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    Good times ahead - enjoy the new year!

  

   

   

  It seems like it each year goes by faster and faster. We still remember the lights of Christmas and it is time to celebrate it again. As usual, here at the JBCS we think about what we have done and we put lots of expectations about what we want to do.

  One of our expectations for 2013 was the launching of the Scholar One Platform for the Journal of the Brazilian Chemical Society.1 We made it! Together with all of you, we were successful and we do think that authors, reviewers, editors and staff are enjoying and benefiting from it. It is always challenging to move from solid ground to a new platform, but we should not resist to progress. In a short time we are seeing the average time of publication going down to around 4 months from submission to online publication. We are also moving fast for a record number of submissions around 750 in a year. We do thank all of you for your hard work to help us! Of course, there is no way to reach this or even doing better without concentrated efforts of all authors and reviewers. Efforts towards improving the JBCS ought to be also associated with a strict assessment of the submissions received. In this respect, our rejection rate continues above 50%. We are aware that a negative reply is always bad news, but we must keep striving for improving our quality and impact. Most rejections are due to lack of novelty in terms of chemical information, incomplete publications in which no clear effort was devoted to extract all the information due to a shallow approach and papers out of our scope, either by presenting a too narrow or too specific approach or for manuscripts in which Chemistry does not not play a central role. It is also worth to remember that in the modern digital age Supplementary Information is becoming mandatory for highlighting experimental achievements. In the first four-month period of Scholar One implementation we received around 240 submissions and they were split in 50% from Brazil and 50% from abroad with most of the external contributions coming from China, Iran, and India. During this period, authors from 26 countries have submitted manuscripts to the JBCS.

  This brings us to another target: we want to move ahead with internationalization. Science has no borders and so does the JBCS. Nowadays our Advisory Board is composed by 2 members from Brazil, 2 from the USA, 3 from Europe, 1 from Cuba, 1 from Mexico and 1 from India. We also have one Associate Editor from Argentina and another one from Portugal. We are recognized as one of the Brazilian periodicals with higher number of published papers from abroad. We want to increase our visibility and we are discussing on how we could reach that. Ideas and feedbacks are always welcome. By the way, it was a pleasure to have received you in our booth during the Annual Meeting of the Brazilian Chemical Society in Águas de Lindóia, SP. We are looking forward to meeting you again in May, 2014 in Natal, RN. Please, mark it in your agenda. 

  Recently we also discussed about JBCS impact factor.2 IF values remain at 1.3 ± 0.1 range and we emphasized a great point: "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."

  The New Year will also see changes in SBQ publications. These were recently announced in an editorial3 and we are again strengthening our digital communication with full online open access. The Brazilian Chemical Society was pioneer in this strategy and it is clearly devoted to keep it. 

  We will also have changes in the team of Editors running the Journal. This year three colleagues have asked to be replaced due to overburden of parallel activities. We have no words to express our gratitude to Prof. Luiz Carlos Dias, who along with his activities as Senior Editor for Organic Chemistry played a vital role in the organization of the JBCS and its internal affairs as our Executive Editor, and Profs. Francisco Radler de Aquino Neto and Koiti Araki, who so competently have contributed to keep the JBCS high standards as Associate Editors for Analytical and Inorganic Chemistry, respectively. Thank you very much for your time and devotion to the JBCS and we are sure to keep couting on you as part of the JBCS family of supporters. These colleagues will be replaced by Prof. Adriano Lisboa Monteiro, who is already an Associate Editor and will now resume as Senior Editor for Organic Chemistry, and by Profs. Humberto Osório Stumpf and Eduardo Carasek da Rocha as new Associate Editors for Inorganic and Analytical Chemistry, respectively. Finally, Prof. Solange Cadore will combine her activities as Associate Editor in Analytical Chemistry with new duties as Executive Editor. Welcome aboard and we look forward to working with you and receiving your healthy input of new ideas.

  Our permanent target is to work with you for enlarging and disseminating chemical knowledge. We are seeing a new generation of chemists in Brazilian academies and certainly abroad and we would like to invite them all to keep in touch and to count with us to publish their latest achievements.

  Finally, we wish that you all enjoy the New Year as a refreshing starting point for keeping moving ahead with your endeavors and for having fun with amazing learning opportunities that life always brings to us. 

  
    Joaquim A. Nóbrega

      JBCS Editor

    Watson Loh

      JBCS Editor
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    Bons tempos à frente - aproveite o ano novo!

  

 

 

Parece que cada ano passa mais e mais rápido. Ainda nos lembramos das luzes de Natal e é hora de comemorar novamente. Como de costume, aqui no JBCS nós pensamos sobre o que fizemos e colocamos expectativas sobre o que queremos fazer.

  Uma de nossas expectativas para 2013 foi o lançamento da Plataforma Scholar One para o JBCS.1 Fomos bem sucedidos! Juntos com todos vocês, tivemos sucesso e acreditamos que os autores, revisores, editores e escritório editorial estão gostando e se beneficiando com isso. É sempre um desafio se deslocar de um terreno sólido para uma nova plataforma, mas não devemos resistir ao progresso. Em um curto período de tempo, estamos vendo o tempo médio de publicação decrescer para cerca de 4 meses entre a submissão e a divulgação online do manuscrito. Também estamos evoluindo rapidamente para um número recorde de submissões de cerca de 750 em um ano. Agradecemos a todos vocês pelo trabalho duro e apoio permanente! Não há nenhuma chance de atingir esse ponto ou até mesmo ir além sem o esforço concentrado de todos os autores e revisores. Os esforços no sentido de melhorar o JBCS devem também ser associados a uma avaliação rigorosa das submissões recebidas. Nesse sentido, a taxa de rejeição continua acima de 50 %. Estamos conscientes de que uma resposta negativa é sempre uma má notícia, mas temos que continuar lutando para melhorar a nossa qualidade e impacto. A maioria das rejeições são devido à falta de novidade em termos de informação química, publicações incompletas e superficiais em que nenhum esforço evidente foi dedicado para extrair toda a informação e, além disso, manuscritos fora do nosso alcance, que apresentam uma abordagem muito limitada ou muito específica e, ainda, manuscritos nos quais aspectos químicos não representam o eixo central. Também vale a pena lembrar que na moderna era da informação digital, a disponibilização de Material Suplementar está se tornando obrigatória para destacar realizações experimentais. Nos quatro primeiros meses de implementação do Scholar One recebemos cerca de 240 submissões, que foram divididas em 50% do Brasil e 50% do exterior com a maior parte das contribuições externas provenientes da China, Irã e Índia. Durante esse período, autores de 26 países submeteram manuscritos para publicação no JBCS.

  Isso nos leva a outra meta: queremos avançar com a internacionalização. Ciência não tem fronteiras, assim como o JBCS. Hoje em dia o nosso Conselho Consultivo é composto por dois membros do Brasil, 2 dos EUA, 3 da Europa, 1 de Cuba, 1 do México e 1 da Índia. Temos também um Editor Associado da Argentina e outro de Portugal. Somos reconhecidos como um dos periódicos brasileiros com maior número de artigos publicados com autores estrangeiros. Queremos aumentar a nossa visibilidade e estamos discutindo sobre como poderíamos atingir esse objetivo. Ideias e contribuições são sempre bem-vindas. Aliás, foi um prazer ter recebido vocês em nosso estande durante a Reunião Anual da Sociedade Brasileira de Química, em Águas de Lindóia, SP. Estamos ansiosos para reencontrá-los em maio de 2014 em Natal, RN. Por favor, anotem em suas agendas.

  Recentemente, também discutimos sobre o fator de impacto do JBCS.2 Nosso IF tem permanecido em 1,3 ± 0,1 e enfatizamos um ponto importante: "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.".

  O Ano Novo também vai trazer mudanças nas publicações da SBQ. Essas mudanças foram recentemente anunciadas em uma editorial3 e novamente reforçaremos a nossa comunicação digital com total acesso livre online. A Sociedade Brasileira de Química foi pioneira nessa estratégia e é claramente dedicada a mantê-la.

  Teremos também mudanças na equipe de Editores. Este ano, três colegas pediram para ser substituídos devido à sobrecarga imposta por atividades paralelas. Não temos palavras para expressar nossa gratidão ao Prof. Luiz Carlos Dias, que junto com suas atividades como Editor Sênior para a área de Química Orgânica desempenhou um papel vital na organização do JBCS e seus assuntos internos como nosso Editor Executivo, e aos Profs. Francisco Radler de Aquino Neto e Koiti Araki, que tão competentemente têm contribuído para manter os elevados padrões do JBCS como Editores Associados para as áreas de Química Analítica e Inorgânica, respectivamente. Muito obrigado pelo seu tempo e dedicação aos JBCS e temos a certeza de poder contar com vossas experiências como parte da equipe de apoio do JBCS. Esses colegas serão substituídos pelo Prof. Adriano Lisboa Monteiro, que já atua como Editor Associado e agora vai assumir como Editor Sênior para a área de Química Orgânica, e pelos Profs. Humberto Osório Stumpf e Eduardo Carasek da Rocha como novos Editores Associados para as áreas de Química Inorgânica e Analítica, respectivamente. Finalmente, também informamos que a Profa. Solange Cadore irá combinar suas atividades de Editora Associada em Química Analítica com as tarefas de Editora Executiva. Estamos ansiosos para trabalhar com todos vocês e receber o saudável fluxo de novas ideias. Bem-vindos a bordo!

  Nossa meta permanente é trabalhar com todos vocês para ampliar e disseminar o conhecimento em química. Estamos vendo uma nova geração de químicos nas academias brasileiras e no exterior e, certamente, gostaríamos de convidar a todos para permanecerem em contato e contarem conosco para publicar suas últimas descobertas.

  Por fim, desejamos que todos desfrutem o Ano Novo como ponto de partida revigorante para manter e avançar com os seus empreendimentos e para se divertir com as oportunidades de aprendizagem surpreendentes que a vida sempre nos traz.

  
  Joaquim A. Nóbrega

    Editor do JBCS

  Watson Loh

  Editor do JBCS
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    Chemometrics in Argentina: the result of unplanned events

  

   

   

  Alejandro C. Olivieri*

  Departamento de Química Analítica, Facultad de Ciencias Bioquímicas y Farmacéuticas, Universidad Nacional de Rosario, Instituto de Química de Rosario (IQUIR-CONICET), Suipacha 531, Rosario, S2002LRK, Argentina

   

  
    Apresenta-se breve relato sobre a história da quimiometria na Argentina, desde a criação da Associação Argentina de Químicos Analíticos em 1999, que possibilitou um esforço conjunto para o desenvolvimento mais sistemático da disciplina no país, até os dias atuais, com vários grupos pesquisando sobre diferentes temas em quimiometria.

  

   

  
    A brief account is provided on the history of chemometrics in Argentina, from the creation of the Argentinean Association of Analytical Chemists in 1999, which created the opportunity of joining efforts for a more rational development of the discipline in the country, to the present days, with a variety of groups conducting research in several different aspects of chemometrics.

    Keyword: chemometrics, historical evolution, Argentina

  

   

   

  1. Introduction

  In 1999 the Argentinean Association of Analytical Chemists (AAQA, http://www.aaqa.org.ar/) was founded in the city of San Luis, by a group of analytical chemists from all over the country. The National University of San Luis held the most active research group on analytical chemistry, and it is thus understandable that the first impulse for the creation of the association came from them. It was a long-sought aim of various members of several research groups, which were rather dispersed across the country and with little communication among them. The purpose of the AAQA was to organize scientific meetings in such a way that the communication gap was closed as much as possible, to promote the development of Analytical Chemistry throughout the country, and to encourage young people to join the Association and pursue the discipline.

  That initial effort proved to be highly successful. Today the AAQA has hundreds of members, has promoted and financed post-graduate courses in different universities, and has already organized six national scientific meetings; the seventh one was held at the city of Mendoza in October 2013 (http://www.uncu.edu.ar/7cqa/). One of these meetings, held in Buenos Aires in 2007, was at the same time the III Ibero-American Congress on Analytical Chemistry. The AAQA meetings are now regularly organized every two years in different Argentinean cities, with a continuously increasing number of participants and work presentations, and with the contribution of distinguished foreign researchers as lecturers, organization of round tables on various subjects (education, connection with industry, etc.), and active and enjoyable social programs. A particularly important aspect is that every AAQA meeting brings several foreign invited speakers, whose subject are distributed among the main areas of analytical chemistry research, i.e., spectroscopy (molecular and atomic), electrochemistry, chromatography, and most importantly, chemometrics. In previous meetings, lectures in chemometrics have been given by Romà Tauler (Barcelona, Spain), Bernhardt Lendl (Viena, Austria), Arsenio Muñoz de la Peña (Badajoz, Spain), and Marcel Maeder (Newcastle, Australia).

  One particular event triggered by the foundation of the AAQA concerns chemometrics. At the founding meeting in San Luis in 1999, researchers working in different aspects of chemometrics, who did not know each other personally, found themselves in the same place, talking about common issues. After this event, a series of other, more causally connected facts occurred. The chemometricians decided to join efforts in promoting the discipline, by giving courses (both personal and electronic) in different universities, to receive young researchers with chemometric interests in their laboratories, and to invite well-known chemometricians from abroad to give courses, or lectures at the AAQA congresses, among other actions.

  As a result of the particularly fortuitous occasion in 1999, therefore, the current situation of chemometrics in Argentina is significantly better than before. It is, however, far from being ideal, but considerable progress has been made. The three main chemometric areas of interest are now being pursued in several laboratories: (i) design of experiments and optimization, (ii) multivariate calibration and (iii) sample discrimination and classification. In what follows some representative works in these areas will be mentioned, including the cities in which the researchers work.

   

  2. Design of experiments and optimization

  The need of rationally designing experiments in order to assess the relevant factors affecting a given response, and the importance of optimizing an objective response using statistical techniques is now fully appreciated by most members of the chemistry community in Argentina. Some groups (Santa Fe and Buenos Aires) devote efforts to develop new screening tools, based on genetic algorithms applied to Plackett-Burman designs,1,2 or optimization methodologies based on the use of artificial neural networks.3,4 Other groups have included design and optimization as an integral part of analytical method development, particularly when multiple factors are involved, as in capillary electrophoresis or liquid-liquid extraction procedures (Santa Fe, Buenos Aires, Mendoza).5-7 In other cases, optimization is the final aim, as in the design of new pharmaceutical delivery systems (Rosario).8,9

   

  3. Classification and discrimination

  Classification of samples using various techniques (principal component analysis, artificial neural networks, etc.) is a subject which is being pursued at several laboratories. The purposes are as diverse as the control of foodstuff such as honey,10 garlic11 and seeds (La Pampa, San Luis),12 wine13,14 and wheat (Córdoba),15 the study of material properties (Buenos Aires),16 the development of electronic noses (Buenos Aires),17,18 etc. Related techniques based on artificial neural networks have been applied to study patients in neutron capture therapy19 or sources of environmental pollution (Buenos Aires).20

   

  4. Multivariate calibration

  In the area of multivariate calibration, complex sample analysis using first-order spectroscopic methods coupled to partial least-squares regression (PLS) and other variants has been the interest of several groups. Only as examples, work has been done on therapeutic drugs both in pharmaceutical forms and biological fluids, metals, foodstuff and environmental samples (Santa Fe, La Pampa, San Luis, Bahía Blanca, Rosario, Buenos Aires).21-27 In this area, not only applications have been made, but also theoretical developments, such as variable selection using a variety of new algorithms (Santa Fe, Bahía Blanca, Rosario),28-30 sample selection (Santa Fe, Buenos Aires),31,32 new calibration methodologies based on net analyte signals (Santa Fe, Rosario),33 calibration transfer and maintenance (Santa Fe),34 etc.

  Second- and higher-order calibration, i.e., using matrix data or higher-order arrays, is the subject of interest of a few groups today, but will undoubtedly grow in the future, as the chemical instrumentation becomes more complex. The need of processing and interpreting the huge amount of data provided by these instruments will certainly trigger increasing developments and awareness of the possibilities offered by them. Applications have been made by a number of groups (Santa Fe, Bahía Blanca, La Plata, Rosario), and referred to analysis in environmental samples,35-37 foodstuff,38 biological fluids,39 pharmaceuticals,40,41 sediments,42 etc. New developments in the estimation of figures of merit have been recently published (Rosario).43

   

  5. QSAR

  Another important area of chemometric studies is quantitative structure-activity and property relationship (QSAR/QSPR), with some groups developing methods for correlating various biological and other important properties with molecular descriptors (San Luis, La Plata).44-48

   

  6. Conclusions

  Somewhat ironically, the San Luis researchers who organized the founding meeting for the AAQA have analytical research interests in two areas which are in less need of chemometric assistance: atomic spectrometry and specific electro-analytical sensors. It is a nice example of serendipity, because the unplanned first brick laid by the San Luis group in 1999 gave rise to the growing construction of the chemometric discipline of today.

  A long way is expecting us in the future. Some proposals for increasing the strength of chemometrics in Argentina follow, partly by consideration of the short story told above, partly by looking at what other countries have done in the past, especially Brazil. The first advice for scientific policy makers of our country is to avoid randomness to be the cause of the development of any discipline, including chemometrics. We need planning, and by planning I mean several political actions that should be taken by authorities: advanced courses on chemometrics should not be the result of the personal effort of individuals but officially organized and supported, introduction of the discipline in the curricula of the Chemistry-related careers (Chemistry, Biochemistry, Biotechnology, Pharmacy, etc.) should not be left to the random existence of experts in a given university, but should be suggested by some national board to all universities, fellowships and grants should be available to chemometric-oriented research with a certain priority, etc.

  Another proposal aimed at improving the development of chemometrics in Argentina is the promotion of international contacts. Cooperation projects with major universities and research centers of USA and Europe should be stimulated, young people should be supported if they intend to learn advanced chemometrics in the world's most prestigious laboratories. Experts from those centers should be invited to Argentina to give lectures, courses, seminars, etc. A particularly successful example in this regard is the Chemometrics Winter School held from August 26 to August 30, 2013, in the Federal University of São Carlos, Brazil, successfully organized by Profs Edenir Rodrigues Pereira Filho and Renato Lajarim Carneiro. The assistance of ca. 150 graduate and post-graduate students from all over Brazil is a proof of their success. Lectures and courses from Brazilian chemometricians and researchers from USA, Europe and Argentina during that particular week were possible in an atmosphere of both friendship and scientific progress.

  Finally, regional cooperation among South American countries should be encouraged, with a two-fold purpose: to learn from the most advanced ones, and to help the less developed. Political decisions and real actions in this field are needed, as part of a higher aim: the integration of all American brothers.
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    Esta revisão versa sobre o uso de novas tecnologias no preparo de amostras biológicas, com ênfase nos trabalhos reportados por pesquisadores brasileiros. A miniaturização, automação e injeção direta de amostra com o intuito de atender a demanda por métodos mais eficientes e com menor geração de resíduos, apresentam-se criticamente discutidos.

  

   

  
    This paper reviews the new technologies used for bioanalytical sample preparation as developed and explored by Brazilian researchers. Off-line, at-line and on-line sample clean-up approaches, as well microextraction systems, have been critically discussed. The main gains in these applications are enhanced sensitivity with cleaner samples and/or high-throughput capabilities.

    Keywords: miniaturization, 2D LC, sorptive phases, microextraction, micro-LLE-based techniques

  

   

   

  1. Introduction

  Sample preparation is an integral part of the analytical process and it is by far the highest problem in bioanalysis, furthermore is considered the most environmental pollutant step of the analysis. All the talk of reducing the tedious sample preparation step by liquid chromatography coupled to tandem mass spectrometry has proved to be no more than a wild dream of fancy.1 On the other hand, sample clean-up procedures yielding higher analytical turnover with low limits of quantification are of utmost importance.

  The goal of the analysis influences the procedure used in sample preparation. In bioanalysis, it usually involves fractionation, isolation and enrichment of the target analytes from the matrix. Most of these protocols are performed off-line affecting time and the cost of the analysis.

  Green analytical chemistry is a growing concept in separation science.2 Thus, considered as a priority, new approaches to decrease risk contamination and waste have been pursued, with new technologies for direct sample injection or miniaturization of well settled approaches. Automated sample preparation has also been widespread used, and scores of reviews have covered this important topic.3-8 We shall henceforth outline the Brazilian contribution to this subject throughout the last decade.

   

  2. Restrict Access Media (RAM)

  RAM phases have been explored for direct sample injection since their commercial introduction at the end of eighties. The unique feature of these columns is that they exclude the macromolecules of the matrix while selectively retaining the small molecules.5,8,9 In 1985, Hagestam and Pinkerton introduced the internal surface reversed phase (ISRP) support by Regis Technologies, and later on Boos et al. prepared the alkyl-diol silica (ADS) phase, commercialized as LiChrospher® ADS by Merck.9 Among the variety of RAM sorbents, proteins-based phases were one of the first type, being introduced by Yoshida and coworkers.10 Avidin and α1-acid glycoprotein RAM columns were commercialized later on.9 The RAM bovine serum albumin (BSA) phases were initially criticized, for they had not great stability. The work of Menezes and Felix11 changed it all by cross-linking the protein with glutaraldehyde. The RAM-BSA columns have demonstrated high efficiency for protein depletion using only water as mobile phase.12 The RAM-BSA columns prepared in accordance with Menezes and Felix protocol13 has no need of buffer for salting out the sample proteins.14,15 Their smooth and relatively easy preparation14,16 with high reproducibility makes them an excellent choice for direct sample injection. The RAM-BSA columns were successfully explored for assessing, with a series of Brazilian volunteers,17 the enantiomeric ratios of the proton pump inhibitors (PPIs) pantoprazole,16 omeprazole18 and lansoprazole.19 For that, RAM-BSA-C8 columns were coupled to polysaccharide chiral columns, in a two multidimensional liquid chromatography (2D LC) configuration. Figure 1 illustrates the quality of samples analyses. In spite of the higher number of work using RAM columns for protein depletion, few works deals with chiral separation, the PPIs works were among the first.9 To explore other RAM hydrophobic phases BSA-C18, BSA-phenyl and BSA-CN phases were prepared and their capacity for depletion of plasma and bovine milk protein evaluated.12,20 Protein depletion was obtained with high percentage with all columns using only water as mobile phase.
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  The RAM-BSA-C18 column coupled to a C18 analytical column was used for quantification of amoxicillin in human plasma.21 To extract amoxicillin with high precision and high recovery, it was necessary ion pairing (by addition of a cationic counter-ion) in the sample, and the use of 0.01 mol L-1 phosphate buffer, pH of 7.2, as mobile phase, at protein depletion stage.

  A RAM-BSA-phenyl column coupled to a C18 analytical column was efficiently used for quantification of cefoperazone in bovine milk.20 For quantifying cephalexin, a RAM-BSA-C8 was used in the first dimension.22

  To further explore12,20 the RAM-BSA columns retention capability of small hydrophilic molecules in samples with high protein content, 2D LC methods were employed for the simultaneously quantifying sulfamethoxazole and trimethoprim in bovine milk23 and in whole eggs24 samples. The on-line sample clean-up procedure was carried out also for quantification of these bacteriostatic drugs in bovine milk while employing amperometric detection at a borondoped diamond electrode.25

  The efficient coupling of RAM-BSA columns to polysaccharide columns granted their use for simultaneous quantification of enantiomeric mixtures and their metabolite in human14,26 or bovine27 plasma. For modafinil enantiomers and its two major metabolites, the small RAM-BSA-C8 column (10 × 4.6 mm i.d., 10 µm, 100 Å) was coupled to an amylose tris[(S)-1-phenylethylcarbamate] chiral column. The quality of the performance of both columns was maintained with over 280 plasma injections of 100 µL, each.26

  Meanwhile, Santos-Neto et al.28,29 demonstrated the viability of using RAM columns in a capillary approach. For that, they explored a 25 cm fused silica capillary tubing of 50 µm i.d. coupled to a YMC® ODS-AQ capillary analytical column (5 µm, 120 Å; YMC Europe) which is coupled to an electrospray interface tandem mass spectrometry (ESI-MS/MS). As RAM phases, they used a LiChrospher® ADS-C18 (25 µm, 60 Å; Merck), SPS® C18 (Semi-Permeable Surface, 5 µm, 100 Å; Regis Technologies), and the in-house prepared bovine serum albumin-C18 (BSA-C18, 10 µm, 120 Å). Throughout these approaches, the back-flush mode was preferred for coupling the columns in the 2D LC system.28,30,31 Lower sample dilution and consumption of mobile phase are the main attractive of the capillary approach procedure.28 Furthermore, the use of ESI-MS/MS furnished limits of quantification of 1.0 ng mL-1 for five antidepressant drugs, with injection of 1 µL of sample.30

  The RAM columns are usually used in the LC-LC 2D configuration, due to lower selectivity.5,9 Menezes and co-workers, however, have used long RAM-BSA or -HSA (human serum albumin) columns, as single column mode, for protein depletion and analysis of small molecules.32-35

  A RAM-BSA-C18 (50 × 4.6 mm i.d., 10 µm, 100 Å) column was used in the single mode coupled to an ion trap mass spectrometry for measuring both carbamazepine and its active metabolite carbamazepine 10,11-epoxide, in human milk.36 Lipids and proteins are the main components of breast milk interfering in drug recovery and their detection by MS/MS. The molecular mass cut-off of the RAM-BSA-C18 column for the human milk proteins were evaluated by the elution profile of β-casein (24,000 Da) and α-lactalbumin (14,178 Da), at concentrations of 5.0 g L-1, examined at the same conditions used for the human milk samples. Extraction efficiency, accuracy, and precision were achieved employing 100 µL of the sample.

  The use of ultra high performance liquid chromatography (UHPLC) tandem mass spectrometry for the fast analysis of small molecules within complex matrices, with lower quantification and detection limits, is already well established.8,37 The methods for sample clean-up, however, have remained a drawback for such procedures. It has been recently reported on the use of an injection/column-switching system for coupling a RAM-BSA-C8, (50 × 2.1 mm, 10 µm, 100 Å) to an Acquity UPLC® BEH C18 (50 × 2.1 mm, 1.7 µm; Waters) column.38 The method requires a 14 min analysis, and the RAM-BSA columns have once more proven to be capable of fast on-line protein depletion.

  A recent review about 2D LC-MS,8 has drawn attention to procedures such as turbulent flow injection that usually requires pretreatment, while with RAM columns this is not necessary.

  In spite of published works on environmental samples,39,40 no papers on 2D LC-MS chiral bioanalytical applications have been published by the Brazilian researchers. Considering the expertise in the field, we expect to see further applications on chiral separation.

   

  3. Molecularly Imprinted Solid-Phase Extraction (MISPE)

  Molecularly imprinted polymers (MIPs) are synthetic polymers with high specific molecular recognition capability. MIPs preparation is usually carried out by polymerization of a monomer around a template using a cross-linker in the presence of an initiator. Afterwards, the template molecule is removed, yielding a polymeric matrix with specific cavities, which are complementary to the template in size, shape, and position of the functional groups.41-43

  The use of solid-phase extraction based on MIPs has been explored for a variety of analytes within different biological matrices.42,43 In this respect, Vieira et al.44 reported an off-line MISPE procedure for the selective extraction of trans,trans-muconic acid from urine samples followed by LC-UV analysis. Their method exhibited good sensitivity in applications within occupational and environmental toxicology. A cotinine-imprinted polymer was also developed for the off-line quantification of cotinine in saliva samples by LC with diode array detection (LC-DAD).45 The method was successfully applied for extracting cotinine from smoker's samples. Recently, Melo and Queiroz46 developed an off-line MISPE to preconcentrate parabens from human milk samples. The MISPE⁄LC-UV was adequated to determine methyl, ethyl and propyl parabens and compared with the classical extraction methods, the miniaturized approach minimized the volumes of organic solvent and biological fluid.

   

  4. At-Line Solid-Phase Extraction (SPE)

  The at-line approach is usually mixed-up with the online one. The difference between them is, however, well settled. In the first case, there is the automation of the SPE process, while in the second case there is a multimodal LC-LC system.

  At-line SPE47 is an important approach for labor-intense analysis, furnishing high throughput with high precision and sensitivity. In this context, it has been used for clinical analysis and in bioequivalence studies. Carvalho et al.48 have quantified endogenous adrenal steroids and have drawn attention to the quality of such technique as an alternative to immunoaffinity assays and gas chromatography-mass spectrometry (GC-MS) for steroids clinical profiling. Works have demonstrated that the SPE at-line with a LC-MS/MS is an important tool for bioequivalence studies, whereby thousands of samples are processed with minimum of manual operation.49-53 In Brazil, this sample preparation approach has been explored also for pharmacokinetics studies, as in the quantification of gatifloxacin in rat plasma54 and of etoricoxib in human plasma.55

   

  5. Solid-Phase Microextraction (SPME)

  SPME was first introduced in the early 1990s by Pawliszyn's group as a new and effective sample preparation method to solve problems commonly associated to solid phase extraction, such as: high blank values, variability among the cartridges from different manufactures, and interferences due to adsorption of analytes on the SPE cartridges.7,56 In the SPME approach, fused silica capillary are coated on the outside with an appropriate stationary phase, and the analytes are adsorbed by simple exposure to fiber. For gaseous samples, headspace is used, while direct immersion is employed for liquid samples.4,6,7 To meet this end, analytes' partition and desorption are involved.57

  Initially, the SPME was developed for the analysis of organic compounds from aqueous sample matrices using GC.56 Later it was applied for preconcentration of drugs from biological fluids by GC or LC.58 While in GC analysis the analytes are thermally desorbed by a heat chamber,56 without solvent, in LC the desorption is carried out either off-line or on-line mode in a suitable volume of selected solvent.6,7

  The success of the SPME is determined by the physicochemical properties and the thickness of fiber coatings.6 The variety of commercially available coatings has contributed to the number of classes of analytes that can be successfully analyzed in different matrices. For example: polydimethylsiloxane (PDMS) for extraction of non-polar analytes; polyacrylate (PA) and polydimethylsiloxane-divinylbenzene (PDMS-DVB) for extraction of polar analytes, especially phenols and amines, respectively; carboxen-polydimethylsiloxane (CAR-PDMS) for extraction of volatile/low molar mass analytes; carbowax-divinylbenzene (CW-DVB) for extraction of polar analytes (especially alcohols); carbowax-templated resin (CW-TPR) for extraction of polar analytes; and divinylbenzene-carboxen-polydimethylsiloxane (DVB-CAR-PDMS) for extraction of broad range of analytes. Other less frequently used coatings include carbon nanotubes, several crown ethers, MIPs, anodized metals, and ionic liquids.4,6

  In Brazil, the first work using off-line SPME for LC bioanalysis was reported on the determination of lamotrigine, carbamazepine and carbamazepine 10,11-epoxide in human plasma.59 Silva et al.60 and Cantú et al.61 reported the use of off-line SPME-LC on the determination of antidepressants and anticonvulsants in plasma samples. Both works showed high sensitivity and reproducibility on the quantification of these drugs in human plasma with no special interface. A comparison between commercial (PA, PDMS-DVB, CW-TPR) and in-house fibers (polyurethane, octadecylsilane, aminosilane) was carried out by Queiroz and co-workers.61 The in-house fibers gave higher quantification limits than the commercial ones; the authors stressed, however, the benefits of in-house fibers, such as, easy preparation, good mechanical strength and low cost. Regardless of all desorption inconvenient in the off-line mode, and the increase in solid residue, an advantage is that the use of multiple SPME fibers, improves the throughput analysis.7

  Based on the Pawliszyn's work,62 Lanças and co-workers63 developed a new heated interface with lower inner volume for on-line coupling in order to minimize common problems related to the commercial SPME-LC interface. Improved sensitivity, qualitative and quantitative results were obtained for fluoxetine analysis when compared either to an interface without heating or to SPME extraction in the off-line mode.

  Table 1 summarizes the SPME Brazilian methods based on the use of heated interface for drug analysis in biological matrix.
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  Queiroz and co-workers68,69 evaluated the use of new phases coating, polypyrrole (PPY) and polythiophene (PTh) prepared on a stainless-steel wire by electrochemical polymerization. The PPY fiber offered higher sensitivity (in order of 10 times more) due to the matrix effect observed in the quantification of common antidepressants (citalopram, paroxetine, fluoxetine and sertraline).

  Another important application of SPME is reported by Bonato and co-workers.70-72 These works deal with the quantification of chiral drugs and their metabolites in human urine, by off-line approach, using CW-TPR, PDMS-DVB and PA fibers. Good sensitivity, selectivity and less consume of organic solvents were achieved.

   

  6. In-tube Solid-Phase Microextraction (in-tube SPME)

  This technique uses capillary columns for on-line analyte extraction. In-tube SPME systems can be classified as flow through or draw/eject. In the flow through mode, the sample solution is passed continuously in one direction through an extraction capillary column, which is placed in an automatic six-port valve. In the draw/eject extraction systems, the capillary column can be installed between the injection loop and the injection needle of the LC autosampler. It can also be placed in the injection loop.7,73-75

  Capillaries prepared with selective materials, such as immunosorbent, PPY polymer and RAM sorbent, have been developed to improve both extraction efficiency and selectivity. The immunoaffinity capillaries SPME devices were used for quantifying fluoxetine in serum samples76 and interferon alpha2a in plasma sample.77 The drug were extracted using draw/eject procedure and the separation was carried out at a C18 column.

  An in-tube SPME PPY-coated capillary was prepared in-house in order to analyze fluoxetine and norfluoxetine enantiomers in plasma samples. The capillary was used in a draw/eject system using a Chiralcel® OD-R as the analytical column.78 The developed method was employed for monitoring patients under fluoxetine therapy (Prozac®, 20 mg day-1).

  The same research group has also prepared a RAM-BSA-C18 in-tube-SPME capillary for the determination of interferon alpha2a in human plasma.79 A single draw/eject cycle was used for sample extraction while the analysis was carried out at a LichroCART® RP-18 column. The developed method has adequate sensitivity and selectivity for therapeutic monitoring of interferon alpha2a in human plasma samples.

  The main drawback of in-tube SPME is the requirement of very clean samples, since the capillary column can be easily blocked. Therefore, previous sample pretreatment, such as filtration or protein precipitation, is usually required to extend the lifetime of the capillary and to prevent clogging of the flow line system.7,73-75 The biocompatibility of the RAM-BSA support79 allowed the direct injection of plasma samples with no sample manipulation other than dilution, reducing, thus, the total analysis time and in accordance with the green analytical chemistry aim.

  The works carried out in Brazil using on-line in-tube SPME system are summarized in Table 2.
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  7. Stir Bar Sorptive Extraction (SBSE)

  The SBSE was introduced in 1999 by Baltussen et al.83 as a solventless sample preparation method. Magnetic coated stirs bars are the main attraction of this technique.84 In SPME, the maximum volume of coated PDMS on to the fiber is of 0.5 µL (film thickness 100 µm), whereas, about 25-125 µL of PDMS are used for the stir bars in SBSE, increasing the extraction efficiency.6,85,86

  One limitation of SBSE, when compared to SPME, is that there is only one commercial available extraction sorbent, PDMS, although in different length and thickness.84 Aiming to increase the applicability of SBSE, in-house sorptive phases have been developed. Accordingly, Melo et al.87 produced a dual-phase polymeric coating consisting of PDMS and PPY for antidepressants extraction (mirtazapine, citalopram, paroxetine, duloxetine, fluoxetine and sertraline) from human plasma. The PDMS-PPY coated stir bar showed high extraction efficiency (sensitivity and selectivity) toward the targets analytes.

  The quantification of ivermectine in bovine plasma was carried out using a PDMS modified bars with 5% of polydimethylphenylsiloxane and 10% of polydiethyleneglycol succinate. They showed higher efficiency when compared with the commercial PDMS bars.85

  In Brazil, SBSE has been used mostly for analyzing antidepressants,88,89 anticonvulsants90 and antituberculous drugs in biological matrices.91

   

  8. Microextraction by Packed Sorbent (MEPS)

  MEPS are the miniaturization of SPE and works with reduced sorbent bed volume, and they are suitable for a large sample volume range (10-1000 µL). Since they are integrated in the syringe, they diminish the number of steps typically involved in the conventional SPE, and are easily automatized.6 Sorbent materials such as silica based (C2, C8, C18), strong cation exchanger (SCX), RAM, hydrophilic materials, carbon, polystyrene-divinylbenzene copolymers, and MIPs can be used.92,93

  The main advantage of the MEPS, when compared to conventional SPE, is that the packed syringe is used several times, more than 100 times for plasma or urine samples, without loss of performance. A protocol for guaranteeing the performance of MEPS cartridges is, however, necessary, which includes dilution, centrifugation, and precipitation steps.93 Chaves et al.94 reported the use of MEPS based on 
    C8/SCX for the extraction of sertraline, mirtazapine, fluoxetine, citalopram, and paroxetine in human plasma. Effects on the extraction efficiency were examined for sample 
    volumes, pH, number of extraction cycles, and desorption conditions. Different sample pre-treatment was also evaluated, such as precipitation, centrifugation and dilution. Dilute samples (1:1, v/v) led to sensitive, selectivity, and accurate quantification of the selected drugs. Furthermore, the cartridge might be reused more than 50 times.

  MEPS cartridge (C8/SCX), as sample clean-up procedure, was used for the first time by Salami et al.95 for the simultaneous determination of sulfonamides in whole egg samples. Precipitation and centrifugation were, however, used as sample pre-treatment. The cartridges were reused more than 60 times with minimum loss of extraction efficiency.

  A C18 cartridge was used by Bordin et al.96 for determining voriconazole in oral fluids and plasma. The extraction variables parameters such as, pH of the buffer used in the sample, number and flow rate of extraction cycles were examined. For the analysis, the pH was the most important factor. Extraction time was of 4 min per sample. The cartridge was used for about 
    40 extractions.

  An important issue to be noticed is that MEPS efficiently reduces the organic solvent volume used and the amount of solid residue. Thus, it can be considered as a green chemistry approach.

   

  9. Hollow Fiber Liquid-Phase Microextraction (HF-LPME)

  HF-LPME developed in 1999 by Pedersen-Bjergaard and Rasmussen97 uses a water immiscible organic solvent immobilized as a thin supported liquid membrane (SLM) in the pores of a hollow polypropylene fiber. For extraction, the lumen of the hollow fiber is filled with a small volume of an acceptor phase (usually in the range 2-30 µL), and the whole assembly is placed in the matrix sample (typically within 100 µL to 4 mL). The analytes are extracted from the aqueous sample (donor phase), through the organic SLM, and further into the acceptor phase (aqueous or organic) inside its lumen. After extraction, the acceptor solution is collected and analyzed.98,99

  HF-LPME can be performed in either two or three-phase mode. In the first mode, the acceptor solution and the immobilized organic solvent are the same. They may be employed for compounds with high solubility in non-polar organic solvents, and acidic/basic analytes. In the three-phase mode, the acceptor phase is an acidic or alkaline aqueous solution and, thus, it is used for extraction of acids and bases.98-101

  Different research groups in Brazil have employed two and three-phase HF-PLME for the determination of drugs and their metabolites in biological fluids, as the HF-LPME technique allows high analyte enrichments, despite UV detection being known to provide relatively poor sensitivity (Table 3).

  
    

    [image: Table 3. Application of HF-LPME]

  

  Bonato and co-workers have used HF-PLME procedures followed by LC analysis for quantification of drugs in different biological matrices using either chiral columns (macrocyclic antibiotic and polysaccharide-based stationary phases)102-111 or achiral columns.112,113

  Siqueira and co-workers114 and Porto et al.115 employed three-phase HF-LPME, coupled to LC-fluorescence detection, for the analysis of fluoxetine/norfluoxetine, and citalopram, paroxetine and fluoxetine in human plasma, respectively. Both methods showed excellent sample clean-up, selectivity and sensitivity.

  High recovery associated with low organic solvent consumption is the main attractive of this sample clean-up procedure. Furthermore, its application in sample clean-up procedures for chiral bioanalysis with UV detection demonstrates the high capability of producing clean samples. Chiral selectors easily lose selectivity, demanding generally cleaner samples.

   

  10. Final Considerations

  Greener analytical procedures are characteristic to miniaturization, to at-line and on-line systems, due to reduced generation of waste. 2D LC systems have proven their ability in producing on-line matrix protein depletion, and their versatility has been efficiently explored by Brazilian researches for a variety of bioanalytical applications. The use of capillary columns, in-tube SPME, and the coupling of a RAM to a UHPLC column have demonstrated that the researchers are not only interested in efficient sample enrichment, but in producing less waste.

  The trends on sample preparation, as here reported, reflect the effort of achieving green parameters and getting cleaner samples with overall smaller analysis time.
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    A composição e atividade antimicrobiana dos óleos essenciais obtidos de madeira de ágar originária de Aquilaria sinensis (Lour.) Gilg induzido por agente biológico da madeira de ágar, Lasiodiplodia theobromae (F), foram caracterizadas e comparadas com madeira de ágar selvagem (W) e árvores saudáveis não inoculadas (H) como controles positivo e negativo, respectivamente. A composição química de F foi investigada usando cromatografia gasosa-espectrometria de massas (GC-MS). O óleo essencial de F mostrou uma composição similar de W, sendo rico em sesquiterpenos e constituintes aromáticos. No entanto, o óleo essencial de H era abundante em alcanos. Os óleos essenciais de F e W mostraram ser inibidores mais potentes de L. theobromae, Fusarium oxysporum, e Candida albicans do que o óleo essencial de H. Nossas descobertas demonstram pela primeira vez que o óleo essencial obtido da madeira de ágar originado de A. sinensis induzido por L. theobromae teve uma alta similaridade com o óleo essencial da madeira de ágar selvagem, tanto em composição química como em atividade antimicrobiana. Além disso, a estratégia de madeira de ágar induzida por fungos pode ser potencialmente aplicada em madeira de ágar e produção de óleo essencial em árvores do gênero Aquilaria.

  

   

  
    The composition and antimicrobial activity of essential oils obtained from agarwood originating from Aquilaria sinensis (Lour.) Gilg induced by a biological agent of agarwood, Lasiodiplodia theobromae (F), were characterized and compared to those from wild agarwood (W) and uninoculated healthy trees (H) as positive and negative control, respectively. The chemical composition of F was investigated using gas chromatography-mass spectrometry (GC-MS). The essential oil of F showed a similar composition to that of W, being rich in sesquiterpenes and aromatic constituents. However, the essential oil of H was abundant in alkanes. Essential oils of F and W were more potent inhibitors of L. theobromae, Fusarium oxysporum, and Candida albicans than the essential oil of H. Our findings demonstrate for the f﻿﻿irst time that the essential oil obtained from the agarwood originating from A. sinensis induced by L. theobromae had a high similarity to that of the essential oil of wild agarwood, both in chemical composition and in antimicrobial activity. Furthermore, the strategy of agarwood induced by fungi could be potentially applied in agarwood and essential oil production in Aquilaria trees.

    Keywords: agarwood, antifungal activity, Aquilaria sinensis (Lour.) Gilg, essential oil, GC-MS, Lasiodiplodia theobromae (Pat.) Griffon. & Maubl

  

   

   

  Introduction

  Agarwood is a resinous, fragrant wood, which is highly valued for its use in medicine, perfumes, and incense across Asia, Middle East and Europe.1 Agarwood is produced by species of tropical trees of the genus Aquilaria, which are mainly distributed in South and Southeast Asia. Agarwood plays a role in Traditional Chinese Medicine for its sedative, carminative, and anti-emetic effects, and also as incense for religious ceremonies.2 A large amount of agarwood is also consumed by distillation to obtain a fragrant oil, which is traditionally popular in the Middle East for blending with balm and perfume oil.3,4 Agarwood is formed in wounded or microbe infected Aquilaria trees, but not in vigorously growing live trees.5-10 Since 1938, many researchers have investigated agar formation and have reported the agar zones to be associated with mold and decay related fungi.11-16 Among different fungal species reported to be associated with agar zones, most fungi seem to be of an aprophytic nature in different eco-geographical conditions.17 However, little is known about the fungi associated with the development of disease symptoms and the resulting agarwood formation.

  Our laboratory first isolated and identified the pathogen in A. sinensis dieback disease, Lasiodiplodia theobromae (Pat.) Griffon. & Maubl. Pathogenicity tests confirmed that L. theobromae was a natural pathogen of A. sinensis and induced the plant to produce agarwood.18 In this study, in order to test the quality of the agarwood originating from A. sinensis induced by the fungal-inoculation method (F), its chemical composition and relative amount of essential oils were measured by gas chromatography-mass spectrometry (GC-MS), using wild agarwood (W) and healthy trees (H) as positive and negative controls, respectively. The antifungal activities of the essential oils derived from agarwood originating from A. sinensis were also determined.

   

  Experimental

  Plant materials

  Four-year-old A. sinensis trees, which had been grown in a greenhouse in the Hainan Branch of the Institute of Medicinal Plant Development in Wanning, Xinglong County, Hainan Province of China, were used. A. sinensis trees were inoculated by making a vertical hole with a sterilized 0.4 cm drill to a depth of approximated 1 cm on the stem. A fungal disc of L. theobromae from a seven-day-old culture grown on potato dextrose agar (PDA) was placed over the wound, which was then covered with sterile, moist cotton and wrapped with Parafilm. Additional plants were treated similarly using only PDA and were used as the negative control. After 6 months, the fungal-inoculated (F) and control A. sinensis trees (H) were harvested for essential oil isolation. 20 cm long stems were collected and the hole was in the middle of each treated stem, and then the bark was stripped off and immersed in liquid nitrogen and stored at −80 ºC for GC-MS analysis. For statistical analysis, data were calculated based on combined averages from five individual saplings (n = 6). Wild agarwood samples (W) were collected from Fengmu, Tunchang County, Hainan Province of China, and were identified by Prof Jian-He Wei. Three voucher specimens (201008526-8) are deposited at the Institute of Medicinal Plant Development, Chinese Academy of Medical Sciences.

  Essential oils separation

  Three accurately weighed (100 g), dried and powdered samples (from F, W and H) were passed 20 mesh sieves, soaked in water overnight, and then submitted to hydrodistillation in a Clevenger apparatus at 100 ºC for 12 h. The distillates were dried over anhydrous sodium sulfate and stored in a freezer at -20 ºC until analysis.

  Gas chromatography-mass spectrometry analysis

  The composition of the essential oil was determined using GC-MS analyses, which were performed using a Varian 450 gas chromatograph (Palo Alto, USA) equipped 
    with a VF-5MS capillary column (30 m × 0.25 mm i.d., film thickness 0.25 µm) and a Varian 300 mass spectrometer with an ion-trap detector in EI mode at 70 eV in the m/e range 10-550 amu. The carrier gas was helium, at a flow rate of 1 mL min-1. The injections were performed in splitless mode at 250 ºC. 1 µL of essential oil solution in hexane (HPLC grade) was injected. The operating parameters were the temperature program of 50 ºC for 1 min, ramp of 10 ºC min-1 up to 155 ºC (15 min), subsequent increase to 280 ºC with an 8 ºC min-1 heating ramp, and keeping at 280 ºC for 10 min. The components were identified by comparison of their mass spectra with the NIST 2002 library data for the GC-MS system, as well as by comparison of their retention indices (RI) with the relevant literature data.19 The relative amount (RA) of each individual component of the essential oil was expressed as the percentage of the peak area relative to the total peak area. The RI value of each component was determined relative to the retention times (RT) of a series of C8-C40 n-alkanes with linear interpolation on the VF-5MS column.

  Antifungal activity

  Two phytopathogenic fungi (Lasiodiplodia theobromae and Fusarium oxysporum) and one clinical fungus (Candida albicans ATCC10231) were used as test organisms in the screening. L. theobromae is a pathogen of A. sinensis dieback disease and was used as agarwood inducer.18 F. oxysporum is a phytopathogenic fungus isolated from agarwood samples, which was identified based on a macroscopic analysis of the morphological properties of the mycelia and conidial spores, with the use of diagnostic keys.20 C. albicans, a causal agent of opportunistic oral and genital infections in humans, was provided by the Institute for Food and Drug Control of China.

  Antifungal activity of the essential oils was evaluated by the agar well diffusion method, according to described protocols with slight modifications.21,22 C. albicans was grown in liquid potato dextrose (PD) medium overnight at 28 ºC, and the diluted spore suspension (105 spores mL-1) was prepared for assay. F. oxysporum and L. theobromae were maintained on PDA at 25 ºC. The spores were prepared from 7-day-old cultures. A suspension of the tested fungi was prepared (105 spores mL-1) and added (100 µL) into an agar plate, and dispensed uniformly onto the surface of the plate. Small wells were cut into the agar plate using a sterile cork-borer (6 mm), and 50 µL of the oil solution, at a concentration of 50 mg mL-1 dissolved in dimethylsulfoxide (DMSO), was delivered into these wells. Negative controls were prepared using DMSO only. Fluconazole (200 µg mL-1) was used as a standard since it is a clinically used anti-mycotic drug. Plates were incubated for 48 h at 35 ºC for C. albicans, and at 25 ºC for L. theobromae and F. oxysporum. The diameter of the inhibition zone around each well was then recorded in 4 different directions.

  Minimum inhibitory concentration (MIC) and minimal fungicidal concentration (MFC) values of essential oil against L. theobromae, F. oxysporum, and C. albicans were determined, based on a micro-well dilution method,23,24 with some modifications. The spores of fungal strains were the same as those used for the agar well diffusion assay described above. The essential oils were dissolved in 10% DMSO, and were first diluted to the highest concentration (64 mg mL-1) to be tested; then, serial two-fold dilutions were made in order to obtain a concentration range of 1-64 mg mL-1 in 10 mL sterile test tubes containing PD broth. Next, 96 well plates were prepared by dispensing 100 µL suspension of the tested fungi (105 spores mL-1) into each well. 100 µL of the stock solution of essential oil, prepared at a concentration of 50 mg mL-1, were added into the first wells, and then 100 µl of their serial dilutions were transferred into six consecutive wells. The last well, containing 100 µL of PD broth without the compound and 100 µL of spore suspension from each strip, was used as negative control. The final volume in each well was 200 µL. Fluconazole (Institute for Food and Drug Control of China) was prepared in PD broth in the concentration range of 0.64-0.01 mg mL-1 and was used as standard positive control. The plate was then covered with a sterile plate sealer. The contents of each well were mixed on a plate shaker at 300 rpm for 20 s and then incubated for 24 h at 35 ºC for C. albicans and 25 ºC for L. theobromae and F. oxysporum. Fungal growth in each medium was determined by reading the respective absorbance at 600 nm using a multimode microplate reader, Infinite M1000 (Tecan Trading AG, Männedorf, Switzerland) and was confirmed by plating 5 µL samples from clear wells onto PDA medium. The oil tested in this study was screened 3 times against each organism. MIC was defined as the lowest concentration of the respective compound capable of inhibiting the growth of fungi. MFC was defined as the lowest concentration of the essential oil that allowed no growth of fungi. Significant differences among means from triplicate analyses (P < 0.05) were determined by Duncan's multiple range test.

  The antimicrobial activity of essential oils was analyzed by one-way ANOVA test using the statistical analysis system (SAS) Version 9 (SAS Institute, Cary, NC, USA). Significant differences among means from triplicate analyses (P < 0.05) were determined by Duncan's multiple range test.

   

  Results and Discussion

  Chemical composition of the essential oils

  The yield of essential oils obtained after hydrodistillation of W, F and H was respectively 0.1158% (m/m), 0.0740% and 0.0079% (m/m). A total of seventy essential compounds were identified from the three samples (Table 2, Figure S1 in Supplementary Information (SI) section). Forty two components were identified from W, representing 85.06% of the total volatiles, with the major constituents being sesquiterpenes and aromatic compounds, such as guai-1(10)-en-11-ol (6.35%), 2(3H)-naphthalenone, 4,4a,5,6,7,8-hexahydro-4a,5-dimethyl-3-(1-methylethylidene)-, (4ar-cis)- (6.36%), α-copaen-11-ol (10.84%), 1,3,5-trimethyl-2-(2,2,2-trifluoro-ethoxy)-benzene (13.40%) and baimuxinal (15.41%). Forty five components were identified in F, representing 89.64% of the total volatiles. The predominant compounds in the essential oil of F were sesquiterpenes and aromatic compounds, including α-copaen-11-ol (6.24%) and benzylacetone (19.51%). Fifteen components were identified from the essential oil derived from H, representing 95.41% of the total volatiles. Docosane (8.47%), hexacosane (10.08%), pentacosane (10.34%), heptacosane (10.68%), tricosane (11.44%), and tetracosane (11.95%) accounted for 62.97% of the total essential oil from H, which accounted for its smell and volatility.
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  Our investigation showed that the essential oil of W had similar components to that of F. Both these oils were rich in sesquiterpenes and aromatic compounds, which reached 82.55% in W and 80.35% in F. Twenty nine sesquiterpenes and eight aromatic compounds were identified in W, compared to thirty four sesquiterpenes and four aromatic compounds in F.

  The essential oil of W and F had significantly different components from that of H. The essential oil of H contained no sesquiterpenes that had been identified in the oils of W and F. However, H was rich in alkanes, which accounted for 83.08% of the oil. Our previous report showed that after one week of storing, samples collected from healthy trees could produce up to 49% n-hexadecanoic acid as well as six sesquiterpenes, which accounted for 8.47%.

  Agarwood causal agents could be divided into physical, chemical, and biological agents. Of these three agents, the biological method of agarwood induction, using fungi, is recommended as it results in the progressive development of agarwood.25 Studies have demonstrated that fungal species, such as Aspergillus sp., Botryodiplodia sp. (Lasiodiplodia sp.), Diplodia sp. Fusarium bulbiferum, F. laterium, F. oxysporum, Penicillium sp., Pythium sp., and Trichoderma sp., commonly infect Aquilaria species.26 The effects of some isolates in agarwood formation have been tested by imitating the natural process. However, there are no reports concerning the quality of agarwood induced by the fungal-inoculation method. To our knowledge, this is the first report of fungal-inoculation induction of production of thirty-four sesquiterpenes and four aromatic compounds and agarwood formation in A. sinensis.

  Antimicrobial activities

  We have suggested that plant defense mechanisms induced formation of agarwood.27 Fungal infection activates the defense response mechanisms which in turn induce the formation of agarwood resulting in the biosynthesis of defense substances, such as sesquiterpenes in parenchyma cells. These phytoalexins accumulated and are secreted into the lumen of adjoining vessels via vessel-parenchymal pits, resulting in the formation of barriers, i.e., vessel occlusions. Both vessel occlusions and sesquiterpenes probably contribute to the physical restriction and chemical inhibition of microbes within vessels, consequently avoiding their spread. The number of vessel occlusions and the amount of sesquiterpenes increased with the period of infection time, ultimately leading to agarwood formation in the infected stem of A. sinensis.27 Based on this hypothesis, the antifungal activity of the essential oil obtained from agarwood originating from F, W, and H was evaluated against L. theobromae (the biological agent of agarwood induction), F. oxysporum (a plant pathogen), and C. albicans (clinical fungi). The antifungal activity of the three essential oils from wild agarwood (W), induced by fungi (F), and uninoculated healthy trees (H) was evaluated by the agar diffusion method, as presented in Table 3. The essential oils of F and W (6.4 mg well-1) were effective against all tested fungal strains. However, H demonstrated weak anti-fungal activity. The essential oil of W developed the largest zones of inhibition good activity against C. albicans and F. oxysporum with zones of inhibition comparable to those of fluconazole (200 µg well-1). F was also active against C. albicans. Among the three fungi tested, C. albicans was found to be the most sensitive to all essential oils.
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  The antifungal activity of the three essential oils was assessed quantitatively by minimum inhibitory concentration (MIC) and minimal fungicidal concentration (MFC) values, which are shown in Table 3. The MICs of W and F for all tested fungi ranged from 0.5 mg mL-1 to 4 mg mL-1, and MFCs ranged from 2 mg mL-1 to 16 mg mL-1, whereas H showed weak activity.

  This is the first report concerning the antifungal activities of the three fungal strains of Chinese agarwood oil from A. sinensis. In previous studies, the essential oil from Chinese agarwood showed to have antibacterial activity against anti-methicillin–resistant Staphylococcus aureus (MRSA), S. aureus, and Bacillus subtilis, but not against E. coli at the maximum study concentration.28,29 Novriyanti et al.25 demonstrated that the ethyl acetate-soluble fraction of agarwood extract originating from A. crassna exhibited strong antifungal activity against Fusarium solani (a biological agent of agarwood induction). Wetwitayaklung et al.30 found that the essential oil of agarwood (A. crassna) had antimicrobial activity against C. albicans. In this study, MIC values of the essential oils derived from F and W on C. albicans were 0.5 mg mL-1 and 1 mg mL-1, respectively. These values are reversed in Table 3, which is consistent with their report.

   

  Conclusions

  Characterization of the essential oil obtained from the agarwood originating from A. sinensis induced by a fungal-inoculation method had a high similarity to that of the essential oil of wild agarwood, both in chemical composition and antimicrobial activity. This is the first reported analysis of essential oils from fungal-inoculation induced agarwood. Our data are consistent with the hypothesis that fungal infection activates plant defense mechanisms induced the biosynthesis of defensive substances, such as sesquiterpenes, which results in the formation of agarwood. It also indicates that the biological method of agarwood induction, using fungi, is one of the most promising inducers for agarwood industrial production.

   

  Supplementary Information

  GC chromatograms of the three essential oils are available free of charge at http://jbcs.sbq.org.br as PDF file. Component numbers in the chromatogram correspond to those of Table 2.
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    O açúcar é amplamente consumido em todo o mundo e o Brasil é o maior produtor, consumidor e exportador deste produto. Para garantir o bom desenvolvimento e produtividade das culturas de cana de açúcar, é necessário aplicar grandes quantidades de agrotóxicos, principalmente herbicidas e pesticidas. O herbicida tebuthiuron (TBH) impede a pré e pós-emergência das plantas daninhas infestantes nas culturas de cana de açúcar. Considerando que é importante para garantir a segurança alimentar da população, este trabalho propõe um método confiável para analisar TBH em matrizes de açúcar (mascavo e cristal), usando voltametria de onda quadrada (SWV) e voltametria de pulso diferencial (DPV) em eletrodo de carbono vítreo e investigar o comportamento eletroquímico do herbicida por voltametria cíclica (CV). Os nossos resultados sugerem que TBH ou o produto da sua reação com o eletrólito de suporte é oxidado através da transferência irreversível de um elétron entre o analito e eletrodo de trabalho, a um potencial de cerca de +1,16 V vs. Ag|AgClsat em 0,10 mol L-1 KOH como solução de eletrólito de suporte. Tanto DPV quanto SWV são satisfatórios para a análise quantitativa do analito. DPV é mais sensível e seletiva, com limites de detecção de 0,902, 0,815 e 0,578 mg kg-1, e limite de quantificação de 0,009, 0,010 e 0,008 mg kg-1, na ausência da matriz, e na presença de matriz de açúcar cristal e mascavo, respectivamente. Reprodutibilidade situou-se entre 0,53 e 13,8%, a precisão variou entre 4,14 e 15,0%, e a recuperação manteve-se entre 84,2 e 113% para DPV conduzido na ausência e na presença da matriz de açúcar cristal, respectivamente.

  

   

  
    Sugar is widely consumed worldwide and Brazil is the largest producer, consumer, and exporter of this product. To guarantee proper development and productivity of sugar cane crops, it is necessary to apply large quantities of agrochemicals, especially herbicides and pesticides. The herbicide tebuthiuron (TBH) prevents pre- and post-emergence of infesting weed in sugarcane cultures. Considering that it is important to ensure food safety for the population, this paper proposes a reliable method to analyse TBH in sugar matrixes (brown and crystal) using square wave voltammetry (SWV) and differential pulse voltammetry (DPV) at bare glassy carbon electrode and investigate the electrochemical behavior of this herbicide by cyclic voltammetry (CV). Our results suggest that TBH or the product of its reaction with a supporting electrolyte is oxidized through irreversible transfer of one electron between the analyte and the working electrode, at a potential close to +1.16 V vs. Ag |AgClsat in 0.10 mol L-1 KOH as supporting electrolyte solution. Both DPV and SWV are satisfactory for the quantitative analysis of the analyte. DPV is more sensitive and selective, with detection limits of 0.902, 0.815 and 0.578 mg kg-1, and quantification limits of 0.009, 0.010 and 0.008 mg kg-1 in the absence of the matrix and in the presence of crystal and brown sugar matrix, respectively. Repeatability lay between 0.53 and 13.8%, precision ranged between 4.14 and 15.0%, and recovery remained between 84.2 and 113% in the case of DPV conducted in the absence of matrix and in the presence of the crystal sugar matrix, respectively.

    Keywords: tebuthiuron, brown sugar, crystal sugar, voltammetric detection

  

   

   

  Introduction

  Brazil is currently the largest producer of sugarcane, followed by India, Thailand, and Australia. Season 2010/2011 saw the production of over 620 million tons in Brazil, which is equivalent to 25% of the worldwide production.1 According to a study conducted by UNICA in Brazil, the annual sugarcane production in this country will reach one billion tons. After 2020, the cultivated area should stabilize, but the volume of produced cane should continue to grow because new agricultural technologies will emerge, including the development of new varieties of sugarcane, efficient application of agrochemicals, and improved harvesting techniques.1 

  Sugarcane constitutes the raw material to produce various products of economic importance. For example, the sugarcane juice is used to obtain sugar, ethylic alcohol, brown sugar, molasses, and sugarcane brandy; the residue (bagasse) is burned in a boiler, generating steam and electricity, employed to make paper, biodegradable plastics, fertilizers, and animal food, just to mention a few examples.2 Among the many products derived from sugarcane, sugar and its derivatives such as refined, crystal, and brown sugar have an important place in the Brazilian economy.

  Cultivating sugarcane at large scale without using of agrochemicals is possible but not feasible in current market places.3 Farmers use agrochemicals as the main strategy to combat and prevent agricultural plagues and ensure crop productivity. According to the Brazilian Health Surveillance Agency (ANVISA),4 using agrochemicals also called pesticides or agrotoxics in agriculture is advantageous: the productivity and quality of the products increase and the labor and energy spent in the production process decrease.4 However, the indiscriminate use of these substances may harm the human health and the environment. The current situation is already worrisome from the standpoint of public health, because the contact and ingestion of these compounds is hazardous. This concern tends to grow in the future, since the use of these agrochemicals is likely to rise in the coming years.

  1-(5-tert-butyl-1,3,4-thiadiazol-2-yl)-1,3-dimethylurea (Figure 1), the common name for the active ingredient of tebuthiuron (TBH), is a urea derivative that is often employed as herbicide. According to ANVISA, its toxicological classification is II (highly toxic). Its application is recommended to prevent pre- and post-emergence of weed in sugarcane culture and grasslands.5 It exhibits good selectivity for the crop and helps control species of great relevance. However, it is partially soluble in soil (soluble in water at a concentration of 2.5 g L-1), which enhances its mobility in the medium, and also persistent, with a half-life of 12 to 15 months.6,7
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  Traditionally, agrochemicals residues in matrixes are determined by chromatographic techniques coupled to various detectors, such as devices that capture electrons, and fluorescence, ultraviolet-visible, and flame ionization detectors. TBH is a thermally unstable compound and is usually analyzed by high-performance liquid chromatography (HPLC) or gas chromatography (GC) after derivatization.7 Still according to ANVISA,1 the maximum residue limit (MRL) for this herbicide in sugarcane should be 1.00 mg L-1, including its derived products. Table 1 lists some relevant methods to determine TBH which have been reported in the literature and it was also compared with our results.
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  Despite the versatility, sensitivity, and efficiency of chromatographic methods, they are expensive and time-consuming. Moreover, the instrumentation is usually high-priced and calls for spending on reagents, which increases the final cost of the analysis.8 Furthermore, chromatographic procedures cannot be directly applied to the analysis of concentrated samples leading to column degradation which impairs performance. They can only measure residual levels in water, soils, and crops.

  In recent years, many studies have been conducted to develop sufficiently selective, sensitive, precise, accurate, and inexpensive methods for the fast detection of agrochemicals in various matrixes. Among the many reported analytical techniques, we highlight the electrochemical methods, which provide rapid and reliable results while consuming small amounts of reagent and generally dismissing complicated sample preparation steps.9

  In 1970, Hance8 pioneered the use of electrochemical techniques to determine pesticide residues. In his work, he used polarography to investigate the electrochemical behavior of 35 herbicides in five different supporting-electrolyte solutions. He noted that 28 of the 35 pesticides were electroactive in some of the electrolytes, which allowed for construction of standard curves that were applied to the analysis of real water samples.

  To the best of our knowledge, there are no reports of a quantitative voltammetric method to analyze TBH in sugar matrixes (brown and crystal). Therefore, in the present study we attempted to establish an accurate, simple, and sensitive electroanalytical method to determine TBH in sugar samples using an electroanalytical-based methodology.

   

  Experimental

  Reagents and TBH stock solutions 

  All the chemicals were analytical grade and were used without any further purification. Ultrapure water obtained on a Millipore Milli-Q system (USA) was used in all the analytical and electrochemical assays and for construction of the analytical curves. 

  High-purity TBH (1-(5-tert-butyl-1,3,4-thiadiazol-2-yl)-1,3-dimethylurea - Figure 1) was used as received from Sigma-Aldrich (PESTANAL, analytical standard, USA). The TBH stock solution (i.e., 10.00 g L−1 or 43.80 mmol L−1) was prepared in methanol (Fisher, HPLC grade, USA) on a daily basis and was added to the system by direct transfer of quantitative aliquots completed to a final volume of 10.0 mL in a conventional voltammetric cell.

  Sodium hydroxide (99.0%) and potassium chloride (97.0%) were purchased from SYNTH (Brazil); potassium hydroxide (85.0%), lithium chloride (99.0%), chromium chloride (III) (97.0%), potassium nitrate (99.0%), ammonium chloride (99.5%), and dimethylformamide (DMF) were obtained from VETEC (Brazil). Hydrochloric acid and nitric acid, with purity of 36.5% and 65%, respectively, were acquired from VETEC (Brazil); Carbonate buffer (pH 10) and tetrabutylammonium tetrafluoroborate (TBABF4) with a purity of 95.0% were provided by ACROS Organics (Belgium) for the study of the interferents, aqueous solutions of sulfuric acid (95.0%) and sodium chloride (97.0%) furnished by VETEC (Brazil) were used.

