complex in pure water. This blue shift of the band suggests that there is an interaction between Ag(III) and HEP, supporting the formation of a complex between Ag(III) and HEP (vide infra).

	Influence of [OHˉ] on the oxidation rate

	The influence of [OHˉ] on the reaction rate was studied in the 0.020 < [OHˉ] < 0.20 mol L–1 range, and the plots of kobsd vs. [OHˉ] at different temperatures are shown in Figure 3. The linear plots afforded well-defined and significantly positive intercepts. Similar relationships between kobsd and [OHˉ] were observed for the oxidation reactions of (L)-serine and (L)-threonine18 and mephenesin17 with Ag(III). But, analogous reactions with (L)-proline and (DL)-pipecolinate25,26 showed that kobsd is essentially independent of [OHˉ].

	Influence of [IO4 –]tot on the oxidation rate

	
		

		[image: Figure 3. Plots]

	

	The influence of [IO4ˉ]tot on kobsd was studied in the 0.30 < [IO4ˉ]tot < 2.0 mmol L–1 range, at constant [OHˉ], at 25.0 ºC, and the results are listed in Table 1. Obviously, the oxidation rate is significantly decreased when [IO4ˉ]tot is increased, whereas keeping a linear correlation between 1/kobsd and [IO4ˉ]tot (figure not shown). Similar behavior was also noticed in the oxidation of different substrates by [Ag(HIO6)2]5–, 17,18 which was accounted for by a pre-equilibrium (reaction 2) involving [Ag(HIO6)2]5– and a mono-periodate coordinated silver(III) complex, [Ag(HIO6)(OH)(H2O)]2–, as shown in equation 2.

	
		[image: Equation (2)]

	

	
		

		[image: Table 1. Observed and calculed pseudo first-order]

	

	In those reactions, [Ag(HIO6)(OH)(H2O)]2– was assumed to be the reactive species toward the reductants whereas [Ag(HIO6)2]5– behaved as a precursor. Presumably, in the present reaction system, [Ag(HIO6)(OH)(H2O)]2– is the reactive species also.

	Oxidation mechanism

	Provided [Ag(HIO6)(OH)(H2O)]2– is the reactive species, it should be the intermediate complex formed in the reaction of Ag(III) and HEP, such that the simple expression kobsd = a + b[OHˉ] can describe the kobsd dependency on [OHˉ] shown in Figure 3. Also, this two-term expression reveals that the oxidation reaction may take place through two channels: one independent of OHˉ and another facilitated by that same species. As a consequence, the reaction mechanism shown in Scheme 1 was proposed considering the above observations and hypothesis.

	
		

		[image: Scheme 1. Proposed reaction mecanism]

	

	In this mechanism, the intermediate is proposed to be a ternary complex (structure shown in Scheme 1) formed between [Ag(HIO6)(OH)(H2O)]2– and HEP in a pre-equilibrium step. This decomposes to Ag(I) according to two parallel rate-determining steps (described by k1 and k2, respectively).

	The rate expression deduced in terms of total concentration of silver(III), [Ag(III)]tot, where [H2IO63–]e denotes the equilibrium concentration of H2IO63–, is shown in equation 3.

	
		[image: Equation (3)]

	

	Hence,

	
		[image: Equation (4)]

	

	The kinetic measurements were carried out fulfilling the condition of [HEP] > 20 [Ag(III)]tot. As a consequence, only a small fraction of HEP is consumed in the formation of ternary complex 3 in Scheme 1. That is estimated to be only 1-3% of the total HEP (less than kinetic standard deviations) such that [HEP] is essentially the total concentration of HEP in equations 3 and 4.

	Periodate speciation in alkaline medium was discussed earlier,17,18 suggesting that H2IO63– is the predominant species in the studied [OHˉ] range.17,18 [H2IO63–]e as a fraction of [IO4ˉ]tot can be expressed by equations 5 and 6, where β2 and β3 are known equilibrium constants of periodate in alkaline medium.29,30 The periodate speciation, the equilibrium constants β2 and β3, and more detailed discussions on those parameters are referred to our earlier works.17,18 Values of f([OHˉ]) as a function of [OHˉ] can be calculated by equation 6.

	
		[image: Equation (5)]
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	In addition, equation 7 can be derived substituting equation 5 into equation 4:

	
		[image: Equation (7)]

	

	Rate and equilibrium constants

	The pre-equilibrium constant K1 (equation 7) as a function of temperature was previously derived18 and is virtually constant in the studied temperature range. Equation 7 was employed to fit the kobsd vs. [HEP] data in Figure 2 using a nonlinear least-square method with K2 and (k1 + k2[OHˉ]) as adjustable parameters, and K1 = 6.0 × 10−4 mol L–1 and f([OHˉ]) = 0.958 as constants. The fittings were very good (see Figure 2), and K2 values derived from the fittings are listed in Table 2.

	
		

		[image: Table 2. Derived values]

	

	Equation 7 reformulation gives rise to equation 8:

	
		[image: Equation (8)]

	

	Thus, values of Z = kobsd {f([OHˉ])[IO4ˉ]tot + K1 + K1K2[HEP])}/K1K2[HEP] as a function of [OHˉ] were calculated utilizing the K2 values. The linear plots of Zagainst [OHˉ], as anticipated by equation 8 (Figure 4), were used to evaluate the k1 and k2 values summarized in Table 2. 

	
		

		[image: Figure 4. Plots]

	

	Since all rate and equilibrium constants in equation 7 were derived, it is possible to predict or re-calculate the kobsd using the same equation. In this way, kobsd was predicted as a function of [IO4−]tot and the values given in Table 1. Obviously, the predicted values are in good agreement with the measured ones when the experimental errors are taken into account. Here, it is necessary to stress that the measured values kobsd (Table 1) were not used in the derivation of the rate and equilibrium constants. As a consequence, the good agreement between the measured and predicted kobsd values strongly support the rate law, indicating that the proposed reaction mechanism is reasonable.

	Activation parameters

	The study of the temperature dependency of k1 and k2 enabled the calculation of the corresponding activation parameters. The activation enthalpies and entropies were determined from the Eyring plots shown in Figure 5 (Table 2). The ∆H2‡ = 43 ± 3 kJ mol−1 and ∆S2‡ = -134 ± 9 J K−1 mol−1 are typical for a bimolecular reaction. However, k1 is still regarded as the first-order rate constant by convention because water concentration is constant, where the bimolecular nature is accounted for by the negative value of ∆S1‡. In fact, a one step two-electron transfer process in the rate-determining steps is in line with our free radical involvement test. The reaction intermediate, namely aminium cation in Scheme 1, generated from HEP in the rate-determining steps, is similar to those proposed when ternary amines are oxidized by hypochlorite.31

		
		

		[image: Figure 5. Eyring plots of rate]

	


	 

	Conclusions

	The reaction products and kinetics for the oxidation of the important drug component HEP by an Ag(III) complex were analyzed by spectrometric techniques. A reaction mechanism involving the indirect formation of a periodato-Ag(III)-HEP ternary complex as an intermediate is supported by both the time-resolved spectra and rate dependence on [HEP]. The ternary complex decomposes via two reaction channels as the rate-determining steps. The equilibrium constant and rate constants, and their corresponding activation parameters, were evaluated, and a consistent mechanism proposed, enabling the in-depth understanding of the oxidation process. This might be a reference mechanism for the oxidative degradation of the HEP-containing drugs.
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		A análise fitoquímica do extrato acetato de etila da casca do caule de Clusia pernambucensis G. Mariz, Clusiaceae, uma espécie do Cerrado brasileiro, conduziu ao isolamento e caracterização completa de uma nova xantona, 1,7-dihidróxi-2-(3-metil-2-butenil)-6',6'-dimetilpirano(2',3':3,4) xantona, denominada clusiaxantona. Quatro tocotrienóis ainda não relatados nesta espécie também foram isolados. Um derivado foi obtido a partir da clusiaxantona, 1-hidróxi,7-metóxi-2-(3-metil2-butenil)-6',6'-dimetilpirano(2',3':3,4)xantona (7- O -metil-clusiaxantona), e um segundo derivado foi obtido a partir do ácido Z -δ-tocotrienolóico. As estruturas foram estabelecidas com base em dados de ressonância magnética nuclear de 1H e 13C (NMR 1D e 2D), espectrometria de massa com ionização por electrospray de alta resolução (HRESIMS) e espectroscopia no infravermelho. No controle da infecção de macrófagos com amastigotas de Leishmania ( Leishmania ) amazonensis , os compostos ativos foram clusiaxantona e seu derivado (CI50 = 66,9 e 57,4 &#181;M, respectivamente). A citotoxicidade dos compostos foi determinada em macrófagos peritoneais de camundongos BALB/c.

	

	 

	
		Phytochemical analysis of the ethyl acetate extract from the stem bark of Clusia pernambucensis G. Mariz, Clusiaceae, a Brazilian Cerrado species, led to the isolation and full characterization of a new xanthone, 1,7-dihydroxy-2-(3-methyl-2-butenyl)-6',6'-dimethylpyrano(2',3':3,4) xanthone, namely clusiaxanthone. Four previously unreported tocotrienols from this species were also isolated. A derivative was obtained from clusiaxanthone, 1-hydroxy,7-methoxy-2-(3-methyl2-butenyl)-6',6'-dimethylpyrano(2',3':3,4)xanthone (7- O -methylclusiaxanthone), and an additional derivative was obtained from Z -δ-tocotrienoloic acid. The structures of these compounds were established based on data from 1H and 13C nuclear magnetic resonance (1D and 2D NMR), high resolution electrospray ionization mass spectrometry (HRESIMS) and infrared spectroscopy. The clusiaxanthone and its derivative were able to control macrophage infection by Leishmania ( Leishmania ) amazonensis amastigotes (IC50 = 66.9 and 57.4 &#181;M, respectively). The cytotoxicity of the compounds was assessed in BALB/c mouse peritoneal macrophages.
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	Introduction

	Cutaneous leishmaniasis is a worldwide endemic disease that causes skin lesions usually persisting for several months or years.1 Patients also suffer because of the toxicity induced by prolonged use of antileishmanial drugs. The clinical symptoms of leishmaniasis are determined by the involved species of Leishmania , the parasite virulence and host immune response.2 On account of the limited treatment options,3 new therapeutic solutions have been proposed, such as the use of miltefosine and paromomycin4 for the past twenty years.

	Despite these efforts, the need for new drugs remains. However, progress in the development of new treatments has been slow.2,5-7 As previously reported, the screening for compounds from natural product libraries is a key strategy because many plants contain chemical compounds with powerful leishmanicidal activity.8,9 In addition, approximately 80% of the population in the Americas use plants to treat various diseases,10 including leishmaniasis.11,12

	Benzophenones, triterpenes and several flavonoids have been isolated from Clusia pernambucensis, C. columnaris, C. grandiflora and C. spirictu-sanctensis .13,14 These compounds have presented anti-inflammatory, antifungal, antibacterial,15 anti-HIV,16 antioxidant and antitumor activities.17-19 Peraza-Sanchez et al. 20 demonstrated the activity of the methanol extract of C. flava leaves, popularly used for treating wounds and syphilis, in promastigotes of Leishmania major . A Peru based research team supported the use of traditional medicine for the treatment of cutaneous leishmaniasis.11 The group observed the activity of C. amazonica extracts in L. amazonensis axenic amastigotes.11

	In this study, we evaluated the potential antileishmanial effects of compounds and derivatives from Clusia pernambucensis G. Mariz, Clusiaceae against Leishmania (Leishmania) amazonensis, a parasite species that causes cutaneous leishmaniasis.

	 

	Results and Discussion

	The fractionation of the ethyl acetate extract from the stem bark of Clusia pernambucensis led to the isolation of a previously unreported compound, clusiaxanthone (1), and six known compounds (2-7), δ-tocotrienol (2),21 δ-tocotrienolic alcohol (3),22 Z -δ-tocotrienoloic acid (4) and δ-tocotrienol methyl ester (5),23 betulinic acid (6),24,25 and β-sitosterol (7)26 (Figure 1). Compounds 2and 5 were isolated from a natural source for the first time. For Z -δ-tocotrienoloic acid (4), the chemical shift of the methyl 12a' carbon (d 12.21 ppm) under the protective effect of the γ-methylenic carbon 10' (δ 27.78 ppm) contributed to the stereochemical identification of the carboxyl group. The structures of compounds 2-7 were determined by comparing the experimental data from the 1H and 13C nuclear magnetic resonance (NMR) spectra and high resolution electrospray ionization mass spectrometric (HRESIMS) analyses with previously reported data. This was the first time compounds 2 to 5 were isolated from C. pernambucensis.

	
		

		[image: Figure 1. Structures of isolated compounds]

	

	The methylation of clusiaxanthone and Z -δ-tocotrienolic acid resulted in the derivatives 1a, 1-hydroxy,7-methoxy2-(3-methyl-2-butenyl)-6',6'-dimethylpyrano(2',3':3,4) xanthone (7- O -methylclusiaxanthone), and 4a, (2 E ,6 E ,10 E )2 H -chromen-2-yl)-2,6,10-trimethyltrideca-2,6,10-trienoate, respectively.

	Clusiaxanthone (1) was isolated as a yellow solid with [α]D -57.4 (MeOH, c 0.11). The molecular formula for clusiaxanthone was determined as C23H22O5 based on the quasi-molecular ion at m /[image: Character 01] 379.1540 [M + H]+ (1 ppm error) in the HRESIMS spectrum. The vibrational bands at 3325 and 1647 cm–1 in the IR spectrum were consistent with hydroxyl and carbonyl groups, respectively.

	The 1H NMR spectrum of clusiaxanthone (500 MHz, C5D5N) showed signals at δH 1.74 (s, 3H-4'), 1.96 (s, 3H-5'), 3.62 (d, J 7.5 Hz, 2H-1') and 5.49 (t', J 7.5 Hz, H-2), and correlations with the carbon signals (1 J CH) at δC 18.5 (CH3-5'), 26.2 (CH3-4'), 22.3 (CH2-1') and 123.4 (CH-2') in the HSQC spectrum, respectively, used to characterize the presence of a prenyl moiety. The presence of a 2,2-dimethyl-3,4-dehydropyran was also identified by the signals at δH 1.49 (s, 6H-3H4"/3H5''), 5.65 (d, H-2", 10.0 Hz) and 6.97 (d, H-1'', 10.0 Hz), which showed correlations (1 J CH) with the signals corresponding to carbons C-4"/C-5" (δ 28.6), C-2" (δ 116.5) and C-1" (δ 128.2) in the HSQC spectrum, respectively. The signal at δH 13.86 (s) in the 1H NMR spectrum suggested the presence of a chelatogenic hydroxyl group (HO-1) (Table 1).

	
		

		[image: Table 1. 1H an 13 C NMR]

	

	The 13C NMR spectrum (125 MHz, C5D5N) of compound 1, which was supported by the data from the 13C DEPT (distortionless enhancement by polarization) 135 analysis, revealed 23 signals corresponding to twelve non-hydrogenated, six methine (all sp2), one methylene (sp3) and four methyl carbon atoms. Therefore, the expanded molecular formula C23H22O7 was determined for compound 1based on these data, and this formula is consistent with the chemical formula of C23H22O5, which was determined by HRESIMS, with the presence of two ether functions.

	For compound 1, a signal at δC 181.9 was assigned to a carbonyl carbon (C-9), three signals were associated with mono-hydrogenated aromatic carbons at δC 109.2 (C-8), 119.8 (C-5) and 125.7 (C-6), and eight signals were correlated with non-hydrogenated aromatic carbons at d 104.1 (C-9a), 104.7 (C-4a), 107.9 (C-2), 121.8 (C-8a), 155.2 (C-1), 156.6 (C-4a), 156.0 (C-7) and 158.7 (C-3). The last four carbons represent oxygenated carbons. It was also possible to observe the presence of two olefin carbons at δC 123.4 (C-2') and 131.8 (C-3') associated with a trisubstituted double bond in the prenyl side chain, and two additional carbons at δC 116.5 (C-1") and 128.2 (C-2") of the pyran substituent. The location of the carbons in the xanthone skeleton and all the unequivocal chemical shift assignments were based on the heteronuclear long-range coupling (2 J CH and 3 J CH) between the hydrogen and carbon atoms as determined by the 2D HMBC spectrum. The location of the prenyl moiety at C-2 was indicated by the HMBC correlations between the methylene protons 2H-1' (δH 3.62) with both C-2' (δC 123.4, 2 J CH) and C-2 (δC 107.9, 2 J CH) carbons. The location of the prenyl moiety was also confirmed by correlations with both the C-1 (δC 155.2, 3 J CH) and C-3 (δC 158.7, 3 J CH) carbons. The doublet at d 6.97 (H-1'') showed an HMBC cross-peak to the aromatic C-4 (δC 104.9, 2 J CH), C-4a (δC 156.6, 3 J CH) and C-3 (δC 158.7, 3 J CH) carbons, thus establishing the connectivity of C-1" with C-4. Other similar interactions are summarized in Table 1.

	The methylation of compound 1 with an ethereal solution of diazomethane yielded the mono methyl ether 1a and confirmed the presence of a hydroxyl group at C-7, which formed the methyl ether 7- O -Me derivative only. This was determined by its corresponding signal at δC 165.2 (Table 1). A singlet at δH 13.86 ( vide supra ) in the 1H NMR spectrum of 1 (Table 1) indicated the presence of another hydroxyl group at C-1 that chelated the carbonyl carbon at C-9 and interfered with the methylation by diazomethane. Derivative 1ahad a molecular formula of C24H25O5 determined by the protonated peak at m /[image: Character 02] 393.1699 ([M + H]+ calculated m /[image: Character 03] 393.1702) in the HRESIMS spectrum.

	Therefore, the structure of the new xanthone isolated from Clusia pernambucensis was determined as 1,7-hydroxy2-(3-methyl-2-butenyl)-6',6'-dimethylpyrano(2',3':3,4) xanthone. This compound was named clusiaxanthone (1). Unlike other reported related xanthones bearing two hydroxyl groups in the aromatic ring, this compound has one OH group less, similar to that identified in Garcinia nigrolineata .27-30

	The basic core of this chemical class is a tricycle with a symmetrical skeleton. Ring A is formed from the acetate pathway, involving 1-4 carbon atoms, whereas ring B is composed of the 5-8 carbon atoms and is derived from the shikimic acid pathway.31

	The EtOAc extract from the stem bark of C. pernambucensis exhibited an IC50 = 65.0 &#181;g mL–1 against L. (L.) amazonensis promastigotes. The antileishmanial activity of compounds 1-6 in peritoneal macrophages infected with amastigotes was also determined and indicated that clusiaxanthone (1) displayed the most significant antileishmanial activity with an IC50 = 66.9 &#181;M (Table 2). The antileishmanial activity of derivative 1a was similar to that of 1 with an IC50 = 57.4 &#181;M.
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	Azebaze et al .32 showed that the activity of synthetic xanthones against axenic L. amazonensis amastigotes was increased in the presence of prenyl groups at positions 2 and 4, similar to the activity of the 2-substituted xanthone observed in this study. Hydroxylated and methoxylated xanthones (with structures similar to compound 1a), which were isolated from Andrographis paniculata (Acanthaceae), showed activity against L. infantum amastigotes inside peritoneal macrophages.33 Lipophilic groups play an important role in facilitating the compound internalization by macrophages, thereby increasing its availability.34,35

	According to the literature, the hydroxy-substituted xanthone nucleus shows potential for the development of active derivatives against Leishmania sp., which was observed for the 3,6-bis-ω-diethylaminoalkoxyxanthones tested in L. mexicana .36 The results of this study confirm the data obtained in our study.

	Monzote et al .37 suggested that in Leishmania sp. amastigotes, mitochondrial complex III can be a target for compounds, such as tocotrienols, that contain chromanol groups. Among the tocotrienols studied here, only Z -δ-tocotrienoloic acid (4) showed an IC50 = 181.0 &#181;M against L. ( L. )  amazonensis amastigotes. The derivative compound 4a did not show increased antileishmanial activity. Therefore, it is possible that the presence of the carboxylic group is beneficial to the antileishmanial activity because the change in substituent groups at C12' in compounds 2, 3and 5 failed to improve the antileishmanial activity of tocotrienol.

	 

	Conclusions

	We isolated and extensively characterized one unreported xanthone (1) and a series of four known tocotrienols, δ-tocotrienol (2), δ-tocotrienolic alcohol (3), Z -δ-tocotrienoloic acid (4) and δ-tocotrienol methyl ester (5), which were previously undescribed in C. pernambucensis . Compounds 2and 5 were isolated from natural sources for the first time, and two compounds, betulinic acid (6) and β-sitosterol (7), are ubiquitous in plants. Clusiaxanthone (1) showed moderate activity against Leishmania ( Leishmania ) amazonensis .

	Chemical studies to identify derivatives and analogs with lower cytotoxicity and improved antileishmanial activity are desirable. These compounds can be evaluated using an amastigote intramacrophage system. This system is advantageous since it takes into account the pharmacokinetic barriers that all compounds must overcome to reach the target parasite.38,39

	Our laboratory is focused on the development of antileishmanial candidates and is currently developing new xanthone derivatives that contain the original hydroxylated xanthone nucleus.

	 

	Experimental

	General experimental procedures

	Optical rotation data were collected on a DIP-370 polarimeter. For infrared analysis, the samples were embedded in KBr pellets under 10,000 kgf, and the experiment was performed with an infrared spectrophotometer (Perkin-Elmer RX-1). Fractionation was performed by column chromatography (7 × 100 cm) on silica gel (0.04-0.063 mm or 230-400 mesh). Thin layer chromatography (TLC) was performed in silica gel plates (60 F254 aluminum, Merck).

	1H and 13C NMR spectra were recorded at room temperature on a Bruker Avance DRX 500 (500.13 and 125.77 MHz) spectrometer using an inverse detection probe. The chemical shifts are expressed in parts per million (ppm) relative to tetramethylsilane (TMS), and the coupling constants ( J values) are shown in hertz (Hz).

	HRESIMS spectra were recorded on Bruker UltrOTOF and MicrOTOF spectrometers. Electrospray ionization was performed using a time of flight analyzer (ESI-TOF-MS) in both the positive and negative modes.

	Analytical high-performance liquid chromatography (HPLC) of the samples was performed on a Waters model 1525 coupled to a UV photodiode array detector (190-800 nm), series 2996, thermostatic oven and Phenomenex silica column (4.6 × 250 mm, 5 &#181;m). The mobile phase consisted of hexane-ethyl acetate pre-filtered through 0.45 &#181;m nylon membranes, vacuum degassed and sonicated for 15 min. Reversed phase-HPLC was performed on a Shimadzu SL6Vp equipment coupled to a UV photodiode array detector (190-800 nm) equipped with a degasser. A Shimadzu octadecylsilane column (4.6 × 250 mm, 5 &#181;m) with an injection volume of 20 &#181;L (2 mg mL–1) and flow rate of 1 mL min–1 was used in the analytical mode. The separation was achieved on a Shimadzu preparative octadecylsilane (20 × 250 mm, 10 &#181;m) column with an injection volume of 1 mL (20 mg mL–1) and a flow rate of 9 mL min–1. The compound detection was monitored at 254 nm.

	Plant material

	The stem bark of Clusia pernambucensis G. Mariz, Clusiaceae, was collected from the gallery forest of the Cerrado biome, Santo Antônio do Descoberto, Goiás State, at an altitude of 1055 metres; south latitude 15º48'35.0"; south longitude 48º20'12.0". The identification of the plant was confirmed by Professor Dr. José Elias de Paula, and a voucher specimen was deposited in the Herbarium of the University of Brasília under the accession number (UB) 3771.

	Extraction and isolation

	 C. pernambucensis extract (22 g) was obtained by macerating 197.11 g of C. pernambucensis stem bark with ethyl acetate. From this extract, 14.15 g were fractionated into 312 fractions of 100 mL by column chromatography with a cyclohexane-EtOAc polarity gradient (100:0; 99:1; 98:2; 97:3; 95:5; 93:7; 90:10; 85:15; 80:20; 75:25; 70:30; 60:40: 50:50; 0:100), and sequentially with an EtOAc-MeOH gradient (100:0; 90:10; 85:15; 80:20; 75:25; 70:30; 60:40; 50:50; 0:100). Based on the TLC profile, the fractions were assembled in 21 fractions (CP1-CP21). Fraction CP15 was purified on a silica column to obtain compound 1 (36.2 mg, 0.2 %). The compound detection was monitored at 254 nm. The purification of fraction CP19 was performed using an HPLC Shimadzu, model SL6Vp equipped with an octadecilsilane-C18 (20 × 250 mm, 10 &#181;m) preparative column. The eluent consisted of an isocratic ternary mixture of H2O:MeOH:MeCN (8:32:60). The samples were injected in a volume of 1 mL (20 mg mL–1) with a flow rate of 9 mL min–1, and the compound detection was monitored at 190, 209 and 254 nm. At the end of this process, four compounds were isolated, δ-tocotrienol (2,1.4 mg, 0.009 %), δ-tocotrienolic alcohol (3, 10.2 mg, 0.07%), Z -δ-tocotrienoloic acid (4, 85.3 mg, 0.6%) and δ-tocotrienol-methyl ester (5, 0.6 mg, 0.004%). Betulinic acid (6, 100 mg, 0.7%) and β-sitosterol (7, 20.2 mg, 0.1%) were also isolated.

	A methyl ether derivative (1a) of clusiaxanthone (1) was produced by methylation of 1 with diazomethane. Compound 4a was obtained by the methylation of a hydroxyl and terminal carboxyl of Z -δ-tocotrienoloic acid (4).

	1,7-Dihydroxy-2-(3-methyl-2-butenyl)-6',6'-dimethylpyrano(2',3':3,4)xanthone (1): yellow solid; [α]D -57.4 (MeOH, c 0.11); IR ν/cm–1 3324, 2983, 2962, 2909, 2857, 1700, 1647, 1480, 1465, 1357; 1H and 13C NMR (500.13 and 125.77 MHz, C5D5N, δ/ppm) see Table 1; HRESIMS (positive mode) m /[image: Character 04] found: 379.1540 [M + H]+; calc m /[image: Character 04] for [C23H23O5]+ = 379.1545.

	1-Hydroxy,7-methoxy-2-(3-methyl-2-butenyl)6',6'-dimethylpyrano(2',3':3,4)xanthone (1a): yellow solid. 1H and 13C NMR (500.13 and 125.77 MHz, C5D5N, δ/ppm) see Table 1. HRESIMS (positive mode) m /[image: Character 05] found: 393.1699 [M + H]+; calc m /[image: Character 06] for [C24H25O5]+ = 393.1702.

	 Leishmania (Leishmania) amazonensis promastigote culture

	C57BL/6 mice were infected with  Leishmania (Leishmania) amazonensis (strain L(L)a)-MHOM/BR/PH8) and maintained in the biotherium at the Faculty of Health Science/Medicine (University of Brasília, Brazil). Blood was collected by puncture of the hind paw of infected animals. The parasites were incubated in McNeal, Novy and Nicolle (NNN) culture medium pH 7.2 at 22 °C for seven days, and subsequently in Schneider's medium supplemented with 20% fetal bovine serum and 0.25% gentamicin pH 7.2 at 22 °C.

	Compound evaluation in  L. (L.) amazonensis promastigotes

	Sterile Schneider's medium (Sigma-Aldrich) was added to each well of a 96 well cell culture plate. Promastigotes (105) were then added to the wells and counted in a Neubauer chamber. Serial dilution of the compounds was performed starting at an initial concentration of 300 mmol L–1, with 0.1% DMSO (dimethyl sulfoxide) as a negative control. The cell culture plate was incubated for 48 h at 22-26 °C. Next, 100 &#181;g per well of a solution of 5 mg mL–1 3-(4,5-dimethylthiazol2-yl)-2,5-diphenyltetrazolium bromide (MTT) in PBS (phosphate buffered saline, Sigma-Aldrich) was added to the wells for 4 h at 37 °C. Viability measurements were performed after the addition of 100 mL DMSO to solubilize the formazan crystals.40-42 In this experiment, we used promastigotes in log phase growth to optimize the spectrophotometer reading at 570 nm. The experiments were performed in triplicate, and the IC50 values were calculated using Microsoft Excel® .

	Compound evaluation in L. (L.) amazonensis amastigotes

	Peritoneal macrophages from BALB/c mice were collected and centrifuged in RPMI 1640 (Gibco) medium at 1190 rpm or 300 g. The pellets were recovered and resuspended to count the viable cells by trypan blue (Sigma) staining in a Neubauer chamber. Glass coverslips (13 mm) were placed into a 24 well plate with 4 × 105 macrophages per well for 24 h at 37 °C in a 5% CO2 atmosphere. After the incubation period, the non-adherent cells were removed and the macrophages were incubated with L. (L.) amazonensis promastigotes in stationary phase at a ratio of 10:1 for 4 h at 37 °C in a 5% CO2 atmosphere. The promastigote-free supernatant was removed, and the infected macrophages were treated with the compounds at initial concentrations of 300 &#181;mol L–1 for 48 h. The cells were subsequently harvested, fixed with methanol and stained with Giemsa stain. Miltefosine (Sigma-Aldrich), amphotericin B (Sigma-Aldrich), and meglumine antimoniate (Glucantime®, Aventis Pharma Brazil; 300 mg mL–1, 81 mg mL–1 Sb (V)) at concentrations of 30.0 to 0.056 &#181;mol L–1 were used as positive controls, and 0.1% DMSO in a culture medium with amastigotes as a negative control. For each concentration of compound, 200 macrophages were counted using an optical microscope (Olympus). The number of amastigote-infected cells was calculated compared to the negative control.43,44 The tests were performed in triplicate.

	Evaluation of compound cytotoxicity in murine macrophages

	After the peritoneal macrophages were isolated from BALB/c mice, 106 cells were placed in each well of a 96 well microplate. The cells were incubated for 12 h at 37 °C in a 5% CO2 atmosphere. The culture medium was then replaced with the diluted compounds in new culture medium, and the cells were then incubated at 37 °C in a 5% CO2 atmosphere. A solution of 0.1% DMSO was used as the negative control. After 24 h, cell viability was determined by adding 100 &#181;g per well MTT in PBS (5 mg mL–1) for 4 h. The culture medium was removed and 100 &#181;L DMSO was added. The formazan was quantified in a spectrophotometer at 570 nm.45,46

	 

	Supplementary Information

	1H and 13C NMR, HSQC, HMBC and 1H-1H COSY spectraand HRESIMS spectra of clusiaxanthoneand derivative 1a are available free of charge at http://jbcs.sbq.org.br as PDF file.

	 

	Acknowledgments

	The authors gratefully acknowledge the CNPq, CAPES and FAPDF for financial support.

	 

	References

	1. Aguiar, M. G.; Pereira, A. M. M.; Fernandes, A. P.; Ferreira, L. A. M.; Antimicrob. Agents Chemother. 2010, 54 , 4699.

	2. Ameen, M.; Clin. Exp. Dermatol. 2010, 35 , 699.

	3. Siqueira-Neto, J. L.; Song, O. R.; Oh, H.; Sohn, J. H.; Yang, G.; Nam, J.; Jang, J.; Cechetto, J.; Lee, C. B.; Moon, S.; Genovesio, A.; Chatelain, E.; Christophe, T.; Freitas-Junior, L. H.; PLoS Negl. Trop. Dis. 2010, 4 , e675.

	4. Olliaro, P. L.; Curr. Opin. Infect. Dis. 2010, 23 , 595.

	5. Croft, S. L.; Olliaro, P.; Clin. Microbiol. Infect. 2011, 17 , 1478.

	6. Grogl, M.; Hickman, M.; Ellis, W.; Hudson, T.; Lazo, J. S.; Sharlow, E. R.; Johnson, J.; Berman, J; Sciotti, R. J.; Am. J. Trop. Med. Hyg . 2013, 88 , 216.

	7. Salah, A. B.; Messaoud, N. B.; Guedri, E.; Zaatour, A.; Alaya, N. B.; Bettaieb, J.; Gharbi, A.; Hamida, N. B.; Boukthir, A.; Chlif, S.; Abdelhamid, K.; Ahmadi, Z. E.; Louzir, H.; Mokni, M.; Morizot, G.; Buffet, P.; Smith, P. L.; Kopydlowski,	K. M.; Kreishman-Deitrick, M.; Smith, K. S.; Nielsen, C. J.; Ullman, D. R.; Norwood, J. A.; Thorne, G. D.; McCarthy,	W. F.; Adams, R. C.; Rice, R. M.; Tang, D.; Berman, J.; Ransom, J.; Magill, A. J.; Grogl, M.; N. Engl. J. Med . 2013, 368 , 524. 

	8. Sen, R.; Chatterjee, M.; Phytomedicine 2011, 18 , 1056.

	9. Vieira, N. C.; Herrenknecht, C.; Vacus, J.; Fournet, A.; Bories, C.; Figadère, B.; Espindola, L. S.; Loiseau, P. M.; Biomed. Pharmacother. 2008, 62 , 684.

	10. Newman, D. J.; Cragg, G. M.; J. Nat. Prod. 2007, 70 , 461.

	11. Odonne, G.; Bourdy, G.; Castillo, D.; Estevez, Y.; Lancha-Tangoa, A.; Alban-Castillo, J.; Deharo, E.; Rojas, R.; Stien, D.; Sauvain, M.; J. Ethnopharmacol. 2009, 126 , 149.

	12. Odonne, G.; Berger, F.; Stien, D.; Grenand, P.; Bourdy, G.; J.Ethnopharmacol. 2011, 137 , 1228. 

	13. Porto, A. L. M.; Machado, S. M. F.; De Oliveira, C. M. A.; Bittrich, V.; Amaral, M. D. E.; Marsaioli, A. J.; Phytochemistry 2000, 55, 755.

	14. Compagnone R. S.; Suarez, A. C.; Leitão, S. G.; DelleMonache,F.; Braz. J. Pharmacogn. 2008, 18 , 6.

	15. Moura, A. C. G.; Perazzo, F. F.; Maistro, E. L.; Genet. Mol. Res. 2008, 7 , 1360.

	16. Huerta-Reyes, M.; Basualdo, M. D.; Lozada, L.; Jimenez-Estrada, M.; Soler, C.; Reyes-Chilpa, R.; Biol. Pharm. Bull. 2004, 27 , 916.

	17. Díaz-Carballo, D.; Malak, S.; Bardenheuer, W.; Frestuehler, M.; Reusch, H. P.; J. Cel. Mol. Med. 2008, 12 , 2598.

	18. Díaz-Carballo, D.; Ueberla, K.; Kleff, V.; Ergun, S.; Malak, S.; Frestuehler, M.; Somogyi, S.; Kucherer, C.; Bardenheuer, W.; Strumberg, D.; Int. J. Clin. Pharmacol. Ther. 2010, 48 , 670.

	19. Chaturvedula, V. S.; Schilling, J. K.; Kingston, D. G.; J. Nat. Prod. 2002, 65 , 965.

	20. Peraza-Sánchez, S. R.; Cen-Pacheco, F.; Noh-Chimal, A.; May-Pat, F.; Simá-Polanco P.; Dumonteil, E.; García-Miss, M. R.; Mut-Martín, M.; Fitoterapia 2007, 78 , 315. 

	21. Yamamoto, I.; Takigawa, T.; Kenmochi, K.; Mizuno, M.; JP 59219280 1984.

	22. Terashima, K.; Takaya,Y.; Niwa, M.; Bioorg. Med. Chem. 2002, 1 , 1619.

	23. Monache, F. D.; Marta, M.; Mac-Quhae, M. M.; Nicoletti, M.; Gazz. Chim. Ital. 1984, 114 , 135.

	24. Bruckner, V.; Kovacs, J.; Koczka, I.; J. Chem. Soc. 1948, 1 , 948. 

	25. Pancharoen, O.; Tuntiwachwuttikul, P.; Taylor, W.	 C.; Picker, K.; Phytochemistry 1994, 35 , 987.

	26. Jares, E. A.; Tettamanzi, M. C.; Pomilio, A. B.; Phytochemistry 1990, 29 , 340.

	27. Bayma, J. C.; Arruda, M. S. P.; Neto, M. S.; Phytochemistry 1998, 49 , 1159.

	28. Rukachaisirikul, V.; Ritthiwigroma, A. P.; Sawangchoteb, P.; Taylor, W. C.; Phytochemistry 2003, 64 , 1149.

	29. Rukachaisirikul, V.; Kamkaew, M.; Sukavisit, D.; Phongpaichit, S.; Sawangchoteb, P.; Taylor, W. C.; J. Nat. Prod. 2003, 66 , 1531.

	30. Chen, Y.; Yang, G.; Zhong, F.; He, H.; Bull. Korean Chem. Soc. 2010, 31 , 3418.

	31. El-Seedi, H. R.; El-Barbary, M. A.; El-Ghorab, D. M. H.; Bohlin, L.; Borg-Karlson, A.; Goransson, U.; Verpoorte, R.; Curr. Med. Chem . 2010, 17 , 854.

	32. Azebaze, A. G. B.; Ouahouo, B. M. W.; Vardamides, J. C.; Valentin, A.; Kuete, V.; Acebey, L.; Beng, V. P.; Nkengfack, A. E.; Meyer, M.; Chem. Nat. Compd. 2008, 44 , 582. 

	33. Dua, V. K.; Verma, G.; Dash, A. P.; Phytother. Res. 2009, 23 , 126.

	34. Stec, J.; Huang, Q.; Pieroni, M.; Kaiser, M.; Fomovska, A.; Mui, E.; Witola, W. H.; Bettis, S.; McLeod, R.; Brun, R.; Kozikowski, A. P.; J. Med. Chem. 2012, 55 , 3088.

	35. Audisio, D.; Messaoudi, S.; Cojean, S.; Peyrat, J. F.; Brion, J. D.; Bories, C.; Huteau, F.; Loiseau, P. M.; Alami, M.; Eur.J. Med. Chem. 2012, 52 , 44. 

	36. Kelly, J. X.; Ignatushchenko, M. V.; Bouwer, H. G.; Peyton,  D. H.; Hinrichs, D. J.; Winter, R. W.; Riscoe, M.; Mol. Biochem. Parasitol. 2003, 126 , 43. 

	37. Monzote, L.; Stamberg, W.; Patel, A.; Rosenau, T.; Maes, L.; Cos, P.; Gille, L.; Chem. Res. Toxicol. 2011, 24 , 1678.

	38. Dutta, S.; Ongarora, B. G.; Li, H.; Vicente, M. G. H.; Kolli, B. K.; Chang, K. P.; PLoS One 2011, 6 , e20786. 

	39. Loiseau, P. M.; Gupta, S.; Verma, A.; Srivastava, S.; Puri, S. K.; Sliman, F.; Normand-Bayle, M.; Desmaele, D.; Antimicrob. Agents Chemother. 2011, 55 , 1777. 

	40. Berg, K.; Zhai, L.; Chen, M.; Kharazmi, A.; Owen, T. C.; Parasitol. Res. 1994, 80 , 235.

	41. Dutta, A.; Bandyopadhyay, S.; Mandal, C.; Chatterjee, M.; Parasitol. Int. 2005, 54 , 119.

	42. Albernaz, L. C.; De Paula, J. E.; Romero, G. A. S.; Silva, M.R.R.; Grellier, P.; Mambu, L.; Espindola, L. S.; J. Ethnopharmacol. 2010, 131 , 116.

	43. Gaspar, R.; Opperdoes, F. R.; Preat, V.; Roland, M.; Ann. Trop. Med. Parasitol . 1992, 86 , 41.

	44. Tiuman, T. S.; Ueda-Nakamura, T.; Cortez, D. A. G.; Dias-Filho,  B. P.; Morgado-Diaz, J. A.; Souza, W.; Nakamura C. V.; Antimicrob. Agents Chemother. 2005, 49 , 176. 

	45. 	Albernaz, L. C.; Deville, A.; Dubost, L.; De Paula, J. E.; Bodo, B.;Grellier, P.; Espindola, L. C.; Mambu, L.; Planta Med. 2011, 78 , 1. 

	46. Mosmann, T.; J. Immunol Methods 1983, 65 , 55.

	 

	 

	Submitted: March 12, 2013

	Published online: July 10, 2013

	 

	 

	
		FAPESP has sponsored the publication of this article.

		*e-mail: darvenne@unb.br

		 

		 

		Supplementary Information

		 

		 

		
			[image: Figure S1]

		

		
			[image: Figure S2]

		

		
			[image: Figure S3]

		

		
			[image: Figure S4]

		

		
			[image: Figure S5]

		

		
			[image: Figure S6]

		

		
			[image: Figure S7]

		

		
			[image: Figure S8]

		

		
			[image: Figure S9]

		

		
			[image: Figure S10]

		

		
			[image: Figure S11]

		

		
			[image: Figure S12]

		

	





	DOI: 10.5935/0103-5053.20130167

	ARTICLE

	
		Aburas NM, Stevanović NR, Milčić MK, Lolić AĐ, Natić MM, Tešić Ž Lj, et al. Influence of the structure on the antioxidant activity of tetradentate Schiff bases and their copper(II) complexes: possible mechanisms. J. Braz. Chem. Soc. , 2013;24(8): 1322-28.

	

	
		Influence of the structure on the antioxidant activity of tetradentate Schiff bases and their copper(II) complexes: possible mechanisms

	

	  

	 

	Najat M. Aburas; Nikola R. Stevanović; Miloš K. Milčić; Aleksandar Đ. Lolić; Maja M. Natić; Živoslav Lj. Tešić; Rada M. Baošić*

	Faculty of Chemistry, University of Belgrade, Studentski trg 12-16, 11158 Belgrade, Serbia

	 

	
		A influência da estrutura na atividade antioxidante de uma série de bases de Schiff e seus complexos de cobre(II) assim como possíveis mecanismos da atividade antioxidante foram investigados. As bases de Schiff são derivadas da condensação de etano-1,2-diamina ou propano1,2-diamina com pentano-2,4-diona e/ou 1-fenilbutano-1,3-diona. Os complexos correspondentes foram sintetizados. A atividade antioxidante in vitro, determinada por cromatografia em camada delgada em fase reversa (RP TLC), baseada na reação com 2,2'-difenil-1-picrilhidrazil, foi expressa como capacidade antioxidante equivalente em Trolox (TEAC). A influência da estrutura foi observada com base em descritores interpretáveis e informativos calculados por métodos híbridos de teoria do funcional da densidade (DFT). As características responsáveis pela atividade antioxidante dos compostos investigados foram discutidas. Os complexos de cobre(II) apresentam atividades antioxidantes significativamente maiores que seus ligantes correspondentes. Os descritores químico-quânticos calculados forneceram uma visão do mecanismo de reação da atividade antioxidante/sequestrante das bases de Schiff tetradentadas e de seus complexos de cobre(II) e dois diferentes mecanismos de reação foram propostos.

	

	 

	
		The influence of the structure on the antioxidant activity of a series of Schiff bases and their copper(II) complexes as well as possible mechanisms of antioxidant activity were investigated. Schiff bases are derived from the condensation of ethane-1,2-diamine or propane-1,2-diamine and pentane-2,4-dione and/or 1-phenylbutane-1,3-dione. The corresponding complexes were synthesized. The antioxidant activity in vitro, determined using reversed-phase thin layer chromatography assay (RP TLC) based on the reaction with 2,2'-diphenyl-1-picrylhydrazyl, was expressed as Trolox equivalent antioxidant capacity (TEAC). The influence of the structure was observed on the basis of interpretable and informative descriptors calculated by hybrid density functional theory (DFT) methods. Structural features responsible for the antioxidant activity of the investigated compounds were discussed. Copper(II) complexes showed a significantly higher antioxidant activity than their corresponding ligands. Calculated quantum-chemical descriptors gave an insight to the reaction mechanism of the scavenging/antioxidant activity of tetradentate Schiff bases and their copper(II) complexes and two different reaction mechanisms were proposed.
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	Introduction

	Schiff bases and their complexes have caused wide interest due to diverse spectra of biological and pharmaceutical potential, such as antitumor, antifungal, antibacterial, antimicrobial and antihelmintic uses.1-12 Schiff base complexes play an important role in designing metal complexes related to synthetic and natural oxygen carriers.13 The compounds of this type can be greatly modified by introducing different substituents providing very useful model compounds for investigation of different chemical processes and its effects. It is important to emphasize the structural similarity between Schiff bases possessing different donor atoms (N, O, S, etc.) and biologically active compounds found in natural biological systems.14

	Nowadays, there is a great interest in new compounds with active antioxidant components, whether they are synthesized or obtained from the nature.15 Antioxidant activities are related to the compound capability of protecting biological systems from the potentially harmful effect of processes involving reactive oxygen species that can cause excessive oxidation. Reports on such activity investigations of Schiff bases and structurally similar compounds could be found in literature.16,17 The DPPH (2,2'-diphenyl-1-picrylhydrazyl) assay is one of the most important methods used for evaluation of antioxidant activity. It is technically simple and rapid and that might explain its widespread use in antioxidant screening.

	Antioxidant activity can be determined spectrophotometrically or by high-performance liquid chromatography (HPLC), but also using some faster and inexpensive methods, such as thin layer chromatography (TLC).18 DPPH may be neutralized either by direct reduction via electron transfer or by radical quenching via hydrogen atom transfer.19 It is difficult to interpret reactivity patterns and mechanisms without specific information about the composition and structures of the investigated antioxidants.

	In the last decade, it was shown that quantum-chemical calculations can be a valuable tool in predicting and explaining antioxidative activity of various compounds. A good correlation between some quantum-chemical descriptors (i.e., various electronic descriptors, bond dissociation enthalpy and spin density) and antioxidant activity for a series of molecules were reported.20

	Our group has been investigating tetradentate Schiff bases and their complexes from different aspects for a long time. Their retention was investigated on different thin layers and relationships between the structure, retention and activity/property as well as the antioxidant capacity and electrochemical behavior were discussed.21-25 Experimental results motivated us to investigate the influence of the structure on the antioxidant activity of these compounds and to perform calculations by hybrid density functional theory (DFT) methods. Several works were published to describe and explain the antioxidant activity using molecular descriptors.26-28

	Therefore, the aim of this work was to take into consideration the impact of structural features and substituents on the mechanism of antioxidant activity of investigated compounds. To give better insight into the mechanism of the scavenging/antioxidant activity, the quantum-chemical descriptors which are the numerical representation of the molecular structures were calculated.

	 

	Experimental

	Tetradentate Schiff bases and their corresponding copper(II) complexes (doublet spin state, d9) were prepared according to the procedures described in our previous work.21 Schiff bases were obtained by condensation of diamine (ethane-1,2-diamine or propane-1,2-diamine) and corresponding β-diketones (pentane-2,4-dione and/or 1-phenylbutane-1,3-dione) in absolute ethanol by stirring under reflux. The copper(II) complexes were synthesized by addition of freshly prepared copper(II) hydroxide in hot solution of corresponding Schiff base in absolute ethanol. The mixture was stirred under reflux.

	Antioxidant activity

	The values of antioxidant activity of the investigated compounds were extracted from our previous work.25 Antioxidant activities were determined in vitro by TLC-DPPH assay and expressed as Trolox equivalent antioxidant capacity (TEAC, mol compound per mol Trolox, 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid). The spots of 1 μL of compound solution (0.6 mg mL–1) were applied by autosampler (Linomat 5, Camag) on RP18 silica plate (Merck, Germany) as well as a series of standard solutions of Trolox (0-280 ng spot–1) followed by applying 1 μL of methanolic solution of DPPH (0.15 × 10–3 mol L–1) at the same spots. No development was carried out. After 30 min of incubation in the dark, the plate was scanned. Camag TLC scanner with CATS evaluation software was used for scanning at 515 nm (see in the Supplementary Information (SI) section). The structures of the investigated compounds and obtained TEAC values are given in Table 1.

	
		

		[image: Table 1. Structures of the investigated]

	

	Calculations

	Geometries of all molecules were fully optimized using hybrid DFT method, more specifically Becke three-parameterized exchange functional and Lee-Yang-Parr correlation functional (B3LYP). For the complexes, unrestricted B3LYP calculations were used with lanl2dz basis set on the copper atom and 6-31G(d,p) basis set on other atoms. Inner electrons of the copper atom were described with lanl2 effective core potential. Geometries of neutral ligand molecules were optimized with 6-311G(d,p) basis set. All quantum-chemical descriptors were calculated on the optimized geometries with 6-31+G(d,p) basis set on nonmetallic atoms and lanl2dz with effective core potential (ECP) on the copper atom. Electronic molecular descriptors obtained after optimization were: HOMO and LUMO energies, ΔEHOMO-LUMO calculated as the difference of the energies, dipole moment, total energy, electronic energy, spin density, charge on atoms by natural bond orbital (NBO) analysis, and chelate plane angle.

	Relative bond dissociation energies (BDE) for dissociation of N-H bond in ligand molecules in methanol solution were calculated using isodesmic reaction shown in Scheme 1.

	
		

		[image: Scheme 1. Isodesmic reaction]

	

	Geometries of all ligands and radicals were fully optimized using B3LYP method for closed-shell molecules and restricted open B3LYP method (ROB3LYP) for radicals with 6-311G(3df,3pd) basis set. The thermal energy, including zero-point energy, work and translational, rotational and vibrational entropy corrections were evaluated using standard statistical mechanic formulas.29 Polarizable continuum model (PCM) calculations in methanol as solvent were done on optimized closed-shell molecules and radical geometries in order to introduce environment effect in BDE calculations. All DFT calculations were done in Gaussian 03 program package.30

	Statistical calculations were performed by NCSS 2004 software package.31

	 

	Results and Discussion

	Antioxidant activities of the investigated Schiff bases and their copper(II) complexes were determined by TLC-DPPH assay. The relatively stable and clear zones on the RP-18 silica gel were observed, enabling the identification of radical-scavenging activity after incubation period. TLC scanner quickly and accurately determines the height and peak areas directly proportional to the absorbance.32 The values of antioxidant activities are presented in Table 1.

	From the obtained results, several interesting observations can be made. First of all, lower TEAC values (higher antioxidant activity) of copper(II) complexes (1-5, Table 1) in comparison with corresponding Schiff bases (L1-L5, Table 1) are obvious. The coordination of the Schiff bases and the presence of metal ion enhance the antioxidant potential. Furthermore, it is possible to draw a conclusion on the relationship between the antioxidant activity and the functional groups present in the complexes. It is known, from the literature, that substituents in the Schiff bases have a great influence on the activity of these compounds.33 As can be seen in Table 1, the antioxidant activity increased by the number of phenyl groups in the complexes containing ethylenediamine as amine part (1 < 2 < 3, Table 1). The opposite dependence was observed for complexes containing propylenediamine.

	Tetradentate Schiff bases

	The analysis of calculated descriptors for Schiff bases and complexes revealed clear differences between compounds as a consequence of both substituents and complexation. In the attempt to explain the mechanism of the antioxidant action and the influence of the structure on the antioxidant activity of investigated compounds, Pearson's correlation matrix was carried out. The Pearson's correlation analysis tests the relationship among calculated molecular descriptors and experimentally determined DPPH scavenging activity. DPPH was chosen as free radical because of its ability to be reduced either by electron-transfer or by hydrogen atom transfer. The pair-wise method was employed (99% confidence level, p < 0.01). Statistically significant correlation coefficients, between selected descriptors and DPPH scavenging activity for all investigated Schiff bases, extracted from Pearson's correlation matrixes are shown in Table 2 (Table S1 in the SI section). The descriptors (Table S3 in the SI section) used to explain the possible mechanisms of scavenging/antioxidant activity of the studied compounds were selected on the basis of the highest correlation coefficients. The Pearson's correlation matrix showed a high correlation of TEAC values of Schiff bases with dipole moment, bond dissociation energy and charge on oxygen atoms obtained by the NBO method.

	
		

		[image: Table 2. Pearsons coefficients]

	

	Moreover, from the NBO analysis, it was concluded that the acidity of the hydrogen atoms related to the nitrogen atoms of amine bridge is very significant for the activity. Antioxidant activity is in good correlation with charge on hydrogen atoms obtained by NBO analysis (H on N7 and H on N10, Figure 1).

	
		

		[image: Figure1. The B3LYP]

	

	The values of correlation coefficients (Table 2) show that the higher the values of these descriptors, the lower the antioxidant activity. We believe that the mechanism by which Schiff base ligands behave as antioxidants involves the transfer of hydrogen atom from the amino group to the radical DPPH. Schiff bases are capable of forming an intramolecular H-bond (i.e., between H atom on N7 and atom O3, H atom on N10 and atom O16; dashed line, Figure 1). This weakens N-H bond and H atom is more easily released. Therefore, the donating capacity of hydrogen atom depends on dipole moments, bond dissociation energy, and charge on oxygen and hydrogen atoms. This is confirmed by the obtained results.

	Low BDE values are often attributed to the high antioxidant potential.34,35 Bond dissociation energy was calculated for N-H bonds on N7 and N10. Difference between BDE for N7-H and N10-H is statistically insignificant. For correlation with antioxidant activity, BDE for N7-H bond was used. The higher the value of BDE, the lower the antioxidant activity (Table 2). This is in accordance with the proposed reaction mechanism.

	The global minima for Schiff bases containing propylenediamine bridge (L4, L5) (Figure 2) are close in geometry to the centrosymmetric conformation (not true centrosymmetric geometry due to the presence of chiral carbon atom). This leads to very low dipole moment values due to cancellation of the existing dipoles from two halves of the molecule. Unlike them, Schiff bases containing ethylenediamine bridge (L1, L2, L3) have different conformations of the global minima (Figure 1) and higher dipole moment values. Values calculated for the dipole moments in global minima geometry for all Schiff bases are presented in the SI section.
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	Also, the effects of substituents markedly modify intramolecular hydrogen bonding properties and thus directly affect the antioxidant activity of compounds. TEAC values (Table 1) indicate the electron-donating substituent effect on the activity. Electron-donating groups (methyl) strengthen the N–H bond so that H atom is not easily transferred to the DPPH radical (the hydrogen atom is less acidic). Based on the above mentioned descriptors and their correlation with antioxidant activity, the proposed mechanism of Schiff base action is hydrogen atom transfer.

	Copper(II) complexes

	Coordination of the Schiff bases and the presence of the copper(II) ion has significant effect on the increase of antioxidant activity. All copper(II) complexes possess a square-planar geometry around the metal. Angle between best planes of two chelate rings in complex 1 is only 8.99°, indicating square-planar geometry (Figure 3).

	
		

		[image: Figure 3. The B3LYP]

	

	The substitution of one or both methyl groups with phenyl groups (complexes 2 and 3) introduces new steric hindrance into complex molecule increasing the angle between chelate rings (10.86° and 11.71°, respectively). In the complexes 4 and 5, new enantiomeric center on carbon atom of methyl group in diamine bridge causes further deviation from square-planar geometry due to steric clashing between this methyl and methyl group from chelate ring (Figure 4).
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	Descriptors (see Table S4) that are highly correlated with antioxidant activity of the investigated complexes are chelate plane angle (0.906) and sum spin density (−0.887), being an indicative that the presumed mechanism of antioxidant activity is based on the electron-transfer (see Table S2).

	Sum spin density is spin density on the atoms of the inner sphere of complex (N, N, Cu, O, O). This is an important factor which influences the antioxidant potency of the corresponding compound. The higher value of the sum spin density of complex results in stronger ability of the compounds to scavenge free radicals, i.e., lower TEAC values. Based on the values of these descriptors, the influence of substituents on this process can be monitored. Electron-withdrawing effects of phenyl groups affect sum spin density. Gradual substitution of methyl by phenyl groups increases the sum spin density which leads to the increase of antioxidant activity. The proposed mechanism of antioxidant activity of studied complexes is reduction via electron-transfer. Electron localization is shown in plot of spin density (Figure 5) and it is obvious that spin density is highest at Cu atom.

	
		

		[image: Figure 8. Plot of spin density]

	

	Chelate plane angle describes deviation from square-planar structure of complexes. Higher value of this geometrical descriptor indicates a greater deviation from square-planar structure. From statistical parameters shown in Table 2, it is obvious that increase in chelate plane angle descriptor value leads to increase of the TEAC values, i.e., decrease of antioxidant activity of these complexes. Values of chelate plane angle descriptor of complexes with ethylenediamine bridge are significantly different compared with propilenediamine bridge complexes. The transfer of unpaired electron from compound to DPPH radical is more difficult if the chelate plane angle has a higher value. Therefore, complexes with propylenediamine in the amine bridge have significantly lower antioxidant activity (complexes 4 and 5) in comparison with those with ethylenediamine ligand (complexes 1, 2 and 3). The influence of chelate plane angle is in accordance with the proposed mechanism of the DPPH scavenging activity for studied complexes.

	 

	Conclusion

	For better understanding the reactivity patterns and mechanisms of activity of antioxidants, the DFT-based quantum-chemical descriptors were calculated. Quantum-chemical descriptors are the numerical representation of the molecular structures. Dipole moment, bond dissociation energy, charge on oxygen atoms and charge on hydrogen atoms on N7 and N10 show high correlation with antioxidant activity of the investigated Schiff bases. Antioxidant activity of copper(II) complexes is highly correlated with chelate plane angle and sum spin density descriptors. Selected descriptors, which have the best correlation with antioxidant activity, shed light on the reaction mechanism of scavenging/antioxidant activity of the studied compounds. DPPH may be neutralized either by direct reduction via electron-transfer or by radical quenching via hydrogen atom transfer. The H-atom transfer mechanism was defined as the most important for the antioxidant activity of the investigated Schiff bases while the proposed mechanism for the complexes was single electron transfer. The knowledge of the descriptors that affect the antioxidant activity of investigated and structurally similar compounds and possible mechanisms of antioxidant activity offer very interesting research opportunities and may be critical in the design of new ones.
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	Pearson's correlation matrices, descriptors, experimental details for determination of antioxidant activity are available free of charge at http://jbcs.sbq.org.br as PDF file.

	 

	Acknowledgement

	This work was performed within the framework of the research project No. 172017 supported by the Ministry of Education and Science of Republic of Serbia.

	 

	References

	1. Mladenova, R.; Ignatova, M.; Manolova, N.; Petrova, T.; Rashkov, I.; Eur. Polym. J. 2002, 38, 989.

	2. Walsh, M.; Meegan, M. J.; Prendergast, R. M.; Nakib, T. A.; Eur. J. Med. Chem. 1996, 31, 989.

	3. Singh, K.; Barwa, M. S.; Tyagi, P.; Eur. J. Med. Chem. 2006, 41, 147.

	4. Huang, Z. Y.; Qu, S. H.; Feng, Y.; Thermochim. Acta 1998, 32, 121.

	5. Sengupta, A. K.; Sen, S.; Srivastava, V.; J. Indian Chem. Soc. 1989, 66, 710.

	6. Panneerselvam, P.; Nair, R. R.; Vijayalakshmi, G.; Subramanian, E. H.; Sridhar, S. K.; Eur. J. Med. Chem. 2005, 40, 225.

	7. Čačić, M.; Molnar, M.; Šarkanj, B.; Has-Schön, E.; Rajković, V.; Molecules 2010, 15, 6795.

	8. Pandeya, S. N.; Sriram, D.; Nath, G.; De Clercq, E.; Eur. J. Pharmacol. Sci. 1999, 9, 25.

	9. Abu-Hussen, A. A.; J. Coord. Chem.  2006, 59, 157.

	10. Karthikeyan, M.; Prasad, D.; Poojary, B.; Subramanya Bhat, K.; Holl, B. S.; Kumari, N. S.; Bioorg. Med. Chem. 2006, 14, 7482.

	11. Sharma, B.; Parsania, M.; Baxi, A.; Org. Chem. 2008, 4, 304.

	12. Husain, M.; Shukla, M.; Agarwal, S.; J. Indian Chem. Soc. 1979, 56, 306.

	13. Thangadurai, T.; Gowri, M.; Natarajan, K.; Synth. React. Inorg. Met.-Org. Chem. 2002, 32, 329.

	14. Nejo, A. A.; Kolawole, G. A.; Opoku, A. R.; Muller, C.; Wolowska, J.; J. Coord. Chem. 2009, 62, 3411.

	15. Hussain, H. H.; Babic, G.; Durst, T.; Wright, J.; Flueraru, M.; Chichirau, A.; Chepelev, L. L.; J. Org. Chem. 2003, 68, 7023.

	16. Alkan, M.; Yüksek, H.; Gürsoy-Kol, Ö.; Calapoğlu, M.; Molecules 2008, 13, 107.

	17. Yrjönen, T.; Peiwu, L.; Summanen, J.; Hopia, A.; Vuorela, H.; J. Am. Oil Chem. Soc. 2003, 80, 9.

	18. Lapornik, B.; Golc Wondra, A.; Prošek, M.; J. Planar Chromatogr. 2004, 17, 207.

	19. Jimenez, A.; Selga, A.; Torres, J. L.; Julia, L.; Org. Lett. 2004, 6, 4583.

	20. Mladenović, M.; Mihailović, M.; Bogojević, D.; Matić, S.; Nićiforović, N.; Mihailović, V.; Vuković, N.; Sukdolak S.; Solujić, S.; Int. J. Mol. Sci. 2011, 12, 2822.

	21. Baošić, R.; Tešić, Ž.; J. Serb. Chem. Soc. 1995, 60, 903.

	22. Baošić, R.; Radojević, A.; Radulović, M.; Miletić, S.; Natić, M.; Tešić, Ž.; Biomed. Chromatogr. 2008, 22, 379.

	23. Baošić, R.; Milojković-Opsenica, D.; Tešić, Ž.; J. Planar Chromatogr. 2003, 16, 412.

	24. Baošić, R.; Radojević, A.; Tripković, T.; Aburas, N.; Tešić, Ž.; Chromatographia 2010, 72, 545.

	25. Aburas, N.; Lolić, A.; Stevanović, N.; Tripković, T.; Nikolić-Mandić, S.; Baošić, R.; J. Iran. Chem. Soc. 2012, 9, 859.

	26. Rastija, V.; Medic-Saric, M.; Eur. J. Med. Chem. 2009, 44, 400.

	27. Cheng, Z.; Ren, J.; Li, Y.; Chang, W.; Chen, Z.; J. Pharm. Sci. 2003, 92, 475.

	28. Farkas, O.; Jakus J.; Héberger, K.; Molecules 2004, 9, 1079.

	29. McQuarrie, D. A.; Statistical Mechanics; Harper and Row: New York, USA, 1976.

	30. Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. A.; Cheeseman, J. R.; Montgomery, J. A.; Vreven, Jr., T.; Kudin, K. N.; Burant, J. C.; Millam, J. M.; Iyengar, S. S.; Tomasi, J.; Barone, V.; Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A.; Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li, X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.; Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.; Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich, S.; Daniels, A. D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G.; Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.; Johnson, B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, J. A.; Gaussian, Inc.: Wallingford, CT, USA, 2004.

	31. Hintze, J.; Number Cruncher Statistical Systems; NCSS: Kaysville, UT, USA, 2001.

	32. Fried, B.; Sherma, J.; Thin-Layer Chromatography, Revised and Expanded; CRC Press: New York, USA, 1999.

	33. Cheng, L. X.; Tang, J. J.; Luo, H.; Jin, X. L.; Dai, F.; Yang, J.; Qian, Y. P.; Li, X. Z.; Zhou, B.; Bioorg. Med. Chem. Lett. 2010, 8, 2417.

	34. Marković, S. Z.; Manojlović, T. N.; Monatsh. Chem. 2009, 140, 1311.

	35. Zhang, Y. H; Wang, F. L.; J. Mol. Struct. THEOCHEM 2004, 673, 199.

	 

	 

	Submitted: March 3, 2013

	Published online: July 12, 2013

	 

	 

	
		*e-mail: rbaosic@chem.bg.ac.rs

		 

		 

		Supplementary Information

		 

		 

		
			

			[image: Table S1]

		

		
			

			[image: Table S2]

		

		
			

			[image: Table S3]

		

		
			

			[image: Table S4]

		

		Experimental details for determination of the antioxidant activity1

		Antioxidant activities were determined in vitro by DPPH free radical scavenging assay. Trolox, in concentration range of 0-280 ng spot–1, was used as a standard (r = 0.9993). The spots of 1 μL of compound solution (0.6 mg mL–1) in appropriate solvents were applied by autosampler (Linomat 5, Camag) on RP18 silica plate (Merck, Germany) as well as series of standard solutions in methanol followed by applying 1 μL of methanolic solution of DPPH (0.15 × 10–3 mol L–1) at the same spots. No development was carried out. This plate was left in the dark. After 30 min of incubation, the plate was scanned. Camag TLC Scanner with CATS evaluation software was used with the following settings: wavelength 515 nm, scanning speed 20 mm s–1, multi level calibration via peak area. The values of antioxidant activity of the compounds are expressed as Trolox equivalent antioxidant capacity (TEAC).
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		Materiais nanoestruturados do tipo Ag-ZnO foram sintetizados primeiro preparando um ZnO com morfologia de flor por um método de precipitação e então depositando partículas de Ag diretamente sobre sua superfície, utilizando um método simples de fotorredução. As estruturas foram caracterizadas por microscopia eletrônica de varredura (SEM) e de transmissão (TEM), difratometria de raios X (XRD) e espectrometria de absorção atômica (AAS). Os resultados mostraram que elas são compostas por nanopartículas de Ag metálica dispersas sobre a superfície de ZnO na forma de flor. O efeito fotocatalítico do Ag-ZnO na fotodegradação de alaranjado de metila (MO) sob radiação UV foi investigado em suspensão aquosa. Fatores que influenciam na reação de degradação e descolorização fotocatalítica do MO como pH, teor de Ag, tempo de fotodegradação, concentração do corante orgânico e presença de interferentes tais como Mg2+, Ca2+, NO3–, Cl–e SO42– foram estudados. Resultados satisfatórios foram obtidos quando o método fotocatalítico proposto foi aplicado na degradação de MO em várias amostras de água residuais sintéticas.

	

	 

	
		Nanostructured Ag-ZnO materials were successfully synthesized by first producing a ZnO with flower-like morphology using a simple precipitation method, and then Ag nanoparticles were prepared directly on the surface by a facile photoreduction method. The materials were characterized by scanning and transmission electron microscopy (SEM and TEM), by X-ray diffractometry (XRD) and atomic absorption spectrometry (AAS). They were shown to be composed of metallic Ag particles dispersed on the surface of flower-like ZnO structures. Photocatalytic effect of Ag-ZnO on the photodegradation of methyl orange (MO) under UV irradiation was investigated in aqueous suspension. The effect of pH, Ag content, photodeposition time, concentration of the organic dye and presence of Mg2+, Ca2+, NO3–, Cl–and SO42– on the photocatalytic degradation and decolorization reaction of MO was studied. The photocatalytic method was applied for the degradation of MO in several synthetic wastewater samples with satisfactory results.

		Keywords: photoreduction, photocatalytic, Ag-ZnO, photodegradation, methyl orange

	

	 

	 

	Introduction

	Wastewaters resulting from human activities can contain many organic and inorganic substances and are one of the main sources of environmental pollution due to the rapid development of industries. Anthraquinone, arylmethane, indigoid and azo dyes, used in large-scale particularly in textile industries, can produce toxic substances through oxidation, hydrolysis or other chemical reactions occurring in the waste water phase.1 For this reason, the development of procedures to control or destroy this type of pollution is of great interest and a challenge.

	Up to the present time, different methods have been developed for removing colored pollutants from wastewaters.  The most common methods are coagulation/flocculation and  removal by activated carbon,2 that generate huge amounts of  sludge and waste, which should be disposed of. A new and  effective approach for removal and degradation of dyes  are the advanced oxidation processes (AOPs). Among the  different AOPs, the photoassisted catalytic decomposition  of organic pollutants, employing semiconductors as  photocatalysts, are promising. TiO2 and ZnO are the most  favorable photocatalytic materials for the photoassisted  catalytic decomposition of organic contaminants. Both materials exhibit very similar band gaps (ZnO, 3.37 eV; TiO2, 3.2 eV) and conduction band edge positions.3 Although  TiO2 is widely employed as photocatalyst, ZnO is a low-cost alternative.4 Higher photocatalytic efficiencies of ZnO have also been reported, especially for degradation of organics in aqueous solution.5-7 Recent reports have shown that the morphology and dimensionality of ZnO have a great effect on its photocatalytic activity.8,9 Therefore, synthesis and application of 3D ZnO nanostructures with different morphologies are now important to confirm their potential. Recently, efforts have been focused on the preparation of ZnO nanostructures with various morphologies including the towerlike,10 dumbbell-like,11 nut-like12 and flower-like.13,14 Among them, flower-like ZnO showed a strong morphology-induced enhancement of photocatalytic performance.15 Additionally, the modification of semiconductor surface by noble metal deposition can be used to improve their photocatalytic activity.16-22 The photogenerated electrons in the conduction band can be transferred to the noble metal nanoparticles (NPs) due to the Schottky barrier formed at the metal-semiconductor interface,23,24 whereas holes can remain on the semiconductor surface. Thus, the noble metals can act as an electron sink, facilitating the charge separation and improving the photocatalytic efficiency. In fact, Ag NPs have been widely used for modification of the ZnO surface to enhance the activity for photocatalytic degradation or decolorization of organic dyes.25-35 Although there are reports about the synthesis of Ag-ZnO composite, there is still no facile method to synthesize novel and uniform Ag-ZnO nanostructures. To the best of our knowledge, the synthesis of flower-like Ag-ZnO nanostructures via a coupled solution route/photoreduction process, and a detailed investigation on their activity towards the photodegradation of methyl orange (MO) have not been reported in the literature. Thus, the detailed comparative studies carried out, under the optimal conditions for photodegradation of the MO dye in aqueous solution, in the presence of the flower-like ZnO and Ag-ZnO nanostructures are reported here.