  Voltammetric measurements

  Voltammetry was performed on a PGSTAT 128 N Autolab potentiostat (Eco-Chemie, Utrecht, The Netherlands) interfaced with a microcomputer operating with a General Purpose Electrochemical System (GPES) software (Version 4.9) for data acquisition. An electrochemical cell containing 0.10 mol L-1 KOH as supporting electrolyte and equipped with Ag|AgCl|KClsat 3.0 mol L-1 reference electrode; a Pt wire auxiliary electrode, and a glassy carbon (GC) with geometric area of 0.071 cm2 as working electrode was used for all the measurements. All the electrodes were acquired from Metrohm (Switzerland). Oxygen was removed by bubbling purified nitrogen gas through the solution in all the experiments. Before each voltammetric measurement, the glassy carbon surface was polished with alumina 0.3 and 0.05 µm (Buehler, USA) on an alumina polishing pad for 3 minutes, rinsed with purified water, and sonicated for 5 min in methanol.

  Electrochemical detection of TBH

  Three voltammetric modes were applied to detect TBH - linear sweep voltammetry (LSV), differential pulse voltammetry (DPV), and square wave voltammetry (SWV). All the measurements were carried out at 25.0 ± 0.1 ºC and were obtained in triplicate (at least). The voltammetric parameters were optimized, and then the analytical curve was constructed by adding aliquots of TBH stock solution (to obtain concentrations ranging from 8.00 to 18.0 µmol L−1) into the cell containing the supporting electrolyte solution. The analytical curves were obtained via linear regression least-square fit data, by plotting the current peak versus the concentration of TBH in two current peak versus the  concentration of TBH in two different situations: (i) addition of standard solution only and (ii) addition of standard solution in the presence of the matrix. Additionally, to study the accuracy (reproducibility and repeatability) of the proposed electroanalytical method and to check interferents, recovery experiments were accomplished using commercial Brazilian crystal and brown sugar samples.

  The solutions used in this assay were prepared by adding 100.0 µL of the commercial crystal or brown sugar solutions (50.0 g L-1) to the electrochemical cell, to obtain a final volume of 10.00 mL.

   

  Results and Discussion

  Electrochemical behavior of TBH

  First, we established which supporting electrolyte solution was suitable to determine TBH by electrolysis in acidic, neutral, buffered, basic and non-aqueous solvent (HCl, CrCl3, KCl, LiCl, KNO3, ammonia buffer pH 9.4, carbonate buffer pH 10, NaOH, KOH and 
    DMF/tetrabutylammonium tetrafluoroborate). Several studies show that the change in pH can dramatically affect the voltammetric response of some compounds. According to Weber10 the TBH displays only basic properties, it remains with the molecular species with high pH levels. There were no voltammetric responses of TBH (oxidation or reduction) in acid or neutral solutions. Moreover, the anodic scans presented in Figure 2A revealed that cyclic voltammetry offered better responses in terms of current intensity. We then compared the responses of the tested supporting electrolyte solutions with respect to the anodic current intensity (Ipa) to evaluate and select the best conditions for further study of the electrochemical behavior of TBH in the positive potential range. 

  
    

    [image: Figure 2. Cyclic voltammograms]

  

  Figure 2B shown the comparison of the peak currents and peak potentials obtained for TBH in each situation of supporting electrolyte solution. NaOH and KOH gave similar responses, but a slightly smaller anodic peak potential (+1.16 V) than NaOH (+1.17 V), with lower standard deviation in the replicates. Hence, we decided to use KOH as supporting electrolyte during development of the proposed electrochemical methodology.

  Fixing the parameters defined above, we tested three types of working electrodes: glassy carbon (GC), gold (Au) and boron-doped diamond (BDD) using CV. First we recorded the voltammogram for the blank; then, we conducted voltammetric readings at least three times, using 1.00 mmol L-1 of TBH. We chose to use the glassy carbon electrode to develop the methodology, because it provided sharper, lower values of peak potential, and better repeatability (RSD lower than 2%) between voltammetric measurements as compared with the other electrodes. 

  We investigated the electrochemical behavior of TBH by CV on a glassy carbon electrode in the potential range +0.50 V to +1.35 V, using a KOH supporting electrolyte 0.10 mol L-1. We obtained a well-defined anodic peak near +1.16 V using a scan rate (ν) of 50 mV s−1. We attributed this peak to the oxidation of the herbicide (Figure 2). The absence of a cathodic peak in the reverse scan suggested that TBH oxidation involved an irreversible electron transfer or that the electrodic process was followed by coupled chemical reactions.

  We verified linear relationships between the anodic current peak (Ipa) and the square root of the scan rate (ν1/2) for the anodic peak obtained at +1.16 V. This indicated that the mass transport of the organic compound occurred by diffusion. If the applied potential is large enough, the electron transfer kinetics will increase to the point where the current is under diffusion control, and Ipa is linear with ν1/2, too even in the case of irreversible systems.

  The current function (ip/ν1/2) shown in Figure 3 remains virtually constant for all the anodic peaks registered under different scan rates, evidencing an irreversible electron transfer process (which means complicated charge transfer reactions).11

  
    

    [image: Figure 3. Variation of the current]

  

  Still regarding CV, the peak current reduced significantly after the second sweep, but remained unchanged after the 10th cycle (with no visible anodic peak potential). This phenomenon may be due to adsorption of TBH or its redox products at the electrode surface, which culminates in fouling behavior of the GCE electrode. Therefore, for analytical purposes, we recorded the voltammogram corresponding to the first cycle of +1.16 V.

  Finally, according to Brett12 one can calculate the theoretical number of electrons transferred in the redox process using experimental DPV data and the equation below:

  
    [image: Equation 01]

  

  where n is the number of transferred electrons, F is the Faraday constant (96.485 C mol-1), T is the temperature in Kelvin (298 K), R is the general perfect gas constant perfect (8.314 J K-1 mol-1), and W 1/2 is the width at half peak height for the electrochemical process (obtained experimentally). Using this equation, we calculated n as 0.90. Hence, one electron was transferred from the analyte to the surface of the glassy carbon electrode during TBH oxidation.

  TBH anodic mechanism

  Brett,12 Lund,13 and Zanoni14 studied the electrochemical behavior of some related anilide herbicides (N-substituted amides) by cyclic and square wave voltammetry using a glassy carbon electrode. The results we obtained here agree with the substitution pattern and number of substituents on the nitrogen atom of the amide, confirming that oxidation occurs at the nitrogen. Analysis of the results showed that the electronic nature and steric hindrance of the substituents, especially their orientations toward the heterocyclic ring, determined their effects on the oxidation potential.

  Optimization of SWV and DPV conditions for TBH analysis

  Figure 4 illustrates the evaluation of the optimal parameters for the SWV and DPV techniques regarding TBH analysis. Lower TBH concentrations led to sharper and better defined peak as well as smaller background current, as compared with cyclic and linear sweep voltammetry, which resulted in improved resolution. Hence, it was possible to apply these techniques to the quantitative analysis of TBH.
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  We initially tested three SWV parameters using GCE: amplitude, potential step, and frequency; we carried out all the measurements using univariate tests. First, we varied the amplitude in the 10-100 mV range, using constant frequency and potential step. An amplitude of 75 mV yielded peak potential with no deformation and did not increase significantly peak width. Next, we evaluated the frequency in the 10-100 Hz range, using an amplitude of 75 mV at a constant step potential of 5.0 mV. According to the GPES 4.9 software version, the potential step (or potential increment) together with the frequency defines the effective scan rate for the SWV mode. A frequency of 100 Hz provided the best voltammograms for TBH analysis: the peak currents increased up to 100 Hz and remained stable thereafter, with slight reduction in peak current and no deformation in the voltammetric shape of the TBH oxidation peak.

  Finally, by fixing the amplitude at 75 mV and the frequency at 100 Hz, we investigated the effect of potential step increment in the 1-15 mV range. Potential steps greater than 5.0 mV resulted in constant TBH current peak height until 15 mV. Therefore, the optimal conditions for TBH analysis at the GCE were amplitude of 75 mV, frequency of 100 Hz, and potential step of 5.0 mV, which corresponded to an effective scan rate of 100 mV s−1.

  We also evaluated the DPV mode using GCE. The optimized parameters were scan rate of 25 mV s−1 (studied range: 2-25 mV s-1), amplitude of 200 mV (studied range: 10-250 mV), and pulse time of 2 ms (studied range: 2-100 ms), in 0.10 mol L-1 KOH supporting electrolyte solution. Comparison of the voltammograms obtained for TBH oxidation using the different techniques showed that DPV furnished the best results regarding the intensity of the anodic current (Figure 5). Therefore, we registered several differential pulse voltammograms for TBH oxidation at different concentrations for quantification purposes.
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  Voltammetric methodology and analytical curves

  As already mentioned, in 1.00 mmol L−1 TBH standard solution, the current peak obtained in the DPV mode was higher than those achieved by SWV. The DPV technique yielded the best selectivity and sensitivity, as well as better-defined anodic peak at +1.03 V versus Ag|AgCl|KClsat (Figure 5). We determined TBH by DPV (TBH concentrations ranging from 0.5 to 8.0 µmol L-1) and SWV (TBH concentrations ranging from 8.0 to 18.0 µmol L-1) under the optimized conditions, aiming at better electrochemical reproducibility, we then obtained analytical curves for this substance.

  Figure 6 presents the analytical curves. We achieved good linear response in all the concentration range assessed analyte, which can be expressed according to the linear regression least-square fit equations listed in Table 2. We built six analytical curves using the electroanalytical method developed herein, as follows: (1) DPV and SWV for no matrix, i.e., by using only the standard TBH in supporting electrolyte solution; (2) DPV and SWV for the crystal sugar sample; and (3) DPV and SWV for the brown sugar sample, to verify the effect on the electrochemical response of TBH. In all these assays we used the same concentration range of TBH employed to construct the first curve during the development of the analytical proposal.
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  We obtained better limits of detection (LOD) and quantification (LOQ) for all the analytical curves in the absence of the matrix (crystal or brown sugar) as compared with the results achieved in the presence of the matrix. Therefore, the intensity of the peak current was more sensitive to TBH concentration in the absence of sugar. The four analytical curves shown in Figure 6 evidence this slightly different sensitivity after fast comparison of the six slopes obtained for TBH analysis, as indicated in Table 2.

  We determined the limits of detection (LOD) and quantification (LOQ) for TBH (Table 3) using the equation LOD = 3 × sy/x / b and LOQ = 10 × sy/x / b,15 where sy/x and b are the estimated standard deviation of the blank (n = 12) and the slope of the analytical curve, respectively, with a 95% (K = 3) confidence level.16 These results attest to the analytical potentiality of the DPV and SWV technique to determine TBH in commercial crystal and brown sugar samples that lie below the MRL established by the Brazilian legislation.
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  Finally, we obtained satisfactory precision for the developed technique: repeatability of the current peak and peak potential expressed as the percentage coefficient of variation (CV) of several independent determinations on three samples of each crystal and brown sugar matrixes in different concentration levels over the same day gave CV lower than 13% in all cases (triplicate experiments, at least), as shown in Table 4. Likewise, the reproducibility of CV of the current peak and peak potential as a result of eight independent determinations on two different samples over five days (in triplicate) was lower than 5%.16 In terms of accuracy, expressed as relative error, CV was in the order of 3-6%.16
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  Determination of TBH in crystal and brown sugar samples by DPV and SWV

  We analyzed commercial crystal and brown sugar samples under the same conditions as those employed to construct the analytical curves in 0.10 mol L-1 KOH using GCE. To assess the applicability of the proposed voltammetric-based method to the analysis of sugar samples, we studied three samples of crystal sugar and three samples of brown sugar. We recorded voltammograms in sample solutions containing the supporting electrolyte and various aliquots of the sugar matrix solutions and detected no anodic peak in any of the six samples, which demonstrated that detectable residues of TBH did not exist in these matrixes.

  The procedures for TBH analysis followed the standard addition method carried out after addition of known amounts of TBH to various samples (four consecutive additions to a final concentration of 1.99, 2.99, 3.98 and 4.97 µmol L−1) containing proposed contaminated samples. The results clearly demonstrated a linear relationship for all the samples evaluated by DPV. The electrochemical response was also satisfactory. We also accomplished a recovery test for TBH concentrations ranging of 1.99, 2.99, 3.98, and 4.97 µmol L−1 using DPV. The recoveries from different samples lay in the 84 to 113% range (Table 5). On the basis of these recovery experiments, we concluded that deviations in the recovery values were due to random errors, since values were higher and lower than expected, demonstrating that this methodology is not biased or does not incur systematic errors.
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  Under the optimum experimental conditions, we investigated the effects of potential interferents such as H2SO4 and NaCl on the voltammetric response of 2.0 µmol L−1 TBH . The experimental results showed that these compounds did not interfere in the voltammetric signal of TBH for quantitative analysis purposes, since there was no attenuation or change in the voltammetric signal of the original TBH 2.0 µmol L−1 solution. We did not examine other interfering compounds because they do not remain in solution at pH values as high as that of the medium under study (e.g., iron, calcium, magnesium, and phosphate salts).

   

  Conclusions

  We successfully employed a methodology involving unmodified GCE to analyze TBH in a 0.10 mol L-1 KOH supporting electrolyte solution. The GCE carbon surface is highly sensitive to TBH oxidation, as characterized by the enhanced peak current, a probable result of amide bonds. Oxidation peak potential at about +1.03 V is suitable for analysis, and the peak current has a linear relationship with TBH concentrations over a certain range, under the three selected matrix conditions. This sensor can be used to determine the analyte at concentrations as low as 0.090 mg L−1 (0.396 µmol L−1) by voltammetry, with good reproducibility and repeatability. The unmodified electrode can also be used to determine TBH in commercial crystal and brown sugar samples. The proposed method is accurate and fast; the reagents and apparatus are simple. In addition, the results obtained during TBH analysis in spiked sugar samples and data from the study about interferents demonstrate the potential applicability of this electroanalytical method for the analysis of real samples.
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    O objetivo deste trabalho foi avaliar os processos de adsorção e dessorção de micronutrientes em amostras de turfas tropicais visando uma possível aplicação em solos. Para isso, experimentos de adsorção foram estudados em diferentes valores de pH e a partir de solução metálica multielementar e elementar. As capacidades de adsorção máximas ocorreram em pH 6,0 e a ordem de afinidade observada em geral foi: Cu > Fe > Co > Ni > Zn = Mn. A liberação dos micronutrientes foi avaliada sob diferentes valores de pH em meio aquoso, e posteriormente, em solo e planta. Os experimentos de liberação mostraram que os micronutrientes são liberados preferencialmente em pH 6,0 e na seguinte ordem: Fe > Zn > Mn > Co = Ni > Cu. A liberação dos micronutrientes para o solo é acompanhada pela sorção dos mesmos pela planta. Desta maneira, a aplicação de turfas tropicais enriquecidas com micronutrientes pode contribuir para uma maior produtividade agrícola uma vez que a liberação dos micronutrientes mostrou-se eficiente no desenvolvimento das plantas.

  

   

  
    The objective of this work was to evaluate the adsorption and desorption of micronutrients in tropical peats, from the perspective of potential agricultural applications. Adsorption experiments were performed at different pH values, using solutions containing individual and multiple metal ions. Maximum adsorption capacity occurred at pH 6.0, and the order of affinity was Cu > Fe > Co > Ni > Zn = Mn. Release of the micronutrients was evaluated at different pH values, using an aqueous medium as well as soil and plants. Release of the micronutrients was most efficient at pH 6.0, and followed the order: Fe > Zn > Mn > Co = Ni > Cu. Micronutrient release to the soil was accompanied by uptake by the plant. The use of tropical peat enriched with micronutrients could contribute to improved agricultural productivity, since the release profile of the micronutrients can effectively stimulate plant growth.
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  Introduction

  There are ongoing concerns in relation to human population growth and the need to produce greater quantities of food at lower cost. Assuming forward population growth, the development of new techniques will be needed to improve the fertility of existing agricultural soils in a sustainable way. Greater agricultural productivity is often limited by the maximum achievable rates of utilization of macro- and micronutrients by plants, as well as the content of organic matter in soils.1

  Peats are formed by the decomposition of plant residues under conditions of high humidity and absence of oxygen. They are distinguished by their high organic matter contents (60-80%), which enable them to be used in a variety of different applications. These include their use to adsorb metal species (including macro- and micronutrients), and as organic fertilizers to improve the physico-chemical properties of soils and incorporate nutrients.2-7 It has been shown that the application of humic substances (organic material extracted from soils and peat) can affect plant growth and nutrient release. Verlinden et al.8,9 reported that the application of humic substances together with mineral fertilizers in plantations of maize, grass, potatoes, and spinach improved crop yields. It was found that there was a gradual increase of macronutrients such as nitrogen and phosphorus in the soil, while there was no influence on other elements such as sodium and calcium. It is therefore clear that the use of peat can help to improve agricultural productivity. However, a factor that has limited the widespread use of peat in agriculture is a lack of studies that have investigated the capacity of peats to adsorb micronutrients under different conditions, although there have been a number of studies of peats from temperate regions and their interaction with different metals, notably copper.10-12

  The mechanisms of adsorption of micronutrients by soils include ion exchange, physical adsorption, and chemical bonding with phenolic or carboxylic groups of the organic matter.13 The adsorption reactions determine the availability of micronutrients to the plants and their mobility in the soils.14 In many studies, adsorption isotherm models are employed in order to better understand the phenomena involved.15 Adsorption is also influenced by factors including regional climate, topography, and vegetation, which give to different peats their individual characteristics.

  The availability of micronutrients to plants is determined not only by processes of adsorption, but also by the desorption processes that are responsible for the release of micronutrients in forms that can be absorbed by the plant. The mechanism of uptake of nutrients by plants involves the production of organic acids by the roots, which together with water eventually solubilizes the nutrients and makes them available.16 For this reason, the evaluation of desorption processes is performed using extractants such as acids, complexation agents, and saline solutions, which simulate the possible physico-chemical processes that occur in the environment. However, the use of extractants such as EDTA and DTPA can accelerate desorption, leading to overestimation of the concentrations of nutrients likely to be released in soils.17

  There have been few studies concerning characterization of the mechanisms of adsorption and desorption of multiple micronutrients in peats from tropical regions. Brazil possesses peat reserves of around 15000 km2, which is equivalent to around 129 million tons of this material.18 The use of these peats as natural organic fertilizers in agricultural soils could provide benefits including water retention, pH buffering, and the retention of cations, due to the high organic matter content of peat.19 However, the successful application of these materials requires consideration of the type of soil, the plant species under cultivation, and the physico-chemical characteristics of the peat.20

  The objective of the present work was to investigate the mechanisms that influence the capacity of tropical peats to adsorb and desorb the micronutrients copper, cobalt, iron, manganese, nickel, and zinc. The peat samples were first characterized using elemental and spectroscopic techniques. Different pH conditions and micronutrient concentrations were employed, and the Langmuir and Freundlich isotherms were applied to the results. The desorption processes were evaluated using aqueous solutions and agricultural soils.

   

  Experimental

  Materials and chemicals

  All reagents used were of high purity grade. High purity deionized water was used in all the experiments (resistivity of 18.2 MΩ cm at 25 ºC, Milli-Q system, Millipore). Dilute acid and alkaline solutions were prepared by dilution of concentrated HCl and dissolution of NaOH in deionized water. Working solutions of the micronutrients (Cu, Co, Fe, Mn, Ni, and Zn) were prepared daily by dilution of 1000 mg L-1 stock solutions.

  Sampling and characterization of peat samples

  The peat samples were collected from two peatlands located in Sergipe State, Brazil. The sample collected in Santo Amaro das Brotas (36º58'52"W; 10º49'3"S) was named TSA and the sample collected in Serra de Itabaiana (37º20'25"W; 10º45'29"S) was named TSI (Figure 1). The sampling was undertaken in February 2011, with five samples collected at a depth of 20 cm from the surface (n = 5). The samples were transported to the laboratory in polyethylene bags, then dried at 30 ºC to constant weight, homogenized in a porcelain mortar, and sieved to a particle size of 2 mm.
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  The pH of the samples was determined according to the EPA 9045 protocol.21 The organic matter and ash contents were measured by gravimetry, with calcination of around 5.0 g of the peat samples for 4 h at 750 ºC.22 Granulometry was performed according to the pipette technique of Suguio,23 after treatment of the peat samples with H2O2 due to the high contents of organic matter. The samples were decomposed using concentrated HNO3 and H2O2, with heating at 95 ºC for 4 h on a hotplate,24 after calcination for 4 h 
    at 400 ºC to assist the decomposition of organic matter. The residual mineral fraction was removed by filtering through a 0.45 µm pore size membrane (Millipore). The concentrations of the micronutrients (Cu, Co, Fe, Mn, Ni, and Zn) were determined using inductively coupled plasma-optical emission spectroscopy (ICP-OES), as described below.

  The samples were characterized by 13C nuclear magnetic resonance (13C NMR), with cross-polarization (CP) and magic angle spinning (MAS), using a Bruker Avance III 400 MHz spectrometer, with 5 kHz rotation, a contact time of 2 ms, a relaxation time of 5 s, and a scan number of 11000. The carbon, hydrogen, and nitrogen contents of the samples were measured using a Thermo Finnigan Flash EA 1112 elemental analyzer, and the oxygen contents were determined by difference.

  Adsorption of micronutrients by the peats: time to equilibrium and influence of pH

  The batch adsorption experiments employed 2.0 g of peat sample and 100 mL of deionized water, which were transferred to an Erlenmeyer flask placed in an orbital shaker. The micronutrients were added to the solution to give concentrations of 10 mg L-1 of each element. The pH was adjusted to different values (3.0, 4.5, and 6.0) using solutions of 1.0 mol L-1 HCl or 1.0 mol L-1 NaOH, and 5 mL aliquots were withdrawn for analysis at predetermined time intervals (0, 10, 30, 60, 120, 240, 1440, 2880, and 4380 min). The aliquots were centrifuged at 3500 rpm, and the concentrations of micronutrients in the supernatants were determined by ICP-OES. The pH was measured at the end of each experiment to monitor any changes. The concentrations of the adsorbed micronutrients were then calculated as the difference between the initial concentration and the concentration measured in the supernatant. The adsorptive capacity (qeq in units of mg g-1) was calculated using:
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  where, Ci and Cf are the initial and final micronutrient concentrations, respectively, V is the volume used, and m is the mass of peat used.

  Micronutrient adsorption isotherms

  The adsorption experiments were performed using the two peat samples (TSA and TSI) and the six micronutrients. The adsorption isotherms were evaluated in two different ways. Firstly, the micronutrients were added to the peats using multi-metal solutions, with the concentrations of the metals ranging from 5.0 to 100.0 mg L-1. Secondly, the micronutrients were added using solutions containing the individual metals at concentrations ranging from 5.0 to 40.0 mg L-1. A 2 mL aliquot was removed from each flask prior to addition of the peat samples, for subsequent determination of the initial micronutrient concentrations. Approximately 2.0 g of each peat was added to Erlenmeyer flasks containing 100 mL of the multiple or individual metal solutions, and the pH was adjusted to 6.0 with 1.0 mol L-1 HCl or NaOH. The flasks were kept under shaking, and the experiments were performed in triplicate. After addition of the peat, the flasks were shaken every 2 h during the day, and after 24 h, another 2 mL aliquot was removed from each flask for subsequent determination of the final micronutrient concentrations.

  The Langmuir and Freundlich mathematical models were used to elucidate the mechanisms of adsorption of the micronutrients by the peat samples. The Langmuir isotherm describes the formation of a monolayer on surfaces where there are a finite number of available sites. The Freundlich model is an exponential equation that predicts the formation of a multilayer on an adsorbent whose surface is heterogeneous, with different types of sites, and the concentration of solute at the surface increases according to the concentration in solution.25 The Langmuir isotherm can be described by:
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  where qeq is the adsorptive capacity at equilibrium (mg g-1), Ceq is the micronutrient concentration at equilibrium (mg g-1), and qm (mg g-1) and KL (L mg-1) are the Langmuir constants related to the maximum adsorption capacity and the adsorption energy, respectively. These parameters can be obtained by linearization of the model (equation 3) and construction of a graph of Ceq/qeq vs. Ceq. The Freundlich isotherm can be described by:
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  where KF (L g-1) and n are the Freundlich constants related to the adsorption capacity and adsorption intensity, respectively. The constants can be obtained after linearization, by plotting a graph of log Ceq vs. log qeq (equation 5).

  Once the maximum adsorption capacity had been obtained from the adsorption isotherms, new adsorption experiments were designed to evaluate the release of the micronutrients. The experiments were performed using multiple and individual metal solutions, with the micronutrients being added to final concentrations of 5.0 mg L-1 in 100 mL Erlenmeyer flasks. The peat mass used was 2.0 g, and the pH was adjusted to 6.0 with 1.0 mol L-1 HCl or NaOH. The adsorption capacity was calculated for each new experiment. After centrifuging the flasks, aliquots of supernatant were collected, and the remaining supernatant solution was decanted and discarded appropriately. The separated mass of peat containing the adsorbed micronutrients was then dried to constant weight in an oven at 30 ºC.

  Release of the nutrients from the peat samples

  The release of the micronutrients that had been previously adsorbed by the peat samples was evaluated in two different sets of experiments, using either water or soil. The release experiments using water were performed at two pH values: 4.5 and 6.0. Portions (0.25 g) of the peat samples enriched with either individual or multiple micronutrients were added to Erlenmeyer flasks containing 50 mL of deionized water with pH previously adjusted using 1.0 mol L-1 HCl or NaOH. The flasks were kept under constant mechanical agitation at a controlled temperature of 25 ± 2 ºC. The experiments were performed in triplicate. 1 mL aliquots were withdrawn at predetermined times (0, 30, 60, 120, and 240 min, then 1, 2, 3, 4, and 5 days) for determination of the micronutrient concentrations. The release experiments were also performed using peat samples without adsorbed micronutrients (in natura samples). In this case, about 1.0 g of each sample was added to a 100 mL Erlenmeyer flask containing deionized water, and the pH was adjusted to 4.5 or 6.0 with 1.0 mol L-1 HCl or NaOH. The experiments were performed in triplicate. 1 mL aliquots were withdrawn at predetermined times (0, 30, 60, 120, 240, and 1440 min), and the concentrations of the micronutrients were determined by ICP-OES.

  The release experiments with soil were performed using pots containing maize plants. Evaluations were made of the release of the micronutrients into the soil, the presence of the metals in the leaves, and the development of the plants in terms of height. Eighteen pots were filled with approximately 1.5 kg of regional soil (Latossol Red-Yellow). Six pots were used as controls, and only contained the soil, while six pots contained soil plus about 20.0 g of in natura peat (TSA or TSI), and another six pots contained soil plus about 20.0 g of peat (TSA or TSI) that had been previously enriched with the micronutrients. In all experiments, three pots each were used for the TSA and TSI peats. The pots were irrigated with water on a daily basis, and the experiment lasted 30 days.

  Soil samples were collected from each pot on the first day for subsequent determination of the concentrations of the micronutrients, and after 15 and 30 days collections were made of soil samples from each pot, as well as leaf samples from at least one plant in each pot. At the same time, plant development was evaluated by measuring the maximum leaf height. The leaf and soil samples were then properly stored in labeled plastic bags, and subsequently decomposed using concentrated HNO3 and H2O2, with heating at 95 ºC for about 4 h on a hotplate. The concentrations of the metals were then determined by ICP-OES.

  Determination of micronutrients

  The metal concentrations were determined by inductively coupled plasma-optical emission spectroscopy (ICP-OES), using an Agilent Model 720 instrument fitted with a "seaspray" nebulizer. The instrumental conditions were an RF power of 1.10 kW, an argon flow of 15.0 L min-1, and a spray pressure of 200 kPa. The standard solutions used for calibration were prepared from a 100.0 mg L-1 multi-element stock solution. The limits of detection (LOD) and quantification (LOQ) were calculated from the standard deviation of the readings of ten analytical blanks. The LOD, LOQ, and wavelength used for each element are summarized in Table 1.
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  Results and Discussion

  Peat sample characterization

  The physico-chemical characteristics of the two peats are provided in Table 2. The organic matter (OM) content of TSA exceeded 80%, indicative of a high degree of chemical and biological activity in the peatland. This level of organic matter is higher than values reported in the literature for peats from temperate and tropical regions,26,27 and is in agreement with the measured pH values, since greater decomposition of organic matter lowers the pH due to conversion of plant materials to carboxylic acids, esters, ketones, and alcohols. The organic matter content of the TSI sample was below 60%, which is characteristic of a peat derived from decomposition that was more recent. This was supported by a slightly higher pH, also indicative of an earlier stage of decomposition.
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  The granulometric measurements revealed a higher clay content of sample TSA and a higher sand content of sample TSI. Clay directly influences the micronutrient adsorption capacity by increasing the surface area of active sites due to the formation of clay-humus complexes.1

  The micronutrient contents of the peats were higher than found in other studies (Table 2), which could be due to geological factors as well as anthropogenic activity.26,27 Concentrations of micronutrients are normally low in areas where anthropogenic activities are absent.28,29 Here, the peat samples were collected in environmental reserves in regions with generally low levels of anthropogenic activity, but which were nevertheless close to roads. The peats combined high organic matter contents with low concentrations of the micronutrients essential for plant growth, suggesting that they might be suitable for agricultural purposes following micronutrient enrichment.

  The elemental compositions and atomic ratios of the peat samples are provided in Table 3. Smaller H/C and O/C ratios were obtained for sample TSA. The H/C atomic ratio provides information on the degree of saturation of carbon in an organic molecule, with low values being indicative of greater aromaticity. The O/C ratio reflects the carbohydrate content, which diminishes as the ratio decreases. The results therefore showed that sample TSA was more aromatic, in agreement with its higher organic matter content. Other studies have found similar H/C and O/C ratios.30,31 The C/N ratio can provide information on the origin of the organic matter in natural environments, with values lower than 20 indicating greater microbial humification, and values higher than 20 reflecting a greater contribution from vascular plants.32 In the present case, there had therefore been extensive humification by microbial activity in both types of peat.
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  The 13C NMR technique enables estimates to be made of the relative amounts of different types of carbon present in the peat organic matter, by integrating the peaks generated in specific regions of the spectra.33 The relative percentages of different carbon-containing groups in the peat samples are presented in Table 3. The 0-65 ppm region contains shifts associated with alkyl carbons, and was more pronounced for sample TSI. The regions associated with the shifts of other chemical groups are as follows: 65-110 ppm 
    (carbohydrates); 110-140 ppm (aromatic groups); 140-160 ppm (phenolic groups); 160-190 ppm (carboxylic groups); 190-220 ppm (carbonyl groups).34 The percentages obtained (Table 3) show that aromatic, phenolic, and carboxylic carbons were favored in sample TSA, reflecting a more aromatic structure compared to sample TSI.

  Equilibrium time and influence of pH

  The knowledge of the equilibrium time (the minimum time required for adequate adsorption of the micronutrients by the peat) is essential to ensure that the processes of adsorption/desorption have stabilized. The equilibrium time varies according to the type of adsorbent material as well as the metal species.35 In this work, for both types of peat there were no further significant changes in the concentrations of the micronutrients after 240 min (Figure 2). It is recognized that pH influences adsorption, since surface sites can be activated by both protonation and dissociation. Determination of the optimum pH for micronutrient adsorption is particularly important in the case of peat, due to its high content of organic matter. This includes acidic components (such as carboxylic and phenolic species) that influence the interaction with other compounds of varying acidity or alkalinity.30 The adsorption capacities of both peats increased at higher pH (Figure 3), with greatest adsorption at pH 6.0. This behavior reflected the dissociation of acid groups capable of interacting with cationic species. It is important to note that the pH measured at the end of the experiments was always lower than the initial pH, with values between 3.0 and 4.0. 
    These changes in the pH could help to explain the nature of the adsorption; previous studies have suggested that a drop in pH could be indicative of ion exchange during the adsorption process.4,6

  
    

    [image: Figure 2. Equilibrium times]

  

  
    

    [image: Figure 3. Adsorption capacities]

  

  Adsorption of micronutrients by the peat samples

  Figure 4 shows the adsorption isotherms obtained for each micronutrient in the multiple and individual metal experiments using samples TSA and TSI. Most of the isotherms were type L, with the exception of that of iron, which was type C for both multiple and individual metal experiments. A type C isotherm indicates that the ratio between the amount of solute adsorbed and the amount remaining in solution at equilibrium is constant at any concentration.35 A type L (Langmuir) isotherm is indicative of the progressive saturation of adsorption sites.35 It therefore appeared that the Langmuir mathematical model provided the best fit to the data.
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  The Langmuir and Freundlich models were applied to the results obtained. Table 4 provides the calculated values of the Langmuir constants qm and KL, the Freundlich constants KF and n, and the linear regression coefficients. Adsorption by the TSA peat was best described by the Langmuir model (0.94 < R2 < 0.99), indicative of the presence of a monolayer associated with a limited number of identical binding sites.36 For the TSI peat, good coefficients were obtained using both the Langmuir model and the Freundlich model. The Freundlich isotherm assumes the existence of an infinite multiple-layer adsorbent surface that never becomes saturated.25 In other recent work, good correlation coefficients have been obtained for the adsorption of different metals by peat, using both the Langmuir model (0.992 < R2 < 0.967) and the Freundlich model (0.995 < R2 < 0.962).28 In general, the Langmuir model provided a better fit to the data obtained here. However, in the case of Fe, the R2 value for the TSA peat was low, compared to the other micronutrients, indicating that neither the Langmuir model nor the Freundlich model could explain the behavior of this element. It is possible that other isotherm models could provide better fits and therefore help to understand the adsorption process of Fe.
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  According to the values of qm obtained, the order of affinity of the micronutrients adsorbed by the peat samples was Cu > Ni = Zn > Co > Fe = Mn for TSA, and Co = Cu > Zn > Fe > Ni > Mn for TSI, in the experiments where there was competition between the elements (multiple metal experiments). In the experiments without competition (using individual metals), the order of affinity was Cu > Fe > Co > Ni > Zn = Mn for TSA, and Cu > Fe > Ni > Co > Zn > Mn for TSI. The adsorption process occurs between the solutes in the liquid phase, which are typically in the form of ions, and the solid phase adsorbent, which has a permanent or variable surface charge, depending on the structure of the solid material.14 The affinity of the ions for the solid phase mainly depends on the electrostatic interactions between the materials involved. Knowledge of the structure of the adsorbent is therefore extremely important for a better understanding of the results of adsorption experiments. The samples of peat contained high levels of organic matter, including carboxylic acids and phenolic compounds, as well as clay minerals. These two structural features are responsible for the surface charge of the peat: organic acids influence solution pH, protonating or deprotonating the active adsorption sites, and clay minerals act as soft bases (donor atoms with high polarizability) that preferentially bind soft acids. According to Schwarzanbach and Pearson,37,38 the micronutrient metals are classified as transition cations and transition acids. The adsorption is therefore determined by the charge, size, and ionization potential of each cation. The Irving-Williams series can also help understand the order of affinity for adsorption of the micronutrients by the peat samples. The series describes the stability of complexes in the following order: Mn < Fe < Co < Ni < Cu > Zn. The order of affinity found from application of the Langmuir model (Table 4) indicated that adsorption followed the Irving-Williams series order, where Cu is the first element (greater affinity) and Mn is the last element (lower affinity). The fact that Cu was the first element in both individual and multiple metal experiments was indicative of a more specific retention mechanism involving covalent bonds between the elements and the minerals in the sample. In the specific adsorption process, the adsorbed species form inner-sphere complexes on the surface, with reactions that are more selective and less reversible. Other work has also reported the higher affinity of Cu for a variety of different soils.39 It should be noted that in the multiple metal experiments, the affinity of Fe was close to that of Mn, and was therefore weaker than the affinities of the other micronutrients. However, in the individual metal experiments, the affinity of Fe was close to that of Cu (strong affinity).

  The maximum adsorptive capacities for Co, Mn, Ni, and Zn were slightly higher in the multiple metal experiments, despite competition between the elements in solution for adsorption sites, while those for Cu and Fe were higher in the individual metal experiments. These findings are in agreement with the order of affinity, since Cu and Fe showed the highest adsorption by peat samples TSA and TSI in the individual metal experiments. The results help to explain the types of interactions likely to have occurred during the adsorption processes. When there was competition between the elements in solution, there was a specific interaction of Cu with the active sites on the surface of peat, involving covalent bonds, while competition between the other elements resulted in non-specific interactions due to weak electrostatic attractions. It is therefore apparent that in the absence of competition between the elements, Cu and Fe showed specific interactions, while the other elements showed no specific interactions. This is an important consideration for interpretation of the results of release experiments, because adsorption may or may not be reversible, depending on the type of interaction.

  Once the maximum adsorption capacities had been established from the adsorption isotherms, further experiments were performed to obtain the real maximum adsorption capacities (Table 5). The same behavioral profile was obtained as shown in the adsorption isotherm results, with the same order of affinity. The two peats, TSA and TSI, showed significant differences in adsorption capacity in both the multiple and individual metal experiments. The Student t-test was used to evaluate differences between the two samples (with a confidence level of 95%). The differences observed between samples TSA and TSI were expected, due to their different compositions. A major difference was that the TSA peat had higher clay content, compared to the TSI peat, and showed strong evidence of the presence of aromatic compounds and phenolic acids. The clay content directly affects the average particle size of the material, since clay particles are small and increase the contact area available for interactions. The highly electronegative aromatic phenolic and carboxylic groups containing oxygen are responsible for the interaction with other components that possess positive charge, such as the micronutrients. It was therefore expected that the micronutrient adsorption capacity of sample TSA would be higher than that of sample TSI.

  
    

    [image: Table 5. Maximum micronutrient]

  

  Release of micronutrients from the peat samples into water

  Since desorption is as important as adsorption, experiments were performed to evaluate the reversibility of the adsorption process. In line with general practice, these experiments first employed an aqueous medium to obtain information concerning the release mechanisms. In the case of the in natura peat samples, it was found that Fe and Zn were released from both peats, especially at pH 4.5. Figure 5 shows the results of the release experiments performed at two different pH values, using samples of TSA and TSI that had been previously enriched with micronutrients adsorbed from multiple metal solutions. In all cases, the micronutrients released in highest concentrations were Fe and Zn, and the release was greatest at pH 6.0. The other micronutrients were released in lower concentrations. The observed orders of release were Zn > Fe > Mn > Co = Ni > Cu for sample TSA and Fe > Zn > Mn > Co = Ni > Cu for sample TSI. As discussed previously, Cu showed specific interaction with the peat samples and was the most strongly adsorbed element. It was therefore expected that Cu would be the least readily released element, which was confirmed by the results. The elements Fe, Zn, and Mn were least efficiently adsorbed by the peat samples. They were not strongly bound to the molecular structures of the peats, and were therefore liable to be easily desorbed. Abat et al.27 obtained similar results, with Zn being more efficiently desorbed into Ca(NO3)2 solution, compared to Cu, using tropical peat samples from Malaysia. This behavior was attributed to the strong adsorption of Cu by peat organic matter. Goveia et al.40 found that Fe, followed by Cu, were the elements most easily released from humin that had been extracted from peat and enriched with micronutrients. This behavior was attributed to different chemical interactions with the humin.40
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  Figure 6 illustrates the behavior obtained in the release experiments using peat samples TSA and TSI containing the micronutrients previously adsorbed from individual metal solutions, at two different pH values. Fe showed the greatest release in all the experiments. In the case of sample TSA, the pH did not significantly affect the concentrations of micronutrients released, while for sample TSI, differences were only observed for some of the micronutrients, with Fe showing greatest release at pH 4.5. The release orders obtained in the experiments using the peats enriched with individual metal solutions were Fe = Co > Zn = Ni > Cu > Mn (TSA) and Zn > Fe > Mn > Ni > Co > Cu (TSI). Once again, Cu showed the lowest overall release, while Fe and Zn were most easily released.
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  Table 6 summarizes the results obtained in the release experiments, showing the percentages of each micronutrient released. The first observation is that for sample TSI, the concentrations of micronutrients released were higher than for sample TSA. Again, the differences in molecular structures help to understand the results. The TSI peat showed no significant evidence of the presence of aromatic and phenolic compounds, so that interaction with the micronutrients was weaker, resulting in desorption by a reversal of the adsorption process. Another observation was that the release percentages were higher for peat that had been enriched using multiple metal solutions. Due to the high competition between the micronutrients, the interactions established in the adsorption process were more easily reversed during desorption. From the point of view of possible agricultural applications, this could be advantageous, because the same material could be used to make different micronutrients available to plants. Although the release percentages may appear low (0.18 to 4.34%), these values are considered to be satisfactory, since the amounts of micronutrients required by plants are on the order of µg g-1. High micronutrient concentrations can cause problems in plant development, or even death by poisoning.41
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  Release of micronutrients from the peat samples to the soil and plant

  Release mechanisms can differ, depending on the environmental conditions. In soil, the release of nutrients is determined by various factors, including those associated with plant growth. One possible way of evaluating the availability of nutrients to the plants is to observe the growth of shoots, since the leaves tend to develop better when the plant receives more nutrients. The release experiments performed using soil in pots with maize plants showed that there were differences between the treatments using in natura peat and peat samples enriched with micronutrients (Figure 7). During the first 15 days of the experiment, no differences were observed in the leaf heights of the controls. However, when the in natura peat samples were used, a small difference was obtained between peats TSA and TSI at 15 days, with the TSA sample showing a better response in terms of leaf height. This could have been due to the higher organic matter and carbon and nitrogen contents (C: 36.6; N: 3.1) of the TSA peat, which assisted plant development. Greater leaf heights were obtained when the peat samples had been enriched with the micronutrients. This could also be seen after 30 days, with the enriched TSI peat resulting in greater leaf height, compared to the enriched TSA peat. This suggests that micronutrient release was higher from the TSI peat, in agreement with the results of the release experiments performed using water. Previous work has also demonstrated that the use of peat and other materials rich in humic substances can result in improvements in nutrient release and the height and mass of leaves.8,9,42
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  The release of the micronutrients into the soil was measured (Figure 8, where the values obtained for the control have been deducted). The concentrations of Fe and Zn in the soil increased when the enriched peat samples were used, with Fe showing the greatest release for the TSA peat, and Zn for the TSI peat. Compared with the experiments using water, both micronutrients showed greater release from the TSI peat. The greater release of Fe into the soil using the TSA peat could have been due to the characteristics of the soil and/or the type of plant (in this case maize). Concentrations of Co and Mn were very low in all cases, while that of Cu either decreased with time (TSA) or remained fairly constant (TSI). The Ni concentration either remained stable (TSA) or tended to increase (TSI), as also observed in the release experiments using water.
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  Analysis of the plant leaves (Figure 8) showed that the concentration of Fe decreased with time (using both types of peat), while the concentrations of the other micronutrients remained fairly constant. In maize, the limiting nutrient is Zn, which acts as an enzyme activator and is fundamental for the development of plant tissues.43 It has been reported that the use of mineral-based fertilizers to provide micronutrients such as Zn can increase lead contamination;44 this problem could be avoided by using an organo-mineral fertilizer to provide micronutrients.31

  Understanding the processes involved in the release of nutrients to the soil and their subsequent absorption by plants is not straightforward and requires research on various different scales. However, adsorption and release experiments performed in the laboratory can provide valuable initial information. In the present case, the use of peat enriched with micronutrients appears to offer a good potential alternative in agricultural applications. Peat is able to adsorb substantial amounts of micronutrients, which can then be released into the soil in suitable quantities to assist the development of crops. 

   

  Conclusions

  The best adsorption of micronutrients by two different tropical peat samples was achieved by enrichment using a multi-metal solution. This procedure would facilitate the production of new fertilizers for use in agricultural applications, especially since the enriched peats are able to provide a simultaneous source of several different micronutrients at concentrations that are optimal for plant development. Differences in adsorption capacity were observed for the two peat samples assessed, with sample TSA showing a higher adsorption capacity, compared to sample TSI, due to its higher content of aromatic and phenolic groups.

  The results of the release experiments demonstrated that essential plant micronutrients can be released from peat into both water and soil in amounts that can provide observable improvements in plant development. Peats enriched with micronutrients offer a good potential alternative for use in agricultural applications, since in addition to adding organic matter to the soil, they can also provide plants with nutrients in the amounts required.
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    Este estudo é uma avaliação das taxas de sedimentação na região do delta do Rio Paraíba do Sul e sua correlação com a forte erosão que ocorre em Atafona, Rio de Janeiro. Os resultados obtidos são baseados 14 testemunhos de sedimentos, com um total de aproximadamente 540 amostras, coletados em janeiro de 2010 e fevereiro de 2011. Os inventários de 210Pb nos pontos de amostragem ao sul da desembocadura do Rio Paraíba do Sul foram maiores do que aqueles observados para os pontos de coleta na região norte e central, o que sugere que os sedimentos são transportados ao longo da costa com as correntes nesta direção. Os resultados da datação 210Pb foram validados com base na variação de concentração elementar ao longo de dois dos testemunhos. Concentrações de Cd e Zn aumentaram significativamente em 1982 e atingindo valores máximos (0,5 mg kg-1 e 139 mg kg-1, respectivamente) em 1984. Estes máximos correspondem ao acidente da indústria Cia Paraibuna de Metais, que ocorreu em 1982.

  

   

  
    This study aims to evaluate sedimentation rates in the Paraíba do Sul estuary and its shelf regions. These sedimentation rates were correlated with strong erosion occurring in Atafona, Rio de Janeiro. The results were based on four transects, from which 14 sediment cores with approximately 540 sediment samples were collected in January 2010 and February 2011. At sampling points south of the Paraíba do Sul River (PSR) mouth, 210Pb inventories were higher than those at the northern and central sampling locations, suggesting that sediment is transported southward by the alongshore current. The 210Pb dating results were validated based on the elemental concentration variation throughout two of the sediment cores. Heavy metal concentrations, such as Cd and Zn, increased significantly in 1982 and reached maximum values (0.5 mg kg-1 and 139 mg kg-1, respectively) in 1984. These maxima correspond to the Cia Paraibuna de Metais industry accident, which occurred in 1982.
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  Introduction

  Brazil has sufficient water supply for domestic, industrial and agricultural use, as well as for electricity generation. This potential for water use is exemplified by the Paraíba do Sul River (PSR) in Southeastern Brazil. The conditions in the PSR have deteriorated because of degradation that has occurred along the course of the river. The causes of this degradation include deforestation of the margins, leading to erosion; the use of agricultural pesticides; domestic sewage discharge and solid waste disposal; gold mining activities (like gold prospecting); and the construction of numerous dams.1 The primary purpose of these dams is to divert water to the Guandu River, which is the main water supply source for the city of Rio de Janeiro. The construction of dams on the PSR has reduced the amount of sediment and water reaching the sea, thus decreasing the deposition of sand to adjacent beaches and increasing the intensity of erosion.1 In recent years, the PSR has experienced a continuous modification of its delta, characterized by saline intrusion and strong erosion of the Atafona beach.2 The coastline of Atafona is receding, and the advancement of the sea has destroyed most shoreline structures. The retrogradation rate associated with erosion was estimated to be 7.5 m per year, based on photographic data from 1976 and on the determination of the front line by a global positioning system (GPS) in 1996.1 This erosion has destroyed 183 buildings in 14 km2.3 The most significant causes of this erosion are the combined effects of natural factors, such as wind, waves and tides, and human activities (i.e., dam construction). Another important factor affecting the coastline is the loss of approximately 30% of the mangrove area in the estuarine ecosystem.4 This ecosystem has an important role in coastal stability, and this deforestation promotes serious changes in the dynamics of coastal sedimentation.4

  The use of radionuclides in the environment (e.g., 210Pb, 226Ra and 137Cs) as sediment tracers offers considerable potential for determining sediment sources and sedimentation rates in a drainage basin. The excess 210Pb (210Pbexc) dating method is a commonly used chronometer for the reconstruction of anthropogenic inputs, including the reconstruction of historical trace metal and organic contamination, because of its applicability for dating recently deposited sediments (i.e., those deposited in the last ca.100 year).5-11

  Based on these assumptions, we have determined a 210Pb-based chronology and mass sedimentation rates to investigate the changes in sediment supply in this region over the last 50 years, aiming to evaluate human and natural impacts on the river's estuarine region.

   

  Experimental

  Study area

  The PSR, together with its tributaries, form the largest hydrographic basin in Southeastern Brazil, traversing three states (São Paulo, Minas Gerais and Rio de Janeiro) with an area of approximately 55,400 km² and a length of 1,500 km. The PSR estuary is located in a coastal plain formed by the PSR delta in the northern part of the state of Rio de Janeiro, near São João da Barra (21º36' S and 41º05' W).12 The PSR is a major river in the hydrographic basin of this region and has variable discharge, mainly due to anthropogenic and natural interventions along its course. Atafona is a town in the São João da Barra Municipality situated near the PSR estuary. In the 1950s, this town was a popular tourist and holiday destination, but Atafona has since suffered from erosion caused by shoreline recession.

  Materials and methods

  This work was based on four transects which were traced with respect to the outfall of the PSR. The first transect is toward the river outlet, than it was marked one at north and two at south. There were four points marked at 1 km intervals for each transect resulting 14 sediment cores with 546 sediment samples collected in January 2010 and February 2011 (Figure 1 and Table 1). The sediment core 3NN was very short and was not analyzed. The sediment cores were collected with a UWITEC corer and immediately sliced into 1 cm layers. Once sliced, the samples were weighed, and one aliquot was taken for grain size determination at Universidade do Norte Fluminense (UENF) laboratories. The fractions above 2 mm were separated by sieving, whereas the fractions smaller than 2 mm were evaluated using a particle analyzer with laser diffraction (Shimadzu Model SALD-3101) in several fractions according to the Wentworth scale.13 The analytical coefficient of variation was < 10% for each grain size fraction, and the accuracy was ca. 97% using the reference material (JIS S11, Lycopodium and Glass beads, Association of Powder Process Industry and Engineering, Japan). The remaining fraction was dried at 70 ºC in an oven with circulating air until a constant weight was achieved and then ground to a fine powder with a porcelain mortar.

  
    

    [image: Figure 1. Sediment sampling]

  

  
    

    [image: Table 1. Sampling point]

  

  210Pb concentrations were determined according to the procedure described by Godoy et al..14 To briefly summarize this procedure, 3 g aliquots were leached with 40 mL of 0.5 mol L-1 HBr for two hours at 80 ºC. The resulting solution was centrifuged, and the residue was leached with 40 mL of 0.5 mol L-1 HBr and 1.0 g hydroxylamine hydrochloride for two hours at 80 ºC. A lead carrier was added to the solution, and the mixture was transferred to an ion-exchange column containing Dowex 1X8, 50-100 mesh. This procedure was followed by a cleaning step with 0.5 mol L-1 HBr and 1.0 g hydroxylamine hydrochloride and further elution with 1 mol L-1 HNO3. Lead was precipitated as chromate, and the chemical yield was obtained gravimetrically. After waiting two weeks, the concentration of 210Pb was determined based on its daughter decay product (210Bi) by beta counting on a ten channel, low level proportional counter (Perkin-Elmer Prof Berthold LB-750). The minimum detectable activity for this technique is 3 Bq kg-1 (1 Bq-1 for 1 g sample) for 1000 min of counting time.

  The 210Pb sediment dating method is based on the measurement of excess or unsupported 210Pb activity, which is incorporated rapidly into the sediment from atmospheric fallout and water column scavenging.15 Once incorporated into the sediment, unsupported 210Pb decays with time according to its known half-life (22.3 years). The logarithm of the 210Pb concentration vs. sediment depth were first plotted, and excess 210Pb was then calculated by subtracting the constant 210Pb value observed in the core bottom, as shown in Figures 2a, k and l. According to Masqué et al.,16 the velocities based on these excess 210Pb values should be considered an upper limit. Sediment core chronologies were determined using the constant flux - constant sediment accumulation rate (CF:CS) and constant rate of supply (CRS) models.17-21
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  For elemental analysis, 250 mg aliquots of each sample were digested with an acid mixture of HClO4, HNO3 and HF in a Teflon digestion vessel and heated to dryness. The residues were then re-dissolved with HNO3. After a 0.5:10 dilution with 2% HNO3, elemental concentrations were determined by inductively coupled plasma mass spectrometry (ICP-MS) (Perkin-Elmer ELAN 6000), as described by Godoy et al..22 Aliquots of San Joaquim soil (NIST SRM 2709) were used to verify the analytical procedure, including the sample dissolution and ICP-MS analysis. Multivariate analysis has allowed for the interpretation of large datasets by statistical treatment and has been successful when applied to environmental studies.23 Principal factor analysis (PFA) and hierarchical cluster analysis (HCA) were used to identify sediment phases or the minerals present in the samples. Statistical analyses were performed using the Statistical Program for Social Science (SPSS), version 17.0.

   

  Results and Discussion

  210Pb in sediment cores

  The removal of pollutants from the water column is enhanced by the presence of fine-grained particulate matter (silt and clay), which have more surface area per unit mass relative to coarser particles (sand).24 The silt and clay fractions of the sediment were determined in this study, and a mean value of 87% was observed for the fine-grained particle fraction (< 63 µm).

  The terrigenous sediment contribution is represented by higher silt and clay content and lower carbonate content and is observed on the inner shelf, where inputs from rivers are dominant. The relationship between terrigenous and carbonate sedimentation influences sediment distribution in the studied area; higher sediment accumulation reflects fluvial input, whereas lower sediment accumulation reflects carbonate sedimentation.25 PSR sediments reach the external continental platform with a mean sediment flux of 1.0-2.0 × 106 tons per year.26 The carbonate percentage of the total sediment was calculated for three depths in the 2S core. These samples were chosen as representative of each sediment accumulation rate obtained for this profile. The carbonate fractions were 4% for the upper layer sample (at 7.5 g cm-2), 13% for the intermediate layer sample (at 13.1 g cm-2) and 22% for the deepest layer sample (at 20.8 g cm-2). These values are lower than the (silt and clay) percentages (83, 92 and 84%, for the upper, intermediate, and deepest layers, respectively), reinforcing the conclusion that these sediments were derived mostly from river inputs.

  Figures 2 a-m present the 210Pb profiles with cumulative mass depths for all thirteen sampled sediment cores and the 210Pb data can be found on the Supplementary Information (SI) section (Tables S1 to S13). The 1N and 3S cores presented an almost constant concentration of 210Pb with the depth. This pattern may be due to anthropogenic activities, such as trawling, which is common in the region, bioturbation by abundant polychaetes or even erosional processes. Based on the results from these two cores, sedimentation rates could not be estimated.

  Cores 1S, 2N and, to some extent, 3SS show a 210Pb pattern which could indicate periods during which material with different chemical compositions was deposited, leading to the presence of parallel 210Pbexc curves. Normalization to the fine fraction content (silt plus clay) was attempted; however, no change resulted in the observed trend.

  Instead of a constant 210Pb concentration in the deeper layers, the occurrence of 210Pb peaks was observed in several sediment cores. These peaks could indicate a variable concentration of 226Ra along the core, invalidating the subtraction of fixed 210Pb values for all layers. We have tested this hypothesis based on the U concentration along two sediment cores, 2S and 2C (Figure 3). In the 2C core, high 210Pb concentrations were observed for the two last sediment layers, but these high concentrations were not verified in the 2S core. Indeed, the U content along the 2S sediment core was constant, unlike that of the 2C core. However, the region of the core where a peak in the U concentration occurred did not correspond to an increase in the 210Pb concentration. On the contrary, this peak in U concentration corresponded to an exponential decrease in 210Pb with depth. In this region of Rio de Janeiro, U and Th are associated with minerals such as monazite and zirconite, which are refractory minerals for which dissolution requires procedures involving very elevated temperatures and concentrated non-volatile acid or even fusion.27 These dissolution procedures are unlike the leaching procedure involving 0.5 mol L-1 acid and 80 ºC, indicating that peaks in the 210Pb concentration are not associated with peaks in the U concentration. However, this assumption that 210Pb and U peaks are not associated with each other represents a weakness of the adopted procedure, reinforcing the importance of validating the dating results.
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  Some authors28 have claimed that sediment profiles presenting a surface mixing layer (SML) are not useful for dating purposes and that they are only useful for estimating sedimentation rates. Nevertheless, it has been shown that it is possible to use these profiles for dating purposes if the necessary corrections to the models are applied.29-32

  Below the surface mixing layer (SML), the 3C, 2SS and 4SS cores exhibited exponential variation in 210Pb concentration with depth. The CF:CS model was applied below the SML and produced quite similar results for the three sampling points: 0.058 ± 0.005 g cm-2 year-1 in the 3C core and 0.057 ± 0.005 g cm-2 year-1 in the two others (Figure 4). A mass accumulation rate of 0.054 ± 0.008 g cm-2 year-1 was also observed for the 2NN sediment core, indicating that a value of approximately 0.06 g cm-2 year-1 was a baseline rate at the PSR estuarine region.
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  At sampling site 4C, the CF:CS model was applied to the upper layers (above 5.4 g cm-2), where the sedimentation rate has been low (0.063 ± 0.002 g cm-2 year-1) and relatively constant over the last 70 years. The 210Pb inventory at this site was one of the lowest inventories found (0.16 Bq cm-2), indicating that this region is not strongly affected by the river plume. The river discharge flows alongshore to the south, which also explains the low sedimentation rate observed at site 4C.

  As noted by Carroll and Lerche,29 a way to expand the use of simple models to more complex profiles is to apply several models to different portions of a single sediment profile. The 2NN core exhibited exponential variation in 210Pb concentrations with depth only in the layers below 16 g cm-2, allowing for the use of the CF:CS model in the region below 16 g cm-2. The surface layers did not show this exponential variation, suggesting the existence of variable sedimentation rates. As a consequence, the CRS model was applied to these surface layers. Based on the CF:CS method, the mean mass accumulation rate was approximately 0.054 ± 0.008 g cm-2 year-1 prior to 1955. In contrast, the CRS model, applied to the surface layers, indicated that the actual sediment accumulation rate is 0.248 ± 0.003 g cm-2 year-1 in the 2NN core (Figure 5a).
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  Compared with the sampling points located nearby, the 210Pb concentration at 4S did not reach the supported value observed in the other cores, which was an average of 28 Bq kg-1. However, to calculate the 210Pbexc, this value (28 Bq kg-1) was assumed to be the supported 210Pb value in this core. The results showed three sediment accumulation rates over time: a lower rate of 0.067 ± 0.009 g cm-2 year-1 prior to the 1950s; an intermediate rate of 0.241 ± 0.007 g cm-2 year-1 for the period between 1950 and 1990; and a higher rate of 0.626 ± 0.025 g cm-2 year-1 from 1990 to the present (Figure 5b). 

  Based on the elemental analysis, the existence of a SML was not evident in the 2S and 2C sediment profiles, once some elements concentration, like Sr, were not constant. Therefore, the CRS model was applied to these profiles without the SML correction proposed by Appleby and Oldfield15 (Figures 5c-d). In the 2S sediment core, the existence of three sedimentation rates was verified: one from the present time to 1992, 0.579 ± 0.007 g cm-2 year-1, the second during the time period from 1987 to 1952, 0.150 ± 0.003 g cm-2 year-1, and a third at the bottom of the core, 0.083 ± 0.003 g cm-2 year-1, for ages older than 1945. Transition periods, corresponding to the cross symbols in Figure 5c, were also verified between these three zones. Similar findings were observed in the 2C sediment profile; however, lower sedimentation rates were found: one sedimentation rate was identified from the present to 2006, 0.400 ± 0.013 g cm-2 year-1, the second during the time period from 2000 to 1960, 0.131 ± 0.004 g cm-2 year-1, and a third at the bottom of the core, 0.047 ± 0.002 g cm-2 year-1, for ages older than 1950. For both sediment profiles, the mass sedimentation rates for the deeper layers were similar to those verified in six other cores, reinforcing the hypothesis that a baseline mass sedimentation rate in this region was approximately 
    0.05-0.06 g cm-2 year-1.

  To identify the areas of deposition and erosion in the PSR mouth region, the total 210Pbexc inventory was calculated as proposed by Appleby and Oldfield (Table 2).15 The sampling sites located south of the PSR mouth had 210Pbexc inventories of 1.0 Bq cm-2, which were higher than those at sites located to the north and center of the river mouth (Figure 6). These findings suggest that sediment is transported southward by the alongshore current, as previously proposed by Kumar et al.33 and Hamilton and Ebersole.34 This southward transport of sediment also explains why an increase in sedimentation rate was observed at some sampling points, despite the damming of the Paraíba do Sul river. 210Pb fluxes were also calculated using the total 210Pbexcess (210Pbexc) inventory, as proposed by Appleby and Oldfield (1992).15 The sampling sites located south of the PSR mouth had 210Pb fluxes of 31.0 mBq cm-2 year-1, which is higher than the sites located to the north and center according to the inventory results obtained.
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  210Pb chronology validation

  Some of the many tools available for the validation of 210Pb sediment dating are the fluxes between cores from the same region without a large river discharge, 137Cs concentrations in marine sediments (because its fallout is strongly adsorbed onto fine sediment particles) and metal concentration analysis with historical reconstruction.15,35 Trace metal contamination in the marine coastal environment is related to pollution sources in estuaries and rivers. Metals are mainly transported to the ocean by rivers via estuaries, and the major sources of anthropogenic metals in coastal areas are terrestrial. These terrestrial sources of anthropogenic metals include mining, industry, urban development, harbors and other human activities near rivers and estuaries.36,37

  The PSR is a major source of freshwater to the southeastern Brazilian coast. It also drains a significant industrial area and the second largest sugar cane production area, which may discharge various metallic pollutants into the river.38 The two major contaminant sources in the lower PSR basin during the early 1980s were agriculture and gold mining.39 Acute environmental problems involving heavy metals have also occurred in this area and can be applied as time markers: in 1982, a disruption of the Cia Paraibuna Metals tailings containment dam occurred, releasing heavy metals (especially Zn and Cd) and other toxic substances, contaminating the Paraíba do Sul River from the confluence with the Paraibuna River to its mouth; in 2003, 20 × 106 L of material from the paper industry, which was basically alkaline, organic and enriched in Pb, Hg and other metals, was released into the PSR, stopping the water supply for 8 days; and in 2006 and 2007, leakages of 4 × 108 and 2 × 109 L, respectively, of bauxite enriched in aluminum sulfate, also from a paper industry, was released into the PSR. 210Pb dating validation was accomplished using elemental analyses and metal analyses on the 2S and 2C cores to validate the assumptions required for CRS application to the cores. These two cores were chosen because their chronologies were calculated using the CRS model and because one is located south of the PSR mouth (2S) in a sediment deposition region, and the other is located at the center of the estuarine mouth (2C), in a region of comparatively higher energy and lower deposition than 2S.

  A consequence of changes in land use and the damming of the river is a change in the nature of the particulates reaching the PSR delta. The normalization of elemental concentrations to aluminum could help trace these changes, particularly for elements with a distinct origin, such as Ca and Mg. Figure 7 shows the Mg/Al ratio in the 2S and 2C sediment cores. A quite significant change in Mg/Al ratio from 1948 to 1966 is evident in the 2S core. This change in the nature of the sediment coincides with a period of major changes in the PSR system, with the construction of water power plants, the beginning of water transposition from the PSR to the Guandu River (to feed the Rio de Janeiro city water supply system) and the construction of several dams for flood control. The difference between the Mg/Al ratio patterns obtained in the 2S and 2C cores may be caused by higher mass deposition rates found at 2S compared with those at the 2C sampling point. The progressive reduction in the Mg/Al ratio may be evidence of increasing terrigenous deposition in the 2S region, resulting from intense erosion of the shoreline in this region. In contrast, the Mg/Al ratio in the 2C region after 1960 indicates a higher marine character of the sediment.
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  According to Coelho,40 the monitoring of trace elements was implemented by the local environmental authorities during the 1970s, and at the end of this decade, an environmental monitoring program of the PSR on a routine basis was established. Therefore, dependable heavy metal records are available after this time period. This author also states that the Cia Paraibuna has released large amounts of heavy metals into the PSR, particularly Zn and Cd, since it opened in 02/1980. After the 1982 accident, Zn concentrations of up to 500 mg kg-1 were reported at Itaocara, 150 km downstream of the confluence of the Paraibuna River with the PSR and 150 km upstream of the PSR mouth.

  Cadmium and Zn concentrations and Cd and Zn normalized by Al in the 2S profile (Figures 8a and 8b) show similar behavior, with a significant increase after 1980, coincident with the startup of the Cia Paraibuna de Metais. For both metals, a new, higher concentration seems to be reached after the end of the 1980s. These metals were normalized by Al to discriminate the lithogenic origin, where can be observed again similar behavior, increasing after 1980s.
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  Zinc and Cd show a similar pattern along the 2C sediment core (Figures 8c and 8d), with increasing concentrations after 1940, a peak concentration at the beginning of the 1970s, and decreasing concentrations afterwards. However, as mentioned by Coelho,40 there are no available data pertaining to metal pollution of the PSR system before the second half of the 1970s. Therefore, a validation of the calculated ages for the 2C sediment core was not feasible.

  Elements concentration statistical treatment

  Histograms, normal distributions and lognormal distributions were prepared for data analysis. To validate the results, a stepwise linear regression for each element was conducted to identify outliers (> 3 standard deviations); those elements that could not be significantly predicted by any other element were excluded from the data set. Elements with large numbers of missing values, those with low correlation with all other variables and those with analytical interferences in the ICP-MS technique were also excluded.

  In multivariate analysis, it is essential that a data set include an adequate number of samples to obtain reliable results. The degrees of freedom per variable should be at least 30 to obtain reliable results;41 therefore, for the 51 samples from the 2S profile, the maximum number of variables that can be used is 38. To reduce the number of variables, the following additional criteria were applied: a) elements with high concentrations in sea water or very low concentrations in sediments were not used; applying these criteria, B, Ag, Se, Li, Be, Ge, Na, Bi, W, Ga, Rb, Nd, Sb, Ba and Cs were excluded and b) preliminary tests showed that the rare earth elements and Y had a strong correlation among them, building a separate group, and therefore only La and Ce were used. After these criteria were applied, the data set was composed of 51 samples and 22 variables for PFA.

  The PFA results show that four factors explain 91.1% of the variability in the data (Table 3). Table 4 shows the Varimax rotated factor loading matrix (only factor loadings larger than 0.1 are shown, and those higher than 0.4 are shown in bold), indicating the elements retained in each factor and their communalities in the 2S profile. Each variable's communality, which represents the fraction of each variable explained by the retained factors, was higher than 79%.
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  A PFA factor denotes the sediment phase or mineral present with the elements associated with it. Factor 1 is related to the clay mineral phase because of the presence of Fe, Mn and Al. The elements Pb, Mo, Cu and Cr are also associated with the clay phase. The second factor appears to be related to sulfides. Most likely, these sulfides formed with transition metals, such as Co, Ni and Zn. These metals may be adsorbed by sediments after anthropogenic input, forming sulfides in deeper and anoxic sediment layers. The third factor (associated with Mg, Sr and As) resembles the carbonate phase, which is also present in marine sediments, and has a negative correlation with Cd. The fourth factor is related to heavy minerals, such as monazite, because of the presence of radioactive elements U and Th, the rare earth elements La and Ce, and the elements Al and Sc.