	 

	Experimental

	Chemicals

	Chemicals including silver nitrate and zinc acetate dehydrate were supplied from Aldrich, and sodium hydroxide, MO and poly(vinyl pyrrolidone) (PVP) were purchased from Merck. The other chemicals were of analytical reagent grade, and were used as received without further purification. Water distilled three times was used throughout.

	Instruments

	Transmission electron microscopy (TEM) images were obtained using a Philips CM120 TEM. X-ray diffraction (XRD) patterns were obtained using a Bruker AXS (Model B8-Advance) diffractometer with Cu Kα radiation (λ at 0.15418 nm). Scanning electron microscopy (SEM) analysis was conducted using a Hitachi S-4160 electron microscope. A Shimadzu model AA-670 flame atomic absorption spectrometer with an air-acetylene flame, equipped with a silver hollow cathode lamp was used for quantification of silver content under the conditions recommended by the manufacturer. The UV-Vis spectra were recorded in a double beam Rayleigh UV-2601 UV-Vis spectrophotometer using a pair of 1.0 cm quartz cells. The pH measurements and adjustments were carried out using a Metrohm 744 pH-meter equipped with a combined glass electrode. A Hettich centrifuge model Rotine 380 was used for separation of precipitates from solution. A high pressure Philips mercury lamp (400 W) was used as UV irradiation source.

	Preparation of ZnO with flower-like morphology

	The flower-like ZnO structure was synthesized according to the method reported for synthesis of Ag-ZnO by Krishna et al.36 with some modifications. Typically, a total of 25 mL of water was heated in a beaker to reach a constant temperature of 60 ºC. Then, 250 mL of aqueous PVP solution (12.5 mg mL–1) and subsequently 25 mL of zinc acetate (0.10 mol L–1) were added, at 60 ºC. The solution was homogenized by constant stirring for about 1 min, and then 25.0 mL of NaOH (0.50 mol L–1) were added, and stirred at 60 ºC for 1 h. The ZnO precipitate was then collected by centrifugation, washed with deionized water and ethanol several times, dried at 80 ºC for 4 h, and used for subsequent preparation of the flower-like Ag-ZnO materials.

	Synthesis of Ag-ZnO

	The Ag nanoparticles were prepared directly on the flower-like ZnO surface by photoreduction of Ag+ ions to Ag NPs by UV irradiation. In brief, 0.20 g of flower-like ZnO was transferred into a 250 mL beaker, dispersed in 30 mL of water and irradiated with a 400 W high-pressure mercury lamp, placed 12 cm above the solution surface for 10 min, to remove the impurities present on the surface. Then, AgNO3 (0.30-1.2 mmol) was added, the suspension diluted to about 100 mL, stirred at 500 rpm in the dark for 15 min to achieve desorption/adsorption equilibrium of silver ions at room temperature, and purged with pure N2 gas for 5 min. Then, it was irradiated with a 400 W UV lamp for 40 min, while purging with nitrogen. The precipitate was separated by centrifugation, washed with distilled water and ethanol repeatedly to remove the residual Ag+ ions, and dried at 80 ºC for 4 h. The amount of Ag present in each sample was controlled by the amount of AgNO3 and the UV irradiation time. The amount of Ag+ loaded on the surface of ZnO was obtained using atomic absorption spectrometry (AAS), and the weight percentages (wt.%) of Ag were calculated for all samples. The experimental conditions for the synthesis ofAg-ZnO samples and respective percentage in weight of Ag nanoparticles are summarized in Table 1.
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	Procedure for photocatalytic degradation/decolorization studies

	Many photocatalytic experiments were carried out using a homemade photoreactor (120 cm × 100 cm × 100 cm), and the 400 W mercury lamp for UV irradiation. The distance between the solution surface and the light source was about 12 cm. In a typical experiment, 100 mL of aqueous MO with an initial concentration of 10 mg L–1 (pH 7.0) were placed in a beaker, the photocatalyst (300 mg L–1) added and the suspension stirred for 40 min in the dark, at room temperature, to ensure the establishment of the adsorption/desorption equilibrium. Then, the UV lamp was turned on while the suspension was magnetically stirred. At fixed intervals of time, 2 mL of sample were withdrawn, centrifuged, and the supernatant transferred into a spectrophotometer cell for measurement of the absorbance of MO at 464 and 272 nm.

	 

	Results and discussion

	Characterization of the photocatalyst

	XRD spectra

	The XRD patterns for the flower-like morphology of ZnO and Ag-ZnO nanostructures with different Ag contents are shown in Figure 1. All peaks (Figure 1a) are consistent with the hexagonal wurtzite structure of ZnO with the estimated lattice constants a = 3.2498 Å and c= 5.2066 Å. The main diffraction peaks for the Ag-ZnO samples (Figures 1b-1f) can be readily indexed to two groups. The first group of peaks (100), (002), (101), (102), (110) and (103) matches well with the ZnO standard wurtzite structure like the bare ZnO (Figure 1a). The second group of peaks (111), (200) and (220) is in good agreement with the face-centered cubic (fcc) metallic Ag (JCPDS 04-0783) with lattice constant a = 4.0862 Å. This confirms that silver atoms are not incorporated into the ZnO lattice but are loaded onto the ZnO surface.

	
		

		[image: Figure 1. XRD patterns]

	

	Some further studies were carried out to investigate the effect of the initial amount of AgNO3 and UV irradiation time on the quantity of loaded Ag, lattice structures of ZnO or Ag, and size of Ag NPs. In this study, the Ag-ZnO samples (S2, S4, S5, S6 and S8) were prepared under the conditions given in Table 1, and their XRD spectra were recorded (Figures 1b-1f). The diffraction peaks agree with metallic Ag and ZnO structures and no impurity phases were detected even for high initial relative amounts of AgNO3 or long UV irradiation time. The intensity ratio of the (111) plane of metallic Ag and the (101) plane of ZnO diffraction peaks, [image: Formula 1], was calculated for each sample. According to the data given in Table 2, it is clear that by increasing the amount of AgNO3 or irradiation time during the photodeposition of Ag, the [image: Formula 1] ratio increases. This points out the positive correlation between the amount of AgNO3 or irradiation time and the amount of Ag loaded, which is in accord with the AAS results (Table 1). The size of ZnO and Ag NPs calculated by the Debye-Scherrer equation (Table 2) showed that there is no significant effect of the initial concentration of AgNO3 and irradiation time on the size of the Ag and ZnO NPs.
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	SEM and TEM images

	The morphology, size and microstructure of ZnO and Ag-ZnO samples were investigated in detail by SEM (Figure 2). They consisted of 300 nm wide and 400 nm long flower-like microstructures with average size of ca. 1-2 &#181;m composed of about 4-5 nanoleaves (enlarged images). By comparing the morphologies of ZnO (Figure 2a) and Ag-ZnO (Figure 2b), it is clear that the ZnO morphology has not been changed upon modification with Ag NPs. Figure 3 shows the TEM image of a typical Ag-ZnO flower-like structure, confirming the results obtained by SEM.
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	Photocatalytic activity of Ag-ZnO

	Figure 4 shows the absorption spectra of 100 mL MO (10 mg L–1) as a function of UV irradiation time in the presence of 300 mg L–1 Ag-ZnO (sample S4) at pH 7.0 and room temperature. The changes in the absorbance at 464 nm are due to breaking of the azo bonds, leading to the bleaching of MO (decolorization). On the other hand, changes in the absorbance at 272 nm are correlated with the concentration of organic residuals in solution, and thus to the mineralization (degradation) of the organic dye. No significant change was observed in the concentration of MO after 30 min, in the dark (no UV light irradiation), indicating that the adsorption process reached the equilibrium condition. Thus, in all experiments, the suspensions containing MO and photocatalysts were continuously stirred for 40 min in the dark in order to ensure the adsorption/desorption equilibrium. The results obtained for the photocatalytic degradation/ decolorization of MO using the Ag-ZnO and ZnO nanoflowers as photocatalyst are presented in Figure 5. The photodegradation of MO under UV irradiation in the absence of photocatalyst is not significant and could be ignored. As shown in Figure 5, Ag-ZnO displayed a higher photocatalytic activity than pure ZnO. The dye was completely degraded or decolorized in 90 min in the presence of the Ag-ZnO flower-like material, but only 47.2% of degradation and 65.7% of decolorization was observed using bare ZnO as catalyst. Those results confirmed the more effective electron-hole separation in the flower-like Ag-ZnO structure, which can be assigned to the fact that Ag NPs act as electron sinks, enhancing the interfacial charge transfer kinetics between the metal and semi-conductor, and thus enhancing the photocatalytic activity of Ag-ZnO.37

	
		

		[image: Figure 4. UV-Vis absorbance]

	

	
		

		[image: Figure 5. Decolorization]

	

	Optimization of the photocatalytic conditions

	In the optimization procedure, the efficiency (E) percentages the degradation and decolorization processes were used to monitor the photocatalytic activity, which was calculated as follows:

	
		[image: Equation (1)]

	

	where C0 is the concentration of MO in adsorption/desorption equilibrium in the dark (t = 0), and Ct is the concentration of MO remaining at reaction time t (min). The concentration of MO dye in solution was determined spectrophotometrically in triplicate, at 464 (decolorization) and 272 nm (degradation), using suitable calibration curves.

	The pH effect

	The solution pH is an important operational parameter, playing a significant role in the photocatalytic degradation of various pollutants. The pH effect on the photodegradation of MO was studied in the 3.0-10.0 range, at room temperature. Suspensions with pH < 3.0 were not considered due to the dissolution of ZnO. The solution pH was adjusted with nitric acid or sodium hydroxide before irradiation, and it was not controlled during the course of the reaction. Figure 6 shows that the degradation and decolorization efficiencies increase as a function of pH up to 7.0, and then decrease at higher pH values. Thus, pH 7.0 was selected as the optimal condition for all photocatalytic experiments. The overall degradation rate at the semiconductor/liquid interface is influenced to some extent by the surface properties. The metal oxide surface charge is a function of solution pH. For ZnO, the pH of the point of zero charge (pHpzc) is found in the 6.9 to 9.8 range.38 So, the ZnO surface is presumably positively charged in acidic solutions (pH < pHpzc) and negatively charged in alkaline solutions. On the other hand, the proportion of the negatively charged MO (pKa = 4) species increases with the increase in the solution pH. Accordingly, the adsorption of MO dye onto ZnO and the degradation efficiency of MO should increase as a function of pH, due to electrostatic attraction. Moreover, at higher pH values, the OH–ions should compete with the dye for the adsorption sites, inhibiting the dye adsorption.
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	Effect of AgNO3 concentration in the deposition solution

	It is clear that the weight percentage of Ag in Ag-ZnO increases with the increase in the initial concentration of AgNO3 and this parameter has considerable effect on the photocatalytic activity of Ag-ZnO. Therefore, the relation between the photocatalytic activity of Ag-ZnO and the initial concentration of the AgNO3 solution used for Ag deposition was studied. For this purpose, the photocatalytic activities of 200 mg L–1 of different Ag-ZnO catalysts (samples S1 to S5, in Table 1) for the degradation/decolorization of 100 mL of MO (10.0 mg L–1) were measured at room temperature. As shown in Figure 7, the photocatalytic activity increased with the Ag content up to 25.1 wt.%. However, the photocatalytic activity of Ag-ZnO decreases at larger Ag contents probably because the metal deposits reversely act as recombination centers. The over accumulations of electrons on metal deposits could attract the photogenerated holes to the metal sites, and thus facilitating the recombination of charge carriers.37,39 In addition, higher surface loadings may reduce the light absorption and pollutant adsorption by the semiconductor.40 Thus, the optimal Ag content is approximately 25.1 wt.%, which could be obtained by using a deposition solution with 9.0 × 10–3 mol L–1 of AgNO3 and 40 min photodeposition time.

	Effect of photodeposition time on the photocatalytic activity

	
		

		[image: Figure 7. Decolorization and degradation]

	

	The photocatalytic activity of Ag-ZnO is also dependent studied by measuring the photocatalytic activity of the Ag-ZnO catalyst prepared under different photodeposition times (samples S4 and S6 to S9, in Table 1). The results obtained for the degradation/decolorization of 100 mL of MO (10.0 mg L–1) in the presence of 200 mg L–1 Ag-ZnO (Figure 8) at room temperature show that for the same AgNO3 deposition solution, the photocatalyst activity increased with the photodeposition time up to 40 min and then declines, as expected for the lower light absorption and increased electron-hole recombination centers as a function of the relative amount of loaded Ag (Table 1).

	
		

		[image: Figure 8. Decolorization and degradation]

	

	Effect of Ag-ZnO amount

	The photocatalytic degradation and decolorization of MO was also investigated at a fixed concentration of MO (10.0 mg L–1) in pH 7.0 aqueous solution in the presence of increasing amounts of Ag-ZnO (with 25.1% Ag content), at room temperature. The efficiency percentage increased as a function of the amount of catalyst up to about 300 mg L–1, and then marginally decreased with further increase in the amount of catalyst. It is well-known that the increase in the amount of catalyst increases the number of active sites on the photocatalyst surface, which in turn increases the number of hydroxyl and superoxide radicals. On the other hand, the increase in the catalyst concentration beyond the optimum condition may result in the agglomeration of catalyst particles. Hence part of the catalyst surface becomes unavailable for photon absorption, thus the capture of the light by the suspension decreases, decreasing the photocatalytic activity.41 Therefore, 300 mg L–1 of catalyst was chosen as the optimal condition that was used in the subsequent studies.

	Initial dye concentration effect

	From the application point of view, the study of the dependence of the photocatalytic performance on the dye concentration is very important. Therefore, the effect of initial dye concentration on the photocatalytic degradation and decolorization was investigated in the 5.0-20 mg L–1 range, in the presence of 300 mg L–1 catalyst (sample S4), at pH 7.0 and room temperature. As shown in Figure 9, the efficiency percentages for both degradation and decolorization decreased as the initial MO concentration increased because a larger fraction of photons is absorbed directly by the dye molecules before they can reach the catalyst surface. Additionally, more dye molecules are adsorbed on the surface of Ag-ZnO decreasing the concentration of active sites for adsorption of hydroxyl
		ions and generation of hydroxyl radicals.42
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	Effect of dissolved oxygen

	The effect of dissolved O2 on the photocatalytic degradation/decolorization of MO was studied by taking 10.0 mg L–1 MO solution and 300 mg L–1 catalyst (sample S4) at pH 7, at room temperature. The dissolved oxygen was removed from the solution by purging the photocatalyst and MO suspension with high purity N2 in the dark for 30 min. The decolorization and degradation efficiencies in air and 70 min UV irradiation were 99.5 and 95.7%, whereas analogous experiments in N2 atmosphere resulted in 85.6 and 51.7% of decolorization and degradation, respectively. These results confirmed that the oxygen content is an important factor for the photocatalytic process because superoxide radicals may be formed when it reacts with the electrons generated in the process. These radicals can further react with water molecules, eventually forming hydroxyl radicals.28

	Kinetic study

	The investigation of kinetics of dye decolorization is often confusing because the process is complex. It is often believed that degradation and decolorization mechanisms depend on the surface coverage of the catalyst (θ). If the dye concentration is very low (θ << 1), the rate equation is rendered into the first-order kinetics. On the other hand, at relatively higher dye concentration (θ ca. 1), the mechanism follows the zero-order kinetics.43 In order to investigate the reaction kinetics the MO concentration was monitored as a function of time and initial MO concentration in the 10.0-20.0 mg L–1 range. The same amount of catalyst (300 mg L–1) was used and the data compared with first-and zero-order kinetics. A plot of [MO]t vs. irradiation time (t) should give an exponential curve if the reaction mechanism follows first-order kinetics, and if the mechanism is zero-order kinetics, the plot should be a straight line. In our case, straight lines (R2; 0.9892-0.9999) were found when [MO]t was plotted against irradiation time, indicating that the concentration was sufficient to form a monolayer coverage (θ ca. 1) on the Ag-ZnO surface. From the slope of the zero-order kinetics curves, the apparent rate constants of (3.5 ± 0.2) × 10–7 and (4.5 ± 0.2) × 10 –7 mol L–1 s–1 were calculated for degradation and decolorization of MO, respectively.

	Reuse of the Ag-ZnO catalyst

	Ag-ZnO recycling can be foreseen as a good practice for sustainable wastewater treatment. Consequently, it is necessary to demonstrate whether, after a photocatalytic treatment, the catalyst can be reused. The Ag-ZnO catalyst was recycled and reused five consecutive times for MO degradation using 300 mg L–1 of catalyst. After each experiment, the catalyst was separated by centrifugation, thoroughly washed with distilled water and ethanol, and reused for the next photodegradation experiment. The efficiency was evaluated for each reuse cycle after 70 min and the results summarized in Table 3. The Ag-ZnO photocatalyst (sample S4) exhibited nearly constant photostability up to three recycling processes, but the efficiency markedly decreased for the fourth and fifth cycles. However, the rate of degradation is still significant after five times of Ag-ZnO reuse. Agglomeration and sedimentation of the dye around Ag-ZnO particles after each photocatalytic degradation cycle is a possible cause of the observed decrease of efficiency, because each time that the photocatalyst is reused, new parts of the catalyst surface become unavailable for dye adsorption and thus for photon absorption, reducing the efficiency of the catalytic reaction.
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	Interference study

	Since different constituents can be present in wastewater, the basic understanding of the effect of foreign species on the performance of photocatalytic systems is important to ensure operational stability of a catalyst in the photocatalytic water purification process. Therefore, the influence of most common co-existing species on the degradation/decolorization of a MO solution (10.0 mg L–1) was investigated under the optimum conditions. The degradation/decolorization efficiencies of aqueous solutions containing 10.0 mg L–1 MO and increasing amounts of possible interfering ions were measured under 90 min UV irradiation. The tolerance limit was defined as the concentration giving a change of 3S (S is the standard deviation of five replicates of degradation/ decolorization efficiency measurements). The results shown in Table 4 indicated that common ions (even at high concentrations) do not have a significant interference effect on the photocatalytic activity of the Ag-ZnO catalyst for the degradation of wastewater samples. The Ag-ZnO catalyst also showed satisfactory catalytic efficiency (93.5% efficiency after 90 min) for photodegradation of MO in untreated tap water spiked with MO at optimum conditions (Figure 10), confirming the previous results.
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	Conclusion

	MO was decomposed after 90 min UV irradiation in the presence of the nanoflower-like Ag-ZnO photocatalyst, showing an activity relatively higher than that of parent ZnO nanoflowers at neutral pH. The photocatalyst can be used three times without any change in its photocatalytic efficiency. Hence, based on its excellent performance, the Ag-ZnO nanoflower may be useful for the photocatalytic purification of water polluted by MO.
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    Com o objetivo de aprimorar as propriedades eletroquímicas da liga do tipo AB3 La0,78Mg0,22Ni2,67Mn0,11Al0,11Co0,52 como eletrodo negativo de bateria Ni–MH, seus compósitos relacionados La0,78Mg0,22Ni2,67Mn0,11Al0,11Co0,52 –x wt.% M1Ni3,5Co0,6Mn0,4Al0,5 (x = 0, 10, 20, 30) foram preparados. A análise por difratometria de raios X (XRD) revelou que os compósitos consistem principalmente das fases LaNi5 e La2Ni7. Apesar da pequena diminuição na capacidade de descarga máxima, o rendimento do ciclo foi significativamente melhorado. Experimentos de polarização linear (LP), polarização anódica (AP) e descarga de potencial degrau revelaram um aumento inicial da cinética eletroquímica que na sequência diminui com o aumento de x.

  

   

  
    For improving the electrochemical properties of nonstoichiometric AB3-type  La0.78Mg0.22Ni2.67Mn0.11Al0.11Co0.52 alloy as negative electrode of Ni–MH battery, its related composites La0.78Mg0.22Ni2.67Mn0.11Al0.11Co0.52–xwt.% M1Ni3.5Co0.6Mn0.4Al0.5(x= 0, 10, 20, 30) were prepared. Analysis by X-ray diffractometry (XRD) revealed that the composites consist mainly of LaNi5 and La2Ni7 phases. Despite the small decrease in the maximum discharge capacity, the cycle performance was significantly enhanced. Linear polarization (LP), anodic polarization (AP) and potential step discharge experiments revealed that the electrochemical kinetics increases first and then decreases with increasing x.
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  Introduction

  The discharge capacity of currently commercial AB5-type hydrogen-storage alloys has reached 320-340 mAh g–1 at room temperature. It seems to be difficult to further improve the capacity of the AB5-type alloys since the theoretical capacity of LaNi5 is 372 mAh g–1. Therefore, it is extremely important to develop new alloy types with higher capacity and longer life cycle for exacting the competition ability of Ni–MH batteries.

  Recently, the new series of AB3-type R–Mg–Ni-based (where R is a rare earth or Y, Ca) hydrogen-storage alloys were extensively investigated as promising candidates for negative electrode material of Ni–MH rechargeable batteries due to their relatively high hydrogen-storage capacity (360-410 mAh g–1) and low production costs.1 Dong et al.2 reported that the La0.67Mg0.33Ni2.75Co0.25 alloy electrode exhibited a discharge capacity of 388 mAh g–1, which was much higher than AB5-type rare earth-based electrode alloys. However, these R–Mg–Ni-based alloys cannot meet the need of practical applications due to serious degradation of capacity during cyclic process.

  Ball milling method is effective in the surface modification and improvement of the electrochemical properties of the hydrogen-storage alloys. For example, it was found that the maximum discharge capacity of Ml0.90Mg0.10Ni3.08Mn0.13Co0.63Al0.14–4 wt.% AB5 electrode reached 406 mAh g–1 and that the LaNi5 alloy could increase the discharge capacity of Ti–V-based BCC phase alloy.3,4 Chu et al.5 reported that the cyclic life of the La0.7Mg0.3Ni3.5 electrode was improved with addition of the TiNi0.56Co0.44 alloy.6

  Herein, in order to obtain R–Mg–Ni-based hydrogenstorage alloys with excellent overall electrochemical properties, the La0.78Mg0.22Ni2.67Mn0.11Al0.11Co0.52–x wt.%M1Ni3.5Co0.6Mn0.4Al0.5 (where M1 denotes mischmetal, x = 0, 10, 20, 30) composites were prepared, which resulted in the appreciable elevation of the cycle stability. The microstructure and electrochemical properties of composites were also studied.

   

  Experimental

  Preparation and structural characterization

  The La0.78Mg0.22Ni2.67Mn0.11Al0.11Co0.52 alloy (represented asA hereafter)and M1Ni3.5Co0.6Mn0.4Al0.5 alloy (representedas B hereafter, M1 consists of 37.7% La, 38.9% Ce, 6.3% Pr and 17.1% Nd) were prepared by induction melting under argon atmosphere and remelted four times for homogeneity. The purity of all the constituent metal elements was over 99.0%. The ingots were mechanically crushed and ground into 300 mesh powders for the preparation of the composite alloys. The A–xwt.% B (x= 0, 10, 20, 30) alloy and composites were prepared by ball milling. xwt.% (x = 0, 10, 20, 30) M1Ni3.5Co0.6Mn0.4Al0.5 alloy was mixed homogenously into La0.78Mg0.22Ni2.67Mn0.11Al0.11Co0.52 alloy, and ground by QM-ISP planetary ball miller under argon atmosphere for 1 h.

  The structural data of the alloys was collected by powder X-ray diffraction (Rigaku D/max-2550, Cu Kα radiation, λ at 1.54178 Å).

  Electrochemical measurements

  The testing electrodes were prepared by cold pressing the alloy powder with carbonyl nickel powder in a weight ratio of 1:2 into a pellet of 15 mm in diameter under a pressure of 10 MPa and then pressed between two pieces of foam nickel. The charge/discharge studies were carried out by a Land 5.3 B Battery Test Instrument in a standard open tri-electrode electrolysis cell consisting of a working electrode (the MH pellet electrode for studying), a sintered Ni(OH)2/NiOOH counter electrode, and a Hg/HgO reference electrode immersed in the 6 mol dm–3 KOH electrolyte. The electrodes were charged for 5 h at a current density of 100 mA g–1, rested for 5 min and then discharged to the cut-off potential of –0.6 V vs.Hg/HgO reference electrode at a current density of 50 mA g–1.

  PARSTAT 2273 electrochemical system was used for the kinetic tests. The anodic polarization was plotted at a rate of 0.5 mV s–1 from 0 to 600 mV (vs. open circuit potential) at 50% depth of discharge (DOD). The linear polarization testing was performed at a rate of 0.1 mV s–1 from –5 to 5 mV (vs. open circuit potential) at 50% DOD. Electrochemical impedance spectroscopy measurement was carried out in the frequency range of 1 × 103 to 1 × 10–4 Hz with ac amplitude of 5 mV at 50% DOD. The potential step discharge experiments were performed at 100% charge state, a +500 mV potential step was applied and the discharge time was 3600 s.

   

  Results and Discussions

  Phase structure

  Figure 1 exhibits the XRD patterns for B, x = 0 and x= 10 alloys. It shows that the M1Ni3.5Co0.6Mn0.4Al0.5 alloy presents the single CaCu5-type hexagonal LaNi5 phase. The x= 0 and the x= 10 alloys consist of multiphase structures, the main phases are LaNi5 and La2Ni7 phases, indicating that the crystal structure of the alloy is not affected by appropriate milling.

  
    

    [image: Figure 1. X-ray diffration patters]

  

  Discharge capacity and cycle stability

  Figure 2 illustrates the discharge capacity vs. cycle number for the A–x wt.% B (x = 0, 10, 20, 30) alloy electrodes. For comparison, the same relationship for the M1Ni3.5Co0.6Mn0.4Al0.5 alloy (represented as B) is also presented. The activation number (Na) and the maximum discharge capacity (Cmax) are listed in Table 1. The activation capability is closely related to the phase structure, surface characteristics, grain size and interstitial dimensions of the alloy. It is obvious that all the composite electrodes have excellent activation property and can be fully activated within three cycles, being mainly ascribed to their multiphase structures. The phase boundary cannot only act as a buffer for releasing strain energy but also provides good tunnels for the diffusion of hydrogen atoms, which was confirmed by literature.7

  
    

    [image: Figure 2. Evolution of the discharge]
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  The oxidation and corrosion of the alloy composition in corrosive electrolyte is an extremely important factor that leads to the efficacy loss of the Ni–MH battery. In order to investigate the cycling durability of the alloy electrodes, the capacity retention (Sn) is defined and calculated by the following equation:

  
    [image: Equation (1)]

  

  where Sn is the capacity retention at n cycles, Cnth is the discharge capacity at n cycles and Cmax is the maximum discharge capacity. The capacity retention rate at the 50th cycle (S50) of the alloy electrodes is shown in Table 1.

  Cmax of the M1Ni3.5Co0.6Mn0.4Al0.5 alloy electrode is 315 mAh g–1, and the capacity retention (S50) is 88.6%. With a maximum discharge capacity of 371 mAh g–1 for x = 0 electrode, its cycle stability is rather poor. After 50 cycles, S50 is only 55.3%. As for the composite electrodes, Cmax decreases to 369 mAh g–1 (x= 10), 358 mAh g–1 (x= 20) and 356 mAh g–1 (x = 30), respectively. The hydrogen-storage capacity of the La2Ni7 phase is higher than that of LaNi5 phase,8 so the drop of the maximum discharge capacity can be attributed to the abundance decrease of the La2Ni7 phase with the addition of M1Ni3.5 Co0.6Mn0.4Al0.5 alloy.

  The cycle stability of the composite electrodes is significantly elevated, especially for x = 20 electrode, which exhibits the capacity retention rate (S50) of 76.5%. The improvement of the cycle performance is related to the change of the phase abundances of the alloys. The abundance of LaNi5 phase increases with the addition of M1Ni3.5Co0.6Mn0.4Al0.5 alloy, which is beneficial to the improvement of the cycle stability owing to the high Ni content of LaNi5 phase. Ni has excellent electrocatalytic activity and good corrosion resistance in an alkaline solution.9

  Anodic polarization (AP)

  Figure 3 shows the anodic polarization curves for the A–x wt.% B (x = 0, 10, 20, 30) alloy electrodes at 50% DOD. The anodic current density increases firstly with the overpotential increase, and then reaches a limiting value defined as the limiting current density (IL), which is mainly controlled by the hydrogen diffusion in the bulk of alloy. The hydrogen diffusion is higher as the limiting current density is larger. The values of IL obtained from Figure 3 are also summarized in Table 1. IL increases from 1204.0 mA g–1 (x = 0) to 1639.6 mA g–1 (x = 10), and then decreases to 1358.4 mA g–1 (x = 30). Liu et al.10 reported that the kinetics may be affected by the relative content of the two phases in the alloys. When the relative content of the LaNi5 and La2Ni7 phases come to a proper value, the electrochemical catalytic-activity of the alloy electrodes is enhanced due to the synergy of the two phases.11 Therefore, IL increases and then decreases with the x increase.

  
    

    [image: Figure 3. Anodic polarization curves]

  

  Linear polarization (LP)

  Figure 4 illustrates the linear polarization curves for the A–xwt.% B (x= 0, 10, 20, 30) alloy electrodes. When the overpotential is changed within a small range, there is a good linear dependence between the current density and the overpotential. The exchange current density (I0) is an important kinetic parameter, which is used to evaluate the charge-transfer reaction rate on the electrode surface and can be calculated by the following equation:12

  
    [image: Equation (2)]

  

  where Id, R, T, Fand η denote the applied current density, gas constant, absolute temperature, Faraday constant and overpotential, respectively. As listed in Table 1, I0 increases after addition of M1Ni3.5Co0.6Mn0.4Al0.5 alloy, which is related to the change in the abundance of LaNi5 phase. The LaNi5 phase has higher electrocatalytic activity due to its higher Ni content, which cannot only work as a hydrogen absorber, but also as a catalytic site during the charge/discharge process.13 The exchange current density of the electrodes firstly increases from 191.6 mA g–1 (x= 0) to 282.9 mA g–1 (x = 10), and then decreases to 237.0 mA g–1 (x= 30) with the increase of x value. The variation of I0 is completely consistent with that of IL, which further confirms that the alloy electrode exhibits a comparatively better kinetics when the La2Ni7 and LaNi5 phases exist in a proper proportion.

  
    

    [image: Figure 4. Linear polarization curves]

  

  Potentiostatic discharge

  Figure 5 shows the curves of anodic current vs.discharge time curves for the A–x wt.% B (x = 0, 10, 20, 30) alloy electrodes at full charge state. It can be seen that after application of the overpotential, the current-time responses in the semilogarithmic plot (log i vs. t) can be divided into two domains. In the first region, the current density decreases rapidly due to the fast consumption of the hydrogen on the surface of the alloy particles, while the current density decreases slowly in a linear fashion in the second region. In the second region, the current is mainly controlled by the hydrogen diffusion velocity, and the hydrogen is supplied from the bulk alloy proportionally to the concentration gradient of hydrogen. According to a spherical diffusion model,14 the hydrogen diffusion coefficient (D) can be obtained from the slope of the linear section by the following equations:15

  
    [image: Equation (3)]

  

  
    [image: Equation (4)]

  

  where D, C0, Cs, a, d, t and i denote the average coefficient of diffusion of hydrogen (cm2 s–1), the initial hydrogen concentration in the bulk of the alloy (which is considered uniform, mol cm–3), the hydrogen concentration on the surface of the alloy particles (which is considered uniform, mol cm–3), the alloy particle radius (cm), the density of the hydrogen-storage alloys (g cm–3), the discharge time (s) and the diffusion current density (A g–1), respectively. With an assumed average particle radius of a = 15 μm, the values of D calculated by the equation 4 are tabulated in Table 1. The hydrogen diffusion coefficient increases from 2.24 ×10−10 cm2 s–1 (x = 0) to 4.01 × 10−10 cm2 s–1 (x = 10), and then decreases to 2.33 × 10−10 cm2 s–1 (x = 30). It indicates that the hydrogen diffusivity firstly increases and then drops with the addition of AB5-type M1Ni3.5Co0.6Mn0.4Al0.5 alloy, in agreement with the limiting current density.
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  Electrochemical impedance spectra (EIS)

  The charge-transfer resistance (Rct) of the alloy electrode can be determined by the electrochemical impedance spectra. Figure 6 illustrates the EIS curves for the A–x wt.% B (x = 0, 10, 20, 30) alloy electrodes at 50% DOD. It can be seen that each spectrum consists of a smaller semicircle in the high-frequency region and a larger semicircle in the low-frequency region followed by a straight line. According to the study of Kuriyama et al.,16 the high-frequency semicircle represents the contact resistance between the current collector and the alloy electrode, the low-frequency semicircle represents the charge-transfer resistance, and the straight line is namely Warburg impedance. It can be seen in Figure 6 that the contact impedance remains almost unchanged, but the radius of the large arc in the low-frequency region is in the order of x = 0 > x = 30 > x = 20 > x = 10, indicating	that the charge-transfer resistance increases firstly and then decreases with increasing x, and the electrode with x = 10 exhibits the best electrochemical reaction rate.