  A graph of factor scores from factor 1 versus those from factor 2 was plotted (Figure 9). The first factor, the clay mineral phase, differentiates the groups according to terrigenous input. In particular, a differentiation is observed between the layers before and after 17 g cm-2 (approximately 1955), when the inflexion on the 
    Mg/Al curve (Figure 7) occurs. The presence of an anoxic layer (factor 2) appears to be an additional discriminating factor only in the deeper layers, particularly those without unsupported 210Pb.
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  To validate the PFA, the factor scores were saved as new variables, and a hierarchical cluster analysis (HCA) was applied to the elements (variables). Five clusters were identified, three containing one of the principal factors with a similar distribution of elements as that obtained by the PFA (Figure 10). Instead of a single group containing the elements of factor 3 (Mg, Sr, As and Cd), the group was split into two groups, one involving Mg, Sr, As and K and the second one with only Cd. This behavior of Cd could be explained by the existence of an anthropogenic source, such as the Cia Paraibuna de Metais. When applied to the samples, the HCA resulted in five clusters, which could be aggregated into two larger sediment groups: surface and deeper layers (Figure 11), as observed in Figure 9.
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  To apply multivariate analysis, the number of samples must be larger than the number of variables, as described above. Therefore, PFA could not be applied in core 2C due to the profile length and number of samples (32). Notwithstanding, HCA was applied to the elements to identify the sediment phases. Similar to core 2S, five groups were also identified in 2C (Figure 12). The first group is related to the heavy mineral phase because of the presence of La, Ce and Th. Cadmium also appears to be related to this phase, but this association may be a consequence of the existence of at least two cadmium sources, one natural and one anthropogenic (Cia Paraibuna de Metais). The second group can be identified as a sulfide phase, containing Fe, Zn and V. The third group may be related to the clay minerals phase, with Al and Sc associated with some trace elements. The fourth group is related to the carbonate phase and is associated with As, Sr and Mg. Only the fifth group showed a different phase than those observed on the 2S core. This phase was associated with Mn, K and Co.
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  When applied to the samples, two clusters were obtained in the 2C profile (Figure 13): one group related to the bottom layers, where little 210Pbexc was observed, and another group comprising all other layers. This approach agreed with the 2S profile in this regard as well, with two large groups identified involving surface and bottom layers.
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  Metal concentrations

  The descriptive statistics for the elemental concentrations of sediment cores 2S and 2C are presented in Tables 5 and 6, respectively. The metal concentrations are statistically equivalent at both sampling points.
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  These metal concentrations can be compared with those obtained in Ribeira and Sepetiba Bays, which are both located in the state of Rio de Janeiro as well. Ribeira Bay is considered to be well-preserved from an environmental point of view, whereas Sepetiba Bay is heavily contaminated with metals such as Zn and Cd from a former metallurgical industrial plant.42 The elements V, Cr, Ni, Zn and Pb in the 2S and 2C cores have mean concentration values that are statistically equivalent to those found in Ribeira Bay. In contrast, the mean concentration of Cd is higher than in Ribeira Bay but lower than in Sepetiba Bay. The mean concentrations of copper in cores 2S and 2C are higher than in Ribeira Bay but equivalent to that observed in Sepetiba Bay.

  Approximately 20 years ago, Carvalho et al.43 determined heavy metal concentrations in the PSR continental shelf area. The reported mean values for Cu, Cr and Zn are quite similar to those observed in this study.

   

  Conclusions

  Differences in sedimentation rates may result from land-use changes in the drainage basin, hydrologic variations, and natural and erosional events. The elemental analysis showed that 210Pb dating is an efficient way to determine a precise temporal record of sediment changes in this region, allowing for the evaluation of the impacts of historical events.

  Based on the 210Pb inventories, it was possible to confirm that the actual sedimentation region is located to the south of the PSR mouth. A mass sedimentation rate of approximately 0.06 g cm-2 year-1 can be defined as a baseline for the estuarine region, though sedimentation rates reach as high as 0.62 g cm-2 year-1 in this higher deposition region. The existence of areas of enhanced sedimentation rates is explained by both sediment mass transfer from the northern part of the PSR mouth to an area further south and the observed erosion of the shoreline.

  Based on the elemental analysis of the samples from two sediment cores, it was possible to verify that the composition of the sediment changed after the 1960s, coincident with the beginning of the water transposition from the PSR to the Guandu River to feed the Rio de Janeiro city water supply system and the construction of several dams for flood control.
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    A cristalização da zeolita X com baixo teor de sílica (LSX) foi estudada em sistemas gelatinosos de Na-K, com diferentes graus de substituição do Na por K, enquanto fixou-se o conteúdo dos outros componentes. Difração de raios-X, espectroscopia de emissão atômica por plasma acoplado indutivamente, microscopia eletrônica de varredura, espectroscopia no infravermelho, e ressonância magnética nuclear foram usados para caracterizar as fases líquida e sólida. Na síntese do LSX, a relação molar de K/(Na+K) afetou a cristalização e a composição dos produtos finais. Uma maior fração molar do K correspondeu a uma menor taxa de cristalização, maior concentração de Si na fase líquida, e menor relação Si/Al do produto LSX obtido. O tamanho médio do LSX aumentou de forma constante com a substituição progressiva do Na por K nos géis originais, e a morfologia cristalina do LSX mudou gradualmente de volta para octaédrica. Na alquilação de tolueno com metanol sobre LSX, houve a diminuição da selectividade da alquilação do anel do produto xileno, enquanto que a alquilação na cadeia lateral dos produtos etilbenzeno e estireno aumentou com o aumento dos valores x exceto x = 0, devido à sua baixa cristalinidade.

  

   

  
    The crystallization of low-silica X zeolite (LSX) was studied in Na-K gel systems with different extents of replacement of Na by K while fixed content of other components. X-ray diffraction, inductively coupled plasma atomic emission spectroscopy, scanning electron microscopy, infrared spectra, and nuclear magnetic resonance were used to characterize liquid and solid phase. In the synthesis of LSX, the molar ratio of K/(Na+K) affects the crystallization and the composition of final products. A higher mole fraction of K corresponded to a lower crystallization rate, higher concentration of Si in the liquid phase, and lower Si/Al ratio of the obtained LSX. The average size of LSX products steadily increased with the progressive replacement of Na by K in the initial gels, and crystal morphology of the LSX products gradually changed from round to octahedral. For alkylation of toluene with methanol over obtained LSX, the selectivity of ring alkylation product xylene decreased while the side chain alkylation products styrene and ethylbenzene increased with the increased x values except x = 0, which was due to its low crystallinity.

    Keywords: LSX, synthesis, Na, K, Alkylation

  

   

   

  Introduction

  Zeolite X is a kind of microporous material with a faujasite framework structure and a Si/Al molar ratio that varies from 1.0 to 1.5. Each unit cell in the three-dimensional pore system of faujasite zeolite consists of 8 supercages, 8 sodalite cages, and 16 hexagonal prisms.1 Zeolite X is receiving increased attention because of its prominent selective adsorption property,2-4 high exchange capacity5 and medium-strength basic sites.6,7 Kim et al.2 studied the adsorption characteristics of nitrogen and oxygen with Li+ and H+ co-exchanged LSX (Li-H-LSX). They found that Li-H-LSX has higher nitrogen capacity and selectivity, and that it could be used as selective nitrogen adsorbent for air separation. Regarding ion exchange, the change rate to hydrated magnesium ion is five times higher than zeolite 4A.5 Given that LSX has appropriate acidity, basicity, and suitable acid-base pair sites, it can be used to catalyze the side chain alkylation of toluene with methanol to synthesize styrene.6-8 Alkylation of toluene with methanol over LiX, NaX, KX, RbX and CsX yields different products, either xylene or styrene and ethylbenzene, depending on whether ring alkylation or side chain alkylation is favored.9 It has been observed that ring alkylation of toluene by methanol to give xylene is favored on relatively high acidic zeolites like LiX and NaX, while side chain alkylation to give styrene and ethylbenzene is favored on basic zeolites like KX, RbX and CsX.10

  Aluminosilicate zeolites are usually synthesized under basic conditions; thus, cations are inducted together with OH-. Cations remarkably affect the properties of the aluminosilicate gel and the forms of the zeolite framework because of their "structure-forming" or "structure-breaking" capacities.11 Hydrothermal synthesis method in the Na-K system is a common way to synthesize zeolite X.12-14 Previous work studied the synthesis of LSX zeolite from kaolin clays heated with sodium carbonate in highly alkaline-mixed Na/K hydrothermal systems. They investigated the effect of the Na/K ratio on both the crystallization reaction and the characteristics of the products thus obtained.14 However, they did not investigated the effects of different Na/K ratios on the chemical compositions of liquid and solid phases in the synthesis process, and not explained why K replacing Na could affect crystal products. Therefore, the effect of replacing Na by K in the synthesis of LSX should be further investigated to aid the development of LSX. 

  This study investigated the effect of K/(Na+K) molar ratio in the synthesis of LSX. Focused was given on the effects of varying the amounts of K replacing Na on the crystallinity, crystallization rate, crystal morphology, crystal size and distribution of the LSX products, as well as on the chemical composition of the liquid and solid phases in Na-K system. At last, the catalytic behaviors of LSX products for the alkylation of toluene with methanol were discussed.

   

  Experimental

  Reagents

  Sodium hydroxide (NaOH), potassium hydroxide (KOH), sodium metaaluminate (NaAlO2), and sodium silicate (Na2SiO3·9H2O) were used to synthesize LSX. All reagents were analytical grade. Distilled water was used throughout. 

  Gels preparation

  LSX was synthesized by varying the molar ratios of K2O/(Na2O+K2O) with the molar ratios of (Na2O+K2O)/Al2O3, SiO2/Al2O3, and H2O/Al2O3 held constant. No interferences from other cations and anions (except the required ions Na+, K+, Al3+, [SiO32-]n, and OH–) in the initial gel and solution throughout the entire synthesis process. Gels with the following oxide molar compositions were prepared for LSX synthesis:

  5.5[(1–x)Na2O:xK2O]:Al2O3:2.2SiO2:260H2O

  where x = K2O/(Na2O+K2O) = K/(Na+ K), defined as the extent of Na replacement by K. The x values were varied from 0 to 0.4 by adding appropriate amounts of NaOH and KOH. 

  First, m g NaOH, n g KOH (Table 1) and 8.20 g NaAlO2 were dissolved in 110.00 g H2O together, and 31.25 g Na2SiO3·9H2O was dissolved in 106.50 g H2O at 50 ºC. Then, two kinds of solutions above were mixed at 50 ºC and made into gels in the synthesis reactor.

  
    

    [image: Table 1. Contents of NaOH]

  

  LSX was also synthesized in the pure Na system by increasing the content of NaOH without KOH while keeping the molar ratios of SiO2/Al2O3, and H2O/Al2O3 constant. Gels with the following oxide molar compositions were prepared for LSX synthesis:

  yNa2O:Al2O3:2.2SiO2:260H2O

  where y ranges from 5.5 to 6.2.

  First, w g NaOH (Table 2) and 8.20 g NaAlO2 were dissolved in 110.00 g H2O together, and 31.25 g Na2SiO3·9H2O was dissolved in 106.50 g H2O at 50 ºC. Then, two kinds of solutions above were mixed at 50 ºC and made into gels in the synthesis reactor.
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  Synthesis of LSX

  LSX was synthesized by a two-step hydrothermal process. The gels prepared above were aging at 50 ºC for 24 h and crystallizing at 100 ºC for different durations indicated in the following text using homogeneous synthesis reactors with stirring at 30 rpm. After cooling the reactors, the samples were centrifuged at 3000 rpm, and the liquid phase was collected to analyze the chemical composition. Afterwards, the recovered solid product was washed until pH 7.0 and dried at 100 ºC. After each run, the PTFE reactors were soaked with HCl (aq.) and washed with distilled water to clean out residual seed crystals.

  Characterization and catalytic test

  Powder X-ray diffraction (XRD) with Cu Kα radiation was carried out to determine the crystallinity of the solid products. The scanning range (2θ) was set between 5º and 50º with a step size of 0.02º. Inductively coupled plasma atomic emission spectroscopy (ICP-AES) (Thermo iCAP 6300) was performed to determine the concentrations of elements in liquid and solid phases. Scanning electron microscopy (SEM) (Sirion200) was used to observe crystal size and morphology. Infrared (IR) spectra of zeolite products from 400 cm-1 to 1400 cm-1 were recorded on a Nicolet 380 FT-IR using the KBr pellet technique. Both 29Si and 27Al magic angle spinning nuclear magnetic resonance (MAS NMR) spectra were measured with an AVANCE AV 400 spectrometer. Both CO2 and NH3 temperature programmed desorption (CO2-TPD and NH3-TPD) were used to determine the basic and acid strengths of LSX products. 

  The catalytic tests of LSX products obtained for the alkylation of toluene with methanol (toluene/methanol molar ratio = 5) were carried out in a fixed-bed reactor at 425 ºC with a mass space velocity of 1 h-1. LSX products were pressed, crushed, and sieved to 40-60 mesh. The samples (6.0 g) were placed in a quartz tube with an inner diameter of 10 mm. Reaction was conducted at atmospheric pressure. The obtained alkylation products were analyzed by a gas chromatography (SP3420) with Inowax capillary column. The conversions of the raw materials (C(i)) and the Selectivity of the products (S(j)) were defined as follows: 

  
    [image: Equation 01]
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  Results and Discussion

  Crystallization kinetics

  Figure 1 shows the XRD patterns of the solid phase for different x values of crystallizating for 6 h. The peaks at 6.1º, 10.0º, 15.4º, 23.3º, 26.6º, and 30.9º, i.e., the characteristic peaks of zeolite with a faujasite structure15 were observed on the XRD patterns of all the solid samples. This is in agreement with standard spectra of NaX (JCPDS No. 38-0237). When the Si/Al ratio is lower than 1.15, the X zeolite is usually called LSX.16 Combining the powder XRD patterns with the Si/Al molar ratio in Table 3, we can conclude that the LSX products were obtained under the synthesis conditions described above except x = 0. 

  
    

    [image: Figure 1. XRD patterns]
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  Standard X-type zeolite was synthesized according to reference12 and the intensity of the characteristic peaks at 6.1º, 10.0º, 15.4º, 23.3º, 26.6º, and 30.9º 15 were recorded as crystallinity reference. The crystallization results are shown in Figure 2. It is observed that the crystallinity is lower when x = 0, while pure X-type zeolite can be obtained when x = 0.1, x = 0.2, x = 0.3, and x = 0.4. Crystallization curves plotted in Figure 2 show the complex influence of x on the crystallization kinetics. As can be seen from it, an optimum crystallization time was required for each x to get LSX product with higher crystallinity, and the crystallization rate decreased gradually from x = 0 to x = 0.4. The highest crystallinity can be achieved when crystallization times were as follows: 5 h at x = 0 and x = 0.1, 6 h at x = 0.2 and x = 0.3, 7 h at x = 0.4. After the optimum crystallization time, the crystallinity decreased gradually at each x and the solid phases turned to gels gradually.

  
    

    [image: Figure 2. Crystallinity]

  

  For x = 0, the crystallinity of the solid product was very low. In order to prove that the effect of K replacing Na for synthesis of LSX is not that the alkali strength of KOH is stronger than NaOH in the same concentration, LSX was also synthesized by increasing the content of NaOH without KOH while keeping the molar ratios of SiO2/Al2O3, and H2O/Al2O3 constant. Figure 3 shows the XRD patterns of the solid phase with different y and crystallization for 5 h. Crystallinity was low for y = 5.5, 5.6, and 5.7. When the NaOH content continuously increased (above 5.7), LSX was hardly synthesized and the products were mostly gel. The reason could be that the basicity of the alkali solutions was so strong that the LSX crystal could be resolved in them. Therefore, LSX cannot be synthesized in a solution with low initial Si/Al molar ratio, sodium-containing, and no potassium under the synthesis condition of aging at 50 ºC for 24 h and crystallization at 100 ºC for a few hours.
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  Crystal morphology and size distribution

  The SEM images of LSX products obtained at x = 0.4 throughout the crystallization process are shown in Figure 4. The SEM image of LSX product in the initial time (0 h) shows that the solid product had an extreme rough surface, which suggested that the product contained quite amount of amorphous phase and the crystallinity was low. The grains were appeared and grew gradually in the whole crystallization process. A certain amount of grains with the size of 3 µm could be synthesized at 4 h, though their surface was rough. Remarkably the grains with smooth surface and octahedral morphology could be got at 7 h, which suggests that the product has high crystallinity. The result is agreed with the products crystallinity (Figure 2). 
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  The SEM images of LSX products obtained at different x values are shown in Figure 5. The SEM image of LSX product for pure Na gel (x = 0) shows that the solid product had an extreme rough surface, which suggested that the product contained quite amount of amorphous phase and the crystallinity was low. The result is agreed with the XRD pattern (Figure 1). Remarkably the crystal morphology at x = 0.4 was almost octahedral shape and had very smooth surface. As can be seen from Figure 5, the replacement of Na by K gradually changed the crystal morphology of the solid products from round to octahedral. 
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  The crystal size distributions were shown in Figure 6. The crystal size distribution range was broad when the replacement of Na by K was low (x = 0.1). When the replacement was higher (x = 0.4), the crystal size distribution becomes narrow, and most of the crystal particles were approximately 3.0 µm. The results suggests that the crystal size distribution becomes narrow (Figure 6) and the average size of the crystal products steadily increased with the increased replacement of Na by K in the initial gels. The reason was probably that K+ plays a role of structure breaking ions,17 thus the number of nuclei formed in gel matrix decreased with the increase of the fraction of K+, which leads the growth of nuclei become more predominant compared with the nucleus formation during the synthesis process of LSX.
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  29Si and 27Al NMR spectra of LSX products

  Figure 7(a) shows the 29Si NMR spectra of LSX products obtained after crystallization for 6 h. The peaks at –103, –99, –94, –89, and –85 ppm were assigned to Si atoms having 0, 1, 2, 3, and 4 Al atoms respectively in their second coordination sphere indicated as Si(0Al), Si(1Al), Si(2Al), Si(3Al), and Si(4Al), respectively.18 As shown in Figure 7(a), the peak area at −85 ppm was much larger than the others, and the peak areas at −103 and −99 ppm were almost zero, which indicated that Si atoms are almost linked with Al atoms through O atoms in the zeolite framework.
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  Figure 7(b) shows the 27Al NMR spectra of the LSX products obtained after crystallization for 6 h. At each x, the 27Al NMR spectra only showed one peak centered at 62 ppm, which belongs to tetrahedral Al (IV) species,18 whereas the octahedral Al (VI) is almost nonexistent (the peak at 0 ppm).

  The Si/Al molar ratio of the zeolite framework can be calculated from 29Si NMR spectra according to the equation 1,18 and the results are shown in Table 3. There is no significant difference between Si/Al(bulk) and 
    Si/Al(framework) for each x. This finding indicated that the relative contents of Si and Al incorporated into the gel and crystal were approximately the same in same crystallization time. The Si/Al ratios of the obtained LSX also decreased with increased initial K/(K + Na) ratio. This phenomenon can be explained as below. 

  
    [image: Equation 03]

  

  Crystallization process: chemical compositions of liquid and solid phases

  The chemical compositions of liquid and solid phases are collected in Figure 8 and Figure 9 respectively. The experimental data showed that the contents of sodium and potassium decreased in the liquid and increased in the solid phases slightly in the initial crystallization process. The amount of aluminum in the liquid phase decreased at the beginning of the crystallization process and almost remained constant after crystallinity reached the maximum. The amount of silicon in the liquid phase slightly increased at the beginning of the crystallization process and almost remained constant thereafter.
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  In strong alkaline solutions, silicon mostly exists as the monomeric silicate species,19 and aluminum exists as Al(OH)4– species in the liquid phase during the synthesis process of LSX.20 In the initial gel, silicon combined with silicon or aluminum into amorphous gels and transformed into solid phase. With the increased initial K/(Na+K) ratio, the pH of liquid solution increased, and the combination strength between silicon and silicon decreased. Therefore the content of silicon in the solid phase decreased with the increased x values in the same crystallization time. The concentration of silicon in the liquid phase increased with the increased crystallization time for all x values, which is caused by the dissolution of amorphous aluminosilicate during the heating of the reaction mixture from aging temperature (50 ºC) to crystallizing temperature (100 ºC).

  The content of aluminum in the solid phase during the LSX crystallization process shows rather complex dependence on x and crystallization time. As can be seen in Figure 9, the content of aluminum increased with the increased x values in the initial crystallization stage and after pure LSX products were obtained. Besides, the increase rate of aluminum content in the solid phase decreased with the increased x values during the LSX crystallization process, which is in accord with the changes of crystallization rate. 

  The content of silicon decreased and the content of aluminum increased in the solid phase with the increased x values after pure LSX products were obtained. It indicated that the Si/Al ratio of zeolite products decreased with the increased x. This can be confirmed by IR spectra. The IR spectra of LSX products at different x values are shown in Figure 10. A band at around 1080 cm-1 was assigned to the asymmetric stretching vibration of the Si–O bond21 in the framework of LSX. At different x values, the asymmetric stretching vibration of Si–O bond (νas(Si–O)) slightly differed, as shown in Figure 10. The peak of the asymmetric stretching vibration of Si–O bond shifted to low wave numbers slightly with increased x values. This finding indicates that the Si–O bond in the framework of the LSX weakened because the oxygen atoms of the Si–O bond combined with aluminum atoms. Hence, more aluminum atoms were incorporated into the framework of zeolite and the Si/Al ratio of zeolite products decreased with the increased x. 

  
    

    [image: Figure 10. IR spectra]

  

  Catalytic behaviors of LSX products for the alkylation of toluene with methanol

  The results of the catalytic performances of the obtained LSX products for the alkylation of toluene with methanol were shown in Table 4. As can be seen from it, the main products were carbon monoxide and hydrogen, though a certain amounts of xylene, ethylbenzene and styrene were generated.
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  The selectivity of styrene and ethylbenzene increased with the increased x values from 0 to 0.4. The CO2-TPD spectra (Figure 11(a)) showed that all LSX products obtained at different x values presented a major peak at relatively low temperature (around 220 ºC), which corresponded to the basic sites. The peaks slightly shifted to high temperatures with increased x values, which indicated that the base strength of the LSX products gradually increased with increased x values. This could be attributed the fact that the charge-to-radius of potassium ion is lower than sodium ion, which leads the base strength of lattice oxygen become stronger. While the side chain alkylation of toluene with methanol to give styrene and ethylbenzene was favored on relatively more basic zeolites to some extent. Besides, methanol could be decomposed to carbon monoxide and hydrogen over the more basic sites of the LSX, therefore, the conversion of methanol becomes higher with increased x values.

  
    

    [image: Figure 11. CO2-TPD]

  

  The highest selectivity of xylene can be obtained at x = 0.1. The NH3-TPD spectra (Figure 11(b)) showed that all LSX products obtained at different x values presented a major peak at relatively low temperature (around 240 ºC), which corresponded to the acidic sites. The peaks slightly shift to a low temperature with increased x values from 0.1 to 0.4 except x = 0. This finding indicated that the acidity strength of the LSX products gradually decreased with increased x values. While the ring alkylation of toluene with methanol to give xylene was favored on relatively high acidic zeolites, therefore the selectivity of xylene decreased with the increased x values except x = 0. At x = 0, the acidity strength of LSX product was the weakest, and the selectivity of xylene or styrene and ethylene were very lower. These results can be due to its low crystallinity 

   

  Conclusion

  The crystallization rate, crystal size and distribution, crystal morphology, as well as chemical composition depended on the mole fraction of K in the Na-K system during the synthesis of LSX. A higher mole fraction of K in the initial gels resulted in lower crystallization rate, and lower framework Si/Al ratio in the LSX obtained. The average size of the LSX products steadily increased with the progressive replacement of Na by K in the initial gels, and the crystal morphology of the solid products gradually changed from round to octahedral. 

  For alkylation of toluene with methanol over the obtained LSX, the main products were xylene, styrene, and ethylbenzene. The selectivity of ring alkylation product xylene decreased with the increased x values because of the decreased acidity strength of the LSX products. The selectivity of side chain alkylation products styrene and ethylbenzene increased with the increased x values because of the increased base strength of the LSX products. The selectivity of all products were low when x = 0, which was due to its low crystallinity.
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    Um novo método isocrático, rápido e simples da cromatografia líquida de alta performance (HPLC) de fase normal quiral foi desenvolvido e validado para a separação enantiomérica do ácido (S)-10-hidroxicamptotecin (10 HCTN), ((4S)-4-etil-4,9-dihidro-1H-pirano [3',4':6,7] indolizina [1,2-b] quinolina-3, 14 (4H, 12H)-diona), um fármaco anti-cancerígeno. Os enantiômeros de 10 HCTN foram separados em uma coluna Chiralpak IC (fase estacionária quiral derivada de polissacarídeo imobilizado), utilizando uma fase móvel que consiste de n-hexano:etanol (50:50 v/v) em uma vazão de 1,0 mL min−1. A resolução entre os dois enantiômeros foi superior a 3 usando o método otimizado. O método desenvolvido foi validado e mostrou serrobusto, exato, enantiosseletivo, preciso e adequado para a determinação quantitativa do enantiômero-(R) tanto na matéria prima quanto no fármaco.

  

   

  
    A new and simple, rapid, isocratic, normal phase chiral high performance liquid chromatography (HPLC) method was developed and validated for the enantiomeric separation of (S)-10-hydroxycamptothecin (10-HCTN), ((4S)-4-ethyl-4,9-dihydroxy-1H-pyrano[3',4':6,7]indolizino[1,2-b] quinoline-3,14(4H,12H)-dione), an anti-cancer drug substance. The enantiomers of 10-HCTN were resolved on a Chiralpak IC (immobilized polysaccharide chiral stationary phase) column using a mobile phase consisting of n-hexane:ethanol (50:50 v/v) at a flow rate of 1.0 mL min−1. The resolution between both enantiomers was greater than 3 in the optimized method. The developed method was extensively validated and proved to be robust, enantioselective, accurate, precise, and suitable for quantitative determination of (R)-enantiomer in bulk drug substance and product.

    Keywords: 10-hydroxycamptothecin, (R)-enantiomer, validation, anti-cancer activity, quantification, HPLC

  

   

   

  Introduction

  10-Hydroxycamptothecin (Figure 1a) is a potent DNA topoisomerase I inhibitor. It induces apoptosis in human breast cancer cells. It inhibits the activity of topoisomerase I and has a broad spectrum of anti-cancer activity in vitro and in vivo. 10-HCTN is a single agent delivered by oral administration in the treatment of human colon cancer. 10-HCTN significantly repressed the proliferation of colon 205 cells at a relatively low concentration (5-20 nmol L-1). 10-HCTN induced ultra-structural changes in nuclei and nuclear matrix were similar to those typically associated with lesions of DNA replication or RNA transcription.1-4
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  10-HCTN, a novel compound with an indole alkaloid structure, was clinically tested as a therapeutic agent by oral administration in the treatment of human colon cancer. The (S)-enantiomer has turned out to be a potent DNA topoisomerase I inhibitor.5 No HPLC (high performance liquid chromatography) method is available in the literature for the chiral analysis of 10-HCTN.

  10-HCTN is produced as a single isomer by a total synthesis and (R)-enantiomer could be present as a chiral impurity that is obtained in small amounts during the synthesis of 10-HCTN. Companies developing chiral drugs, where only one enantiomer is responsible for bioactivity, have to ensure that the process for their production is designed and optimized to minimize the formation or presence of the unwanted enantiomer to trace or below detection levels before taking the drug for toxicological, physical, pharmacokinetic and metabolic evaluation and determine its therapeutic benefits.6,7 Such stringent levels of purity require sensitive and reliable analytical methods that allow for the detection of these unwanted isomers.8 To the best of our knowledge, no HPLC method is available in the literature for the chiral analysis of 10-HCTN.9,10

  Separation of enantiomers has become very important in analytical chemistry, especially in the pharmaceutical and biological fields, because some stereoisomers of racemic drugs have quite different pharmacokinetics and different pharmacological or toxicological effects.11,12

  In recent years, research has been intensified to understand the aspects of the molecular mechanism for stereoselective biological activities of the chiral molecules. The development of analytical methods for the quantitative analysis of chiral materials and for the assessment of enantiomeric purity is extremely challenging due to the fact that enantiomers possess virtually identical properties.13 Recently, much work has been reported describing the use of chiral stationary phases, in conjugation with HPLC, as a way to separate and thereby individually determine the enantiomers of an enantiomeric pair.14,15 The chiral nature of the drug has made the importance to develop the chiral HPLC method for the enantiomeric purity and quantitative determination of undesired isomer.

  A simple and rapid isocratic LC method is often more preferred in ordinary lab. Polysaccharide chiral stationary phases are quite popular with wide recognition for direct resolution of enantiomers. A literature survey revealed that there is no HPLC method for separation of the (S) and (R)-enantiomers along with the quantitative estimation of (R)-10-HCTN. To the continuation of our reverse phase method development for 10-HCTN,16 we initiated some work to develop a normal phase HPLC method for the quantitative determination of (R)-enantiomer in 10-HCTN. The present research work deals with rapid, simple, precise and robust enantioselective isocratic chiral LC method for the enantiomeric separation of 10-HCTN using an immobilized polysaccharide based chiral stationary phase (Chiralpak IC). This paper deals with the validation of determination of the (R)-enantiomer in 10-HCTN drug substance and drug product.

   

  Experimental

  Chemicals and reagents

  10-HCTN was synthesized by a total synthesis. (R)-Enantiomer was prepared by using preparative HPLC in the laboratory. HPLC grade n-hexane was purchased from Rankem (New Delhi, India). The HPLC grade ethanol was procured from Commercial Alcohol (Mumbai, India). Stock solution was prepared in ethanol at a concentration of 0.5 mg mL−1.

  Instrumentation

  High performance liquid chromatography (HPLC)

  A Shimadzu HPLC system LC-2010 CHT (Kyoto, Japan) with a photo diode array detector (PDA) was used for method development and validation. The output signal was observed and processed using LC-solution software.

  Preparation of standard and sample solutions

  The stock solutions of 10-HCTN (0.5 mg mL−1) and (R)-enantiomer (0.5 mg mL−1) were prepared by dissolving an appropriate amount of ingredients in diluent (ethanol). For quantification of (R)-enantiomer in 10-HCTN, a solution of 0.5 µg mL−1 concentration was used.

  Chromatographic conditions

  Analysis was carried out by using a chiral stationary phase, Chiralpak IC, 250 mm × 4.6 mm, 5 µm (Daicel Chemical Industries, Ltd., Tokyo, Japan) column. The isocratic mobile phase consists of n-hexane and ethanol (50:50 v/v). The flow rate of the mobile phase was 1.0 mL min−1. A wavelength of 270 nm was found to be suitable for this analysis. The column temperature was maintained at 40 ºC and the injection volume was 10 µL.

  Method development

  The method development strategies adopted using chiral pack IC column involves different experiments based on nature and structure of compound. The design of mobile phase consists of a combination of alkane and polar alcohols based on normal or polar interactive modes. Initiated the screening analysis with the above combination of experiments to derive best suitable column and mobile phase conditions.

  The racemic mixture was prepared by physical mixing of equal proportions of (R) and (S) 10-HCTN (0.5 mg of each sample). A 0.5 mg mL−1 solution of racemic mixture was prepared in ethanol and used for the method development. To develop the suitable chiral HPLC method for the separation of the enantiomers of 10-HCTN, different mobile phases were employed.

  Several experiments were carried out in the normal phase using various chiral columns and mobile phases to develop the suitable chiral HPLC method for the separation of the enantiomers of 10-HCTN. While using the chromatographic conditions like chiralcel OD(H) and chiralcel OD columns with flow rate 1.0 mL min−1 and mobile phase of n-hexane, isopropyl alcohol (50:50) (v/v) mixture, it has been observed that the enantiomers of 10-HCTN 
    were eluted as broad peaks and the resolution (Rs) between isomers is very low. Inadequate separation was observed on these chiral stationary phases (CSP). However an improvement in peak shapes was observed when Chiralpak IC column with mobile phase of n-hexane, IPA (50:50) (v/v) mixture and same flow rate are used, but still, there are certain constraints like improper separation (Rs < 1.4) between enantiomers were observed. The next attempt was made on this amylose based CSP, wherein ethanol was used as a polar organic modifier in place of IPA, using the mobile phase consisting of n-hexane:ethanol (60:40), which would provide considerable separation between the isomers with longer retention times. Further trials were continued on the same CSP by increasing the polar ethanol percentage from 40% to 50% and addition of column oven temperature at 40 ºC. With these two changes, this gave comparatively good peak shape with lesser retention time as well as good resolution between the analyte peaks (Rs > 3).

  In the present optimized method, the typical retention times of (R) 10-HCTN and (S) 10-HCTN are eluted at 8.77 min and 10.4 min respectively (Figure 2a). The peak purity of (S) 10-HCTN is found to be homogeneous in all spiked samples. The resolution (Rs) between the two enantiomers was about 3.2. Diluent ethanol was used as blank and there was no interference of the blank with (R) and (S) isomers of 10-HCTN. The developed method is found to be selective from process related impurities.
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  Finally, the resolution was found to be more than 3 for the separation of 10-HCTN (R) and (S) isomers with the mobile phase consisting of n-hexane, ethanol in the ratio of 50:50 (v/v) and column oven temperature at 40 ºC. The elution was monitored at wavelength of 270 nm. Then, the same conditions were maintained for the determination of (R) 10-HCTN in (S) 10-HCTN.

  When 10-HCTN compound was subjected to base (1 N NaOH for 24 h at 60 ºC), the lactone ring of 10-HCTN is open in an alkaline environment and the acid form of 10-HCTN (ring-opened form, Figure 1b) is analyzed using the same chiral normal phase method. The hydrolyzed product is clearly separated from the two enantiomers (Figure 2b). Hence there is no interference with the quantification of (R) and (S)-enantiomers.

  System suitability

  The system suitability was determined by injecting racemic mixture containing equal quantity of (R) and (S)-enantiomers. Since the enantiomers form a critical pair of peaks in the chromatogram, the qualification criteria was resolution between two enantiomers, shown to be not less than 3 and tailing factor should not exceed 1.5.

  Precision

  Method reproducibility was determined by measuring repeatability and intermediate precision (between-day precision) of retention times and peak areas for each enantiomer.

  In order to determine the repeatability of the method, replicate injections (n = 6) of a 0.5 mg mL−1 solution containing 10-HCTN spiked with (R)-enantiomer (0.1%) was carried out. The intermediate precision was also evaluated over two days by performing six successive injections each day.

  Linearity of (R)-enantiomer

  Linearity was assessed by preparing six calibration sample solutions of (R)-enantiomer covering from 0.125 µg mL−1 (limit of quantification (LOQ)) to 0.75 µg mL−1 (25% to 150%) of the permitted maximum level of the (R)-enantiomer (0.125, 0.250, 0.375, 0.50 and 0.750 µg mL−1, i.e., 25% (LOQ), 50%, 75%, 100% and 150%) and prepared in ethanol from (R)-enantiomer stock solution.

  Regression curve was obtained by plotting peak area vs. concentration, using the least squares method. The percentage relative standard deviation of the slope and Y-intercept of the calibration curve was calculated. The upper and lower levels of the range were also 
    established. 

  Quantification of (R)-enantiomer in bulk drug substance and product

  The bulk drug substance and product did not show the presence of (R)-enantiomer; therefore standard addition and recovery experiment were conducted to determine the accuracy of the present method for the quantification of (R)-enantiomer.

  The study was carried out in triplicate at 0.05%, 0.1% and 0.15% of the 10-HCTN target analyte concentration. The recovery of (R)-enantiomer was calculated by determining recovery of the spiked amount of (R)-enantiomer in 10-HCTN.

  Sensitivity (limit of detection and limit of quantification of (R)-enantiomer)

  Limit of detection (LOD) and limit of quantification (LOQ) of (R)-enantiomer were achieved by injecting a series of dilute solutions of (R)-enantiomer.17

  The sensitivity of the method was determined by establishing the limit of detection and limit of quantification for (R)-enantiomer, which was estimated using slope method (ICH Q2 (R1))18 by injecting a series of dilute solutions of a known concentration. 

  The precision study was carried out at the LOQ level by analyzing six test solutions prepared at LOQ level and calculating the percentage relative standard deviation of area.

  Robustness of the method

  To determine robustness of the method, experimental conditions were deliberately altered, and chromatographic resolution between enantiomers was evaluated.

  The flow rate of the mobile phase was 1.0 mL min−1. To study the effect of flow rate on the resolution, 0.1 units were changed from 0.9 to 1.1 mL min−1. The effect of column temperature on resolution of both isomers was studied at 38 ºC and 42 ºC instead of 40 ºC while keeping mobile phase constant. The effect of change in percent of ethanol on resolution was studied by varying from −5 to +5% while the other parameters keeping constant. In the varied chromatographic conditions viz. flow rate, column temperature and mobile phase composition, the resolution between the peaks of isomers was found to be more than 3 illustrating the robustness of the method.

  Solution stability and mobile phase stability

  Stability of 10-HCTN in solution at analyte concentration was carried out by leaving the solution in tightly capped volumetric flask at room temperature on a laboratory worktable for 48 h. The content of (R)-enantiomer was checked at 6 h intervals up to the study period.

  The mobile phase stability study was also carried out for 48 h by evaluating the content of (R)-enantiomer in 10-HCTN. The same mobile phase was used for the 48 h during the study period.

   

  Results and Discussion

  Development and optimization of HPLC conditions

  The mechanism of separation in direct chiral separation methods is the interaction of chiral stationary phase (CSP) with enantiomer that is analyte to form short-lived, transient diastereomeric complexes. The complexes are formed as a result of hydrogen bonding, dipole-dipole interactions, pi bonding, electrostatic interactions and inclusion complexation.19

  The CSP that gave the best separation was Chiralpak IC which is cellulose tris(3,5-dichlorophenylcarbamate) with immobilized polysaccharide based CSP on silica gel. The separation of enantiomers on Chiralpak IC was due to the interaction between the solute and the polar carbamate group on the CSP. The carbamate group on the CSP interacts with the solute through hydrogen bonding using C=O and NH groups present in the CSP and C=O and OH in the 10-HCTN. In addition the dipole-dipole interaction occurs between the C=O group on the CSP and C=O group on the 10-HCTN.

  The immobilized polysaccharide based stationary phase in Chiralpak IC column has higher selectivity than protein based (chiral AGP) and amylose based (Chiralpak AD-H) columns, being suitable for the enantioselective separation and accurate quantification of (R)-10-HCTN. Another advantage of Chiralpak IC column is their greater stability under normal operation than other Daicel chiral columns. Immobilized column have good stability to strong solvents like tetrahydrofuran, ethyl acetate, and chlorinated solvents. Using immobilized stationary phase columns allows a great freedom of solvent choices.

  A representative chromatogram of the enantiomeric resolution of 10-HCTN was shown in Figure 2a. An excellent resolution (Rs = 3.2) between two enantiomers and ideal peak shape with tailing factor 1.18 was obtained. The system suitability test results of the chiral liquid chromatographic method on Chiralpak IC are presented in (Table 1).
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  Validation results

  In the precision study, the percentage relative standard deviation (RSD) was less than 0.5% for the retention times of the enantiomers, 0.43% for 10-HCTN peak area and 0.41% for peak area of (R)-enantiomer. In the intermediate precision study, the results showed that RSD values were in the same order of magnitude than those obtained for repeatability.

  The LOD and LOQ concentration were estimated to be 0.04 and 0.13 µg mL−1 for (R)-enantiomer, when signal-to-noise ratio of 3 and 10 were used as the criteria. The method precision for (R)-enantiomer at limit of quantification was less than 1.0% RSD.

  The described method was linear in the range of 0.125 to 0.75 µg mL−1 for (R)-enantiomer in 10-HCTN. The calibration curve was drawn by plotting the peak area of (R)-enantiomer vs. its corresponding concentration with correlation coefficient of 0.999 (Table 2). The equation of the calibration curve for (R)-enantiomer was y = 38170025.211x − 188.64 (Figure 3).
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  The addition and recovery experiments were conducted for (R)-enantiomer in bulk samples in triplicate at 0.05, 0.10 and 0.15% of the analyte concentration. Percentage recovery ranged from 99.2 to 100.4%.

  A HPLC chromatogram of (R)-enantiomer, of spiked (R)-enantiomer at 0.1% level in 10-HCTN sample and of 10-HCTN are shown in Figure 4.
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  The chromatographic resolution of the 10-HCTN and (R)-enantiomer peaks were used to assess the method robustness under modified conditions. The resolution between 10-HCTN and (R)-enantiomer was greater than 3.0 under all separation conditions tested (Table 3), demonstrating sufficient robustness.
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  The RSD% of (R)-enantiomer content during solution stability and mobile phase stability experiments was below 0.5%. Hence 10-HCTN sample solution and mobile phase were stable for at least 48 h.

  Analysis has been carried out on three different batches of 10-HCTN samples and observed R-isomer content is 0.07%, 0.08% and 0.08%.

   

  Conclusions

  A simple, rapid and accurate normal phase chiral HPLC method has been developed and validated for the enantiomeric separation of 10-HCTN. Chiralpak IC was found to be selective for the enantiomers of the drug. The completely validated method was showing satisfactory data for all the method validation parameters tested. The developed method can be conveniently used by the quality control department for the quantitative determination of chiral impurity ((R)-enantiomer) in the bulk material. The developed method is more rapid and enantioselective. The method shows right order of elution of (R)-enantiomer and (S)-enantiomer. The developed method is more suitable with respective to resolution (> 3), number of theoretical plates (> 5000), USP tailing (< 1.1) and percentage recovery of the (R)-enantiomer between 99.2 to 100.4%.
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    As propriedades de adsorção e de eficiência de inibição da cafeína como inibidor de corrosão "amigo do meio ambiente" para o aço-carbono em meio ácido foram avaliadas usando técnicas eletroquímicas e espectroscópicas. Experiências de polarização indicaram que a cafeína atua como um inibidor do tipo catódico. Dados de impedância mostraram que o recobrimento da superfície aumenta com o aumento da concentração da cafeína de 1,0 a 10,0 mmol L-1. A eficiência de inibição máxima obtida foi de 92,4%. A adsorção do inibidor de corrosão ocorreu de acordo com a isoterma de Frumkin, com energia livre de adsorção de –66,1 kJ mol-1. Medições de ângulo de contato revelaram a formação de um filme protetor com caráter hidrofóbico, enquanto que a microscopia eletrônica de varredura, a espectroscopia de energia dispersiva e experiências de fluorescência comprovaram a presença de cafeína na superfície do aço.

  

   

  
    The adsorption and corrosion-inhibition properties of caffeine as an eco-friendly corrosion inhibitor for mild steel in acid medium were investigated by electrochemical and spectroscopic techniques. Polarization experiments indicated that caffeine behaves as a cathodic-type inhibitor. Impedance data showed that surface coverage increased with caffeine concentration in the range of 1.0 to 10.0 mmol L-1. The maximum inhibition efficiency obtained was 92.4%. The adsorption of the corrosion inhibitor was consistent with the Frumkin adsorption isotherm with a free energy of adsorption of –66.1 kJ mol-1. Contact angle measurements revealed the formation of a hydrophobic protective film, while scanning electron microscopy, energy dispersive spectroscopy and fluorescence experiments clearly verified the presence of caffeine on the surface.

    Keywords: mild steel, caffeine, adsorption, electrochemical techniques, surface analysis

  

   

   

  Introduction

  The corrosion of low-carbon steel is an important academic and industrial topic, especially in acid media. This is due to the increasing industrial applications of aqueous acid solutions. The most important fields of application are acid pickling, industrial cleaning, acid descaling and in the petrochemical processes. As acidic solutions are among the most corrosive media, organic corrosion inhibitors are used to decrease the corrosion rate of low-carbon steels.

  Organic compounds containing mainly nitrogen, oxygen and sulfur, with or without heterocyclics, have for a long time been studied as potential corrosion inhibitors for metals and their alloys.1-17 In addition, some other compounds containing π electrons5,18-21 are expected to act as corrosion inhibitors for industrial applications. The main characteristic of the organic corrosion inhibitors is their ability to adsorb onto metal surfaces. Most of them are so-called mixed corrosion inhibitors because they adsorb at cathodic as well as anodic sites,22 providing corrosion inhibition for both reactions: the reduction of oxygen or protons at cathodic sites and the metal oxidation at anodic sites. The corrosion inhibition is achieved by modifying the activation energy of the cathodic and/or anodic reactions occurring at the electrode surface, or by decreasing the available reaction area via a geometric blocking effect.23 In general, the active site in the organic molecule responsible for the adsorption process is a polar group and therefore the presence of heteroatoms in the chemical structure is fundamental for a corrosion inhibitor. As is well-known, the first step in adsorption, when the thermodynamic equilibrium is favorable, is the replacement of water or other polar or ionic compounds originally adsorbed onto the metallic surface by the corrosion inhibitor.

  A problem commonly associated with inorganic corrosion inhibitors, such as chromates and nitrates, and organic corrosion inhibitors, such as azoles10,12,13,17 or thiourea derivatives11,14,24 is their toxicity. Fortunately, good results have been obtained using the so-called environmentally-friendly or eco-friendly corrosion inhibitors, which are employed as single compounds, dimmers, polymers and co-polymers, natural oils or extracts.25-33 For instance, in aqueous solutions, caffeic,3 L-ascorbic,4 and succinic6-8 acids have been recommended as potential corrosion inhibitors for mild steel.

  Caffeine (1,3,7-trimethylxanthine) is a naturally occurring compound largely found in foods which is not associated with toxicity.

  As can be seen from its chemical structure shown in Figure 1, caffeine presents the expected characteristics for a potential corrosion inhibitor. In addition caffeine is able to bind to a metal ion via the free oxygens located at positions 2 and 6.34 Nevertheless, caffeine has been rarely exploited as a corrosion inhibitor.9,35-37
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  The aim of this study was to investigate the adsorption properties of caffeine as well as its potential for application as an eco-friendly corrosion inhibitor for mild steel in acidic solutions. To achieve this goal, the corrosion of mild steel in 0.1 mol L-1 H2SO4 was studied in the absence and presence of different concentrations of caffeine by potentiodynamic polarization (PDP) and electrochemical impedance spectroscopy (EIS) techniques. The data obtained were used to analyze the adsorption isotherms from which thermodynamic parameters were determined. The adsorption of caffeine onto the steel surface was also verified through water static contact angle measurements (SCA), scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS) experiments. The molecular-level characterization was performed by fluorescence emission spectroscopy (FES).

   

  Experimental

  Chemicals and solutions

  Caffeine (C8H10N4O2) and sulfuric acid (H2SO4) of analytical grade were acquired from Vetec. They were used without prior purification. Filtered, distilled and deionized water was used to prepare all solutions. A stock solution of 0.1 mol L-1 H2SO4 was employed as the blank. To prepare the solutions containing caffeine, an appropriate weighed mass of the organic compound was added to a blank solution to give the desired final concentration. Solutions of 1.0, 3.0, 5.0, 10.0 or 50.0 mmol L-1 were used to test the adsorption onto mild steel and the inhibition capacity of caffeine. The mass of caffeine used to prepare the solutions was weighed on a Shimadzu Libror AEX 200G analytical balance. Except for the construction of the Arrhenius plots, all experiments were carried out at room temperature in naturally aerated solutions.

  Corrosion tests

  A double-walled one-compartment glass cell with a three-electrode configuration was used to carry out the corrosion tests. Disc-shaped working electrodes (WE) with a geometric area of 0.63 cm2 were cut from a mild steel sheet (C: 0.049, Mn: 0.227, Cr: 2.34, S: 0.0005, Fe: balance wt.%) and subsequently mounted in a glass tube with Araldite® epoxy, without thermal treatment. Prior to each corrosion experiment, the electrode surface was abraded with 1200 emery paper, cleaned ultrasonically, degreased with ethanol and rinsed with deionized water. A graphite rod and a saturated calomel electrode (SCE) connected to the cell by a bridge and a Luggin-Haber capillary were used as auxiliary (AE) and reference electrodes (RE), respectively. All potentials in the text are quoted versus SCE. A Voltalab 10 potentiostat/galvanostat, model PGZ 100 Radiometer Copenhagen, computer controlled using the VoltaMaster 4.0 software, was used for the corrosion and impedance experiments. The open-circuit potential (OCP) was measured for 1.0 h before starting the PDP experiments. Potentiodynamic polarization curves were recorded in agreement with the ASTM G5 norm.38 The initial potential sweep was always in the positive direction from –250 mV of the previously measured OCP, while the final potential was –100 mV vs. SCE. For other corrosion tests, the initial and final potentials were fixed according to the technique employed (Tafel, polarization resistance (Rp), etc.). The Arrhenius plots were obtained by measuring the corrosion current density (jcorr) at the corrosion potential (Ecorr) determined from PDP experiments carried out at 20, 30, 40, 50 and 60 ºC. The temperature of the solutions was controlled with a Microquímica MQBTC 99-20 thermostat. EIS was carried out at the open-circuit potential in the frequency range of 100 kHz to 100 mHz with a sine wave of 10 mV amplitude. Nyquist plots were used to calculate the double-layer capacitance (Cdl) and the inhibition efficiency (IE).

  Surface analysis

  Mild steel plates of 1.0 cm2 were abraded with 1200 emery paper, cleaned ultrasonically, degreased with ethanol and rinsed with deionized water. They were then immersed for 24 h in 0.1 mol L-1 H2SO4 solutions in the absence and presence of 1.0, 3.0, 5.0, 10.0 or 50.0 mmol L-1 of caffeine at room temperature. Samples were then rinsed with distilled water and dried under vacuum for 24 h for subsequent surface analysis through water SCA, SEM, EDS and FES. The wetting characteristics of the steel surfaces before and after adsorption of caffeine molecules were evaluated through water contact angle measurements using a Dataphysics OCA 20 goniometer and the static sessile drop method. In this method, the profile of a water droplet in contact with a solid surface was measured with a high resolution camera. The contact angle results are an average of five replicate measurements. The morphology and composition of the caffeine-modified steel surfaces were determined using, respectively, a JEOL JSM 6390-LV scanning electron microscope and a Thermo Scientific spectrometer controlled by Noran System 6 software. The molecular-level characterization was performed by obtaining fluorescence emission spectra on a Hitachi F4500 spectrofluorimeter equipped with a thermostated cell holder set at 25.0 ± 0.1 ºC. A solution of 10 mmol L-1 caffeine in 0.1 mol L-1 H2SO4 was used to obtain a reference spectrum. Slit width settings for both excitation and emission monochromators were adjusted to 5.0 nm. The samples were excited at 320 nm and the emission spectra were recorded at 335 to 440 nm.

   

  Results and Discussion

  Polarization measurements

  Figure 2 shows representative potentiodynamic polarization curves for mild steel in 0.1 mol L-1 H2SO4 solutions with increasing concentrations of caffeine after 1.0 h of exposure. The values of the electrochemical parameters listed in Table 1 were obtained from them and from other techniques, as described in the Experimental section.

  
    

    [image: Figure 2. Potentiodynamic]

  

  
    

    [image: Table 1. Electrochemical parameters]

  

  The PDP curves show the typical behavior of mild steel in acid solutions with well-defined cathodic and anodic curves.3,13,32 It can be clearly observed that the presence of caffeine shifted the Ecorr values to more negative potentials in comparison to those obtained in the absence of the organic compound. This behavior indicates an effective interaction between the caffeine and the steel surface resulting in adsorption of the organic compound. In addition, as will be demonstrated below (Thermodynamic considerations), caffeine–Fe2+ or caffeine–Fe3+ complexes can be formed and to adsorb on the electrode surface, decreasing the corrosion rate of the low-carbon steel. The OCP values also shifted to more negative potentials, but a more pronounced effect was observed for the Ecorr values, indicating that the adsorption could be a potential-dependent process. Indeed, to demonstrate indubitably such dependence with the potential, further experiments would be needed. Besides, the differences between OCP and Ecorr values were not so high, suggesting that the observed difference can also be due to the different techniques used, since OCP measurements were determined at I = 0 (zero) while Ecorr values were calculated from Tafel experiments, which is a quasi-steady state technique. There was a substantial decrease in the corrosion rate, as indicated by the decrease in the jcorr values from 231 µA cm-2 in the blank solution to 18 µA cm-2 in the presence of 10 mmol L-1 of caffeine. Under the same conditions, the Rp increased from 70 Ω cm2 to 604 Ω cm2, confirming the presence of a protective layer on the electrode surface. In the presence of caffeine, it is clear that the cathodic reduction reaction was inhibited and this inhibition became more pronounced with increasing caffeine concentration. The cathodic polarization curves give rise to parallel lines. The constant cathodic Tafel slope (βc) changed around 41 mV dec-1, from –152 mV dec-1 (blank) to –131 mV dec-1 (10.0 mmol L-1 caffeine). This behavior confirms the strong interaction between caffeine and the steel surface, suggesting also that the mechanism for the proton reduction reaction was affected. On the other hand, the anodic metal dissolution was not affected by the presence of the organic compound. The anodic Tafel slope (βa) changed just 18 mV dec-1. Besides, the current densities remained almost the same for the blank solution and the solutions containing 1.0 to 5.0 mmol L-1 of caffeine, as can be observed in the anodic polarization curves shown in Figure 2. For 10.0 mmol L-1 of caffeine, a slight increase in the currents is observed at lower potentials. The performance of caffeine as a corrosion inhibitor was evaluated according to the equations given below:
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  where j0corr and R0p are the values for the corrosion current density and polarization resistance, respectively, obtained in the absence of caffeine, and jcorr and Rp are the same parameters obtained in the presence of the inhibitor. The IE(%) values (Table 1) for caffeine concentrations of 1.0 to 10.0 mmol L-1 remained at between 9.8% and 92.4%, as calculated using equation (1) and between 7.1% and 88.5% using equation (2). These findings are in agreement with those previously published for the corrosion inhibition of different metals by caffeine in various environments.35-37,39

  EIS experiments

  Figure 3 shows the Nyquist plots for mild steel in 0.1 mol L-1 H2SO4 and in the presence of 1.0 to 10 mmol L-1 caffeine.
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  The profile of the Nyquist diagrams is the same in the absence and presence of the organic compound. This behavior is in agreement with those reported in the literature for the corrosion of mild steel in solutions without6-8,40,41 and with18,42 corrosion inhibitors. As can be seen, a deviation from the ideal semicircle is observed in the Nyquist plots, which is generally attributed to the frequency dispersion43 and roughness of the surface.44 In addition, a simple charge transfer mechanism can be assigned to the mild steel corrosion in 0.1 mol L-1 H2SO4 and in caffeine-containing solutions, since the Nyquist plots show a single semi-circle not associated with the diffusion process.

  The difference in the real impedance at lower and higher frequencies provides the charge transfer resistance (Rct), but in this study the polarization resistance (Rp) was used instead of Rct, based on discussions published elsewhere.45 The solution resistance-Rs shown in Table 2 was used to obtain the Rp values. As can be seen, the Rp values increased as the caffeine concentration increased, indicating the formation of a protective layer on the surface.
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  In parallel, the Cdl values shown in Table 2, calculated according to equation (3), decreases due to the action of caffeine molecules, which displace water molecules originally adsorbed onto the mild steel surface. The fraction of the surface covered (θ) by adsorbed caffeine was calculated according to equation (4), considering that Cdl is proportional to the surface not covered by the corrosion inhibitor.
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  where fmax is the frequency value at which the imaginary component of the impedance is maximal, Rp is the polarization resistance and C0dl and Cdl are the double layer capacitance in the absence and presence of caffeine, respectively. The data summarized in Table 2 show a progressive increase in the θ value as a function of the caffeine concentration. The IE(%) value using Rp values obtained from the EIS experiments was also calculated according to equation (2). For caffeine concentrations ranging from 1.0 to 10.0 mmol L-1 the IE(%) value remained at between 47.0% and 89.1%. The data obtained from impedance experiments are in agreement with the data obtained from the polarization experiments. All experiments show the increase of IE(%) as a function of the caffeine concentration. Once more, these findings confirm that caffeine adsorbed onto the mild steel surface, modifying the properties of the interface and acting as a good corrosion inhibitor under acidic conditions.

  Thermodynamic considerations

  Thermodynamic data were obtained from the experiments on the effect of temperature and from the adsorption isotherms. These data can provide basic information on the interaction between caffeine and the mild steel surface.

  The effect of temperature on the corrosion rate of mild steel was investigated by PDP experiments in 0.1 mol L-1 H2SO4 solutions alone and in the presence of 10.0 mmol L-1 caffeine. Experiments were carried out at 20, 30, 40, 50 and 60 ºC. The Arrhenius plots shown in Figure 4 were obtained in order to gain some insight into the effect of temperature on the corrosion rate.
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  As can be seen, straight lines showed a good correlation, verifying the dependence of the corrosion rate on the temperature. As occurs for other reactions, the mild steel corrosion rate increased with increasing temperature. In addition, the temperature increase led to a decrease in the IE(%) value, which is a clear indication of the formation of a film by physical adsorption. The steeper slope of the Arrhenius plot for the caffeine-containing solution resulted in a higher value for the apparent activation energy (Ea), as demonstrated below. In corrosion inhibitor studies, the Arrhenius equation can be expressed via the corrosion rate (jcorr), as shown in equation (5), 
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  where K is a constant, Ea is the apparent activation energy of the metal dissolution reaction, R is the gas constant and T is the thermodynamic temperature.

  Ea values of 29.5 kJ mol-1 and 43.9 kJ mol-1 were calculated for the systems without and with corrosion inhibitor, respectively, in agreement with a general rule which states that the apparent activation energy is higher in a system in the presence of corrosion inhibitors.8 According to some authors,4,8,11,17 the increase in the apparent activation energy in the presence of an inhibitor indicates that electrostatic forces predominate at higher temperatures and therefore physical adsorption occurs in the first stage. Lower values for Ea in the presence of the inhibitor are associated with chemical adsorption.3,14,32 Higher values of Ea for the inhibited system indicate that the inhibitor is more effective at lower temperatures.46

  The adsorption of caffeine onto the mild steel surface was also characterized using surface coverage data obtained from the EIS experiments according to equation (4). The data were fitted to Langmuir, Temkin and Frumkin adsorption isotherms using the equations below:3
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  where θ is the surface coverage, K is the adsorption-desorption equilibrium constant, C is the inhibitor concentration, and g is the adsorbate interaction parameter. All three isotherms shown in Figure 5 provided good fits with the experimental data.

  
    

    [image: Figure 5. (A) Langmuir, (B) Temkin]

  

  In studies on corrosion inhibitors, acceptable correlation coefficients generally lie between 0.99 and 0.60.3,8,32,42 A correlation coefficient of 0.88 was achieved for the Langmuir (Figure 5A), 0.82 for the Temkin (Figure 5B) and 0.93 for the Frumkin (Figure 5C) isotherms. These findings verify that the caffeine adsorption is best described by the Frumkin isotherm. A deviation of the correlation coefficient from 1.0 indicates that the adsorption process is controlled by the formation of a ligand-metal complex,8 in this case caffeine–Fe2+ or caffeine–Fe3+. The standard free-energy of adsorption (∆G0ads) can be calculated considering the adsorption-desorption equilibrium constant (K) of the Frumkin isotherm graph and using the following relation: 
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  where 55.5 is the water concentration, R is the universal gas constant and T is the thermodynamic temperature. The value obtained for the adsorption-desorption equilibrium constant was 6.8 × 109, which provides a ∆Gºads value of –66.1 kJ mol-1. The adsorption process is assumed to be spontaneous because the value for the standard free-energy of adsorption is negative. The spontaneous adsorption process commonly occurs in the case of organic corrosion inhibitors, but the high value for ∆Gºads demonstrates that the caffeine adsorption onto the mild steel surface is highly favored in acidic medium. ∆Gºads values of around 50.0 kJ mol-1 or higher are associated with charge sharing or charge transfer from the inhibitor molecules to the metal8 and indicate that chemisorption is the typical mechanism operating in the system. From the slope of the Frumkin isotherm was also possible to calculate the lateral parameter interaction (g). A value of –9.2 was obtained for this interaction parameter, indicating repulsive interaction between the adsorbed caffeine molecules.

  The assignment of an inhibition mechanism based on purely thermodynamic data may be misleading. In addition, the phenomenon of the adsorption of organic molecules onto metal surfaces cannot be considered simply as an individual physical or chemical process. A variety of experimental conditions and parameters control the predominance of one process over the other.47 Based on these considerations and on the thermodynamic data obtained, it is understandable that the adsorption of caffeine onto the surface of the carbon steel occurs primarily via electrostatic interaction (physical adsorption), as indicated by the results of the Arrhenius experiments, with the inhibitor displacing adsorbed water molecules. The adsorbed caffeine then reacts with the metal (iron) at the mild steel surface with charge sharing or charge transfer, according to a chemisorption process predicted by the Frumkin isotherm. Some chemical interactions can originate a caffeine–Fe2+ or caffeine–Fe3+ complex, as indicated by the Temkin isotherm. Nevertheless, the data clearly show a strong interaction between the caffeine and the mild steel surface, preventing the oxidation of iron and the deterioration of the metal alloy.

  Surface analysis

  The analysis of the mild steel surface corroded in 0.1 mol L-1 H2SO4 in the absence and presence of different concentrations of caffeine was carried out by SCA measurements, SEM, EDS and FES in order to verify the adsorption and corrosion inhibition properties of the organic compound.

  The wetting characteristics of the mild steel surface were analyzed after 24 h of exposure of the mild steel to solutions with and without the corrosion inhibitor. Figure 6 shows the contact angle between a water droplet and the mild steel surface measured under different conditions.
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  Figure 6A shows, for instance, a water droplet on the freshly polished mild steel surface, which served as a reference. The contact angle of 105º characterizes a water repellent surface, typical of mirror-like areas. The contact angle for a water droplet on the mild steel surface after immersion for 24 h in 0.1 mol L-1 H2SO4 (caffeine-free) was found to decrease to 17º (Figure 6B), indicating an increase in the wettability. This hydrophilic characteristic is due to the formation of polar inorganic corrosion products, which modify the composition and properties of the surface. In the presence of 10.0 mmol L-1 caffeine, the water droplet contact angle was found to increase to 31º (Figure 6C) leading to a less hydrophilic surface. On the other hand, when 50.0 mmol L-1 of caffeine was present in the solution (Figure 6D), the contact angle increased considerably to 96º, characterizing a hydrophobic surface, attributed to the formation of a water-repellent film containing caffeine adsorbed on the mild steel surface. The presence of this hydrophobic film and caffeine on the mild steel surface was further confirmed by SEM imaging and EDS composition analysis, respectively.

  Figure 7 shows a selection of SEM images recorded for mild steel coupons before and after immersion in a 0.1 mol L-1 H2SO4 solution for 24 h in the absence and presence of different caffeine concentrations (1.0-10.0 mmol L-1).
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  The morphology of the steel surface exhibited in Figure 7A reveals only marks remaining from the polishing. When the steel samples were immersed in the acid solution (Figure 7B) the surface morphology changed considerably. As a result of the action of the acid, the surface was highly corroded, generating an irregular porous surface. However, in the presence of caffeine (Figure 7C to 7F) the corrosion was suppressed and an increase in the surface coverage of a caffeine-based protective layer is clearly perceived. This protective layer overlaid the entire surface of the steel when it was obtained from a solution containing 10 mmol L-1 of caffeine (Figure 7F). This film, however, seems to be brittle, as shown by the cracks that appeared on the surface. The SEM micrographs corroborate the results obtained in the EIS experiments, which evidenced an increasing in the surface coverage with increasing caffeine concentration. The amount of caffeine species in the hydrophobic layer after immersion was found to increase with the concentration of inhibitor, as characterized by EDS.

  The EDS spectrum for the reference sample (Figure 8A) shows the main elements present in the mild steel used and oxygen, the latter being due to the spontaneous formation of an oxide layer. After immersion in the 0.1 mol L-1 H2SO4 solution, the EDS spectrum of the surface featured an additional signal attributed to the presence of S atoms from the corrosive medium (Figure 8B). The presence of caffeine adsorbed on the surface is supported by the peaks related to carbon and oxygen atoms, the integrated areas of which increased proportionally to the caffeine content added to the corrosive solution (Figures 8C-8F). This enhancement in the carbon and oxygen signals is due to the carbon and oxygen atoms of the adsorbed caffeine.
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  The SEM and EDS data show that a carbonaceous material containing oxygen atoms covered the steel surface. This protective layer is attributed to the inhibitor. Therefore, surface analysis by SEM and EDS support the results obtained by different techniques and discussed in the preceded paragraphs.

  As a final point, to characterize the molecular-level interaction between the steel surface and caffeine, fluorescence emission experiments were carried out at an excitation wavelength of 320 nm.48 Figure 9 shows the fluorescence emission spectra obtained.
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  As expected, the freshly-polished mild steel sample exhibits only reflective behavior. On the other hand, after immersion for 24 h in 0.1 mol L-1 H2SO4 in the presence of 10 mmol L-1 of caffeine, the same coupon shows a maximum emission peak at 369 nm, which was attributed to the caffeine adsorbed onto the surface. This spectrum was obtained from the difference between the fluorescence emission intensities of the caffeine-modified steel surface and the unmodified steel surface. The spectrum for 10.0 mmol L-1 of caffeine in 0.1 mol L-1 H2SO4 aqueous solution presents a maximum emission peak at 377 nm, in good agreement with the fluorescence emission spectrum for caffeine published in the literature.48 The shift in the maximum emission wavelength observed for caffeine adsorbed on the surface compared to that of caffeine in solution is due to the suppression effect caused by the binding between the steel and the caffeine, which alters the degree of freedom of the π-electrons.49 These findings confirm that caffeine is indeed bound to the mild steel surface and that an inhibitory effect is promoted by this organic compound, corroborating all results presented and discussed above.