  High rate dischargeability (HRD)

  
    

    [image: Figure 6. The eletrochemical impedance spectra]

  

  Figure 7 presents the high rate dischargeability for the A–x wt.% B (x = 0, 10, 20, 30) alloy electrodes. The value of HRD is calculated according to the following equation:

  
    [image: Equation (5)]

  

  where Cd and C50 represent the discharge capacities at the current densities of Id and 50 mA g–1, respectively. The values with the discharge current density of 600 mA g–1 are listed in Table 1. The M1Ni3.5Co0.6Mn0.4Al0.5 alloy presents the single LaNi5 phase, and the A–x wt.% B (x = 0, 10, 20, 30) alloys consist of multiphase structures. The phase boundary may decrease the lattice distortion and strain energy. Moreover, the phase boundary can provide good tunnels for the diffusion of hydrogen atoms, therefore, the kinetics of A–xwt.% B (x= 0, 10, 20, 30) is improved. For the composite electrodes, the HRD600 value increases from 84.2 % (x = 0) to 95.8% (x = 10), and then decreases to 88.8% (x = 30). It is well known that HRD is closely related to the kinetics of the alloy, which is mainly controlled by both the charge transfer resistance at the surface of alloy electrode and the hydrogen diffusion resistance inside the bulk of alloy.17 A proper ratio of La2Ni7 to LaNi5 phases is probably the reason why the electrode with x = 10 presents the best kinetic performance.

  
    

    [image: Figure 7. The hight rate dischargeability]

  

  Figure 8 shows HRD600 as a function of I0 (obtained from linear polarization) for the A–x wt.% B (x = 0, 10, 20, 30) alloy electrodes. There is a linear relationship between HRD600 and I0. It is accepted that in case the charge-transfer reaction on the surface of the alloy electrodes is the ratedetermining factor, a linear dependence of the HRD on the exchange current density would be obtained.18 Accordingly, it is concluded that the HRD is essentially controlled by electrochemical reaction of hydrogen on alloy surface at the discharge current density of 600 mA g–1.

  
    

    [image: Figure 8. Dependence of HRD]

  

  The electrochemical kinetics is mainly determined by both the charge-transfer resistance on the surface of alloy electrode and hydrogen atom diffusion within the bulk of the alloy. The former can be characterized by I0 or Rct, while the latter can be characterized by the hydrogen diffusion coefficient or the limiting current density. In the present study, I0, IL and D firstly increase and then decrease with increasing xfrom 0 to 30. Thus, the kinetics of the investigated electrodes increases and then decreases with the increasing of M1Ni3.5Co0.6Mn0.4Al0.5 alloy content.

   

  Conclusions

  The La0.78Mg0.22Ni2.67Mn0.11Al0.11Co0.52–x wt.%M1Ni3.5Co0.6Mn0.4Al0.5(x = 0, 10, 20, 30) composite alloys have a multi-phase structure of LaNi5 and La2Ni7 phases. With the addition of M1Ni3.5Co0.6Mn0.4Al0.5 alloy, the discharge capacity slightly drops, while the cycle stability is obviously enhanced. The kinetics of alloy electrodes firstly increases and then decreases with xincrease. The linear relationship between HRD and I0 indicates that charge-transfer reaction on the surface should be the ratedetermining factor for the electrochemical kinetics when the discharge current density is 600 mA g–1.
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    Esculturas policromadas de Pb do Museu do Oratório em Ouro Preto (Minas Gerais, Brasil), expostas em um mostruário de vidro foram severamente degradadas. Os produtos de corrosão foram analisados por difratometria de raios X (XRD), espectroscopia no infravermelho com transformada de Fourier (FTIR), microscopia eletrônica de varredura (SEM), fluorescência de raios X por dispersão de energia (EDX) e microscopia Raman, e constatou-se a formação majoritária de carbonatos e formiatos de Pb. Embora carbonatos sejam comuns na corrosão atmosférica de Pb, formiatos podem ser formados tanto pela ação de ácido fórmico quanto de formaldeído, sendo sua origem um ponto importante a ser investigado. Simulações ambientais com tiras de Pb expostas a possíveis fontes desses compostos orgânicos voláteis possibilitaram concluir que o processo de degradação foi causado principalmente pelo processo de cura da tinta utilizada na base do mostruário. Contudo, produtos de limpeza, que podem conter formaldeído como conservante, mostraram-se potencialmente capazes de causar danos a objetos de chumbo, acelerando sua corrosão.

  

   

  
    Polychrome lead sculptures from Oratory Museum in Ouro Preto (Minas Gerais, Brazil) kept inside a glass showcase were severely degraded. The formed corrosion products were analyzed by X-ray diffractometry (XRD), Fourier transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM), energy dispersive X-ray fluorescence (EDX) and Raman microscopy and proved to be mostly Pb carbonates and formates. Although carbonate is a very common finding in Pb atmospheric corrosion, Pb formates can be formed by the action of formic acid or formaldehyde, being their origin a key point to be investigated. Environmental simulations with Pb coupons exposed to possible sources of these volatile organic compounds led to the conclusion that the degradation process was caused mainly by the curing process of the painted showcase baseplate. However, cleaning products, which can also contain formaldehyde as preservative, proved to be potentially harmful to Pb, accelerating its corrosion.

    Keywords: formaldehyde, formic acid, Pb corrosion, Raman, preventive conservation

  

   

   

  Introduction

  Material and immaterial heritages, essential in the composition of the culture of countries and human groups, are representative of their philosophical, artistic and scientific achievements. Thus, it is clear the necessity and importance of their transmission throughout the generations. Science and technology are key elements in dealing with material culture and the understanding of their vulnerabilities and respective agents of degradation.

  Degradation of material heritage is a natural ageing process and, as such, has to be dealt with under a preventive conservation context in order to minimize its effects  as the damage is generally an irreversible event. The  understanding of the role played by temperature, relative  humidity (RH) and microenvironment composition is  essential for the correct preventive strategy to be adopted.  Air pollutants, particularly volatile organic compounds  (VOCs) released by industrial products, such as varnishes,  resins, paints and adhesives are known to be harmful, particularly to metals.1-10

  The chemical aspects of degradation are a key issue  in the preventive conservation. Studies on the interaction between materials and pollutants lead to the clarification of the chemical mechanisms involved in the degradation, thus allowing the choice of the best preventive methods. Lead objects develop an oxide patina that prevents corrosion11 and it is known that such patina is not efficient when acids (mainly formic, acetic and carbonic acids)5,12-16 or, as confirmed recently, formaldehyde are present in the environment.3 The white powder formed at the corroded surface is composed of carbonates, acetates and formates. Concerning the VOC sources, formic acid is commonly released by wood and wood composites, paints, adhesives, varnishes, sealants and some silicones;2 acetic acid has essentially the same sources2 whereas formaldehyde is released mainly from materials containing urea-formaldehyde resins (some wood derivatives, glues, adhesives and some papers),17 tobacco smoke,18 some coating materials like paints and varnishes,1 wood and their composites,2 as well as from products containing formaldehyde in its composition.

  Recently, an intense and accelerated degradation process on polychrome lead sculptures from the Oratory Museum (Ouro Preto, Minas Gerais, Brazil) was observed. Such sculptures were in glass showcases mounted over painted steel baseplates and the extensive corrosion showed that they were in a contaminated atmosphere. Figure 1 shows two corroded sculptures, in which the corroded areas are clearly depicted by the white powdered corrosion products.

  
    

    [image: Figure 1. Corroded polycrhome lead sculptures]

  

  The steel baseplates were treated with automotive paint and since it is known that the paint cure process releases VOCs, such as formic acid and formaldehyde and that such compounds are harmful towards several materials,3,5,13-16 it was decided to investigate the effect of the paint used in the showcases. Both formic acid and formaldehyde react at the metal surface generating formates with composition largely dependent on the VOC concentration, RH and environmental CO2 concentration.3

  Another possible formaldehyde source to be considered is the glass cleaning product. The use of formaldehyde in household products was banned in Brazil only recently, in 2008,19 but it is frequently found in street marketed products which are not under the government control and, although formaldehyde use is now prohibited, it was largely employed for decades in sanitizing products.

  Thus, this work aims the identification of the corrosion products formed on the polychrome sculptures from the collection of the Oratory Museum and the investigation on the sources and nature of the harmful agents.

   

  Experimental

  Materials and methods

  The analyzed sculpture was part of a small (17 × 10 × 10 cm) bullet shaped oratory from the XIX century and supposedly represents Nossa Senhora da Conceição. It is a 5 cm Pb sculpture, originally painted in red, white and blue hues. Small amounts of the corrosion layer were collected directly from the artwork for analysis.

  Lead foil used (0.125 mm thickness, 99.99%, Goodfellow Cambridge Ltd.) was cut in 1 cm × 2 cm coupons and cleaned with a fiber glass brush before exposing to the controlled environments. Formaldehyde (40% v/v, Carlo Erba, Milan, Italy) stabilized with methanol (10% v/v) was diluted with deionized water (USF Elga) to prepare a 1% v/v solution. Deionized water, 1% v/v formaldehyde solution, aluminum foil, synthetic blue paint (Dupont, code B9550.1437, lot 7390) and glass cleaning products (Veja Vidrex®, Reckitt Benckiser of Brazil, Cif®, Unilever of Brazil and a street marketed glass cleaning product) were used to prepare the controlled environments. Parafilm M® (Pechiney Plastic Packaging, Chicago, USA) was used as sealant. Relative humidity (RH) was 100% to speed up the ageing process and all experiments were run at least in duplicate. Lead formate (Pb(HCO2)2) was prepared treating a saturated PbCO3 solution with formic acid.

  Lead exposure was carried out in 50 mL Erlenmeyer containing the components shown in Table 1. Lead coupons were kept suspended by parafilm thread and the Erlenmeyers were also sealed with parafilm. The flasks were kept on a laboratory bench at room temperature (ca. 23 °C) and illuminated.
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  Raman microscopy was used to characterize the corrosion products on the Pb surfaces and the corrosion solid formed on the sculpture. In some discussions, a sum of the spectra collected from the Pb coupons was used and identified as average Raman spectrum. Scanning electron microscopy (SEM), energy dispersive X-ray analysis (EDX), FTIR and X-ray diffractometry (XRD) were also used to characterize the corrosion products on the sculpture.

  Equipments

  Raman spectra were obtained with a Renishaw inVia Reflex and with a Renishaw System 3000, both fitted with a Peltier cooled CCD camera (Renishaw, 600 × 400 pixels) and coupled to a Leica microscope. In the first equipment, the 632.8 and 785 nm laser lines (He-Ne laser and diode laser, respectively, both from Renishaw) were focused onto the sample by a × 50 Leica objective (NA 0.75) and the laser power was kept below 1 mW (632.8 nm) and 1.5 mW (785 nm). In the second equipment, a 632.8 nm laser line (He-Ne laser, Spectra Physics, mode 127) was used. In all cases, a visual inspection of the samples was performed to ensure that the sample was not affected by the laser illumination. From the optical and spectroscopic point of view, the Raman microscopes (System 3000 and inVia Reflex, both from Renishaw) are fully equivalent (same grating, focal distance, detector resolution, lenses, etc.), except for the fact that with System 3000, the 785 nm laser line is not available. Accordingly, and considering that the obtained spectra were the same irrespective of the equipment, the figure captions do not specify the instrument used to obtain each spectrum.

  FTIR data were obtained with a Bomem MB100 equipment fitted with KBr optics and mercury cadmium telluride (MCT) quantum detector. The spectra were obtained by compressing a very small amount of sample with a diamond cell coupled to a beam condenser.

  XRD data were collected with a Philips diffractometer (PW1710) using the Cu Kα radiation and a graphite monochromator. The compound identification was performed using the database PDF-2 from International Centre for Diffraction Data (ICDD).

  Micrographies were obtained with a JEOL (6360LV model) microscope and EDX analysis was carried out with a Thermo Noran (Quest model) spectrometer.

   

  Results and Discussion

  Identification of the corrosion products from the degraded sculpture

  The small lead sculpture was covered with a whitish material all over the paint surface. At a first glance, one would probably think of a fungi contamination because of the hair like aspect of the white powder. A careful examination under the stereomicroscope proved to be very effective in determining the nature of the whitish hair like structures, which were in fact microcrystals. It is noteworthy that the sculpture support, instead of being wood, as regularly found in polychrome baroque sculptures, was a bulk lead body.

  Samples collected from the sculpture were first analyzed by SEM, EDX and XRD. SEM morphological analysis is generally useful for the determination of crystal habit. Since vibrational spectroscopy is a short range technique and XRD is a long range one, it is eventually important to access how crystalline the sample is and its external appearance. Particularly, the aspect is influenced by the conditions during crystal growth and, thus, adding extra information on the corrosion products. However, SEM micrographies (see Supplementary Information (SI) section) did not add new information on the corrosion products, whereas EDX revealed the presence of Pb, C and O. X-ray diffractogram (not shown), although with a poor signal-to-noise ratio, indicated the presence of basic lead carbonate (Pb3(CO2)2(OH)2, ICDD No. 10-0401). It is important to emphasize, however, that XRD is neither sensitive to amorphous compounds nor to chemical species present in small concentrations.

  Concerning FTIR spectroscopy, a diamond cell was used due to the very small amount of sample available. This is not a problem for Raman microscopy since the laser footprint is typically ca. 2-3 &#181;m in diameter and can be smaller in high confocal setups, but with FTIR, a beam condenser and a special accessory (diamond cell) are necessary. Even so, the tiny samples collected from the sculptures were difficult to analyze and the recorded spectra presented a poor signal-to-noise ratio (not shown), although the major peaks (assigned to basic lead carbonate) could be assigned. Furthermore, when compared to basic Pb carbonate, the relative amount of Pb formate is small and the bands of the latter are easily hampered by the bands of the former due to accidental degeneration.

  Raman microscopy was then chosen to investigate the fast degradation of the Pb sculptures, helping in understanding the corrosion process considering that, so far, there were no obvious reasons for such accelerated decay. Raman analysis confirmed the presence of basic lead carbonate (Figure 2, curve a), as indicated by the bands at 410, 1051 and 1385 cm–1, assigned to in plane angular deformation and symmetric and antisymmetric carbonate C−O stretching vibrations,20 respectively. Lead formate was also detected in some areas (Figure 2, curve b) with characteristic bands at 1343 and 1529 cm–1 assigned to the symmetric and antisymmetric carboxyl group stretching vibrations, respectively.3 Figure 2, curve c, shows the Raman spectrum for the Pb formate (Pb(HCO2)2) which was included for comparison purposes.
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  The differences in the Raman spectra obtained from different points of samples collected from the same sculpture indicated a heterogeneous composition, with different carbonate content (Figure 3). A broad background was present in most spectra, in a behavior that is frequently observed for Pb corrosion products.21 It is important to emphasize that the spectra reveal not a mere mixture of carbonates and formates, but different chemical phases as confirmed by the bands in the low frequency region (below 500 cm–1), characteristic of lattice vibrations.
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  Possible sources of degradation

  As it was mentioned before, generally the presence of formate is associated with formic acid released by the wood degradation.2 It was recently shown, however, that formaldehyde also originates formates on the metal corrosion layer.3 In the current case, all the wood objects had been removed from the exhibition hall and the sculptures were inside glass displays mounted on a painted steel baseplate. It is known that paint cure process releases formaldehyde1 and formic acid2 and, since these two compounds are harmful to metals, the presence of a painted steel baseplate in the showcase was the first possible source of damage.

  Other plausible source of formaldehyde was glass cleaning product that could contain such compound as preservative. Although the Brazilian regulatory agency ANVISA (National Agency for Sanitary Surveillance) banned in 2008 the use of this aldehyde in cleaning products, street marketed products frequently contain a substantial amount of H2CO.

  The paint effect was investigated using lead coupons exposed to environments containing the same product (fresh and cured) used by the Oratory Museum, which kindly made available a sample of the paint used on the baseplates. The exposure periods (in days) were enough to produce a detectable visual change on the metal surface.

  The average Raman spectra of the corrosion products formed on Pb coupons exposed for 10 days to the volatiles released by cured paint (Figure 4, curve b) are similar to the spectra obtained from Pb coupons exposed for 2 days to vapors of a 1% v/v formaldehyde solution (Figure 4, curve a), when formates were detected (characteristic band at 1354 cm–1) together with carbonates (band at 1050 cm–1). Furthermore, comparing Figure 4, curves b and d, it is clear that the formate produced by the paint volatiles is not Pb(HCO2)2. It is necessary to emphasize here that the spectra obtained from Pb coupons exposed to very low formic acid and formaldehyde concentrations (3 and 100 ppbv, respectively) are very similar (spectra not shown) and, thus, the possibility that the formate shown in Figure 4, curve b, results from formic acid and not from formaldehyde cannot be discarded.
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  When lead coupons were exposed to environments containing fresh paint at 100% RH, a mixture of carbonates was detected in the corrosion layer (Figure 4, curve c, main bands at 1050 and 1384 cm–1) and formate bands were not observed, as can be confirmed comparing Figure 4, curves c and d.

  To investigate the possibility of formaldehyde release by glass cleaning products, Pb coupons were exposed to the atmosphere generated by the glass cleaning product used in that particular museum (Veja Vidrex®). The Raman spectra (Figure 5, curve b) did not show the presence of formates as can be seen in Figure 5, that also includes two formate reference spectra (Figure 5, curves a and e).
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  Aiming to emphasize the effect of cleaning products on indoor air quality, Pb coupons were exposed to vapors released by another popular commercial glass cleaning product (Cif®) and to a street marketed glass cleaning product, with exposure times of 20 and 15 days, respectively. In the first case (Cif®), the average Raman spectrum of the Pb corrosion layer did not show the presence of formates (Figure 5, curve c). However, the same was not true for the street marketed cleaning product (Figure 5, curve d), which led to the formation of carbonates and of a Pb formate. The spectrum shown in Figure 5, curve d, is clearly different from the characteristic spectrum of Pb(HCO2)2, as occurred in the case of the cured paint. So far, the exact chemical composition of this formate is unknown but experiments are being carried out to clarify this point.

  Although the relative intensities of the average Raman spectrum of the corrosion products generated by the street marketed cleaning product are not the same observed when Pb coupon was exposed to formaldehyde, there is a clear agreement in terms of band position, indicating that this aldehyde is responsible for the accelerated corrosion. Furthermore, formic acid (the other plausible formate source) is not expected in the chemical composition of glass cleaning products contrarily to formaldehyde.

  The results highlight the importance of a careful evaluation of commercial products, such as cleaning products and paints, aimed to be used inside museums or other institutions that keep artworks or cultural heritage items, considering the potential risk of harmful volatile compounds release that can cause significant damage in the artworks and objects in general.

   

  Conclusions

  Basic lead carbonate (Pb3(CO2)2(OH)2) and lead formates (Pb(HCO2)2) and other phases, so far unknown, were detected as corrosion products of a polychrome lead sculpture from the Oratory Museum, Ouro Preto (Minas Gerais, Brazil). Environmental simulations showed that the source of this corrosion process was the volatile organic compounds released in the cure process of the paint used on the steel baseplate of the showcases that exhibited the sculptures. From the chemical point of view, paint drying and curing are not necessarily the same phenomenon. Drying may imply in the mere release of solvents, whereas curing indicates that cross linking reactions are occurring. The coupon behavior clearly indicated that in the present case, drying and curing involve the release of different compounds and the literature confirms that formaldehyde is more significantly released during the paint cure.22

  Finally, it was shown that Pb formate was detected in the corrosion layer when Pb coupons were exposed to a street marketed glass cleaning product, indicating the potential risk to artworks represented by the use of irregular products. Thus, it is here emphasized the importance of a careful evaluation of commercial products to be used indoors prior to their use. Specifically in the case of metals, such concern is the object of the well-known Oddy tests2 and the necessity of a continuous monitoring of the indoor air quality is a current issue in the most important museums all over the world23 and built-on-purpose devices are increasingly being used21 in the prevention or mitigation of the harmful effects of undesired, although sometimes unavoidable, atmospheric compounds.

   

  Supplementary Information

  Supplementary information (Figure S1) is available free of charge at http://jbcs.sbq.org.br as PDF file.
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		O objetivo deste estudo foi avaliar a potencialidade da espectroscopia no infravermelho próximo (NIRS) como um método rápido e não destrutivo para determinação do teor de sólidos solúveis (SSC) e pH em ameixas intactas. Amostras de ameixa com teores de sólidos solúveis variando de 5,7 a 15% e pH entre 2,72 e 3,84 foram adquiridas em supermercados em Natal (Rio Grande do Norte, Brasil) e espectros NIR foram coletados no intervalo de 714-2500 nm. Uma comparação de algumas técnicas de calibração multivariada com relação ao preprocessamento dos dados e algoritmos de seleção de variáveis, tais como mínimos quadrados parciais por intervalos (iPLS), algoritmo genético (GA), algoritmo das projeções sucessivas (APS) e seleção de preditores ordenados (OPS), foi realizada. Modelos de validação para SSC e pH tiveram um coeficiente de correlação (R2) de 0,95 e 0,90, com erro quadrático médio de previsão (RMSEP) de 0,45 e 0,07, respectivamente. A partir desses resultados, conclui-se que a espectroscopia NIR pode ser usada como uma técnica não destrutiva para determinação de SSC e pH em ameixas.

	

	 

	
		The aim of this study was to evaluate the potential of near-infrared reflectance spectroscopy (NIRS) as a rapid and nondestructive method to determine the soluble solid content (SSC) and pH of intact plums. Samples of plum with total solid contents ranging from 5.7 to 15% and pH from 2.72 to 3.84 were collected from supermarkets in Natal (Rio Grande do Norte, Brazil) and NIR spectra were acquired in the 714-2500 nm range. A comparison of some multivariate calibration techniques with respect to several pre-processing data and variable selection algorithms, such as interval partial least squares (iPLS), genetic algorithm (GA), successive projection algorithm (SPA) and ordered predictor selection (OPS), was performed. Validation models for SSC and pH had a coefficient of correlation (R2) of 0.95 and 0.90, as well as a root mean square error of prediction (RMSEP) of 0.45 and 0.07, respectively. From these results, it can be concluded that NIR spectroscopy can be used as a nondestructive technique for determining SSC and pH in plums.
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	Introduction

	The fresh-fruit market is becoming increasingly demanding with regard to product quality. This, in turn, governs fruit prices. In fact, one of the main goals of the fruit industry is to provide the consumer with products meeting high internal quality standards rather than fruit that looks mouthwatering but actually tastes insipid or has an undesirable texture.1

	Parameters such as total soluble solid content (SSC), titratable acidity, pH, tartaric acid, malic acid and anthocyanin contents are among the major quality attributes of plums (Prunus salicina, L. and Prunus domestic). In Brazil, approximately 50,000 t of plums are consumed annually, constituting 30% of the total imported predominantly from Chile and Argentina. However, traditional analytical methods applied to the measurement of these parameters for plums are slow, tedious and destructive.

	Near-infrared spectroscopy (NIRS) is becoming an increasingly attractive analytical technique for measuring quality parameters in fruits. The fruit sector benefits greatly from a nondestructive, rapid, precise, low-cost and non-contaminant method that enables the simultaneous determination of several parameters using a single measurement. A number of authors have reported on the performance and use of NIRS for measurement: SSC in mangoes,2 color values, firmness, SSC and pH values in mulberry,3 fruit weight and diameter in nectarines,4 SSC in pears,5 and SSC and firmness in apples.6

	Saranwong et al.2 employed a portable NIR instrument for measuring fruit quality in mangoes. Partial least squares (PLS) regression was used to generate the calibration equations for SSC. The authors found 0.40 ºBx for the PLS models. Sánchez et al.7 studied the external and internal quality parameters of strawberries (Fragaria x ananassa Duch) at harvest and during postharvest refrigerated storage using NIR spectra. In this work, calibration models were developed using linear and nonlinear regression algorithms for modeling parameters such as color values, firmness, SSC, pH value and titratable acidity. In another work, Huang et al.8 studied electronic absorption spectroscopy and NIRS for their ability to assess the internal quality SSC and pH, in mulberries. PLS, leastsquares support vector machines (LS-SVM) and multiple linear regression (MLR) approaches were used for the model calibration, and the successive projection algorithm (SPA) was used for informative variable selection. Sánchez et al.9 studied changes in physicochemical properties of nectarines (Prunus persica (L.) Batsch cv. Sweet Lady) using NIRS. Spectra and analytical data were used to develop a modified partial least squares (MPLS) model to quantify changes in SSC, flesh firmness, fruit weight and diameter. Xudong et al.10 developed a nondestructive SSC technique to assess orange fruit via Vis-NIRS with PLS and a principal component analysis-back propagation neural network (PCA-BPNN). The authors reported the correlation coefficient, root mean square error of prediction (RMSEP) and average difference between the predicted and measured values (bias) as 0.90, 0.68 and 0.16 ºBx, respectively. Sun et al.11 studied the effect of fruit moving speed on predicting SSC of "Cuiguan" pears (Pomaceae pyrifolia Nakai cv. Cuigan) using PLS and LS-SVM regression with NIR spectra. At 0.5 m s–1, the best model for SSC was PLS regression coupled with original spectra; its coefficient of correlation (R2) and RMSEP were 0.916 and 0.530, respectively. Guoqiang et al.6 examined the performance of SSC and firmness in apples by Vis-NIR spectroscopy. The validation models for SSC and firmness showed an R2 value of 0.9532 and 0.8136, respectively, and RMSEP values of 0.3838 ºBx and 0.5344 kg cm–2, respectively.

	However, several complicating factors remain. The application of NIRS technology to the analysis of fruits has been limited due to the high moisture content, their large size and highly irregular shape, and the fact that some fruits have a hard peel that is not easily penetrable. To overcome these difficulties, various chemometric algorithms have been applied to NIR fruit data. PLS regression is a mathematical approach that is typically employed in a large number of applications for the qualitative and quantitative analyses of fruit. Additionally, the methods used for variable selection, such as iPLS (interval partial least squares),12 GA (genetic algorithm),13 SPA (successive projection algorithm)14 and ordered predictor selection (OPS)15 allow for improved multivariate models using a spectrum of variables with morerelevant information. These algorithms eliminate variables that do not directly correlate with the property of interest, such as those that add only noise, nonlinearities, or irrelevant information. They also eliminate potential interferences and variables that generate a lower signal/noise ratio, which is indicative of low sensitivity.

	Another tool used to improve NIR results is outlier detection, which selects samples that deviate from the bulk of the data due to instrumental errors, the presence of another population, laboratory errors, and so on. The calibration and prediction sets in this work were optimized based on data with extreme leverage, unmodeled residuals in spectral data, and unmodeled residuals in the dependent variables.16

	The objective of this study was to evaluate the potential of NIRS to simultaneously determine SSC and pH values of intact plums. In addition, a comparison of several multivariate calibration techniques, including PLS, iPLS, SPA, GA, OPS and outlier detection, was performed to determine the best models for this purpose. Additionally, several data pre-processing methods were compared to determine which method was best suited to this type of data analysis.

	 

	Experimental

	Sample preparation

	A total of 48 plums (Prunus salicina, L. and Prunus domestic) was purchased at supermarkets from the metropolitan area in Natal, Rio Grande do Norte State, Brazil. The sorted plums were stored under ambient room conditions (26-30 °C, RH 60-80%) before performing NIR diffuse reflectance spectral measurements. All measurements, including spectral collection and parameter determination (SSC and pH) were carried out on the same day or the next day. The morphological properties (average values) of the plum samples, including mass mean (72.58 g) and diameter mean (19.77 cm), were measured before spectrum acquisition.

	Reference methods for SSC and pH

	Fresh juice was extracted by using an electronic fruit squeezer (QB900BR/BZ30 model, NINJA, Brazil). The fresh juice was centrifuged, and the supernatant was taken to be used for SSC determination with a portable refractometer (RTA-50 model, Brix 0.0-40.0%), which determined the measuring accuracy as ± 0.1% and the measurement temperature as 10-30 °C (automatic temperature compensation). The reference pH measurements were made using a digital pH meter (HI221 model, microprocessor pH meter, HANNA instruments) calibrated with pH 4.0 and 7.0 buffers. All measurements were performed immediately after NIRS measurements.

	Instrumentation

	Spectral measurements were performed using a MB 160 Bomem FT-NIR spectrophotometer (ABB Bomem, Quebec, Canada) equipped with a diffuse reflectance cell. The NIR spectra were obtained over a range of 14,000-400 cm−1, or 714-2500 nm, and were recorded five times with a spectral resolution of 8 cm−1, with 50 scans co-added. The average value from five different locations of each fruit was properly stored, and the mean spectrum was then calculated for each sample. The spectrum of a polytetrafluoroethylene (PTFE) sample was used as background.

	Data analysis

	Data analysis was performed using MATLAB version 6.5 (the Math-Works, Natick, Massachusetts,  USA), specifically the PLS-toolbox (Eigenvector Research, Inc., Wenatchee, WA, USA, version 6.01). Different pre-treatment methods were applied to the original data matrix in this study, including the derivative and smoothing Savitzky-Golay methods, by varying the number of window points (3, 5, 7, 11, 21, 51, 71 and 91 points) and multiplicative scattering correction (MSC). Savitzky-Golay smoothing is an averaging algorithm that fits a polynomial to data points. MSC is a transformation method used to compensate for additive and/or multiplicative effects in spectral data. Derivative attempts were made to correct for the baseline effects in the spectra. Performances of these pre-treatment algorithms were compared based on PLS calibration for SSC and pH parameters. The samples were divided into calibration (32 samples) and prediction (16 samples) sets by applying the classic Kennard-Stone (KS) selection algorithm17 to the NIR spectra. The lowest RMSEP is obtained when using the optimum number of PLS factors, which is found using the variance of the matrix of the instrumental responses. The prediction set was used to test the predictive ability of the PLS models. The predicted results for the calibration models developed by PLS using the spectral regions selected by iPLS, GA, SPA and OPS were compared to those found by PLS using the whole region. Finally, the best model results for each parameter were compared before and after applying outlier detection.

	According to the IUPAC definition bias is the difference between the population mean and the true value. The occurrence of systematic errors was investigated by a t-test described in the ASTM E1655-00.18

	First, an average bias is calculated for the validation set:

	
		[image: Equation (1)]

	

	where Iv is the number of samples in the validation set. Then, the standard deviation of validation (SDV) is obtained by:

	
		[image: Equation (2)]

	

	Finally, the t-value is given by:
	
		[image: Equation (3)]

	

	If the t calculated is higher than the critical t-value at the 95% confidence level, there is evidence that the bias included in the multivariate model is significant.

	 

	Results and Discussion

	Figure 1 shows the raw plum average diffuse reflectance spectra collected for 48 samples. There are many cross-over points among these samples, as well as a large amount of overlap. The shape of the original spectra was quite homogeneous, and no outliers were distinguished a priori by visual inspection. Consistent baseline offsets and bias were present. These are quite common features in NIR spectra acquired by diffuse reflectance techniques.

	
		

		[image: Figure 1. Original NIR]

	

	Nevertheless, it was observed that the offset showed some correlation with the amount of water present in the samples: the higher the sample moisture content, the higher its spectral offset. However, it is possible to assign some overtones and combination bands evidenced in the spectrum, including the following: water peaks were recorded at approximately 1400 and 1940 nm; a weak band at approximately 1160 nm was influenced by absorption exerted by the third sugar-related overtone; absorption peaks were recorded at approximately 1780 nm, associated with the first sugar-related overtone; and the regions from 2110 to 2205 nm and from 2250 to 2260 nm were assigned to N–H and O–H (water) modes, respectively, and were related to a combination of vibrations.

	Initially, the PLS method was performed on all of the original spectra to develop the NIR model and thereby predict SSC and pH of the plums nondestructively. Noise and systematic behavior are undesirable features in the spectra. To resolve this issue, the original spectra were transformed by a smoothing (first-order), multiplicative scattering correction (MSC) and first-and second-order derivatives (Savitzky-Golay). The best window for averagesmoothing was determined as that consisting of 71 points as it gave models with better predictive abilities than those built using other windows. In all cases, MSC was applied effectively to reduce the offset originally present in the spectra.

	The results obtained for the calibration models in the NIR region for the SSC of plum are shown in Table 1. In addition to the PLS models, the results of the PLS-SPA, PLS-GA, PLS-OPS and iPLS models are shown. Only the best results from the tested pre-processing techniques are presented. The performance of the PLS model is better than that of the iPLS, GA, OPS and SPA models. The correlation coefficients for the prediction set ranged from 0.78 to 0.95 for all models, except for the PLS-OPS model (0.21). In this study, it was observed that in the NIR spectral region, models with derivative data showed higher RMSEP values than models with raw or smoothed data. The number of latent variables used for the PLS, iPLS, SPA, OPS and GA models using NIR spectra was 6, 7 or 8. The strategy of using GA models had the advantage of requiring few variables (299) to build the PLS models.
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	The calibration set was optimized by the elimination of the samples that presented leverage, unmodeled residuals in the parameter (SSC) or spectral data. Five outliers were excluded from the calibration set, and the best PLS model for SSC was developed by applying a smoothing with 71 points, first derivative with 15 points and MSC. For this model, the lowest root mean square error of cross validation (RMSECV) and RMSEP were 0.23 and 0.45, respectively. The correlation coefficient for the validation set was 0.95 and was obtained using 8 latent variables. This model was not significantly different when compared with the reference values according to a paired t-test (95% confidence level). Figure 2 shows the goodness of the fit, presented by plotting the measured and predicted values for SSC in plums.

	
		

		[image: Figure 2. Predicted concentration]

	

	Table 2 shows the results for the analysis of the pH of the plums. In all the models, better values were obtained for the RMSEP with smoothed data (91 points) compared with the models obtained with original raw or pre-processed data. For this parameter, the variable selection using the iPLS, the OPS and SPA algorithms produced better results than those of PLS principally for OPS. The best algorithm found for the variable selection of this parameter was the GA algorithm. When 295 spectral variables were used to build the PLS-GA (6) model, a correlation coefficient of 0.85 for the prediction set was found.

	
		

		[image: Table 2. Results for calibration]

	

	Outlier detection was applied to the best model, but the number of samples excluded was so large with respect to the total number of samples that they were not considered. The best model was developed using the variable selection GA, Figure 3 shows the correlation between the measured pH values of intact plum and those predicted by the best model, PLS-GA (6) smoothing (91 pts) and MSC, based on NIR spectroscopy. A t-test showed no significant difference (95% confidence level) between this model and the reference method.
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	An elliptic joint confidence region (EJCR) was drawn for both the slope and the intercept when plotting the predicted vs.actual parameter values, as shown in Figure 4. EJCR calculations are a convenient way to determine if bias is present in the determination of both parameters when using PLS models. Figure 4 shows the EJCR for the slope and intercept of the predicted SSC and pH, respectively, for an external validation set and reference value regression at a 95% confidence interval. As observed in this figure, the ellipse contains the expected theoretical value of (1.0) when built for both parameters (SSC and pH).