   

  Conclusions

  The adsorption properties and corrosion inhibition efficiency of caffeine was evaluated for a corrosion system comprising a mild steel and an acid medium. The inhibition efficiency was more pronounced with increasing caffeine concentration. The inhibitor acts by decreasing the rate of the cathodic proton reduction reaction. The inhibition efficiency was also related to the adsorption of caffeine on the steel surface and the formation of a protective film with hydrophobic characteristics. According to the results presented, caffeine is strongly adsorbed onto the mild steel surface; the adsorption occurring through a spontaneous process involving a chemisorption mechanism. Surface micrographs showed an increase in the surface coverage with increasing caffeine concentration, in agreement with the data provided by impedance experiments. The presence of caffeine adsorbed on the mild steel was verified by spectroscopic measurements of the surface after corrosion tests in the presence of the corrosion inhibitor. Thus, as a general conclusion, caffeine shows good potential as an eco-friendly corrosion inhibitor for mild steel in acid solutions.
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    Foi utilizada a reação em cadeia da polimerase via transcriptase reversa (RT-PCR) seguida por eletroforese capilar em microchip para avaliar a viabilidade de esporos de Alicyclobacillus acidoterrestris após a inativação com saponina e temperatura. O método demonstrou ser adequado para tal propósito, além de ser mais rápido e sensível que a tradicional técnica de plaqueamento usado como padrão na indústria de alimentos. Os limites de quantificação e detecção foram 0,0107 e 0,0039 ng µL-1 de DNA amplificado, respectivamente. O coeficiente de correlação (r) entre plaqueamento e o método desenvolvido foi 0,9977, o qual indica uma excelente correspondência entre eles. Assim, é possível avaliar com confiança a viabilidade da bactéria usando a reação de RT-PCR para detecção. Para avaliação do potencial deste método molecular sobre microbiologia tradicional na inativação de A. acidoterrestris foi utilizado saponina como agente de inativação, potencializado com temperatura.

  

   

  
    It was used reverse-transcriptase polymerase chain reaction (RT-PCR) followed by capillary electrophoresis on a microchip to probe the viability of Alicyclobacillus acidoterrestris spores after inactivation with saponin and heat. The method was shown to be suitable for the purpose, and was faster and more sensitive than the traditional plating technique, the standard of the food industry. The limits of quantification and detection were 0.0107 and 0.0039 ng µL-1 of amplified DNA, respectively. The correlation coefficient (r) between traditional plating and our method was 0.9977, which indicates an excellent correspondence between them. Consequently, it was possible to assess, with confidence, the viability of bacteria using the RT-PCR reaction for detection. It was evaluated the potential of this molecular method over traditional microbiology in the inactivation of A. acidoterrestris by saponin as an effective agent, potentiated by heat.
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  Introduction

  The physical and chemical characteristics of concentrated orange juice combined with the effects of industrial thermal treatments usually inhibit most pathogens in this beverage.1 However, the spoilage of fruit juices by the thermoacidophilic spore-forming bacterium Alicyclobacillus acidoterrestris has been observed on a worldwide level, with increasing beverage spoilage seen during the last two decades.2,3 Fresh, concentrated, or even pasteurized orange juices are susceptible to spoilage by spores of A. acidoterrestris, which can survive the pasteurization process.4,5 The bacterium produces guaiacol, which produces flavor taints (off-flavors), and consequently causes the spoilage of fruit juices. However, no toxins are produced by this bacterium.6

  For the food industry, endospores represent the most difficult life form to inactivate since they show a great resistance not only to heat inactivation, but also to chemical treatments.7,8 Many compounds have been tested against A. acidoterrestris spores, with bacteriocins as the most studied preservatives. Nisin is more effective on spores than on cells; it seems to act at the stage of pre-germinant swelling, and at low concentrations (50-100 IU mL-1), its effect is sporostatic rather than sporicidal.9,10 Other bacteriocins have been proposed, such as enterocin AS-48, extracted from Enterococcus faecalis A-48-32,11 and warnericin, purified from Staphylococcus warneri.12 Their use, however, is limited due to the cost of extraction and purification.

  Another natural compound used to control A. acidoterrestris is low molecular weight chitosan (LMW, Mr 50,000-90,000 and 75-85% deacetylation degree). The optimal amount of chitosan added to the growth medium, combined with thermal processing, is 1.4 g L-1; lower amounts are not effective in controlling spore germination.13 Otherwise, higher amounts result in the formation of flakes, which imparts a negative organoleptic value to the beverage.

  The use of active compounds of essential oils has also been studied to control the germination of A. acidoterrestris. Cinnamaldehyde, eugenol, and limonene (0.05-0.5 g L-1) were found to inhibit the spores of two different strains of A. acidoterrestris (c8 and γ4).14 Cinnamaldehyde was the most effective compound and a concentration of 0.5 g L-1 inhibited spore germination after 13 days. It is possible to point out a hierarchy of the effectiveness of the active essential oil components: cinnamaldehyde > eugenol > limonene. At low concentrations, these chemicals seem to exert a reversible stress, as their effect is time-dependent, i.e., during the outgrowth step.

  Saponins are a large group of glycosides, widely distributed in higher plants. The amphiphilic behavior of saponins and their ability to form complexes with steroids, proteins, and membrane phospholipids impart a number of different biological properties. Consequently, these substances present a variety of biological activities, such as molluscicidal, piscicidal, antifungal, antimicrobial, anti-parasitic, anti-inflammatory, analgesic, expectorant, antioxidant, spermicide, and cholesterol-lowering activities.15-18

  The detection of A. acidoterrestris in juices is usually carried out by conventional culture microbiology methods. These methods, however, require several days (5-8 days) to obtain the final result. Additionally, they rely only on presumptive positive or negative results. Thus, molecular methods have the advantage of decreasing the time and increasing specificity and sensitivity in the detection of microorganisms. The polymerase chain reaction (PCR) is the main molecular method used in food analysis, but it cannot distinguish among viable, viable but non-cultivable (VBNC), and dead cells. Therefore, the RNA molecule has been used as the target and amplification template in reverse-transcriptase polymerase chain reaction (RT-PCR) assays. Being a short-lived molecule, RNA works as a marker of viability.19,20 The use of rRNA to assess viability is supported by the observation that bacterium degradation in vivo and in vitro is accompanied by ribosome disappearance, which is one of the first ultra-structural signs associated with the loss of bacterial viability.21

  Traditionally, the use of diagnostics at the molecular level involves a visual inspection of the separation results in an agarose or polyacrylamide gel. However, the need for faster and more sensitive methods jointly with technological advances has enabled the development of new methodologies. With progress in microfluidics, new systems for capillary electrophoresis-based lab-on-a-chip have been developed; these techniques represent a good alternative to rapid and sensitive gel electrophoresis. The Agilent 2100 Bioanalyzer was the first commercially available system to utilize chip-based nucleic acid separation technology. Using this instrument, nucleic acid samples are automatically separated and analyzed by capillary electrophoresis (CE) with laser induced fluorescence (LIF) detection.22,23 Additionally, the microfluidic system directly provides quantification data with excellent sensitivity.

  The purpose of this work was to correlate the plating technique (used as the reference method)24 and the new RT-PCR method coupled with microchip detection in the inhibition of A. acidoterrestris spores in orange juice by saponin and thermal treatments.

   

  Experimental

  Cell and culture media

  Alicyclobacillus acidoterrestris CCT 49028 were provided from the André Tosello Tropical Culture Collection (Campinas, São Paulo, Brazil). This extracted strain was selected to study the inactivation because orange juices are contaminated by it. Strains were grown at 45 ºC for five days in yeast glucose starch (YGS) media composed of 2.0 g of yeast extract, 1.0 g of glucose, 2.0 g of starch in 500 mL distilled water. The pH was adjusted to 3.7 with 1.0 mol L-1 H2SO4.

  The spores, obtained from cultures grown at 45 ºC for 5 days, were spread onto YGS agar in Petri dishes and incubated at 45 ºC for 5 days. After reaching more than 90% sporulation, spores were collected with a sterile swab and suspended in sterile distilled water. The pool of spores collected from the different plates was centrifuged at 5000 × g for 15 min at 4 ºC, washed twice with sterile distilled water by repeated centrifugation, and finally suspended in acidified sterile distilled water (pH 3.7). The spores were stored in tubes at −20 ºC until use. The suspensions with spores were activated by heat shock at 80 ºC for 10 min before inoculation into orange juice.

  Juices

  In this work, it was used concentrated orange juice (66.5 ºBrix, pH 3.57), commercially available in local stores, as a matrix for experiments on A. acidoterrestris inhibition.

  RNA total extraction

  All glassware used for RNA extraction was baked at 180 ºC overnight and all reagents were treated with 1% diethylpyrocarbonate (DEPC). Total RNA was extracted from 1.0 mL of samples using Trizol reagent (Invitrogen - Carlsbad, CA, USA). The pellets were suspended in H2O-DEPC treated with DNase at 30 ºC for 20 min to eliminate DNA molecules.

  Reverse transcription and PCR reactions

  For RT-PCR reactions, specific primers were designed for regions identified in previous study from the sequencing of 16S rRNA.25 The pair of primers yielded a PCR product of 294 bp (base pairs). The forward and reverse primer sequences were:

  forward (Ba190F): 

   5'-AC(A/G)GGTAGGCATCTCTTGT-3' and

  reverse (Ba490R):

   5'-AGGAGCTTTCCACTCTCCTTGT-3'

  The reverse-transcription step for the generation of cDNA was performed in a final volume of 20 µL. Antisense primer (1 µmol L-1) and 1 µL RNA samples digested with DNase I were denatured for 5 min at 70 ºC, then immediately cooled on ice for 5 min and added to 15 µL RT mix (2.0 mmol L-1 dNTPs, 3 mmol L-1 MgCl2, 1× RT buffer and 1 µL ImProm-IITM RT (Promega, Madison, WI, USA). The mixture was incubated for 5 min at 25 ºC, 60 min at 40 ºC, and 15 min at 70 ºC. After synthesis of the complementary cDNA strand, PCR was performed in 13 µL total reaction volume containing 3 µL cDNA product, 1× PCR buffer, 1.5 mmol L-1 MgCl2, 0.2 mmol L-1 dNTPs, 1 U Taq-DNA polymerase (Invitrogen), and 1 µmol L-1 of the specific primers. The PCR was performed on a conventional thermocycler (Mastercycler Gradient, Eppendorf, Germany) and cycle conditions were as follows: initial denaturation at 94 ºC for 4 min, followed by 35 cycles of 94 ºC for 1 min, 54 ºC for 30 s, and 72 ºC for 30 s, with a final extension at 72 ºC for 7 min. All experiments were performed in triplicate for each amplification reaction.

  Evaluation of the analytical parameters of the Agilent 2100 Bioanalyzer

  These experiments aimed to demonstrate the quality and reliability of analytical measurements performed using the microchip CE system for this work, in which some important analytical figures of merit were evaluated, such as linearity and dynamic range, accuracy, and limits of detection and quantification. The linearity and dynamic range of the Agilent 2100 Bioanalyzer were evaluated by constructing an analytical calibration curve using different concentrations of a 294 bp amplicon obtained as described in the Reverse transcription and PCR reactions section. The analytical curve was established with DNA concentrations ranging from 0.01 to 50 ng µL-1. To evaluate the accuracy of the proposed method, DNA was diluted into six different concentrations (50.0, 25.0, 12.5, 6.25, 3.12, and 1.56 ng µL-1) within the linear range. Finally, it was used the following equations to evaluate the detection (LOD) and quantification limits (LOQ):
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  where SD is the standard deviation and S is the slope of the curve.

  Detection of amplification products by microchip electrophoresis

  Separation, detection, and quantification of the RT-PCR amplification were accomplished using an Agilent 2100 Bioanalyzer (Agilent Technologies, Waldbron, Germany) with the LabChip® DNA 7500 kit. Samples of nucleic acids were automatically separated and analyzed by microchip capillary electrophoresis (CE) with laser-induced fluorescence (LIF) detection by monitoring the emission between 670 nm and 700 nm. Each chip analyzes 12 samples simultaneously in approximately 30 min, using only 1 µL of sample.

  Comparison of A. acidoterrestris detection by plating and RT-PCR

  The comparison of A. acidoterrestris quantification by plating techniques and by RT-PCR was carried out by diluting an volume with a known count of A. acidoterrestris spores, then inoculating it into concentrated orange juice. The initial concentration was 1 × 104 CFU mL-1 and it was monitored by optical density at 600 nm. Starting from the initial concentration, serial dilutions were made until 0.1 CFU mL-1 was produced. Again, the number of colonies was counted by plating and RT-PCR. Each sample, with different CFU counts, yielded different concentrations of DNA, and were run on the Bioanalyzer 2100 microchip in triplicate. Additionally, each assay was made in quintuplicate for each dilution in Petri plates, and the experiments for all concentrations were repeated three times on different days.

  Effect of heat-treatment and saponin on Alicyclobacillus acidoterrestris spores in concentrated orange juice

  In this experiment, the inactivation of A. acidoterrestris was performed with a commercial source of saponin and a purified extract of saponin from the fruit of Sapindus saponaria, in concentrations ranging from 100 to 500 mg L-1.

  Concentrated orange juice was inoculated with 1 × 104 CFU mL-1 spores of A. acidoterrestris and then either a commercial saponin solution or a purified extract diluted in water was added to the inoculated juice at a given concentration directly in test tubes. Other juice samples inoculated with spores were heated at 99 ºC for 1 min. This treatment was chosen because this was the best thermal treatment condition obtained in previous studies.26 CE on the microchip system (Agilent 2100 Bioanalyzer) quantified the DNA in triplicate, and the plating assays were done in quintuplicates.

   

  Results and Discussion

  Evaluation of the analytical parameters of the Agilent 2100 Bioanalyzer

  Linearity and dynamic range

  Figure 1 shows the linear behavior for the entire range with a correlation coefficient r = 0.9995. The r parameter allows us to estimate the quality of the data, indicating the dispersion of the experimental points and the uncertainty of the regression coefficients. High sensitivity and low detection limits are the differential advantage of this equipment. Moreover, using traditional DNA quantification methods would not achieve the desired accuracy. 
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  Accuracy

  It is very important to adopt sensitive techniques with high accuracy in the evaluation of cell viability. As said before, the accuracy of the method was evaluated into six different concentrations (50.0, 25.0, 12.5, 6.25, 3.12, and 1.56 ng µL-1) within the linear range. Table 1 shows the average of measurements of concentration of DNA performed on the Agilent 2100 Bioanalyzer, the relative standard deviation (RSD), and the difference from the expected value. It could be observe that the values obtained for concentration did not exceed 2.5% of the expected value. This low deviation value indicates that the equipment provides a high accuracy in the quantification of a transcript DNA. It was noticed that the RSDs were higher for analyses performed on different days. While this value did not exceed 6.0% in intra-day determinations, it reached 9.4% in inter-day experiments. Such values, however, are still acceptable for most analytical guidelines and indicate that the equipment shows good reproducibility. The data obtained here are in agreement with those from other authors,27-29 who evaluated the convenience of the use of the Agilent 2100 Bioanalyzer for quantification studies and routine analysis of DNA.
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  Limits of detection and quantification

  The limit of detection and the limit of quantification are the minimum concentrations of analyte that can be reliably detected or accurately measured, respectively.

  Table 2 shows the values derived from the analytical curves of two different assays (to increase the stringency of the study) and the calculated limits of detection and quantification, which were 0.0039 and 0.0107 ng µL-1, respectively. The values found are quite low, and such values cannot be reliably obtained with other methods using biological and microbiological processes. Thus, the results show that the proposed method is highly sensitive for detecting and quantifying DNA samples from bacterial transcripts with high bioanalytical standards. The results of the analytical parameters from the Agilent 2100 Bioanalyzer presented here showed the potential of capillary electrophoresis on a microchip platform for the analysis of cellular viability with the advantage of i) high speed, ii) high accuracy, iii) good reliability, and iv) high sensitivity, yet with low sample consumption.

  
    

    [image: Table 2. Limits of detection]

  

  Comparison of detection of A. acidoterrestris by plating and molecular techniques

  Plating is the microbiology method commonly applied for the detection of viable bacteria. This technique takes the advantage of detecting only living cells capable of replication. Since plating is the industry standard, this technique was used as a comparison parameter for other, newer detection methods, i.e., RT-PCR.

  We propose using a microfluidic platform in conjunction with molecular methods as an alternative to plating techniques for the fast detection of viable organisms. In contrast to the qualitative nature of plating, we also propose imposing a quantitative aspect with strong analytical criteria. First, it was directly compared the correlation between the CFU counts in a serial dilution of A. acidoterrestris with the concentration of the amplicon generated by RT-PCR. The direct correlation between the two is shown in Figure 2.
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  The correlation coefficient (r) was 0.9977, which indicates an excellent correspondence between the evaluated methods, while the determination coefficient (r2) of 0.9954 indicates that more than 99.5% of the data are explained by the variance of the data. Consequently, it is possible to assess with high analytical confidence that the viability of bacteria as spores in terms of CFU mL-1 is related to the concentration of the amplicon detected by RT-PCR. The initial inoculum of 1 × 104 CFU mL-1 was diluted to 1 × 10-1 CFU mL-1, which was the lowest dilution detectable in the plating method under the parameters defined in this work. Yet, the high sensitivity of microchip CE with LIF detection by the Agilent 2100 Bioanalyzer coupled with the amplification power of the PCR reaction and the specificity of the reverse-transcriptase reaction towards viable organisms allowed dilutions as low as 0.8725 CFU mL-1 for detection and 0.8755 CFU mL-1 for quantification of viable cells. Thus, it is unquestionable that the method for viability detection of microorganisms by RT-PCR is more sensitive and faster than the traditional plating method used in applied microbiology.

  Application of CE microchip with RT-PCR to investigate the inactivation of A. acidoterrestris in orange juice

  It was explored the high sensitivity capability of the RT-PCR/Bioanalyzer method in a study of the inactivation of bacteria. The use of saponin combined with heat (99 ºC for 1 min) aimed to inactivate the growth of A. acidoterrestris. Heat promotes a substantial decrease in the initial number of viable bacteria, while the presence of saponin inhibits the remaining microorganisms.26

  Figure 3 shows the growth behavior of the bacteria over time after treatment. A reduction of 96.4% for both methods used was achieved after 240 h (10 days) with the addition of 100 mg L-1 commercial saponin. Without the initial thermal treatment, inactivation was only 76.0%, thus the thermal treatment applied before saponin addition potentiated bacterial inactivation by 20.4%. If a higher concentration of saponin was used, over 99.0% inactivation was achieved within 120 h (5 days) at all concentrations of the preservative. The results demonstrate that thermal treatment was able to potentiate the inactivation the A. acidoterrestris by saponin. Heat reduces the initial number of cells, and a given concentration of saponin is able to suppress the remaining cells.
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  For this inactivation process to be used in the fruit juice industry, a concentration of saponin starting from 300 mg L-1 would be recommended. At this concentration, a 98.8% reduction is possible after 120 h in concentrated juice. This kind of juice is often exported overseas to other countries and the time for transportation is long. Thus, inhibition could be achieved during the journey. Thereby, when reconstituted for consumption, the juice will not present contamination problems with A. acidoterrestris and not compromise the organoleptic properties of the juice, typically diluted ten-fold.

  It is possible to see in Table 3 that the plating method was not able to detect all surviving spores at higher concentrations of saponin or longer incubation times because it is not as sensitive as the method proposed in this work. Thus, the RT-PCR method followed by electrophoresis in a microchip is more suitable for the detection of microbial viability than the conventional plating assay.

  
    

    [image: ]

  

   

  Conclusions

  It was applied in this work a method to detect and quantify A. acidoterrestris inactivation in juice. By applying RT-PCR to A. acidoterrestris treated with saponin and heat, we were able to show that a lab-on-a-chip system, i.e., the Agilent 2100 Bioanalyzer, can be used for the rapid, sensitive, and semiquantitative detection of cell viability. We demonstrated a linear correlation between traditional plating and our novel method with a correlation coefficient (r) of 0.9977. However, due to the high sensitivity of microchip CE with LIF detection using the Agilent 2100 Bioanalyzer coupled with the amplification power of the PCR reaction and the specificity of the reverse-transcriptase reaction, this new technique allowed dilutions as low as 0.8725 CFU mL-1 for detection and 0.8755 CFU mL-1 for quantification of viable cells. Thus, the method for microbial viability detection developed in this work is more sensitive and faster than the traditional plating method used in applied microbiology.
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    A atividade in vitro de queleritrina e lupeol, dois metabólitos isolados de Zanthoxylum rhoifolium, foram estudados contra o veneno da cobra Bungarus sindanus (Elapidae). O veneno, que é altamente tóxico para os seres humanos, é constituído principalmente pela enzima acetilcolinesterase (AChE). Ambos os compostos apresentaram atividade contra o veneno, e o alcalóide queleritrina apresentou maior atividade do que triterpeno lupeol.

  

   

  
    The in vitro activity of chelerythrine and lupeol, two metabolites isolated from Zanthoxylum rhoifolium were studied against the venom of the snake Bungarus sindanus (Elapidae). The venom, which is highly toxic to humans, consists mainly by the enzyme acetylcholinesterase (AChE). Both compounds showed activity against the venom, and the alkaloid chelerythrine presented higher activity than did triterpene lupeol. 
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  Introduction

  Natural phenomena such as insects, microbes and mutation can cause human illness. However, nature itself remains our ally, providing remedies to treat various diseases that are more economically viable than industrialized pharmaceuticals. Death from snake poisoning is an important public health problem in rural areas, especially in countries in Africa, Asia, Oceania and South America.1 The disadvantaged populations of these countries and those who work in agriculture or near forests, have the greatest exposure to this danger. These populations may not have access to anti-venoms, which are usually the only effective therapeutic agent. In this context, there has been much scientific interest in finding faster and cheaper solutions to mitigate or delay the ailments caused by poisonous snakes' bites. One solution is to use extracts, fractions or pure substances obtained from plants, which are more accessible to underprivileged populations.2-6 Except for Mamba snakes, Elapidae venom contains large amounts of acetylcholinesterase.7 The serine hydrolase, acetylcholinesterase (AChE - acetylcholine acetylhydrolase, E.C.3.1.1.7), is a non proteolytic enzyme mainly found in the synaptic tissue of muscles, brain, erythrocytes and cholinergic neurons.8 Its major function is the inactivation of neurotransmitter acetylcholine (ACh) through enzymatic breakdown which plays an essential role in the control of physiological events.9-10 ACh is stored in the form of vesicles in the nerve terminals and when depolarization occurs, ACh is released from the vesicles and enters the synapse, binding to the receptor. 

  There are two types of receptors in which ACh binding takes place: muscarinic and nicotinic. Muscarine receptors are mainly found in the peripheral nervous system with smooth and cardiac muscles, while nicotinic receptors are chiefly associated with the central nervous system.11 ACh binding with muscarinic receptors is generally associated with stimulation of the parasympathetic nervous system which entails decreased blood pressure, heart rate, constriction of bronchi, increased intestinal peristalsis and salivation. In the central nervous system, ACh binding causes stimulation of nicotinic receptors which is associated with cognitive processes and memory.12 In skeletal muscles, binding of ACh causes contraction. Recent investigation has revealed that this enzyme is also present in non-synaptic tissue, i.e., snake venom.7 However, the snake venom acetylcholinesterase is different from other vertebrate tissues in that it is present in soluble non-amphiphilic monomeric form,13,14 while from all other sources it occurs in multimeric form, having two or more subunits. Furthermore, in snake venom it is more stable than any other source.15 In snake venom, this enzyme is mainly present in family Elapidae which is well known due to highly toxic components in its venom. Furthermore, slight amount of AChE is also present in non-poisonous snake,16 where its function is unknown. Generally, peptide sequence study shows that snake venom enzymes have 65% homology with other acetylcholinesterases, and have the same catalytic triad for substrate hydrolysis.14

  Medicinal plants with anti-snake venom AChE activities might be useful as first aid treatment for victims of krait (Bungarus sindanus) snake bite, as well as those from other species of the Elapidae family common in South America, such as the coral snake (Micrurus carallinus). This is of particular importance especially in local areas where antivenom is not readily available. An example is the species Zanthoxylum rhoifolium, found in Brazil and in countries of the African and Asian continents. Species of the genus Zanthoxylum, that are used as anti-snake venom, along with other medicinal uses,17 are rich in metabolites belonging to the class of alkaloids, mainly benzophenanthridines, lignans and terpenoids. Although plant extracts containing alkaloids have been proven to possess anti-snake venom activity,18 there is no scientific proof for this type of activity for Z. rhoifolium.

   

  Results and Discussion

  In a preliminary test of the anti-AChE activity with the crude methanol extract of Zanthoxylum rhoifolium using the bioautographic assay in thin layer chromatography (TLC) plates gave promising results.19 These results prompted the study of isolated metabolites, benzophenanthridine alkaloids and triterpenoids from this extract. Due to the small amount of enzyme available, the two most abundant compounds, chelerythrine, representing the class of benzophenanthridine alkaloids, and lupeol, a triterpenoid, were selected for the study (Scheme 1). 
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  Chelerythrine and lupeol were found to modify the activity of the krait (Bungarus sindanus) venom acetylcholinesterase (AChE) in a dose-dependent response with the addition of 0.5 mmol L-1 acetylthiocholine (AcSCh) fixed substrate (Figure 1 A and B). 
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  The enzymatic behavior of krait venom AChE was measured under increasing concentrations of chelerythrine (3.86-11.58 µmol L-1) and lupeol (124-372 µmol L-1). The Lineweaver-Burk plot20 and double reciprocal plot indicated that chelerythrine caused linear mixed-type inhibition, which is considered to be a partial competitive and pure noncompetitive mixture. Lupeol had a similar pattern of inhibition with krait venom AChE. The double reciprocal plot indicated that Km (Michaelis-Menten constant = substrate concentration at which the reaction is half of Vmax increased) and Vmax (the maximum rate achieved by the system at maximum substrate concentrations) decreased with increased concentrations of chelerythrine/ lupeol (Figure 2 A and B).
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  The Km values increased from 75 to 236.6% while Vmax decreased from 15 to 42% with increased of chelerythrine concentration (3.86 to 11.58 µmol L-1, see Table 1) while for lupeol the Km values increased from 25 to 106.6% and Vmax decreased from 15.5 to 50.5% with concentrations ranging from 124 to 372 µmol L-1 (Table 2). 
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  The IC50 value for chelerythrine that inhibited 50% of enzymatic activity of venom AChE was found to be 6.7 µmol L-1 (Figure 3A) while for lupeol it is found to be 323 µmol L-1 (Figure 3B).
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  Comparing the data shown above (Km, Vmax and IC50), we could find that the alkaloid chelerythrine presented more potent inhibitory effect than the triterpenoid lupeol. In addition, the Ki (Inhibition Constant = concentration of inhibition which is required to decrease the maximal rate of the reaction to half of the uninhibited value, in the presence of a low substrate concentration) value for chelerythrine was found to be 4.3 µmol L-1, whereas for lupeol was found to be 223 µmol L-1 obtained using Cornish-Bowden plots of S/V vs. [I] (substrate concentrations/hydrolysis rates vs. inhibitor concentrations).21

   

  Conclusions

  The results of the present study indicate that chelerythrine, a benzophenanthridine alkaloid, isolated from Z. rhoifolium, has potential anti-AChE activity. This activity is less pronounced for lupeol, a triterpenoid commonly found in various plants, including Z. rhoifolium. In correlation, there is 65% amino acid sequence homology between venom and human AChE, therefore these compounds, mainly the benzophenanthridine alkaloids, need further studies for the treatment of Alzheimer's disease. In conclusion, the results support one of the popular uses of species of the genus Zanthoxylum as anti-snake venom.15,17

   

  Experimental

  General experimental procedures

  Melting points were determined in an MQAPF-301 melting point apparatus and are uncorrected. NMR spectra were acquired on a Bruker DPX-400 operating at 400 and 100 MHz, for 1H and 13C, respectively. Chemical shifts are given in δ (ppm) using TMS as internal standard. Thin layer chromatography was performed on pre-coated TLC plates (Merck, silica 60 F-254). The spots were detected using one or more of the following methods: UV (254 nm), spraying with Dragendorff's reagent or 10% H2SO4/EtOH, followed by heating.

  DTNB [5,5'-dithiobis-(2-nitrobenzoic acid)], acetylthiocholine iodide, ethopropazine, arachidonic acid and bovine serum albumin were purchased from Sigma (St. Louis, MO, USA). Sodium dihydrogen phosphate and disodium hydrogen phosphate were purchased from Neon Commercial LTDA (São Paulo, Brazil). All other reagents used were of analytical grade.

  Plant material

  Bark of Z. rhoifolium was collected in Santana do Livramento, Rio Grande do Sul, Brazil, in November 2008, and authenticated by Prof Gilberto D. Zanetti, Department of Pharmacy, Universidade Federal de Santa Maria, RS, Brazil, where a specimen sample (HDFI 134) is retained. 

  Extraction and isolation

  Isolation and purification of lupeol and chelerythrine from Zanthoxylum rhoifolium

  The dried stem bark of Z. rhoifolium (1 kg) was powdered and extracted four times with MeOH at room temperature. At this stage, we observed the formation of an insoluble precipitate, which was recovered by filtration (2.5 g) and saved for later analysis. The MeOH extract was filtered and concentrated in vacuum to obtain a crude extract (150 g).

  Part of the MeOH extract (70 g) was dissolved in H2O (100 mL) and acidified with 2 mol L-1 HCl to pH 2-3. After exhaustive extraction with Et2O, the acidic solution was made basic with NH4OH to pH 8-9 and extracted with dichloromethane (DCM) (5 × 100 mL) to yield the basic extract (4.5 g). The DCM basic fraction (4.0 g) was chromatographed on a silica gel column (230-400 mesh, 320 g) and eluted with CH2Cl2: MeOH mixture to prepare fractions 1-90. Fractions 35-38 obtained from CH2Cl2: MeOH, 80:20, and consisting of one alkaloid (TLC), were combined and concentrated in vacuum to give chelerythrine after crystallization from Et2O:MeOH (120 mg). Chelerytrine was identified by direct comparison of TLC with authentic samples, and by comparison of spectral data (EIMS, 1H and 13C NMR) with reported values in the literature.22-23

  Part of the MeOH extract (10.0 g) was dissolved in H2O (50 mL) and exhaustively extracted with n-hexane. The n-hexane fraction (3.0 g) was chromatographed on a silica gel column (230-400 mesh, 240 g) and eluted with n-hexane:CH2Cl2 mixture to prepare fractions 1-20. Fractions 10-12, obtained from n-hexane:CH2Cl2, 80:20, were combined and concentrated in vacuum to give lupeol (150.0 mg). Lupeol was identified by direct comparison of TLC with authentic samples, and by comparison of spectral data (1H and 13C NMR).

  Venom

  Venom from krait (Bungarus sindanus) snakes was milked manually, mixed, lyophilized immediately and stored at –20 ºC for further use.

  Protein determination

  Protein was assayed by the method of Bradford24 using bovine serum albumin as standard.

  Acetylcholinesterase assay

  Acetylcholinesterase activity of krait snake venom was determined by the method of Ellman et al.25 with some modification.26,27 Dose dependent assays were performed in the absence and presence of different concentrations of chelerythrine (3.86-11.58 µmol L-1) or lupeol (124.0-372.0 µmol L-1) by the addition of fixed 0.5 mmol L-1 acetylthiocholine (AcSCh) while kinetic analysis hydrolysis rates (V) were measured at various acetylthiocholine iodide (S) concentrations (0.05-1 mmol L-1) in 1 mL assay solutions with 62 mmol L-1 phosphate buffer, pH 7.5, and 0.2 mmol L-1 5,5'-dithiobis(2-nitrobenzoic acid) (DTNB) at 25 ºC. In enzymatic assay, 20 mL diluted snake venom (4 mg of protein) were added to the reaction mixture and pre-incubated for 10 min at 37 ºC, 0.06 mmol L-1 ethopropazine (a classic selective, potent inhibitor of butyrylcholinesterase (BChE)) was used to inhibit the presence of any contamination of BChE in the sample (ethopropazine does not affect the activity of snake venom AChE). The enzyme substrate reaction was started by the addition of different substrate concentrations after pre-incubation with ligand (chelerythrine and lupeol). The amount of yellow color which developed over time was a measure of the activity of AChE. It was monitored at 412 nm after every 15 s during 2 min using a Hitachi 2001 spectrophotometer (Hitachi, Japan). All samples were run in duplicate and repeated at least four times.

  Statistical analysis

  Statistical analysis was performed using one way ANOVA, which was followed by post-hoc analysis (Duncan multiple range test) using the Statistica software package (Stat Soft®, TULSA, OK, USA).

   

  Supplementary Information

  Supplementary data and spectra of the compounds are available free of charge at http://jbcs.sbq.org.br as a PDF file.
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    Uma série de dez novos análogos de 1,3,4-oxadiazóis contendo uma parte dibenzosuberano foram sintetizados usando tanto uma aproximação de síntese linear, quanto convergente. Todos os compostos foram caracterizados por espectrometria de massas, espectroscopias no infravermelho (IR), de ressonância magnética nuclear de 1H (1H NMR ) e 13C (13C NMR) e análise elementar. As atividades bactericidas e antifúngicas destes compostos foram avaliadas, determinando-se que entre estes, quatro derivados, especificamente 8a, 8d, 8e e 8j, foram altamente bactericidas e antifúngicos.

  

   

  
    A series of ten novel 1,3,4-oxadiazole analogs containing dibenzosuberane moiety were synthesized using linear as well as convergent synthesis approach. All the compounds were characterized by mass spectrometry, infrared (IR), 1H and 13C nuclear magnetic resonance (1H NMR and 13C NMR) spectroscopies and elemental analysis. These compounds were evaluated for antibacterial and antifungal activities. Among ten analogs, four compounds, namely, 8a, 8d, 8e and 8j were found to be highly active antibacterial and antifungal agents. 

    Keywords: dibenzosuberane, 1,3,4-oxadiazole, antibacterial, antifungal 

  

   

   

  Introduction

  The rigid, tricyclic framework of dibenzosuberane (10,11-dihydro-5H-dibenzo[a,d]cycloheptene, (A), Figure 1) constitutes an integral part of the structure of molecules that are known to be effective for the treatment of depressive disorders.1 Analogs of dibenzosuberane such as amitriptyline2 ((B), Figure 1) and nortriptyline3 ((C), Figure 1) are well known tricyclic antidepressants which are used as first line medicines in the treatment of migraines, tension headaches, anxiety, psychosis, aggression and violent behavior. Derivative of dibenzosuberane, 1,1a,6,10btetrahydrodibenzo[a,e]cyclopropa[c]cycloheptene ((D), Figure 1), obtained on annellation of a cyclopropyl ring to the dibenzosuberane framework, has been incorporated in the structure of potent multiple drug resistance modulators.4 Easy access and close structural resemblance to popular pharmaceutical intermediate, dibenzazepine, makes dibenzosuberane an attractive drug scaffold.
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  2,5-Disubstituted-1,3,4-oxadiazoles ((E), Figure 1) are known to exhibit a broad range of potent biological activities. A number of 1,3,4-oxadiazoles having appropriate substituents at 2 and 5 position are widely used as antimicrobial,5 anti-HIV,6 analgesic,7 antiinflammatory,8,9 anticonvulsant,10,11 and antitumor12,13 agents. We envisaged that attachment of dibenzosuberane framework to versatile 1,3,4-oxadiazole ring would produce synergistic effect and lead to novel hybrid molecules that may possess interesting biological activities. To validate this hypothesis, a series of ten novel hybrid molecules (8a-8j, Figure 1) in which a derivative of dibenzosuberane, 1,1-difluoro-1a,10b-dihydrodibenzo[a,e]cyclopropa[c]cycloheptane, was linked to 2-methyl-5-(substituted-phenyl)-1,3,4-oxadiazole ring were synthesized. All ten novel compounds were characterized by mass spectrometry, IR and NMR spectroscopy and elemental analysis and evaluated for antimicrobial properties. The study revealed that a number of novel dibenzosuberane containing 1,3,4-oxadiazole analogs possessed excellent antibacterial as well as antifungal activity. 

   

  Results and Discussion

  Synthesis of novel 1,3,4-oxadiazole analogs containing dibenzosuberane moiety (8a-8j) 

  In order to synthesize novel 1,3,4-oxadiazole analogs containing dibenzosuberane unit (8a-8j), first, we adopted linear strategy as disclosed in Scheme 1. Dibenzosuberenone 1 was heated with sodium chlorodifluoroacetate in triglyme at 180-190 ºC to obtain 1,1-difluoro-1a,10b-dihydrodibenzo[a,e]cyclopropa[c] cyclohepten-6-one 2. Compound 2 on reduction with sodium borohydride in methanol at 0-5 ºC afforded corresponding alcohol 314 which on treatment with ethyl bromoacetate in presence of sodium hydride in DMF gave compound 4. The reaction of compound 4 with hydrazine hydrate in ethanol under reflux yielded hydrazide 5. Interestingly, cyclization reaction of hydrazide 5 with benzoic acid in phosphorous oxychloride to construct 1,3,4-oxadiazole framework did not give corresponding dibenzosuberane-1,3,4-oxadiazole analog 8a. Alternatively, hydrazide 5 was treated with benzaldehyde (6) in ethanol under reflux to obtain corresponding N'-benzylidenehydrazide (7) which was cyclized using chloramine-T in ethanol at 60 ºC to afford desired analog (8a). Although, the compound was isolated in good purity, yield of the final cyclization reaction did not exceed 15%. 
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  Lower yield in the linear synthesis strategy (Scheme 1) prompted us to explore alternate convergent synthesis approach as depicted in Scheme 2. 2-Chloromethyl-5-(substituted-phenyl)-1,3,4-oxadiazoles15 (12a-12j) needed for the convergent synthesis route were prepared by reacting appropriately substituted benzoic acids (9a-9j) with hydrazine hydrate in the presence of ethyl chloroformate in DCM to obtain corresponding hydrazides (10a-10j) which were further reacted with chloroacetyl chloride in ethyl acetate under reflux to afford corresponding N'-(2-chloroacetyl)-substituted-phenyl hydrazides (11a-11j). Compounds (11a-11j) thus obtained were cyclized in phosphorus oxychloride at 80 ºC to yield corresponding 2-chloromethyl-5-(substituted-phenyl)-1,3,4-oxadiazoles (12a-12j). Coupling of compound 314 with suitable 2-chloromethyl-5-(substituted-phenyl)-1,3,4-oxadiazole (12a-12j) in DMF in the presence of sodium hydride gave desired dibenzosuberane containing analogs of 1,3,4-oxadiazole (8a-8j) in good to very good (60-77%) yield. All the compounds were purified by column chromatography using silica gel and gradient (0-50%) ethyl acetate in hexane as the eluent and characterized by 1H NMR, 13C NMR, IR spectroscopy, mass spectrometry and elemental analysis. 
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  Antibacterial and antifungal activity of 1,3,4-oxadiazole analogs containing dibenzosuberane unit (8a-8j) 

  With a range of target molecules at hand, their antibacterial activity against four bacterial strains namely, Staphylococcus aureus, Escherichia coli, Pseudomonas aeroginosa and Klebsiella pneumonia was determined using disc diffusion method16,17 and compared with well-known antibacterial drug, nitrofurazone. The minimum inhibitory concentration (MIC, µg mL-1) was determined for each compound in triplicate experiments, the values were averaged and are presented in Table 1. Among ten analogs, four analogs 8a, 8d, 8e and 8j showed very good activity against all the bacterial stains. Except three compounds 8g, 8h and 8i remaining all compounds were found to be active against Staphylococcus aureus. Out of ten analogs, two analogs 8b and 8h were found to be inactive against Escherichia coli. Eight analogs namely, 8a, 8b, 8d, 8e, 8f, 8g, 8h, and 8j showed very good activity against Pseudomonas aeroginosa. Two analogs 8f and 8i were found to be inactive against Klebsiella pneumonia. The values presented in Table 1 reveal that type of substituent on the phenyl ring directly attached to 1,3,4-oxadiazole ring has a significant impact on the antibacterial activity of these novel analogs. In particular, electron donating methoxy substituent decreases the activity to a greater extent. Halogen substituent, especially fluorine, at the para position on phenyl ring result in higher antibacterial activity (e.g., compounds 8e, 8f and 8j). However, fluorine atom at meta position in combination with chlorine at para position of the phenyl ring diminishes antibacterial activity to a great extent (compound 8i). Interestingly, compound 8a, devoid of any substitution on the phenyl ring, showed remarkable activity against all four bacterial strains. Compounds 8a, 8d, 8e, and 8j showed uniform activity against gram-positive (Staphylococcus aureus) and gram-negative (Escherichia coli, Pseudomonas aeroginosa and Klebsiella pneumoniae)  bacterial strains. Compound 8g was found to be inactive  against gram-positive bacteria and moderately active  against gram-negative bacteria. In general, all compounds showed broad spectrum of activity against both gram-positive and gram-negative bacterial strains.
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  All compounds were also assessed for antifungal activity against Penicillium marneffei (recultured), Trichophyton mentagrophytes (recultured), Aspergillus flovus (NCIM No. 524) and Aspergillus fumigatus (NCIM No. 902). The compounds were dissolved in DMSO and antifungal activity was determined using serial dilution method.18 For comparison, well-known antifungal drug Amphotericin B was used as a standard. The minimum inhibitory concentration (MIC, µg mL-1) was determined for each compound in triplicate experiments; the values were averaged and are presented in Table 2. Six compounds 8a, 8b, 8d, 8e, 8h and 8j displayed very good activity against all four fungal strains. Compounds 8c and 8i showed activity against all strains except Trichophyton mentagrophyte and Penicillium marneffei, respectively. While compound 8f was found to be active against two strains namely, Penicillium marneffei and Trichophyton mentagrophyte, compound 8g showed activity against Trichophyton mentagrophytes and Aspergillus fumigatus. The values presented in the Table 2 reveal interesting trends in antifungal activity of compounds depending on substitution pattern on the phenyl ring attached to 1,3,4-oxadiazole ring. Alkyl substituents on the phenyl ring, as in the case of compounds 8b and 8d impart good antifungal activity against all four strains. Electron withdrawing fluorine substituent at para position of the phenyl ring, as in the case of compounds 8e and 8j, resulted in remarkably high antifungal activity against all strains. Presence of chlorine substituent at the para position of the phenyl ring (compound 8f) caused diminished activity against Aspergillus flovus and Aspergillus fumigatus. Interestingly, this trend was reversed by introduction of fluorine substituent at meta position next to chloro group (compound 8i). Presence of electron donating methoxy group on the phenyl ring caused good to very good antifungal activity (compound 8c and 8h). However, compound 8c having para-methoxy substituent showed resistance to Trichophyton mentagrophyte strain. The compound 8a having no substitution on the phenyl ring attached to 1,3,4-oxadiazole ring showed good antifungal activity against Penicillium marneffei and Trichophyton mentagrophyte and very good activity against Aspergillus flovus and Aspergillus fumigatus. Phenyl substitution at para position of the phenyl ring (compound 8g) caused resistance for Penicillium marneffei and Aspergillus flovus strains. 
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  Conclusions

  A series of ten novel 1,3,4-oxadiazole analogs containing dibenzosuberane moiety (8a-8j) having various substituents on the phenyl ring attached to 1,3,4-oxadiazole ring were synthesized and well characterized. All the analogs were investigated for antibacterial and antifungal activities. In general, all compounds showed moderate-to-good activity against the bacterial and fungal strains used in this study. Four compounds 8a, 8d, 8e and 8j were uniformly active against all bacterial as well as fungal strains used for the study. para-Fluoro substitution on the phenyl ring attached to 1,3,4-oxadiazole framework causes marked increase in both antibacterial as well as antifungal activities of the novel molecules. 

   

  Experimental

  Material and methods 

  All chemicals used for the synthesis were of reagent grade and procured from Sigma-Aldrich, Bangalore, India. 1H and 13C NMR spectra were recorded on AS 400 MHz Varian NMR spectrometer using TMS as an internal standard. IR spectra were recorded by using Perkin-Elmer Spectrum 100 Series FT-IR spectrometer. Mass spectra were recorded on Agilent 1200 Series LC/MSD VL system. Melting points were determined by using Büchi melting point B-545 instrument and are uncorrected. All the reactions were monitored by thin layer chromatography (TLC) using precoated silica 60 F254, 0.25 mm aluminum plates (Merck). The crude compounds were purified by column chromatography using silica gel (100-200) and gradient (0-50%) ethyl acetate in hexane as the eluent system. 

  Synthesis 

  General procedure for the preparation of 1,3,4-oxadiazole analogs containing dibenzosuberane moiety (8a-8j) 

  A solution of compound 314 (200 mg, 0.77 mmol) in DMF (5.0 mL) was cooled to 0-5 ºC. Sodium hydride (60%, 47.0 mg, 1.16 mmol) was added to it and stirred for 15 min. To the reaction mixture was added suitably substituted 2-chloromethyl-5-phenyl-1,3,4-oxadiazole15 (12a-12j, Scheme 2) (0.85 mmol, 1.1 eq) at 0-5 ºC and stirred for 1.0 h. Progress of the reaction was monitored by TLC. Upon completion, the reaction mixture was poured on crushed ice. The precipitated solid was filtered, washed with water and dried. The crude product was purified by column chromatography using silica gel (100-200) and gradient (0-50%) ethyl acetate in hexane as the eluent. 

  1,1-Difluoro-1,1a,6,10b-tetrahydro-(1a,6,10b)-dibenzo[a,e] cyclopropa[c]cyclohepten-6-yloxymethyl-5-phenyl-[1,3,4]-oxadiazole (8a) 

  White solid; yield 77%; mp 183-185 ºC; IR (KBr) nmax/cm-1: 3011, 1456, 1169, 747; 1H NMR (400 MHz, DMSO-d6) δ 3.53 (d, 2H, J 13.6 Hz), 5.09 (s, 2H), 6.55 (s, 1H), 7.20-7.27 (m, 6H), 7.45 (d, 2H, J 7.2 Hz), 7.60-7.66 (m, 3H), 8.01-8.03 (m, 2H); 13C NMR (100 MHz, DMSO-d6) δ 27.3, 61.7, 77.8, 122.5, 123.6, 126.8, 127.1, 127.8, 128.3, 129.9, 131.8, 132.6, 142.7, 163.7, 165.1; MS (ESI) m/z: 417.1 [M + H]+; anal. calcd. for C25H18F2N2O5: C, 72.11; H, 4.36; F, 9.12; N, 6.73; O, 7.68; found: C, 72.13; H, 4.31; F, 9.14; N, 6.68; O, 7.62. 

  1,1-Difluoro-1,1a,6,10b-tetrahydro-(1a,6,10b)-dibenzo [a,e]cyclopropa[c]cyclohepten-6-yloxymethyl-5-(4-methylphenyl)-[1,3,4]-oxadiazole (8b) 

  Off white solid; yield 76%; mp 218-220 ºC; IR (KBr) νmax/cm-1: 3011, 1495, 1169, 747; 1H NMR (400 MHz, DMSO-d6) δ 2.4 (s, 3H), 3.52 (d, 2H, J 13.6 Hz), 5.07 (s, 2H), 6.54 (s, 1H), 7.23-7.26 (m, 6H), 7.41 (m, 4H), 7.88 (d, 2H, J 8.4 Hz); 13C NMR (100 MHz, DMSO-d6) δ 26.3, 32.2, 66.5, 82.5, 125.5, 127.3, 131.3, 131.8, 132.5, 133.1, 135.2, 136.6, 147.5, 147.6, 168.2, 169.9; MS (ESI) m/z: 431.1 [M + H]+; anal. calcd. for C26H20F2N2O2: C, 72.55; H, 4.68; F, 8.83; N, 6.51; O, 7.43; found: C, 72.51; H, 4.60; F, 8.85; N, 6.47; O, 7.41. 

  1,1-Difluoro-1,1a,6,10b-tetrahydro-(1a,6,10b)-dibenzo [a,e] cyclopropa[c]cyclohepten-6-yloxymethyl-5-(4-methoxyphenyl)-[1,3,4]-oxadiazole (8c) 

  White solid; yield 65%; mp 165-168 ºC; IR (KBr) νmax/cm-1: 3012, 1613, 1496, 1260, 746; 1H NMR (400 MHz, DMSO-d6) δ 3.53 (d, 2H, J 13.6 Hz), 3.86 (s, 3H), 5.06 (s, 2H), 6.54 (s, 1H), 7.15 (d, 2H, J 8.8 Hz), 7.23-7.27 (m, 6H), 7.44 (d, 2H, J 6.4 Hz), 7.93-7.97 (m, 2H); 13C NMR (100 MHz, DMSO-d6) δ 27.3, 55.9, 61.7, 77.7, 115.4, 115.9, 122.5, 126.8, 127.8, 128.3, 128.9, 131.8,142.7, 162.6, 163.1, 165.1; MS (ESI) m/z: 447.1 [M + H]+; anal. calcd. C26H20F2N2O3: C, 69.12; H, 3.94; F, 13.12; N, 6.45; O, 7.37; found: C, 69.15; H, 3.91; F, 13.09; N, 6.41; O, 7.30. 

  1,1-Difluoro-1,1a,6,10b-tetrahydro-(1a,6,10b)-dibenzo[a,e] cyclopropa[c]cyclohepten-6-yloxymethyl-5-(4-tertbutylphenyl)-[1,3,4]-oxadiazole (8d) 

  White solid; yield 73%; mp 157-160 ºC; IR (KBr) νmax/cm-1: 2960, 1460, 1165, 749; 1H NMR (400 MHz, DMSO-d6) δ 1.32 (s, 9H), 3.53 (d, 2H, J 13.2 Hz), 5.08 (s, 2H), 6.54 (s, 1H), 7.21-7.27 (m, 6H), 7.44 (d, 2H, J 6.8 Hz), 7.63 (d, 2H, J 8.8 Hz), 7.92 (d, 2H, J 10.4 Hz); 13C NMR (100 MHz, DMSO-d6) δ 27.3, 31.2, 35.3, 61.7, 77.7, 120.8, 122.5, 126.7, 126.9, 127.8, 128.3, 131.9, 142.7, 155.6, 163.5, 165.1; MS (ESI) m/z: 473.2 [M + H]+; anal. calcd. for C29H26F2N2O2: C, 73.71; H, 5.55; F, 8.04; N, 5.93; O, 6.77; found: C, 73.75; H, 5.51; F, 8.10; N, 5.90; O, 6.77. 

  1,1-Difluoro-1,1a,6,10b-tetrahydro-(1a,6,10b)-dibenzo[a,e] cyclopropa[c]cyclohepten-6-yloxymethyl-5-(4-fluorophenyl)-[1,3,4]-oxadiazole (8e) 

  White solid; yield 62%; mp 220-223 ºC; IR (KBr) νmax/cm-1: 3011, 1607, 1496, 1168, 746; 1H NMR (400 MHz, DMSO-d6) δ 3.53 (d, 2H, J 13.2 Hz), 5.08 (s, 2H), 6.54 (s, 1H), 7.20-7.27 (m, 6H), 7.44-7.49 (m, 4H), 8.06-8.09 (m, 2H); 13C NMR (100 MHz, DMSO-d6) δ 27.3, 61.7, 77.8, 117.1, 117.3, 120.3, 122.5, 126.8, 127.80, 128.3, 129.8, 129.9, 131.9,142.7, 163.7, 164.3; MS (ESI) m/z: 435.1 [M + H]+; anal. calcd. for C25H17F3N2O2: C 69.95; H, 4.52; F, 8.51; N, 6.27; O, 10.75; found: C, 69.93; H, 4.47; F, 8.49; N, 6.21; O, 10.72. 

  1,1-Difluoro-1,1a,6,10b-tetrahydro-(1a,6,10b)-dibenzo[a,e]cyclopropa[c]cyclohepten-6-yloxymethyl-5-(4-chlorophenyl)-[1,3,4]-oxadiazole (8f) 

  White solid; yield 70%; mp 212-214 ºC; IR (KBr) νmax/cm-1: 3006, 1607, 1458, 1166, 747; 1H NMR (400 MHz, DMSO-d6) δ 3.53 (d, 2H, J 13.2 Hz), 5.09 (s, 2H), 6.55 (s, 1H), 7.22-7.27 (m, 6H), 7.44 (d, 2H, J 6.4 Hz), 7.69 (d, 2H, J 8.4 Hz), 8.01 (d, 2H, J 8.8 Hz); 13C NMR (100 MHz, DMSO-d6) δ 27.4, 61.7, 77.8, 122.5, 126.8, 127.8, 128.3, 128.9, 130.1, 131.8, 137.4, 142.7, 163.9, 164.3; MS (ESI) m/z: 451.0 [M + H]+; anal. calcd. for C25H17ClF2N2O2: C, 66.60; H, 3.80; Cl, 7.86; F, 8.43; N, 6.21; O, 7.10; found: C, 66.66; H, 3.77; Cl, 7.80; F, 8.47; N, 6.18; O, 7.06. 

  1,1-Difluoro-1,1a,6,10b-tetrahydro-(1a,6,10b)-dibenzo [a,e]cyclopropa[c]cyclohepten-6-yloxymethyl-5-(4-phenylphenyl)-[1,3,4]-oxadiazole (8g) 

  White solid; yield 70%; mp 241-244 ºC; IR (KBr) νmax/cm-1 3011, 1455, 1169, 747; 1H NMR (400 MHz, DMSO-d6) δ 3.54 (d, 2H, J 13.6 Hz), 5.11 (s, 1H), 6.56 (s, 1H), 7.22-7.27 (m, 6H), 7.44-7.55 (m, 5H), 7.77 (d, 2H, J 7.2 Hz), 7.92 (d, 2H, J 8.4 Hz), 8.09 (d, 2H, J 8.4 Hz); MS (ESI) m/z: 493.0 [M + H]+; anal. calcd. for C31H22F2N2O2: C, 75.60; H, 4.50; F, 7.71; N, 5.69; O, 6.50; found: C, 75.65; H, 4.47; F, 7.76; N, 5.63; O, 6.55. 

  1,1-Difluoro-1,1a,6,10b-tetrahydro-(1a,6,10b)-dibenzo[a,e] cyclopropa[c]cyclohepten-6-yloxymethyl-5-(3,4-dimethoxyphenyl)-[1,3,4]-oxadiazole (8h) 

  White solid; yield 60%; mp 205-208 ºC; IR (KBr) νmax/cm-1: 3011, 1607, 1500, 1170, 748; 1H NMR (400 MHz, DMSO-d6) δ 3.53 (d, 2H, J 13.2 Hz), 3.85 (s, 6H), 5.07 (s, 2H), 6.54 (s, 1H ), 7.16-7.27 (m, 7H), 7.44-7.48 (m, 3H), 7.57 (dd, 1H, J 2.0, 8.0 Hz, ); 13C NMR (100 MHz, DMSO-d6) δ 27.4, 56.1, 61.7, 77.7, 109.5, 112.5, 115.8, 120.6, 122.5, 126.7, 127.8, 128.3, 131.9, 142.7, 149.5, 152.4, 163.2, 165.1; MS (ESI) m/z: 477.1 [M + H]+; anal. calcd. C27H22F2N2O4: C, 68.06; H, 4.65; F, 7.97; N, 5.88; O, 13.43; found: C, 68.02; H, 4.60; F, 7.92; N, 5.72; O, 13.41. 

  1,1-Difluoro-1,1a,6,10b-tetrahydro-(1a,6,10b)-dibenzo[a,e] cyclopropa[c]cyclohepten-6-yloxymethyl-5-(4-chloro-3-fluorophenyl)-[1,3,4]-oxadiazole (8i) 

  Off white solid; yield 60%; mp 207-210 ºC; IR (KBr) νmax/cm-1: 3010, 1608, 1497, 1168, 746; 1H NMR (400 MHz, DMSO-d6) δ 3.52 (d, 2H, J 13.2 Hz), 5.09 (s, 2H), 6.54 (s, 1H), 7.23-7.27 (m, 6H), 7.43 (d, 2H, J 6.4 Hz), 7.86 (d, 2H, J 3.6 Hz), 8.01 (d, 1H, J 8.8 Hz); MS (ESI) m/z: 469.0 [M + H]+; anal. calcd. for C25H16ClF3N2O2: C, 64.04; H, 3.44; Cl, 7.56; F, 12.16; N, 5.97; O, 6.82; found: C, 64.07; H, 3.40; Cl, 7.51; F, 12.11; N, 5.99; O, 6.85.

  1,1-Difluoro-1,1a,6,10b-tetrahydro-(1a,6,10b)-dibenzo[a,e] cyclopropa[c]cyclohepten-6-yloxymethyl-5-(4-fluoro-2-trifluoromethylphenyl)-[1,3,4]-oxadiazole (8j) 

  Off white solid; yield 60%; mp 153-155 ºC; IR (KBr) νmax/cm-1: 3011, 2932, 1479, 1168, 748; 1H NMR (400 MHz, DMSO-d6) δ 3.51 (d, 2H, J 13.2 Hz), 5.10 (s, 2H), 6.54 (s, 1H), 7.21-7.27 (m, 6H), 7.42-7.49 (m, 2H), 7.77-7.86 (m, 1H), 7.99 (dd, 1H, J 2.4, 8.8 Hz), 8.12-8.15 (m, 1H); 13C NMR (100 MHz, DMSO-d6) δ 27.3, 61.5, 77.7, 115.9, 116.2, 118.4, 120.8, 121.1, 122.4, 126.8, 127.8, 128.2, 128.3, 131.9, 135.4, 135.5, 142.6, 162.5, 162.7, 164.7; MS (ESI) m/z: 503.1 [M + H]+; anal. calcd. for C26H16F6N2O2: C, 62.16; H, 3.21; F, 22.69; N, 5.58; O, 6.37; found: C, 62.10; H, 3.24; F, 22.63; N, 5.52; O, 6.30. 

  Biological assays 

  The bacterial strains were collected from patients with different infectious status who had not been administered any antibacterial drugs for at least two weeks with the suggestions of an authorized physician and authenticated by a microbiologist at Kiran Diagnostic Health Center, Chitradurga, Karnataka (India). Fungal strains were taken from Dept. of Post Graduate Studies and Research in Microbiology, Tumkur University, Tumkur, Karnataka (India). 

  Antibacterial activity 

  The newly synthesized compounds were screened for their antibacterial activity against Staphylococcus aureus, Escherichia coli, Pseudomonas aeroginosa and Klebsiella pneumoniae strains by disc diffusion method.16,17 The discs measuring 6.25 mm in diameter were punched from Whatman No. 1 filter paper. Batches of 100 discs were dispensed to each screw capped bottles and sterilized by dry heat at 140 ºC for an hour. The test compounds were prepared with different concentrations using DMSO. One milliliter containing 100 times the amount of chemical required in each disc was added to each bottle which contained 100 discs. The discs of each concentration were placed in triplicate in nutrient agar medium seeded with fresh bacteria separately. The incubation was carried out at 37.8 ºC for 24 h. The minimum inhibitory concentration (MIC) was noted. For comparison, nitrofurazone was used as a drug standard. Solvent and growth controls were kept. Antibacterial activity was determined by measuring the diameter of the inhibition zone. Zone of inhibition (inhibition halos) was calculated as average of three repeated experimental data. Compounds which inhibited bacteria growth (more than 3 mm zone of inhibition) were considered as active. MIC was determined for compounds which showed positive activity. The minimum inhibitory concentration (MIC) for the nitrofurazone in 1% DMSO was more than 1.0 mg mL-1 against the tested species.19 One percent DMSO was used as solvent control; the data is illustrated in Table 1. 

  Antifungal activity 

  Antifungal activity of the compounds was determined against Penicillium marneffei (recultured), Trichophyton mentagrophytes (recultured), Aspergillus flovus (NCIM No. 524) and Aspergillus fumigatus (NCIM No. 902) using serial dilution method.18 Sabouraud's agar media was prepared by dissolving peptone (1.0 g), D-glucose (4.0 g) and agar (2.0 g) in distilled water (100 mL) and adjusting the pH to 5.7. Normal saline was used to make a suspension of spores of fungal strain for lawning. A loopful of particular fungal strain was transferred to 3.0 mL saline to get a suspension of corresponding species. A 20.0 mL of agar media was poured into each of the Petri dishes. Excess of suspension was decanted and the plates were dried by placing in an incubator at 37 ºC for 1.0 h. Using an agar punch wells were made on these seeded agar plates and 10 mg mL-1 of the test compounds in 1% DMSO were added into each labeled well. A control was also prepared for the plates in the same way using 1% DMSO. The Petri dishes were prepared in triplicate and maintained at 37 ºC for 3-4 days. Antifungal activity was determined by measuring the diameter of the inhibition zone. Zone of inhibition (inhibition halos) was calculated as average of three repeated experimental data. Compounds which inhibited fungal growth (more than 3 mm zone of inhibition) were considered as active. MIC was determined for compounds which showed positive activity. Activity of each compound was compared with amphotericin B as standard. The minimum inhibitory concentration (MIC) for the amphotericin B in 1% DMSO was more than 1.0 mg mL-1 against the tested species.19 One percent DMSO was used as solvent control; the data is illustrated in Table 2. 

   

  Supplementary Information 

  1H NMR, 13C NMR, IR and mass spectra of compounds are available free of charge at http://jbcs.sbq.org.br as a PDF file. 
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    Um novo material orgânico microporoso [(2-{2-[2-(bis-metoxicarbonilmetilamino)fenoxi]etoxi}-4-benzimidazol-fenil)metoxicarbonilmetilamino] éster metílico do ácido acético 6 foi sintetizado e caracterizado por difração de raio X de cristal único, espectroscopia no infravermelho por transformada de Fourier (FT-IR), espectrometria de massas de alta resolução com ionização por electrospray (ESI-HRMS), difração de pó (PXRD) e RMN do 1H e 13C. 6 cristaliza em grupos de espaço monoclínico centrossimétrico C2/c, com parâmetros de célula unitária a = 35,648(3) Å, b = 14,3240(12) Å, c = 15,3693(13) Å, α = 90,00, β = 94,8190(10), γ = 90,00, V = 7820,16 Å3 e Z = 8 a 296(2) K. Conforme indicado pelo empacotamento cristalino, os planos de conjugação molecular se organizam ao longo do eixo c para formar microporos devido às ligações de hidrogênio. Além disso, espectro de fluorescência e tempo de vida de luminescência foram estudados para 6.

  

   

  
    A novel microporous organic material [(2-{2-[2-(bis-methoxycarbonylmethylamino)phenoxy]ethoxy}-4-benzimidazole-phenyl)methoxycarbonylmethylamino]acetic acid methyl ester 6 was synthesized and characterized by single crystal X-ray diffraction, Fourier transform infrared spectroscopy (FT-IR), electron spray ionization-mass spectrometry (ESI-HRMS), X-ray powder diffraction (PXRD), 1H and 13C NMR. 6 crystallizes in the centrosymmetric monoclinic space group C2/c, with unit cell parameters a = 35.648(3) Å, b = 14.3240(12) Å, c = 15.3693(13) Å, α = 90.00, β = 94.8190(10), γ = 90.00, V = 7820.16 Å3 and Z = 8 at 296(2) K. As indicated by crystal packing, the molecular conjugation planes arrange along the c axis to form micropores due to the hydrogen bonds. In addition, the fluorescent spectrum and luminescence lifetime were studied for 6.

    Keywords: X-ray diffraction, hydrogen bond, microporosity, fluorescence, luminescence lifetime

  

   

   

  Introduction

  During recent years, research on porous organic crystalline materials is of particular interest for their broad application in chemical separating,1 capturing,2 and gas storing.3 Many recent studies have focused on the most successful application: the gas storage. In this field, some measures that aim to obtain an improved performance of microporous materials are adopted, such as optimizing pore size and surface area.4,5 However, other functions of microporous materials excluding gas storage have not been well studied. This motivated us to explore microporous materials with novel properties. Herein, a novel luminescent organic microporous crystalline material [(2-{2-[2-(bis-methoxycarbonylmethylamino)phenoxy]ethoxy}-4-benzimidazole-phenyl)methoxycarbonylmethylamino]acetic acid methyl ester 6 is reported. This structure contains benzene and imidazole functionalities to enhance luminescence and shows the property to form microporous skeleton via intramolecular6-8 and intermolecular hydrogen bonds (Figure 1).8,9

  
    

    [image: Figure 1. Schematic representation]

  

  Benzimidazoles have been widely used in chromatography.10-13 Most studies are associated with the spectroscopic and structural properties of benzimidazole14,15 and some of its derivatives coordination compounds containing benzimidazole group16. In general, free imidazole molecule does not have visible light absorption.17-19 To improve the photoabsorption properties of imidazole, it is possible to introduce some groups with conjugated structures, such as benzene.

  The single crystal X-ray structural study, as an efficient method to reveal molecular conformation, intra- and intermolecular interactions in solid state of substances, can help us better understand and refine molecular structures in order to optimize certain properties.

  Herein, structural and spectroscopic studies of a novel microporous crystalline material [(2-{2-[2-(bis-methoxycarbonylmethylamino)phenoxy]ethoxy}-4-benzimidazole-phenyl)methoxycarbonylmethylamino]acetic acid methyl ester 6, which shows fluorescence induced by conjugation of benzene and imidazole functionalities, were presented and discussed.

   

  Experimental

  Reagents and equipments

  Melting points were determined on an XT-4B micro melting point apparatus without correction. FT-IR (Fourier transform infrared spectroscopy) spectra were recorded with KBr pellets on a Bruker EQUINOX-55 FT-IR spectrometer. 1H and 13C NMR spectra were recorded on a Varian INOVA-400 spectrometer at 400 and 100 MHz, respectively. Chemical shifts were reported relative to internal standard Me4Si. Electron spray ionization-mass spectrometry (ESI-MS) analyses were carried out in positive ion modes using a Thermo Finnigan LCQ Advantage MAX LC/MS/MS. The X-ray diffraction data were collected on a Bruker Smart APEX II CCD diffractometer. The X-ray powder diffraction (PXRD) pattern was recorded with a Pigaku D/Max 3III diffractometer. The fluorescent spectrum was measured with a Hitachi F-4500 FL spectrophotometer. The luminescent lifetime was performed on Edinburge FLS920.

  
    [image: Scheme 1. Synthesis of 6.]

  

  And all the reagents and solvents used for synthesis were commercially available and without further purification unless otherwise noted. The reaction process was monitored by thin-layer chromatography (TLC). The products were purified by recrystallization or column chromatography, and the latter was carried out on silica gel (200-300 mesh).

  1-(2-Chloroethoxy)-2-nitrobenzene 1

  1-Bromo-2-chloroethane (4.30 g, 0.03mol) and K2CO3 (2.07 g, 0.015 mol) were added to a solution of 2-nitrophenol (1.39 g, 0.01mol) in DMF (8 mL) at room temperature, the reaction was kept at 120 ºC for 5 h, cooled and diluted with EtOAc (20 mL), then washed with water (3 × 10 mL). The organic layer was collected and concentrated under vacuum, recrystallized in MeOH to give light yellow solid 1. Yield 93%; m. p. 36-37 ºC; 1H NMR (CDCl3, 400 MHz) δ 7.85 (m, 1H), 7.56 (m, 1H), 7.10 (m, 2H), 4.40 (t, 2H, J 12 Hz), 3.86 (t, 2H, J 12 Hz); IR ν/cm-1 2926, 2875, 1608, 1522, 1343, 1276, 1026, 745, 667.