	
		

		[image: Figure 4. EJCR for the slope]

	

	The presence of relevant bias was tested with the prediction results for the validation samples by the t-test suggested by ASTM E1655-00.18 Results showed that the bias included in the model was not significant since the t-values obtained 2.07 and 2.17 for BRIX and pH, respectively, and were lower that the critical value of 2.576 with 99% of confidence.

	 

	Conclusion

	In this work, a rapid and nondestructive method to determine the SSC and pH of intact plums using NIR spectroscopy and multivariate calibration was presented. It can be concluded that NIR is a very promising technique for the nondestructive quantification of important parameters in plums. It must be highlighted that the results here obtained from the analysis of intact plums, without any preliminary sample preparation, should be considered a first step in the modification of NIR technology for on-site and on-line control purposes.
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		Uma sequência hierárquica de conjuntos de bases de contração segmentada para todos os elétrons de qualidades dupla, tripla e quádrupla zeta de valência mais funções de polarização aumentadas com funções difusas para os átomos de H a Ar foi desenvolvida. Um estudo sistemático dos conjuntos de bases necessários para obter valores confiáveis e precisos de polarizabilidades de dipolo estáticas de aglomerados de lítio e sódio (n = 2, 4, 6 e 8) em suas geometrias de equilíbrio é reportado. Três métodos foram examinados: Hartree-Fock (HF), teoria de perturbação de Mⵀller-Plesset de segunda ordem (MP2) e teoria do funcional da densidade (DFT). Por cálculos diretos ou por ajuste de valores calculados diretamente através de um esquema de extrapolação, os limites dos conjuntos de bases completos HF, MP2 e DFT foram estimados. Dados teóricos e experimentais relatados previamente na literatura são comparados.

	

	 

	
		A hierarchical sequence of all-electron segmented contracted basis sets of double, triple and quadruple zeta valence qualities plus polarization functions augmented with diffuse functions for the atoms from H to Ar was constructed. A systematic study of basis sets required to obtain reliable and accurate values of static dipole polarizabilities of lithium and sodium clusters (n = 2, 4, 6 and 8) at their optimized equilibrium geometries is reported. Three methods are examined: Hartree-Fock (HF), second-order Mⵀller-Plesset perturbation theory (MP2), and density functional theory (DFT). By direct calculations or by fitting the directly calculated values through one extrapolation scheme, estimates of the HF, MP2 and DFT complete basis set limits were obtained. Comparison with experimental and theoretical data reported previously in the literature is done.

		Keywords:AXZP basis sets, DFT, MP2 calculations, geometry and electric dipole polarizability, lithium and sodium clusters, CBS limit estimates

	

	 

	 

	Introduction

	In the last years, the static polarizabilities of atoms and free clusters have been extensively studied both theoretically and experimentally.1,2 The static polarizability (α) represents one of the most important observables for the understanding of the electric properties of clusters since it is very sensitive to the delocalization of valence electrons, as well as the structure and shape. Despite numerous investigations on metal clusters, static polarizability measurements are only available for alkalimetal clusters such as sodium, lithium and potassium.3-5 Because of their particular configuration, homonuclear alkali-metal clusters are often considered to be the simplest metal clusters, so that they have become the prototype systems for understanding size effects in metal clusters. The experimental work of Knight et al.3 by electric deflection techniques showed the existence of a pronounced size dependency in the polarizability of small sodium and potassium clusters. More recently, Benichou et al.4 measured static electric polarizabilities of lithium clusters up to 22 atoms by deflecting a well collimated beam through a static inhomogeneous transverse electric field. The work of Benichou et al.4 showed that the trend of the polarizability per atom of small lithium clusters differs from those of small sodium and potassium clusters.

	Several theoretical calculations have been carried out for the static dipole polarizability of alkali-metal clusters.6-15 The early calculations, which were based on variants of the jellium model within the framework of density functional theory (DFT), have been reasonably successful in explaining qualitatively the trend in the size dependence of polarizability.6 However, the calculated polarizabilities were found to be smaller than the corresponding experimental values, perhaps due to the fact that the jellium model does not incorporate the effects of discrete atoms in the clusters. Subsequently, calculations have been carried out by considering the actual geometrical arrangement of the metal atoms in the clusters using DFT with different types of pseudopotentials as well as all-electron correlated methods.7-15 These studies have mainly demonstrated that the theoretically evaluated polarizability values deviate from the experimental polarizability values significantly (often underestimated by an amount of 20-30%). Although the effect of temperature has been ascribed to one of the reasons for the deviation of the calculated values from the corresponding experimental values, it is important to note that the large discrepancy present in the previous theoretical calculations can be due to the fact that the effect of electron correlation has not been taken into account effectively and most of the reported values were obtained by the DFT based methods. In addition, the effect of many-electron correlations has also been studied using second-and fourth-order Mⵀller-Plesset perturbation theory (MP2 and MP4, respectively) methods and single, double and perturbative triple-excitation coupled-cluster (CCSD and CCSD(T), respectively) for smaller ones.

	In general, it is now a well-established fact that a large basis set is required for an accurate calculation of the polarizability and the effect of additional polarization and diffuse functions in the basis set is quite considerable.16 Most calculations so far reported in the literature have used the Sadlej basis set, which is known to be a reasonable basis set, particularly for the molecular response property calculations and/or the standard split-valence basis sets (6-311G along with diffuse and polarization functions). However, for alkali-metal clusters, there are no systematic studies on the polarizability dependence with the use of different methods (e.g., Hartree-Fock (HF), DFT and MP2) in conjunction with a hierarchical sequence of basis sets.

	Jorge and co-workers17,18 presented all-electron segmented contracted double, triple and quadruple zeta valence qualities plus polarization functions (XZP, X = D, T and Q, respectively) basis sets for the atoms from H to Ar. These sets were augmented with diffuse functions with the purpose of having a better description of electron affinity, polarizabilities, hydrogen bonding and optical rotation. They were designed as AXZP.17,19

	The main objective of this article is to utilize for the first time a hierarchical sequence of basis sets (AXZP, X = D, T and Q) to determine accurately static dipole polarizabilities of lithium and sodium clusters (Lin and Nan, n = 2, 4, 6, and 8) from their optimized equilibrium geometries. The convergence of the mean dipole polarizability ([image: Character 01]) and polarizability anisotropy (Δα) with respect to the basis set enlargement and electron correlation corrections are examined. At the HF, DFT, MP2 levels, the [image: Character 02] and Δα complete basis set (CBS) limits are estimated and compared with theoretical and experimental data previously reported in the literature. This study is expected to deepen the understanding of the electric property of metal clusters and may also enunciate the best calculation procedure at these levels of theory as well as to provide benchmark theoretical results to calibrate future calculations on dipole polarizabilities of alkali-metal clusters.

	 

	Methodology

	All calculations are performed with the Gaussian 09 quantum chemistry package.20 The B3LYP21,22 functional in combination with ADZP17 basis set are used for the geometry optimizations of the lithium and sodium clusters. To check the stabilities of the geometries on the potential energy surface, the harmonic vibrational frequencies are also calculated at the same level. From these optimized geometries, the HF, MP2, and B3LYP methods as implemented in Gaussian 09 code along with the AXZP (X = D, T and Q)17,19 basis sets are employed on polarizability calculations. In the MP2 calculations, the full correlation energy correction for the lithium clusters is used, whereas for the sodium clusters, only the 1s orbital is frozen.

	The mean value and anisotropy for the dipole polarizabilities are defined by the following equations:

	
		[image: Equation (1)]

	

	In this study, it was used the most popular extrapolation form

	
		[image: Equation (2)]

	

	which forms the basis for the CBS model of Helgaker and co-workers.23,24 YR(X) is the property computed at the inter-nuclear distance R and X denotes the highest angular function of the basis sets used in the extrapolation. YR(∞) is the property value in the complete basis set limit. A is a fitting parameter without physical significance. Since there are two unknown quantities in equation 1, [YR(∞) and A], at least two consecutive basis sets are needed for extrapolation. Restricting ourselves to this requirement, two member groups (X-1, X) were used in our hierarchical sequence of basis sets, namely: ADZP and ATZP or ATZP and AQZP.

	 

	Results and Discussion

	Equilibrium geometries

	The optimized ground state structures of lithium and sodium clusters up to 8 atoms obtained with the B3LYP/ADZP procedure are shown in Table 1. The spin multiplicities are singlets for the even numbered clusters. As expected, for similar equilibrium structures, the lithium bond lengths are always shorter than the corresponding sodium ones. Our obtained B3LYP results show a general topological agreement with those reported in previous theoretical works.12,14,15,25,26 For example, for Li8, it was obtained a capped centered trigonal prism (CTP) and for Na8, a dicapped octahedron (DCO) (Figure 1).

	
		

		[image: Table 1. Optimized]
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	For the lithium dimer, the bond length predicted by all-electron DFT calculations, viz., LSD/TZ94+p,25 NLSD/TZ94+p, 25 CCSD/cc-pwCVQZ 26 and CCSD(T)/cc-pwCVQZ26 are 2.80, 2.80, 2.678 and 2.674 Å, respectively, while the bond length predicted by the present work (B3LYP/ADZP) is 2.715 Å, which compares well with the experimental value of 2.673 Å.27 It seems that LDA (local density approximation) overestimates bond lengths as compared to those corresponding to other functionals. For the case of tetramer, the geometrical parameters predicted by the all-electron B3LYP/ADZP calculation are in satisfactory agreement with the CCSD(T)/cc-pwCVQZ ones (2.987 and 2.632 Å).26 For the other higher membered clusters, the present results are in agreement with those reported by Jones et al.25

	For the sodium dimer, the bond distances obtained with two different levels of computation12 are equal to 3.017 Å with VWN/TZVP and 3.096 Å with BP86/TZVP. It should be noted that the TZVP set was optimized for gradient-corrected functionals. The experimental value is 3.078 Å,27 in good agreement with the B3LYP/ADZP bond distance (3.048 Å). Values of 3.02 (PW86/A2-DZVP) and 3.054 Å (B3LYP/6-3111G*) were reported by Sophy et al.14 and by Chandrakumar et al.,15 respectively.

	The ground state structure of Na4 is a D2h rhombic structure. The B3LYP results (3.503 and 3.064 Å) reported15 agree very well with ours, whereas the agreement worsens when it is compared with the BP86 (3.542 and 3.100 Å)12 and PW86 (3.45 and 3.03 Å)14 ones. It clearly shows the dependence between geometry and used functional.

	The equilibrium geometry of the hexamer is a C5v pentagonal pyramid. Once again, for the Na6 cluster, the agreement between the B3LYP/ADZP and 6-3111G* (3.320 and 3.610 Å)15 bond lengths is good, whereas the BP86 (3.379 and 3.619 Å) and VWN (2.290 and 3.481 Å) results12 are larger and smaller than ours, respectively. It is known that LDA values are considerably smaller than the results from other functionals. Our results add credence to this.

	The equilibrium geometry of the octamer has rather compact structure with C2v symmetry. In the literature, there is a controversy about the symmetry of Na8. Previous DFT calculations reported C2v13,14 as well as D2d.12 But, an extensive theoretical study28 about the electronic structure of alkali-metal clusters confirms C2v to be the most stable structure of the octamer.

	Static polarizability and polarizability anisotropy

	In principle, a large size basis set for the calculation of polarizability is needed to describe these effects, and it is the main reason for the high computational expense.16,19 However, Jorge and co-workers29,30 working with cyclic molecules and even carbon cage fullerenes verified that a basis set of double zeta quality is enough to give polarizability results close to the complete basis set limits. With this in mind, our group decided to perform a similar study on alkali-metal clusters.

	Mean static dipole polarizability and polarizability anisotropy are calculated from the optimized minima structures (Table 1). For the calculations of [image: Character 03] and Δα, the clusters were oriented with their permanent dipole moments along the [image: Character 05] axis pointing in the positive [image: Character 06] direction. The calculations of the static mean polarizabilities and the polarizability anisotropies for the lithium and sodium clusters have been performed using the HF, MP2 and B3LYP methods along with the hierarchical sequence of AXZP (X = D, T and Q) basis sets.17,19 MP2 level calculations are done for benchmarking our results. The obtained results of [image: Character 04] and Δα are collected in Tables 2 and 3, respectively. For comparison, experimental3,13,31 data, when available in the literature, are also reported. It may be noted that the experimental study of Tikhonov et al.31 reported polarizabilities mainly for the higher membered sodium clusters and hence only a few of their results are included in Table 2. It is clear that there is considerable disagreement among the various experimental results and reproducible experimental results have been reported for only a few clusters. For the sodium clusters, the values provided by Knight et al.3 and by Rayane et al.13 are quite different from each other. The experimental error in the earlier work was in the range of 12% whereas the error present in the most recent experimental values31 is estimated to be a few atomic units per atom and, hence, the accuracy of the results will change drastically as the cluster size grows.3,13,25 The objective of the theoretical calculations of polarizability using a number of procedures (method/basis set) as well as estimates of the CBS limits is to standardize the most suitable procedure for polarizability calculations.

	
		

		[image: Table 2. Theoretical and experimental men static]
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	As can be seen in Table 1, Li–Li bonds are shorter than Na–Na bonds. A large part of the decrease in polarizabilities observed from Nan to Lin clusters (Tables 2 and 3) is due to the decrease in bond length. This decrease induces an increase of the valence electron density in the cluster. The origin of these differences is the screening due to 2s2p electrons that occurs on sodium clusters. In addition, it should be mentioned here that the above affirmative makes sense because the polarizabilities of the Li and Na atoms are nearly equal (experimental values:13 163.85 and 159.39 a.u., respectively).

	A brief look at Table 2 offers some general trends. As expected, the [image: Character 07] value increases with the system size. For the hierarchical sequence of all-electron basis sets, one can observe that the results decrease or increase monotonically with the basis set size enlargement and that the largest difference between adjacent results occurs from ADZP to ATZP. Except for a few cases, the convergence is essentially achieved at the AQZP level and, in these cases, the AQZP mean dipole polarizabilities can be considered good estimates of the CBS limits. Overall, the mean absolute deviations (MADs) from CBS-HF, -MP2 and -B3LYP limits of ADZP, ATZP and AQZP mean dipole polarizabilities are, respectively, 2.39, 0.30 and 0.12 a.u.; 10.72, 6.15 and 2.78 a.u.; 2.06, 0.77 and 0.28 a.u. These results show that the convergences at the HF and B3LYP levels of theory are faster than that at the MP2 level. Besides, on average, the HF and B3LYP/AQZP results are excellent approximations for the CBS limits. But, as the computational time increases significantly going from ATZP to AQZP and as the MADs computed with the former set are not so high, one can consider a basis set of triple zeta valence quality as the best compromise between accuracy and computational cost on the HF and B3LYP polarizability calculations of alkali-metal clusters. It should be noted that MP2/AQZP MAD is at least nine times larger than the corresponding ones obtained with HF and B3LYP. Even so, this procedure can be considered a satisfactory approach for the CBS limit. On the other hand, at any level of theory, MAD increases significantly going from ATZP to ADZP. This should be an alert to use low quality basis set in such calculations. We recall that many static dipole polarizabilities of lithium and sodium clusters reported previously in the literature were obtained with a basis set of double zeta quality.13

	For polarizability anisotropy, the convergence with respect to basis set quality is very similar to that observed for mean polarizability (Table 3). The current study indicates that except for MP2, the calculated Δα value does not display a significant basis set dependence. Overall, MADs with respect to the CBS-HF, -MP2 and -B3LYP limits of ADZP, ATZP and AQZP Δα values are, respectively, 2.65, 1.08 and 0.45 a.u.; 6.66, 2.78 and 1.32 a.u.; 1.93, 1.04 and 0.50 a.u. Whereas MADs increase when compared with the corresponding HF and B3LYP ones for [image: Character 8], the opposite occurs for MP2. Once again, the ATZP and AQZP Δα results can be considered reliable and good approximations for the CBS limits, respectively.

	It should be mentioned here that the differences among the CBS limit estimates obtained in this work and the HF and B3LYP mean dipole polarizabilities for the lithium11 and sodium15 clusters do not exceed 2.8%.

	An analysis of the electron correlation effects can be done comparing the CBS-HF and CBS-MP2 limit estimates displayed in Tables 2 and 3. One can verify that electron correlation has a non-uniform effect on the [image: Character 9] and Δα values, i.e., it can increase or decrease the corresponding HF value. For the lithium and sodium clusters, differences between non-correlated and correlated [image: Character 10] values do not exceed 5.0%, while for Δα, this number arrives at 100%. Except for Li4, the CBS-B3LYP mean dipole polarizabilities are systematically smaller than values deduced from CBS-MP2 (Table 2), whereas, for the Δα values, there is no systematic trend. Moreover, as the values obtained by the two methods can differ significantly among themselves, it is not possible to draw any general conclusion from the above results on the systematic inclusion of the electron correlation effects and to point out the best correlated method to carry out such calculations.

	Highly correlated results for the dimer and tetramer mean dipole polarizabilities have been presented in the literature.10,11,15,32,33 For Li2 and Li4, Chandrakumar et al.11 reported values of 215.62 and 338.34 a.u., respectively, at  the CCSD/Sadlej basis set level of theory, in good agreement  with our CBS-MP2 results. For Li4, Maroulis and Xenides32 obtained [image: Character 11] = 381.86 a.u. at the CCSD(T)/[15s7p1d] level of theory, which is about 12% higher than ours. Possibly, the reason for such difference is the reduced number of polarization and diffuse functions used by these authors. For the sodium dimer, the MP2 result [image: Character 12] for is 253.05 a.u.,33 a result which is obtained from a large basis set ([18s14p9d2f1g]). The CCSD and CCSD(T) results in the same work33 are 263.70 and 263.28 a.u., respectively, but these results are obtained with a smaller basis set of size [12s9p7d1f]. Jiemchooroj et al.10 determined a CCSD value for [image: Character 13] using a large basis set of size [19s15p12d6f] and obtained a value of 259.5 a.u., quite close to the basis set limit. It is concluded that the CBS-MP2 result is ca. 1.5% lower than an estimated CCSD result as obtained with a large basis set.10 For the sodium tetramer, however, even if the quality of the basis sets in the correlated wavefunctions published previously10,15 does not match that in the dimer calculations,10,33 a close agreement among CBS-MP2 (503.62 a.u.), CCSD (511.5 a.u.)10 and CCSD(T)/Sadlej basis set (509.59 a.u.)15 results for [image: Character 14] is observed. In summary, the good accordance among the CBS-MP2 values and those obtained from high level calculations adds credence to our results.

	The following critical observations are made after comparison of the CBS-B3LYP mean polarizability values with the CBS-MP2 and CBS-HF values. In general, both the CBS-HF and the CBS-MP2 mean polarizability values are closer to the experimental values as compared to the CBS-B3LYP results (Table 2). In fact, certain CBS-HF values are closer to the experimental results than the CBS-MP2 values, which are unexpected, since MP2 is a correlated method, whereas HF theory lacks correlation terms in its energy expression. Also, usually DFT is believed to perform better than the HF theory due to incorporation of the correlation effects. Overall, MADs among the CBS-HF, CBS-MP2, and CBS-B3LYP [image: Character 15] values from the corresponding experimental data13 are 37.94, 47.85 and 71.10 a.u., respectively. It may be noted that the temperature effects which are present in the experiments are missing in the above theories, making difficult the comparison between the experimental and theoretical results. Besides, it was expected the mean polarizability values to approach the experimental values as the basis set size increases, but Table 2 shows that it is not always true. On analyzing the results obtained by different basis sets, ADZP, ATZP and AQZP at any level of theory shown in Table 2, it appears that the effect of basis set is very marginal and the deviations are less than 2.3%. These results indicate that the level of theoretical method used is much more important than the size of basis set used in the polarizability calculations of lithium and sodium clusters, which is rather somewhat unusual.

	A careful analysis of the experimental polarizability values provided by Rayane et al.13 as well as by Knight et al.3  (for the lithium and sodium clusters) reveals that the 
		polarizability gradually increases from dimer to octamer, although the increment in polarizability in going from Li4 to Li6 is predicted to be very small, such a trend has not been  observed by any theoretical method shown in Table 2.

	 Since the source of experimental errors can be due to  many factors, the temperature factor alone may not be able to explain the discrepancy between the experimental and theoretical results. In general, the experimental static dipole polarizability is normally measured by the electric field deflection of a supersonic cluster beam and the deflection is characteristic of the number of sodium atoms in the cluster. It should, however, be noted that the measured deflection in the actual experiment is not only due to a single cluster, but also due to the mixture of other higher and lower member clusters which are normally present in the supersonic beam.3,13,31 Another main source of error might be due to the cluster beam velocity. Since the measured experimental polarizability is directly proportional to the deflection of the beam as well as the cluster beam velocity, any error introduced in these two quantities will change the value of the polarizability considerably. Although the most recent work of Tikhonov et al.31 took care of the above aspects, the accuracies of the measured values are still disputable due to the cluster temperature as well as the applied inhomogeneous electric field.

	For systems with flat potential energy surfaces (PESs), it is thought that vibrational effects might be important in the calculation of the polarizability.8 Moullet et al.7 estimated the contributions of vibrational effects to the molecular polarizability of the sodium dimer and trimer in the harmonic approximation. This analysis has shown that vibrational contributions to the molecular polarizability are much smaller for Na2 and Na3. Moullet et al.7 have also emphasized that anaharmonic effects, neglected in their work, should be even smaller, or at most of the same order of magnitude in the exceptional cases of floppy molecules like Na3. Recently, Lefebvre and Carrington34 studied the effect of vibrational and rotational contributions for the static polarizability of Na3. They computed Na3 PES and also the electronic dipole moment and polarizability surfaces with the density functional method deMon-KS.35 Using these surfaces, Lefebvre and Carrington34 computed the exact field-dependent vibrational energy levels, wavefunctions and polarizabilities. They found that the sodium trimer vibrational and rotational contributions are very small and cannot explain the discrepancy between experimental and theoretical polarizability of Na3. The discrepancy between experimental and theoretical sodium cluster polarizability might be due to the presence of different isomers in the experiment. In order to understand the effect of different isomers in the calculation of a α–for the sodium clusters, Calaminici et al.12 calculated the mean polarizability of the low-lying isomers found for the Na3 and Na6 clusters. Their DFT results show that the effect of different isomers on PESs could be very important for the calculation of the mean polarizability of sodium clusters.

	Thus, from the discussions presented in the last two paragraphs, it can be seen that a direct comparison between theory and experiment does not make sense. For that, it is necessary to carry out some corrections in both approaches. As it is not always possible and as CBS-MP2 provides an excellent choice for the response property calculation, it can be used for benchmarking future calculations on electric polarizabilities of alkali-metal clusters.

	For Li2 and Na2, the experimental values5 of the mean dipole polarizabilities are very similar to those reported in another work.36 For these clusters, Tarnovsky et al.36 proposed [image: Character 16]= 229.4 ± 20.2 at 948 K and 269.9 ± 20.2 at 676 K, respectively. To compare our value to this finding, it was used a zero-point vibrational correction (ZPVC) (1.10 a.u.) derived in a previous work32 for Na2 to estimate the mean dipole polarizability at the ground vibrational state as [image: Character 17] (ν = 0) = 256.58 a.u. Müller and Meyer37 obtained the temperature dependence of the mean polarizability. Their findings suggest an increase of theoretical values by 11.8 (for Li2) and 10.4 (for Na2). Thus, our group finds CBS-MP2 estimates of α–ca. 214.9 at 948 K and 267.0 at 676 K, which are inside of the uncertainness bars of the experimental values (229.4 ± 20.2 and 269.9 ± 20.2) measured at the same temperatures by Tarnovsky et al.36 For Na2, our estimate is in excellent agreement with that (274.8 at 676 K) obtained from the CCSD(T) calculation reported by Maroulis.33 For Li4, whereas the CBS-MP2 mean dipole polarizability is about 3.9% higher than the static experimental value of 326.62 a.u. reported by Benichou et al.4 in their pioneering work on the dipole polarizability of lithium clusters, the CCSD(T)/[15s7p1d] result (381.86 a.u.)32 achieves 16.9%. It reinforces the idea that the CBS-MP2 α–results provided in this work are reliable and that they can be used as benchmark theoretical values to calibrate future dipole polarizability calculations on alkali-metal clusters.

	Figure 2 displays the CBS-MP2 estimates of the mean static dipole polarizability for all the studied clusters. From this figure, it is clear that the polarizability of lithium and sodium clusters increases monotonically presenting the expected proportionality with n and that the sodium cluster values are greater than the corresponding ones obtained for the lithium clusters.

	
		

		[image: Figure 2. Estimated]

	

	The obtained trend of polarizability anisotropy for Lin (n = 2, 4, 6 and 8) clusters is the same by the three methods. As can be seen in Table 3, it increases going from the dimer up to the hexamer and decreases to the octamer. As the polarizability anisotropy is related to the particular cluster structure, it explains the value obtained for the octamer (Figure 1). Except for Li4 (at the MP2 level), the electron correlation effect increases the polarizability anisotropy of the lithium clusters.

	Observing the clusters Na2 through Na8 in Table 3, the polarizability anisotropy value increases from the dimer to the tetramer and decreases to the hexamer and octamer. This trend in the values reflects the clear relation between the cluster structure and the polarizability anisotropy values. It is worth noting that as the cluster structure becomes compact like in the case of the octamer, the polarizability anisotropy value decreases. The value for the octamer is even lower than the value for the dimer which has an open structure. From the tetramer to hexamer, it is seen that the hexamer being a closed structure as against the planar tetramer, it shows a decrease in the polarizability anisotropy value from that of the tetramer. Similar trend was reported by Banerjee et al.38 studying static polarizabilities on sodium clusters, i.e., they infer that the polarizability anisotropy attains minimum values for magic clusters containing 2 and 8 atoms, and maximum value for cluster with 4 atoms. This tendency is similar to both the SAOP and LDA-XC/(11s9p7d3f) procedures. These results are consistent with the fact that the magic number clusters are more symmetric than the nonmagic ones.

	A comparison of the polarizability anisotropy values for all the clusters among the three methods shows that CBS-HF gives values smaller (for Na2 and Na8) and greater (for Na4 and Na6) than CBS-MP2. A general trend of the CBS-B3LYP approach giving higher values for the polarizability anisotropy than the CBS-HF approach can be seen except for the hexamer calculations.

	It was not possible to compare our results with experiments as there is no experimental measurement of polarizability anisotropy available, but, some theoretical results for sodium clusters were reported. For these clusters, the trends observed in this work are exactly equal to previous works.12,14 Besides, it should be mentioned that the BP86/Sadlej basis set Δα values (geometries optimized at the VWN/DZVP-A2 level)14 are in good accordance with our reference CBS-B3LYP data. For the VWN and BP86/TZVP-FIP1 results,12 it does not occur.

	 

	Conclusions

	By means of density functional techniques, the structures of some even lithium and sodium clusters are optimized and, then, the convergence of HF, MP2 and B3LYP polarizabilities with respect to hierarchical sequence of AXZP (X = D, T and Q) basis sets17,19 is studied.

	In general the theoretical results do not converge to the experimental data with the basis set enlargement, consequently, the HF, MP2 and B3LYP CBS limits of the mean dipole polarizability and polarizability anisotropy are estimated. According to our knowledge, it is the first time that such limits are estimated for alkali-metal clusters. For the most clusters, one verifies that the AQZP polarizabilities are close to the CBS limits. However, for the few compounds whose convergence at the AQZP level has not been achieved, the CBS results must be considered estimates of these limits.

	For the dimer and tetramer clusters, the comparison with mean static dipole polarizabilities published previously in the literature and that use high level of theory (CCSD and/or CCSD(T)/large basis set) points out that the MP2 limits reported in this work are reliable and, then, they can be useful to calibrate future calculations on polarizabilities of alkali-metal clusters. For Li2 and Na2, the good agreement between theory and experiment obtained after ZPVC and temperature effect added to the CBS-MP2 [image: Character 18] values augment credence to this. The complete set of s, p, d, f, and g parameters of all basis sets for Li and Na are available through the internet.39
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		As propriedades químicas e mineralógicas do flogopitito, uma rocha que contém flogopita, foram estudadas tendo em vista o emprego como fonte alternativa de potássio. A caracterização mineralógica da rocha foi realizada por difratometria de raios X, fluorescência de raios X, microscopia eletrônica de varredura e espectroscopia na região do infravermelho. De acordo com os resultados, flogopita contém 82,6 g K2O kg–1 (ca. 9%). A cinética de liberação do íon potássio a partir do mineral foi avaliada em meio ácido (nítrico, cítrico, oxálico e Mehlich-1) e em uma solução salina (tetrafenilborato de sódio, Na[B(C6H5)4]). Os resultados experimentais obtidos a partir dos estudos cinéticos foram ajustados para determinar uma relação matemática entre a concentração de íons potássio liberada em solução e o tempo de liberação.

	

	 

	
		The chemical and mineralogical properties of phlogopitite, a rock containing the mineral phlogopite, were studied aiming at employment as an alternative source of potassium. Mineralogical characterization of this rock was performed using X-ray diffractometry, X-ray fluorescence, scanning electron microscopy and infrared spectroscopy. According to the results, phlogopite contains approximately 82.6 g K2O kg–1 (ca. 9%). The kinetics involved in the release of the potassium ions from the mineral were examined using acidic solutions (nitric, citric, oxalic and Mehlich-1) and a salt solution (sodium tetraphenylboron, Na[B(C6H5)4]). The experimental results from the kinetic studies were used to determine the mathematical relationship between the concentration of potassium released and the reaction time.
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	Introduction

	Brazil is one of the world's most important agricultural producers. However, the domestic production of fertilizer is insufficient to meet the needs of the region. In addition, Brazilian soils are acidic and lack nutrients; therefore, they require the extensive use of fertilizers to improve the agricultural production.1 Alternative mineral sources are needed to address this problem. Potassium is one of the essential nutrients for crops, such as sugarcane, sugar beet, potatoes, grapes, fruits and cereals, because it promotes and regulates enzyme activation, supports carbohydrate translocation and increases water use efficiency as well as drought resistance.2-4 Potassium fertilizers are widely used in agriculture around the world.5

	One mine that operates in the Northeast of Brazil (in the Sergipe State) produces approximately 606.710 t per year of KCl, which is only 10% of the domestic consumption. Given this discrepancy, the investigation of K+-containing minerals and rocks that can be directly used in soil as an alternative potassium source is an important step toward decreasing agricultural production costs. Moreover, rock fertilizers may also become an environmental solution to soil fertilization because they do not require chemical processing and can be used as mined.6-8

	Because of their structure, minerals from the mica group are rich in K+ and are ideal candidates for ion exchange9 when their particle size is controlled.10,11 The minerals classified in this group are hydrated aluminum silicates with isomorphic substitutions of K, Na, Mg and Fe ions; these substitutions result in the generation of materials with different chemical and physical properties for a wide variety of industrial applications.12 Among this mica mineral group, phlogopite [KMg3(AlSi3O10)(OH)2],13 a trioctahedral layered silicate, typically contains K+ (approximately 9% grade) as an interlayer cation to compensate for the negative charge from cation substitutions in the layered structure.14

	In Brazil, tons of phlogopitite are discarded as an emerald mining byproduct. Thus, our group investigated the viability of utilizing this residue as a potassium source for crops. The availability of K+ in phlogopite was studied using different acid and salt solutions as extractants. To examine the K+ release capacity, kinetic experiments were performed in which a kinetic equation was used to describe the potassium release profile as a function of time.

	 

	Experimental

	Chemical and mineralogical properties of phlogopitite

	Phlogopitite rock from Pindobaçú city in Bahia State, Brazil, was used in this investigation. The sample was first crushed into particles smaller than 50 mm and then ground using a roll crusher. Finally, the sample was passed through 3.35 to 2 mm sieves to produce a material with a size distribution less than 2 mm. This material was homogenized in a stockpile, and small samples (1 kg) were collected for this study.

	Several techniques were used to characterize the phlogopitite sample: X-ray diffractometry (XRD) (Bruker-AXS D5005) using Co Kα radiation (λ at 1.78897 Å) at 35 kV and 40 mA; infrared spectroscopy (IR) (Bomen-Hartmann & Braun, MB102, DTGS FTIR detector) with measurements from 4000 to 400 cm–1; X-ray fluorescence (XRF) (Bruker-S4, standardless method); and scanning electron microscopy (SEM) (Leica F440, high-vacuum mode). For the X-ray diffraction measurements, the phlogopitite sample was deposited onto a glass sample holder; for the SEM analyses, the samples were adhered to SEM studs using carbon tape and then coated with gold using a sputter-coater (BAL-TEC, SCD 005) for 3 min at 30 mA. For the X-ray fluorescence analysis, 8.0 g of phlogopitite were compacted under 20 t of pressure for 3 min using a Teclago PCA40M/20ton manual pelletizing press. IR spectrum was generated using KBr discs.

	K+ release using different extractants

	The potassium (K+) exchange capacity of phlogopitite was first investigated using deionized water and then using acidic solutions of 0.01 mol L–1 oxalic acid (H2C2O4), 0.01 mol L–1 citric acid (H8C6O7), 0.01 mol L–1 nitric acid (HNO3) and Mehlich-1 (0.05 mol L–1 HCl + 0.0125 mol L–1 H2SO4). These solutions were used to mimic the chemical environment of the soil/root interface (i.e., the rhizosphere).15 Microbial activity is high in the rhizosphere and is responsible for producing organic compounds such as amino acids, enzymes and organic acids, resulting in an acidic medium. Finally, the potassium (K+) exchange capacity of phlogopitite was also investigated in a salt solution composed of 1.0 mol L–1 NaCl, 0.2 mol L–1 NaB(C6H5)4 and 0.01 mol L–1 EDTA (NaTpB).

	In each experiment, 5.0 g of phlogopitite were added to an Erlenmeyer flask with 0.05 L of deionized water or an acid or salt solution. The flask was subsequently shaken at 300 rpm. Each sample was agitated for 1-168 h at room temperature; 0.05 L of sample was then collected and filtered. These experiments were performed in triplicate. The potassiumin each solution was quantified using atomic absorption spectroscopy (Varian AA6, l at 248.3 nm, air/acetylene). A commercially available K+ standard solution (1000 mg dm–3) provided by Vetec (Rio de Janeiro, Brazil) was used throughout the experiments.

	K+ release kinetics

	To evaluate the potential application of phlogopitite as an alternative fertilizer, mathematical models were used to describe and predict the behavior of the exchangeable K+ release over time in solution, as reported by Jalali,16 Zhou and Huang17 and Darunsontaya et al.18

	The experimental conditions were adjusted to vary the results from the kinetic studies. Non-exchangeable K+release can be described using the following differential equation.19

	
		[image: Equation (1)]

	

	The algebraic equation from the integration of equation 1 is as follows:

	
		[image: Equation (2)]

	

	where Kt is the non-exchangeable K+ released at any time t, K0 is the non-exchangeable K+ released at the maximum release time (determined from the experimental data), and k2 is the non-exchangeable K+ release-rate coefficient.