  1-Nitro-2-[2-(2-nitrophenoxy)ethoxy]benzene 2

  To a solution of 1 (2.01 g, 0.01 mol) in DMF (10 mL) at room temperature, 2-nitrophenol (1.39 g, 0.01 mol) and K2CO3 (2.50 g, 0.018 mol) were added. The reaction mixture was stirred at 140 ºC for 4 h, cooled and poured into cold water (20 mL). The formed yellow solid was filtered and washed with water (3 × 5 mL). The crude product was recrystallized in MeOH to give yellow solid 2. Yield 95%; m.p. 168-169 ºC; 1H NMR (CDCl3, 400 MHz) δ 7.83 (d, 2H, J 8 Hz), 7.57 (t, 2H, J 8 Hz), 7.24 (t, 2H, J 8 Hz), 7.08 (t, 2H, J 8 Hz), 4.54 (s, 4H); IR ν/cm-1 3051, 2956, 2931, 1606, 1582, 1518, 1359, 1278, 1159, 1090, 744, 671.

  2-[2-(2-Aminophenoxy)ethoxy]benzenamine 3

  Iron powder (3.36 g, 0.06 mol), concentrated hydrochloric acid (0.2 mL), and anhydrous ethanol (10 mL) were added into a dried three-necked flask equipped with a magnetic stirrer. When the mixture was heated to boiling, 2 (3.04 g, 0.01mol) was added in three portions. The mixture was refluxed for 4 h, and then made alkaline to litmus by addition of 15% alcoholic potassium hydroxide solution, the iron powder was removed by filtration afterwards. Into the filtrate, 6 mol L-1 sulfuric acid was added and white precipitate was obtained. After filtration, the precipitate was dissolved in 40 mL of warm water and made alkaline to pH = 8 with saturated sodium hydroxide solution. The generated light yellow solid was collected and recrystallized in MeOH to give white solid 3. Yield 88%; m.p. 116-117 ºC; 1H NMR (CDCl3, 400 MHz) δ 6.98 (m, 8H), 4.36 (s, 4H), 3.82 (s, 4H); IR ν/cm-1 3432, 3355, 3059, 2934, 1612, 1507, 1461, 1276, 1217, 941, 739.

  1,2-Bis(2-aminophenoxy)ethyl-N,N,N',N'-acetic acid methyl ester 4

  Compound 3 (2.44 g, 0.01 mol) was dissolved in MeCN (10 mL), then (i-Pr)2NEt (6 mL) and methyl bromoacetate (3 mL) were added to the mixture with stirring. The reaction mixture was refluxed for 24 h. After the reaction, the mixture was cooled down, poured into EtOAc (20 mL), and filtered to remove the generated white solid. The combined EtOAc filtrates were concentrated in vacuo to give an oily solid, then adding a little methanol, white solid was generated, filtered, air dried and recrystallized in MeOH to give white solid 4. Yield 87%; m.p. 94-95 ºC; 1H NMR (CDCl3, 400 MHz) δ 6.85 (m, 8H), 4.27 (s, 4H), 4.15 (s, 8H), 3.56 (s, 12H); IR ν/cm-1 3067, 2993, 2951, 2921, 2888, 1748, 1596, 1509, 1173, 742, 706.

  [(2-{2-[2-(Bis-methoxycarbonylmethylamino)-5-methylphenoxy]ethoxy}-4-formyl-5-methyl-phenyl)methoxycarbonylmethylamino]acetic acid methyl ester 5

  POCl3 (2.4 mL) was added dropwise over 40-45 min into a dry three-necked flask which contained anhydrous DMF (20 mL). The POCl3/DMF mixture was stirred at room temperature for 1-2 h and added dropwise into a DMF (20 mL) solution of compound 4 (5.32 g, 0.01mol) afterwards. The reaction mixture was heated at 75 ºC for 4 h, concentrated in vacuo, and then poured into ice water. The suspension was filtered and purified by column chromatography (silica gel, V(EtOAc):V(hexane) = 1:1 as eluent) to afford white solid 5.20 Yield 85%; m.p. 131-132 ºC; 1H NMR (CDCl3, 400 MHz) δ 9.80 (s, 1H), 7.38 (m, 2H), 6.86 (m, 4H), 6.76 (d, 1H, J 8.3 Hz), 4.31 (m, 2H), 4.27 (m, 2H), 4.24 (s, 4H), 4.15 (s, 4H), 3.57 (s, 6H), 3.56 (s, 6H); 13C NMR (CDCl3, 101 MHz) δ 190.5, 171.9, 171.2, 150.1, 149.6, 145.0, 139.3, 129.9, 126.7, 122.2, 121.6, 116.5, 112.9, 110.5, 77.3, 77.0, 76.7, 67.3, 66.6, 53.4, 53.2, 52.0, 51.9, 51.6; IR ν/cm-1 3015, 2954, 2928, 1746, 1681, 1593, 1509, 1245, 1164, 747; HRMS calcd. for C27H32N2O11: 560.2006, (M+Na)+ calcd.: 583.1898, (M+Na)+ found: 583.1894.

  [(2-{2-[2-(Bis-methoxycarbonylmethylamino)phenoxy]ethoxy}-4-benzimidazole-phenyl)methoxycarbonylmethylamino]acetic acid methyl ester 6

  A mixture of 1,2-phenylenediamine (0.11 g, 1 mmol), compound 5 (0.56 g, 1 mmol), H2O2 (30%, 4 mmol, 0.4 mL) and Fe(NO3)3·9 H2O (0.04 g, 0.1 mmol) was heated at 50 ºC for 30 min. After completion of the reaction, the reaction mixture was dissolved in EtOH (10 mL) and then poured into ice-water (30 mL). The pure solid product was filtered, washed with ice-water, dried and subsequently purified by column chromatography (silica gel, V(EtOAc):V(hexane) = 1:1 as eluent)21,22 to afford white solid 6. Yield 80%; m.p. 72-73 ºC; IR (KBr, cm-1) 3505 (νN-H), 3033 (ν=C-H), 2906 (νC-H), 1743 (νC=O), 1509 (νC=C), 1478 (νC=C), 1170 (νC-O), 746 (d=C-H); 1H NMR (400 MHz, CDCl3) δ 7.68 (d, 1H, J 8 Hz), 7.56 (s, 3H), 7.17 (s, 2H), 6.87 (m, 2H), 6.83 (m, 1H), 6.70 (m, 2H), 4.13 (s, 8H), 3.91 (m, 3H), 3.85 (s, 2H), 3.54 (s, 6H), 3.51 (s, 6H); 13C NMR (100 MHz, CDCl3) δ 172.2, 171.7, 152.2, 150.2, 149.9, 140.8, 138.7, 122.4, 121.4, 120.3, 118.9, 118.2, 112.8, 111.3, 77.4, 77.1, 76.8, 66.9, 66.5, 53.4, 53.3, 51.8; HRMS calcd. for C33H36N4O10: 648.2431, (M+H)+ calcd.: 649.2504, (M+H)+ found: 649.2487.

  Single crystals of 6 for X-ray diffraction experiments were obtained from ethyl acetate-dichloromethane mixture (3:1).

  Crystal structure determination of [(2-{2-[2-(bis-methoxycarbonylmethylamino)phenoxy]ethoxy}-4-benzimidazole-phenyl)methoxycarbonylmethylamino]acetic acid methyl ester 6

  A colorless crystal with a size of 0.30 × 0.24 × 0.19 mm3 was selected for X-ray data collection. The X-ray diffraction measurement was made on a Bruker Smart APEX II CCD diffractometer with graphite monochromated Mo-Kα radiation (λ = 0.71073 Å). The crystal data was collected at room temperature using ω-2θ scan technique. The structure was solved by direct methods with SHELXS-9723 and refined using SHELXL-97.24 The crystal data collection and refinement parameters are given in Table 1.
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  Results and discussion

  Structural characterization

  The structure of 6 was characterized by IR, ESI-HRMS, PXRD, 1H and 13C NMR. IR spectrum of 6 shows typical secondary amine absorption (νN-H 3506 cm-1), aromatic absorption (ν=C-H 3033 cm-1; νC=C 1510, 1478 cm-1; d=C-H 746 cm-1) and ester absorption (νC=O 1743 cm-1; νC-O 1171 cm-1). The HRMS m/z value, 1H and 13C NMR chemical shifts are in accordance with the structure of 6. And powder X-ray diffraction at room temperature was carried out to testify the phase purity of assynthesized samples, the diffraction peaks of both simulated25,26 and experimental patterns match in the key positions, indicating the pure phase of 6. PXRD pattern of 6 at room temperature can be found in Figure 2.

  
    

    [image: Figure 2. PXRD pattern]

  

  Crystal structure

  The molecular structure and atom numbering of 6 are shown in Figure 3, and the crystal packing of 6 along the c axis is presented in Figure 4.
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  The supramolecular packing is determined mainly by the hydrogen bonds C–H···O (Table 2). Due to the intramolecular hydrogen bonds from carboxylic oxygen atoms O4, O7, O9 and ether oxygen atoms O1, O2, microporous skeleton along the c axis is formed. And the intermolecular hydrogen bonds between carbonyl oxygen atoms O4 and O9 from a neighboring molecule are observed to extend supramolecular organic frameworks.27,28
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  The investigated compound crystallizes in the C2/c space group with eight molecules per unit cell. Table 3 lists some selected bond lengths and torsion angles for 6 to demonstrate the whole molecular skeleton. It can be found that the carbon-carbon bond lengths are basically intermediate between typical C-C single (1.54 Å) and C=C double (1.34 Å) bonds, especially at the connection point of benzene and imidazole (C(7)-C(8) 1.461(3) Å, C(8)-C(13) 1.390(3) Å, C(8)-C(9) 1.394(2) Å, C(9)-C(10) 1.370(3) Å, C(13)-C(12) 1.374(3) Å), and carbon-nitrogen bond lengths are also intermediate between C-N typical single (1.47 Å) and C=N double (1.27 Å) bonds (C(7)-N(1) 1.318(2) Å, C(1)-N(1) 1.386(2) Å, C(6)-N(2) 1.376(2) Å, C(7)-N(2) 1.368(2) Å), the coplanarity of benzene and imidazole can be predicted. Moreover, from the close-to-180˚ torsion angles N(2)-C(7)-C(8)-C(13) -172.76(17) Å, N(1)-C(7)-C(8)-C(9) -173.77(17) Å, N(2)-C(6)-C(1)-C(2) -179.52(18) Å, C(5)-C(6)-C(1)-N(1) 178.67(18) Å, molecular planarity can be further confirmed. The coplanarity adopted for benzene and imidazole enables delocalized electrons transfer and enhances the fluorescence.
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  In one molecule, due to the flexible ether bonding, the two benzene rings are in an almost perpendicular configuration with a close-to-90º angle of 86.44º, which can be calculated by means of plane angles through the model of dihedral angles. The tertiary amino group is distorted from planarity of phenyl ring, and the four straight chains of acetic acid methyl ester, which are connected to nitrogen atoms in benzene rings, keep certain angles and make the intramolecular hydrogen bonds possible, thus micropores are formed, as indicated clearly by the intramolecular hydrogen bonds from carboxylic oxygen atoms O4, O7, O9 and ether oxygen atoms O1, O2. And the intermolecular hydrogen bonds between carbonyl oxygen atoms O4 and O9 from a neighboring molecule are observed to extend supramolecular organic architecture.

  Fluorescent spectrum and luminescent lifetime

  The solid state fluorescent spectrum of 6 at room temperature is given in Figure 5. 6 in the solid state displays a blue emission with emission peaks at 389.6 nm and 461.6 nm upon excitation at 310 nm. The emission peak at 389.6 nm can be assigned to π-π* transitions of benzene and imidazole delocalized π electrons, 461.6 nm emission peak is probably due to n-p* transitions of n electrons in nitrogen atoms of imidazole.
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  The luminescent lifetime τ indicates the average time of a molecule at excitation state. A small value of τ, which means the molecule can recover quickly from the excitation state and allow multi-excitations, always comes along with high sensitivity in luminescence. As shown in Figure 6, the decay lifetime curve of 6 can be well fitted with double-exponential decay, giving two lifetimes of τ1 = 0.68 ns and τ2 = 2.68 ns (χ2 = 1.252), which suggest fluorescence.29
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  Conclusions

  The investigated molecule 6 is fluorescent and has two luminescent lifetimes. Furthermore, single crystal X-ray diffraction study indicates that the electrons are delocalized and inter-, intramolecular hydrogen bonds are displayed in the molecular system. The planarity of molecular skeleton and luminescence make delocalized electrons transfer and migration possible. These characteristics are unique and clearly originate from the highly ordered structure of 6. Exploration of functional microporous crystalline materials is a probable way to the development of novel materials. And formation of optoelectronic devices is expected by filling the micropores with photoactive molecules such as electron acceptors in similar crystalline materials of 6, which worth our attention and will be a target for further investigation.
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    Este estudo teve como objetivo principal avaliar a influência das SHA obtidas a partir de uma área de cultivo de cana de açúcar sobre a influência das espécies de crômio (Cr(III) e Cr(VI)). Foi estudada a capacidade de complexação (CC) das SHA com as espécies de crômio e estas foram caracterizadas por espectrofotometria de UV/Vis, fluorescência molecular, análise elementar e infravermelho. SHA com e sem fracionamento apresentou maior grau de aromaticidade e predominância de ácidos húmicos, e as razões E4/E6 e E2/E4 sugerem a presença de anéis aromáticos e maior contribuição das plantas e lignina. As maiores CC foram observados para a SHA fracionadas, sendo as frações com tamanho molecular  < 10 kDa e 10-30 kDa as que apresentaram as maiores capacidades para complexar os íons Cr(III) e Cr(VI), respectivamente. Estes resultados corroboram com os dados de C/H/N e  UV/Vis, permitindo concluir que as SHA sem fracionamento têm em sua estrutura maior grupos aromáticos e uma predominância de ácidos húmicos.

  

   

  
    This study had as main objective to evaluate the influence of AHS obtained from an area under sugarcane cultivation on the dynamics of chromium species (Cr(III) and Cr(VI)). Was studied complexing capacity (CC) with the AHS of chromium species and these were characterized using UV/Vis spectrophotometry, molecular fluorescence, elemental analysis and infrared. AHS with and without fractionation showed a greater aromaticity degree and a predominance of humic acids, and the E4/E6 and E2/E4 ratios suggested aromatic rings and a greater contribution from plants, which indicates lignin structures. The highest CCs were observed for the AHS fractionated, being fraction with molecular-size < 10 kDa and 10-30 kDa showed the highest ability to complex Cr(III) and Cr(VI) ions, respectively. These results are corroborating with C/H/N and UV/Vis data, where we can conclude that the AHS without fractionation had the greatest aromaticity and a predominance of humic acids in their structure.

    Keywords: aquatic humic substances, complexation, characterization

  

   

   

  Introduction

  Humic substances (HSs) are derived from the microbial degradation of plant and animal remains, which play an important role in soil fertility and processes in aquatic environments.1,2 These substances correspond around 75% of soil organic matter and 50% of organic carbon in surface water.3,4 Changes in soil composition and the water cycle caused by natural or anthropogenic sources can interfere with the amount and chemical nature of organic matter in these natural ecosystems, which consequently alters HS structure.3,5-10 The heterogeneity of HS functional groups are environmentally important because they can interact with metal ions in the environment, which results in complexation and/or reduction reactions and consequently alters metal availability. Studies examining the structural and functional properties of aquatic HS (AHS) are important for understanding their mechanisms and processes in natural ecosystems.11,12 Also highlighted, solar radiation plays a key role in altering the availability of metals previously complexed to AHS.13

  To evaluates the role of AHS in chemical processes within water bodies, several researchers have employed various analytical characterization techniques, especially elemental analysis (Carbon/Hydrogen/Nitrogen), which assesses the level of aromatic ring condensation in HS and compares the origins of humic materials that comprise HS using H/C, O/C and C/N ratios.14-16 UV/Vis spectroscopy is used to evaluate the level of HS aromaticity,16-21 while spectrophotometry in the infrared region provides considerable information on the main functional groups in the HS structure.3,22,23 Molecular fluorescence provides criteria for distinguishing and classifying HS origins.16,21,22,24,25 

  As mentioned above, AHS can influence the transport, accumulation and concentration of metal ions, as well as anthropogenic organic compounds (e.g., pesticides and herbicides,26 in the planktonic food chain by altering turbidity and interactions with nutrients, as well as modifying primary production, because it is a carbon source in the food chain and can alter the photic zone.3,25,27 Thus, AHS may act as sink for removing toxic metals in aquatic environments, given the abundance of organic functional groups in their structure.28

  Studies have been conducted on the complexing ability of AHS with metals, especially copper.7,13,14,29-32 Additional environmentally interesting metals have been given little attention, particularly chromium species, wherein the trivalent form is less toxic than the hexavalent form, and the latter is anionic. Some studies have shown that AHS can reduce hexavalent chromium at pH values below 4.0, and this process depends on temperature and HS concentration.32-34 It should be noted that HS complexation with hexavalent chromium has been observed in certain studies,35,36 and according to the supramolecular theory37 and the most recent publication by Mazzei and Piccolo,38 non-covalent interactions can be developed between HS and anionic compounds, such as glyphosate. Thus, an interaction between anionic chromium species (the hexavalent form) and HS is expected, as observed by Santos et al.39 and Melo et al..13

  In this context, the Preto River, located in the northwestern region of the state of São Paulo and part of the Turvo/Grande watershed, wherein studies have just been initiated, was interesting for this study. This region is the largest area with sugarcane cultivation in the state of São Paulo, which it is responsible for 52% of the sugarcane production in Brazil.40 According to São Paulo State Environmental Agency (CETESB) total chromium has been found in this region in values above Brazilian Law for drinking water (50 µg L-1).41 According to Bertolo et al.42 high values of chromium in this region comes from natural sources, associated to diopside mineral found in sandstone and high values of pH (8.5-10.7) in soil in this region that favor desorption and mobilization of metal to the water. Based on these factors, the objective for the study herein was to characterize and study the influence of AHS with and without fractionation from areas with sugarcane cultivation on the dynamics of chromium species in the environment.

   

  Materials and Methods

  The reagents used were in had high purity levels (Sigma-Aldrich), and ultrapure water was generated by a Millipore water purification system (Direct-Q). The experiments were performed in triplicate with errors below 5%.

  Sample collection

  The study area comprised a predominantly agricultural body of water, which was used for various purposes, including a public water supply. This region has a tropical climate, 25 ºC average temperature and well-defined seasons. Water samples from the Preto River (S20º48'40.94" W49º21'13.62") in the northwestern region of the state of São Paulo and transported to the laboratory, where in they were filtered through semi-qualitative paper to remove suspended solid particulate material and then acidified with HCl 6.0 mol L-1 to a pH near 3 for AHS extraction, as suggested by the International Humic Substances Society (IHSS)43 and previously described by Tadini et al. (2012).44 Preto river has values of pH, conductivity, turbidity and dissolved oxygen of 5.72, 16.8 µS cm-1, 29.12 FTU, 4.5 ppm, respectively.

  HS extraction and fractionation 

  The method used for HS extraction was suggested by the IHSS.43 The AHS were fractionated in accordance with the method proposed by Burba et al.45 and adapted by Pantano et al.,46 which used four tangential flow ultrafiltration system (TFUS). According to Tadini et al.44 the procedure for fractionation of AHS included pumping 200.0 mL of the AHS sample with 15 mg L-1 of dissolved organic carbon (DOC) through the TFUS using a peristaltic pump, which passed through a series of four filters equipped with different size membranes that facilitated collection of individual fractions with different molecular sizes (where F1, < 10 kDa; F2, 10-30 kDa; F3, 30-50 kDa; F4, 50-100 kDa; and F5, >100 kDa).

  Determination of AHS complexing capacity (CC)

  The complexation capacity of the samples (AHS without fractionation and AHS fractions of different molecular size) were determined using a TFUS equipped with a membrane of the 1.0 kDa (regenerated cellulose, 76 mm, NMWL: 1.000). The samples (100.0 mL of solution contain 10.0 mg L-1 of DOC, pH around 5.8) were pumped through the TFUS system. At experimentally determined time intervals, 2.0 mL AHS samples were collected followed by quantification of the total and hexavalent chromium. After each collection, the AHS samples were titrated by receiving known concentrations of a standard monoelementar chromium solution (Cr(III) or Cr(VI)) which ranged from 9.8 µg L-1 at 7.8 mg L-1, with a volume increase bellow than 3% of total volume. It is noteworthy that despite the species hexavalent chromium (Cr(VI)) does not exist naturally, but the anionic form, will be used the term "Cr(VI)" representing the species Cr7O4-2.

  Quantification of total and hexavalent chromium

  Total chromium in the samples was quantified in accordance with recommendations for the method 3500-Cr B47 using a graphite furnace atomic absorption spectrophotometer (GFAAS) with Zeeman background correction (Varian, model AA280Z, California, USA). The instrumental conditions used for quantification were adapted from suggestions by the manufacturer and Pereira et al.48 An 8 µL sample volume was injected, and the universal chemical modifier was used, which consisted of a solution with 1500.0 mg L -1 Pd and 1000.0 mg L-1 Mg(NO3)2.49,50 Accuracy was verified with a standard metal solution and analyzed after every 10 samples. The solutions for measuring total chromium were prepared by diluting certified standard solutions (Sigma Aldrich, St. Louis, USA). The Laboratory for Research in Environmental Sciences where this study was developed has participated in Proficiency Testing from the Brazilian Agricultural Research Corporation (EMBRAPA) and National Institute of Metrology, Quality and Technology (INMETRO) that quantifies metals in plant tissue and water samples. The results were considered satisfactory (z < 2).

  The method employed for quantifying hexavalent chromium was 3500 D,47 which is specific for quantifying hexavalent chromium. The level of hexavalent chromium was determined colorimetrically by reaction with diphenylcarbazide in an acidic medium, which produced a compound with a reddish-violet color. Trivalent chromium was obtained for difference between total and hexavalent chromium. 

  Characterization of the AHS

  UV/Vis spectrophotometry

  UV/Vis spectra of the AHS samples and their different molecular size fractions contain 1.0 mg L-1 of DOC were recorded on a Thermo Scientific Evolution 300 (Thermo Scientific, Massachusetts, USA) in 1.0 cm quartz cuvette and from 200 to 700 nm. pH and ionic strength were controlled following recommendations described by Peauravuori and Pihlaja.51 HS aromaticity was assessed using the E4/E6 (absorbance at 465 nm and 665 nm), E2/E3 (absorbance at 254 nm and 365 nm) and E3/E4 correlations (absorbance at 300 nm and 400 nm).51

  Molecular fluorescence

  Molecular fluorescence spectra for the AHS samples (10.0 mg L-1) were obtained in three modes: emission, synchronous and excitation-emission matrix (EEM) measurements were performed on a spectrofluorimeter (Varian, Cary Eclipse, Australia). Emission mode scanning was performed from 350 to 650 nm with an excitation wavelength at 332 nm. The synchronized mode spectra ranged from 300 to 600 nm with an 18 nm Dl (adapted).23 The EEM mode (three dimensional spectra) wavelengths were 350-600 nm for emission and 300-450 nm for excitation (adapted).25

  Spectroscopy in the infrared region

  Infrared characterization was performed using KBr pellets at a 100:1 ratio (KBr/sample). The spectra produced ranged from 4000 to 400 cm-1 with a 4 cm-1 resolution and 100 scans using a PerkinElmer spectra FTIR spectrum device (PerkinElmer, Massachusetts, USA).12,44

  Elemental analysis

  Elemental analyses for the AHS without fractionation were performed by the Center for Chemical Instrumental Analysis in the Institute of Chemistry of São Carlos with a CE Instruments model EA 1110 elemental analyzer.

  Quantification of dissolved organic carbon (DOC) 

  Dissolved organic carbon in the AHS samples without fractionation, and their different molecular size franctions (< 10, 10-30, 30-50, 50-100 and > 100 kDa) was quantified using a total organic carbon analyzer (Shimadzu, TOC - VCSN, Tokyo, Japan).

  Decomposition of the AHS samples 

  The AHS without fractionation and water samples from the Preto River were decomposed in accordance with recommendations from the 202.2 EPA method,50 which comprises decomposition through a mixture of concentrated HNO3 and H2O2 (30% v/v). This procedure was performed in triplicate using deionized water as a blank.

   

  Results and Discussion

  Characterization of aquatic humic substances

  The Figure 1 shows the results obtained by spectroscopy characterization of different molecular size fractions (F1, F2, F3, F4 and F5) and the AHS without fractionation from a typical region of sugarcane cultivation exhibited higher aromaticity compared with additional locations described in various published studies.16,17,46,51-55 Melo et al.13 studied the effect of solar radiation on capacity complexation of aquatic humic substances from Preto River three years before this study to be made and theses authors showed that this AHS present a mix of humic and fulvic acids. We attributed this difference to expansion of sugarcane cultivation in the region.
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  Degree aromaticity was calculated employing the equation suggested by Peuravuori and Pihlaja51: DA = 52,509 - 6,780. E250/E365. From the E4/E6 and E2/E4 ratios, aromatic rings and a greater contribution from plants can be inferred, which indicates lignin structures in AHS from the Preto River. This result may be related to the land use and occupation, where in the structure of sugarcane bagasse comprises 40% glucose in cellulose polymers, 30% hemicellulose and 18% lignin, and the remainder (12%) is wax, proteins and additional compounds.56,57 It is worth noting that studies in the literature report a lower value for the E4/E6 ratio, a greater level of humification and consequently a larger number of aromatic groups in AHS structures.15,19,54,55,58 The results of this study support the following descending order of aromaticity: F2 > F5 > AHS > F4 > F1 ~ F3. 

  Using gel permeation chromatography, Handerson and Hepburn59 showed that humic fractions with large molecular weight and low E4/E6 ratios are primarily composed of aliphatic compounds, while those with smaller molecular weights featured high levels of aromatic groups.22 According to certain authors,4,54,60 the level of aromaticity decreases with the molecular size of HS fractions. In this study, the < 10 kDa and 30-50 kDa fractions showed the lowest levels of aromaticity and highest values for the 
    E2/E3 ratio, which indicates that these fractions contained a smaller number of condensed aromatic rings compared with the number of aliphatic groups in their structure because of the lower humification levels.4,46,60 The results obtained by molecular fluorescence and discussed by Tadini et al.44 confirm that the AHS extracted from an river typically from a sugarcane area are rich in humic acid. 

  Studies in the literature report that infrared spectroscopy may be used to characterize AHS and as discussed by Tadini et al.44 the spectrum IR indicated more presence of aromatic groups.12,22,61-65 Table 1 shows characteristics of the mainly peaks obtained employing Infrared to the different molecular size fractions (F1, F2, F3, F4 and F5) and the AHS without fractionation date obtained of the publication of Tadini et al.44 The spectrum show a band near 3450 cm-1 which may be attributed to OH stretching in phenolic groups, carboxylic acids and/or amines, and band in region of 1639 to 1636 cm-1 it can be attributed vibrations of carbonyl of carboxylates and/or ketones groups2,12,14,55,60 and a band near 1385 cm-1 only present in the AHS without fractionation and it can be associated with carboxylate 
    and/or alcohol group stretching in its structure.2,12,66,67
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  Values from elemental analysis of AHS extracted from the Preto River without fractionation were 30.3% carbon, 1.8% nitrogen, 4.1% hydrogen and 2.6% sulfur, and these values were lower than those described in the literature.12,15,22,23,61 Senesi et al.61 demonstrated that fulvic acid (FA) extracted from Suwannee River, Fargo, Georgia, USA, and another sample extracted from North Sea, Norway and the terrestrial sample isolated from soil near Joliet, Illinois, USA, and peat obtained at Belle Glade Research Station, Everglades, Florida, USA. These samples were obtained from the IHSS and extracted from a region with temperate climate. According to these authors this FA had low carbon concentrations compared with FA extracted from soils in the same region; however, hydrogen content had the opposite behavior, which allowed to infer the following order of hydrogen concentrations: river > soil > peat. Study conducted by Araújo and co-authors14 with SHA extracted from water samples from the River Itapanhaú, Bertioga, SP, Brazil, and its fractions of different molecular sizes (F1: < 5; F2: 5-10; F3: 10-30; F4: 30-50; F5: 50-100 e F6: > 100 kDa) indicated that fractions F1 and F6 had the lowest ratios of H/C (0.46 and 1.0, respectively), indicating a higher aromaticity in their structures, while the atomic ratio C/N showed a similar behavior for the fractions F2, F3, F4 and F5 indicating similarity in the degree of humification. Thus, the authors concluded that there was no significant difference in the degree of humification between all fractions and fractions F1 and F6 contained higher aromaticity corroborated with dates obtained for atomic ratio H/C. 

  The C/H ratio supports the inference of AHS structure saturation, where the smaller C/H ratios had a greater number of aromatic structures and therefore a higher level of aromaticity.15 The C/H ratio for AHS from an area with sugarcane cultivation was 7.4, which indicates higher levels of aromatic structures and consequently greater aromaticity, which corroborates the E2/E3 ratios from the AHS samples (Figure 1). Therefore, the AHS extracted from the Preto River without fractionation had greater aromaticity compared with other studies in the literature.16,17,46,51,55

  Complexity of aquatic humic substances with species chromium 

  Chromium species variation as a function of pH was evaluated using software for simulating chemical equilibrium in aquatic environments (HYDRA - MEDUSA)68 prior to the CC experiments. The results indicated that the Cr(III) ion is the predominant species at pH 5.0, whereas for pH values greater than 7.0, Cr(III) oxides and hydroxides begin to dominate. Therefore, the solutions containing AHS without fractionation and its fractions were maintained around pH 5.8 for CC studies with the ions Cr(III) and Cr(VI). 

  Figure 2 shows the CC values for AHS samples without fractionation and its different molecular size fractions. These values were similar than those found by Van den Bergh et al.36 with AHS extracted from rivers in Germany (0.04 to 0.92 mmol Cr(III) g-1 carbon) and lower to those generated by Santos et al.39 from HS samples extracted from peat with the CC value 4.63 ± 0.06 mmol Cr(VI) g-1 carbon. Comparing the CC for AHS from the Preto River with the species Cr(III) and Cr(VI), most AHS fractions had similar CC values for the chromium species, except the 50-100 kDa fraction. 
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  The total chromium concentration in the AHS extracted from Preto River and water samples colleted from Preto River were 1.0 ± 0.6 µg L-1 and 59 ± 1 µg L-1, respectively. The concentration of total chromium in this aquatic body was calculate and concluded that approximately 2% of total chromium was complexed to humic substances indicating that most of the metal was free to interact with the biota, as well as to be transported and deposited in the sediment or to bind inorganic particulate material. Melo et al.13 concluded that solar radiation making metal more available to be transported to environment because the capacity complexation decrease until 72% compared to humic substance no exposed to solar radiation. 

   

  Conclusion

  Aquatic humic substances with and without fractionation from an area influenced by sugarcane cultivation showed higher quantity of aromatic groups and indicated to be originated from plants. Aromaticity degree decreased according to following order: F2 > F5 > AHS > F4 > F1 ~ F3. This results are in agreement with characterization of AHS, where C/H/N results support the inference that the AHS without fractionation have more aromatic structures. We can concluded that SHA-Cr(VI) complex and fractions of SHA-Cr(III) presented more stability than compared to other studies and that this AHS present lower complexation capacity indicating metal are more available to interact with biota.
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    A reforma de fontes de carbono por plasma térmico de argônio de elevada capacidade calorífica é um dos métodos mais promissores na síntese de novos materiais. Um método para a obtenção de negro de carbono e nanotubos de carbono através da pirólise do metano por plasma térmico de corrente contínua é relatado no presente trabalho. A reforma foi realizada na ausência de oxigênio utilizando um jato de plasma gerado por uma tocha de plasma de argônio. O produto sólido foi caracterizado por espectroscopia Raman e microscopia eletrônica de varredura e transmissão. Os resultados mostraram que nanotubos de carbono foram produzidos na presença de catalisadores metálicos, enquanto que a formação de negro de carbono ocorreu na ausência de catalisadores no reator. A relação ID/IG obtida a partir dos espectros Raman indicou que a amostra obtida usando o catalisador 5%Ni/Al2O3 apresentou nanotubos de carbono com maior pureza em relação aos outros catalisadores (10%Ni/Al2O3 e 10%Ni-5%Ce/Al2O3) testados.

  

   

  
    Thermal plasma processing of carbon sources using a plasma jet with high heat capacity is one of the most promising methods for the synthesis of new materials. A method for obtaining carbon black (CB) and carbon nanotubes (CNT) through the pyrolysis of methane using a thermal plasma direct current (DC) system is reported herein. The cracking operation is performed in the absence of oxygen using an external power source, i.e., a plasma jet generated by an argon plasma torch. The obtained carbonaceous materials were characterized by Raman spectroscopy, scanning, and transmission electron microscopy. The results showed that CNT are produced in the presence of a catalyst while CB formation occurs without a catalyst. The Raman ID/IG ratio indicated that the sample obtained using a 5%Ni/Al2O3 catalyst contains a higher quantity of pure CNT than the other catalysts tested (10%Ni/Al2O3 and 10%Ni-5%Ce/Al2O3). 

    Keywords: plasma processing, carbon nanotubes, carbon black, metal catalyst

  

   

   

  Introduction

  Recent indications of global warming caused primarily by the emission of greenhouse gases have drawn attention to the fact that the current industrial production methods are not compatible with sustainable development. Of all the gases that may contribute to the greenhouse effect, methane (CH4) deserves special attention since the major sources of its emission are related to industrial processes. Successful research and development aimed at identifying a viable use for CH4 is associated with the achievement of two main goals: mitigation of the accumulation of this greenhouse gas in the atmosphere and improved efficiency in the use of carbon sources.

  Conventional technologies based on, for instance, incineration, catalysis, adsorption and disposal in landfill have been extensively applied to the abatement of pollutant gases. Plasma technology has been demonstrated to be suitable for treating a large number of gaseous pollutants due to its many advantages in comparison to other technologies including non-selective treatment, higher energy efficiencies,1 high energy density and temperatures, and fast reaction times.2 

  In the case of CH4 gas treatment, the main products generated by the chemical reactions triggered by the thermal plasma source are hydrogen and a variety of carbon nanomaterials, including fullerenes,3 CNT4 and CB,5 all of which are of great economic interest. The allotropic forms of carbon of considerable interest in this study are CNT and CB. 

  According to Harbec et al.6 CNT are long hollow tubes containing hundreds of carbon atoms, and they are characterized by their nanometer diameter and their micrometer length, giving them a roughly one-dimensional structure. However, for their industrial application a continuous process of large-scale production is essential. Plasma-enhanced methods of CNT synthesis are among the most efficient and precise tools for the production of carbon-based nanostructures, as demonstrated by Keidar7 and they have the advantage that the system can operate in a continuous regime. Also, they enable the management of large volumes of carbonaceous materials in solid, liquid or gaseous phase and also allow high power operation. 

  In addition to CNT, the conversion of methane to hydrogen and CB using the thermal plasma technique has been reported. Among the various methods available, thermal plasma technology has become a viable alternative since the production of CB occurs without the emission of pollutants and the reaction medium is free of oxygen, as proposed by Guo and Kim.8 The main reaction that occurs in the pyrolysis of methane by thermal plasma is:

  CH4(g) → C(s) + 2 H2(g)

  In this study, methane pyrolysis by argon thermal plasma was performed in order to obtain CNT and CB. The CNT were obtained using catalysts coupled to the plasma system and the CB was obtained under the same experimental conditions but without a catalyst. 

  The technique used to obtain CB and CNT in a thermal plasma system described in this paper has many advantages compared to traditional methods. These include short reaction times (not exceeding 10 min) with methane conversion of up to 90%, and the possibility of obtaining CB and CNT within the same reaction system. Furthermore, according to Fincke et al.,9 this novel technology using a plasma system for the production of CNT and CB is a clean and environmentally-friendly process with no emissions of CO2 or similar gaseous pollutants like SOx or NOx, producing only solid carbon and hydrogen gas.

   

  Experimental

  Pyrolysis experiments 

  The experimental apparatus used in this study is shown in Figure 1, and the same set up was employed in a previous study by Khalaf et al.10 The DC non-transferred arc plasma torch consists of a copper cathode (electron emitter) of conical shape and a copper anode in the form of a nozzle or channel. The plasma torch was attached to the top of the reactor or pyrolysis chamber consisting of an iron chamber with an iron liner. Argon (White Martins, 99.5%) was used as the plasma gas and it was introduced into the plasma torch (P) at a controlled flow using a rotameter (R). The electric arc between the cathode and anode (thermal plasma) was initiated by a high voltage discharge generated by a circuit embedded in a continuous power source (F). The methane gas (White Martins, 99.9%) was introduced into the reactor or the pyrolysis chamber (C) from the bottom, and the gaseous products were collected in vials and subjected to gas chromatography analysis. The solid carbon deposited into the liner during the methane degradation was collected directly from the reactor for further analysis. 
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  Table 1 gives a summary of the experimental conditions.
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  The argon flow rate was fixed at 20 L min-1. The selection of this rate was based on preliminary tests that showed a higher stability of the plasma jet at this value in comparison to other flow rates (5, 10, 15, and 25 L min-1). After the argon had been introduced into the plasma torch, the plasma source was turned on and the DC plasma jet set. At this point, the methane gas was injected immediately after the thermal equilibrium was reached (which was continuously measured on the inner wall of the reactor and occurred at approximately 700 ± 10 ºC). The wall temperature inside the reactor was determined by inserting a type-K thermocouple.

  When the tests were performed in the presence of metal catalysts, a graphite disk (G) was inserted into the reactor near the plasma jet (5 cm), and (3 ± 0.002 g) the catalysts (5%Ni/Al2O3, 10%Ni/Al2O3, and 10%Ni-5%Ce/Al2O3) were placed separately on the graphite support. Ni and 
    Ni/Ce catalysts supported on alumina were prepared by wet impregnation according to Nuernberg et al.11

  In a second step, the carbon samples were characterized using high-resolution scanning electron microscopy (JEOL JSM-6701F, SEM-FEG) coupled with energy dispersive X-ray spectroscopy (EDS), and transmission electron microscopy (JEOL JEM 1200ExII, TEM). The Raman spectra were taken with a Renishaw Raman spectrometer, model inVia, using 514.5 nm argon laser radiation. The specific surface area, pore volume and average pore diameter of the CB samples were determined using a Quantachrome Autosorb-1 instrument. The adsorption/desorption reaction was performed and the data obtained were used to build the N2 adsorption/desorption curve which in turn allowed the calculation of the surface area, volume and pore width. The specific surface area values ​​were calculated using the method described by Brunauer-Emmett-Teller (BET)12 and the distributions of the average pore diameter were obtained according to the Barrett-Joyner-Halenda (BJH) method.13 

   

  Results and Discussion

  Characterization of the carbon black 

  Raman spectroscopy

  The Raman spectrum for the carbon product obtained (Figure 2) shows peaks centered in the D region of the bands at around 1340 cm-1 and its harmonic at around 2800 cm-1 along with the G-band associated with the tangential stretching at around 1590 cm-1, as proposed by Chu and Li.14 The profile of this spectrum indicates that the carbon produced during the methane reforming consists of CB as confirmed by the scanning electron microscopy.8
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  Electron microscopy

  The study performed using electron microscopy analysis was decisive in the characterization of the sample texture according to the elementary particles and their aggregation state, as well as to characterize the structure of the carbon, for instance, in terms of its crystallinity.8 

  The morphological properties of the carbon obtained during the conversion of methane by thermal plasma were investigated using SEM-FEG (Figure 3A) and TEM (Figure 3B). It can be seen that the samples consist of a large number of randomly-oriented nanoparticles and did not show any structures such as CNT. Figure 3b shows a high magnification image of part of an aggregate where it can be seen that the average diameter of the elementary particles is around 20 nm. 
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  The CB was characterized as presenting a large number of small elementary particles that come together to form aggregates, a characteristic morphology of CB. The aggregates are formed when individual particles stick together through carbon deposition. The structure of the CB formed in the reactor is largely dependent on the formation and concentration of solid particles, as demonstrated by Fulcheri et al.5

  Figure 4 shows the results of the chemical analysis of the CB sample using EDS. The sample is composed of 98.79% carbon and 1.21% iron, which comes from the erosion of the reactor caused by the high-temperature plasma jet.
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  The effect of temperature on the CB formation using thermal plasma has been studied by other authors. Fulcheri et al.5 proposed that the temperature of the reaction is of particular importance since it is responsible for the particle size of the CB. According to these authors, 70% yield could be obtained at low reaction temperatures (around 1450 ºC), while a yield of 50% of carbon was obtained at temperatures around 1700 ºC and the carbon yield decreased at higher temperatures. 

  Fabry et al.15 showed that although several hypotheses have been proposed to describe the mechanism of carbon particle formation, there is an agreement among scientists in the field that the mechanism involves three distinct phases: (i) nucleation: corresponding to the transformation of a molecular system into a system of particles; (ii) aggregation: due to collisions between nanometer particles (resulting from the nucleation process) to form spherical particles of 10 to 50 nm; and (iii) agglomeration of spherical particles in chains up to around 1 mm in length.

  The specific surface area (SBET) of the CB obtained in this study was calculated using the method proposed by Brunauer, Emmett and Teller (BET) and the value obtained was SBET = 66 m2 g-1. The pore distribution curve based on the BJH method shows that the average pore diameter is approximately 130 nm, indicating a macroporous structure, according to Flory.16 

  Carbon nanotubes

  Raman spectroscopy

  Bystrzejewski et al.17 showed that Raman spectroscopy is a powerful tool to study single-walled carbon nanotubes (SWCNT) and multi-walled carbon nanotubes (MWCNT) via the tangential modes, i.e., G band and D band. Figure 5 shows the Raman spectra of the CNT samples obtained during the pyrolysis of methane via thermal plasma using different catalysts in the reactor. In all spectra two intense bands were observed at 1333-1353 cm-1 and at 1582-1595 cm-1 assigned to the D and G bands (typical for an sp2 bonded carbon network), respectively, according to Numao et al.18 The D band is usually related to the presence of amorphous carbon and/or defects in the CNT or impurities and the G band indicates ordered carbon structures and/or graphitic carbon.18 Arepalli et al.19 demonstrated that the D band always appears at above 1300 cm-1, and when the width of every D band is 30-60 cm-1 this characterizes the sample as being comprised of MWCNT. A second-order mode observed between 2450 and 2650 cm-1 assigned to the first overtone of the D mode is often called G' according to Belin and Epron.20 The vibrational breathing modes, called radial breathing modes (RBM), can be observed at low frequencies on the spectrum (between 100 and 600 cm-1) and are characteristic of SWCNT.21 The RBM bands appeared only in the case of the sample obtained with the catalyst 5%Ni/Al2O3, which indicates the presence of SWCNT.
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  Previous studies22-24 considered that the relationship between the intensity of the D and G bands, given by (ID/IG), provides the so-called "quality parameter", which reflects the proportion of perfect nanotubes in the sample. The presence of perfect and pure CNT structures is more evident when this ratio is close to zero. The values for ID/IG obtained in this study are shown in Table 2.
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  The ID/IG ratio for all samples indicates the presence of impure or defective CNT, and the sample obtained using the 5%Ni/Al2O3 catalyst has the lowest value for the ratio, indicating that this sample contains a higher quantity of pure CNT. This was confirmed by the presence of SWCNT in the sample since these structures have a high degree of graphitization. For the sample obtained using the 10%Ni-5%Ce/Al2O3 catalyst the ID/IG value was 0.95, which indicates the presence of large amounts of impurities, such as amorphous carbon or defective CNT.

  Transmission electron microscopy

  The solid carbon formed in the presence of catalysts was characterized by TEM analysis (Figure 6), which provided useful information regarding the morphology of the material.
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  The TEM images showed that CNT were present in the sample after the plasma reactions had been performed in the presence of the 10%Ni/Al2O3 catalyst (Figure 6A). The filaments formed have a high degree of heterogeneity, the tubes being a few microns in length with outside diameters of between 20 and 40 nm. Zhang et al.25 demonstrated that the diameter of nanotubes is related to the diameter of the catalyst nanoparticles, indicating that the 
    10%Ni/Al2O3 catalyst is composed of metallic nickel particles of different sizes. The analysis of the carbon samples by TEM also revealed the presence of large amounts of amorphous carbon (the darkest areas on the micrograph). This result verifies that the observed presence of impurities in the CNT sample is in agreement with the Raman spectroscopy analysis. The presence of large amounts of defects in the CNT, such as strictures and sinuous shapes, can also be noted on the micrograph.

  The TEM images of the carbonaceous materials obtained using the 10%Ni-5%Ce/Al2O3 catalyst (Figure 6B) indicated the growth of CNT. The average diameter of the filaments is 50 nm. It is possible to observe a large amount of amorphous carbon in the sample and even the presence of metallic particles (darker regions) attached to the tubes and inside them.

  The tests conducted in the presence of the 5%Ni/Al2O3 catalyst (Figure 6C) revealed a large amount of carbon filaments of various diameters, estimated to be between 20 and 100 nm, and a few microns long. This result shows that the 5%Ni/Al2O3 catalyst is composed of metallic nickel particles of different sizes, which gives rise to CNT of varying diameter. The nanotubes formed are defective, as shown by the winding shape of the tube (Figure 6C). Applying the same conditions under which the CNT were produced, it was also possible to observe the occurrence of large amounts of amorphous carbon.

  In general, the synthesis of CNT in a thermal plasma system occurs in the presence of a metal catalyst.26 Ni is one of the catalyst commonly used in the synthesis of CNT, as demonstrated by Ohishi et al..27 Bystrzejewski et al.17 reported the use of Ni and Ce catalysts to synthesize SWCNT by thermal plasma.

  The mechanisms involved in CNT carbon vapor nucleation and growth in the presence of a metal catalyst in thermal plasma environments have been previously investigated. It is known, for example, that the diameter of the CNT is a function of the temperature28 and is almost the same as the diameter of the catalyst.25 

  Okuno et al.29 showed that when the temperature of the reactor walls is 1000-1300 ºC, mainly CNT are produced. On the other hand, carbon necklaces are favored when the temperature of the reactor walls is higher (1700-2400 ºC). Thus, the temperature distribution inside the plasma reactor is an important factor in relation to the growth of these carbon nanostructures. 

  As proposed by Okuno et al.,29 at 1000-1300 ºC the catalytic particles (Figure 7a) are very close to the melting point (the melting temperature of eutectic Ni–C is 1311 ºC). Atomic carbons are easily prepared from CH4, heated and accelerated in the plasma jet.27 According to Okuno et al.29 the CNT may form through the diffusion of carbon at the heated particle surface (Figure 7b), which promotes its precipitation into graphene sheets. As the carbon nanotube grows the metal particle is pushed upward (Figure 7c), forming a metal cap which stabilizes the dangling bonds at the edge of the tube by saturating them. The growth of the nanotube stops when the catalytic particle is completely solidified and encapsulated by graphene layers (Figure 7c). A proposed mechanism for the growth of CNT in the presence of metal catalysts (generally transition metals) is shown graphically in Figure 7. A similar mechanism was proposed by Kumar and Ando.30 
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  The plasma jet provides temperatures which are high enough to decompose CH4 mainly into C atoms, C2 radicals and H atoms.4 The emission spectrum for C2 radicals was reported by Bystrzejewski et al.,17 who proposed that the C2 radicals play a fundamental role in the mechanism involved in the formation of CNT. 

  The relative quantity of available catalyst particles is a crucial factor in CNT growth and yield. Low quantities will yield by-products such as amorphous carbon, whereas larger quantities will increase the metal-carbon interfaces and yield CNT more efficiently, as shown by Harbec et al.31 The CNT grown using plasma are still very sensitive to specific condensation conditions like temperature, carbon vapor pressure, particle residence time and also the degree of gas flow turbulence.17

  The synthesis of CNT using the plasma process has the following advantages over other methods: it is possible to achieve higher rates of decomposition of the target hydrocarbons and also higher CNT growth, due to the high temperature and enthalpy of the thermal plasma source. In addition, the plasma power-up can be achieved in a small volume without expansion of the hot plasma zone.4

  The energy consumption required to convert CH4 to CB (without a catalyst) or CNT (with a catalyst) was calculated and the value obtained was 0.55 mmol kJ-1. The yield of the reaction was 98% when the CH4 feed rate was adjusted to 5 L min-1. The theoretical solid carbon yield was 0.24 g of solid carbon in 10 min of plasma treatment. Future work using a plasma reactor with another design will be performed in order to compare the theoretical and experimental yields.

   

  Conclusions

  The experiments performed in this study showed the viability of the continuous synthesis of carbon nanostructures of practical interest using a thermal plasma DC system. In this particular synthesis process, CH4 is directly converted by pyrolysis to solid carbon and hydrogen gas. In the methane pyrolysis experiments that were conducted without the presence of a catalysts in the reactor we observed the formation of amorphous carbon or CB and in the presence of catalysts the analysis showed the formation of CNT. 

  The thermal plasma DC system employed in this research was not fully optimized and further studies on the production of CNT using this method need to be carried out. However, it can be noted that this method is a promising technique for the large-scale production of CB and CNT because of its numerous advantages including continuous operation and easy scale-up of the plasma power. Further advantages observed include the short reaction time (with each test being performed in under 10 min) and the possibility of obtaining CB and CNT within the same reaction system.
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    Quatro novos conjugados do tipo 6-aminocumarina-naftoquinona foram sintetizados e suas propriedades fotofísicas e eletroquímicas, investigadas. O composto 2-cloro-3-(2-oxo-2H-cromen-6-ilamino)-1,4-naftoquinona 1 não apresentou fluorescência apreciável, em comparação com a 6-aminocumarina, 6-AC. Visando entender as razões da extinção da fluorescência neste composto, duas estratégias foram imaginadas. Primeiramente, o composto 1 foi metilado no nitrogênio para remover a interação eletrostática intramolecular N-H…O=C que mantém as duas unidades fixas. Entretanto, as propriedades de emissão do produto 2 não se mostraram significantemente diferentes das do precursor 1. Como os cálculos usando a teoria do funcional da densidade dependente do tempo (TD-DFT) dos compostos 1 e 2 indicaram que a supressão da fluorescência relaciona-se ao caráter aceptor no anel naftoquinônico, a segunda estratégia envolveu a substituição do átomo de cloro na posição 2 do núcleo naftoquinônico por diferentes grupos doadores de elétrons (compostos 3-5). Novamente não houve mudanças apreciáveis nas propriedades de emissão. Para explicar estes resultados foram feitos cálculos TD-DFT dos estados fundamental (S0) e excitado (S1) de todas as moléculas em solução, os quais indicaram que o grupo fluorescente (6-AC) doa elétrons para o LUMO da naftoquinona, resultando em uma transferência de elétron fotoinduzida oxidativa (oxidative-PET). 

  

   

  
    Four novel 6-aminocoumarin-naphthoquinone conjugates were synthesized and their photophysical and electrochemical properties, investigated. 2-Chloro-3-(2-oxo-2H-chromen-6-ylamino)-1,4-naphthoquinone 1 did not present appreciable fluorescence in solution in comparison with 6-aminocoumarin, 6-AC. In order to understand the reasons for the fluorescence quenching in this compound, two strategies were attempted. Firstly, compound 1 was N-methylated to remove the intramolecular N-H…O=C electrostatic interaction that maintained the two units fixed, but the emission properties of the product 2 were not significantly different from those of 1. Time-dependent density functional theory (TD-DFT) calculations of compounds 1 and 2 indicate that the fluorescence quenching is related to the electron acceptor character of the naphthoquinone ring. The second strategy, therefore, involved the substitution of the chlorine atom in position 2 of the naphthoquinone nucleus for different electron donor groups (compounds 3-5), but again the emission properties did not change significantly. To explain these experimental findings, TD-DFT calculations of the ground (S0) and excited (S1) states of all molecules in solution were carried out. The results suggest that the energy states in these conjugates are such that the fluorescent group (6-AC) donates electrons to the naphthoquinone LUMO resulting in an oxidative photoinduced electron transfer (oxidative-PET). 
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  Introduction

  2-Amino-1,4-naphthoquinones are known for their various biological activities, e.g., antitumor,1-4 molluscicidal,5,6 antiparasitic,7 antimicrobial,8 pesticide9 and herbicidal,10 among others.11 These properties have been related to the ability of quinones to accept one or two electrons with formation of the respective radical-anion or dianion. Judicious choice of the substituents either on position 3 of the quinone ring or on the nitrogen atom allows modulation of the redox,12,13 acid-base, solubility and pharmacological properties.14,15 

  In recent years the use of fluorescent probes attached to biologically active molecules has attracted great interest in the field of medical and biological research.16,17 Labelling agents allow a better understanding of drug accumulation and interaction with the target, e.g., tumor cell, by monitoring the fluorescence signals.18 Several organic dyes have been used as fluorescent probes, e.g., fluorescein, coumarin, rhodamine,19 cyanine, and Alexa dyes.20 Among those, coumarins are interesting not only because of their fluorescence, but also because of their pharmacological activities.21 6-Aminocoumarin (6-AC) - a molecule containing a donor amine group and an acceptor lactone ring - is a probe of choice because it can be easily prepared and coupled to biologically active molecules through nucleophilic substitution reactions. In addition 6-AC fluorescence quantum yield and fluorescence decay time can be modulated by changing the solvent polarity.22,23 

  In the present study we have investigated the possibility of incorporating the 6-AC fluorescent dye into a 1,4-naphthoquinone nucleus by reaction with 2,3-dichloro-1,4-naphthoquinone (DCN). Only a few examples of molecules containing both coumarin and 1,4-naphthoquinone nuclei have been described in the literature, mostly from natural sources.24-27 Our hypothesis was that this conjugate would be fluorescent enough to allow fluorescence microscopy studies in the course of our further biological activity investigations. Instead, however, quenching was observed. In order to understand this process the photophysical and electrochemical properties of a series of 2-aminocoumarin-naphthoquinone conjugates (see Scheme 1) have been studied and interpreted with the help of density functional theory (DFT) calculations. 
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  Results and discussion

  Syntheses of the compounds 

  The synthetic routes to compounds 1-5 are outlined in Scheme 1. Compound 1 was obtained from the reaction of 6-AC with DCN, which has been used as the starting material for the synthesis of a number of N-, S- and O-substituted derivatives.9,15,27-30 N-methylation of 1 following procedure previously described31 yielded compound 2 in good yields. Further substitution of a chloride group with propanethiol, thiophenol or 4-chlorothiophenol in the presence of Et3N gave compounds 3, 4 and 5, respectively in 64-82% yields. Novel compounds 2-5 had their purity confirmed by elemental analyses and melting point measurements, and were characterized by 1H and 13C nuclear magnetic resonance (NMR) and Fourier transform infrared (FTIR) spectroscopy (see Figures S1-S18 in the SI section). The X-ray molecular structure of 1 has been reported previously.32 

  Photophysical properties 

  The normalized UV-Vis absorption and emission spectra of all aminocoumarin-napthoquinone conjugates in CH3CN are shown in Figure 1. 
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  The UV-Vis spectra of compounds 1-5 exhibit four absorption bands: a high energy band around 250 nm, which is intense only in the spectra of compounds 2 and 5, a very intense band in the 263-281 nm region and two broad low intensity bands in the 333-350 nm region (shoulder) and in the visible region between 468 and 531 nm (Table 1). 
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  The lowest energy band assigned to intramolecular charge transfer is the most influenced by the nature of the substituent, both on the nitrogen atom (CH3 vs. H) and on the naphthoquinone ring (Cl vs. SR). Electron releasing groups on the nitrogen (CH3) and on the quinone ring (SR) shift this band to higher wavelengths. This red shift is more pronounced upon methylation of the nitrogen atom (2 vs. 1) than upon thiolation on the naphthoquinone ring (3-5 vs. 1). The spectra of the three thiolate compounds 3-5 are very similar, except for the high energy band, as expected. 

  Excitation of the lowest energy absorption band, λmax(3) of all compounds results in a very weak emission around 600 nm. Compound 1 has an emission maximum at 538 nm, between the values found for the 6-AC (λem = 516 nm) and 2-amino-3-chloro-1,4-naphthoquinone 6 (λem = 592 nm) emissions (Figure 2). Furthermore, the data gathered in Table 1 evidence that substitution of a hydrogen atom for a naphthoquinonyl group in 6-AC (compounds 1-5) results in strong quenching of the aminocoumarin fluorescence (Φ = 0.25)23. Approximately the same Stokes shift values are observed for all compounds suggesting that their excited state geometries are similar.33 
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  Electrochemical properties 

  The electrochemical behavior of compounds 1-5 was investigated by cyclic voltammetry experiments which were carried out in argon-purged CH3CN/Bu4NClO4, at 25 ºC (see Figure 3 and Figures S19-S24 in the SI section). The cyclic voltammograms have been obtained in the potential range of –2.0 to +1.5 V vs. FcH/FcH + in four scan rates (50, 100, 250 and 500 mV). The reduction potentials, LUMO level, HOMO level and optical gap are given in Table 1. The LUMO level was determined using the equation ELUMO = –4.79 – Ered (wave I, vs. FcH/FcH+).34-39 The HOMO energy levels of all compounds were calculated by subtracting the optical gap. As observed for other 2-(R-phenyl)amine)-1,4-naphthoquinones13 the voltammograms in CH3CN show two successive oneelectron reduction processes which generate two separate cathodic waves.
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  According to the data, both processes are quasi reversible (Figures S19-S24 in the SI section). The first process is attributed to the reduction of the quinone to the semiquinone radical Q•− (Ic/Ia) and the second one is associated to the reduction of the semiquinone to the quinone dianion (IIc/IIa), Q2−. Substitution of the chloro electron attracting group on the naphthoquinone ring in 1 for thiolate groups in 3-5 produces a sizeable cathodic shift for the two one-electron reduction processes, i.e., the presence of these electron donor groups makes the reduction of compounds 3-5 more difficult than reduction of 1. The magnitude of the observed cathodic shift with respect to that of 1 for the first wave is roughly equal to 84 (3), 45 (4) and 36 (5) mV at 100 mV s-1. The presence of the methyl group bonded to the nitrogen atom in 2 produces an anodic shift for the two one-electron steps of about 95 (wave I) and 50 mV (wave II), i.e., naphthoquinone 2 is more easily reduced than 1, possibly due to the structural changes caused by the presence of the methyl group (see discussion below). Furthermore, the oxidation process (IIIa) at positive potential observed in the voltammograms of compounds 1 and 3-5 associated to the aminocoumarin nucleus is quasi reversible in the voltammogram of compound 2. Thus, the methyl group on the nitrogen atom makes the oxidation product of 2 more stable than the oxidation products of the other compounds containing the NH group, which can undergo a number of side reactions.40 No correlation is observed between the nature of the substituent and the oxidation process IIIa in the CVs of compounds 1 and 3-5 (see Figures S19-S24 in the SI section).

  Theoretical calculations

  In order to understand the spectroscopic and electrochemical properties of the aminocoumarin-naphthoquinone conjugates 1-5 calculations were carried out using DFT at the B3LYP/6-31+G(d,p) level (see Tables S1-S4 in the SI section).41,42 The geometry of compound 1 was fully optimized starting from the CIF file obtained from the X-ray diffraction experiment.32 The geometries of the other compounds were based on this structure. To evaluate the individual contributions of the molecules that represent the fragments composing these conjugates, calculations of 6-AC and 2-amino-3-chloro-1,4-naphthoquinone 6 were also carried out.

  Geometries of the ground (S0) and excited (S1) state structures: The ground state (S0) structures of compounds 1 and 3-5 (see Table 2 for the numbering of the atoms and values of selected structural parameters) contain a N1–H…O1 intramolecular electrostatic interaction.32 They exhibit similar C3–N1–C11 angles, however small changes are noted in the values of the dihedral C2–C3–N1–C11 and C16–C11–N1–C3 angles as a function of R1. The presence of the propylthiolate group in compound 3 leads to larger C2–C3–N1–C11 and smaller C16–C11–N1–C3 dihedral angles in comparison to compounds 4 and 5. 
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  Differently, compound 2 which contains a methyl group on N1 does not exhibit the N1–H…O1 intramolecular electrostatic interaction and therefore the C2–C3–N1–C11 dihedral angle is much larger in this molecule than in the other compounds (Table 2) with a consequent decrease in the C16–C11–N1–C3 dihedral angle. Furthermore, the C3-N1–C11 angle is smaller in 2 (122 º) than in compounds 1 and 3-5 (approximately 130 º). This may be associated to the larger degree of pyramidalization (β angle, see Table 2) on the nitrogen atom in the latter compounds compared to compound 2, possibly due to the N1–H…O1 electrostatic interaction in 1 and 3-5. In all cases short C3–N1 bond distances (1.361 – 1.391 Å, see Table S1 in the SI section) are observed, indicating in all cases partial double bond character and therefore conjugation between the two fragments. 

  The excited state (S1) structures of compounds 1, 3-5 do not exhibit the electrostatic N1–H…O1 interaction present in the S0 structures. Elongation of the C3–N1 bond distance in compound 1 in the S1 structure (from 1.359 Å in the S0 structure to 1.432 Å) and decrease of the C11–N1 bond distance (1.416 Å to 1.343 Å from S0 to S1, respectively, see Table S1 in the SI section) are noted. Same trend is observed for compounds 2, 3-5. Importantly, analysis of the dihedral C2–C3–N1–C11 angles in all compounds (Table 2) reveals that in the S1 structures the naphthoquinone and coumarin rings are practically perpendicular to each other, suggesting that the electronic transition is a twisted intramolecular charge transfer (TICT).22 

  The S0 and S1 structures of 6-AC and naphthoquinone 6 were also calculated and the differences are discussed in relation to those observed for compound 1. A comparative analysis of the bond distances (see Tables S1-S4 in the SI section) in these structures confirms the conjugation of the two fragments (coumaryl and naphthoquinonyl) through the nitrogen heteroatom in 1 as discussed above, as well as the donor acceptor character (push-pull) of 6-AC. 

  Analysis of the Mulliken charges (see Tables S5 and S6 in the SI section) for compounds 1-4 shows that naphthoquinone oxygens O1 and O2 are more negative in the S1 than in the S0 structures whereas coumaryl oxygens O3 and O4 are less negative in the S1 than in the S0 structures, thus indicating that the naphthoquinone nucleus is a better electron acceptor than the coumaryl lactone. 

  Ground state molecular orbital analysis: The contour plots of the frontier orbitals (HOMOs and LUMOs) and their corresponding energy levels and gaps are shown in Figure 4. The HOMO of 1 is located over both moieties, mostly on the coumarin (except on C17 and C19, see figure in Table 2 for the numbering), and to a lesser extent on the quinone (on O2–C1–C2–C3–N1). A smaller contribution of the quinone fragment to the HOMO of 2 is observed in comparison with 1, 3-5. Substitution of the Cl group in 1 for thiolate groups in 3-5 results in the participation of this group to the HOMO. The aromatic thiolate groups have a significant contribution to the HOMO of compounds 4 and 5. The LUMOs of all compounds have higher amplitude on the quinone ring (e1g type symmetry) with some contribution of the nitrogen atom. 
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  The calculated ground state energy gaps (2 < 3-5 < 1) are compatible with the red shifts (gapopt) observed in the absorption spectra (Table 2) on going from compound 1 to compound 2 and from compound 1 to compounds 3-5. 

  The LUMO energies of all compounds show a linear correlation with their first reduction process (see Table 1 and Figure 3). Compound 2 with the most negative theoretical LUMO (–3.65 eV) is also the most easily reduced (E1/2 = –0.905 V), whereas compound 3, with the least negative LUMO, is the hardest to reduce. Both the shape and energy of the LUMO confirm that the naphthoquinone nucleus is the reduction electroactive site of the conjugates 1-5. 

  Finally, the contour plots of the frontier orbitals (HOMOs and LUMOs) and the corresponding energy levels and gaps of 6-AC and compounds 6 and 1 are gathered in Figure 5. These results show that the HOMO energy of 1 is halfway between the HOMO energies of 6-AC and 6. However, the LUMO of 6, about 1.26 eV more stable than that of 6-AC, dominates both the LUMO shape and energy of 1. 
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  To assign the absorption bands observed in the UV-Vis spectra, the molecular orbitals of the compounds were calculated in CH3CN using the PCM model. The theoretical absorption spectra (see Figures S25-S31 in the SI section) show a systematic underestimation of the excitation energies for 6-AC, 6 and 1-5 as previously observed for other systems.43-47 The largest differences have been observed for the charge-transfer bands of the conjugates. In spite of this limitation, the important features of the spectra have been correctly simulated. The HOMO−LUMO transitions for all compounds are π → π* in nature. 

  To understand the fluorescence quenching of the conjugates the frontier orbitals in the singlet excited state conformations (S1) have been calculated and are displayed in Figure 6. The S1 geometries of the molecules are very different from those in the S0 state. The geometry change is related to the increase of the torsion angle between the naphthoquinone and aminocoumarin fragments (Table 2). As a consequence the HOMO is localized on the aminocoumarin and the LUMO on the naphthoquinone moiety in the excited state. It is evident from calculated HOMO-LUMO energies (Figure 6) that all 6-aminocoumarin-naphthoquinone conjugates behave as push-pull systems and that fluorescence quenching for all compounds may be related to the stronger π-electron acceptor character of the naphthoquinone compared to that of the coumaryl fragment. The naphthoquinone LUMO is of lower energy than that of 6-AC (see Figure S35 in the SI section) in both the ground and excited states. Thus the energy states are such that the fluorescent group (6-AC) donates electrons to the naphthoquinone LUMO resulting in an oxidative photoinduced electron transfer (oxidative-PET).48 
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  Conclusions

  In this study the fluorescent dye 6-AC was attached to 1,4-naphthoquinone derivatives aiming at fluorescent molecules. However the fluorescence of 6-AC was quenched in the 6-aminocoumarin-naphthoquinone conjugates 1-5. To explain these results, experimental and theoretical investigations of the photophysical and electrochemical properties of conjugates 1-5, 6-AC and 2-amino-3-chloro-1,4-naphthoquinone 6 were carried out in CH3CN. The strong π-electron acceptor character of the naphthoquinone moieties was confirmed by electrochemical measurements which showed a reduction potential around −1.0 V. Substitution on either N (H for CH3) or on the quinone ring (Cl for thiols) did not result in significant changes (wave I, ∆ = ± 0.1 V) on the electrochemical properties of the conjugates. TD-DFT calculations including solvent effects using the PCM model revealed that the S0 structures of compounds 1, 3-5 exhibit an intramolecular electrostatic N1–H…O1 interaction which does not exist in the S1 structures. An analysis of the S1 structures suggests that the electronic transition is a twisted intramolecular charge transfer (TICT). The lowest energy absorption band in the spectra of all conjugates has been assigned to π−π* charge transfer from aminocumaryl to naphthoquinone. The emission of all conjugates significantly decreased (Φ = 10−4) compared to 6-AC (Φ = 0.25). This observation has been explained in terms of the strong electron acceptor nature of the naphthoquinone moiety and conjugation of the two moieties through the imine like nitrogen which allow the oxidative-PET. It was found that the LUMO orbital is located on the naphthoquinone and controls both electrochemical and photophysical properties of all conjugates. It would therefore be interesting, in future studies, to introduce a saturated spacer to avoid quenching of the coumarin fluorescence. 