	The adjustments can be compared to the results generated by Martin and Sparks19 and by Jalali,16 who used similar equations to evaluate the kinetics in certain clay soil Elovich (5) equations are presented as follows.
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	Results and Discussion

	Phlogopitite characterization

	Table 1 shows the complete chemical analysis for phlogopitite rock using the X-ray fluorescence technique. The sample contains approximately 8.3% K2O, which is equivalent to 68.9 g kg–1 total K+, high-grade MgO (17.5%) (an additional important plant nutrient) and 0.54% CaO.

	
		

		[image: Table 1. Chemical composition]

	

	The X-ray diffraction pattern (Figure 1) shows the mineral phases in the phlogopitite rock.  The primary mineral in the rock is phlogopite which exhibits a lamellar structure oriented along the (001) direction. The basal spacings, which were determined using Bragg's equation for the most intense peaks in the diffractogram, were 10.1 Å (001) and 3.36 Å (003). These values are consistent with those reported in the literature for dehydrated phlogopite.14,20,21 An additional mineral was identified as talc (basal spacing of 9.54 Å). The presence of talc likely explains the high grade of MgO observed in the X-ray fluorescence spectrum (Table 1) because the ideal formula for talc is Mg3Si4O10(OH)2.13

	
		

		[image: Figure 1. X-ray diffraction]

	

	The rock composition was also investigated using infrared spectroscopy, and the spectrum is shown in Figure 2. The characteristic bands for phlogopite [KMg3(AlSi3O10)(OH)2] were observed. The band at 3719 cm–1 is the OH stretching vibration of the Mg3(OH) groups. This band is typically observed in the 3704-3712 cm–1 range of natural phlogopites.14 An additional typical band was observed at 817 cm–1 and was attributed to vibrations of the apical Al–O bond in the AlO4 tetrahedral. The bands at 661 and 729 cm–1 are associated with Al–O–Si bonds.21 The spectrum of the sample also shows a band at 1620 cm–1, which is attributed to adsorbed water molecules.

	
		

		[image: Figure 2. Infrared spectrum]

	

	The SEM micrographs (Figure 3) confirm that the samples have typical mica-like structures characterized by highly parallel layers. These layers, particularly for this sample, are poorly delaminated from each other because of the grinding method used during the preparation of the sample.

	
		

		[image: Figure 3. SEM micrograph]

	

	As previously mentioned, to extract and quantify K+ from the phlogopitite, several extraction experiments were performed using citric, oxalic and nitric acid solutions as well as a Mehlich-1 solution. As previously noted, these solutions were used to mimic the chemical environment in the rhizosphere.15

	The Mehlich-1 solution, which is a mixture of two strong acids (HCl + H2SO4), is typically used to extract strongly adsorbed nutrients through a dissolution process.22 Sodium tetraphenylboron [NaB(C6H5)4] was also used to extract K+ from the phlogopite interlayers via ion exchange followed by precipitation.18

	K+-exchange experiments

	The ion-exchange experiments were conducted to evaluate the K+ release from phlogopite at room temperature in water or the acid or salt solutions, as described in the Experimental section. To determine whether the K+in phlogopite can be released for agricultural use (i.e., the available K+), the extractants must be separated and quantified. These results will indicate whether the mineral can be applied as an alternative fertilizer.

	The first experiment was conducted using deionized H2O as an extraction medium. K+at 15 and 21 mg kg–1 was released over 1 h and 4 h of extraction, respectively. Thus, H2O is inadequate for extracting potassium from phlogopite because of the low levels of K+ extracted. The low extraction efficiency of H2O may be related to its low ionic force.

	Acidic media are more efficient than H2O for extracting K+(Figure 4), most likely because the acid promotes mineral weathering, which can increase the rate of K+exchange from the interlayer spacing of phlogopite. The K+release rates for phlogopite sample in acidic solutions were substantially greater than in water. This result indicates that the acid solutions played a critical role in the K+ release due to the increased H+ concentration, which promotes weathering in the sample and increases the extraction yield. The K+ exchange rate in phlogopite depends not only on the H+ concentration from the extracting solution but also on the morphological characteristics of the sample, such as porosity, which can affect the weathering process of the mineral. A similar behavior was observed by Zhou and Huang,17 who used phosphate and chloride solutions to extract K+ from illite.

	
		

		[image: Figure 4. The cumulative levels]

	

	Presumably, longer reaction times for the rock and acid solutions would increase the potassium release rates. Thus, additional experiments were conducted to verify the efficiency and process for achieving a steady state after 168 h (Figure 5).

	
		

		[image: Figure 5. The cumulative levels]

	

	For the extractants analyzed, the best results (Figure 5) were obtained with the Mehlich-1 solution, which resulted in 1.29 g kg–1 K+; because the phlogopitite sample contained 68.9 g kg–1 K+ (total K+), 1.9% of K+ was extracted into the solution after 168 h. For this solution, the extraction curve indicates that K+ was continually released from the phlogopitite (i.e., the concentration changed significantly) and did not reach equilibrium.

	The data for K+ release as a function of time were fitted using the following mathematical models: a powerfunction equation (Figure 6), a parabolic-diffusion equation (Figure 7) and the Elovich equation (Figure 8), as previously discussed. The coefficients of determination (r2) were calculated by a least-squares regression of the measured vs. predicted values using the Statistica® version 7 software package. In these equations, the constant b requires special attention and analysis because it indicates the K+ release rate. These data were generated for the K+ extraction experiments and are provided in Table 2.
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	The statistical analysis (Table 2) indicates that the power function resulted in the best fits and linearity for the nitric, citric, oxalic and water extractions. The K+ release rates, which are represented by the b parameter in the equations, exhibited the highest values for the extractions performed in citric acid solution (Table 2). The Mehlich-1 and NaTpB solutions were excluded from the b parameter analyses because the adjustments to the mathematical models (Figures 6 to 8 and Table 2) are not well suited for these extractants. The strong increase in K+ solubility in the latter stages of the experiments in which the Mehlich-1 solution was used indicates a different release mechanism compared with that related to the other acid solutions. Zhou and Huang17 discussed the efficiency and strength of the H+ ion for K+ exchange using data from Norrish.23 At low acid concentrations (< 10–3 mol L–1), H+ behaves as any other cation and replaces the interlayer K+, whereas, at high H+ concentrations, the octahedral mica sheets can be attacked, and the structure can be destroyed.

	An analysis of Figures 6 to 8 reveals that exchangeable K+ remains in phlogopite for release into the Mehlich-1 solution; therefore, a longer experiment is required to analyze the time and release rate up to the K+ release equilibrium. Thus, a new series of experiments and different mathematical models must be further investigated for the Mehlich-1 extraction.

	Sodium tetraphenylboron (NaTpB) was used to assess phlogopitite K+ availability. This salt can extract interlayer potassium from micaceous minerals because K+ introduced into the NaTpB solution is almost entirely precipitated as potassium tetraphenylboron (KTpB), as described by the following equation:

	
		[image: Equation (6)]

	

	Precipitation of the insoluble potassium salt [K[B(C6H5)4](s)] decreases the K+ concentration in the solution, and the equilibrium shifts to the right. To evaluate the NaTpB efficiency for the extraction of K+ from phlogopitite, a new series of experiments was conducted using 0.2 mol L–1 NaTpB for extraction. Figure 9 shows a comparison of the K+ release in NaTpB with that in the other acid solutions. A similar study on K+ release was reported by Darunsontaya et al.,18 who extracted a clay soil fraction in 0.3 mol L–1 NaTpB from 0 to 168 h.

	
		

		[image: Figure 9. The cumulative levels ]

	

	Figure 9 shows that the NaTpB extractant is clearly effective in releasing K+ from the phlogopite interlayer. The maximum value produced using NaTpB was 1.7 g kg–1 K+, which corresponds to approximately 2.5% of the total K+ in the mineral (from 68.9 g kg–1 total K+) after 4 h of extraction.

	The kinetic study was conducted using the same equations used for the acid extractions: the power-function, parabolic-diffusion and Elovich equations. The results from the statistical study presented in Table 2 demonstrate that, even though the bparameter values were highest for parabolic diffusion and the Elovich equations, the r2 values were low, which indicates that more experimental data are necessary for a statistical analysis of this extraction. Notably, the NaTpB solution was the best extractant; however, its use in practical applications is limited. Because extraction in the acid medium was relatively low, NaTpB was used for extraction to discern whether K+ could be released at higher levels.

	 

	Conclusions

	The phlogopitite rock, which is a byproduct of emerald mining in Brazil, was crushed to ca. 2.0 mm and characterized using several techniques. The X-ray fluorescence results indicated that this rock contained approximately 9% K2O; therefore, kinetic studies on potassium release from this mineral were conducted. The extent and rate of potassium release from phlogopitite were highly dependent on the extraction solution. The quantities and rates of K+ release from phlogopitite were greater in the Mehlich-1 solution than in water or in citric, nitric or oxalic acid solutions. Although the NaTpB solution was the best extractant, its use in practical applications is limited. In conclusion, the phlogopitite investigated in this work may be used to improve the potassium level in Brazilian soil over the long term; however, it may not be used as an alternative to fertilization with potash (KCl and K2SO4). Despite the undoubted value of the chemical measurements performed in this work, phlogopitite K+ bioavailability in Brazilian soil requires further field studies. Thus, these results are the first step in discerning the bioavailability of phlogopitite K+ for crops.
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		Nesse estudo um planejamento experimental de misturas de biodieseis é utilizado para avaliar e otimizar a estabilidade oxidativa de amostras de biodiesel de soja contendo diferentes teores de biodiesel de sebo e de mamona. As misturas de biodieseis foram preparadas com teores que variaram entre 80-86% (v/v) para a soja, 5-15% (v/v) para o sebo e 1-10% (v/v) para a mamona. O período de indução da amostra de biodiesel de soja puro serviu de base para a comparação com a estabilidade das misturas. A estratégia de planejamento experimental de misturas mostrou-se adequada para a formulação de misturas de biodiesel com ótima estabilidade oxidativa. O modelo quadrático obtido na etapa de otimização ajustou-se adequadamente aos dados experimentais, sendo capaz de prever as proporções ótimas para misturas com maior estabilidade oxidativa. O melhor período de indução foi obtido com as seguintes proporções: 82,5% (v/v) de soja, 7,5% (v/v) de sebo e 10,0% (v/v) de mamona.

	

	 

	
		This study proposes an experimental design of biodiesel constrained mixtures to evaluate and optimize the oxidative stability of soybean biodiesel mixed with different amounts of tallow and castor bean biodiesels. To prepare the biodiesel blends, the proportions of each type of biodiesel were varied, producing mixtures that contained 80-86% (v/v) soybean, 5-15% (v/v) tallow, and 1-10% (v/v) castor bean biodiesel. The induction period of pure soybean biodiesel served as the baseline for comparing the stability of the mixtures. The experimental design strategy was capable of producing the best oxidative stability for biodiesel mixtures. The quadratic model obtained in the optimization stage fits the experimental data well. The higher induction period occurred at the following composition: 82.5% (v/v) soybean, 7.5% (v/v) tallow and 10.0% (v/v) castor bean.

		Keywords: biodiesel, oxidative stability, mixture experimental design, soybean, tallow, castor bean

	

	 

	 

	Introduction

	Biodiesel is an alternative fuel to petrodiesel with potential to change the worldwide energy matrix and decrease the impact of fossil fuels on the environment. It is composed of mono-alkyl esters from fatty acids derived from vegetable oil, which may help reduce greenhouse gas emissions and promote the inclusion of rural communities in the biofuel economy.1,2 In addition, biodiesel is biodegradable, functions as a lubricant in its pure form and has comparable fuel properties to those from petrodiesel.2,3

	Biodiesel has been marketed as a substitute for petrodiesel and as an additive to fossil fuels. However, biodiesels inherently possess low oxidative stability, which must be taken into account in any practical application.4 Factors such as humidity, temperature and light exposures, as well as contact with oxygen in the atmosphere, unsaturated compounds and metals, all affect the oxidative stability and quality of the biodiesels. Biodiesels are less resistant to oxidation than typical fossil fuels. Therefore, the presence of biodiesels in petrodiesel may significantly affect the stability of the mixture.5As a result, it is important to conduct evaluation studies and develop technologies that increase the biodiesel resistance to oxidation during long storage periods.6,7

	The physicochemical properties of biodiesels depend on the raw materials that are used. Therefore, one way to increase the resistance to degradation and improve the final product quality is to use a mixture of biodiesels derived from different forms of biomass.8 Depending on the raw material, biodiesels will contain varying amounts of unsaturated compounds. These compounds are susceptible to oxidation reactions, which are accelerated by exposure to oxygen and high temperatures, and may result in polymeric compounds that are harmful to internal combustion engines.4,9 Biodiesel mixtures have been employed to improve important fuel properties, such as the specific mass, viscosity, flash point, cold filter plugging point (CFPP) and oxidative stability.10-12

	Biodiesel from soybean was blended with palm and rapeseed biodiesels having higher oxidation stability, improving the quality of the final blend.13 Biodiesels from jatropha and pongamia oils, and palm biodiesel were blended with different ratios and a close relationship was observed between oxidation stability and the fatty acid methyl ester (FAME) composition.14 Blends of biodiesel from palm, sacha-inchi, jatropha and castor oils were prepared as a strategy to obtain a biodiesel with a better oxidative stability and the best biodiesel blend was made of 75% jatropha and 25% castor.15 Sarin et al.16 examined blends of jatropha and palm biodiesel in order to achieve an optimal blend in terms of oxidative stability. Single, binary, ternary and quaternary mixtures of canola, palm, soybean and sunflower oil methyl esters were prepared, and fuel properties were measured, including stability.17

	Soybean oil is an important raw material for biodiesel production. In Brazil, soybean oil constitutes approximately 85% of the raw material used in biodiesel production.18 However, 75% of the triacylglycerides in soybean oil are formed from unsaturated fatty acids, which are comprised of more than 50% linoleic acid (C18:2).19 Unsaturated fatty acids are incorporated into biofuels and reduce the stability of the fuel. As a result, soybean biodiesel requires additives to allow the product to meet certain specifications.18

	In contrast to soybean oil, animal fat contains a large amount of saturated compounds, which results in greater product stability.20 Castor bean biodiesel is composed of approximately 90% ricinoleic acid, which increases the oxidative stability of this biodiesel.21 Because of the stability issues with soybean biodiesel and the favorable characteristics of castor bean and tallow biodiesels, the use of blends of these fuels may be a suitable method to improve the stability of mixtures that contain mostly soybean biodiesel. In this way, experimental design methods can provide a convenient approach to identify an ideal mixture composition to yield a product with increased oxidative stability.

	Experimental mixture design is used in various fields of science and industry, especially in the chemical industry, to obtain models used to estimate parameters and optimize various processes.22,23 In addition, experimental design methods save time and resources because fewer samples and experiments are necessary than with univariate assessments.24 In studies on biodiesel, although experimental design has been used for formulations purposes,25 the main application of this strategy is to investigate the influence of process variables on the biodiesel production.26-28

	Experimental designs, such as mixture designs, are efficient processes for discovering relationships between the response variables and various parameters that influence these responses.29 In the mixture design approach, the sample properties are determined by the proportion of the components (xi) in the mixture, which are not independent.30 The sum of the fractions of the mixture components always added to 100%, and if the percentage of one component in the mixture was altered, then the percentage of one or more of the other components also varies.31 Another relevant characteristic of the independent variables is that their relative proportions, as opposed to their absolute quantities, affected the product properties. The graphical representation of a ternary mixture is an equilateral triangle, and the vertices correspond to the pure components, the sides correspond to binary mixtures, and the internal points correspond to ternary mixtures.32

	The present study proposes the use of a constrained mixture design to evaluate the influence of each type of biodiesel component (soybean, tallow and castor bean) on the oxidative stability of biodiesel blends. This study also determined the composition with the greatest stability.

	 

	Experiment

	Biodiesel samples of soybean and tallow biodiesels were kindly supplied by Petrobras Biocombustíveis (Candeias, Brazil) and Comanche Biocombustíveis da Bahia (Simões Filho, Brazil). It is worth emphasizing that soybean biodiesel was a commercial sample with synthetic antioxidants. The castor bean oil was supplied by Bom Brasil (Salvador, Brasil) and the biodiesel was prepared in a batch laboratory-scale transesterification process, according to the procedure by Berman and Wiesman.33 All biodiesel samples were obtained from transesterification reactions through methylic route.

	Experimental design

	In the present study, the induction period (IP) of biodiesel mixtures (y) was determined using the following generalized quadratic model:34

	
		[image: Equation (1)]

	

	In equation 1, the first summation contains terms representing the linear terms of all components and describes effects related to IP of the pure components in the mixture. In contrast, the second summation describes the binary interactions between biodiesel sample pairs with respect to IP. The constrained mixture design used in this study allowed for the evaluation of the model and interactions between variables.24 Statistica version 7.0 software was used to analyze the experimental data.

	Normally, the mixture designs consider only a subregion or a smaller space within the experimental region. This situation occurs when additional constraints in the form of upper and/or lower limits are placed on the component proportions. These types of mixture designs are named pseudocomponent design and the sum of the values of the pseudocomponents is equal to 1.29

	Samples were prepared with different proportions of biodiesel from soybean (the major component), castor bean and tallow, which are shown in Table 1. It was used a constrained mixture design because soybean biodiesel must be present in the greatest proportion in the blends. In this design, the maximum concentration of 86, 15 and 10% (v/v) was established for soybean, tallow, and castor bean biodiesels, respectively. The minimum concentration of soybean, tallow and castor bean biodiesels was 80, 5 and 1% (v/v), respectively. The pseudocomponents were calculated as:

	
		[image: Equation (2)]

	

	where xi': pseudocomponent, xi: real concentration of component and Ci: lower limit of the component. Table 1 shows the volume percent proportions of the mixtures along with their pseudocomponent values.

	
		

		[image: Table 1. Experimental design matrix]

	

	Determination of the oxidative stability

	The oxidative stability of the biodiesel samples was determined according to the EN 14112 standard,35 using a Metrohm Rancimat 743 unit (Herisau, Switzerland). During the procedure, 3 g of each sample were placed in a Rancimat reaction vial, and the oxidation was induced by passing air over the sample (10 L h–1) at a constant temperature of 110 °C. These conditions accelerated the formation of oxidized compounds, and the resulting gases were directed into a measuring cell containing deionized water. The conductivity of the water in the measuring cell was continuously monitored, and a sudden increase in the conductivity of the solution (water plus volatile component) occurred after the absorption of volatile acidic compounds into the water. The time until the sudden increase in conductivity was called the induction period (IP). After the induction period, the oxidation rate, peroxide index, oxygen absorption and formation of volatile compounds, all rapidly increased.36 Rancimat analyses of each mixture sample were done in duplicate.

	 

	Results and Discussion

	Analysis of responses

	The proportions of soybean, tallow and castor bean biodiesel were varied to optimize the oxidative stability within the constrained mixture design. IP of the pure soybean biodiesel sample was 9.5 h and served as the baseline to compare the stability of the mixtures. The tallow and castor bean biodiesel samples had an IP of 21.0 and 87.6 h, respectively. As shown in Table 2, most of the mixtures possessed greater IP than the pure soybean biodiesel sample.

	
		

		[image: Table2. Induction period]

	

	Samples M04, M06, M07, M10, M11 and M12 displayed the highest IP. These samples contained large proportions of tallow or castor bean biodiesel, and M06 and M07 contained some of the lowest proportions of soybean biodiesel. These findings indicate that tallow and castor bean biodiesels tend to increase the oxidative stability and that soybean biodiesel tends to decrease the oxidative stability. The latter claim is supported by samples M01 and M05, which have the lowest IP and greatest proportion of soybean biodiesel.

	Samples may behave differently from what is expected due to interactions between the components of the mixture, which are not necessarily linear or additive in nature. In other words, when a response is obtained that is greater than expected from the mixture composition, there is a positive synergistic effect among the components of the blend. When a response is lower than expected, an antagonistic effect dominates the mixture.

	The significance of the observed effects was verified using the analysis of variance (ANOVA) method along with the significance levels represented by the p-value. The ANOVA results were used to generate a Pareto chart, which estimated the effects of individual factors and interactions between the concentrations of soybean, tallow and castor bean biodiesel components (Figure 1). The lengths of the bars are proportional to the absolute values estimated for the individual effects and interactions, and the graph presents a comparison of the relative importance of each of the components in the system.

	
		

		[image: Figure 1. Pareto chart and estimation]

	

	Figure 1 shows that the tallow biodiesel and castor bean biodiesel exerted significant positive effects on the IP of the mixture. This increased as the concentration of tallow or castor bean biodiesel was increased. Soybean biodiesel also exerted significant effect, however with negative influence on IP. Furthermore, Figure 1 also demonstrates that the interaction between soybean and tallow biodiesel (A × B) affect IP, confirming a synergistic effect. Moreover, the interactions between tallow and castor beans (B × C), and soybeans and castor beans (A × C) were not significant.

	The experimental data were fit by the quadratic model shown in equation 3:

	
		[image: Equation (3)]

	

	In this expression, y is IP; A, B and C represent the concentrations of biodiesel from soybean, tallow and castor bean, respectively; and AB, AC and BC represent the interactions between the variables.

	Table 2 compares the experimentally observed IP with the value that was calculated using equation 3. Figure 2a shows the surface described by the quadratic model, and Figure 2b shows the associated contour map. These figures show that IP decreased in samples with the greatest proportion of soybean biodiesel. In addition, greater proportions of tallow and castor bean biodiesel tend to increase IP of the mixtures.

	
		

		[image: Figure 2. Response surface]

	

	The established restrictions have delimited an asymmetrical experimental region and some predicted values may be discordant from that obtained experimentally. However, considering the errors inherent to the system and the response surface (Figure 2a), it is possible to establish that the optimum proportion indicated by the equation has better induction period. Figure 2a shows that the response surface has the same behavior profile of the experimental results.

	The negative value of the first term of the equation 3 indicates that the increase of the proportion of soybean biodiesel decreases the response y (IP). However, the main effects of the second and third terms of the equation are positive and indicate that the increase of the proportion of tallow and castor bean biodiesels contributes to increase the IP of the mixture. The high value of AB coefficient means that the simultaneous presence of tallow and soybean biodiesel results in higher responses than expected; and it is possible to infer that the mixture of biodiesel from tallow and soybean has a synergistic effect. This synergistic effect of soybean and tallow biodiesel is very interesting as these two biofuels are the most used ones in Brazil's energetic matrix.

	The higher IP occurred at the following composition: 82.5% (v/v) soybean, 7.5% (v/v) tallow, and 10.0% (v/v) castor bean. A biodiesel sample prepared with this proportion has been analysed and its physicochemical parameters are shown in Table 3. All results are within Brazilian Regulatory Agency for Oil, Gas and Biofuels (ANP),37 EN 1421438 and ASTM 675139 quality standards, and as shown in Table 3, this mixture possessed good quality.

	
		

		[image: Table 3. Physicochemical proprities]

	

	 

	Conclusions

	Experimental mixture design proved to be an efficient method to evaluate the influence of soybean, tallow and castor bean biodiesels on the oxidative stability of biodiesel blends. This study has shown that the addition of tallow and castor bean biodiesel tends to improve the induction period of biodiesel samples that mostly consist of soybean biodiesel. This finding encourages further studies on the production of different biodiesel blends to improve the final product quality. In general, the experimental mixture design has proven useful in determining the optimal composition of soybean biodiesel mixtures with respect to induction period.
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		O metóxido de sódio é usado como reagente ou como catalisador em muitos processos industriais como, por exemplo, na síntese de fármacos e de biodiesel. O presente trabalho apresenta um novo e seletivo método analítico quantitativo termométrico para a determinação de metóxido de sódio em soluções de metanol na presença de íons hidróxido. Para fins de comparação com o método Karl-Fischer, os dois procedimentos foram aplicados a quatro diferentes soluções de metóxido de sódio em metanol, inclusive em presença de hidróxido de sódio, e os resultados foram comparados estatisticamente mostrando total concordância.

	

	 

	
		Sodium methoxide is used as a reagent or a catalyst in many industrial processes such as, for example, pharmaceuticals and biodiesel syntheses. This work presents a new and selective quantitative analytical thermometric method for sodium methoxide determination in methanol solutions in the presence of hydroxide ions. For comparative purposes with the Karl-Fischer procedure, these two methods were applied to four different solutions of sodium methoxide in methanol, including in presence of sodium hydroxide, and the results were compared statistically showing total agreement.
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	Introduction

	Sodium methoxide (or sodium methylate) is an alkoxide widely employed in different applications in organic syntheses1 in condensation and esterification reactions and in transesterification reactions in which it acts as alkaline homogenous catalyst, being a principal way to obtain biodiesel.2 In the pharmaceutical industry, it is used, for example, in vitamin production.3

	It is commonly furnished in methanol solutions in 30% m m–1 concentration. Despite its great importance in industrial processes, the quantitation of the methoxide present in such solutions is done indirectly through acidbase titration that gives the total alkalinity expressed as percentage in weight of sodium methoxide in methanol (including NaOH and Na2CO3). In order to obtain the true methoxide concentration in the methanol solution, gaseous HCl or alternatively a solid acid as, for example, benzoic or salicylic, is added to an amount of the methanol solution. In this process, hydrochloric acid (benzoic, salicylic) acid is transformed to sodium chloride (benzoate, salicylate) and methanol; NaOH is transformed to sodium chloride (benzoate, salicylate) and H2O; sodium methoxide is transformed to methanol; Na2CO3 is transformed to sodium chloride (benzoate, salicylate) and to H2O and CO2. The H2O formed in these reactions is correlated to the NaOH and Na2CO3 present in the solution. This water is then quantified through a Karl-Fischer titration and the partial alkalinity corresponding to NaOH plus Na2CO3 is calculated, in percentage in weight, as being simply NaOH. This value is then transformed, by molar relation, into the percentage in weight of NaOCH3 and subtracted from the total alkalinity obtained through the acid-base titration. The result is the alkalinity due to the actual concentration of sodium methoxide in the methanol solution.4

	Thus, aiming to directly distinguish methoxide from hydroxide and from carbonate in industrial solutions in methanol, we have developed an alternative procedure for the selective quantitative analysis of this anion, even in the presence of hydroxide ion.

	 

	Experimental

	Equipment

	A thermometric titrator from Metrohm, model Titrotherm 859®, coupled to a PC-like computer was used; time response 0.3 s; resolution 10–5 K. Experiments were registered and processed through the Tiamo® software. The reaction flask was thermally isolated from the environment with a polyurethane jacket.

	Materials

	Stock solutions

	All chemicals were of analytical grade and were used without further purification. A standardized stock solution of 30% m m–1 (total alkalinity) sodium methoxide in methanol was used to prepare the other solutions, through dilutions with methanol. The total alkalinity of the stock solution was determined by titration with a previously standardized HCl solution (0.1021 ± 0.004 mol L1, against anhydrous Na2CO3) using phenolphthalein as indicator.5

	Thermometric reagent

	A solution of pure water (18 MΩ cm–1; Milli-Q Plus) at 10% (v v–1) in methanol was used as the thermometric reagent.

	NaOCH3 solutions in presence of NaOH

	Variable concentrations of NaOCH3 solutions also containing NaOH were prepared by adding adequate quantities of pure water (Milli-Q Plus; accurately weighed to 0.0001 g) to the stock 30% m m–1 solution.

	Analytical curve

	Variable concentrations of NaOCH3 solutions in the presence of NaOH were prepared to construct the analytical curve: 21.31, 23.02, 24.74, 26.15, 27.46 and 28.83% m m–1 starting from a 29.96 or a 30.20% m m–1 stock solution of NaOCH3 were prepared. Determinations were performed in triplicate.

	A quantity corresponding to about 25.0 mL of each methoxide solution was carefully weighed to 0.0001 g and introduced into the thermometric flask. The maximum stirring rate of the instrument (2500 rpm) was applied. The signal of the base line was continuously registered. In sequence, 10.0 mL of the reagent (10% m m–1 water in methanol) were added at the dosing rate of 35 mL min–1. The signal was registered until it was parallel to the initial background one (about 50 s). The difference between these two lines, before and after the addition of the reagent, was calculated offering the temperature variation (∆T) corresponding to the methoxide concentration. The analytical curve was constructed plotting ∆T against the concentration of the analyte. Considering that the thermal conditions of the instrument were not maintained perfectly constant throughout the day and also that the instrument is not actually an adiabatic calorimeter, the analytical curve or alternatively the determination of the ∆T of an individual reference concentration was always done when an analytical procedure was performed.

	 

	Results and Discussion

	The technique used in this work is thermometry, which consists of adding a reagent to a flask that is thermally isolated containing an amount of the analyte,6 measuring the temperature change that is correlated to this amount. As an approximation, the instrumental system was considered as being adiabatic, i.e., all the heat is supposed to have originated exclusively from the implicit chemical reaction and from the mechanical stirring of the system and no loss of heat to environment occurs.

	The temperature variation measurements were performed essentially using a thermistor.7 The data were collected and analyzed graphically in a computer. The changes in temperature (∆T) were represented on the ordinate and the correlated analyte concentrations on the abscissa.

	When compared to the acid-base titration used to determine the concentration of the sodium methoxide in methanol solution, the thermometric procedure presented here specifically measures methoxide, discriminating between this anion and the hydroxide and even the carbonate. The eventual carbonate present is in low concentration because the solubility of this salt in methanol is only about 0.27% m m–1 8 that, as it will be seen below, is within the mean standard deviation of the used analytical methods.

	Industrial solutions of sodium methoxide in methanol are usually sold at the concentration of about 30% m m–1. It is widely known that if this kind of solution enters in contact with humidity, due, for instance, to storage problems, methoxide will react with water generating hydroxide ions according the following reaction, in which ∆H is the enthalpy of the process:

	
		[image: Equation (1)]

	

	Similarly, if CO2 enters in the methanol solution of methoxide containing sodium hydroxide, Na2CO3 and methanol will be formed:

	
		[image: Equation (2)]

	

	
		[image: Equation (3)]

	

	As Na2CO3 is slightly soluble in methanol, quantities higher than about 0.27% m m–1 precipitate and, if filtered, they will be not included in the total alkalinity obtained by the acid-base titration.

	It can be observed in equation 1 that the thermal energy released from the reaction of methoxide with water producing methanol and hydroxide is stoichiometrically related to methoxide quantity. This indicates that if water is used in excess with respect to methylate, the reaction can be considered to occur quantitatively and therefore the anion methoxide can be specifically determined in the presence of hydroxide.

	In order to avoid interference from solvation and desolvation, energies intrinsic in the process, water used as reagent was previously dissolved in anhydrous methanol. In such a way, the enthalpy of dissolution of water in methanol at the moment of the analysis was minimized. All other energy changes, related to phenomena of interaction with the solvent, are maintained almost constant. Therefore a linear, or quasi linear, correlation between ∆T and concentration was expected and in fact this was experimentally observed.

	Analytical curve

	The obtained curve is described by the equation ∆T = (–16.83 ± 1.87) + (4.12 ± 0.18) C, where C is the methoxide concentration in % m m–1 and ∆T the temperature variation in ºC (or K). The correlation coefficient is R = 0.9961. It was observed that analytical curves for a range from 15% m m–1 to concentrations higher than 29% m m–1 were better fit by a second order correlation. For concentrations below 15% m m–1, the observed ∆T became very small and the imprecision of the results rapidly increases.

	In order to verify if the proposed thermometric method is selective with respect to the anion methylate in presence of hydroxide the following experiment was performed. Considering that the reaction of the ion methoxide with water occurs completely, three less concentrated solutions of this ion with concentrations of 23.83, 26.57 and 28.00% (m m–1) were prepared starting from a stock sodium methoxide (30.20% m m–1) by adding quantities of pure water in known weights of the stock solution. Quantities of NaOH were formed in the methanol solution by the reaction of NaOCH3 with H2O according to reaction 3. The analytical results can be seen in Table 1. The total alkalinity of the stock solution (30.20% m m–1) was determined through acid-base titration and, as an approximation, it was initially considered as representing only the quantity of sodium methylate as the aim of this experiment was simply to observe if the proposed thermometric method is able to distinguish between hydroxide and methoxide anions. Usually the quantity of hydroxide and methylate anions contained in the stock solution, in this case, is very small, and in the present case, the objective of the experiment was to verify if the proposed thermometric method is able to detect only the residual methylate, ignoring the hydroxide formed with the introduction of water in the methanol solution of methylate. As shown in Table 1 this is effectively the case. It can be noted also that the results obtained through the analytical (A) curve and through the proportionality rule (P) using as reference the analytical signal of a solution whose concentration is near to that analyzed are similar. The same can be said when A and P are compared to expected concentrations (E) calculated considering the quantity of water added to the stock solution whose concentration was determined by acid-base titration. In Table 2, it is shown a statistical comparison between these results through the Snedecor F-test and the paired Student's t-test between the results obtained and agreement at the 95% confidence level was observed in all cases.
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	The data in Table 1, particularly those related to the stock solution, show that the original solution used presents low concentrations of NaOH and of Na2CO3. If such substances are present in the solution their concentrations are below the mean standard deviation of the verified total alkalinity. Considering the analytical results obtained for the solutions of methylate prepared from the stock solution, it is clear that the proposed thermometric procedure offers specific results for methoxide, distinguishing it from hydroxide.

	In order to compare the thermometric method with the Karl-Fischer procedure, these two methods were applied to four different solutions and the results were compared statistically. The total alkalinity through acid-base titration was also determined for these solutions. The results can be seen in Table 3. The statistical comparison of these data using the Student's t-test and the Snedecor F-test are shown in Table 4.
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	The statistical parameters shown in Table 2 show that there is agreement between the values of the concentration of the sodium methoxide solutions prepared by reaction with pure water and those determined by: (i) calculating from the acid-base titration concentration value of the stock solution; (ii) thermometric procedure using an analytical curve; (iii) thermometric procedure using a reference solution whose concentration is close to that under determination; and (iv) calculating through the proportionality rule.