   

  Experimental section

  Materials and instruments 

  All starting materials were used without previous treatment and solvents, as received from commercial suppliers (except for triethylamine and N,N-dimethylformamide, which were previously distilled). Thin-layer chromatography (TLC) was performed on aluminum sheets coated with silica gel 60F-254 (Sorbent). The plates were inspected by UV light (λ = 254 nm). Silica gel 60 Merck (0.063-0.200 mm) was used for column chromatography. 6-Aminocumarin was synthesized according to the literature.49 

  1H NMR and 13C NMR spectra were recorded on a Varian Unit Plus (300 MHz or 500 MHz) spectrometer in CD3Cl, CD3CN or DMSO-d6. Chemical shifts (d) are reported in parts per million (ppm) relative to the signal of residual solvent. The hydrogen signals were attributed through coupling constant values and 1H × 1H – COSY experiments. Elemental analyses were performed using a Perkin-Elmer CHN 2400 microanalyzer (Central Analítica - Instituto de Química, Universidade de São Paulo, Brazil). Melting points were obtained on a Digital Melting Point IA9100 (ThermoFisher Scientific-USA) and are uncorrected. Transmission infrared spectra were recorded on an FT-IR Varian 660 spectrophotometer, equipped with a Pike ATR Miracle accessory (diamond/ZnSe crystal, resolution: 4 cm -1). Cyclic voltammograms were obtained with a BAS Epsilon potentiostat-galvanostat system at room temperature, using n-Bu4NClO4 (0.1 mol L -1) as the supporting electrolyte in CH3CN (spectroscopic grade) solutions of the compounds (at 1.0 × 10 -3 mol L -1). The electrochemical cell was a conventional one with three electrodes: Ag/Ag + was used as the quasi reference electrode, a platinum wire as the auxiliary electrode and glassy carbon as the working electrode. The ferrocene/ ferrocenium (FcH/FcH +) couple was added at the end of each experiment as internal standard to the bulk solution; the data are thus reported versus the FcH/FcH + couple as recommended by IUPAC.50 Pure argon was bubbled through the electrolytic solution to remove oxygen in all experiments. UV-vis absorption spectra were recorded on a Cary 50 (Varian) spectrophotometer using spectroscopic grade CH3CN. The values of wavelength are expressed in nanometers (nm) and epsilons (ε) in their logarithmic form. Luminescence spectra were obtained in a Varian Cary Eclipse fluorescence spectrophotometer. Fluorescence quantum yields were determined using a quinine sulfate (QB) solution in 0.5 mol L -1 H2SO4 (Φ = 0.546)51 as reference. The quantum yield was determined using the following equation: 52 
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  where Φem,s represents the fluorescence quantum yield of the sample; fS and fR are the absorption factor (f = 1 – 10 –Abs , where Abs = absorbance) for the sample and the reference, respectively, at the excitation wavelength; IS and IR denote the integrated areas of the corrected emission spectra for the sample and the reference, respectively; and nS and nR are the refractive indices of the sample and reference solvents, respectively. 

  Calculations 

  DFT calculations were performed with the Gaussian 09 (Rev. B.01) software package.53 The geometry of compound 1 was fully optimized using the geometry obtained in the solid state measurements.32 Compounds 2-5 did not provide single crystal and their geometry optimizations were carried out based on the geometry of compound 1. For the geometry optimization calculation the B3LYP functional together with the 6-31+G(d,p) basis set was employed.54,55 Harmonic frequency calculations were performed for the optimized geometries and revealed that these geometries represent genuine minimum energy points (with no negative eigenvalue) on the potential energy surface. Based on the B3LYP/6-31+G(d,p) optimized geometries, TD-DFT approaches were used to calculate vertical excitations with linear responses to verify the effects of these excitations on the absorption spectra of the examined compounds. The polarized continuum (overlapping spheres) solvation model (PCM) was used to ensure that solvent effects (CH3CN) were incorporated into all of the aforementioned calculations. The PCM computations used the UFF radii and all of the standard specifications of the Gaussian package. The TD results were analysed with the GaussSum 2.2 software.56 The absorption spectra were fitted with a Gaussian function with a FWHM of 3000 cm -1. 

  Synthesis 

  2-chloro-3-(2-oxo-2H-chromen-6-ylamino)naphthalene-1,4-dione 1: described elsewhere, see Supplementary Information.32 

  2-chloro-3-(methyl(2-oxo-2H-chromen-6-yl)amino) naphthalene-1,4-dione 2: N-methylation of compound 1 was carried out as previously described for other 2-(R-phenyl) amino-1,4-naphthoquinones,31 from 351.7 mg, 1 mmol of 1. After reaction completion the volatiles were removed under reduced pressure. The crude product was purified by column chromatography on silica gel (eluent CH2Cl2), giving a purple solid. Yield: 237.8 mg, 65%; m.p. 196 ºC; calcd. for C20H12ClNO4: C, 65.67; H, 3.31; N, 3.83%; found: C, 65.01; H, 3.43; N, 3.79%; 1H NMR (DMSO-d6, 500 MHz): δ 8.10 (d, 1H, J 6.8 Hz), 8.00 (d, 1H, J 6.8 Hz), 7.93 (d, 1H, J 9.6 Hz), 7.91-7.87 (m, 2H), 7.32 (t, 1H, J 1.6 Hz), 7.26 (d, 2H, J 1.6 Hz), 6.45 (d, 1H, J 9.6 Hz), 3.38 (s, 3H); 13C NMRAPT (DMSO-d6, 75 MHz): δ 180.44, 178.06, 160.67, 149.10, 148.28, 143.28, 143.05, 136.13, 134.41, 134.16, 131.50, 131.44, 127.39, 127.16, 121.83, 119.29, 117.62, 117.42, 114.78, 39.95; IR (KBr; νmax/cm-1): 3080 (C–Harom.), 2923 (C–Haliph.), 1718 (C=Oester), 1677 (C=Oquin.), 1639 (C=Oquin.), 1543 (C=C); UV-Vis [CH3CN; λmax/nm (log ε)]: 263 (4.72), 350 (3.94), 536 (3.59). 

  2-(2-oxo-2H-chromen-6-ylamino)-3-(propylthio) naphthalene-1,4-dione 3: 1-Propanethiol (87 µL, 0.96 mmol) was added to a solution of 1 (170 mg, 0.48 mmol) in DMF (20 mL) in the presence of triethylamine (66.4 µL, 0.48 mmol). The mixture was stirred at 60-70ºC for 24 h. After removal of the solvents under reduced pressure, the crude product was purified through recrystallization in cyclohexane, resulting in a purple solid. Yield: 25.3 mg, 64%; m.p. 134 ºC; calcd. for C22H17NO4S: C, 67.50; H, 4.38; N, 3.58%; found: C, 67.69; H, 4.51; N, 3.45%; 1H NMR (500 MHz, CD3CN): δ 8.12 (t, 2H, J 7.7 Hz), 7.88-7.83 (m, 2H), 7.79 (dt, 1H, J 7.7, 1.3 Hz), 7.39 (dd, 2H, J 8.8, 2.5 Hz), 7.34 (d, 1H, J 8.8 Hz), 7.32 (d, 1H, J 2.5 Hz), 6.45 (d, 1H, J 9.6 Hz), 2.58 (t, 2H, J 7.2 Hz), 1.44-1.35 (m, 2H), 0.84 (t, 3H, J 7.2 Hz); 13C NMR-APT (CDCl3, 75 MHz): δ 180.8, 180.0, 160.4, 150.7, 144.5, 142.8, 134.7, 134.6, 133.2, 132.8, 130.3, 126.8, 126.6, 126.0, 120.4, 118.7, 118.3, 117.3, 116.9, 45.7, 35.8, 8.50; IR (KBr; νmax/cm -1): 3329 (N–H), 3079 (C–Harom.), 2957 (C–Haliph.), 1721 (C=Oester), 1658 (C=Oquin.), 1639 (C=Oquin.), 1560 (C=C); UV-Vis [CH3CN; λmax/nm (log ε)]: 281 (4.56), 348 (3.73), 500 (3.54). 

  3-(2-oxo-2H-chromen-6-ylamino)-3-(arythiol) naphthalene-1,4-dione 4 and (2-oxo-2H-chromen-6-ylamino)-3-(4-chloroarythiol) naphthalene-1,4-dione 5: Compounds 4 and 5 were synthesized as described in the literature28 for analogous compounds 351 mg (1 mmol) of 1 and 1 mmol of the respective aryl thiols in absolute MeOH (20 mL), under reflux, in the presence of triethylamine (2.5 mmol). After 8 h, the resulting solution was concentrated under vacuum and purified by column chromatography on silica gel using EtOAc/hexane. 4: yield: 317 mg, 77%; m.p. 240 ºC; calcd. for C24H15NO4S: C, 69.72; H, 3.66; N, 3.39%.; found: C, 67.88; H, 3.52; N, 3.30%; 1H NMR (DMSO-d6, 500 MHz): δ 8.20 (d, 1H, J 7.6 Hz), 8.13 (d, 1H, J 7.6 Hz), 7.99 (t, 1H, J 7.4 Hz), 7.95 (d, 1H, J 7.4 Hz), 7.91 (d, 1H, J 9.5 Hz), 7.25-7.23 (m, 1H), 7.19-7.16 (m, 5H), 6.86 (d, 1H, J 7.3 Hz), 6.85 (d, 1H, J 5.9 Hz), 6.54 (d, 1H, J 9.5 Hz); IR (KBr; νmax/cm -1): 3306 (N–H), 3080 (C–Harom.), 1733 (C=Oester), 1678 (C=Oquin.), 1664 (C=Oquin.), 1551 (C=C); UV-Vis [CH3CN; λmax/nm (log ε)]: 284 (4.47), 505 (3.39). 5: yield: 365 mg, 82%; m.p. 210 ºC; calcd. for C24H14ClNO4S: C, 64.36; H, 3.15; N, 3.13%.; found: C, 62.58; H, 3.24; N, 3.03%; 1H NMR (DMSO-d6, 500 MHz): δ 8.20 (d, 1H, J 7.6 Hz), 8.13 (d, 1H, J 7.6 Hz), 7.99 (t, 1H, J 7.4 Hz), 7.96-7.92 (m, 2H), 7.26 (d, 1H, J 9.5 Hz), 7.22-7.19 (m, 4H), 6.88 (d, 2H, J 8.6 Hz), 6.56 (d, 1H, J 9.5 Hz); IR (KBr; νmax/cm -1): 3267 (N–H), 3079 (C–Harom.), 1742 (C=Oester), 1663 (C=Oquin.), 1627 (C=Oquin.), 1537 (C=C); UV-Vis [CH3CN; λmax/nm (log ε)]: 282 (4.29), 510 (3.15). 

   

  Supplementary information

  Supplementary Information associated with the paper contains FTIR, 1H, 13C NMR spectra, cyclic voltammograms of the compounds and computational details. These data are available free of charge at http://jbcs.sbq.org.br as a PDF file. 

   

  Acknowledgements

  FAPERJ: PRONEX (grant no. E-26/171.512.2010), Pensa Rio (grant no. E-26/110.692/2012), JCNE (grant no. E-26/103.213/ 2011) CNE (grant no. E-26/103.084/2011). CNPq: M.D.V. and C.M.R. are recipients of research fellowships and M.O.S. of a PIBIC fellowship. The authors thank LMQC and Prof J. Walkimar de M. Carneiro and Jusiane M. Costa for their help with the DFT calculations. 

   

  References

  1. Hallak, M.; Win, T.; Shpilberg, O.; Bittner, S.; Granot, Y.; Levy, I.; Nathan, I.; Brit. J. Haematol. 2009, 147, 459. 

  2. Esteves-Souza, A.; Figueiredo, D. V.; Esteves, A.; Camara, C. A.; Vargas, M. D.; Pinto, A. C.; Braz. J. Med. Biol. Res. 2007, 40, 1399. 

  3. Esteves-Souza, A.; Lúcio, K. A.; Cunha, A. S.; Pinto, A. C.; Lima, E. L. S.; Camara, C. A.; Vargas, M. D.; Gattass, C. R.; Onc. Rep. 2008, 20, 225. 

  4. Francisco, A. I.; Casellato, A.; Neves, A. P.; Carneiro, J. W. D; Vargas, M. D.; Visentin, L. C.; Magalhães, A.; Camara, C. A.; Pessoa, C; Costa-Lotufo, L. V.; Marinho, J. D. B.; Moraes, M. O.; J. Braz. Chem. Soc. 2010, 21, 169. 

  5. Barbosa, T. P.; Camara, C. A.; Silva, T. M. S.; Martins, R. M.; Pinto, A. C.; Vargas, M. D.; Bioorg. Med. Chem. 2005, 13, 6464. 

  6. Silva, T. M. S.; Camara, C. A.; Barbosa, T. P.; Soares, A. Z.; Cunha, L. C.; Pinto, A. C.; Vargas, M. D.; Bioorg. Med. Chem. 2005, 13, 193. 

  7. Kapadia, G. J.; Azuine, M. A.; Balasubramanian, V.; Sridhar, R.; Pharmacol. Res. 2001, 43, 363. 

  8. Ryu, C.-K.; Kim, D.-H.; Arch. Pharm. Res. 1992, 15, 263. 

  9. Clark, N. G.; Pest. Sci. 1985, 16, 23. 

  10. Koura, S.; Takasuka, K.; Katsuyama, N.; Ogino, C.; Sato, Y.; Wakabayashi, K.; Biosc. Biotech. Biochem. 1994, 58, 1210. 

  11. Silveira, G. Q.; Ronconi, C. M.; Vargas, M. D.; San Gil, R. A. S.; Magalhães, A.; J. Braz. Chem. Soc. 2011, 22, 961. 

  12. Glezer, V.; Stradins, J.; Friemanis, J.; Baider, L.; Electrochim. Acta 1983, 28, 87. 

  13. Aguilar-Martínez, M.; Cuevas, G.; Jiménez-Estrada, M.; González, I.; Lotina-Hennsen, B.; Macías-Ruvalcaba, N.; J. Org. Chem. 1999, 64, 3684. 

  14. Koyama, J.; Morita, I.; Kobayashi, N.; Osakai, T.; Hotta, H.; Takayasu, J.; Nishino, H.; Tokuda, H.; Cancer Lett. 2003, 201, 25. 

  15. Brun, M. P.; Braud, E.; Angotti, D.; Mondésert, O.; Quaranta, M.; Montes, M.; Miteva, M.; Gres, N.; Ducommun, B.; Garbay, C.; Bioorg. Med. Chem. 2005, 13, 4871. 

  16. Katritzky, A. R.; Narindoshvili, T.; Org. Biomol. Chem. 2009, 7, 627. 

  17. Krueger, A. T.; Imperiali, B.; Chembiochem. 2013, 14, 788. 

  18. Wang, F.; Tan, W. B.; Zhang, Y.; Fan, X.; Wang, M.; Nanotechnology 2006, 17, R1. 

  19. Silveira, G. Q.; Vargas, M. D.; Ronconi, C. M.; J. Chem. Mater. 2011, 11, 6034. 

  20. Johnson, I. D. In Handbook of Biological Confocal Microscopy, 3rd ed.; Pawley, J., ed.; Springer: New York, 2006. 

  21. Riveiro, M. E.; De Kimpe, N.; Moglioni, A.; Vazquez, R.; Monczor, F.; Shayo, C.; Davio, C.; Curr. Med. Chem. 2010, 17, 1325. 

  22. Krystkowiak, E.; Dobek, K.; Maciejewski, A.; Photochem. Photobiol. Sci. 2013, 12, 446. 

  23. Krystkowiak, E.; Dobek, K.; Burdzińskib, G.; Maciejewski, A.; Photochem. Photobiol. Sci. 2012, 11, 1322. 

  24. Rózsa, Z.; Mester, I.; Reisch, R.; Szendrei, K.; Planta Med. 1989, 55, 68. 

  25. Ito, C.; Ono, T.; Tanaka, E.; Takemura, Y.; Nakata, T.; Uchida, H.; Ju-ichi, M.; Omura, M.; Furukawa, H.; Chem. Pharm. Bull. 1993, 41, 205. 

  26. Ishikawa, T.; Kotake, K.; Ishii, H.; Chem. Pharm. Bull. 1995, 43, 1039. 

  27. Ibis, C.; Deniz, N. G.; J. Chem. Sci. 2012, 124, 657. 

  28. Tandon, V. K.; Maurya, H. T.; Mishra, N. N.; Shukla, P. K.; Eur. J. Med. Chem. 2009, 44, 3130. 

  29. Tandon, V. K.; Maurya, H. T.; Tripathi, A.; ShivaKeshava, G. B.; Shukla, P. K.; Srivastava, P.; Panda, D.; Eur. J. Med. Chem. 2009, 44, 1086. 

  30. Valente, C.; Moreira, R.; Guedes, R. C.; Iley, J.; Jaffarc, M.; Douglas, K. T.; Bioorg. Med. Chem. 2007, 15, 5340. 

  31. Lisboa, C. S.; Santos, V. G.; Vaz, B. G.; Lucas, N. C.; Eberlin, M. N.; Garden, S. J.; J. Org. Chem. 2011, 6, 5264. 

  32. Sousa, M. O. B.; Silveira, G. Q.; Gomez, J. A. G.; Acta Cryst. 2013, E69, o1317. 

  33. Anslyn, E. V.; Dougherty, D. A.; Modern Physical Organic Chemistry; University Science Books: Sausalito, CA, 2006. 

  34. Liu, Y.; Liu, M. S.; Jen, A. K. -Y.; Acta Polym. 1999, 50, 105. 

  35. Chang, S. C.; Weaver, M. J.; J. Phys. Chem. 1991, 95, 5391. 

  36. Stuve, E. M.; Krasnopoler, A.; Sauer, D. E.; Surf. Sci. 1995, 335, 177. 

  37. Miller, L. L.; Nordbloman, G. D.; Maybda, E. A.; J. Org. Chem. 1972, 37, 916. 

  38. Pösch, P.; Thelakkat, M.; Schmidt, H. W.; Synth. Met. 1999, 102, 1110. 

  39. Pommerehne, J.; Vestweber, H.; Guss, W.; Mahrt, R. F.; Bassler, H.; Porsch, M.; Daub, J.; Adv. Mater. 1995, 7, 551. 

  40. Turovska, M.; Stradins, J.; Freimanis, J.; Strazdins, I.; Logins, J.; Dregeris, J.; J. Electroanal. Chem. 1996, 414, 221. 

  41. Becke, A. D.; J. Chem. Phys. 1993, 98, 5648. 

  42. Ditchfield, R.; Hehre, W. J.; Pople, J. A.; J. Chem. Phys. 1971, 54, 724. 

  43. Matos, C. R. M. O.; Miranda, F. S.; Carneiro, J. W. de M.; Pinheiro, C. B.; Ronconi, C. M.; Phys. Chem. Chem. Phys. 2013, 15, 13013. 

  44. Grimme, S.; Parac, M.; ChemPhysChem 2003, 4, 292. 

  45. Drew, A.; Head-Gordon, M. J.; Am. Chem. Soc. 2004, 126, 4007. 

  46. Tozer, D. J.; Handy, N. C.; Phys. Chem. Chem. Phys. 2000, 2, 2117. 

  47. Pastore, M.; Fantacci, S.; De Angelis, F. J.; Phys. Chem. C 2013, 117, 3685. 

  48. Loudet, A.; Burgess, K.; Chem. Rev. 2007, 107, 4891. 

  49. Morgan, G. T.; Gore, F. M.; J. Chem. Soc. Trans. 1904, 85, 1230. 

  50. Gritzner, G.; Kuta, J.; Pure Appl. Chem. 1984, 56, 461. 

  51. Adams, M. J.; Highfield, J. G.; Kirkbright, G. F.; Anal. Chem. 1977, 49, 1850. 

  52. Birks, J. B.; Photophysics of Aromatic Molecules, 1st ed.; Wiley-Interscience: London, 1970. 

  53. Gaussian 09, Revision B.01, Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. A.; Cheeseman, J. R.; Scalmani, G.; Barone, V.; Mennucci, B.; Petersson, G. A.; Nakatsuji, H.; Caricato, M.; Li, X.; Hratchian, H. P.; Izmaylov, A. F.; Bloino, J.; Zheng, G.; Sonnenberg, J. L.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Vreven, T.; Montgomery Jr., J. A.; Peralta, J. E.; Ogliaro, F.; Bearpark, M.; Heyd, J. J.; Brothers, E.; Kudin, K. N.; Staroverov, V. N.; Kobayashi, R.; Normand, J.; Raghavachari, K.; Rendell, A.; Burant, J. C.; Iyengar, S. S.; Tomasi, J.; Cossi, M.; Rega, N.; Millam, J. M.; Klene, M.; Knox, J. E.; Cross, J. B.; Bakken, V.; Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.; Cammi, R.; Pomelli, C.; Ochterski, J. W.; Martin, R. L.; Morokuma, K.; Zakrzewski, V. G.; Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Dapprich, S.; Daniels, A. D.; Farkas, Ö.; Foresman, J. B.; Ortiz, J. V.; Cioslowski J.; Fox, D. J. Gaussian, Inc., Wallingford CT, 2009. 

  54. Becke, A. D.; J. Chem. Phys. 1993, 98, 5648. 

  55. Ditchfield, R.; Hehre, W. J.; Pople, J. A.; J. Chem. Phys. 1971, 54, 724. 

  56. O'Boyle, N. M.; Tenderholt; A. L.; Langner, K. M.; J. Comp. Chem. 2008, 29, 839. 

   

   

  Submitted: September 9, 2013 

  Published online: November 26, 2013

   

   

  
    *e-mail: miranda@vm.uff.br, mdvargascp@gmail.com

     

     

    Supplementary Information

    1. FTIR and 1H, 13C and NMR spectra

    1.1. 2-chloro-3-(2-oxo-2H-chromen-6-ylamino)naphthalene-1,4-dione 1
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    1.2. 2-chloro-3-(methyl(2-oxo-2H-chromen-6-yl)amino)naphthalene-1,4-dione 2
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    1.3. 2-(2-oxo-2H-chromen-6-ylamino)-3-(propylthio)naphthalene-1,4-dione 3
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    1.4. 2-(2-oxo-2H-chromen-6-ylamino)-3-(phenylthiol)naphthalene-1,4(4aH,8aH)-dione 4
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    1.5. 2-(4-chlorophenylthiol)-3-(2-oxo-2H-chromen-6-ylamino)naphthalene-1,4(4aH, 8aH)-dione 5
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    2. Cyclic voltammograms

    Obtained with a BAS Epsilon potentiostat–galvanostat system at room temperature, using n-Bu4NClO4 (0.1 mol L-1) as the supporting electrolyte in CH3CN (spectroscopic grade) solutions of the compounds (at 1.0 × 10-3 mol L-1). The electrochemical cell was a conventional one with three electrodes: Ag/Ag+ was used as the reference electrode, a platinum wire as the auxiliary electrode and glassy carbon as the working electrode. The ferrocene/ferrocenium (FcH/ FcH+) couple was used as the internal standard. Pure argon was bubbled through the electrolytic solution to remove oxygen in all experiments. The potential scan was initiated in the anodic direction. Both anodic and cathodic peaks are indicated in the voltammograms.
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    3. Computational details
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    Apresenta-se um procedimento alternativo para o preparo das amostras de biodiesel para a determinação elementar por espectrometria de emissão óptica com plasma indutivamente acoplado (ICP OES), baseado na formação de emulsão da amostra (10% m/v) com ácido fórmico (15% v/v) e Triton X-100 (0,1% m/v). Estas concentrações foram otimizadas e os padrões e amostras emulsionados mostraram-se estáveis por pelo menos 3 h. As condições experimentais (1500 W de potência da radiofrequência e 0,5 L min-1 de vazão do Ar nebulizador) foram otimizadas a partir das recomendadas pelo fabricante do equipamento, com uma solução contendo 10 mg L-1 de todos os analitos, preparada com óleo base nas mesmas condições da emulsão. Os efeitos de matriz foram investigados, observando as inclinações das curvas de adição de analito para diferentes amostras de biodiesel. Os resultados mostraram que a calibração externa com soluções contendo padrões inorgânicos emulsionados pode ser utilizada. Os limites de detecção encontrados (em mg kg-1) foram 0,121; 0,008; 0,006; 0,001; 0,006; 0,071; 0,241 e 0,024 para Ca, Cu, Fe, Mn, Mg, Na, K e Si, respectivamente. A exatidão do procedimento para o Ca, Mg, K e Na foi avaliada por meio da análise de um padrão multielementar de biodiesel B100 (Conostan) e as recuperações variaram entre 91 a 107%. O procedimento proposto usa reagentes com baixa toxicidade e mostrou ser uma alternativa simples e direta de preparação de amostras para determinação de metais em biodiesel por ICP OES com limites de detecção adequados para essas análises.

  

   

  
    It is presented an alternative procedure for preparation of biodiesel samples for elemental determination by inductively coupled plasma optical emission spectrometry (ICP OES), based on the sample (10% m/v) emulsion formation with formic acid (15% v/v) and Triton X-100 (0.1% m/v). These concentrations were optimized and the stability of emulsified aqueous standards and samples was found to be of at least 3 h. Experimental conditions (1500 W of RF power and 0.5 L min-1 of Ar nebulizer flow rate) were optimized from those recommended by the equipment manufacturer, with a solution containing 10 mg L-1 of each analyte prepared with mineral oil in the same conditions of the emulsion. Matrix effects were investigated by observing the slopes of analyte addition curves for different biodiesel samples. Results showed that external calibration with inorganic aqueous standard solutions in the emulsion medium should be used. Limits of detection obtained (in mg kg-1) were 0.121, 0.008, 0.006, 0.001, 0.006, 0.071, 0.241 and 0.024 for Ca, Cu, Fe, Mn, Mg, Na, K and Si, respectively. The accuracy of the procedure for Ca, Mg, K and Na was assessed by the analysis of a multi-element standards B100 biodiesel (Conostan) and the recoveries ranged from 91 to 107%. The proposed procedure used low toxicity reagents and showed to be a simple and straightforward alternative of sample preparation for metal determination in biodiesel by ICP OES with limits of detection adequate for those analyses.

    Keywords: biodiesel, emulsion, formic acid, ICP OES

  

   

   

  Introduction

  Biodiesel is considered non-toxic, biodegradable and ecologically advantageous due to its renewable sources, when compared to fossil fuels. For these reasons, blended biodiesel has been increasingly employed into diesel oil in many countries and regulatory norms have been established for its characterization and quality evaluation.1-3 Concerning elements that have a limited concentration in biodiesel, alkaline (Na + K) and earth alkaline metals (Ca + Mg) as well as non-metals (P and S) are contaminants that can affect the emission quality and motor performance.1,4 The current specifications for biodiesel imposed by the Brazilian Fuel Agency (ANP) defines a limit of 5 mg kg-1 as the maximum allowed concentration for Na + K or Ca + Mg and 10 mg kg-1 for P and S.5

  These elements can be originated from the raw material or incorporated during the production process. Alkaline metals can remain in the biodiesel due to no proper washing out of the catalysts from the final product, causing corrosion in the engine above certain levels. Earth alkaline, mainly Ca and Mg, may be present in biodiesel due to the use of hard water in the washing process necessary to clean the final product from byproducts such as glycerin. Non-metals can be originated from the raw material (P from the phospholipids present in the oil) or from the process (S from sulfuric acid used for neutralize the excess of catalysts).1,2 Others metals such Cu, Pb, Cd and Zn may catalyze oxidation in contact with biodiesel, thereby creating residues (sediments) at the motor and also may be a pollution source.4

  For the determination of contaminants Na, K, Mg, K and P in biodiesel, European,6-8 American9 and Brazilian10,11 norms recommend sample dilution with organic solvent, xylene or kerosene, and external calibration with organometallic standards in base oil dissolved in the same solvent as for the samples, after viscosity adjustment of the calibration solutions with a mineral oil. The instrumental determination can be performed by atomic spectrometry techniques, such as inductively coupled plasma optical emission spectrometry (ICP OES)10 or flame atomic absorption spectrometry (F AAS).11 Despite the calibration curves are prepared with organometallic standards, matching the response of the analyte in the sample compared to the calibration solutions can be questionable due to the presence of different species. Moreover, special care is necessary for handling, working and storing organic solvents due their toxicity, corrosiveness, volatility, and inflammability.12 

  Alternative procedures for the determination of trace elements in biodiesel by atomic spectrometric techniques were reviewed by Lepri et al..4 In Brazil, several research groups have focused on the development of these procedures using different sample preparation methods such as acid digestion, formation of microemulsions to improve the sensitivity and limits of detection for the analytes of interest in biodiesel.13-27 

  The emulsion formation is a simple procedure, since it does not require the use of organic solvents or the destruction of the sample matrix and offers additional advantages, such as the use of aqueous inorganic standards for the preparation of the calibration curves, analyte stability for several days, and lower cost of analysis. Also, when the emulsified sample is properly stabilized, it is compatible with most analytical instrumentation and any potential loss of analytes due to volatilization or precipitation during sample processing is eliminated. The emulsion can be classified according to its formulation and to the 
    oil/water ratio. In oil-in-water (o/w) emulsions, the oil phase (biodiesel) is dispersed into the aqueous phase as micro droplets stabilized by micelles or vesicles generated by the addition of a detergent.28-30 In case of elemental analysis, the addition of an acid (nitric acid is the most employed) to the emulsion is also important to extract and stabilize the analytes in the aqueous phase. In the literature, there are several methods using emulsion formation for vegetable oils. However, for the determination of metals in biodiesel samples, most found methods employ microemulsion with short chain alcohols (n-propanol or n-butanol) and a surfactant, mostly Triton X-100.14-25 A studied published by Aranda et al.31 employed emulsions with nitric acid and Triton X-100 for biodiesel samples, but in this case it was applied for the determination of total and inorganic Hg by flow injection cold vapor atomic fluorescence spectrometry (FI-CV-AFS).

  Formic acid has been widely used as an alternative acid, especially for the dissolution of biological tissues, wherein the analytes are released to the aqueous phase before determination, besides it is easy to obtain, presents low toxicity and it is safer to be used when compared with organic solvents. It is miscible with water, somewhat soluble in hydrocarbons and makes hydrogen bonds. Certainly, these characteristics are important for the emulsion formation with biodiesel sample, since the analytes can be extracted without the needing of destroying the organic matrix. In addition, it can be used in polypropylene flasks, and, in most cases, it does not require external energy for the dissolution of the samples.32-33 When compared to nitric acid, formic acid is cheaper, is not controlled by the government, does not require additional purification, makes easier the extraction of the analytes to the aqueous phase, since it can solubilize partially in the organic phase, and is also safer to be used, since it is a weak acid.

  In this context, the present work proposes an alternative sample treatment based on the emulsion formation with formic acid and Triton X-100 for the determination of Ca, Cu, Fe, Mn, Mg, Na, K, and Si in biodiesel samples by ICP OES. The proposed method is easy and simple to perform, avoids the use of organic solvents, and it is an alternative to the procedures based on the dilution with xylene or microemulsion with alcohols.

   

  Experimental

  Instrumentation

  For this study, the inductively coupled plasma optical emission spectrometer Optima 4300 DV (PerkinElmer, Norwall, CT, USA) was employed. Different flow rates of 99.9996% argon (Linde, Rio de Janeiro, Brazil) were used. The operational conditions were initially adjusted as those recommended by the equipment manufacturer for organic solutions (1300 W RF power and 0.5 L min-1 nebulizer Ar), since the emulsion has a high organic content, which was expected to require high energy for dissociation in the plasma. A fast optimization with a solution containing 10 mg L-1 of all analytes prepared with mineral oil in the same conditions as the sample emulsion showed that higher robustness of the plasma was obtained with higher RF power. Table 1 shows the optimized operational conditions and the analytical lines employed in this work. For sample introduction, a concentric pneumatic nebulizer (Meinhard TR-30-K3, 36 psi) was employed coupled to a 50 mL glass cyclonic spray chamber (both from Glass Expansion, West Melbourne Vic, AU) and a 2.0 mm inner diameter injector. For the introduction of samples diluted in xylene, a Meinhard K-type nebulizer coupled to a Twister spray chamber for organics (also Glass Expansion) and a 1.8 mm injector were employed. Oxygen 99.96% (Linde, Rio de Janeiro, Brazil) was introduced in the nebulizer flow and adjusted to not be observed the typical carbon green emission. In this case, the operational conditions have been previously optimized in our lab and are also shown in Table 1. A peristaltic pump was used to feed the nebulization system with the solutions. All samples were weighed using an Ohaus Adventurer analytical balance (Model AR 2140, Pine Brook, NJ, USA) with a precision of 0.1 mg.
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  Materials and Reagents

  All reagents were of analytical grade. All solutions were prepared using high-purity water with a minimum resistivity of 18.3 MΩ cm, obtained from a Direct-Q 3 Water Purification System (Millipore Corporation, Bedford, MA, USA). Multi-element working standard solutions were prepared by appropriate dilution of the stock ICP multi-element standard IV (Merck, Darmstadt, Germany) 1000 mg L-1 of Ca, Cu, Fe, Mn, Mg, Na, K and Si in 0.2% (v/v) HNO3. A 1000 mg L-1 yttrium solution (Merck) was used for the internal standard. Also, a multi-elemental organometallic standard solution (Conostan S21+ K, Champlain, NY, USA) with analyte concentration of 885 µg g-1 was used. For sample preparation, formic acid 95% (v/v), Triton X-100 (both from Sigma-Aldrich, Germany), mineral oil (viscosity ranging from 10.8 to 13.6 mm2 s-1 and specific mass of 0.856 g mL-1 (Vetec, Rio de Janeiro, Brazil) and antifoam A (Fluka, Buchs, Germany) were used. Xylene (Vetec, Rio de Janeiro, Brazil) was employed for the direct introduction of samples.

  Samples

  For the emulsions preparation, biodiesel samples from different raw materials (soybean, algae and castor oils) were analyzed. Biodiesel from soybean and castor oils are already well-studied concerning performance and are commonly employed in Brazil blended to diesel oil, while the production and performance of biodiesel from algae are still being studied. A biodiesel plant located in Southern Brazil provided the samples. The accuracy of the developed method was evaluated by the analysis of multi-element standards for Ca, K, Mg, Na and P in B100 Biodiesel (Conostan B-100, SCP Science, Canada) containing 20 mg kg-1 of these analytes.

  Emulsion preparation

  Emulsions were prepared in a 10 mL polyethylene flask by mixing approximately 1.0 g of the biodiesel sample with 1.5 mL of formic acid and 1.0 mL of Triton X-100 1.0% (m/v). Antifoam (2-3 droplets) was also added in order to avoid foam during the analysis. The volume was filled up to 10 mL with deionized water. Before the analysis, the emulsions were shaken vigorously. Blanks and calibration solutions were prepared similarly to the sample emulsion, but using 1 g of mineral oil to match for the samples viscosity, with 15% (v/v) formic acid and 0.1% (m/v) Triton X-100. Appropriate amounts of the multi-element inorganic standard were added to the calibration solutions. For all samples and calibration solutions, yttrium was used as internal standard at the final concentration of 0.2 mg L-1. 

   

  Results and Discussion

  Emulsion composition optimization

  In order to choose the ideal composition of the emulsion, as well as the compatibility of reagents with the plasma, the concentration of formic acid and Triton X-100 were evaluated. The blank solution for each reagent (formic acid or Triton X-100) was analyzed individually and the intensity values were low, indicating no contamination with the analytes. 

  The effect of the formic acid concentration on the signal intensity (Figure 1) was evaluated in the range of 0.0 to 50% (v/v) using a calibration solution containing 1.0 mg L-1 of the analytes and prepared as emulsion with 1 g of mineral oil and 0.1% (m/v) Triton X-100. The mineral oil was used for matching the viscosity with those of the sample solutions.34 In accordance to the results displayed in Figure 1, a similar behavior for all analytes was observed from 5% to about 20% (v/v) of formic acid. After, a slight decrease in the signal was observed for Ca, Cu and Si. In order to determine all analytes simultaneously using the same concentration of formic acid, the concentration of 15% (v/v) was chosen, that is, 1.5 mL of formic acid was employed for the preparation of 10 mL of the emulsion in presence of Triton X-100 and mineral oil. Formic acid has a Ka of 1.6 × 10-4. At the concentration chosen for the work (15% v/v), the calculated ionization coefficient was 0.65% and the ionic strength was 0.025 mol L-1. Thus, we believe that this high concentration of formic acid was necessary to provide the ionic strength necessary to maintain the stability of the micelles along the analysis time.

  
    

    [image: Figure 1. Effect of formic]

  

  The surfactant Triton X-100 was used in the emulsion preparation, in order to make easier the dispersion between the water and the oil phase, increasing the micelles' stability and, consequently, the precision of the results. Initially, 3 or 4 droplets of Triton X-100 were added to each 1.5 mL of formic acid. However, we observed a high blank signal for Na. Then, a solution of 1.0% (m/v) of Triton X-100 in water was prepared and the effect of the emulsifier concentration was tested in the range of 0.01 to 0.5% (m/v) for a solution containing 1 mg L-1 of each analyte, 15% (v/v) of formic acid and 1.0 g of mineral oil. In this way, a lower blank signal for Na was obtained. As can be observed in Figure 2, the analytes signals trend to increase up to the concentration of 0.10% (m/v) Triton X-100, remaining constant for higher concentrations. Thus, this emulsifier concentration was used as optimum for further experiments. 
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  The optimum concentrations of formic acid and Triton X-100 for the system based on oil-in-water (o/w) emulsion formation did not cause any instability in the plasma because of the high power and low sample flow rate, which increase the robustness of the plasma, do not requiring the addition of oxygen to decompose the organic compounds in the plasma. The background emission was evaluated with a solution containing 15% (v/v) formic acid and with the correction by the instrument software. This amount of formic acid did not increase the background and no carbon deposition was observed in the injector.

  An important part of a routine procedure is that the analytes in the sample and calibration solutions (or emulsions) remained stable for at least a few hours so that the analysis could be carried out without signal loss. Several papers have shown that organic solutions containing trace metals may suffer from losses just a few minutes after preparation.4,28 Thus, the stability of the analytes in the emulsified medium was evaluated along a period of 4 h in the biodiesel emulsion, after its enrichment with 1.0 mg L-1 of analytes. Results demonstrated that the analytes were stable in the emulsified medium for 3 h, just needing a slight shaking prior to analysis. Thus, in order to get accurate results, the samples should be analyzed within this period, after the emulsion preparation.

  In order to obtain information about the necessity of organometallic standards for calibration, it was carried out a study to evaluate the signal intensity, varying the concentration of formic acid with fixed concentration of Triton X-100 in 0.1% (m/v) and adding 1 mg L-1 of inorganic or organometallic standards for all analytes in each solution. This study is presented on Figure 3. The results showed that even with the increasing concentration of formic acid, the signal intensity of all analytes were similar and the recoveries of added concentrations ranged between 92 to 103%. From these results, it could be concluded that the determinations can be performed using inorganic standards.
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  Calibration curve

  Since biodiesel of different sources present different compositions (and consequently, different properties, such as viscosity and density), the matrix influence was investigated by observing the slopes of analyte addition curves with three biodiesel samples (soybean, algae and castor oil). Also, in order to define the calibration mode, the slope of an external calibration curve was compared to those obtained from analyte addition curves relative to samples. External calibration curves were prepared with mineral oil in formic acid and Triton X-100 and the analyte addition curves were prepared by spiking the emulsions of the biodiesel samples with formic acid and Triton X-100, as described in experimental section, with appropriate volumes of aqueous inorganic standards. 

  Results presented on Table 2 show no significant multiplicative matrix effects in relation to the external calibration curve (t test, p < 0.05), since the slope values were similar. Thus, the external calibration curve with inorganic standards prepared using mineral oil, formic acid and Triton X-100 was used to analyze the biodiesel samples.

  
    

    [image: Table 2. Slopes of analyte]

  

  Analytical applications

  The accuracy of the proposed procedure was evaluated using the multi-element standards in B100 biodiesel (Conostan) containing 20 mg kg-1 of Ca, Mg, K and Na. The concentrations were obtained by external calibration and the emulsion was prepared as described on experimental section. Table 3 shows the obtained results.
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  Since this multi-element standards B100 biodiesel does not present certified or informed values for Fe, Mn, Cu and Si, the accuracy was also assessed through recovery tests carried out by adding the inorganic standard to the original samples (soybean, algae and castor oil) at three concentration levels for each analyte (1.0, 2.0 and 5.0 mg L-1). Results are shown in Figure 4. Recoveries ranged from 91 to 107% supported the accuracy of the proposed method.
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  Figures of merit

  Table 4 summarizes the main figures of merit obtained with the proposed procedure with external calibration curve prepared in 1% (m/v) mineral oil, 15% (v/v) formic acid, 0.1% (m/v) Triton X-100 and yttrium as internal standard. The instrumental limits of detection (LOD) were calculated as three times the standard deviation of 10 measurements of the blank signals divided by the slope of the respective calibration curve for each analyte. Also, the LOD was calculated for the original sample considering 1.0 g of biodiesel in 10 mL of final solution. In order to evaluate the analytical potential of the proposed procedure, the values of LOD were compared with those reported by De Souza et al.21 and Chaves et al.,27 which used the ICP OES to determine the same analytes in biodiesel samples by formation of emulsion with nitric acid and Triton X-100 or by dilution with alcohol. According to Table 4, the proposed procedure showed limits of detection in the same order of magnitude or even better than those of the comparative methods. In addition, we observed that not all biodiesel samples can dissolve in ethanol, making the emulsion formation a fast and attractive method for biodiesel preparation.

  
    

    [image: Table 4. Limits of detection]

  

  The obtained values of LOD for the proposed procedure are adequate for the analysis of the biodiesel in accordance to the established limits in the Brazilian legislation, mainly for Ca, Mg, Na and K. When compared with the values of LOD obtained with others works (F AAS, F AES or ICP OES13) for biodiesel samples prepared as a microemulsions16-18 or by microwave-assisted decomposition,13 the emulsion with formic acid and Triton X-100 showed better values. In the same way, the values of LOD for this work were better in comparison with the results obtained by De Oliveira et al.,33 which used the procedure recommended by the ABNT NBR 15556 using LS F AAS and HR-CS F AAS with sample diluted with xylene for determination of Na, K, Mg and Ca.

  Another important figure of merit is the background equivalent concentration (BEC), which is the concentration calculated for the blank signal. Except for Ca, which BEC (0.005 mg L-1) was lower than the half of the LOD, the calculated values for BEC were in the same order of the LOD for all other analytes. It means that the values of the blanks were as low as the LOD and then, are not expect to interfere in the analysis of the samples, unless for very low concentrations.

  The procedure developed using emulsion with formic acid and Triton X-100 was applied to determine the analytes in three biodiesel samples (soybean, algae and castor) and the results of measured concentration are shown in Table 5. The values of the concentrations measured in 3 replicates of each sample did not vary more than 8.7%. For comparison, samples were also analyzed after dilution with xylene, following the method recommended by the Brazilian legislation.10 Results presented in table 5 were mostly in agreement, confirming the accuracy of the proposed method.
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  Conclusions

  The use of emulsification as a sample preparation strategy using formic acid and Triton X-100 was found to be a very effective technique for ICP OES analysis of trace metals in biodiesel. Formic acid has never been used for this purpose and showed a good reagent instead to use organic solvent such as xylene or others solvents. The proposed procedure is direct and simple, employs low toxicity reagents, is easy to implement, and is fast. It is a good alternative for the determination of the metals in biodiesel using a single preparation oil-in-water (o/w) emulsion, and allows calibration to be performed with aqueous inorganic standards. The limits of detection, at the optimized conditions, were better than those obtained by the method recommended by the regulatory norms and are adequate for the determination of these elements in biodiesel, in accordance to the established limits by the Brazilian and international legislation. 
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    Uma série de catalisadores sólidos básicos de KF/γ-Al2O3foi preparada pelo método deimpregnação úmida e aplicada à síntese de carbonato de glicerina (GC) a partir de glicerol e carbonato de dimetila. As influências do teor de KF e da temperatura de calcinação do catalisador na síntese foram investigadas. Os resultados mostraram que os catalisadores de KF/γ-Al2O3conseguem promover uma conversão eficiente de glicerol emGC. A estrutura e as propriedades dos catalisadores foram estudadas por difratometria de raios X (XRD), espectroscopia no infravermelho por transformada de Fourier (FTIR), adsorção de N2, dessorção térmica programada (TPD) de CO2, espectroscopia fotoeletrônica por raios X (XPS) e pelo método dos indicadores de Hammett. Observou-se que os catalisadores possuem vários tipos de centros básicos, como KF, KAlO2, KOH e possivelmente o íon F–coordenativamenteinsaturado. Os centros fortemente básicos não somente poderiam acelerar a conversão do glicerol, como também aumentar a formação do glicidol a partir da decomposição de GC. A reutilização de KF/γ-Al2O3 mostrou que a decomposição do catalisador, que é causada principalmente pela lixiviação parcial das espécies ativas de potássio, aumenta com o número de usos. Temperaturas altas de calcinação favorecem a transformação de KF emKAlO2e amenizam a desativação do catalisador. Com base na distribuição dos produtos e nos resultados obtidos, foi proposto um mecanismo possível para a reação do glicerol com carbonato de dimetila.

  

   

  
    A series of KF/γ-Al2O3 solid base catalysts were prepared by a wet impregnation method and applied to the synthesis of glycerol carbonate (GC) from glycerol and dimethyl carbonate. The influences of KF loading and calcination temperature of catalyst on the synthesis were investigated. The results showed that KF/γ-Al2O3 catalysts could promote glycerol conversion to GC efficiently. The structure and properties of the catalysts were studied by means of X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FT-IR), N2-adsorption, CO2-temperature programmed desorption (TPD), X-ray photoelectron spectroscopy (XPS) and Hammett indicator method. It was found that several types of basic centers such as KF, KAlO2, KOH and possibly coordinately unsaturated F– ion existed on the catalysts. The strong basic centers could not only accelerate the conversion of glycerol, but also enhance the formation of glycidol from the decomposition of GC. The recycling of KF/γ-Al2O3 revealed that deactivation of catalyst was strengthened with the reuse times, which was mainly caused by the partial leaching of active potassium species. High calcination temperature favored the transformation of KF to KAlO2 and alleviated the deactivation of the catalyst. Based on the product distribution and obtained results, a possible reaction mechanism on reaction of glycerol with dimethyl carbonate was proposed.

    Keywords: glycerol, dimethyl carbonate, glycerol carbonate, KF/γ-A12O3

  

   

   

  Introduction

  Biodiesel has attracted considerable attention as an alternative to the fossil fuel resources. European Union and U.S. government have promulgated mandatory regulations for the use of biodiesel in transportation fuel and on-road diesel.1 However, production of biodiesel by plant oil methanolysis generates large amount of glycerol (about 10 wt.%) as an unavoidable by-product, which has to be valorized to improve the economic competitiveness of biodiesel.2 Therefore, transformation of glycerol into value-added products is of great significance. So far, several routes for glycerol conversion have been reported, such as selective oxidation, reduction, etherification, esterification, polymerization, transesterification, etc.3,4

  Among the various downstream products of glycerol, glycerol carbonate (4-hydroxymethyl-2-oxo-1,3-dioxolane, GC) represents an important and potential glycerol derivative that shows low toxicity and volatility, biodegradability, high boiling point, etc.5 GC has been widely used as a solvent in the cosmetics industry, as a membrane component for gas separation, as a component of coatings and detergents, as a precursor of glycidol, and as a monomer in preparing polycarbonate and polyurethane.6-8

  GC can be synthesized from glycerol and different reagents including CO, CO2, phosgene, urea and organic carbonates. Among these raw materials, CO or phosgene is practically limited due to their toxicity and safety issues at both laboratory and industrial scales.9-11 The direct carbonation of glycerol with CO2 is thermodynamically limited and only gives very low yield even under harsh reaction conditions.12,13 The disadvantages of preparing GC from glycerol and urea lead to the creation of large amounts of ammonia and the difficulty in separating the undesired by-products like isocyanic acid and biuret.14,15 Although GC may be obtained from glycerol and ethylene carbonate by transesterification, ethylene glycol is produced as by-product which makes the separation of products difficult because of their high boiling points.16 Compared with these ways, transesterification of glycerol with dimethyl carbonate (DMC) for GC preparation is considered as the promising approach for industrial application due to the mild reaction conditions, easy separation, simple process and high GC 
    yield.17-19

  Several catalysts have been employed to promote this reaction efficiently. Kim et al.20 prepared GC in the presence of a lipase catalyst Novozym 435. However, the process is plagued by long reaction time, inconvenient removal of THF solvent and the sensitivity of lipase to environment. Recently, some homogeneous catalysts have been reported, they are tetra-N-butylammonium bromide, K2CO3, NaOH, etc.8,16,21,22 In spite of the high catalytic activity, these catalysts are less preferable in view of difficulty in separation of the spent catalyst from the reaction mixture and their poor reusability. To meet the requirement of future commercial production, development of efficient heterogeneous and recyclable catalyst is thus highly desirable. Ochoa-Gómez et al.16 found that the basic catalysts were more active than the acidic ones, and their catalytic activity depended on the basic strength and basicity of catalysts. Among the evaluated catalysts, CaO was found to be the best basic catalyst and gave 95% of GC yield. However, CaO was easily deactivated after adsorbing trace amount of water or CO2. Alvarez et al.18 prepared a series of Mg/Al mixed oxides from hydrotalcite and applied to the synthesis of GC as a solid base catalyst. 97% of glycerol conversion and 93% of GC yield were obtained under the optimized conditions. Takagaki et al.23 stated that the uncalcined hydrotalcite with hydromagnesite phase could also promote GC formation. 

  A number of reports have shown that the basic catalysts can accelerate the transesterification reaction efficiently. Besides CaO and hydrotalcite-like catalysts, alumina loaded KF also possesses strong basic sites, which can be prepared by simple impregnation and has been applied to various base–catalyzed reactions such as elimination, addition, condensation, epoxidation, transesterification, etc.24-26 So far, there are few reports concerning the application of KF/γ-Al2O3 as a solid base catalyst for the synthesis of GC from glycerol and DMC. Moreover, few reports discussed the effect of basic strength on the activity and selectivity of the catalyst in this process.

  In this work, a series of KF/γ-Al2O3 catalysts were prepared by an impregnation method and used to the synthesis of GC from glycerol and DMC. The catalytic activities, surface properties and the reusability of catalysts were studied.

   

  Experimental

  Materials

  Glycerol, KF and biphenyl were purchased from Tianjin Tianli Chemical Reagent Co., Ltd. DMC was obtained from Tangshan Chaoyang Chemical Engineering Co., Ltd. Glycidol (95%) and GC (90%) for gas chromatography analysis were purchased from Tianjin Kermel Chemical Reagent Co., Ltd. and TCI (Shanghai) Development Co. Ltd., respectively. DMC was distilled before use. All other reagents were used directly as received.

  Catalyst preparation

  The KF/γ-Al2O3 catalysts were prepared by a wet impregnation method. In a typical process, 0.4266 g, 0.9005 g, 1.4301 g, 3.4730 g and 6.6301 g of KF•2H2O were separately dissolved in 7.5 mL of distilled water to obtain several KF solutions. 5 g of γ-Al2O3 was added into the above KF solutions, respectively. The mixture was stirred at room temperature for 10 min and dried at 110 ºC for 12 h. The obtained samples were calcined at 100-800 ºC for 5 h. Finally, the solids were crushed into particles for use as catalyst.

  Catalyst characterization

  X-ray diffraction (XRD) was measured on a Siemens D8 advance powder X-ray diffractometer using Ni-filtered Cu Kα radiation over a 2θ range of 5-80º with a step size of 0.02º at a scanning speed of 2º min–1.

  Fourier transform infrared spectroscopy (FT-IR) data were collected on a Nicolet 380 FTIR instrument over the scanning range of 400-4000 cm−1 at a resolution of 4.0 cm−1. The catalyst sample was diluted with KBr at the ratio of 1:200 and pressed into a disk.

  The surface basic properties of the catalysts were measured by CO2 temperature programmed desorption (TPD) using a TPD flow system equipped with a TCD detector (CHEMBET-3000 TPR/TPD, Quantachrome Instruments, USA). Experiments were carried out in the temperature range of 40-500 ºC. Before TPD experiments, the samples (about 100 mg) were pretreated at 350 ºC in a flow of nitrogen (20 mL min–1). The particle size of the catalyst was in the range of 40-60 mesh.

  The basic strength and basicity of the solid catalysts were determined by the Hammett indicator. About 100 mg of the catalyst was ultrasonicated in 5 mL cyclohexane containing Hammett indicator and then the catalyst was left still for one hour to achieve equilibration. The basicity (expressed in mmol g–1) of the catalysts was measured using Hammett indicator–benzene carboxylic acid (0.05 mol L–1 anhydrous cyclohexane solution) titration. In typical experiment, the following Hammett indicators were used: bromothymol blue (H_=7.2), phenolphthalein (H_=9.8), 2,4-dinitroaniline (H_=15.0) and 4-nitroaniline (H_=18.4).

  The surface area and pore volume of the catalyst were measured by nitrogen adsorption at 77.3 K on a Tristar 3000 surface area and porosity analyzer (USA). High purity nitrogen (99.99%) was used in this analysis. Prior to the measurement, the catalysts were outgassed at 200 ºC for 2 h under vacuum.

  X-ray photoelectron spectroscopy (XPS) was used to measure the elemental composition on the catalyst surface and the data were collected on an XSAM800 spectrometer (KRATOS). Al Kα radiation (hν = 1486.6 eV) was used as the X-ray source.

  Catalytic reaction

  For this transesterification reaction, glycerol (18.40 g, 0.2 mol), DMC (54.0 g, 0.6 mol) and the catalyst (4 wt.% of glycerol) were added into a three-neck round-bottom flask equipped with a mechanical stirring bar, a thermometer and a condenser connected to a liquid dividing head for separating the formed methanol. The mixture was heated to 80 ºC and kept for 1.5 h under stirring. After reaction, the mixture was filtered to remove the catalyst. The liquid solution was distillated at 50 ºC under reduced pressure to remove methanol and DMC.

  Procedure for recycling the catalyst

  After reaction, the filtered catalysts were washed twice with 100 mL methanol, dried at 110 ºC for 2 h and then collected for the next run.

  Product analysis

  The product was analyzed on a gas chromatograph (GC-2014 Shimadzu, Japan) with a CBP-20 capillary column (25 m × 0.25 mm × 0.25 µm) and a flame ionization detector. The capillary column temperature was started at 75 ºC and maintained for 5 min, then raised at a rate of 30 ºC min–1 up to 240 ºC and maintained for 30 min. The detector and injection temperature were kept at 280 ºC and 250 ºC, respectively. Nitrogen was used as the carrier gas. Biphenyl was chosen as the internal standard for the quantitative analysis of products.

   

  Results and Discussion

  Catalyst characterization

  For the KF/γ-Al2O3 catalyst, solid state reactions between KF and γ-Al2O3 occurred during the calcination process and several new phases such as K3AlF6, KOH, KAlO2 and [Al-OH···F–] might be formed.25 The new phases might constitute the strong basic centers and provided the catalytic activity for the transesterification. To find out the actual active phases, XRD was used to learn the structure of KF/γ-Al2O3 catalysts with various KF loading. The patterns are shown in Figure 1. The diffraction peaks of γ-Al2O3 (Figure 1a) were in good agreement with the International Centre for Diffraction Data powder diffraction file (PDF) 29-0063. When 5 wt.% of KF was loaded on γ-Al2O3, the catalyst displayed similar XRD patterns (Figure 1b) to that of γ-Al2O3, indicating that KF or its derivatives were highly dispersed on the surface of the support, or their amounts was smaller than those detectable via the XRD technique. When the KF loading rose up to 15 wt.%, the diffraction peaks at 2θ = 29.8º, 36.7º, 42.8º, 53.2º and 62.3º attributed to K3AlF6 (PDF 03-0615) were observed in Figure 1c. Meanwhile, the weak peaks of KAlO2 (PDF 53-0809) appeared at 2θ = 32.7º, 35.9º, 38.6º, 46.9º and 58.5º. The characteristic peaks of K3AlF6 and KAlO2 were strengthened gradually with further increasing KF loading, as illustrated in Figure 1d. In the XRD pattern (Figure 1e) of 45 wt.% KF/γ-Al2O3, a new diffraction peak appearing at 2θ = 30.9º was ascribed to KOH, as supported by reference.27

  
    

    [image: Figure 1. XRD patterns]

  

  As reported, the formation of KOH was inevitable in company with K3AlF6.28 However, no peaks related to KOH were observed in XRD pattern of the 15 wt.% KF/γ-Al2O3, whereas peaks of KAlO2 began to appear. When the KF loading increased up to 45 wt.%, the characteristic peak of KOH appeared, meanwhile, the peak intensity of γ-Al2O3 decreased gradually, representing that the formed KOH reacted with γ-Al2O3 and was converted to KAlO2. This also indicated that the redundant KOH was accumulated on the catalyst surface and was detected by XRD. Thus, it was inferred that KAlO2 resulted from the interaction of KOH with γ-Al2O3. These results clearly showed that the loaded KF reacted with γ-Al2O3 and formed various new phases.

  Additionally, the decrease of peak intensity of γ-Al2O3 also indicated that its crystal structure was destroyed through the solid-state reaction between KF and γ-Al2O3. Accordingly, the surface area and pore volume decreased and the pore size of catalyst increased with the KF loading. These data are tabulated in Table 1.

  
    

    [image: Table 1. The surface area]

  

  Figure 2 gives the FT-IR spectra of γ-Al2O3 and KF/γ-Al2O3 catalysts. As shown in Figure 2a, the characteristic bands at 3500 cm–1 and 1633 cm–1 were attributed to the stretching vibration and bending vibration of the OH group on γ-Al2O3, respectively. The band at 1073 cm–1 was assigned to Al–O–Al symmetric stretching vibrations. The bands appearing between 520 and 750 cm–1 was related to the vibrations of Al–O bonds corresponding to aluminum ions in octahedral and tetrahedral environments.29 Their band intensity decreased and even disappeared with the increasing KF loading, indicating that γ-Al2O3 reacted with KF. At the same process, a new peak at 586 cm–1 appeared which belonged to the Al–F stretching vibration in K3AlF6.26 The peak at 3500 cm–1 in Figure 2b-d was related to the stretching vibration of the Al–O–K group in KAlO2 and became broader with increasing KF loading.30 Qiu et al.27 proved that even the pure KOH showed a weak band at 3502 cm–1. Thus, the adsorption peak at about 3500 cm–1 was mainly ascribed to KAlO2. The FT-IR data further confirmed the formation of K3AlF6, KOH and KAlO2 in the solid interaction of KF and Al2O3.

  
    

    [image: Figure 2. FT-IR spectra]

  

  CO2 temperature programmed desorption was utilized to study the basic properties of KF/γ-Al2O3 catalysts. The CO2-TPD curves of KF/γ-Al2O3 catalysts with different KF loading are shown in Figure 3. Three desorption peaks appeared in CO2-TPD curves at about 225, 340 and 490-580 ºC. They represented the weak, medium and strong basic centers of the KF/γ-Al2O3 catalyst, respectively. It was found from the desorption peak area in Figure 3a-c that the number of the strong basic centers of the KF/γ-Al2O3 catalyst increased markedly with the KF loading up to 15 wt.%. This could be ascribed to the formation of much more strong basic centers which were regarded as the active centers for the transesterification reaction.31,32 However, the basic sites (shown in Figure 3d-e) of KF/γ-Al2O3 catalysts were reduced gradually with the further increase of KF loading. The XRD patterns had indicated that K3AlF6 was easily formed and aggregated at high KF loading. Hence, the decrease of strong basic sites for KF/γ-Al2O3 catalysts at high KF loading might be attributed to the coverage by K3AlF6 and the structure damage resulting from the reaction between KF and γ-Al2O3.

  
    

    [image: Figure 3. CO2-TPD profiles]

  

  The basic strength and basicity of the KF/γ-Al2O3 catalysts were measured quantitatively using Hammett indicators. The results are shown in Table 2. The carrier γ-Al2O3 was amphoteric and could not change the color of bromothymol blue (H_ = 7.2). Its basic strength were improved by impregnating KF and accordingly the color of phenolphthalein (H_ = 9.8) could be changed from white to red. However, all the KF/γ-Al2O3 catalysts could not change the color of 2,4-dinitroaniline (H_ = 15.0). This indicated that the basic strength of KF/γ-Al2O3 catalysts was in the range of 9.8-15.0 and the catalyst could be regarded as strong base according to Tanabe's definition.33 Moreover, the basicity of γ-Al2O3 was enhanced by impregnating KF and the maximum 0.298 mmol g–1 was taken when 15 wt.% KF was loaded. Exorbitant KF loading would reduce the basicity of catalyst, probably caused by the coverage of the conglomerated K3AlF6 and the reduction of surface area of the catalysts. The results well corresponded with the CO2-TPD characterization and the similar phenomenon was reported in references.34,35
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  Synthesis of GC from glycerol and DMC catalyzed by KF/γ-Al2O3

  From Table 3, it was seen that γ-Al2O3 could not promote the transformation of glycerol into GC. KF·2H2O had unsatisfied activity for GC formation, and 48.7% of glycerol conversion was obtained after reacting at 80 ºC for 1.5 h. However, above 99% of glycerol conversion was gained under the same reaction conditions as GC synthesis when KF·2H2O was calcined at 400 ºC for 3 h. Since glycerol is strongly hydrophilic, adsorbing trace amount of water from environment is unavoidable. Ando et al.25 found that water played an important role in determining the activity of the catalyst. They believed that an active basic site involving a coordinately unsaturated F– ion [Al-OH···F–] was formed through the strong H-bond interaction. Zhu et al.36 also reported that neutral KF adsorbed trace amount of water vapor and formed a similar basic site. Obviously, the high activity of KF for glycerol conversion was related to the formation of a coordinately unsaturated F– ion through adsorbing trace amount of water. As to the lower activity of KF·2H2O, long time was taken to lose crystal water and then produced coordinately unsaturated F– ion. Thus, it was reasonable to obtain lower catalytic activity of KF·2H2O than that of KF.
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  Table 3 shows the catalytic performance of KF/γ-Al2O3 catalysts. It was found that glycerol conversion and GC yield markedly increased by introducing KF onto γ-Al2O3. As described in Table 2, the basic strength of γ-Al2O3 increased after KF loading. Accordingly, the catalytic activity was improved greatly, indicating that the high basic strength facilitated the conversion of glycerol. As KF loading was increased up to 15 wt.%, the catalytic activities and selectivity of KF/γ-Al2O3 catalysts increased. They possessed the same basic strength and the increased basicity with KF loading increased, presenting that the basicity favored the glycerol conversion at the given basic strength.

  However, further elevating KF loading only resulted in the loss of GC selectivity. In the previous XRD characterization, it had been indicated that the amount of strong basic sites such as KAlO2, KOH increased with the KF loading. In the catalytic performance, pure KOH with the basic strength above 18.4 gave a total glycerol conversion and 42.5% of selectivity to glycidol which was produced from the decomposition of GC. Therefore, it was clearly inferred that too much strong basic sites on the catalyst promoted the decomposition of GC to glycidol. Bai et al.19 also stated that the too strong base led to the generation of glycidol.

  The influence of calcination temperature on catalytic activity of KF/γ-Al2O3 was also investigated. The results are displayed in Table 3. No obvious changes for glycerol conversion and GC selectivity were observed for 15 wt.% KF/γ-Al2O3 catalysts calcined at 100 ºC and 400 ºC, respectively. Compared with those, KF/γ-Al2O3 calcined at 600 ºC showed lower activity, probably due to the transformation of active species at elevated temperature, although their XRD patterns (shown in Figure 4a-b and Figure 1c) were similar. Thus, it was deduced that [Al-OH···F–] phase might act an important role in glycerol conversion, especially at the low calcination temperature. With the calcination temperature increased, [Al–OH···F–] phase was destroyed and new basic phases such as KOH, KAlO2 were formed and provided new active basic sites to promote the conversion of glycerol. However, at the higher temperatures, excessive dehydroxyl, structure collapse and the formation of inactive AlF3 would weaken the activity of the catalyst seriously. Accordingly, inactive AlF3 (PDF 44-0231) was detected in XRD pattern (Figure 4c) of 15 wt.% KF/γ-Al2O3 catalyst calcined at 800 ºC. Ando et al.25 and Zhu et al.36 reported the solid state reactions occurred at various temperatures for KF/γ-Al2O3 catalyst and the [Al–OH···F–] structure, KOH, KAlO2, K3AlF6 and AlF3 were found.

  
    

    [image: Figure 4. XRD patterns]

  

  The characterization and catalytic performance of KF/γ-Al2O3 have indicated that various basic sites existed on the surface of KF/γ-Al2O3 catalyst. To learn the effect of these basic sites on reaction, pure KF, γ-Al2O3, K3AlF6, KAlO2 and KOH were tested as catalyst, respectively. As displayed in Table 3, the pure γ-Al2O3 and K3AlF6 had no catalytic activity. In contrast, KF, KAlO2 and KOH could promote the conversion of glycerol efficiently. According to our previous work and the opened literature,28,37 it can be confirmed that [Al–OH···F–], KAlO2 and KOH should be the main active species on KF/γ-Al2O3 catalyst for GC synthesis.

  Catalyst stability

  The stability of a solid base catalyst is a very important factor for its industrial application. The potassium cation leaching from KF/γ-Al2O3 catalysts has been reported in the literature.38 The cation leaching in the form of homogeneous phase can lead to catalyst deactivation, product contamination and limit the catalyst reutilization in a subsequent batch process.39 Thus, it is important to investigate if the K leached from KF/γ-Al2O3 could form active homogeneous species in the solution. For that, the KF/γ-Al2O3 catalyst was filtrated off after 1.0 h of reaction time (73% of glycerol conversion) and then the reaction was continued for 0.5 h. A conversion of 80.2% was obtained. It seemed that part of active species might leach from the catalyst and perform as homogeneous ones. However, the glycerol conversion was lower than that of reaction without removal of catalyst at the same reaction time, demonstrating that the filtrated catalyst performed catalytic activity in the form of heterogeneous phase and played more important role in glycerol conversion as compared with the leached active species. Thus, the heterogeneous phase was the main active species for glycerol conversion.