	 

	Conclusion

	The results obtained in this work reveal that the proposed method is feasible and reliable, meaning a breakthrough in the direct determination of sodium methoxide in methanol solutions. The procedure is rapid and simple to be performed, mainly if the proportionality rule is used. It was successfully applied in the present work and can be suggested for the determination of sodium methoxide concentration in industrial solutions in methanol.
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Figure 4. Pymlysis and atomization temperature curves for 0.2 ng of
Cradded to different dyes using 15 pg Mg(NO,), as chemical modifier.
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Figure S1. 'H NMR spectrum (500 MHz, C,D.N) of clusiaxanthone (1).
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Figure $2. "C NMR spectrum (125 MHz, C,D,N) of clusiaxanthone (1),
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Figure 2. Cyclic voltammograms of ALS solutions at different
concentrations on HMDE in BR at pH 10.0, scan rate of 0.100 V 57,
concentrations: (x) 0.15, (b) 035, (¢) 0.50 and (@) 12 mmol L. Inset:
dependency of peak curent on ALS concentration.
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Table 4. Figures of merit for external calibration to monitor lower (A) and higher (B) concentrations, as well as the curves of standard addition method
for Crand Cu
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HSQC HMBC HSQC
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“The number of hydrogens bound o carbon atoms was determined by the comparative analysis of 'H and DEPT “C NMR spectra. The chemical shifis and
‘coupling constants (J) were obtained from the 1D *H NMR spectrum. A *H-"H-COSY experiment was also used to make the molecular assignments.
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‘Figure 10. SEM images obtsined afier cycling in 0.1 mol L’ NaCl and
0.1 mol L* Na,S0, solutions (5 mV s), magnification of 15000






OPS/images/a08img03.png
W0,

371020

B

Degradation /% .
58 8

1]1]1

time / n

3

Figure 3. COD and TOC removals for 50 mg L diuron solution in

function of time at 25 mA cm using TVM,.Ti,,O; (M = Ir and Ru).
Na,SO, = 1.5 mol L, pH =3.






OPS/images/a08img04.png
25 T Betors ks
ot lecris

ED ) ED e
Wavelength / nm

Figure 4. UV-Vis spectra before and after 4 h of electrolysis at
100mA e, using the electrode composition TRt Ty .0 in SO mg L
diuron solution containing Na,SO,, j = 1.5 mol L, pH = 3.






OPS/images/a08img01.png
s

£ |

- |

)

H - |
0 )
ol

7 1440
Churge
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‘Table 1. Values of peak retention times for the two investigated electrode compositions under different current densites during the oxidation of diuron
in chloride medium
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‘Table 2. Figures of merit for the dyes studied in the determination of Se using an external calibration curve (A) and for E-132, E-102, E-123, E-110 and
E-124 analytical curves using the standard addition method
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Figure 3. Pyrolysis and atomization temperature curves for 2 ng of Se
added 10 E-132 dye using different combinations of P/Mg and
‘without chemical modifir (normalized absorbance is the signal ratio
‘Se-dye/Se-aqueous standard).
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Figure 1. Absorbance for 0.6 ng Se in the aqueous standard and E-132
dye, using the optimized conditions for each moifir evaluated (430 pg
Mg(NO, ), + 30 g Pd; #55 g Pd + 3 pig Ma(NO),).
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dye, using the optimized conditions for each moifir evaluated (430 pg
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Table S1. Crystal data and structure refinement for compound 7a.

Empirical formula
Formula weight
Temperature

Wavelength

Crystal system, space group
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Volume
Z, Caleulated density
Absorption coefficient

F(000)

Crystalsize:

Theta range for data collection
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Reflections collected / unique.
Completeness to theta = 29.74

Absorption correction
Refinement method
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Goodness-of-fit on 2

Final R indices [1 > 2sigma(D)]
Rindices (al data)
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071013A
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‘Table 1. Results for calibration and the external validation set for SSC: root mean square error of cross validation (RMSECV) and prediction (RMSEP),
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‘Table 1. Chemical composition of the stainless steel AISI 316 used in this study
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Figure S16. *P NMR spectrum (121 MHz, H,P0,/DMS0-d,) of 2-(1 H-pyrazolo[3 4-blpyridin-1-ylacetylphosphonic acid (8).
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Figure S15. “C NMR spectrum (100 MHz, DMSO-,) of 2-(1H-pyrazolo[3.4-blpyridin-1-yDacetylphosphonic acid (8).
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Figure 1. Cyclic voltammetry curves (from 110 20° cycle) forthe AISI
316L obiained in 0.1 mol L* NaOH. at: () 2 mV ", the anic peak
for the magnetitc formation is presented in the enlarged area, (b) 5 and
(© 10 mV 5" scan ates.
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Figure 4. Bode plots measured before and after cycling in 0.1 mol L'
NaOH at a) 2, (b) 5 and (¢) 10 mV s scan rates and (d) the equivalent
cireuit followed for the impedance fiting.
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Figure S12. “C NMR spectrum (75 MHz, DMSO-4;) of -hydroxy-2.(1H-pyrazolo[3.4 blpyridin-1-yDethane-1,1 iylbis(phosphoric acid) (a).
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Figure S11. 'H NMR spectrum (300 MHz, DMSO-,) of 1-hydroxy-2-(1H-pyrazolo[3 4-b]pyridin-1-yl)ethane-1,1-diylbis(phosphonic acid) (Ta).
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Figure 3. Polarization curves obtained in 0.1 mol L NaOH at 2,5 and
10mV 5. The 20° cycle s compared.
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Figure S13. P NMR spectrum (121 MHz, H,PO/DMSO-d,) of I-hydroxy-2-(1 H-pyrazolol3.4-blpyridin- 1-yDethane-1, 1 diylbis(phosphonic acid) (Ta).
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Figure 2. Estimated CBS-MP2 mean dipole polarizabilty vs. cluster
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‘Table 3. Theoretical polarizabilty anisotropies (40) of lthium and sodium clusters

b L0/ L0/ L€ L€l Nu®)l  Na®n)/  Na(G)/  Na(C)l
HFIADZP 7659 25023 30623 1051 12002 46504 43865 7951
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AqQze 9437 29870 30999 B 13396 46611 B .
CBS-BILYP® 9395 20835 30968 1567 13308 46666 40800 108.94¢

“Present investigation, basis sets generated in references 17 and 19, *Present investigation, Aot value obtained from 2 poiat fits (ATZP and AQZP) to
equation 2. Convergence filure in the SCF process. Present investigation, Ac value obiained from 2 point fits (ADZP and ATZP)to equation 2.
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Table 2. Best fiting parameters obtained following the equivalent circuit proposed in Figure 44, before and after the immersion in the specified conitions
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‘Table 3. Binding energies (V) for the O Is, Fe 2p,,. Cr 2p,, and Mo
3d signals of the films
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‘Figure 7. Cyclic voltammograms (20° cycle) obtained in the indicated
alkaline (2) and neutral (b) electrolytes. The scan rate was 5 mV .
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Figure 5. SEM images obtained after cycling in 0.1 mol L' NaOH a 2
5 and 10 mV s*, magnification of 15000 x.
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Figure 6. XPS spectra of the (a) Fe 2p, (b) Cr 2p and (¢) O s onizations for the films formed in 0.1 mol L NaOH at 2, 5 and 10 mV " scan rates. No
signal was detected for the Cr 2p at the slowest scan rat.
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Figure 1. Optimized B3LYP/ADZP equilibrium geometris of liium and
‘sodium clusters considered for the polarizability calculation.
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‘Table 1. Optimized B3LYP/ADZP bond lengths d, (Figure 1) for Li, and
Na,clusters (n=2, 4, 6, and ). The symmetriesare given in parentheses
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Figure 8. Bode plots measured before and after cycling at 5 mV s* in
(a)0.1 mol L* NaCl and (b) 0.1 mol L Na,S0, solutions.
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Figure 9. XPS spectra of the Mo 3d ionization for the films formed in
0.1 mol L NaCl and 0.1 mol L' Na.SO, at 5 mV s°. No signal was
detected for the Mo 3d at alkaline elecirolyte s discussed in the text.
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Table 2. Theoretical and experimental mean staic dipole polarizabilites @) of lthium and sodium clusters

b L0/ LMyl L€/ LC)/ Na®)/ Na®)l  Na(C)l  NaC)/
HFIADZP 20711 34031 SIL89  56589% 269.50 525,02 72109 85150
ATzP 0528 34831 S0023 562391 2061 52024 72087 85268
Aqze 20511 3819 50906 562268 27055 52076 72996 85253
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“Presentinvestigation, basissets generated inreferences 17 and 19, Present investigation, & value obiained from 2 point fits (ATZP and AQZP) to equation 2.
“Convergence failure in the SCF process. ®Present investigation, & value obtained from 2 point fits (ADZP and ATZP) to equation 2. From reference 13.
From reference 3. From reference 31.





OPS/images/a20img16.png





OPS/images/a13img01.png
A=(Ag-A,) exp(hus ) +A,

[0





OPS/images/a20img22.png





OPS/images/a12img52.png





OPS/images/a20img21.png





OPS/images/a13img03.png
10 kg /51

[HEP] / (mmol L)

Figure 2. Plots of the observed first-order rate constants, ke
as a function of [HEP] at different temperatures. Reaction
conditions: [Ag(IID] = 0.03 mmol L, [10,7],, = 1.00 mmol L,
[OH] = 0,080 mol L and p = 0.30 mol L The solid lnes ae the best
fis of experimental data by cquation 7 using a nonlinear least-squares.
routine, with K, = 6.0 x 10~ mol L* and f[OH]) = 0.958.
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Figure 1. Time-resolved specira monitoring the reaction between
Ag(ll) and 1-(2-hydroxyethyDpiperidine (HEP) at 25.0 C. Conditions:
[A(ID] =005 mmol L", [HEP] = 6.0 mmol L, [0H] =0.100 mol L,
110,],,= 100 mmol L and = 0.30 mol L The first spectrum was
recorded about 10 s afer mixing and Af between scans is 60's. Inset:
Kincti race monitoring at 360 nm generated from the time-resolved
spectra shown in Figure 1. The solid curved-Jine represents the best fit
of the experimental data using equation | and a nonlincar leastsquare
fiting routine
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Figure 2. (A) FTIR spectea (reflectance mode) for (a) chitosan,
() diluted Chit-AuNPs and () Chit-AuNPs; (B) zoomed region of the
N-Hstretching.
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‘Scheme 2. Schemati representation of the molecular interaction between
chitosan and AuNPs.
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‘Scheme 1. Schematic representation of the nanocomposite preparation.
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Figure 1. Electronic spectra in the visible region for: (2) Chit-AuNPs

in aqueous suspension, (b) Chit-AuNPs immobilized onto a quartz
‘substrate and (¢) Chit solution.
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Figures. (a) Cyclic voltammograms of ITO-Chit-AuNPs with increasing

scan rate from 0.01 10 10 V s'. (b) Variation of peak potential (E,, and

E,) vs. logarithm of v for ITO-Chit-AuNPs. (¢) Plot of the cathodic
and anodic (j,) peak currents vs. V2. Electrolyte: 5.0 x 10 mol L*
[Fe(CN)lin 0. mol L KCl solution, T = 25 °C.
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Figure 6. Electronic spectra showing the growth of the
(Chit-AuNPS/COTsPc], system, with a = number of bilayers (from | to
10). Inset: A, (Q band) vs. number of bilayers.
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Figure 3. Histograms of the AuNP diameters obtained from TEM images
(421 nanopartcles), showing size distributions of the AuNPs protected
by the Chit polymer.
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Figure 4. Cyclic voltammograms for the three electrodes: (2) bare ITO,
(b) ITO-Chit and () ITO-Chit-AuNPs at the scan rate of 0.050 V' s
Inset: Chit- AuNPs cast flm i the ates of 0.005, 0,01, 0.05,0.1, 03 and
0.5V 5. Electrolyte: 5.0 % 10° mol L1 K,[Fe(CN)] in 0.1 mol L KCI
solution, T=25°C.
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Figure7. AFM images for he [ChiUCoTsPe), and (Chit-AuNPS/CoTsPe),
systems containing 1.3 and 5 bilayers deposited onto ITO substrae.
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“Measured at [Ag(IID)] = 0.03 mmol L, [HEP] = 5.0 mmol L',
[OH']=0.080 mol L and =030 mol L. "Measured values. Predicted
values.
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Figure 8. Cyclic voltammograms for the () bare ITO and
(6) ITO- (Chit AuNPS/COTsPe) . Electrolyte: 0.1 mol L' PBS (pH 7.2),
scan fate of 05V 57,
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‘Scheme 1. Proposed reaction mechanism.
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Figure 5. Cyclic voltammogram for the ITO-(ChiUPSS), film in
0.’ mol L PBS electrolyte (pH 7.2), scan rate of 0.1 V s°.
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Figure $2. a) Cyclic voltammograms of the ITO-Chit moifed electrode
with increasing scan rate from 0.01 10 10 V . (b) Variaton of peak
potential (E,, and E,) vs_ log v for ITO-Chit. (c) Plot of the cathodic.
() and ancdic G, peak currents vs. v**. Elecirolyte: 5.0 10° mol L
KIFe(CN),1in 0.1 mol L* KCl solution, T= 25 °C.
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Figure $3. Comparison between the UV-Vis spectra of the cast films:
(@) Chit-AuNPs and (b) CoTsPe.
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Figure S8, Cyclic voltammograms for the ITO- (Chit-AuNPS/CoTsPc)
electrode with 20 cycles in 0.1 mol L PBS solution (pH 7.2), scan rate
of 01V,
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Figure S6. Cyclic voltammograms for the ITO- Chit-AuNPS/CoTsPc),
eleetrode. The inset contains the plot of the anodic peak current
(1, =-0.59 V) vs. scan rate (0.01 1005 V ). Electrolyte: 0.1 mol L
PBS solution (pH 7.2), T=25°C.





OPS/images/a06img17.png
©

o T IR, ITO{ChANPSICOTSP),
- 12
Ss @i g a1 ok T @4 do os o8
E/V s SCE E/Vvs. SCE
© @
. o3 /
P
04 04
z L
w0z . LI
. 25 .
<28 . L
M \‘-.
238 1T0ChiCoTsPe), ITO-Cht-AINPSICaTsPe),
15 18 21 24 21 30 5 ) 20 25 30
logv log v
@ ]«
2
o
2
N
-
o] TO-ChivCOTsPe), ITO{Chi-AUNPSICATsPc),
-
I R " N R R e

vi(mvs?) VI (mVsT)

Figure$7. Vasiaionofthe scanrate (0.025,0.050,0.1,02.03,04,05,0.6,0.7,0.8,0920d 10V s*) for () TO-( Chit CGTsPe)  and (b)[TO- (Chit AWNPSICOTSPe) .
Laviron plots for (¢) ITO-{Chit/CoTsPe}, and () ITO-(Chit- AuNPS/CoTsPe], systems. Dependence of cathodic and anodic peak potentials with scan
ates for (e) [TO-[Chit/CoTsPe}, and () ITO- [Chit-AuNPS/CoTsPe). Electrolyte: 0.1 mol L PBS solution (pH 7.2), T=25 °C.
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Table 1. Regression data of the calibration curve

Validation parameter HMDE oct

DPV SWY__ SWCAGSV DPV__ DPAAGSY _ SWV__ SWAAGSY
Dynamic incarity range / (umol L) 03-81  03-81 004-122 15-635  04-125 30-523  16-125
Slope / (A L mal) 00092 0077 050 0049 0296 0067 0839
Intercept/pA 0006 0004 0003 0254 0062 0879 0639
Coeffcient of determination (R?) 09972 09988 09830 09947 09914 09963 0929
‘Standard deviation (SD) of slope 00002 0001 0027 0002 0002 0002 0036
SD of intercept 00002 0002 0002 0006 0010 o017 ont
LOD/ (umol L) 0063 0075 0012 036 o 075 042
LOQ/ (umol L) 021 025 004 12 035 25 14
Repeatabilit of peak current, RSD/ %+ 320 a8 145 679 940 802 901
Repeatability of peak potential, RSD /% 466 609 21 838 e 990 w3
Reproducibility of peak current, RSD /it 0% 020 016 056 02 o078 015
Reproducibility of peak potential, RSD/ %+ 039 029 0x om0 03 098 018

“For 5 serial measurements. RSD: relative standard deviation.
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(@) is in a lower magnification than (b) and (©).
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Figure 12. Calibration dependencies on GCE, (A) SWY, concentrations: (a) 3, (b) 8.6, (¢) 122, @ 173, (¢) 23.7, (§) 38 and (g) 52.3 pmol L, and
(B) DPAAUSV, concentrations: (a) 0.23, (b) 0.54, (c) 0.89, (d) 1.42, () 3.3, (N) 542 and (g) 8.7 pmol L.
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Figure 5. Effectofthe microdrop volume (1.6102.2 uL) on the extraction
of the analytes by SDME. Experimental conditions, extraction solvent:
n-hexane; extraction time: 15 min; agitation speed: 380 rpm; addition
of salt: no; sample volume: 10 mL. The drinking water was spiked
with the organochlorine pesticides: aldrin, dieldrin, endosulfan, endrin,
heptachlor and heptachlor epoxide at 0.4 g L, hexachlorobenzene,
lindane, DDT and methoxychlor at 0.8 g L; and the pyrethroids:
Accyhalothin, cypermethrin, deltamethrin and permethrin at 8 ug L.
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Figure 9. (a) Peak current vs. scan rate and (b) logarithm of peak
curvent vs. logarithm of scan rate.
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‘Table $4. Descriptors for copper(I]) complexes (1-5)

Atom No. Spin density T 2 3 4 5
T [ 0531488 Cu 054047 Cu 05463 Cu 0539366 Cu 0543073
2 N 012008 N 012716 N 01417 N 011956 N 0121146
3 N 012194 N 012428 N 01412 N 0uST N 0121038
4 o 0093561 O 0093655 O 000063 O 009211 O 009052
s o 009347 O 008945 O 00006 O 0022 O 009319
6 c 0001611 C 0001803 C 0008 C 000175 € 0001754
7 c 0001611 C 0001681 € 00048 C 0003127 € 0003152
8 c 000971 C 0009705 C 000948 C 0008060 C 0008047
9 c 000968 € 000933 C 000948 C 0009734 C 000919
10 c 001315 € 0002 € 00119 € 0011139 C 0011008
1 c 001313 € 00143 C 0012 C 0010953 € 0010912
2 c 0004183 C 0004144 C 00009 € 000372 C 0004423
3 c 0007624 C 000768 C 00075 C 0006182 C 0006384
4 c 0004175 € 0003972 € 00009  C 0004419 C 0004371
1s c 0007618 € 0007482 C 000756 C 000793 C 0007912
% H 0000569 H 000079 H 0000187 H 0000606 C 0000994
2 H 0000568 H 000062 H 000646 H 000089 H 000209
20 H 00019 H 0000804 H 000018 H 0000206 H 0000124
Ell H 0000548 H 000066 H 00067 H 000040 H 0003916
E H 0000713 H 0001015 H 0000807 H 00012 H 0000999
3 H 0000712 H 000057 H 000063 H 0000711 H 0000743
34 H 00019 H 000037 H 0001081 H 000205 H 000065
£ H 0000549 H 0000721 H 0000630 H 000067 H 0000516
£ H 0001988  H 0001081 H 0000108 H 0001288
El H o 00057 H 0000807 H 0000085 H  —0.000984
E H 000024 H 000054 H 0000973 H  -0.000601
E H 000003 H 000054 H_ 0000562
Energy of orbital
Alfa HOMO. 019058 019108 01917 019051 019153
Ala LUMO 002441 —0.04208 004413 002481 00442
Beta HOMO —0.1878 —0.18845 —0.18912 ~0.1878 ~0.18901
Beta LUMO 007368 007557 007732 00753 —0.07893
Delia alfa 016617 0149 —0.14757 —0.1657 014733
Delta beta. 011412 011288 01118 01125 ~0.11008
Dipole moment 39769 39655 20206 20735 3017
Chelate plane angle. 8994 1086 au 2634 22868
‘Charge by NBO T 2 3 4 5
T [ 1289  Cu 124968 Cu 125255 Cu 12428 Cu 125039
2 N 06701 N 07144 N 0673 N 06687 N 066584
3 N 06703 N 07137 N 0673 N 06135 N 067092
4 o 07414 O 0722 0 TR 0 -07HB 0 073l
s o 07416 0 09 O 076 0 0B 0 07N
% H 0208 H 02507 H 02302 H 02235 C 06905
2 H 020279 H 024874  H 02783 H 028 H 02318
£ H 025974 H 02082 H 025043 H 0255  H 024814
34 H 02073 H 0262 H 02509  H 02281 H 025138
E Ho02417  H 0203 H 0239 H 0233
E Ho 02 H 023303 H_ 020m
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‘Figure 6. Effect of the addiion of salt (NaCl, 0 0 6%) on the extraction
of the analytes by SDME. Experimental conditions, extraction solvent:
n-hexane; extraction time: 15 min; agitation speed: 380 rpm; microdrop
volume: 1.6 uL; sample volume: 10 mL. The drinking water was spiked
with the organochlorine pesticides: aldrin, dieldrin, endosulfan, endrin,
heptachlor and heptachlor cpoxide at 0.4 g L, hexachlorobenzene,
lindane, DDT and methoxychlor at 0.8 g L and the pyrethroids:
Acyhalothrin, cypermethrin, deltamethrin and permethrin at 8 g L.
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‘Table 3. Descriptors for Schiff bases (L1 -L5)

] [5) 3 [ [
Dipole moment s1271 S041 G887 06573 05303
'BDE (calculated from Scheme 1) 140 132 134 145 149
HOMO 020147 020152 020048 020033 020116
LUMO 002047 00479 004993 ~0.02037 004918
Delia —01m 015362 015255 01709 015198
Aom No. ‘Charge NBO
T C 075658 C 073806 C 078 C 0761 € 011665
2 c 051915 € 03220 C 050227 C 05106 C 050105
3 o 06471 O 06812 O 0683 O 061 O 065141
4 c 046628 € 04672 C  -0448l6  C 046612 C 044934
s c 02893 € 02841 C 029008 C 02953 C 020454
6 c 076 € 0T C 07605 C 0788 C 072071
7 N 061544 N 061787 N 0625 N 06116 N 06153
8 c 0262 C 027 C 027686 C 006617 € 006623
9 c 02631 C 027676 C 02763 C 027162 € 02719
10 N 061546 N 061200 N 061251 N 06147 N 0612
16 o 06467 O 0648 O 064761 O 06498 O 06321
7 H 024% € 02392 C 023911 C 070039 C 023932
18 H 0234% € 02491 C 0248 H OB C 0254
19 H 023458 C 019465 C 010464 H 024417 C  0.19%
0 H 025437 € 024135 € 024126 H 023564 C 02409
2 H 025505 € 021204 € 021210 H 025488 C 02147
n H 02592 H 025 € 0218 H 0B C 0202
2 H 0252 H 02271 C 02414 H 0256 C 024114
u H 02453 H 024573 C 0248 H 02575 C 022549
23 H 046114 H 024672 C 019475 H 02536 C 019559
% H 02482 H 0245 € 023919 H 02507 C 023951
n H 0207 H 025304 H 0222 H 045766 C 070082
2% H 027 H 028 H 023301 H 02379 H 023318
2 H 024826 H 024 H 025381 H 024066 H 02452
20 H 046114 H 046014 H 02586 H 043816 H 02339
31 H 024453 H 02484 H 024456 H 02507 H 025741
B H 02532 H 02281 H 046269 H 0253 H 028413
3 H 0252 H 0227 H 02497 H 02572 H 025085
34 H 025435 H 02485 H 023319 H 025407 H 04589
E H 025505 H 046251 H 023315 H 02541 H 023838
E H 02462 H 024502 H 024 H 0242 H 02419
Bl H o 02534 H 046259 H 02407 H 045974
E H 02573 H 024482 H 0221 H 0255
E H o 0206 H 0292 H 0240 H 02548
0 H o 0297 H  0257% H o 02578
a1 H o 02606 H 024073 H o 024033
2 Ho 0293 H 0239 H o 02399
3 H o 02384 H 026015 H o 025002
4 H o 02309 H o 023959
45 H o 023501 H o 023585
46 H o 023494 H o 023558
a7 H o 023985 H o 02394
48 H o 02303 H o o0x9l
49 H o 026012 H o 02598
50 H o 024063 H o 024014
st H o 025044
52 H o 02346
3 H_ 02502
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‘Scheme 1. Proposed oxidation mechanism of ALS on GCE.
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‘Figure 1. XRD patterns for the ZnO and Ag-ZnO flower-like samples synthesized under the reaction conditions summarized in Table 1: a) ZaO, (b) S2,
(©) 4, (d) S5, (¢) S6 and () S8. Ag (+) and ZnO (#).
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Figure 4. Effect of the agitation speed of the sample (100 o §70 rpm) on
the extraction ofthe analytes by SDME. Experimentl condition, extraction
solvent: r-hexane; extraction time: 15 min; microdrop volume: 2.0 L
addition of salt: no; sample volume: 10 mL. The drinking water was spiked
‘with the organochlorine pesticides: aldrin, dieldrin, endosulfan, endrin,
heptachlorandheplachiorepoxide a 04 g L, hexachlorobenzene,lindane,
DDT and methoxychlor at 08 pg L' and the pyrethroids: A-cyhalothrin,
cypermethrin, deltamethrin and permethrin at 8 g L.
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Figure 10. Frontier molecular orbitals mapped on optimized molecular
structure of ALS and their corresponding energies calculated at
BILYP/6-314G (dV/AMI.
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‘Table 1. Characterization and reaction conditions for samples S1-59

sanpe “hni imeima
5 o ® o
° 0ss 0 2
® 0@ 0 2
st o 0 51
5 2 0 %0
5 o 0 &
o o © 20
s o % o
» om o 0






OPS/images/a04img10.png
‘Table 3. Repeatability, intermediate precision and relative recovery

v Relative

Pesiide Repeatabiliy (n=3) Intermedite precision (129) ooy
g 2100 5@ n0Log 0@ 200 stog g %
Naan 26 226 305 5% w7 B2 om w7
oor s 10 19 66 a1 na 3w oan o
Dictdin W s ses s s ed s se o
Endosufin 0 e s 0w 0 2% a5 1% %
Endin 29 as Lo o P R
Hepachlor P S T T T B
Hepachlorepoxide 2 1% 2 6 83 3@ o6& 3m 1o
Hexachloobeazene s% 0e 38 s R SV R B
Lindane te 28 i en 0 2% 3w 4w s
Methoxyehlor T N S
A Cyhalothrin B80S 1903 8% 950 e sa B8 wm
Cypermethia w3 5% 9e o a4 mes B2 w07
Deltamethrin 45 0m 200 ses ue e % um o9
[— 155 16 0% 3 B 63w om 9% o

“CV: coefficient of variation; "LOQ: limit of quantification
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‘Figure 5. Plot of spin density for copper(Il) complex 3.
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Figure 8. Chromatogram obtained from the analyses of drinking water.
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Figure 4. The B3LYP/6-31G(d,p)fully optimized geometries of copper(1l)
complex 5 (see Table 1).
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Figure 7. Effects of the volume (10 and 35 mL) and the sample dilution
on the extraction of the analytes by SDME. Experimental conditions,
extraction solvent: n-hexane extraction time: 15 min: agitation speed:
380 rpm: microdrop volume: 1.6 L addition of salt: no. The drinking
‘water was spiked with the organochlorine pesticides: aldrin, dieldrin
endosulfan, endrin, heptachlor and heptachlor epoxide at 0.4 g L.
hexachlorobenzene; lindane, DDT and methoxychlor at 08 ug L% and
the pyrethroids: -cyhalothrin,cypermethrin, deltamethrin and permethrin
a8 pgl
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Figure 7. Effect of pH on the peak current and peak potential on GCE in
BR, scan rate of 0.1 V s, pH values: (a) 2.5, (b) 5.2, (c) 7.5 and (d) 8.8.
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“Table 2. Pearson’s correlation maix for copper(Il) complexes

Spn  Spn  Spin  Spn  Spin Chelate

T sy sy sy ey sty ST S0 D o v e e e 2 G e N
Spin density Cu 0414
namere w0 ons
Spin density N3 0702 0915 0985
Spin density O4 0287 0589 0377 -0278
Spin density O5 0582 0937 0916 0964 0273
Smadasty 07 0734 0% 02 001 0350
MaioNO oot 036t 082 o3» om0 02 0313
MALUMO o 0s as oas oo omss 02 osss
BaHONO o osu s 05T ows s a0 oms ons
Bl 0sw G o1 005 G 033 oz os om0
Dot ot ome 60 oy o5 o 0m9 s w0 03 0ms
Deaten 005 ome oo oS 0ms ome aa omr o2 x4 oar
Dipole moment 0345 -0657 -0385 -0326 0966 0380 -0021 0941 0811 0948 0940 -0801 -0.869
Chelate plane angle 0906 0468 -0761 0784 -0265 0656 -0937 -0010 0011 -0068 -0527 -0012 0684 -0278
Charge Cu* <0121 0948 0745 0742 -0741 -0818 0481 0969 -0970 -0963 -0.738 0966 0590 -0831 -0.167
Charge N2* 0546 -0314 0476 -0518 0599 -0518 -0057 0256 -0055 -0285 -0273 0363 -0356 0510 1181
- OMO o 02 0% 085 0SS 47 OM0 033 6o 033 0B 030 47 095 01 01
Charge 04 0350 0230 0175 0329 0505 0500 0330 0056 -0288 0038 0173 0306 -0218 0314 0310 0163 0974 -0995

“Charge obiained by NBO analysis.
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Table 2. Linearity limits of detection and of quantification and maximum contaminant levels

Lincarity MCL/ (ug L
Anlyte T
Aldrin 00318 09980 0009 003 003 003

DT 012 09981 003 o1 *
Dieldrin 00106 09984 0003 001

Endosulfan 00520 09988 o015 005 2

Endrin 0051 09979 o015 005 06 06
Heptachlor 00106 09959 0003 001

Heptachlor epoxide 00106 09986 0003 001 20
Hexachlorobenzene. 0032 09988 0009 003

Lindane 0034 09998 0009 003 20

Methoxychior 0120 0999 003 o1 00

A-Cyhalothrin 0316 09958 009 03

Cypermethrin 116 09972 03 1

Deltamethrin 216 09929 06 2

Permethrin 116 0994 03 ! 3000 0

“LOD: limit of detection; "LOQ: limit of quantifcation; MCL: maximum contaminant level; ‘ldrin + dieldrin; DDT + DDD + DDE; fendosulfan I +
endosulfan II;  correlation coefficient.
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Figure 6. Cyclic voltammograms of the ALS solutions at different
concentrations on GCE in BR of pH 8.0, scan rate of 0.100 V s
‘concentrations: (@ blank, (6)0.09, ©)0.30, (4) 0.6 and (&) .11 manol L.
Inset: dependence of the peak current on the ALS concentration.
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‘Table S1. Pearson’s correlation maix for Schiff bases

Digole HOMO  LUMO Delta T Charg = g Chae

TEAC moment NT Nio 016 HNT
Dipole moment o971
HOMO 0ses 073
oMo oms 015 0607
Dela 009 0075 058 0998
Charge N7 u80 0251 0756 0312 0331
Charge NIo* 0068 018 053 098 099 024
Charge 016+ 088 083 04 0412 0460 013 042
Charge 03 075 070 030 010 01 03B 0267 058
Charge HNT: L0795 082 0950 032 0275 0719 0254 067 0391
Charge HNIO 089 080 086 056 0s20 038 052 054 077 086

“Charge obained by NBO analysi.
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Figure 1. Chemical structure of tryptophan.
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“Table 4. Comparison of the proposed method with other SDME* developed methods for the determination of pesticides in water

Reference Present work 9 i B &
Pesticide 100C. 4Py S0P 1PY 1500 200, 2Py 701 CBe
Instumentation GCECD acus Gems GeAD GeNe
‘Sample volume / mL. 10 10 10 10 18
Volume and type of extractant L6yLofhexane  IpLoftolene  2uLoftoliese  IpLoftoluene 1 pLof sooctane
Extaction time / min Is 30 El 30 1
Lincar cange / (g L) 00120 01560 0516 0560 05252
LOD/ (g L) 0009.06 005038 0020101 033 025
e 90210 7390.1435 5999 77188 50130
Recovery /% 107 762107 3103 7104 -

*SDME: single drop microextraction; *0C: organochlorine pesicides; PY: pyrethroid pesticides; “OP: organophosphorus pesticides; “CB: carbamate
pesticides;‘GC-ECD: gas chromatography-lectron capture detector; ‘GC-MS: gas chromatography-mass spectrometry: "GC-FID: gas chromatography-flame:
fonization detector; GC-NPD: gas chromatography-nitrogen-phosphorus detector; ILOD: limitof etection of the method: CV: elative standard deviation.
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“Table 5. Comparison of the proposed method with another DSDME* developed method for the determination of pesticides.

Reference

Method

Droplet 100 L ofisooctane
Pesticide Linear ange / (g L) LOD/ (e L) Linear cange / (pg L") LOD/ (e L)
Aldsn 00318 0009 05-100 004
boT 012 003 1200 o1
Dieldrin 00106 0003 05100 004
Heptachlor 00106 0003 1300 008
A-Cybalothria 0316 009 2250 015
Deliamethein 216 06 81000 0s
Permethsin L6 03 162000 '

“DSDME: directly suspended droplet microextraction: *SDME: single drop microextraction; LOD: limit of detection of the method.