  The recycling of 15% KF/γ-Al2O3 was executed because of its high catalytic activity and GC selectivity. The operation procedure was described in sections Catalytic reaction and Procedure for recycling the catalyst. The results are displayed in Table 4. It was shown that the glycerol conversion and GC selectivity were basically unchanged when the catalyst was reused once. The glycerol conversion decreased in the continued recycling. Generally, the deactivation of catalyst results from the coverage of active site, sintering of the active phase, poisoning of active center and the loss of active ingredient.40 To find the truth of catalyst deactivation, N2 adsorption, XPS characterizations were performed.
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  The surface area and pore volume of the fresh and reused catalysts are given in Table 5. The first recycling gave similar activity to that of the fresh catalyst, although it possessed a lower surface area and pore volume. The reduction of the surface area and pore volume was mainly ascribed to the blockage of the catalyst microspore by the residual products, which could not be removed entirely by washing with methanol. The sintering of active phase on the catalyst surface could be ignored because of the low reaction temperature. The XPS analysis data of the fresh and recycled catalysts are given in Table 6. It could be seen that K abundance on the catalyst surface decreased gradually with the recycling times. Moreover, the formed methanol stayed in the reaction solution would dissolve KOH and partial KAlO2 on the catalyst surface gradually. The violent stirring during reaction would further enhance the dissolution rate and lead to the accelerated deactivation of the reused catalyst. Thus, the potassium leaching should be the main reason for the catalyst deactivation.
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  As mentioned above, the thermal treatment temperature for KF/γ-Al2O3 affected GC formation slightly at the temperature 100-400ºC, because the formed new basic sites, KOH and KAlO2 compensated the loss of coordinately unsaturated F– ion at higher temperatures. However, 
    KF/γ-Al2O3 dried at 100 ºC exhibited lower stability than that calcined at 400 ºC. For the first recycling of 15 wt.% KF/γ-Al2O3 treated at 100 ºC, the glycerol conversion decreased from 96.2% to 60.8% over fresh catalyst, indicating that the active coordinately unsaturated F– ion was not stable. In contrast, KF/γ-Al2O3 calcined at 400 ºC showed much higher stability. Glycerol conversion of 90.6% and 85.9% of GC yield were obtained at the fourth recycling. This should be attributed to the formation of new stable KAlO2 phases.

  Proposed mechanism for transesterification of glycerol and DMC

  Ochoa-Gómez et al.16 had suggested that basic catalyst with enough basic strength could activate the primary hydroxyl group of glycerol and proposed a reasonable reaction mechanism accordingly. As the reaction by-products, glycidol and glycerol dicarbonate were detected in the mixed products. Gade41 and Rokicki7 disclosed the formation of glycidol and glycerol dicarbonate in their research work, respectively. However, few research efforts concerned about the effect of formed methanol and glycidol. We found that glycerol and DMC could be formed in the reaction of GC and methanol, indicating that the reaction of glycerol with DMC was reversible. Thus, it was advised to remove the formed methanol in order to improve the glycerol conversion.

  As to the formation of glycidol, there existed two possible routes. The one resulted from the decomposition of GC, the other was from the direct dehydration of glycerol. For that, the mixture of glycerol and catalyst was heated to 80 ºC and kept for 1.5 h. GC, glycidol, glycerol dicarbonate were not detected in the product, indicating that the formation of glycidol was from the decomposition of GC rather than the direct dehydration of glycerol. Furthermore, the interaction42 of epoxy group with carbon dioxide could confirm that formation of glycidol from GC was also a reversible reaction.

  Based on the properties of basic catalyst and product distribution, we proposed a possible mechanism (shown in Figure 5) for the transesterification of glycerol and DMC. The first four steps of possible reaction mechanism illustrated in Figure 5 were similar to the one in reference.16 However, GC could react reversibly with methanol and produce glycerol. Furthermore, as the side reactions, GC could not only be decomposed to glycidol and CO2, but also react with the excessive DMC to glycerol dicarbonate.
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  Conclusions

  In summary, KF/γ-Al2O3 prepared by a wet impregnation way is an efficient solid base catalyst for the synthesis of GC from glycerol and DMC. It was proved that [Al–OH···F–], KOH and KAlO2 were the main active basic sites for GC formation. Furthermore, it was obtained that the strong basic sites not only promoted the conversion of glycerol, but also enhanced the decomposition of GC into glycidol. The deactivation of the catalyst was mainly caused by the leaching of active potassium species. Moreover, elevating the calcination temperature of KF/γ-Al2O3 could retard the deactivation rate. Based on the product distribution, a possible catalytic reaction mechanism was proposed.
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    O escopo da presente pesquisa foi desenvolver e validar uma metodologia para extração simultânea de colesterol e óxidos de colesterol utilizando saponificação direta em amostras de leite fluido para posterior análise por cromatografia líquida de alta eficiência em fase reversa com detecção por arranjo de diodos (RP-HPLC-DAD). Foram avaliados os parâmetros analíticos de seletividade, linearidade e faixa de aplicação, precisão inter e intradia, recuperação, limites de detecção e quantificação do método. Os resultados demonstraram que a metodologia pode ser empregada com segurança e confiabilidade para análise do colesterol e óxidos do leite.

  

   

  
    The aim of the present work was to develop and validate a reversed-phase highperformance liquid chromatography with diode array detection (RP-HPLC-DAD) method for determination of cholesterol and cholesterol oxides extracted from milk samples. The method consisted of direct samples saponification and analytes extraction, followed by their determination using RP-HPLC-DAD. Suitable analytical selectivity, linearity and range of application, intra-assay and intermediary precision, recovery, detection and quantification limits (LOD and LOQ) were achieved and, the results showed that the developed RP-HPLC-DAD method can be applied to routine determination of cholesterol and cholesterol oxides in milk samples.

    Keywords: direct saponification, 7-ketocholesterol, 25-hydroxycholesterol, liquid chromatography, dairy fat

  

   

   

  Introduction

  Cholesterol is a natural steroidal lipid present in animal fats responsible for several functions in mammals. Cholesterol is essential to mammalian cell membrane structure and function, it is a substrate for the synthesis of bile acids and steroid hormones.1 Although it is essential to humans, high blood levels of cholesterol can increase the risk of development of several diseases, including hypertension, atherosclerosis myocardial infarction, and stroke.2

  Generally, most part of the cholesterol in the human organism is produced endogenously, and approximately 30% is obtained by dietary intake (exogenous cholesterol) coming from foods of animal origin, such as eggs, meats, milk and whole-fat dairy products. The amount of cholesterol obtained by dietary intake depends on the habitual diet and, an elevated intake of animal fats leads to high levels of cholesterol intake and, consequently, to high blood levels of cholesterol.3,4 Consequently, dietary intake of cholesterol must be controlled both at the individual and the population levels.

  Cholesterol is unsaturated, and therefore susceptible to oxidation. Cholesterol oxidation is favored during thermal-processing of food, and also during long-term storage. Several factors affect the rate of cholesterol oxidation, such as foods' water activity, pH, composition and structure, oxygen concentration, light exposure, temperature, radiation, free radicals, and metallic ions, among others.5 Cholesterol oxidation products (COP) can be deleterious to human health as can be responsible by atherogenic, cytotoxic, carcinogenic and mutagenic properties.6 In addition, COP are potent inhibitors of cholesterol synthesis and they are associated to inflammatory processes, such as those observed in rheumatic arthritis and degenerative diseases as Parkinson's and Alzheimer's.

  Concerning determination of cholesterol and cholesterol oxides in food, gas chromatography (GC) has been the most used technique. However, quantitative GC determination of cholesterol and COP requires purification steps, and tricky derivatization (silylation) to avoid artifact peaks and to improve the stability of the analytes. Thus, GC have been slowly replaced by other methods,7 since even when carefully executed, cholesterol and COP can suffer thermolysis leading to the formation of artifacts.8 The most common artifacts are oxides that are originated during the preparation and/or determination steps, resulting in overestimation of the COP contents in the samples.9 

  To our knowledge, most of the recently published papers on quantitative determination of cholesterol and cholesterol oxides exploits high performance liquid-chromatography (HPLC).10,11 In spite of some drawbacks, such as elevated volumes of solvents and limits of detection and of quantification, sample preparation is simple and required small number of steps; basically saponification and the choice of extraction solvents are needed for adequate separation and quantification of analytes by HPLC. 

  Additionally, HPLC usually does not need high temperatures during the determination, minimizing degradations, which results in a higher recovery of analytes and in a limited or no formation of artifacts.12 Because of potential deleterious health effects of cholesterol and COP's intake, the aim of the present work was to develop and validate a reversed-phase HPLC with diode array detector (RP-HPLC-DAD) method for the simultaneous determination of cholesterol and COP's (7-ketocholesterol and 25-hydroxycholesterol) in whole milk.

   

  Experimental

  Sampling 

  Twelve milk samples were analyzed, collected by manual milking of crossbred Holstein x Gir cows from the Campus of Itapetinga-BA of the State University of Southwest Bahia.

  Simultaneous extraction of cholesterol and cholesterol oxides from fluid milk 

  After various tests to verify the best conditions to extract cholesterol and the oxides (7-ketocholesterol and 25-hydroxycholesterol), the extraction was performed in duplicate by direct saponification and posterior extraction with hexane, according to Saldanha et al.13 with modifications on the type and time of saponification which were based on Saldanha et al.14

  For the extraction of the unsaponifiable matter, 10 mL of milk sample were taken and 8 mL of aqueous potassium hydroxide solution (KOH) 50% (m/v) and 12 mL of ethyl alcohol P.A were added. Following, the sample was vortex mixed for 1 min, the mixture was rested for 22 h in the dark and at room temperature to complete the saponification reaction. Afterwards, 10 mL of distilled water were added along with 10 mL of n-hexane and the mixture was vortex mixed for 5 min. After the complete phase-separation, the upper layer was collected and n-hexane was evaporated at room temperature in a rotary evaporator. The residue was suspended in 2.5 mL of acrylonitrile and isoproponalin (95:5, v/v), the same phase used as HPLC mobile phase.

  Samples were filtered through a membrane of polyvinylydene fluoride (PVDF) with a pore diameter of 0.45 µm and injected in the RP-HPLC-DAD. 

  Chromatographic determination

  A Shimadzu (Japan) liquid chromatograph was used for all analyses, equipped with a quaternary pump system, an on-line degasser, a Rheodyne injection valve with a 20 µL sample loop, column oven, and a spectrophotometer with diode array detector. The cholesterol and cholesterol oxides were separated in a reversed-phase analytical column C18 (Restek C18, 15 cm × 6 mm i.d. × 5µm), using an isocratic binary solvent consisting of acetonitrile and isopropanol 95:5 (v/v) as mobile phase, which was filtered and degassed prior to chromatographic runs. 

  Solvent flow-rate and oven temperature were selected as 2 mL min-1 and 35 ºC, respectively, aiming to get complete resolution of chromatographic peaks with a total run of 15 min. 

  All analyzes were performed in duplicate and chromatographic data were processed with the LC Solution® software (Shimadzu).

  Chromatographic peaks of the cholesterol and cholesterol oxides from the samples were tentatively identified based on the retention times of commercial standards of cholesterol, 7-ketocholesterol (5-Cholesten-3b-ol-7-one), and 25-hydroxycholesterol, all supplied by Sigma-Aldrich®. Peak identities were confirmed by spiking samples with standards and also on the characteristic UV-spectrum of each substance, with or without standard co-elution. For quantitative determination, cholesterol and 25-hydroxycholesterol were monitored at 202 nm and 7-ketocholesterol in 227 nm. 

  Quantification of cholesterol and cholesterol oxides in fluid milk 

  The quantification of the cholesterol and oxides was accomplished by external standardization. Analytical curves were built for all analytes by injection of standard solutions of the compounds, relating the solution's concentration with the equipment's response (peak area),15 and the analytes samples concentrations were calculated by interpolation of their analytical signals in the analytical curves. 

  HPLC method validation 

  The validation of the proposed method was done according to the description provided by Ribani et al.,15 using the following analytical parameters: selectivity, linearity and range of application, repeatability, intermediary precision, recovery, limits of detection and quantification. The evaluation of the results was performed as recommended by the Resolution ANVISA RE number 899,16 of 05/29/2003, which is based on the international norms of IUPAC.

  For the evaluation process, commercial pasteurized skim milk products (n = 3) were purchased in the city of Itapetinga-BA, Brazil. Low fat content products were chosen in order to achieve a matrix similar to those of the samples, but with the minimum quantity of the focused analyte, to minimize interferences during the process steps. 

  Selectivity was evaluated in triplicate by using the spectra provided by the spectrophotometer with photodiode array detector by comparison of the peaks present in the chromatograms of the products with those peaks in the chromatograms of the standards, verifying the resolution and separation of the pure compounds. 

  Prior to the injection, the products were enriched with 50 µg of cholesterol, 7-ketocholesterol, and 25-hydroxycholesterol for each 1 mL of milk, then homogenized and extracted. After obtaining the chromatograms of the products and the purity spectrum of each peak, these data were compared to those ones collected when processing the standard solutions. Recoveries were evaluated in triplicate by adding to milk sample aliquots standard solutions of the analytes for reaching the following concentrations: 75, 150 e 300 µg mL-1 for cholesterol and, 50, 75 and 100 µg mL-1 for cholesterol oxides. The injection of control samples was performed without strengthening the standard. After the quantification of the analytes in the fortified samples and in the control, the recovery percentage (% REC) was calculated according to equation 1. 
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  The additional parameters were evaluated by using the data obtained for analytical curves. Their construction was accomplished by injecting standard cholesterol and cholesterol oxide solutions dissolved in the mobile phase in the following concentrations: 1, 10, 20, 100, 200, 1000, and 2000 µg mL-1 for cholesterol and 0.1, 1, 10, 100, e 500 µg mL-1 for the 7-ketocholesterol and 25-hydroxycholesterol. These solutions were analyzed with two repetitions of four replicas each, in three non-consecutive days, with the solutions stored in a freezer at –18 ºC during the intervals between the days. 

  The linearity was evaluated according to the correlation coefficient by Pearson (R²) for linear regression. This parameter allowed estimation of the curve's quality, and shall present a value close to 1.0, which indicates smaller dispersion of the experimental points and greater reliability of the estimated regression coefficients.

  The application range of the analytical curve was achieved by the relative response method. In this method, a graph is constructed with the relative responses on the axis of the coordinates and the correspondent concentrations on a logarithmic scale on the axis of the abscissas. The application range is defined as being the range between the points where the relative response intercepts the lines of the reliability intervals, at 95% and 105% of the linear range.

  The precision was evaluated point-to-point, for the repeatability (intraday) as well as for the intermediary precision (interdays) using the estimate of the averages and coefficients of variation (CV).

  The limits of detection (LOD) and quantification (LOQ) were calculated considering the signal-to-noise ratio accepted for each limit and the parameters estimated for the analytical curve, according to equations 2 and 3: 
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  where s is the estimate of the standard deviation of the equation's linear coefficient, and S is the angular coefficient of the analytical curve. 

   

  Results and Discussion

  Choice of method for the extraction of cholesterol and cholesterol oxides

  When the determination of the cholesterol and the COP is carried out by HPLC, the critical sample preparation steps are the saponification and the extraction of the non-saponifiable material, in which are included the cholesterol and oxides. The saponification of the lipids has the primordial objectives of removing acylglycerols from the extract of the lipids (transforming them into soap and free glycerol) and hydrolyzing the esters of cholesterol.12 The reaction can be done after the extraction of the lipids,17 or by direct saponification of the sample.18 The direct saponification technique was selected because it uses a significantly lower quantity of solvents and also requires shorter preparation time. Additionally, when previous fat extraction from foods is adopted, higher volumes of toxic solvents are required and therefore must be avoided. 

  Another relevant aspect is the conditions that saponification reaction is carried out since artifacts can be produced. Thus, the option adopted was to carry out the process at room temperature (cold saponification), seeking to minimize the generation of these compounds and avoiding submitting the analytes to high temperatures. 

  Dionisi et al.19 compared four COP extraction methods in powder milk, including direct cold saponification of samples, and the other three methods with previous lipid extraction and posterior cold saponification, concluding that the best procedure was direct saponification because it presented good repeatability, precision, minimum formation of artifacts (< 0.05% of total cholesterol), and lower preparation time and solvent consumption. 

  Busch and King9 studied the stability of cholesterol and 7-ketocholesterol in different saponification conditions and observed a loss of approximately 50% of the oxide when it was exposed to more elevated temperatures (37 and 45 ºC) in comparison to room temperature (24 ºC). Furthermore, the formation of the dehydration product colesta-3,5-dieno-7-one was up to 398% higher when the saponification was performed at higher temperatures, demonstrating the oxide's elevated thermal susceptibility. Cholesterol presented a better thermal stability and losses were only observed when the saponification was performed at 45 ºC, and in this condition the recovery was approximately 70%.

  Concerning the extracting solvent, different solvents can be used, but most authors use n-hexane which is capable of extracting the cholesterol as well as oxides because of its polarity.13,14,19 Therefore, this solvent was also selected for use in the present study.

  Confirmation of peak identity

  Peaks were identified using samples spiked with analytical standards of cholesterol and cholesterol oxides. Standards co-eluted with analytes' peaks in milk samples (Figure 1), and also the UV-spectra of the standards and samples, both before and after standard spiking, were highly similar (Figure 1).
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  Validation

  Selectivity

  The chosen chromatographic conditions proved to be adequate for the separation of cholesterol and cholesterol oxides in milk samples. The method's selectivity was confirmed using the LC Solution® software, showing good resolution of the peaks and the separation of the pure compounds (Figure 1), confirming that in the retention times of cholesterol, 7-ketocholesterol, and 25-hydroxycholesterol there were no co-elution of other compounds in the food matrix. 

  Linearity and application range

  The data relative to linearity show that there is a strong correlation between cholesterol concentrations and the oxides within the studied range and the respective areas. The coefficients of determination superior to 0.999 found for all curves confirm that the method generates results proportional to the concentrations of the analytes, within a specific range, being possible to correlate areas and analytes concentrations. Furthermore, these results are in agreement with the requirements of the National Agency of Sanitary Vigilance (ANVISA) and the National Institute of Metrology, Standardization, and Industrial Quality (INMETRO), which recommend a correlation coefficient equal to 0.99 or a value over 0.90, respectively.16,20

  For the evaluation of the application ranges of the achieved analytical curves, graphs were plotted relating the logarithm of the concentration of standards with the respective relative response of the equipment (peak area divided by the respective concentration of the analyte). Reliability intervals inferior and superior to 5% between the averages values of the injections were accepted as the acceptable range of application.

  Furthermore, with regards to the relative response method, the range of application can be obtained by precision data, in which the concentration range where the precision is guaranteed is considered as the application range of the method proposed for the extraction and determination of the analytes.15,21 Results of the method's precision, which are presented hereinafter, confirm the obtained application range. 

  Repeatability and intermediary precision 

  The coefficients of variations achieved in the study of repeatability and intermediary precision were adequate for all concentrations of cholesterol, 7-ketocholesterol, and 25-hydroxycholesterol, except for the lowest cholesterol concentration, following the criterion of acceptance for the variation coefficient of Brazil. The legislation considers CV values of up to 15% acceptable, although recommends a maximum variation of 5% for micro constituents. For micro constituents such as cholesterol oxides it admits CV values of up to 20%, depending on the complexity of the matrix.22 The values obtained for the precision of the analytical method for the analytes are found in Tables 1 and 2. 
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  Similar results for precision were found by other authors and contribute to the confirmation of the precision of the proposed method for the determination of cholesterol and cholesterol oxide in milk samples. 

  Daneshfar et al.11 validated an HPLC-UV method for cholesterol determination in milk and obtained precision CV% lower than to 5%, while Morales-Aizpúrua and Tenuta-Filho,23 using a HPLC-DAD system, obtained CV% of 7.25 to 9.29% for repeatability in evaluating the content of cholesterol, 7-ketocholesterol, and 25-hydroxycholesterol in mayonnaise. According to the results presented for intermediary precision, one notices a reduction of precision for 7-ketocholesterol over the days, which may be related to the stability of this compound during analysis or storage, as demonstrated by Busch et al..22 

  These authors observed that the stability of this oxide diminished over the studied period of 7 days, in addition to decreasing according to the number of injections. Because in the present study the same standard solutions were used for injection in different days, totalizing 6 storage days, it can be suggested that some type of alteration in these solutions may have occurred, such as, for example, transformation of the 7-ketocholesterol into colesta-3,5-dieno-7-ona, which even so does not damage the validation process of the method, since even being reduced, the precision was guaranteed over the entire period. 

  Detection limit and quantification limit 

  The limits of detection (LOD) and quantification (LOQ) obtained by analytical curves were 11.10 e 33.65 µg mL-1 for cholesterol; 1.35 and 4.10 µg mL-1 for 7-ketocholesterol, and 2.35 and 7.10 µg mL-1 for 25-hydroxycholesterol, respectively. 

  Furthermore, according to Denobile e Nascimento,24 the quantification limit corresponds to the smallest concentration of the analyte that can be established with proper precision; taking this aspect into consideration one can also consider as LOQ for the cholesterol 10 µg mL-1 and for the oxides 1 µg mL-1, as seen in Tables 1 and 2. 

  Different results were obtained by other authors. Stroher et al.,25 using an HPLC system similar to the one here used for determination of cholesterol in meat products, found a LOD equivalent to 0.005 mg g–1 and a LOQ of 0.016 mg g–1. Baggio e Bragagnolo8 obtained, respectively, LOD of 4.8 µg g–1 and LOQ of 16 µg g-1 for cholesterol analyses, and an LOD of 0.09 µg g-1 and LOQ of 0.3 µg g–1 for ketocholesterol analyses.

  These differences are probably coming from the different methods employed for sample preparation. Different HPLC systems used for sample analyses as well as distinct forms for the calculation of limits did not harm the results of the cholesterol determination of the samples of this work, since the milk exhibits higher concentrations of this substance.

  Regarding the oxides, these limits can be reduced by improving the operational conditions during the analyses, mainly in terms of the electrical stability of the chromatographic system, because this interferes directly with the equipment's signal-to-noise ratio, also influencing the deviations of the analytical response.

  Recovery test 

  The results of the recovery test for the milk samples are shown in Table 3. The obtained results prove the efficiency of the proposed method for the cholesterol determination and the oxides, 7-ketocholesterol and 25-hydroxycholesterol. Analyte recoveries close to 100% are ideal, but smaller values are admitted if the precision is good,16 and in this case a CV / % of up to 5% is acceptable. 
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  Results similar to those found for the cholesterol determination were found by Saldanha et al.13 while comparing two methods for determination of cholesterol in milk, one being an enzymatic method and the other one a liquid chromatographic method. Other authors also achieved similar results for cholesterol, studying extraction methods on various samples, such as fish,26 mayonaise,23 and eggs.27

  In relation to the cholesterol oxides, Saldanha et al.,14 using the same extraction method as this work, found superior results for samples of fish (salted cod and fresh hake), between 95 and 104% of recovery for oxides with moderate polarity, in which are included the 7-ketocholesterol and 25-hydroxycholesterol; this may be related to the differences in the matrix of the studied foods. 

  Determination of cholesterol and cholesterol oxides in milk 

  The oxide 7-ketocholesterol was not detected in any of the analyzed samples; only cholesterol and 25-hydroxycholesterol were detected in the fluid milk samples. The obtained mean values and the respective variation coefficients for the content of cholesterol in the milk samples can be seen in Table 4. The quantities of 25-hydroxycholesterol are not shown, since the detected quantities were inferior to the LQ of the method, making the reliable determination of these values impossible. 
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  On average, the cholesterol content of whole milk is 12 mg per 100 mL, higher than those found in this work. However, this content may suffer from variation. Piironem et al.,28 evaluated Finnish commercial samples and found values between 5.6 and 6.4 mg of cholesterol in 100 g of milk; Saldanha et al.13 evaluated Brazilian commercial samples and found average values for cholesterol of 9.75 mg per 100 g of milk; and Manzi and Pizzoferrato,29 evaluating Italian commercial milk samples, found values of 10.4 and 11.3 mg per 100 g of whole milk. These variations can be attributed to variations in the processing of the milk as well as to differences in the animal breeds, individual characteristics, and intervals between milking, lactation phase, composition of the animal's diet, and seasonal and climatic interferences, thereby explaining the divergence of results. 

  In relation to the results presented for cholesterol oxides, these were expected because the fresh foods did not present COP or presented extremely small quantities, at trace levels, of these compounds.29

  Furthermore, for being considered as an indicator of the cholesterol oxidation in foods and a secondary product of the oxidizing reaction,9 the non detection of the 7-ketocholesterol can be accepted as a positive result. Additionally, the detection of 25-hydroxycholesterol in low and not quantifiable concentrations indicates that the conditions of obtention, storage, and preparation of the sample did not contribute significantly to the oxidation of the cholesterol, concurring with Orczewska-Dudek et al..30 These authors stated that milk may be more resistant to auto oxidation of cholesterol, even under unfavorable conditions of storage and/or processing, because it contains metals of low valence, high content of saturated fats, and natural anti-oxidizers such as vitamins and sulfhydryl groups, thereby characterizing the lacteous products by a lowe COP content, the lowest within all products of animal origin.30

   

  Conclusions

  The method proposed here for the simultaneous extraction of cholesterol and cholesterol oxides, 7-ketocholesterol, and 25-hydroxycholesterol proved to be suitab, and can be used with reliability for the determination of these compounds in milk. The method could be valuable for the routine determination of cholesterol and cholesterol oxides in milk.
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    Um método para detecção de adulterações de misturas de biodiesel/diesel (B5) com óleo de soja empregando espectrometria UV-Vis é proposto. O estudo envolve 90 amostras compreendendo misturas B5 com e sem a adição de óleo de soja (0,5 a 2,5% v/v). Uma discriminação apropriada foi obtida utilizando classificadores SIMCA (modelagem independente e flexível por analogia de classe), KNN (K-vizinhos mais próximos), PLS-DA (análise discriminante por mínimos quadrados parciais) e SPA-LDA (análise discriminante linear com algoritmo de projeções sucessivas).

  

   

  
    A method for detecting adulterations of biodiesel/diesel blends (B5) with soybean oil using UV-Vis spectrometry is proposed. The study involves 90 samples comprising B5 blends with and without the addition of soybean oil (0.5 to 2.5% v/v). Suitable discrimination was achieved by using SIMCA (soft independent modeling of class analogy), KNN (K-nearest neighbors), PLS-DA (partial least squares discriminant analysis) and SPA-LDA (linear discriminant analysis with spectral variables selected by the successive projections algorithm) classifiers.

    Keywords: biodiesel, adulteration, UV-Vis spectrometry, multivariate classification

  

   

   

  Introduction

  Since 2010, Brazilian regulations state that diesel fuel must be blended with 5% biodiesel prior to commercial distribution. This blend, termed B5, may have a variation of up to ± 0.5% (v/v) in biodiesel content, as established by the Brazilian national fuel authority (Agência Nacional de Petróleo, Gás natural e Biocombustível-ANP).1 Within this scenario, concerns may be raised with regard to adulterations of B5 blends with raw vegetable oil,2-11 which could be added by fuel retailers to increase profits. Such adulterations cause increase of engine wear12 and constitute a crime against the popular economy.

  The analytical method recommended by ANP for determination of biodiesel in diesel is based on the European standard EN 14078.13 This method employs a single wavelength in the mid-infrared region, namely 5730 nm (1745 cm-1), which corresponds to the peak of stretching band of carbonyl.13 However, since this band is also found in vegetable oils, the reference method is unable to discriminate B5 blends from mixtures of diesel, biodiesel and vegetable oil. Such a discrimination cannot be carried out on the basis of refractive index, density or viscosity, either. In fact, diesel, biodiesel and vegetable oil all have values ranging from 0.82 to 0.92 kg m-3 for density14-16 at 20 °C and from 1.4 to 1.5 for refractive index.16 A better alternative might lie in the use of viscosity, which exhibits distinct values for vegetable oil, as compared to diesel and biodiesel. Viscosity values for soybean oil,17 for example, range from 58.5 to 62.2 mm2 s-1, which is substantially larger compared to diesel (2.0-4.5 mm2 s-1)14 and biodiesel (3.0-6.0 mm2 s-1).15 However, as shown in the Supplementary Information, adulterations with up to 2.5% v/v of vegetable oil are not enough to change the viscosity of B5 blends in a significant manner. It is worth noting that an adulteration with 2.5% v/v of vegetable oil is not negligible, as it corresponds to 50% of the biodiesel content in commercial B5 blends.

  In this context, much research effort has been devoted to the development of spectrometric methods for quality control of diesel/biodiesel blends with respect to adulterations with vegetable oil,2-11 as summarized in Table 1. As can be seen, the literature has been mostly concerned with the use of near/mid infrared spectrometry and spectrofluorimetry, together with chemometrics tools for multivariate classification or calibration. Within this scope, it would be interesting to investigate the possibility of detecting such adulterations by using UV-Vis spectrometry, which is a simpler and less expensive technique.18 Indeed, recent papers19,20 have demonstrated the feasibility of using UV-Vis spectrometry for classification of biodiesel samples with respect to the base oil employed in their production,19 as well as for the determination of biodiesel in biodiesel/diesel blends.20 However, the use of UV-Vis spectrometry for detection of vegetable oil adulterations in biodiesel/diesel blends has not been reported in the literature.
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  The present paper proposes the use of UV-Vis spectrometry for detection of soybean oil in biodiesel/diesel blends. Soybean oil is the cheapest and most common vegetable oil found in the Brazilian market and thus constitutes the prime candidate for use as an adulterant. The proposed method is based on the discrimination of UV-Vis spectra of adulterated and non-adulterated blends by using multivariate classification techniques. More specifically, four techniques are compared in this investigation, namely SIMCA (soft independent modeling of class analogy), KNN (K-nearest neighbors), PLS-DA (partial least squares discriminant analysis) and SPA-LDA (linear discriminant analysis with spectral variables selected by the successive projections algorithm).

   

  Experimental

  Samples

  The present work involved a total of 90 samples, comprising 31 biodiesel/diesel blends (B5), and 59 samples of B5 blends adulterated with soybean oil (OB5) in the range of 0.5 to 2.5% (v/v). This range corresponds to 10-50% of the biodiesel content in commercial B5 blends. The diesel samples were provided by Petrobras (Cabedelo, Paraíba, Brazil). Soybean oils from different brands and lot were acquired in local supermarkets for use in the production of biodiesel and adulteration of the B5 blends.

  The biodiesel employed in the blends was prepared by using the soybean oil feedstock and transesterification reaction via methanol route as described elsewhere.20

  UV-Vis spectra acquisition

  The spectra of the samples were acquired in the range of 430-850 nm with resolution of 1 nm by using a Perkin Elmer Lambda 750 spectrophotometer with optical path of 1 cm. Each spectrum was recorded in triplicate and all subsequent calculations were carried out by using the average spectrum of each triplicate.

  Data analysis and software

  The deviations of baseline of the spectra were removed by using an offset correction procedure, which consisted of shifting each spectrum in order to move its lowest point to zero. An exploratory analysis was then carried out by using Principal Component Analysis (PCA). The Kennard-Stone algorithm21 was subsequently employed to divide the spectra into training, validation and test sets for SIMCA, KNN, PLS-DA and SPA-LDA modelling, as shown in Table 2. SIMCA and KNN are standard classification techniques, which are described in detail in textbooks.22 PLS-DA is an extension of conventional PLS modelling in which the desired model output is expressed in terms of class indices (0 or 1 for two-class problems, for example).23,24 SPA-LDA is a recently proposed technique which employs SPA to select a suitable subset of variables for LDA classification.25 A detailed review of the use of SPA-LDA in analytical applications can be found elsewhere.26
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  The training samples were used to build the classification models. The validation samples were employed to select the number of principal components in SIMCA, the number K of neighbors in KNN, the number of factors in PLS-DA and the spectral variables in SPA-LDA. Finally, the test samples were used as an external set to assess the classification performance of the resulting models.

  Baseline offset correction, PCA, SIMCA and PLS-DA were carried out in The Unscrambler 9.7. Sample set partitioning (Kennard-Stone algorithm), KNN and SPA-LDA modelling were implemented in Matlab 2010b.

  In the discussion of the classification results, the terms negative and positive will refer to non-adulterated (B5) and adulterated (OB5) samples, respectively. Therefore, a false negative will indicate an OB5 sample classified as B5, whereas a false positive will indicate a B5 sample classified as OB5. The classification accuracy will be calculated as the number of correct classifications divided by the total number of samples in the set under consideration (training, validation or test). The sensitivity rate was calculated as the number of correct positive decisions divided by the number of positive cases. The specificity rate was calculated as the number of correct negative decisions divided by the number of negative cases.27,28

   

  Results and discussion

  UV-Vis spectra

  Figure 1a presents typical UV-Vis spectra of diesel (D), biodiesel (B100), soybean oil (SO), B5 biodiesel/diesel blend and B5 blend adulterated with 2.5% (v/v) of soybean oil (OB5). Due to the chemical similarity of biodiesel with respect to the soybean oil used as feedstock, the B100 and SO samples have similar spectral profiles, Moreover, since diesel is the majoritary component in B5 and OB5, the spectra of D, B5 and OB5 are also very similar, with a strong absorption band around 525 nm. This band can be ascribed to the presence of a dye marker, which is added to diesel fuel for identification and protection of source and destination.29
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  Figure 1b presents the UV-Vis spectra of the 90 samples (B5 and OB5) employed in the classification study. As can be seen, the spectra of the B5 samples form two clusters, which are most likely associated to differences in the composition of the diesel samples employed in the blends. Since the absorbance is very small at larger wavelengths (shaded region in Figure 1b), the study was restricted to range of 430-650 nm, as shown in Figure 1c.

  Principal component analysis

  Figure 2 presents the PC2 × PC1 score plot obtained from the UV-Vis spectra of the 90 samples under consideration. The percentage of explained variance is indicated at each axis. As can be seen, the use of PCA reveals some degree of separation between the B5 and OB5 samples, which was not apparent in Figure 1c. However, further chemometrics processing is still necessary to reduce the overlapping between the two classes. For this purpose, the SIMCA, KNN, PLS-DA and SPA-LDA classification techniques were employed, as reported below.
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  SIMCA classification

  A SIMCA model was built for each class under consideration (B5 and OB5). Two principal components in each class model were sufficient to explain almost 100% of the data variance. Figure 3a presents the resulting plot of discrimination power of the spectral variables. As can be seen, the most important variables to discriminate adulterated (OB5) from non-adulterated (B5) samples range from approximately 520 nm to 560 nm. This region corresponds to the main absorption band of the UV-Vis spectra, as discussed above. Figures 3b and 3c present the boundaries of the B5 and OB5 class models at the default significance level (5%) of the software package. As can be seen, the classification resulted in three false positives (B5 samples located outside the boundaries of the B5 model in Figure 3b) and no false negatives (no OB5 samples located outside the boundaries of the OB5 model in Figure 3c). The absence of false negatives indicates that the proposed method has suitable sensitivity to detect the presence of adulterations. It is also worth noting that the three false positives corresponded to samples used in the training set. Therefore, all samples in the validation and test sets were correctly classified.
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  KNN classification

  The number K of neighbors employed in the KNN classifier was selected on the basis of the number of classification errors in the validation set, as shown in Figure 4. The optimum choice was K = 1, for which no validation errors were obtained. As a result, all samples in both the training and test sets were also correctly classified, i.e. no false positives or false negatives were obtained.
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  PLS-DA classification

  The PLS-DA model was built by assigning y-values 0 and 1 to samples in the B5 and OB5 classes, respectively. In the classification stage, a threshold value of 0.5 was adopted to discriminate the two classes. As shown in Figure 5, all samples in the training, validation and test sets were correctly classified, i.e. no false positives or false negatives were obtained.
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  SPA-LDA classification

  In SPA-LDA, the optimal number of spectral variables is determined on the basis of a cost function related to the risk of incorrect classification in the test set.25,26 As shown in Figure 6a, the minimum of the cost is achieved by using three variables. These variables correspond to the wavelengths 439, 533 and 609 nm, as indicated in Figure 6b.
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  Figure 7 shows a plot of the Fisher discriminant scores resulting from the SPA-LDA model for the samples in the training, validation and test sets. As can be seen, all samples were correctly classified, which indicates that the discriminatory information conveyed by the full spectrum in the range 430-650 nm was preserved in the three selected wavelengths.
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  In brief, the classification results obtained in this investigation can be summarized as follows. The KNN, PLS-DA and SPA-LDA models correctly classified all samples in the training, validation and test sets, which corresponds to accuracy, sensitivity and specificity rates of 100%. The SIMCA model also provided accuracy, sensitivity and specificity rates of 100% for the validation and test sets. The three false positives observed in Figure 3b resulted in a classification accuracy of 93% in the training set, with a specificity rate of 80%. However, the sensitivity rate was 100% as no false negatives were obtained.

   

  Conclusion

  This paper proposed the use of UV-Vis spectrometry as a simpler alternative for detection of vegetable oil adulterations in biodiesel/diesel blends. More specifically, soybean oil adulterations were investigated because this is the cheapest and most common vegetable oil found in Brazilian market and thus constitutes the prime candidate for use as an adulterant.

  The performance of the SIMCA, KNN, PLS-DA and SPA-LDA models was evaluated by using a test set comprising samples that were not used in the model-building procedures. In this test set, all the adulterated samples were correctly discriminated from the non-adulterated ones. It is worth noting that the adulteration levels employed in this investigation (0.5-2.5% v/v) are not negligible, as they correspond to 10-50% of the biodiesel content in commercial blends. However, even at the largest adulteration level (2.5% v/v) the physico-chemical parameters of the samples (viscosity, density, refractive index) did not display significant changes. Therefore, the proposed UV-Vis spectrometric method can be considered a useful complement to the methods usually employed by the regulatory agents.

  Future works could be concerned with the development of a low-cost led-based photometer to monitor the three wavelengths selected by SPA-LDA in field applications. The possibility of building quantification models to determine the level of adulteration could also be investigated.
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    Supplementary Information 

    Viscosity, refractive index and density were measured for B5 biodiesel/diesel blends adulterated with soybean oil at the levels of 0.0 (i.e. without adulteration), 0.5, 1.0, 1.5, 2.0 and 2.5% v/v (10 samples for each level). Viscosity was measured using a Cannon-Fenske 200 viscosimeter (Vidrolabor). Prior to the viscosity measurements, the samples were kept at 40°C during 20 minutes in a thermostatic bath (Unique, USC-1800 model). Density was measured using a Densito 30PX densimeter (Mettler Toledo). Refractive index was measured using a 2-way ABBE refractometer (Biobrix). The resulting average values and standard deviations are presented in Table S1.
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    Uma simplificação no SPA-LDA é proposta para contornar a necessidade de conjuntos de treinamento e validação separados. O número de graus de liberdade é empregado na função de custo para evitar sobreajuste do modelo. Três exemplos são apresentados: classificação de cafés, diesel e óleos vegetais empregando espectrometria UV-Vis, NIR e voltametria, respectivamente.
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  Introduction

  The successive projections algorithm (SPA) is a variable selection method originally proposed for the construction of multivariate calibration models1 and subsequently extended to address classification problems.2 Applications of SPA have involved different instrumental techniques and samples as summarized in a recent review paper.3

  The SPA formulation for classification problems involves two phases. In the first phase, a sequence of projection operations involving the columns of the instrumental response matrix is employed to form subsets of variables with small collinearity. In the second phase, the best subset is selected on the basis of a cost function associated to the risk of incorrect classification by linear discriminant analysis (LDA). In Pontes et al.,2 and all subsequent papers,4-11 this cost function was evaluated by using an external set of validation samples, which were not employed in the construction of the LDA model. This procedure was adopted to avoid model overfitting, which might result if the training set itself was used in the evaluation of the cost function.

  Within this scope, two inconveniences related to the use of a separate validation set could be pointed out. Firstly, the analyst is faced with the problem of splitting the available samples into representative training and validation sets, which may not be a straightforward task. Secondly, if the number of samples is too small, it may not be possible to split them into two representative sets. Cross-validation could be an alternative, but the computational effort involved can be substantial, due to the need of constructing an LDA model for each sample (or group of samples) that is removed from the training set in the course of the cross-validation procedure. Another possibility would be the use of the training set itself for validation purposes. However, such an internal validation approach may lead to overfitting as discussed elsewhere.12

  In this context, the present paper proposes a new criterion for internal validation in SPA-LDA in which the number of degrees of freedom is employed in the cost function calculation. As a result, model overfitting is avoided without the need to divide the available data into separate training and validation sets. The utility of the proposed criterion is investigated in a comparative study involving external validation and cross-validation. For this purpose, three analytical problems are considered, namely UV-Vis spectrometric classification of coffee,7 voltammetric classification of vegetable oils,5 and near-infrared (NIR) spectrometric classification of diesel.2

  Background and Theory

  SPA-LDA

  SPA-LDA comprises two phases. In Phase 1, the instrumental responses of the training samples are disposed in a matrix Xtrain of dimensions (Ntrain × K) and then the training data are centered in the mean of each class. In Xtrain the kth variable xk is associated to the kth column vector xk ∈ [image: image 01]Ntrain. These column vectors are subjected to a sequence of projection operations that result in the creation of K chains of variables. The kth chain is initialized with variable xk and is progressively augmented with variables that display the least collinearity with the previous ones. Because of the loss of degrees of freedom associated to the calculation of the class means, the length of the chains of variables constructed in Phase 1 of SPA-LDA is limited by Ntrain - C, where Ntrain is the number of training samples and C is the number of classes involved in the problem.

  In Phase 2, the candidate subsets of variables are evaluated according to a cost function related to the average risk of incorrect classification over the validation set. This cost function is defined as:

  
    [image: Equation 01]

  

  where

  
    [image: Equation 02]

  

  In equation 2, the numerator MD2[xval,n, –x(In)]  is the squared Mahalanobis distance13 between the nth validation sample xval,n (of class index In) and the mean –x(In) of its true class (both row vectors) calculated over the training set. This distance is given by

  
    [image: Equation 03]

  

  where S is a pooled covariance matrix calculated over the training set.14,15 The denominator in equation 2 corresponds to the squared Mahalanobis distance between xval,n and the center of the nearest wrong class. A small value of gn indicates that xval,n is close to the center of its true class and distant from the centers of the remaining classes. The cost function Jcost is defined as the average value of gn over all validation samples (n = 1, 2, ..., Nval). Therefore, the minimization of Jcost results in a better separation of the samples according to their true classes.

  Use of leave-one-out cross-validation

  To avoid the need for a separate validation set, the cost function Jcost could be evaluated by using leave-one-out cross-validation. In this case, the value of gn would be calculated by removing the nth sample from the training set (xtrain,n) and using it as a validation sample, i.e.,

  
    [image: Equation 04]

  

  where the subscript -n in MD2–n indicates that the class means –x(I1), –x(I2), …, –x(IC) and pooled covariance matrix S are calculated without using xtrain,n. After repeating the calculation of gn for n = 1, 2, ..., Ntrain, the resulting cost would be given by

  
    [image: Equation 05]

  

  It is worth noting that the evaluation of Jcost in this manner can be very time-consuming. Indeed, the Mahalanobis distance calculations require the determination of a new matrix inverse S-1 for each n. Therefore, a matrix inversion operation needs to be carried out Ntrain times for each candidate subset of variables. For this reason, to the authors' knowledge this alternative has not been exploited in previous works involving SPA-LDA.

  Internal validation and proposed criterion

  An internal validation could be carried out by calculating the value of gn as

  
    [image: Equation 06]

  

  In this case, the class means –x(I1), –x(I2), …, –x(IC) and pooled covariance matrix S are calculated by using all training samples, including xtrain,n. The resulting cost is then calculated as in equation 5. It is worth noting that the computational workload is much smaller as compared to the use of cross-validation because a single matrix inverse S-1 is employed for n = 1, 2, ..., Ntrain. However, such a procedure may lead to overfitting because the classification model is built and validated by using the same samples. As a result, the cost would tend to decrease as more variables are included in the model. To circumvent this problem, the criterion proposed in the present work consists of calculating the cost as

  
    [image: Equation 07]

  

  where L is the number of variables in the candidate subset under evaluation. In this case, the denominator consists of the number of degrees of freedom, rather than the overall number of training samples. Therefore, a candidate subset with a larger number of variables (i.e., with a larger value of L) will only be favoured if the decrease in the gn values is large enough to offset the decrease in the denominator of equation 7.

   

  Experimental

  Data sets

  The coffee data set consists of 175 UV-Vis spectra of aqueous extracts of ground coffee, which were recorded in the range 225-353 nm. A detailed description of the experimental conditions can be found in a previous work.7 The problem consists of discriminating the samples with respect to type (caffeinated/decaffeinated) and conservation state (expired/non-expired shelf life). Therefore, four classes are considered in the study, namely non-expired decaffeinated, non-expired caffeinated, expired decaffeinated, expired caffeinated.

  The vegetable oil data set consists of 114 square-wave voltammograms of canola, sunflower, corn and soybean oil samples in the range −0.9 to −0.04 V. Details regarding the optimization of the experimental conditions were presented in.5 Some of the samples had been stored for several months past the expiry date. These "expired" samples were gathered into a single group for classification purposes. Therefore, the problem involves five classes (canola, sunflower, corn, soybean and expired).

  The third data set consists of 128 NIR spectra of diesel samples, which were acquired in the range 880-1600 nm. A first derivative Savitzky-Golay filter with a second-order polynomial and an 11-point window was applied to the spectra in order to remove baseline features. The problem consists of classifying the diesel samples according to sulfur content (low and high) as detailed in Pontes et al..2

  Training, validation and test sets

  The samples were divided into training, validation, and test sets by applying the classic Kennard-Stone (KS) uniform sampling algorithm16 to each class separately. The number of samples in each set is presented in Table 1. In the cross-validation and internal validation procedures, the training and validation sets were combined into a single training set.

  
    

    [image: Table 1. Number of training]

  

  Software

  All calculations were carried out by using the MATLAB® 2010a software.

   

  Results and Discussion

  Figure 1a presents the curves of cost versus number of variables included in the LDA model for the coffee data set. The curves correspond to the four validation methods under investigation (external validation, cross-validation, internal validation, and internal validation using the proposed criterion). In each of these curves, the number of variables was increased up to the point where the pooled covariance matrix S was deemed to be close to singularity, according to the default settings of the Matlab software.

  
    

    [image: Figure 1. Coffee data set]

  

  As can be seen, the cost for internal validation (with no correction to account for the degrees of freedom) exhibits decreasing values up to the maximum number of variables employed in the construction of the curve, which points to an overfitting problem. In contrast, the use of the proposed criterion resulted in a cost function profile with a minimum point at 17 variables. Interestingly, these variables were the same as those selected by cross-validation. The use of external validation resulted in 15 variables. As can be seen in Figure 1b, the subsets of selected variables are remarkably similar, which indicates that the external validation, cross-validation, and internal validation (with the proposed criterion) procedures are roughly equivalent. 

  The LDA models obtained with the selected variables were applied to the classification of the test set. As a result, all 43 test samples were correctly classified.

  The corresponding graphs for the vegetable oil data set are presented in Figure 2. Again, if the correction for degrees of freedom is not employed, the internal validation cost exhibits decreasing values up to the end of the curve. In contrast, a minimum point at 12 variables was achieved as the result of using the proposed criterion. Once more, these variables corresponded to those selected by cross-validation. The use of external validation resulted in 10 variables. As can be seen in Figure 2b, the subsets of selected variables are remarkably similar, which corroborates the conclusions obtained with the coffee data set. By using the LDA models obtained with the selected variables, all 32 test samples were correctly classified.

  
    

    [image: Figure 2. Vegetable oil data]

  

  Finally, Figure 3 presents the results for the diesel data set. As in the previous cases, the internal validation cost exhibits decreasing values up to the end of the curve. The use of the proposed criterion resulted in a cost curve with a minimum at 8 variables, which again corresponded to those selected by cross-validation. The use of external validation resulted in 2 variables. The selected variables are presented in Figure 3b. In contrast to the findings obtained in the coffee and vegetable oil cases, the external validation outcome was markedly different from the result obtained by cross-validation and internal validation with the proposed criterion. By applying the resulting LDA models to the classification of the 52 test samples, 11 errors (external validation) and 2 errors (cross-validation/internal validation with the proposed criterion) were obtained. In view of the worse classification accuracy of the LDA model obtained by external validation, it may be argued that the validation set was not selected in a suitable manner. Indeed, as discussed in the Introduction, the division of the modelling data into representative training and validation sets may not be a straightforward task. Therefore, these findings support the use of either cross-validation or internal validation (with appropriate correction for the degrees of freedom) as possible alternatives to the use of external validation.

  
    

    [image: Figure 3. Diesel data set:]

  

  In brief, the classification results obtained in this investigation can be summarized as follows. In the coffee and vegetable oil case studies, all test samples were correctly classified, i.e., the classification accuracy was 100%, regardless of the validation technique employed in SPA-LDA. In the diesel study, the classification accuracy was 79% (11 errors out of 52 test samples) with external validation and 96% (2 errors out of 52 test samples) with cross-validation or internal validation with the proposed criterion. In view of the classification errors, the diesel results can also be expressed in terms of sensitivity (number of true positive decisions/total number of positive cases) and specificity (number of true negative decisions/total number of negative cases) rates.17 For this purpose, samples with low and high sulphur content can be considered as negative and positive cases, respectively. As a result, the sensitivity and specificity rates were 79% by using external validation (6 false positives and 5 false negatives). In contrast, the use of cross-validation or internal validation with the proposed criterion resulted in a sensitivity rate of 100% (no false negatives) and a specificity rate of 93% (2 false positives).

   

  Conclusions

  SPA-LDA has been successfully used to build classification models in a variety of analytical applications. However, alternatives to the external validation procedure employed in the variable selection process had not been investigated in previous works.4-11 In this context, the present paper proposed a criterion for internal validation in SPA-LDA, which accounts for the number of degrees of freedom in order to avoid model overfitting. The use of SPA-LDA is thus simplified because the analyst is no longer required to divide the modeling samples into training and validation sets. In comparison with the use of cross-validation, the proposed approach involves a smaller computation effort because a single LDA model needs to be constructed to evaluate each subset of variables.

  The utility of the proposed criterion was investigated in three analytical problems, namely UV-Vis spectrometric classification of coffee, voltammetric classification of vegetable oils, and NIR spectrometric classification of diesel. In the coffee and vegetable oil case studies, the same variables were selected by using either cross-validation or internal validation (with appropriate correction for the degrees of freedom) and all the samples in the test set were correctly classified. Similar results were obtained by using external validation. However, in the diesel case study the use of external validation led to an underfitting problem, i.e., the number of selected variables was too small, which resulted in an LDA model with only 79% of classification accuracy in the test set. In contrast, a classification accuracy of 96% was obtained by employing either cross-validation or internal validation with the proposed criterion. In view of the smaller computational effort required by internal validation, as compared to cross-validation, the proposed criterion can thus be considered a suitable alternative for use with SPA-LDA.
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  Page 217, Table 3

  The fatty acid palmitoleic (C16:1) was in the percentage of 19.6 on crude oil of buriti and percentage of 19.4 in refined oil from buriti.

  
    [image: Table 3. Fatty acids]

  

  Will change to:

  The fatty acid palmitic acid (C16:0) is in the percentage of 19.6 on crude oil of buriti and percentage of 19.4 in refined oil from buriti. 
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Figure 4. Crystal packing of 6 along the ¢ axis.





OPS/images/a15img05.png
1
0
NN AN
‘0 } g 2. i90
@ IN/ZNH

A
) a—‘k -@mz» M}""“
- 2’6“?}7\”

Figure 3. (a) Chemical structural formula, (b) crystal structure and (c)
ORTEP diagram (with ellipsoids drawn at the 30% probability level) of 6.
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Figure 5. SEM images of the LSX products obtained at different x value (crystallization time = 6 h).
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Figure 10. IR spectra of the LSX products at different x values
(crystallization time = 6 h).
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lable 2. Geometry of the C—H---O hydrogen bonds in the crystals of 6

D-H--O d(D-H)/A d(H--0)/A d(D--0) /A Z(DHO) / degree
Intra C(22)-H(224)--0(9) 097 2,60 3.10703) 120
Intra C(22)-H(22B)--0(2) 097 245 2.80003) 101
Intra C(28)-H(28A)--O(4) 097 254 3.1312) 119
Intra C(28)-H(28B)--O(1) 097 234 2746(2) 105
Intra C(28)-H(28B)--O(T) 097 250 3.52003) 163
C(4-H(A)-0@) 093 253 34533) 171
C(30)-H(30B)-O(0)" 096 259 343204 147

Symmetry code: *1x. v, 1/2-: *1/2x. -1/2+y. -1/2.
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Figure 8. Contents of Na, K. Si and Al in the liquid phase.
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lable 4. Results of the alkylation of toluene with methanol over LSA
products (erystallization time = 6 h)

0 01 02 03 04

x
Cta (%) 5026 6918 7008 7226 7518
() 120 156 191 199 206
Se(%)  para- 236 490 478 405 333

meta- 203 386 364 309 250

ortho- 532 1106 1092 940 7.63
S s () 8878 7830 7850 8124 8426
I (%) 022 026 025 023 022
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igure 11. CO,-TPD and NH.-TPD spectra of LSX products obtained at different x values (crystallization h).
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Table 53. Total and excess “"F'b for 15 core

Cumulative mass /

=1Pb total /

oph,_/

wph_/

Depth fem (gem?) (Bqkg') - @t Frror ity Error
1 0.36 788 0.94 529 3.10 192 1.1
2 057 66.5 0.79 405 3.06 84 0.6
3 0.83 589 0.70 330 3.03 8.7 08
4 123 519 0.62 260 3.02 104 1.2
5 1.61 64.7 0.77 388 305 148 12
6 1.98 66.9 0.56 409 3.00 149 1.1
7 241 69.0 0.82 430 3.06 188 13
8 287 62.0 052 36.1 3.00 164 14
9 328 550 0.65 29.1 3.02 119 1.2
10 3.69 628 053 36.8 3.00 152 12
11 412 705 0.84 446 3.07 19.1 1.3
12 461 721 0.61 46.1 3.01 228 L5
13 502 736 0.88 477 3.08 194 1.3
14 548 776 0.65 517 3.02 239 14
15 596 81.6 097 55.6 311 266 L5
16 654 732 0.62 473 3.02 273 1.7
17 715 648 0.77 389 305 239 1.9
18 719 63.6 053 377 3.00 242 1.9
19 842 624 0.74 36.5 3.04 229 1.9
20 895 61.8 052 359 3.00 189 1.6
21 9.44 612 0.73 352 3.04 173 L5
22 9.94 626 053 36.7 3.00 184 L5
23 105 64.1 0.76 38.1 305 205 16
24 11.0 62.1 052 36.2 3.00 182 L5
25 115 60.1 0.71 342 3.04 164 L5
26 119 728 0.62 469 3.02 212 14
27 124 855 1.02 59.5 312 318 1.7
28 129 795 0.67 536 3.03 262 L5
29 134 736 0.87 476 3.08 22 14
30 139 76.7 0.64 508 3.02 27.1 1.6
31 145 798 0.95 539 3.10 293 1.7
32 15.1 7.3 0.60 453 3.01 287 1.9
33 158 62.7 0.74 36.8 3.04 25.1 21
34 167 612 0.51 353 3.00 306 26
35 173 59.8 0.71 338 3.04 226 20
36 184 550 0.46 29.1 299 315 32
37 193 503 0.60 244 3.01 22 27
38 20.1 737 0.65 478 3.02 358 23
39 207 972 115 712 37 433 19
40 214 90.9 077 65.0 3.05 46.6 22
41 221 84.6 1.01 587 EAV 424 23
42 228 915 077 65.6 3.05 434 20
43 234 98.5 117 725 307 46.3 20
44 24.0 87.3 0.74 614 304 375 19
45 246 762 091 503 3.09 215 1.7
46 256 67.6 0.57 417 3.01 423 30
47 263 59.0 0.70 331 3.03 235 22
48 27.0 582 0.69 323 3.03 221 21
49 217 594 071 335 3.03 226 20
50 282 61.9 0.74 36.0 304 184 16
51 28.8 654 0.78 39.5 3.05 25.1 1.9
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fable 56. Total and excess “"F'b for 5C core.

Dpih/em OO e Fror Btz Frer B Frer
1 031 80.3 095 58.1 376 18.1 117
2 0.64 76.9 091 547 375 18.3 1.25
3 1.05 7 0.85 495 374 202 1.53
4 145 824 098 60.2 kN 242 151
5 1.86 953 113 731 381 298 1.55
6 228 91.9 077 69.7 amn 294 1.57
7 272 88.5 1.05 663 379 292 1.67
8 314 947 0.80 725 373 304 1.56
9 3.63 101 120 787 3.83 384 1.87
10 427 845 072 623 an 400 238
11 493 68.1 0.81 459 373 303 247
12 5.64 56.0 048 338 3.67 238 259
13 6.32 438 0.52 216 3.68 147 249
14 6.95 352 0.30 13.0 3.65 826 232
15 7.61 26.6 032 434 3.65 2.86 241
16 825 229 0.19 - - - -
17 885 192 023 - - - -
18 9.50 185 0.16 - - - -
19 10.1 17.8 021 - - - -
20 10.8 233 020 - - - -
21 115 288 034 - — - -
22 122 27.1 023 - - - -
23 129 254 0.30 - - - -
24 13.6 249 021 - - - -
25 144 245 029 - - - -
26 15.0 213 025 - - - -
27 15.6 219 026 - - - -
28 16.1 17.9 021 - - - -
29 16.6 17.8 021 - - - -
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Table 57. Total and excess “"Fb for 255 core

Cumulative mass/  2'“Pb total / 29pb__/ 20pb__/

Depth /m (gem?) (Bkg') Frror Bqke) Frror (mBgcm’) Error
1 026 856 1.0 63.0 39 16.1 0.99
2 0.70 827 0.98 60.1 38 268 1.7
3 117 829 0.99 603 38 284 1.8
4 1.58 947 L1 2.1 39 292 1.6
5 1.94 89.8 L1 67.2 39 243 14
6 235 88.6 0.74 66.0 38 270 1.6
7 287 874 1.0 648 39 335 20
8 335 820 0.69 59.4 38 286 1.8
9 394 765 091 539 38 321 23
10 446 915 0.78 689 38 359 20
11 5.16 107 13 839 39 582 217
12 581 101 085 782 38 511 25
13 637 95.1 113 725 39 405 22
14 6.96 853 0.72 62.7 38 374 23
15 751 755 0.90 529 38 289 21
16 794 85.1 0.72 625 38 270 1.6
17 844 947 L1 721 39 36.0 1.9
18 8.88 9.5 0.84 76.9 38 336 1.7
19 928 104 12 81.7 39 324 1.6
20 9.78 110 0.93 87.6 38 439 1.9
21 102 116 14 934 40 383 1.6
22 10.7 103 0.87 80.5 38 405 1.9
23 112 90.3 L1 67.7 39 358 20
24 119 69.2 0.61 46.6 38 309 25
25 125 481 0.57 255 38 17.1 25
26 133 387 033 162 37 120 28
27 146 204 035 6.81 37 8.85 49
28 152 264 022 - - - -
29 16.1 233 028 - - - -
30 168 249 021 - - - -
31 175 265 032 - - - -
32 182 213 0.19 - - - -
33 188 16.0 0.19 - - - -
34 195 189 0.16 - - - -
35 20.1 217 0.26 - - - -
36 206 178 021 - - - -
37 211 215 0.26 - - - -
38 216 188 022 - - - -
39 22 215 033 - - - -
40 231 259 031 - - - -
42 239 258 031 - - - -
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lable 54. Total and excess “"F'b for ZN core

Cumulative mass/_ Pb total / P/ opy,/
Uepilef com (gem?) (Bake") Frror (Bake) Fror (mBq em) Frror
1 0.25 88.1 1.1 58.1 34 146 026
2 0.63 107 1.3 713 35 29.6 0.49
3 1.08 132 1.6 102 36 453 0.70
4 144 120 14 90.2 35 329 052
5 1.80 116 14 86.0 35 310 0.50
6 218 95.1 0.82 65.1 33 242 0.30
7 2.60 743 0.88 443 33 18.8 037
8 3.00 643 055 343 33 13.8 022
9 342 543 0.65 243 33 10.2 027
10 382 59.7 0.50 207 33 11.6 0.20
11 424 652 077 352 33 149 033
125 493 63.9 053 339 33 233 037
13 5.19 62.5 0.74 325 33 8.56 0.19
14 571 58.1 049 28.1 33 146 025
15 6.36 536 0.64 236 33 153 042
16 6.82 985 091 685 34 317 042
17 7.30 143 1.7 113 37 543 0.81
18 774 139 1.2 109 34 473 0.51
19 8.05 135 1.6 105 36 328 0.50
20 8.50 130 11 100 34 457 0.50
21 9.00 125 L5 95.0 36 46.7 0.74
22 933 122 1.0 922 34 305 034
23 9.62 119 14 893 35 259 041
24 9.98 102 0.87 724 33 26.1 031
25 103 854 1.01 554 34 184 034
26 10.7 784 0.66 484 33 18.8 026
27 111 715 085 415 33 15.1 031
28 114 658 055 358 33 132 0.20
29 119 60.1 071 30.1 33 129 031
30 123 714 085 414 33 19.0 0.39
3l 12.8 58.6 0.70 286 33 142 0.39
32 133 56.0 0.67 26.0 33 12.6 035
33 13.8 55.3 0.66 253 33 134 032
34 14.3 624 0.74 324 33 16.0 0.35
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Table 53. Total and excess “"Fb for 355 core

Cumulative mass/  Pb total / P,/ pb /
Depth/em [ gty Fror Rt Fror oty ey Fror
1 044 79.1 0.94 528 25 230 1.1
2 0.94 86.2 1.0 59.9 25 299 13
3 1.36 953 L1 69.0 26 287 1.1
4 1.76 105 12 785 26 317 1.1
5 222 108 13 817 26 375 12
6 263 106 0.89 79.6 25 326 1.0
7 315 104 12 715 26 408 14
8 362 86.7 0.74 60.5 24 282 1.1
9 4.00 69.7 0.83 435 24 163 092
10 441 746 0.63 484 24 199 098
11 481 795 0.95 533 25 214 1.0
12 522 818 0.69 55.6 24 229 0.99
13 593 84.1 1.0 579 25 409 1.8
14 639 91.8 0.77 65.6 24 302 1.1
15 6.84 99.5 12 733 26 329 1.2
16 721 842 0.72 58.0 24 217 0.90
17 7.66 68.9 0.82 27 24 19.1 1.1
18 812 794 0.67 532 24 246 1.1
19 8.55 89.9 L1 63.6 25 213 1.1
20 9.03 90.7 0.76 645 24 311 1.2
21 943 915 L1 653 25 262 1.0
22 9.84 873 0.73 61.1 24 247 098
23 103 832 0.99 56.9 25 239 1.1
24 10.7 818 0.69 55.6 24 272 12
25 111 80.5 0.96 542 25 173 0.80
26 115 95.8 0.82 69.6 24 318 1.1
27 119 1 13 85.0 21 338 1.1
28 124 119 1.0 923 25 448 12
29 128 126 15 99.6 21 435 12
30 133 100 0.87 739 25 30.1 1.0
31 138 745 0.89 483 25 258 13
32 143 683 0.58 20 24 230 13
33 149 62.0 0.74 358 24 219 L5
34 155 615 052 353 24 188 13
35 159 61.0 0.72 347 24 159 1.1
36 165 45 0.40 183 23 106 14
37 17.1 280 033 179 23 1.06 137
38 17.7 26.7 022 - - - -
39 183 254 0.30 - - - -
40 189 251 021 - - - -
41 194 248 029 - - - -
42 20.1 260 022 - - - -
43 207 272 032 - - - -
44 213 245 021 - - - -
45 219 218 026 - - - -
46 225 237 0.20 - - - -
47 230 257 031 - - - -
48 236 259 022 - - - -
49 242 26.1 031 - - - -
50 246 215 023 - - - -
51 25.1 288 034 - - - -
52 256 265 022 - - - -
53 262 24.1 0.29 — — — —
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fable 510. Total and excess ~"Fb for 4L core

Cumulative mass /"Pb total / (Bay - Pb. [ (mBag -

Depth / cm (@om?) ke b,/ (Bqkg") Error om?)

1 041 98.0 L17 6.7 315 217 129
2 092 65.1 077 48 3.02 177 271
3 153 58.6 0.70 282 301 174 460
4 201 748 0.89 4“5 3.06 213 614
5 259 619 051 376 3.03 218 785
6 315 541 047 237 296 132 931
7 371 402 048 9.89 296 5.60 110
8 428 410 034 107 204 611 126
9 456 418 050 115 297 6.63 144
10 540 367 031 641 294 344 159
1 591 317 038 - - - .
12 649 320 027 - - - .

13 7.05 323 038 - - - .
14 758 303 026 - - - .
15 8.09 284 034 - - - .
16 861 274 023 - - - .
17 9.13 25 031 - - - .
18 9.63 339 029 - - - .
19 101 413 049 - - - .
20 107 358 030 - - - .
21 11 302 036 - - - .
2 116 280 033 - - - .
23 122 266 032 - - - .
24 127 349 041 - - - .
25 133 319 038 - - - .