OPS/images/a10img15.png
™ ®

H

Curent/ A
§

15 a4 42 0 o3 o5 des

a3 a2 0 09 on
Potential /V vs. Ag/AgCl, 3 mol L KCL

Potential /V vs. Ag/AgCl, 3 mol L KCL

Figure 11. Calibration dependencies on HMDE (A) DPY, concentrations: (@) 03, (b) 06, (€) 09, @) 17, (&) 27, (1 43, (@) 57, () 66, () 7.3 and
) 8.1 pmol L+, and (B) SWCAGSV, concentrations: (a) 0.04, (b) 0.12, (c) 0.30, 4) 0.49, (&) 0.58, () 0.68, () 0.86 and (h) 1.22 pmol L.
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Figure 1. Influcnce of sample mass on microwave-assisted method
sediment removal (n = 3).
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“Table 4. Interference study results for the decolorization and degradation
of 10.0 mg L* MO in the presence of 300 mg L' of Ag-Za0 (sample S,
at pH 7.0 and room temperature

Species Decolorzation

50N0; 1000

ca 00 100
Mg 00 00
a 50 50

“Maximum concentration tested.
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‘Table 3. Results obtained for reusing of Ag-ZnO (sample S,) affer cyclic
fegeneration in the decolorization and degradation of 10.0 mg L of MO
at pH 7.0 and room temperature

Effciency / %
No.of cycles —_
Decolorization Degradation
1 995 957
2 1000 983
3 1000 983
4 954 868
s 766 64
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‘Table 5. Characterization of the crude oil samples afer sediment removal using the proposed microwave-assisted method in closed vessels (0 =3)

Parameter A B c

AP gravity 180 196 210
Kinematic viscosity / (mm s7), 80 °C 74825+0269 87401 £0380 462110401
Dynamic viscosity / (mPa ), 80 °C 67.559+0412 78072£0338 36475£0390
Water content /% 0202001 045002 0.12£001
Sediment content /% <010 <010 <010
Salt/ (ug g <60 9542067 29216
TAN/ (mg KOH g) 0462002 084006 045001
Nitrogen / (ug ') 2160297 15 3496489
Sulfur/ (ug #”) 38392201 3236+65 4979 134
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Figure 2. Efficiency ofsediment emoval from crude il using microwave
radiationin closed vessels employing different steps of extractions (1= 3).
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Figure 10. Photocaialytic decolorization and degradation fficiency of
10.0mg L MO inthe synthetic waste waterin the presence of 300 mg L
of Ag-ZnO (sample S,) at pH 7.0 and room temperature.
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Figure 3. Effect of the potential interval in the cyclic voltammograms
for the 50.2 pmol L Trp solutions using CF-UME pre-treated by the
procedure adapted from Hernndez ef al* Similar conditions s described
in Figure 2, except for inversion potential.
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‘Table 2. Sample characterization before proposed microwave-assisted
method in closed vessels (n=3)

Parameter A B c

Water content /% 20206  308:05 3202005
Sedimentcontent/% 5152020 349015 LI32005
Salt/ (up g 417003300 192744670 12128= 1156
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Figure 8. Decolorization and degradation of MO under UV irradiation
time of 70 min by Ag-ZaO under different UV irradiation time during the
synthesis process. Conditions: 10.0 mg L' MO; Ag-Zn0 (S, and §,55,).
200 mg L and pH 7.0 at room temperature.
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‘Figured. Cyclic voltammograms for the 50.2 pmol L Trp solution using.
CF-UME pre-treated by the procedure adapted from Hemindez et al%
Conditions: cyclic vollammetry staicase, v = 69.6 V s, in phosphate
buffer solution (pH 7.4): (a) step potential of 25.48 mV and 150
‘consecutive cycles 1o calculate the signal average and (b) step potential
0f 33.41 mV and 200 consecutive cycles for medium of signal.
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“Table 1. Microwave heating program used for sediment removal from
crude oil emulsion

Parameter
Sample mass /g

‘Water volume / mL.

Power /W 1
Ramp /min

Heating time / min

Cooling / min

Maximum temperature /°C

Maximum pressure / bar

sggouEue
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Figure 7. Decolorization and degradation of MO by Ag-Za0 with
increasing Ag content under UV iradition time of 70 min. Conditons:
10.0 mg L' MO: Za0 andlor AgZnO (samples S,-5,), 200 mg L and
pH 7.0 3 room temperature.
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Table 1. Some recent strategies for modification of graphite, glassy carbon and carbon paste electrodes regarding the Trp determination and limits of
detection (LOD)

Flectrode Modifer LOD/ (ol L) Reference
Ton selective - 0 0
Carbon fonic liquid gold nanoparticles 40 1
Pyrliic gaphite nano-mixture graphitediamond 0030 Is
Graphite copper-cobalt hexacyanoferrate 60 16
Glassy carbon single-wall carbon nanotubes 001 "
poly(S-aminoacridine)funcionalized multi-valled carbon nanolubes (MWCN) os1 18
MWCN embedded cerium hexacyanoferrate 000 19
hemin 0025 Y
Nafion/TiO, graphene 070 2
polyd-aminobeazaic acid) polymer 020 »
gold manoparicle 0080 3
Carbon paste cobaliI) coordination polymer 010 x
iron(II) doped eolite 021 2
poly-glutamic acid modified carbon nanotube-doped 0010 %
silicon doxide nanoparticle 0036 7
carbon nanotubes and ferrocene 021 28
carbon nanotube modified with p-aminophenol 57 2
overoxidized polypyrole ilm 10 30
carbon nanotubes and ferocenedicarboxylic acid oo a1
MWCN/cobalt salophen 017 B
1{4-ferocenyl thyaypheny]--ethanone. 056 Y
binuclear manganese complex 008 3
-3 A-dihydroxyphencthy!)-3.Sdinitrobenzamide-modified casbon nanotube 04 3s
MWCN 0065 36
carbon nanofiber o1 El
- 00098 El
- 17 El
Boron-doped diamond - 0 w0
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Table 4. Results for sediment determination in crude oil by ASTM D 4807
method using ullfactorialdesign to evaluate microwave heating program.
Sediment content i crude oil without treatment: 5.15 = 0.20% (a = 3)

Heating Microwave Sediment Removal
time/min__power/W content /% efficiency /%
5 300 AT =001 Taz1a
15 300 4462086 134226
£ 300 4052059 214231
5 00 118206 188228
15 00 3852053 252235
£ 00 3182025 383230
5 1300 2902024 B1236
15 1400 2812020 454232

30 1400 286027 445242
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Figare 2. Cyclic voltammograms for the 50.2 pmol L Trp solution

using CF-UME pre-treated by the procedure adapted from:

(a) Brater-Toth etal ® (b) Heméndez et al  and (c) Crespi.? Conditions:

cyclic voltammetry staircase, v = 69.6 V 5", 200 consecutive cycles to

calculate the signal average, step of potential of 33.4 mV in phosphate
‘buffer pH 7.






OPS/images/a11img03.png
Table 3. Full factorial experimental design used for optimizing the
microwave heating program for sediment removal from crude oil
emulsions.

Ron X
T - -
2 0 -
3 + -
4 - 0
s 0 0
6 + 0
7 - +
8 0 +
9 + +

X heating time (5, 15 and 30 min); X;: microwave power (300, 800 and
1400 W).
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Figure 9. Effect of the initial dye concentration on the decolorization
efficiency (a) and degradation efficiency (b) of MO. Conditions
Ag-Zn0 (S,), 300 mg L and pH 7.0 at room temperature.
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Table 3. Experimental parameers of the analytical curves obiained for Trp using CF-UME in FSV

Radius'/pm wlan b/ (aA ' L) - Lincarty ] ol L) LOD*/ (umol L")
Sar [EN BED 0998 S0sm 27
764 1016 0096 09996 300300 181
14 1w1s oton1 09987 s00.200 167

“Radius determined after pre-pretreatment;“: ntercept of the straigh lin in the ordinate axis obtained by linear regression; b: angular coefficient of the
straightline obtained by linear regression; % linear coeffcient of the obiained straigh line by linear regression; LOD: limit of detection = 35,./b, where

S, is the standard deviation of the straight line.*
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“Table 2. Recovery of ALS from Rasilez* tablets.

Method Labeled amount/mg____ Determined*/ mg Recowery' /% RSD/ %

HMDE DPV 150 [EENER) 1022289 70
swy 150 152069 1013246 37

GcE DPV 150 12932184 9952123 99
swy 150 1535282 1023555 43

alue = average = AN (N = 5 and at 95% confidence leveh). RSD: rlaive standard deviation.
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Figure 5. Decolorization (s) and degradation (b) rates of MO. Conditions:
10.0 mg L MO; Ag-ZaO (sample S, 300 mg L* and pH 7.0 at room.
temperature.
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Figure 6. (2) Cyclic vollammograms forthe Trp solution in different concentrations using CF-UME pre-treated (r=7.64 001 pm) by procedure adapted
from Hemdndez et al # in cyclic voltammetry staicase, v =99.5 V s step potential of 33.41 mV; 200 consecutive cycles to calculate the signal average
in phosphate buer pH 7.4. (b) Amalytical curve for Trp using CF.UME pre-treated by the procedure adapted from Herdndez et al # (FSV curves were:
‘obtained in similar conditions to the curves in Figure 6a)
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Figure 13. Voltammograms at various concentration of AL in tablet solutions and serum samples, (A) DPV on HMDE and (B) SWAASV on GCE.
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Figure 4. UV-Vis absorbance spectra for MO solution n the presence of
As-Za0 asa function of UV-light exposure time. Conditions: 10.0 mg L
MO; Ag-ZnO (sample S,). 300 mg L:* and pH 7.0 at room temperature.
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‘Table 2. Anodic currents for the ireversible oxidation process of
101 pimol L Trp measured with CF-UME using FSV* in diferent scan
ates )

VIVs) 1A E SV LoioA 171
6 00208 08042000, 0613 328
03 08206 08042000, 0658 315
508 25208 08042000, 0697 309
%5 Mel 08042000, 0733 302
1099 us1 0832001 0770 315
i 2206 08382000, 0797 303

“Average of 200 cycles using sep potental of 334 mY: “merage and
standard deviation for 6 measorements; adius = 10.4 = 0.1 pm for
‘CR-UME aftr electrochemical preteatment; corent estmated by the
QUaiOn: |, = 299 % 10 (an)*® ACDY V%  adopting an = 1.0,
n=2;D=1%10° crr* " and nominal radivs (r= 3.5 ym) CF-UME.
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Table 4. Comparison of proposed methods to HPLC method

Compared methods_i-value_r-critic _Fvalue_F-critic

HMDE  DPV-HPLC 67 245 54 o0
SWY-HPLC s 245 702 90
SWCAGSVHPLC 201 257 312 659

GCE  DPVHPLC o 285 619 o0
SWY-HPLC 125 245 301 54
DPAAGSV-HPLC 056 257 354 659
SWAAMSVHPLC 089 257 28 659
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Figure 6. The pH effect on the degradation and decolorization of MO.
Conditions: 10.0mg L' MO; Ag-ZnO (sample'S,), 200 mg L' iradiation
ime of 70 min at room temperature.
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Figure 5. Cyclic voltammograms for the 101 pmol L1 Trp solution
using different scan raes: (3) 9925, (b) 109.9 and (¢) 1177V s using
pre-reated CF-UME by the procedure adapted from Hemindez ef al
(radivs = 104 = 0.1 pm); cyclic voltammetry stircase; v = 995 V s';
Step potential of 33.41 mV; 200 consecutive eycles to calculate the signal
‘average in phosphate buffer pH 7.4,
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“Table 3. Recovery of ALS from spiked human serum

Method Added ] (umol L) Determined® / (umol L) Recovery*/ % RSD/ %

HMDE SWCAGSV 029 0272001 91722354 k)
SWCASV 088 0832006 93632006 609

GeE SWAAGSY 195 1912017 97821091 700
DPAASSY 525 521206 99242385 24

“alue = average = 15N (N = 5 and at 95% confidence level).
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‘Table 4. Components of the pharmaceutical samples analyzed in this work

Sample [ > E 0
Composition  Tryptophan (20 m): ‘Teyptophan (25 me): ‘Teyptophan (20 me): ‘Tryplophan (9.8 ma):
buclizine chloridrate (25 mg),  retinol acetate (S0001U),  L-phosphotreonine (10 mg),  buclizine chloridrate (10 mg),
L-lysine chloridrate (200 mg),  thiamine chloridrate (10 mg), L glutamine (60 mg), Lysine (300 mg),
pyridoxine chloridrate (20 mg),  riboflavin (10 mg), Lephosphoserine (0 mg),  cysteine chloridrate (2 mg),
cyanocobalamin (S0 ug), starche  ascorbic acid (25 mg). Learginine (100 mg), pyridoine chloridrate (20 mg),
tocopherol acetate (20mg)  hydroxycobalamin (S00pg)  cyanocobalamine (50 ),
sodium saccharinate
citric acid®

“In one tablet. In a 10 mL sample. “Quantity not labeled.
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‘Table 5. Results for determinations of Trp in pharmaceutical samples

Trypophan cotnt
Sumple Labeled uv FSV. frror /%
o M 22:06 20209
> B3 253s04 6209
» » 1k03 179207
« 98 184205 167203 4132

“Solid sample: mg per tablet. *Liquid sample: mmol L. Suspension:
‘mmol L. 4rror of the proposed method (FSV:) relative to the comparative:

method (UV).
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‘Table 4. Selected bond lengths (A) and angles (degree) for compound Ta
(ORTEP numbering scheme)

Bond length /A
s 870 P08 15070
P1-03 15630) 205 15280
P02 15130) RS 1454
P01 15100) 87 15480)
pcs 18990) 801 142969
206 15560)
Bond angle / depree

GPos 105599) CPr0s 10390
P2 10490) 04205 11550
POl 108910) 062204 113050)
0PIl 115830 062205 106970)
03PI02 108599) TN 11600)
03PIO1 111999) PLCSCT 11400
P06 108169) PLCSOT 1085

CEP-04  107680) PRCS-CT 104401)
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Figure 1. ORTEP* view of compound Ta showing the aomic labeling
scheme.
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‘Table 5. Hydrogen bonds lengths (A) and angles (degree) for BP 7a (ORTEP numbering scheme)

DA CETIY HoATA DATA DA degroe__ Symmeiy cole
03-13A-01 052 174 2530 16 Ixy 30z
05-H5A--02 0x2 166 24500 180 Yo Uy 1
06-H6--04 0x2 175 2550 167 Ixy 3z
OT-H7-N3 052 208 2830 153 .30
08-HOL--04 0814) 220 20m46) 1556) e
08-HO2-01 0845) 1945) 27816) 1746) xy3n
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Figure 5. Semilogarithmic curves of anodic current vs. time for the

Ax Wi B (x= 0, 10, 20, 30) alloy electrodes at full charge state
500 mV potential step).
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Figure 2. Conformation of phosphonic group relative (o the aromatic ring (a) in a view along C7-C8 bond and (b) in a view along the plane of the ring.
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Figure 4. Linear polarization curves for the A—x wi.% B (x=0, 10,20,
30) alloy electrodes at 50% DOD (scanning rate: 0.1 mV s).
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‘Scheme 3. Synthesis of bisphosphonate 7a and monophosphonate 8.
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Figure 3. Anodic polarzation urvesforthe A—x wi% B (+=0, 10,20,
30) alloy electrodes at 50% DOD (scan rate: 0.5 mV s*).
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Scheme 2. Synthesis of pyrazolo[3.4-blpyridine carboxylic acid
derivatves substituted at N-T (5).
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‘Scheme 4. Synthesis of bisphosphonate 7b.
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‘Table 1. Synthesis of pyrazolo[3.4-lpyridine ester derivatives substituted

N1 () and N2 ()

(K,CO5 DF

@ Br(CHLCOEL

n 3% 4% (+4)/%
a 1 57 - &7
b 2 31 18 )
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Figure 1. X-ray diffraction patierns for the B, x = 0 and x = 10 alloys.
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Scheme 1. Synthesis of 1H-pyrazolo[3 4-blpyridine (2).
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‘Table 3. "C NMR data of pyrazolol3 4-blpyridine derivatives

FCNMR, 31 ppm.

Compound  Solvent COor
A3 ARCH ARCS AcCs AcCh AcCTa NGH,  CH OCHOH, o000

% CDC, 102 132 111 489 1056 1506 481 T 10616 1679

3 €DCL 1323 1301 169 W8T 1156 1501 427 343 141,607 1710

a €DC, 1336 197 NI7ISL4 13T 185 493 345 140658 1708

s MeOD 1344 1323 LSS 1500 174 1517 489 - - m3

b MeOD 1337 1321 182 1499 173 1510 438 347 - 1744

T DMSO<, 1326 134 1172 1482 1S6 1501 507 - - 7360

3 DMSO<, 1331 13L6 1180 1496 1162 1504 434 M3 - 720

8 DMSO<, 1342 13L6 1182 1498 U6l 1514 ST2@ - - 2105 @
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Figure 2. Evolution of the discharge capacities of the A~ wi% B

0,10, 20, 30) with the cycle number.
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‘Table 2."H NMR data of of pyrazolo[3 4-blpyridine derivatives

HNMR, 8/ ppm

Compound Solvent 3 H 5H 6H N(CH,), CHCH,
2 [GeN B 815 719 56 - -
EY coa, 806 805 713 852 530 123,420
EY coa, 801 806 714 855 301,485 119,413
a coal, 804 802 704 868 312,47 12,412
s MeOD 813 823 724 852 529 -

EY MeOD 806 819 720 852 296,476 -
Ta DMSO-d, 819 829 725 855 50 -

3 DMSO-d, 814 823 720 853 241,475 -

8 DMSO-d, 827 833 730 856 51 -
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Table 1. The electrochemical properties of the A~x wif B (=0, 10, 20, 30) alloy electrodes.

Ay N, Co/(mAhg) Cul(mAhg)  S,/%  L/mAg)  /(mAg) D/(xI0Pcas) HRD,/%
B 4 315 2 886 70 a4 =) 57
3 Bl 205 553 1916 12040 2 82
1 369 29 648 120 16396 401 058
358 m 765 2556 14819 256 042
2 356 21 71 510 13584 23 888
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Figure $8. "C NMR spectrum (75 MHz. MeOD) of 2-(1H-pyrazolol3.4-blpyridin-1-yDacetic acid (Sa).
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Figure 4. Average Raman spectra of Pb corrosion products formed during
exposure of Pb coupons o: vapors of a 19 viv formaldehyde solution for
2 days (a) and volaties released from the cured (b) and fresh (¢) paint
‘used by the Oratory Museum (exposure time of 10 days). A Pb formate.
‘spectrum (d) was included for comparison purposes. All spectra were
obtained using a 785 nmlaser line, except curve b, in which the 632.8 nm.
Jaser line was used.
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‘Figure §7. 'H NMR spectrum (300 MHz, MeOD) of 2-(1H-pyrazolo[3 4-blpyridin-1-yDacetic acid (Sa).
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Figure 3. Raman spectra (632.8 nm) from different points of samples
collected from the analyzed polychrome lead sculpture.
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Figure $10. °C NMR spectrum (75 Mz, MeOD) of 3-(1H-pyrazolol3 4-blpyridi

Lylpropanoic acid (5b).
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Figure 1. SEM images from the corrosion product formed on the polychrome lead sculpture from the Oratory Museun, Ouro Preto (Minas Gerais, Brazil).
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Figure $9. 'H NMR spectrum (300 MHz, MeOD) of 3-(1H-pyrazolol3.4-blpyridin-1-yl)propanoic acid (5b).
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Figure 5. Average Raman spectra of Pb corrosion products formed
during exposure of Pb coupons o vapors of a 1% viv formaldehyde
solution after 2 days (x) and compounds released from Veja Vidrex® after
24 days (b), Cif* afer 20 days () and a street marketed cleaning product
after 15 days (d). A Pb formate spectrum (e) was included for comparison
purposes. All spectra were obtained using a 785 nm laser line, except
curve e, in which the 632.8 nm laser line was used.
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Figure S6. “C NMR spectrum (75 MHz, CDCL) of ethyl 3-(2H-pyrazolo[3.4-blpyridin-2-yDpropanoate (4b).
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Figure 2. Raman spectra (632.8 nm) from different points of the
cormosion product formed on the polychrome lead sculpture from the
Oratory Museum (a and b). A lead formate spectrum (c) was added for
comparison purposes.
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Table 1. Experimental data.

System

Exposure time / days

‘Aluminum foil with a dry blue paint coating: the|
paintis the same used at the Oratory Museum and.
was dried for 10 days in open atmosphere*
Aluminum foil with a fresh blue paint coating;
the paint s the same used a the Oratory Museum?
'S mL of the cleaning product Veja Vidrex®

S mL of the cleaning product Cif*

'S mL of astreet marketed cleaning product
SmLof a 19 viv formaldehyde solution

0

10

2

0
15
2

2 mL of deionized water in a separated flask were added (0 cnsure

100% RH.
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Figure 5. 'H NMR spectrum (300 MHz, CDCL) of ethyl 3-(2H-pyrazolo]3 4-blpyridin-2-yDpropancate (4b).
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Figure S4. C NMR spectrum (75 MHz, CDCL,) of ethyl 3(1H-pyrazolof3 4-blpyridin-1ylpropanoate (3b).
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Figure 1. Corroded polychrome lead sculpturesfrom the Oratory Museurn,
‘Ouro Preto (Minas Gerais, BraziD). The while arcas correspond o corrosion
products
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Figure S1. 'H NMR spectrum (300 MHz, CDC,) of ethyl 2-(1 H-pyrazolo[3 4-blpyridin- | yDacetate (3a).
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Figure 3. () Interactions between the BP molecules depicting the Ri(8)synthons represented in blue, the C1(6)synthon in purple and the O—H---N hydrogen
‘bonds inblack; (b) supramolecular packing showing two sets of head-to-head dimers of BPs connected 1o the RE(8) synthons, linked by C(6) synthons and
(O-H---N interactions, and the water molecules bridging two BP molecules (non-contact hydrogen atoms are omitted for clarity).
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Figure 6. The clectrochemical impedance spectra for the A—x wi% B

e

) 10, 20, 30) alloy electrodes at 50% DOD (open circuit potential,

amplitude § mV).
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Figure $3."H NMR spectrum (300 MHz, CDC,) of ethyl 3-(1H-pyrazolol3 4-blpyridin--yDpropanoate (3b).
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Figure 8. Dependence of HRD,y,on I, of the A-x i B (x=0, 10,20,
30) alloy electrodes.
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Figure 52. "C NMR spectrum (75 MHz CDCL,) of ethyl 2-(1H-pyrazolof3 4-blpyridin- I-yacetate (3a).
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Figure 2. Effect of the organic solvent (n-hexane and toluene) on the
extraction ofthe analytes by SDME. Experimental conditions, extraction
time: 10 min; agitation speed: 155 rpm; microdrop volume: 2.0 uL;
additionof salt: no; sample volume: 10 mL. The drinking water was spiked.
with the organochiorine pesticides: aldrin,dieldrin, endosulfan, endrin,
heptachlor and heptachlor epoxide at 0.4 g L, hexachlorobenzene,
lindane, DDT and methoxychlor at 08 g L; and the pyrethroids:
Acyhalothrin, cypermethrin, deltamethrin and permethrin at 8 pg L.





OPS/images/a04img04.png
250000

)
=R
= s

200000 2 mn

150000

100000

Peak area / a.u.

50000

N » ;
I St

Figure 3. Effec of the extracion im (5 10 35 min) of the microdrop
with the sample on the extracton of analytes by SDME. Experimental
conditions, extraction solvent: n-hexane; agiation speed: 155 rpm;
microdrop volume: 20 L additio of salt: no; sample volume: 10 mL..
The drinking water was spiked with the organochlorine pesticides:
aldin, dildrin, cndosulfan, endrin, heptachior and heptachlo cpoide
a1 0.4 g L, hexachlorobenzene, lindane, DDT and methoxychlor
a0 08 pg L% and the pyrethroids: A-cyhalothrin, cypermethrin,
deltamethrin and permethrin at 8 g L
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Figure 1. Chromatogram obained from the analyses of drinking water
spiked with organochlorines and pyrethroids, where: (1) t, = 5.6 min:
hexachlorobenzene; (2) t, = 6.0 min: lindane; (3) t, = 7.5 min:
heptachlor; (4)t, = 8.4 min aldrin; (5) t, =9.6 min: heptachlor epoxide;
(6)t,=10.7 min: endosulfan; (7)t, = 117 min: ieldrin; (8)1, = 12.5 min:
14.6 min: DDT; (10) t, = 17.0 min: methoxychlor
(1) 1, = 18.1 and 18.3 min: Acyhalothrin: (12) t, = 19.1 and
19.3 min: permethrin; (13) t, = 20.4; 20.5 and 20.7 min: cypermethrin;
(14)1, =228 30d 23.2 min: deltamethrin, The drinking water was spiked
with the organochlorine pesticides: aldrin, dieldrin, endosulfan, endrin,
‘heptachlor and heptachlor epoxide at 0.4 ug L, hexachlorobenzene,
lindane, DDT and methoxychlor at 08 g L; and the pyrethroids:
cyhalothrin, cypermethrin, deltamethrin and permethrin at 8 pg L.
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Table 1. Unifactorial planning for optimization of the extraction conditions of the pesticides in water samples

Extraction condition

Exccution order  Evaluated factor
ES ET/min SR/ pm Vol SA/%miv_ Vy/mL
T ES EF 0 155 20 0 0
toluene
nhexane
2 ET/min hexane EF 155 20 0 10
5103
3 SR/pm hexane 15 EF 20 0 10
10010870
4 Voo L hexane 15 380 EF 0 10
161022
s SAL %, miy hexane 15 380 16 EF 10
0w6
6 /oL hexane 15 380 16 0 EF
10035

ES: extraction solven; ET: extraction time. SR: strring rte; Voy: microdrop volume; SA: salt addition; V,: sample volume; EF: evaluated factor.
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Figure 1. X-ay diffrction pattern of the phlogopitite sample.
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“Table 1. Chemical composition of the phlogopitite sample obtained using
the X-ray fluorescence technique

Oride Grade /% Oxide Grade /%
Ao, 101 MaO 018
0 054 NiO 014
o, 051 R0 033
Fe0, 860 si0, 399
K0 826 o, 02
M0 s ML 20

“Mass loss.
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‘Figure 2. Infrared spectrum of the phlogopitite sample.
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Figure 4. The cumulative levels of K- released in water and in certzin
‘acidic solutions (4 h extraction time).
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‘Table 2. Induction period (IP) of the biodiesel samples obiained by the
Rancimat analysis and quadratic model

Mixure Observed P71 1P by the cquation/ b
Mot 13.05/13.05 1038
Mo2 13231320 1619
Mo3 131771315 1737
Mo4 45282 227
Mos 1004999 1496
Mos 19.92/10.30 2127
Mo7 231m94 1857
Mos 16.69/16.99 1422
Moo 13.9012.04 1276
Mio 21552135 2044
M 23502249 2006
Mi2 21770445 27

Mi3 165317.18 2144
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Figure 8. The relationship betuween the observed and predicied K- reease:
Kinetics from phlogopitite described by the Elovich equation.
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Figure . The cumulative levels of K- released in water, acid and NaTpB.
solutions (4 h extraction time).
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Figure 6. The relationship betuween the observed and predicted K- release:
Kinetics from phlogopitie described by the power function.
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Figure 5. The cumulative levels of K- rleased into the exracting solutions

(168 h extraction time).
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Figure 7. The relationship betuween the observed and predicted K- release:
Kinetics from phlogopitite described by the parabolic diffusion equation.
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Table 2. Result for the K- release kineties: comparison of the parameters for the power-function, parabolic-diffusion and Elovich equations
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4 h experiment. *Standard error.
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Table 1. Experimental design matrix

e Component/ %, v/v Pseudocomponent
Soybean Tallow ‘Castor bean Soybean Tallow Castor bean

Mot 360 50 90 0429 0.000 0571
Mo2 00 150 50 0000 o4 0286
Mo3 860 130 10 0429 0571 0.000
Mo4 80 150 10 0286 014 0.000
Mos 850 50 100 0357 0000 0643
Mos 00 100 100 0000 0357 0643
Mo7 00 125 75 0000 0536 0464
Mos 860 20 50 0428 0286 0286
Moo 855 50 95 0303 0000 0607
Mi0 820 150 30 0143 o4 0143
Ml 850 140 10 0357 0643 0.000
Mi2 85 15 100 0179 0179 0642
Mi3 85 105 60 0250 0393 0357
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‘Table 4. Statistical comparison of the values obtained through Karl-Fischer, thermometric analytical curve and proportionality rule. The paired Student
test and the Snedecor Ftest were applied; n, = n, = 3; n = 4. For .= 0.05, citical t-value = 2.78 and critical F-value = 19.0. For o= 001, crtical
tovalue = 4,60 and critical F-value = 99.0

Calculated F and -value.

Solaion Karl-Fischer vs. thermometric Karl-Fischer vs. thermometric “Thermometric-analytical
analytcal curve proportionality rule curve vs. proportionaliy rule
¥ ' ¥ i r i
A 160 086 200 200 EX) 184
B 794 120 5 on 220 061
c 867 076 100 019 L6 069
D 559 276 239 23 23 105
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‘Table 3. Determination of the concentration of the methylate present in methanol solutions using the Karl-Fischer method, the proposed thermometric:
method (calibration curve and proportionalty rule) and the total alkalinity. Sodium methylate concentrations are in % m "

Solution”
Method

A B c D
Karl-Fischer 30572024 2752011 29312018 2852011
Proposed” 30722006 30032031 20612053 28402026
Proposed 31172034 29792046 29232057 28172017
Total alkalinity 3114202 30832011 30702018 30662011

“Solution prepared by adding water 1o stock solution A. *Values obtained through the analytical curve. “Values obtained through the proportionality rule
sing as rference the analytical signal of a solution whose concentration was close to that being analyzed.
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Figure $9. “C NMR spectrum (125 MHz, CDCl, + CD,0D) of the derivative 1a, obtained from clusiaxanthone (1).
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‘Figure S8. 'H NMR spectrum (500 MHz, CDCl, + CD,0D) of the derivative 1a, obtained from clusiaxanthone (1).
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Figure S11. HMBC spectrum (CDC, + CD,0D) of the derivative 1a, obtained from clusiaxanthone (1).
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Table 1. Determination of the concentration of sodium methoxide
in methanol solutions in the presence of sodium hydroxide, using
the proposed thermometric method. Values are means of three
determinations and the concentrations are expressed in percentage of
‘Sodium methylate in methanol by weight

Soluton A » E
T BOT=016 24062009  B8I=018
n 805 BT03 657014
m 2495037 2805023 2800021
Stock 3082041 30212027 30202016
“Thermometric method: values determined from the analytical curve.
*Thermometric method: values determined through the proportonality
ule using as reference the analytcal signal of a known and similar
concentration. “Expected methylate concentration 2s calculated from
the concentration of the stock solution, determined through acid-base
itation, and whose hydroxide and carbanate concentrations were
considered, a5 an approximalion, lower han th precision of th obtained
‘mean value.
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Figure $10. HSQC spectrum (CDCI, + CD,0D) of the derivative 1a, obtsined from clusiaxanthone (1)
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Figure 5. HMBC spectrum (C,D,N) of clusiaxanthone (1).
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Figure S4. HSQC spectrum (C,D,N) of clusiaxanthone (1).
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Figure 1. Pareto chart and estimation of the effects on the oridative
stablity of the biodiesel mixtures. A: soybean, % (vv); B: bee tallow,
% (4); C: casorbean, o (v/v). AB, AC, and BC represent the interactions
between the variables.
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Figure §7. HRESIMS spectrum of clusiaxanthone (1) in the positive mode [M + H]".
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‘Table 3. Physicochemical properties of 82.5% (v/v) soybean, 7.5% (v/v) tallow and 10.0% (v/v) castor bean biodiesel

Parameter Result ANP specification EN 19214% ASTM 67517
Ester content /% , mim 971 9635, min. 963, min. -
Viscosity / (1), 40°C a5 3060 3550 1960
Density / (kg m™) 885 850.900 860-900 -
CFpIoC 6 19, max - Report
Flash point/°C 7 100, min. 101, min. 93, min.
Free glycerine /% <002 002, max. 0.02, max. 0020, max.
Total glyecerine / % <010 025, max. 025, max. 0240, max.
Monoglyceride / % <01 Report 080 -
Diglyceride /% <005 Report 020 -
Triglyceride /% <005 Report 020 -
Induction period / h % 6 6 3
Acid value/ (mg KOH g) 048 050, max. 050, max. 050, max.
Copper corrosion / rating, 3, 50 °C 1 1 1 3
‘Water content / (mg ke') 195 500, max. 500, max. -
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Figure $6. COSY spectrum (C,D,N) of clusiaxanthone (1).






OPS/images/a22img07.png
3
£

o0 F
Soybean Becfallow

Figure 2. () Response surface of the quadratic model obtained for the ternary biodiesel mixtures. (b) Contour map of the global response from the
simultancous optimization of the induction period of the biodiesel samples.
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Figure $12. HRESIMS spectrum of the derivative 1a, obtained from clusiaxanthone (1) in the positive mode [M + H]-
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Table 2. Staistical comparison of the values obtained through (i) the acid-base titrimetric method (i) the calibration curve and (i) the proportonality
fule. The paired Student -tst and the Snedecor F-test were applied: n, =4, For o= 005, critical -value = 2.78 and ertical F-value = 19.0°

Calculated F and value
) Acid-base titration vs. analytical curve (i) Acid-base titeation* vs. proportionality rule (i) Analytical curve vs. proportionality ule
I ‘ I ‘ ¥ [
[ 082 200 ) 316 069
138 081 sn o081 264 025
310 170 120 023 259 186
657 2 285 005 231 196

“Method applied to stock solutions and to solutions containing NaOH obtained by the addition of known quantities of water to methylate solutions in methanol
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Figure3. The B3LYP/6-31G(d.p)fully optimized geometsies of copper(1l)
complex 1 (see Table 1).
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Figure 2. The B3LYP/6-31G(d p) flly optimized geometsies ofthe Schiff
‘base L4 (see Table 1).
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Table 1. Structures of the investigated compounds and their TEAC values

S ® v 0 TEAC
o Hoacacsenr o, n, Gch, ECI R
12 Hy(acac phacacen)® CcH, CH, CHCH, 1824 M K M
L3 Hy(phacac,en) CH, CH, CH.CH, 196 R NTON R,
I Hyacac,pny cH, cH, CH(CH,CH, 4387 o
is phacac,pm) o, ch cucmn,  sem

Conplex ® ®, 0 TEAC 5
T Cutacacsemr o, n, GHch, s [
2 [Culacac phacacen)  CH, cH, cHcH, 1498 NN
3 [Culphacac,en] o, o cHCH, 14 (0} N )
4 [Cutacac,pm)l o, cH, CH(CH,CH, 2800
s [Cu(phacac, p)] ch, cH, CH(CH,CH, 3820 K R

“acac: pentane-2.4-dione; en: ethane-1.-diamine; phacac: 1-phenybutane-1 3-dione; pn: propane-1,2diamine.
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‘Table 2. Pearson’s coefficients between selected descriptors and DPPH scavenging activity of investigated Schiff bases

Descriptor Dipole moment___BDE* Charge 016 Charge 07 Charge HNP' Charge HNIO®

0971 0939 0828 0765 0795 0839

“Bond dissociation energy, charge oblained by NBO analysis.
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‘Scheme 1. sodesmic reaction for BDE calculations.
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‘Figure 1. The B3LYP/6-31G(d.p)fully optimized geometriesof the Schiff
‘base L2 (see Table 1)