26 14.1 303 0.36 - _ _ _
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Table 511. lotal and excess “7Fb for 25 core

Cumulative mass/  *'%Pb total / 9pp,, 29pb, |

Depth /cm e em Baken Error i) Error Gl Error
1 032 764 091 511 223 162 071
2 0.61 809 0.96 556 225 159 0.64
3 097 816 097 563 226 203 081
4 138 105 125 799 239 334 1.00
5 1.88 883 1.05 63.0 229 312 114
6 230 846 071 503 216 250 091
7 278 809 0.96 556 225 264 107
8 320 837 0.70 584 216 245 090
9 363 86.5 1.03 61.2 228 266 099
10 4.06 76.6 0.65 513 214 222 093
11 452 66.6 0.79 413 219 18.8 1.00
12 4.98 643 0.54 300 211 179 097
13 546 620 0.74 367 217 177 105
14 595 637 0.54 384 211 189 1.04
15 6.44 654 0.78 40.1 218 19.6 107
16 6.88 60.5 051 352 210 155 093
17 747 556 0.66 303 214 177 125
18 197 619 052 36.6 210 186 107
19 844 682 0.81 29 219 202 103
20 897 614 052 36.0 210 189 L10
21 9.56 545 0.65 20.1 214 173 127
2 102 694 0.60 440 212 262 126
23 106 843 1.00 589 221 219 1.08
24 111 824 0.69 57.1 215 288 1.09
25 116 805 0.96 552 225 26.1 107
26 121 104 0.89 786 223 382 1.08
27 126 127 151 1020 254 558 139
28 131 113 0.96 882 225 25 1.09
29 136 9.7 118 744 236 381 121
30 141 103 0.86 72 221 372 1.06
31 147 105 125 80.1 239 474 141
2 152 863 0.74 61.0 217 204 1.04
33 15.8 67.1 0.80 418 219 268 141
34 164 622 052 369 210 222 127
35 171 513 0.68 320 215 20.1 135
36 174 520 044 266 208 78 061
37 180 46.6 055 213 211 131 130
38 187 535 045 281 209 19.8 147
39 194 603 0712 350 216 239 148
40 20.1 585 049 331 210 239 151
41 208 56.6 0.67 313 215 220 151
2 216 49.0 042 237 208 195 171
43 224 415 049 162 210 126 163
4 231 398 034 145 207 104 148
45 239 382 045 129 209 107 174
46 248 370 031 116 206 9.94 176
47 257 357 042 104 208 8.89 177
48 266 219 033 - - - -
49 274 248 029 - - - -
50 282 256 030 - - - -
51 292 230 0.27 - - - -
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fable 55. Total and excess “"F'b for 435 core

Cumulative mass/ _ *Pb total / B =opy__/
Depth/ em Eem? Bakg) Eror Bz Freor (mBq cm?)

1 0.50 114 14 852 10 428 5.1
2 0.88 945 1.1 655 10 246 38
3 1.26 95.9 1.1 66.9 10 258 39
4 1.66 103 12 744 10 294 40
5 2.06 192 23 163 10 65.5 42
6 248 139 12 110 10 46.6 43
7 276 85.1 1.0 56.0 10 15.5 28
8 EAR) 98.9 0.84 69.9 10 274 40
9 359 113 1.3 837 10 364 44
10 3.99 118 1.0 892 10 356 41
11 442 124 L5 948 10 411 44
12 492 126 1.1 972 10 489 5.1
13 541 129 L5 99.7 10 481 49
14 5.81 114 1.0 852 10 343 41
15 6.21 100 1.2 70.7 10 284 41
16 6.66 103 0.87 744 10 331 45
17 711 107 1.3 78.1 10 351 46
18 7.50 102 0.85 725 10 289 40
19 7.89 95.9 1.1 66.9 10 256 39
20 839 85.8 073 56.8 10 286 5.1
21 8.74 5.7 0.90 467 10 164 36
22 9.20 86.1 073 571 10 26.0 46
23 9.57 96.4 1.1 674 10 250 38
24 10.1 952 0.80 66.1 10 345 53
25 10.6 93.9 1.1 648 10 313 49
26 109 938 079 648 10 228 36
27 113 938 1.1 647 10 256 40
28 11.8 125 1.1 95.6 10 40 47
29 122 156 1.8 127 10 532 43
30 126 136 1.2 107 10 46.3 44
3l 13.0 17 14 877 10 36.1 42
32 135 17 1.0 876 10 40.6 47
33 13.9 116 14 875 10 38.1 44
34 144 116 1.0 87.1 10 435 5.1
35 15.0 116 14 86.7 10 42 52
36 15.7 88.8 078 59.8 10 472 80
37 16.5 62.0 074 330 10 263 8.1
38 17.3 540 046 250 10 19.8 80
39 18.1 46.0 0.55 17.0 10 13.0 17
40 19.0 374 032 837 10 8.00 9.7
41 19.8 288 0.34 - - - -
42 205 246 021 - - - -
43 212 204 024 - - - -
44 217 17.6 0.15 - - - -
45 223 149 018 - - - -
46 29 285 026 - - - -
47 234 420 0.50 - - - -
48 240 472 0.56 - - - -
49 247 373 044 - - - -
50 254 329 0.39 - - - -
51 26.0 252 0.30 — — — —
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Table 59. Total and excess “"Fb for ZNN core

Cumulative mass/  2'°Pb total / 2ph_ [/ 20pb__ [/

Cietlc oo o) Bl e ) — utty ) P
1 026 98.0 116 76.3 845 199 220
2 0.63 939 112 722 844 269 314
3 1.05 978 116 76.1 845 315 3.50
4 1.58 853 1.01 63.7 843 337 446
5 229 633 0.75 416 840 297 6.00
6 284 675 0.57 458 839 25.1 459
7 354 77 0.85 50.1 841 350 5.89
8 436 579 0.50 36.2 838 297 6.89
9 503 440 052 223 839 149 5.62
10 574 430 0.36 213 838 152 5.96
11 631 420 0.50 203 838 116 476
12 6.88 409 034 192 838 11.0 477
13 750 398 047 182 838 113 524
14 8.00 409 034 19.2 838 9.6 4.19
15 851 419 0.50 202 838 103 425
16 9.07 422 035 205 838 115 470
17 9.84 425 0.51 208 838 159 6.41
18 106 404 034 18.7 838 135 6.02
19 111 383 0.46 16.6 838 892 449
20 116 362 0.30 145 837 7.62 440
21 12.1 341 041 124 838 6.07 4.10
22 127 286 024 - - - -
23 135 231 027 - - - -
24 140 29.1 025 - - - -
25 146 350 042 133 838 752 472
26 149 286 025 - - - -
27 152 223 0.26 - - - -
28 156 274 023 - - - -
29 16.0 325 0.39 10.8 838 426 330
30 164 511 0.46 294 838 120 343
31 169 69.8 0.83 481 841 249 436
32 178 534 047 317 838 215 726
33 187 371 0.44 154 838 147 8.02
34 192 338 029 - - - -
35 198 306 0.36 - - - -
36 202 244 021 - - - -
37 21.0 183 022 - - - -
38 218 17.1 0.14 - - - -
39 227 159 0.19 - - - -
40 234 152 0.18 - - - -
41 242 156 0.19 - - - -
42 25.1 163 0.19 - - - -
43 264 14.2 0.17 - - - -
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lable 512 Total and excess ="Fb for 2C core

Cumulative mass/ 2Pb total / ph_/ P/
Depth / em som? Bake? Error Baie) Error (mBa Error
1 017 685 081 410 31 71 44
2 045 739 088 463 32 129 44
3 017 742 088 466 32 150 44
4 110 604 082 418 31 139 44
5 150 699 083 24 31 168 44
6 191 7.1 065 495 31 201 43
7 230 842 100 566 32 25 44
8 2175 802 075 616 31 276 44
9 320 94.1 112 666 32 362 44
10 375 1015 085 739 32 38 44
1 430 1088 129 812 33 49 45
12 479 103.1 087 756 32 368 44
13 521 915 116 609 32 32 44
14 5.60 823 070 547 31 24 43
15 600 611 080 305 31 156 44
16 656 62.5 053 349 31 166 43
17 7.08 579 069 303 31 159 43
18 7.56 554 047 278 31 131 43
19 802 529 063 253 31 17 43
20 848 593 050 318 31 148 43
21 892 658 078 382 31 168 44
2 942 62.5 052 350 31 175 43
23 100 593 070 317 31 183 43
24 106 525 044 250 31 150 43
25 13 458 054 182 31 126 43
2% 119 403 034 128 31 828 43
27 128 349 041 733 31 621 43
28 138 324 038 481 3.10 481 430
29 147 283 034 - - - -
30 158 235 028 - - - -
31 169 276 033 - - - -
32 18.0 308 037 _ _ _ _
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Table 513. lotal and excess “7Fb for 45 core

Cumulative mass/  2'“Pb total / 2ph_ [/ 20pb__/

Pt feam o Bl il o) Berr onltg ) o
1 035 830 0.99 56.6 0.99 200 035
2 0.88 919 L1 63.6 11 337 0.58
3 142 852 1.0 56.9 1.0 308 0.55
4 207 765 091 482 091 313 0.59
5 274 105 12 76.7 12 511 0.83
6 351 933 0.79 65.0 0.79 502 0.61
7 435 81.7 097 533 097 45 0.81
8 5.06 89.5 0.76 612 0.76 438 0.54
9 577 974 12 69.1 12 488 0.82
11 716 96.1 0.81 67.7 081 943 1.1
12 8.02 948 L1 66.4 11 570 097
13 8.89 93.0 0.78 647 0.78 564 0.68
14 9.68 91.3 L1 63.0 11 497 0.86
15 104 107 091 78.6 091 60.5 0.70
16 112 122 15 942 15 703 1.1
17 12.1 13 0.95 843 095 737 0.83
18 128 103 12 744 12 56.0 092
19 136 106 0.90 78.1 0.90 584 0.67
20 143 110 13 81.9 13 59.7 0.96
21 15.1 107 0.90 78.6 0.90 647 0.74
22 159 104 12 753 12 61.0 1.0
23 16.7 943 0.80 659 0.80 516 0.62
24 176 849 1.0 56.5 1.0 482 0.86
25 185 826 0.69 542 0.69 481 0.62
26 193 802 0.95 519 095 420 077
27 20.1 839 0.71 55.6 071 455 0.58
28 209 876 1.0 59.2 1.0 477 0.84
29 217 81.3 0.69 529 0.69 419 0.54
30 226 750 0.89 46.6 0.89 22 0.81
31 235 745 0.89 462 0.89 400 077
32 245 66.8 0.79 385 0.79 403 0.83
33 256 649 0.77 36.6 077 39.1 0.82
34 267 504 0.60 221 0.60 250 0.68
35 280 471 0.56 18.7 0.56 25.1 075
36 6.15+ 7.38

37 2200 242+

38 L1 L1

39 0.22¢ 0200

40 0.05+ 0.05*

-extrapolated values.
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lable 1. Contents of NaOH and KOH for the LSA synthesis

x 0 0.1 02 03 04

m 9.20 7.00 480 2.60 040
n 0.00 3.09 6.17 9.26 1234
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Figure 1. XRD patterns of the solid phase at different x values
(crystallization time = 6 h).
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lable 2. Content of NaOH for the LSA synthe
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Figure 3. XRD patterns of the solid phase for different y values
(crystallization time = 5 h).
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lable 3. Silicon aluminum ratios of LSX products at different x values
(crystallization time = 6 h)

x (K/(Na + K)) Si/Al(bulk) Si/Al(framework)
0 121 122
0.1 L16 L16
02 L14 LIS
03 L13 L14
0.4 L12 114

Si/Al(bulk): total silicon aluminum ratio of solid phase, from ICP-AES; Si/
Al(framework): skeleton silicon aluminum ratio of LSX. from Si NMR.
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Figure S6. °C NMR spectrum (100 MHz, DMSO-d,) of compound 8b.
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Figure 4. XRD patterns of 15 wt.% KFA-ALO; catalyst calcined at
different temperatures: (a) 100 °C. (b) 600 °C. (c) 800 °C.
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TH NMR spectrum (400 MHz, DMSO-d.) of compound 8b.
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Table 3. The eftect of different catalysts on the synthesis of glycerol carbonate

Selectivity / %
Catalyst Conversion /% Yield of GC/ %
G Glycidol Glycerol dicarbonate.

FALO, 0 0 0 0 0
K.AIF, 0 0 0 0 0

KF 9.4 588 314 98 584
KF2H,0 487 643 258 99 313

KOH 100 383 25 192 383
KAIO, 9.1 953 47 0 44

5 wi% KE/-ALO, 526 674 326 0 355

10 wi% KE-ALO, 935 859 140 [ 803

15 wi% KE/-ALO, 9.1 98.1 15 04 943

15 wi% KER-ALO 9.2 979 16 05 42

15 wi% KEI-ALO S 71 744 253 03 541

30 wi% KE/-ALO, 93 919 60 21 913

45 wi% KER-ALO, %938 864 103 33 862

Reaction conditions: catalyst content: 4 wt.% based on the glycerol weight; n(glycerol):n(DMC)
Calcination conditions: 400 °C for 5 h. *KF was calcined at 400 °C for 3 h: "calcination conditior

:3; reaction temperature: 80 °C: reaction time: 1.5 h.
100 °C for 5 h: “calcination conditions: 600 °C for 5 h.
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Figure S8. FTIR (KBr) spectrum of compound 8b.

1500

1000

500 4000





OPS/images/a20img09.png
Table 5. The surface area and pore volume of KF/y-AlL,0; catalyst in
recycling

Recycle times BET area/ (m’ g) Pore volume / (cm® g”')
Fresh catalyst 189 033
1 100 0.19

9 0.19

4 89 0.18
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Figure S7. Mass spectrum of compound 8b.
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Table 4. The reu:

ity of 15 wt.% KF/y-ALO, catalyst

Conversion/  Selectivity for ~ Yield of GC/

Recycling times P P o

Fresh catalyst 96.1 8.1 943
1 96.1 970 932
2 962 954 918
3 925 952 8.1
4 906 948 859

Reaction conditions: catalyst content: 4 wt.% based on the glycerol weigh;
n(glycerol):n(DMC) reaction temperature: 80 °C; reaction time:
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Figure 2. Total and excess 2°Pb concentration profiles in the analyzed sediment cores.
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Figure 2. FT-IR spectra of 1-ALO, and KFA-ALO, catalysts with various

KF loading: (a) -ALO,. (b) 5 wt.% KFA-ALO,, (c) 15 wt.% KF/©-ALO,,
(d) 30 wt.% KFA-ALO., (e) 45 wt.% KF/-ALO,.
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Table 2. Basic strength and basicity of KE/y-Al
loading, characterized by Hammett indicators

); with vanous KF

KF loading / w.% Basic strength (H) _ Basicity / (mmol g-')
0 <72 -

5 98150 0061

10 98150 0.176

15 98150 0298

30 98150 0216

45 9.8-15.0 0.183
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lable 1. Sampling point locations and descriptions (Datum WGS 84)

Sampling point Coordinate Length profile / cm / (g cm?) ‘Water column depth / m
IN 21°36087 S - 41°00° 253" W 52/24 8
N 21°35°49.77 S -41°00° 08" W 34714 9
2c 21°36'30.5” S - 40° 59° S3.6" W 32/19 10
ic 21°36'22.17 S - 40°50° 26.4° W 2/17 14
ic 21°36' 157 S - 40° 58" 36" W 2/14 15
1S 21°37735.27 S - 41°00° 092" W 51729 8
25 21°37°33.57 S - 40° 50" 382°W 51729 9
3s 21°37°257S - 40° S8 54" W 34718 13
45 21°38 007 S - 40° 59° 53" W 55/28 13
258 21°38° 4087 S - 40° 50" 45.1°W 2124 10
3ss 21°38' 58.97S - 40° 59' 123" W 55721 10
4ss 21°30° 1477 S - 40°58° 30.2° W 51726 15
NN 21°34' 4997 S - 40°59° 333" W 4312 1
3NN 21°34'21.4”S - 40° 59" 10.8” W 11744 11
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Figure S3. Mass spectrum of compound 8a.
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Figure 3. CO,-TPD profiles of KF/-ALO, with different KF loading

calcined at 400 °C: (a) 5 wi.% KFA-ALO,, (b) 10 wi.% KFA-ALO,,
(c) 15 wt.% KFA-ALO.. (d) 30 wt.% KFA-ALO., ()45 wt.% KE/-ALO..
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Table 2. 7Pb supported and "Pb inventories values for each core

SML/ Inventory *°Pb,_,_/ B
(gem?) (Bgem?)
241 - -

2N - 0.40 300
2C - 053 215
3C 31 0.36 22
4c - 0.15 302
1S - 125 259
28 - 1.09 253
3s 184 - 278
48 - 1.66 283
288 102 0.85 27
3sS - 098 262
48S 114 134 288
2NN - 048 217
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Figure 6. Map showing the “Ph__ inventories represented as circle
the smallest circle represents 0.16 Bq-cm”, the medium circle represents
an average of 0.45 Bq-em? and the larger circle represents an average
of 1.0 Bg-cm?.
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Figure S2. "C NMR spectrum (100 MHz, DMSO-d.) of compound 8a.
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Figure 4. Sedimentation rates obtained from CF:CS model for 3C, 2SS
and 4SS cores.
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lable 3. Total vaniance explained in the 25 profile

Tnitial cigenvalue

Rotation sum of squared loading

Factor Total Variance / % Cumulative / % Total Variance / % Cumulative / %
1 136 620 620 77 349
2 35 161 8.1 56 253
3 18 82 86.3 35 160
4 11 48 911 33 14.9
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lable 1. Antibactenial activity of analogs (8a-8))

Antibacterial activity

Compound ory Concentration (MIC) and zone of
Staphylococcus aureus Escherichia coli Pseudomonas aeroginosa___ Klebsiella pneumoniae

Sa 625(18) 12501 625(23) 625(16)

8b 12507 50(14) 125011 125018)

Sc 625(20) 12507 100 (16) 125(16)

8d 125(18) 125(32) 12501 125018)

e 625(18) 625(20) 625(14) 125(19)

8t 625(23) 125(18) 125(16) 50(11)

8z 100 26) 12.524) 1225(15) 125013)

$h s0(11) 100 (09) 625(12) 12507)

i 50(15) 12521 100 (16) 100(13)

i 12526) 62522) 625(20) 625(25)

Nitrofurazone <625(2) <625(30) <6.25(36) <625(32)

DMSO (1%) Solvent control 00 00 ) )

“Zone of inhibition in mm s given in parenthesis; MIC is expressed in g mL" (MIC for the standard drug, nitrofurazone, is reported carlic
drug used: nitrofurazone: solvent control: 1% DMSO.
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Table 5. Concentrations of Ca, Cu, Fe, Mn, Mg, Na, K and 51 obtained in biodiesel samples (n = 3) using the proposed procedure and dilution with xylene*

Amalyic Soybean / (mg kg') Algac / (mg kg) Castor / (mg kg')
Emulsion _Dilution with xylene Dilution with xylene Emulsion __Dilution with xylene
Ca 027001 <0.10 <010 32203 3501
Cu <0.008 <0.000 0.280=0.005 <0.008 0,061 +0.002
Fe <0006 0,029 +0.002 22201 2101 031001 030001
Ma <0001 <0001 0,030 =0.003 0022£0.005 0,033 20,002 0,031 +0.002
Mg <0.006 0,045 £0.006 <0.006 0022+ 1492016 120£0.50
Na 030001 <004 2020.1 17+ 3501 3401
K <024 <0.10 <024 <0.10 <024 <010
i 040001 <0.60 034001 <060 <0024 <060

RBNT NBR 155531°
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Table 4. Limits of detection of the proposed procedure (emulsion formation) and the comparative methods

Proposed method (emulsion) Comparative method®' ‘Comparative method””
Analyte  Working range / (mg L") LOD:/ (mg L") LOD*/ (mg kg") LOD*/ (mg k") LOD*/ (mg kg")
Ca 02-50 00121 0121 0.165 008
Cu 0.1-50 0.0008 0.008 009 001
Fe 0.1-50 0.0006 0.006 003 001
Mn 0.1-50 0.0001 0.001 0016 -
Mg 0.1-50 0.0006 0.006 007 0001
Na 05-50 0.0071 0071 014 01
K 05-50 00241 0241 - 04
si 0.1-50 00024 0024 - 060

“instrumental limit of detection; *limit of detection in the original sample (10 times dilution factor); ‘microemulsion with 0.2% (v/v) HNO, and 6 % (m/v)
Triton X-100; “dilution of 0.45 g of biodiesel with HNO, and ethanol or propanol: “value of LOD for Si obtained with samples diluted in xylene (reference 26).
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Figure 7. Mg/Al concentration ratio variation with age for the 25 and
2C sediment cores
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lable 1. The surtace area and pore volume of RE/¥-Al,0), catalysts

Catalysts BETarea/ Porevolume/ Pore size /

(g (em* g) nm
FALO, 255 042 652
5w KE/-ALO, 244 039 655
15 wi.% KFA-ALO, 189 033 710
30 wi.% KFAF-ALO, 76 013 739

45 wt.% KF/Y-ALO, 18 0.05 1023
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Figure 8. Age versus metal concentrations and rates metal/Al for the sediment cores (a) 28 Zn. (b) 2S Cd. (c) 2C Zn and (d) 2C Cd.
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Table 2. Antitungal activity of analogs (5a-5))

‘Antifungal activity

Compound Minimum Inhibitory Concentration (MIC) and zone of inhibition*

Penicillium marneffei___Trichophyton mentagrophyte ___ Aspergillus flovus Aspergillus fumigatus
Sa 125(10) 125(13) 625(11) 625(16)
8b 125(12) 12501 125(12) 125018)
Sc 625(11) R 125(09) 12501
8d 125(16) 125(16) 125(12) 125013)
e 625(16) 625(12) 625(12) 125(14)
8t 625(14) 125(14) R R
82 R 125013) R 125(14)
$h 625(12) 125013) 125(12) 125(12)
i R 625(10) 125(14) 625(12)
i 125(13) 625(12) 625(12) 625(13)
Amphotericin B <625(33) <625038) <6.25029) <62504)
DMSO (1%) Solvent control 00 00 ) )

“Zone of inhibition in mm s given in parenthesis; MIC is expressed in g mL" (MIC for the standard drug, amphotericin B, is eported carler”):; standard
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Figure S17. "H NMR spectrum (400 MHz, DMSO-d.) of compound 8e.
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Table J. Results for the recovery / % of cholesterol and oxides in milk
samples

Added analyte / (ng mL") Recovery / % SD* CV /%
Cholesterol

75 10063056 055
150 10077+ 1.63 162
300 103.90 % 1.68 162
25-added hydroxycholesterol

50 8040154 192
75 78042211 261
100 7232+258 357
7T-added ketocholesterol

50 7076+0003 0005
75 72.57+232 320

7269050 0.68

SD: standard deviation; CV: variation coefficient.
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Table 2. Precision of the analytical method for the determination of cholesterol oxides in m

expressed by the vanation coefficient

T-ketocholesterol 25-hydroxycholesterol

Concentration / (pg mL") Repeatability’ Precision Intermediary” Repeatabi Precision Intermediary”
V% CV/% CV/% /%

1 1056 2028 1027 1241

10 220 12.52 344 3.5

100 120 12.11 127 134

500 181 12.95 261 220
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Figure S19. Mass spectrum of compound Se.
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fable 1. Methods proposed in the literature for detection of vegetable oil adulterations in diesel/biodiesel blends

Reference Year Instrumental technique Chemometrics treatment
2 2006 NIR and MIR PCA and PLS

3 2007 NIR and Raman PCR, PLS, PLS and ANN

4 2008 MIR PLS with stepwise/forward variable selection
5 2008 Spectrofluorimetry PLS, PCA and LDA

6 2009 MIR Nonlinear CLS

7 2011 Spectrofluorimetry PCA

8 2011 NIR PCA, PLS-DA and SPA-LDA

9 2011 MIR PCA and PLS

10 2011 NIR and MIR PLS

1 2012 NIR and MIR PLS, Jack-Knife/PLS and SPA-MLR

NIR (near-infrared spectrometry): MIR (middle-infrared spectrometry); PCA (principal component analysis): PLS (partial least-squares): PCR (principal
component regression); ANN (artificial neural networks); LDA (linear discriminant analysis); CLS (classical least squares); PLS-DA (PLS-discriminant
analysis): SPA (successive projections algorithm): MLR (multiple linear regression).





OPS/images/a14img23.png
22

20

40

60

80

100

120

140

160

180

200

220

igure S18. "C NMR spectrum (100 MHz, DMSO-d.) of compound Se.
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Iable 4. lotal cholesterol content in mg per 100 mL of milk, in the
analyzed samples

Sample Cholesterol / Average + SD* CV/%
1 825£021 255
2 7.80£0.19 243
3 652006 0.92
4 779£0.12 154
5 5.00£0.06 120
6 779£0.17 218
7 7.62£0.13 L7
8 773£0.17 220
9 428004 0.93
10 577£0.10 173
1 8.87£021 237
12 7.67£0.06 078

SD: standard deviation; CV: coefficient of variation.
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Figure 10. 25 core hierarchical cluster analysis dendogram using the
Ward method for the elements
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Figure 11. 25 core hicrarchical cluster analysis dendogram using the
Ward method for the samples.
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lable 4. Varimax rotated factor loading matrix for the 25 profile

Flement Factor | Factor 2 Factor 3 Factor4 Communality
Clay mineral Sulfide Carbonate Heavy mineral
K 092 026 0.4 - 094
Mn 081 050 - 016 095
Pb 081 035 036 017 093
Mo 080 043 - 021 087
Fe 079 053 - 018 094
Al 076 039 - 047 096
v 072 0.63 025 - 098
Cu 065 0.63 035 012 095
Se 059 049 018 045 083
Co 028 0.90 017 - 092
Ni 039 088 014 - 095
Cr 051 078 010 017 090
Zn 053 0.68 037 - 088
T 017 0.67 059 018 086
Mg 011 0.4 —087 031 088
As 036 - 083 - 082
sr 049 030 —0.77 - 093
cd 048 017 071 012 079
U 023 020 - 0.90 091
La 045 025 0.4 081 094
Ce 056 030 —011 074 096
Th 0.63 022 —0.07 071 096
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Figure S15. Mass spectrum of compound 8d.
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igure S14. °C NMR spectrum (100 MHz, DMSO-d.) of compound 8d.
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igure 1. Representative chromatogram of the milk samples:
(1) 25-hydroxycholesterol: (2) 7-ketocholesterol, and (3) cholesterol.
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lable 5. Elemental descriptive statistical analy of the 25 profile
- N Standard
o o oo
(mgkg")

Li sl 33 55 46 45
Be sl 1.6 32 245 039
B 44 35 65 489 17
Na* sl 12 41 214 6.1
Mg* sl 6.2 13 89 15
Al* 49 65 152 116 21
K#* sl 13 19 115 32
Sc 50 9.0 18 14.1 22
Ti* sl 50 72 6.11 051
\4 sl 88 151 120 19
Cr sl k3 102 86.8 74
Mn sl 618 1388 1063 218
Fe* sl 43 81 66 12
Co sl 12 18 148 13
Ni sl 30 43 358 33
Cu sl 25 48 357 6.5
Zn sl 89 139 115 11
Ga sl 23 37 306 44
Ge sl 43 69 5.59 072
As sl 12 26 18.1 38
Se sl 15 8.0 45 1.2
Rb sl 24 105 70 21
Sr sl 0.10 0.81 038 022
Y sl 93 2 168 29
Nb sl 18 26 217 20
Mo sl 0.84 1.7 130 026
Ag sl 033 12 0.62 020
Cd sl 0.14 0.50 030 0.08
Sb sl 0.10 031 022 0.04
Cs sl 25 46 381 052
Ba sl 193 513 323 91
La sl 23 60 430 92
Ce sl 46 125 90 19
Pr sl 49 13 9.7 20
Nd sl 19 46 350 6.5
Sm sl 34 78 6.05 098
Eu sl 091 19 144 022
Gd sl 32 87 64 13
Tb sl 0.40 097 0.76 0.14
Dy sl 21 5.1 392 0.67
Ho sl 0.37 1.0 073 0.13
Er sl 11 28 208 036
Tm sl 0.16 034 028 0.04
Yb sl 1.0 24 1.91 029
Lu sl 0.14 033 0.26 0.04
w sl 11 18 132 0.19
Pb sl 23 38 315 4.0
Bi sl 0.1 04 025 0.06
Th sl 79 19 145 27
u 51 20 35 2.89 033

The clements with (*) are described in g ke '
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lable 6. Elemental descriptive statistical analy of the ZC profile
. N Standard
o N e e
(mgkg")

Li 32 38.1 60.0 492 43
Be 32 1.9 32 251 036
B 32 29 104 sl 21
Na* 32 84 36 214 72
Mg* 32 57 9.1 172 0.80
Al* 32 111 191 150 2
K#* 32 17 17 104 24
Ca* 32 80 64 26 15
Sc¢ 32 11 17 142 1.7
Ti* 32 53 17.8 83 46
\4 32 103 139 1195 9.1
Cr 32 68 89 715 53
Mn* 32 0.68 1.6 1.03 0.17
Fe* 32 50 74 61.7 50
Co 32 12 15 1344 0.84
Ni 32 25 42 335 41
Cu 32 27 42 347 39
Zn 32 90 121 107.7 15
Ga 32 20 33 215 34
Ge 32 44 6.7 554 0.64
As 32 96 25 154 39
Rb 32 54 86 662 8.1
Sr 32 97 491 216 110
Y 32 16 24 19.0 1.9
Nb 32 18 42 237 74
Mo 32 0.95 1.7 1.38 0.20
Cd 32 0.17 0.61 036 0.12
Sb 32 0.09 047 022 0.07
Cs 32 28 4.1 333 037
Ba 32 190 404 260 57
La 32 36 94 54 10
Ce 32 71 184 115 20
Pr 32 83 21 123 23
Nd 32 30 69 413 71
Sm 32 49 11 6.8 1.1
Eu 32 12 1.8 1.53 0.17
Gd 32 51 12 13 1.2
Tb 32 0.66 1.3 0.90 0.11
Dy 32 33 6.0 435 048
Ho 32 0.66 099 0.82 0.07
Er 32 18 27 227 021
Tm 32 0.26 037 031 0.03
Yb 32 18 26 209 021
Lu 32 0.24 039 030 0.03
w 32 1.0 15 125 0.11
Pb 32 24 37 312 34
Bi 32 0.15 028 022 0.04
Th 32 13 51 189 70
u 32 26 17 54 4.1

The elements with (*) are described in @ ke''.





OPS/images/a08img16.png
Elements tum

s 10
e 15
™ 2
1 u
re H
= 13
v i
o 12
o 7
¥ 16
m 20
A 2
n 1
se s
s 1
st 15
¥ 1
o s
v 2
s ®
K 3
o 1

Figure 12. 2C core hierarchical cluster analysis dendogram using the
Ward method for the elements
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lable 6. APS charactenzation of RF/¥-Al 0, catalyst in recycling

Recycling times K abundance / % F abundance / % O abundance / % Alabundance / %
Fresh catalyst 5.03 5.87 64.94 24.16
1 491 5.89 64.49 2471
4 419 6.28 64.80 24.64
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lable 51. lotal and excess “"Fb for IN core

Cumulative mass/ ~ 2°Pb total / 2pp__/ 2pb_ [/

Depth /em (gem?) Bake) Fror Baks) Frror (mBq ém) Eror
1 0.19 624 0.74 - - - -
2 055 80.7 1.0 119 612 421 0.34
3 0.98 65.0 077 - - - -
4 1.47 524 0.62 - - - -
5 1.95 539 0.64 - - - -
6 243 572 048 - - - -
7 281 604 072 - - - -
8 329 633 053 - - - -
9 375 66.3 0.79 - - - -
10 421 633 053 - - - -
11 4.70 603 072 - - - -
12 5.16 56.6 048 - - - -
13 5.70 529 0.63 - - - -
14 6.20 543 046 - - - -
15 6.63 557 0.66 - - - -
16 7.08 557 047 - - - -
17 759 556 0.66 - - - -
18 8.03 59.3 0.50 - - - -
19 849 629 075 - - - -
20 9.05 638 0.54 - - - -
21 9.56 647 077 - - - -
2 10.1 70.1 0.59 128 — - -
23 105 755 0.90 6.67 6.11 310 042
24 11.0 86.4 073 176 6.08 7.69 0.32
25 114 974 1.16 286 6.15 1275 0.52
26 11.8 932 078 244 6.09 10.69 0.34
27 123 89.1 1.06 202 6.13 9.31 049
28 128 89.3 075 205 6.09 932 0.34
29 132 89.6 1.06 208 6.13 9.95 0.51
30 137 884 0.74 19.6 6.09 9.02 034
3l 142 872 1.04 184 6.13 878 049
32 146 90.8 0.76 219 6.09 9.86 034
33 15.1 943 112 255 6.14 11.97 053
34 156 903 0.76 215 6.09 10.44 037
35 16.1 863 1.03 174 6.13 831 049
36 16.5 76.0 0.64 714 6.07 - -
37 170 65.7 0.78 - - - -
38 175 67.0 0.56 - - - -
39 179 684 0.81 - - - —
40 184 673 0.57 - - - -
41 189 66.2 0.79 - - - -
42 194 748 0.63 - - - -
43 199 833 0.99 1451 6.12 6.83 047
44 204 873 073 1844 6.08 895 0.36
45 208 912 1.08 2237 6.14 1045 051
46 213 869 073 18.07 6.08 7.88 032
47 217 826 098 1377 6.12 596 042
48 222 729 0.87 - - - -
49 226 720 0.86 - - - —
50 231 66.7 0.79 - - - -
51 236 734 0.87 - - - -
52 24.1 50.1 0.70 — - - -
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Figure S12. FT.IR (KBr) spectrum of compound Sc.
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lable 52. Total and excess “"Fb for 35 core

Cumulative mass/ 2"Pb total / ph_/ P/

gt (gem?) ) Frror (Bake) Fror (mBq em®) Frror
1 023 839 1.0 56.1 28 13.1 0.66
2 0.52 80.1 095 523 28 152 0.82
3 093 673 0.80 395 28 15.9 L1
4 1.33 524 0.62 246 27 10.0 L1
5 1.77 46.6 0.55 188 27 832 12
6 221 531 045 253 27 109 12
7 264 59.6 071 318 27 13.8 12
8 3.08 589 0.50 312 27 13.6 12
9 354 583 0.69 305 27 14.1 13
10 404 59.1 0.50 313 27 15.8 14
11 459 59.8 071 321 27 17.5 15
12 5.09 626 053 348 27 17.3 13
13 5.60 653 078 375 28 19.0 14
14 6.15 66.3 0.56 386 27 213 15
15 6.71 674 0.80 396 28 223 16
16 123 632 0.53 355 27 184 14
17 1.7 59.1 0.70 313 27 16.8 15
18 8.30 61.0 051 332 27 17.5 14
19 8.87 629 075 351 27 20.0 16
20 949 604 051 327 27 205 1.7
21 10.1 58.0 0.69 302 27 18.5 1.7
22 10.7 517 044 239 27 154 1.7
23 114 453 0.54 176 27 10.8 1.7
24 120 47.0 040 193 27 115 16
25 126 487 0.58 21.0 21 13.0 1.7
26 133 515 043 237 217 168 1.9
27 139 543 0.65 265 21 157 1.6
28 145 525 0.44 247 217 156 1.7
29 15.1 50.7 0.60 229 217 133 1.6
30 157 534 0.63 256 21 15.1 1.6
31 163 399 047 122 217 755 1.7
32 17.0 347 041 6.92 21 458 1.8
33 176 296 035 - - - -

34 182 259 031 - _ _ _
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Figure S11. Mass spectrum of compound Sc.
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Table S1. Average and standard deviation values of viscosity, density and refractive index of B5 blends adulterated with soybean oil (n = 10 samples for
each level of soybean oil)

Soybean oil / % (v/v) Viscosity / (mm’ s7) Density /(g cm) Refractive index
00 3012019 084+0.00 14670 +0.0000
05 306016 084000 14670 £0.0000
10 311£020 084000 14671 +0.0001
15 3042014 084000 14671 £0.0001
20 345026 084000 14671 +0.0001

25 3284020 0.84£0.00 1.4672 £0.0001
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Figure S27. FT-IR (KBr) spectrum of compound 8g.
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model with three wavelengths. The classification boundary is indicated
by a horizontal line.
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Figure 1. Map of the sampling locations in Sergipe State, Brazil.
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Figure S23. Mass spectrum of compound 8f.
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Figure $26. Mass spectrum of compound 8g.
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Figure 6. (a) Graph of the cost function value versus the number of selected wavelengths in SPA-LDA. The optimal number of wavelengths corresponds
to the point indicated by an arrow. (b) Average spectrum for the overall data set with indication of the four wavelengths selected by SPA-LDA.
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'H NMR spectrum (400 MHz, DMSO-d) of compound 8g.
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Figure 5. PLS-DA classification results.
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Table 2. Physico-chemical charactenstics of peat samples 15A and 151,
and values reported in the literature for peat samples from temperate and

tropical regions

TSA TSI Campsic _ Sarawak
‘This This Tipping Abat
work work etal® etal?

OM*/ % 83.1 55.2 86.0 6.0
Ash/ % 169 48 b b
pH 38 43 48 33
Sand /% 563 519 b 63
Silt/ % 10 40 b 20
Clay /% 426 316 b 31
Cu/(pgg") 150 35 05 ND
Co/(pgg") LOD LOD b b
Fe/(pgg") 88.5 355 ND 03
Mn/(ugg) 1817 511 b 01

i/ (ug g 175 54 03 b

Zn/(pgg" 452 9.7 15 0.1

LOD: 2.24 pg g; ND: not detectable; *OM: organic matter; *data not

available
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re S21. "H NMR spectrum (400 MHz, DMSO-d.) of compound Sf.
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Figure 1. (a) Typical UV-Vis spectra of BS, B100, SO, D and OBS displayed with offsets for better visualization. (b) Spectra of the 90 samples (BS and
OBS5) employed in the classification study. (c) Spectra in the reduced range (430-650 nm).
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Table 3. Elemental composition (%) and atomic ratios for peat samples 15A and 151, and percentages assigned to different carbon groups

“C NMR

Chemical shift & assignments / %

Caliphatic Ethers, ~OH, sugars Caromatic ~ Phenols ~COOH o
€ H O N HCOCCN om  65110ppm  110-140ppm 140-160 ppm 160-190 ppm 190-220 ppm
TSA 366 25 282 3.1 081 058 138 332 207 25 71 87 18

TSI 243 19 202 20 095 0.63 144 s54.1 143 194 47 27 48
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Figure $20. FT-IR (KBr) spectrum of compound Se.





OPS/images/a22img02.png
Iston of the samples into training, vz

Classes Training Validation Test
BS 15 H 8
OBS 27 16 16

Total 42 24 24






OPS/images/a07img06.png
logq,, = logK, +;—10ng4

®)





OPS/images/a07img07.png
Table 1. Limits of detection (LOD) and quantification (LOQ), and
wavelengths used for analysis of Cu, Co, Fe, Mn, Ni, and Zn by ICP-OES

Wavelength/nm  LOD/ (g L") LOQ/ (pg L")

Cu 324754 32 107
Co 238.802 24 81

Fe 238204 23 78
Mn 257610 30 101
Ni 231.604 14 45

Zn 206.200 25 82
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Figure 2. Equilibrium times for the adsorption of copper (M), cobalt

(%), iron (@), manganese (0J), nickel (), and zinc (O) by peat samples
TSA and TSI
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Figure S33. Mass spectrum of compound 8i.
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Figure S38. FT-IR (KBr) spectrum of compound 8j.
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lable 1. Crystallographic data and structure refinement parameters for 6

Empirical formula
Formula weight

Temperature / K

Wavelength / A

Crystal system

Space group

Unit cell dimension / A

A

B

c

Volume / A*

z

Calculated density / (mg m)
Absorption coefficient / mm
F(000)

Crystal size / mm*

8 range for data collection
Limiting indices h, k, |
Refinement method

Reflections collected/unique/R,,
Completeness to = 25.10°
Data/restraints/parameters
Goodness-of-fit on F*

Final R indices [I > 20()]

wR,

R indices (all data)

wR,

Largest diff. peak and hole / (e A*)

CHNO,
647.65
296(2)

071073
‘monoclinic
Cue

35.6483)
143240(12)
15.3693(13)
7820.1(11)

8
1.100
0082
278
030024 0.19
153-25.10
—42/32, -16/17.-16/18
full-matrix least-squares on 2
10396/6962/0.0226
99.9%
6062/01428
1077

0.0505
0.1546

0.0685
0.1658
0497 and -0.220
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Scheme 1. Synthesis of 6. Reagents and conditions: (a) BrCH,CH,CI, K,CO,, DMF, 120 °C, 5 h; (b) 2-NO,-Ph-OH, K,CO,, DM, 140-160 °C, 4-5 h;
(c) Fe, HCI, EtOH, reflux, 4 h; (d) (i-Pr),NEt, BICH,COOCH,, MeCN, reflux, 24-36 h; (¢) POCL,, DMF, 75 °C, 4 h; (f) 1,2-Ph(NH,),, H,0,, Fe(NO,),
50 °C, 30 min.
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Figure S35. 'H NMR spectrum (400 MHz, DMSO-d.) of compound 8j.
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Figure S37. Mass spectrum of compound 8j.
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Figure 5. Release of the micronutrients copper (), cobalt (%), iron (@), manganese (C), nickel (), and zinc (O), previously adsorbed onto peat samples
TSA and TSI from a multiple metal solution. at different pH values.
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Figure 6. Release of the micronutrients copper (M), cobalt (), iron (®), manganese (), nickel (%), and zinc (O). previously adsorbed onto peat samples
TSA and TSI from individual metal solutions. at different pH values.
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lable 4. Parameters of the Langmuir and Freundlich models for adsorption of Cu, Co, e, Mn, N1, and Zn by peat samples 15A and 151, at pH 6.0

TSA multiple Langmuir Freundlich
K, /(L mg" 9,/ (mggh) LS Ky /(mggh) n LS
Co 0.66 1.02 098 095 16.80 043
Cu 5.4 139 099 152 1451 0.73
Fe 0.07 0.57 058 1.00 21.65 032
Mn 0.36 058 097 1.00 8.77 0.74
Ni L1 135 099 113 12.16 0.67
Zn 0.17 135 0.99 143 6.13 0.97
TSI multiple Langmuir Freundlich
K /(Lmg) 4/ (mgg) [ K./(mgg) n (3
Co 10.68 36 099 032 0.14 097
Cu 1.02 276 099 1.86 429 097
Fe 034 1.56 099 031 1324 025
Mn 12.58 0.08 0.93 021 485 0.89
Ni 124 026 097 0.65 453 0.96
Zn 0.66 1.92 0.99 052 3.76 0.99
N Langmuir Freundlich
individual K /(Lmg") q,/(mgg") R: K,/ (mgg") n R
Co 021 0.67 0.95 578 2.70 085
Cu 1.97 1.96 094 286 1.65 0.90
Fe 0.19 172 038 231 6.80 -030
Mn 045 041 097 6.69 32 0.90
Ni 0.15 063 098 760 238 0.98
Zn 0.27 041 0.93 6.79 3.58 0.84
S i Langmuir Freundlich
individual K /(Lmg") q,/(mgg") R: K,/ (mgg") n R
Co 024 0.67 099 597 246 0.98
Cu 0.57 239 098 203 141 0.96
Fe 0.64 121 0.93 436 323 038
Mn 0.63 0.26 071 710 5.16 0.30
Ni 0.14 085 099 726 1.96 0.98
Zn 0.94 044 0.99 376 6.80 0.52
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Table 5. Maximum micronutrient adsorption capacities of peat samples
TSA and TSI obtained using multiple and individual metal solutions at
pH 6.0

Adsorption / (mg g)

Multiple metals Individual metals

TSA TSI TSA TSI
Cu 223:03 19603 303203 242x03
Co 159:01 148201 170201 175201
Fe 187203 129203 237203 262x03
Mn 139201 13101 148201 157201
Ni 189£02 178202 167202 184202

Zn 1.53£0.1 144201 236:03 187203
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Figure 8. Concentrations of the micronutrients copper, cobalt, iron, manganese, nickel, and zinc released from the enriched peats TSA and TSI, measured
in the soils and maize leaves after periods of 15 and 30 days.
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Figure 1. Sediment sampling stations and Atafona city.
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Figure S31. FT-IR (KBr) spectrum of compound 8h.
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Table 6. Adsorption of micronutrients by peat samples 15A and 151, and
percentages relcased at different pH values

‘Adsorption /

B Release / %
(mgg")

TSA  TSA TSI TSI
pH45 pH60 pH4S5 pH60

223 196 016 017 038 048
159 148 035 043 082 088
187 120 032 063 316 434
139 131 048 053 095 102
189 178 031 038 088 093
153 144 072 079 123 172
TSA TSA TSI TSI

Multiple ~ TSA TSI

TSA TSI pH4s pH60 pH4S pH6O
Cu 305 242 006 005 013 08
Co 170 175 034 030 041 029
Fe 237 262 033 034 193 L8
Mn 148 15T 003 003 073 063
Ni 167 184 017 020 058 053

Zn 236 187 035 024 088 143
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Figure 1. Chemical structure of caffeine (1,3,7-trimethylxanthine).
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Figure S10. "H NMR spectrum of 3 in CD.CN (500 MHz).
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Data of robustness of the chiral LC method

USP resolution between 10-HCTN

Parameter and (R)-cnantiomer
Column flow/ (mL min™')

0.9 332
1.0 320
L1 3.07
Column temperature / °C

38 3.04
40 3.19
42 325
Organic composition

Hexane: IPA (50:50 v/v)

55:45 339
50:50 3.19
45:55 3.05
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lable 1. Electrochemical parameters for mild steel in 0.1 mol L™ H,50), solutions in the absence and presence of calieme

Eﬁ‘m“;'f])’ OCP/mV  E/mV  j_/GAcmd) R/@cnd) B/(mVdec) B/(mVdec) IE/% E%
Blank =515 512 231 70 —-153 49 - -
1.0 =516 517 208 75 —147 39 9.8 71
3.0 =519 526 150 113 —145 33 349 382
50 -522 535 88 136 -127 35 620 487
10.0 525 539 18 604 —112 31 924 885

sacenrding to eanation (1) bacearding to eanation ()
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Aable 3. Application of HF-LFME 1n biological sample

. — Anlyical  LOQ/
Analyte Marix  Modeand LM Acceptor ph Analytical col . oy Rt
Venlafaxine, Plasma threephase 0.1 mol L' HAC Chiralpack” AD-H LCUV H )
O-desmethylvenlafaine (ODV), L-octanol (150 % 46 mm i S pm)
N-desmethylvenlafaxine (NDV) (Chinal Technologies)
Bufuralol, 1"-oxobafuralol Ratliver  three-phase  0.2mol L' HAC, Chiralcel* OD-H LCUV  TowBF 103
(I'-0x0-BF), microsomal  1-octanol (150 x 46 mmid. S pm) I-OH-BF:
I-hydroxybufuralol (IOH-BF) _ fraction (Chinal Technologies) 100
Venlafaxine, Ratliver three-phase 0.1 mol L' HAc, Chiralpack” AD LCUV  ODV,NDV: 104
O-desmethylvenlafaxine (ODV), microsomal  1-octanol (25046 mm i 10pm) 200
N-desmethylvenlafuxine (NDV) _fraction (Chinal Technologies)
Oxybatynin, Ratliver threephase 0.1 mol L' TFA Chiralpack” AD LCUV  DEO:250 105
N-desethyloxybotynin (D) microsomal  di-n-hexyl ether (250 x 46 mm i, 10pm)
fraction (Chinal Technologies)
Mirtazapine, Plasma threphse  00ImolL'HAc  Chilpack® ADRH _ LCMSMS 125 106
8 hydroxymirtazapine, dinhexyl ether (150 x 46 mm i S pm)
demethylminazapine (Chinal Technologies)
Mirtazapine Plasma two-phase toluene Chiralpack® AD eV 65 07
toluene (25046 mm i, 10 pm)
(Chinal Technologies)
Chloroquine and its Plasma threephase 0.1 mol L' TFA. ‘Chirobiotic® V. LCMSMS 5 108
N-dealkylated metabolites L-octanol (150 x 46 mmid. S pm)
(Astec)
Mefloguine Plasma_three-phase  0.01 mol L' HCIO, Chiralpack® AD LCUV. 50 109
dinhexyl ether (250 x 46 mm i, 10pm)
(Chinal Technologies)
Mefloquine, carborymefloquine _ Plasma _three-phase _ 0.01 mol L' HCIO, Chirobiotic™ T eV 50 )
dinhexylether  (FLPME)  (150x46mmid.Spm)
005 mol L' NaOH (Astec)
(2 LPME)
Isradipine, pyridine derivative of  Ratliver  twophase  hexyl acetale Chiralpack® AD LCUV. 50 [
isrdipine microsomal  hexyl acetate (250 x 46 mm i, 10pm)
fraction (Chinal Technologies)
Rosigltazone and its metaboltes_Ratliver  three-phase 0,01 mol L HCI XTerm* C,, eV 50 T
microsomal  1-octanol (10039 mmid. 35 pm)
fraction (Waters)
Artemether, difydroartemisinin. Plasma_twophase toluene-octanol SIZ(PMIDSke  LCMSMS 5 i)
toluene-Loctanol  (I:1, ) (150x39 mmid., S pm)
(home-made)
Fluoxetine, norfluoxetine. Plasma  three phase 20 mmol L' HCI LiChrospher 60 RPselect B LC-FD B [
nhexyl ether (125 x40 mmid. S pm)
(Merck)
Citalopram (CIT), paroretine  Plasma threephase 20 mmol L'HCI  LiChrospher® @ RPselect B LCFD  CIT2 115
(PAR), fluoxetine (FLU) nhexyl ether (125 x40 mmid. S pm) PAR:3
(Merck) FLU:S

FD: Ruorescence detection; HICI: hydrochloric acid; HA: acetic acid; HCIO, perchoric acid; 1 .:internal diameter; MS: mass spectrometry; NaOH: sodium
hydroxide: TFA: trifluoroacetic acid: UV: UV detection; LOQ: limit of quantification.
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Figure 2. Potentiodynamic polarization curves for mild steel in 0.1 mol L’
H.SO, and solutions containing 1.0 to 10.0 mmol L' of caffeine.
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Figure S11. 'H x 'H — COSY of 3 in CD.CN (500 MHz).
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Table 2. Chemical composition and relative amount of essential oil from W, F and H

Relative amount / %¢
No.* Compound R B
‘Aromatic compounds 1017 235 872
I Benzaldehyde 982 077 036 162 -
2 p-Vinylanisole 160 1169 028 030 -
3 Bemzylacetone’ 1255 1262 360 1951 -
4 135 Trimethyl-2-(2,22-trifluoro-cthoxy)-benzene. 1766 1340 - -
5 2(4-MethoxyphenyDmethylene]-cyclohexanone 1837 1847 032 - -
6 1.2-Benzenedicarboxylic acid, bis (2-methylpropyl) ester 1877 1879 029 - -
7 Dibutyl phthalate 1965 1966 - - 208
8 44"-Methylenebis[2-(1,|-dimethylethyl)-6-methyl-phenol 427 062 092 664
9 1.2-Benzenedicarboxylic acid, mono (2-cthylhexyl) ester 2555 2548 030 - -
Sesquiterpenes 63.38 58 199
10 (+)-Longifolene 1418 1428 - 022 -
11 Humulene 1464 1468 144 128 -
12 B-Chamigrene 1485 1485 - 018 -
13 a-Selinene 1404 1498 408 340 -
14 Isolongifolan-8-ol 1520 1523 037 015 -
15 8.14-Cedranoxide 15% 1539 078 050 -
16 Spathulenol 1557 1551 015 - -
17 Elemol 1560 1560 0.3 - -
18 Alloaromadendrene oxide-(1) 1563 - 049 -
19 2,6-Dimethyl-10-methylene-12-oxatricyclo{7.3.1.0(1.6)Jiridec-2-cne 1576 1579 043 034 -
20 SB.IBH.100-Eudesm-1I-en-lovol 15831588 059 134 -
21 Caryophyllene oxide” 1596 1595 108 339 -
22 Santalol 1617 1601 - 057 -
23 Cedrenol 1604 1610 243 180 -
24 Tsoaromadendrene epoxide 1606 1612 032 - -
25 yEudesmol 1632 1636 174 145 -
26 Octahydro-2.2.4.7a-tetramethyl-1 3a-ethano(1 H)inden-4-ol 1648 1640 - 044 -
27 Hinesol 1640 1648 119 135 -
28 Agarospirol 1646 1652 078 - -
20 (-Aristolene 1654 1657 - 251 -
30 a-Eudesmol 1658 1660 027 135 -
31 Cubenol 1664 1666 - 330 -
32 Guai-l(10)-en-11-ol 1660 1669 635 104 -
33 Eudesm-7(11)y-en-da-ol 1670 075 196 -
34 Corymbolone 1676 - - 199
35 Aromadendrenc oxide-(1) 1674 1679 094 LS8
36 6-lsopropenyl-4,8a-dimethyl-1,2.3,5.6,7.8 8a-octahydro-naphthalen-2-ol 1678 1684 0.9 - -
37 a-Copaen-li-ol 168 1694 1084 624 -
38 Cycloisolongifolenc 169 LIS - -
30 Aromadendrenc oxide-(2) 170s 1704 - 121 -
40 226 Trimethyl-1-(3-methyl-13-butadienyl)-S-methylene-7-oxabicyclof4.1.0Jheptane 1710 - 240 -
41 cis-Z--Bisabolene epoxide 1704 1713 - 468 -
42 Baimuxinal 1716 1541 - -
43 yCostol 2 m - 062 -
44 6-Ethenylhexahydro-6-methyl-3-methylene-7-(1-methylethenyl)-2(3H)-benzofuranone. 1740 - 123 -
45 Longifolenaldehyde 1741 064 - -
46 Longipinocarvone 1747148 067 - -
47 Aristolone 16 1761 - 406 -
48 (-)Isolongifolol s 1 170 - -
49 3.5.67.8,80-Hexahydro-4,80-dimethyl-6-(1-methylethenyl)-2(1H)naphthalenone s - 096 -
50 30.9-Dihydroxy-3.5a.8-trimethyltricyclo[6.3.1.0(1,5)]dodecane. 18021803 0.60 - -
51 Nootkatone 1820 1825 - 260 -
52 (dar-cio-44a.S Hexahydro-4at,5-dimethyl-3-(1-methylethylidene)-2(3H) 1828 636 - -
naphthalenone
53 3-Hydroxy-6-isopropenyl-4.8a-dimethyl-1,2,3.5,6,7.8,8c-octahydro-2-naphthalenyl 1859 - 196 -
acetate
54 1.5-Dimethyl-3-hydroxy-8-(1-methylene-2-hydroxyethyl-1)-bicyclo[4.4.0]dec-5-cne 1960 143 223 -
55 EudesmaS5,11(13)-dien-8,12-olide 1987 057 108 -
Alkanes 054 700 8308
56 Eicosane 2000 2002 - 051 165
57 Heneicosane 2000 2103 014 069 462
58 Docosanc 200 204 018 17 847
50 Tricosane 200 2804 02 142 14
60 Tetracosane 2400 2404 - 100 1195
61 Pentacosanc 2500 2504 - 102 1034
62 Hexacosane 200 2602 - 060 1008
63 Heptacosane 2700 2705 - 050 1068
64 Ocacosanc 2800 2803 - - 688
65 Nonacosane 2000 2002 - - 697
Others 197 220 162
66 Decana 12081215 042 - -
67 Vinyl decanoate 1484 125 - -
68 (5)34,40,5.6,7.89-Octahydro-4a-methyl-2H-benzocyclohepten-2-one 1503 1600 030 - -
69 anti.anti,anti-3,3.6,69.9.12,12-Octamethyl-pentacyclo[9.1.0.0(2.4).0(5.7).0(8,10)] 1684 - - 162
dodecane
70 3{(ESE-Deca-3.5-dienyllcyclopentan-1-one 1769 - 229 -
TOTAL 8064 0541

*Order of elution is given on VE-5MS: "Rl indicates reported in literature for the VF-SMS column; <RI indicates the retentior
against C8-C40 n-alkanes on VE-SMS column; relative amount determined as the peak area relative to the total peak ara; ‘not detected; ‘verified against
a compound standard.
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lable 2. Lineanity data of (K)-enantiomer.
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Table 3. Results of screening for antimicrobial activity of the 3 essential oils

Fungal strains F w H Fluconazole DMSO HO
*AWD / (mm) Coalbicans — 794=0.11"  876=025 0532000  0.12=031¢ 0 0
Fowsporum 656017 1122017 0412002 7582019 0 0
L theobromae  556=008 574035 020003  673x0.15¢ 0 0
"MIC/(mgmL")  C.albicans L0 05 16 0.04¢ 0 0
F oxysporum I* x 32 0.08¢ 0 0
L. theobromae > & 640 016 0 0
MEC/(mgmL")  C.albicans > > 3 0.16¢ 0 0
F oxysporum & & o4 032 0 0
L. theobromae 8 16 > 64 032 0 0

*AWD means agar well diffusion method. The diameters of the inhibition zone, including the well diameters, are 6 mm; *MIC and MFC mean minimum
inhibitory concentration and minimal fungicidal concentration, respectively. The values of the 3 oil samples are given in mg mL. Al results reporicd
reflect the mean value of triplicate measurements. Means with different letters (d. e. f and ¢) are significantly different from each other at P < 0.05.
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Table 1. Data of system suitability and specificity
Parameter (R)-cnantiomer ___10-HCTN
Retention time / min 878 1040
Resolution (Rs) - 32
USP tailing factor (T) 116 118
No. of theoretical plates 6005 5569
Retention time RSD / % ol -
Peak arca RSD / % 0.10 -

USP: United States Pharmacopeia
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Figure 4. (a) Typical HPLC chromatogram of (R)-cnantiomer; (b) typical
HPLC chromatogram of 10-HCTN spiked with (R)-cnantiomer at 0.1%
specification level and (c) typical HPLC chromatogram of 10-HCTN
sample.
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lable 1. Matenals used in this study

Brief name® Induction method Characterization Age
F drill wound/fungal-inoculation agarwood 4 years
w unknown natural factor agarwood >20 years
H drill wound healthy trees 4 years

> W and H mean agarwood originating from A. sinensis induced by the fungal-inoculation method, wild agarwood and healthy trees, respectively.
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Figure 3. Linearity graph of (R)-enantiomer.
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gure S7. 'H x 'H — COSY of 2 in DMSO-d, (S00MHz).
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ical methodologies for the determination of TBH

Matrix Extraction / Derivatization Method Recovery (%) LOD/LOQ __Reference
Water CHCL, GC/ thermoionic selective detector  97.2 13pg L' /NR 7
CHCI, HPLC/detector UV 254 nm 85-96 0.1/40pgL? 18
Sugarcane HCUMCOH (1:1) and KCL,, / ethyl acetate ~ GC/ flame photometric detector ~ 48-81 001 mgL'/NR 19
Sugarcane bagasse HCI:MEOH (1:1) and KCl,,/ ethyl acetate ~ GC/ flame photometric detector ~ 84-95 0.1 mgL'/NR 19
Molasses 0.5 mol L' HCl and KCI_,/ ethyl acetate  GC/ flame photometric detector 58 -4 001 mgL'/NR 19
Sugarcanc juice 0.5 mol L HCl and KCI_,/ ethyl acetate ~ GC/ flame photometric detector ~ 47-85 001 mgL'/NR 19
Soil McOH HPLC/detector UV 254 nm 90-103  001/002mgkg’ 18
McOH HPLC/detector UV 254 nm 90-103  001/002mgkg’ 20

0.5 mol L HCl and KCI_ / ethyl acetate  GC / flame photometric detector 50-85 0.01 mgL*/NR 19
None Voltammetric (DPV) 84-114  0.578/0.008 mgkg' our work
None Voltammetric (DPV) 89-108  0.815/0.010 mgkg' our work
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Figure S1. GC chromatograms of the three ssentialols u) W, (b F and (¢ H. Component numbers correspond to those of Table 2 and GC conditons
are described in Experimenta section of the aricle.
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Figure 1. Molecular structure of tebuthiuron (TBH).
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presence of (C) 10 mmol L and (D) 50 mmol L' of caffeine.
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Table S2. Selected bond lengths (A) for the ground state (S,) of compounds 3-5

s'pr, R =H
SPh,R?=H

Bond 3 4 5

c1-c2 1475 1474 1474
c2c3 1381 1381 1381
C2R' 1.782 1786 1786
C3-N1 1365 1360 1359
NI-R? 1018 1018, 1019
34 1511 1516 1517
c401 1232 1231 1230
c4C10 1475 1473 1473
c10-cs 1.400 1.401 1401
C5-C6 1395 1395 1395
c6-C7 1.399 1.399 1399
c7-c8 1.398 1.398 1398
C8-Co 1397 1.307 1.397
9-C10 1.406 1.407 1.407
o1 1.499 1.499 1.499
C1-02 1236 1234 1234
CII-NI 1417 1420 1421
cl-ci2 1410 1408 1.408
c12-c13 1380 1390 1.390
c13-Ccl4 1395 1395 1.395
C14-03 1373 1372 1372
03-C19 1383 1384 1384
C19-04 1222 1221 1221
cl9-C1s 1453 1453 1453
cisC17 1356 1356 1.356
cir-cis 1441 1441 1441
cis-Cl4 1.406 1.407 1.407
CI5-C16 1.407 1.407 1.406
C16-Cl1 1394 1.303 1.303
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Table S1. Selected bond lengths (A) for the ground (S,) and excited (S,) states of compounds 1-4

1.R'=
2-R'=
3-R'=
4-R'=
Bond Xormy 3
s, s, s, s, s, s, s, s,
crc2 1461 1466 1445 1484 1445 1475 1.453 1474 1453
23 1356 1375 1390 1369 1380 1381 1392 1381 1302
R 1727 1747 1751 1730 1751 1782 1.783 1786 1783
C3NI 1361 1350 1432 1301 1441 1.365 1438 1360 1438
NI-R: 0.880 1019 1017 1471 1472 1018 Lo17 Lo18 1017
c3c4 1511 1518 1441 1514 1440 1511 1439 1516 1441
c4-01 1214 1220 1262 1227 1262 1232 1264 1231 1263
c4-Cio 1474 1474 1474 1483 1474 1475 1473 1473 1474
clocs 1380 1401 1409 1.400 1400 1400 1410 1401 1409
C5-C6 1383 1305 1388 1396 1388 1305 1388 1.305 1388
c6-c7 1379 1399 1408 1400 1.408 1399 1408 1399 1408
18 1392 1308 1388 1396 1388 1308 1388 1308 1388
c8-Co 1384 1307 1410 1399 1410 1307 1410 1307 1410
co-C10 1406 1407 1418 1407 1418 1406 1418 1407 1418
cocl 1492 1496 1479 1488 1479 1499 1470 1499 1481
cr-o2 1220 1234 1258 1.230 1258 1236 1260 1234 1256
ClI-NI 1411 1416 1343 1410 1355 1417 1346 1420 1348
cl-ci2 1308 1410 1437 1414 1436 1410 1435 1408 1435
ci2-ci3 1370 1380 1368 1301 1372 1380 1370 1390 1371
cI3-Cl4 1376 1396 1414 1303 1411 1.305 1412 1305 1412
C14-03 1387 1372 1343 1374 1346 1373 1.346 1372 1346
03-C19 1386 1384 1410 1381 1408 1383 1407 1384 1407
C19-04 1108 1221 1210 1223 1211 1222 1211 1221 1211
C19-C18 1447 1453 1454 1453 1454 1453 1454 1453 1454
ci1s-C17 1332 1356 1351 1356 1352 1356 1352 1356 1352
ci7-cls 1447 1441 1446 1442 1446 1441 1445 1441 1445
CI5-Cl4 1.385 1.406 1420 1406 1416 1406 1418 1407 1418
CI5-Cl6 139 1407 1387 1404 1388 1407 1380 1407 1389
cl6-Cl1 1380 1303 1423 1400 1425 1304 1421 1303 1420
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20 15 10 05 00 05 10 15
E/V (FCHIFeH')

Scan rate /

voy BRelV FpialV Fple/V FllafV BV Uplle!V ARpUYY ABPY ANRHLIY B¥pl/V BMplleV BLIY

0050 0943 0868 1409 -1276 0835 0920 0075 0133 0085 0905 1342 0877
0100 0953 0857 1367 -1273 0835 0921 009 0094 0086 0905 1320 0878
0250 0952 0857 1372 -1274 0825 0931 0095 0098 0106 0904 1323 0878
0500 0964 0855 1374 1268 0814 0947 0109 0106 0133 0909 -1321 0880

oure S21. Cyclic voltammogram of 2-chloro-3-(methyl(2-oxo-2H-chromen-6-yl)amino)-naphthalene-1.4-dione 2: values vs. FcH/FcH*.
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Figure 4. Comparison between the (a) LSV, (b) SWV, and () DPV

experiments in optimized conditions for 1.00 mmol L' TBH at GCE in
010 mol 1-' KOH





OPS/images/a11img11.png
0 j,,,,

— K-
R

&)





OPS/images/a18img30.png
=

T T T T
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E [V (FcHFcH)

Scanrate/(Vs')  Eple/V  Epla/V_ Eplle/V  Eplla/V_ Epllla/V_ Epl/V_ Epll/V  Etpl/V _ Epll/V

0,050 -1.038 -0.961 -1.420 -1328 0.865 0077 0.093 0,99 1374
0.100 -1.038 —0.961 -1.420 -1328 0.868 0077 0.093 0.999 1374
0250 ~1.049 0972 -1431 -1.328 0881 0077 0.103 1010 1379
0.500 -1.059 0961 —1447 -1317 0.906 0,097 0.125 1.001 1379

re $20. Cyclic voltammograms of 2-chloro-3-(2-oxo-2H-chromen-6-ylamino)naphthalene-1.4-dione 1: values vs. FcH/FcH*.
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igure 2. Cyclic voltammograms using (A) BF.TBA/DMF (a),
carbonate buffer (b), ammonia buffer (c), NaOH (d), and KOH (e) as
the supporting electrolyte solution in the analysis of 1.00 mmol L' TBH
and (B) relationship between the peak current and peak potential using
BF, TBA/DMF (<), ammonia buffer (W), carbonate buffer (), NaOH (¥),
and KOH (a). Condition: 0mV s,
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igure 3. Variation of the current function (i /") in relation to the
potential scan rate for a solution of 1.00 mmol L' TBH in 0.10 mol L
KOH using GCE.
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N
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-2.0 -15 -1.0 -05 0.0 05 10
E IV (FCH/FCH')
Scan rate /
W Eple/V Epla/V Eplle / V. Eplla/V  Epllla/V  AEpl/V AEpII/V  EVpl/V  Evpll/V
0.050 —L121 —1.046 —1.462 -1.374 0.705 0.075 0.088 1.083 1418
0.100 —L121 -1.047 —1.472 -1.372 0.710 0.074 0.100 1.084 1422
0.250 —1121 —1.046 —1.479 —1.362 0.721 0.075 0.117 1.083 1.420
0.500 -1.142 -1.035 —-1.521 -1.359 0.763 0.107 0.162 1.088 1.440

122. Cyclic voltammogram of 2-(2-oxo-2H-chromen-6-ylamino)-3-(propylthio)-naphthalene- 1 4-dione 3: values vs. FeH/FcH*.
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Table 2.

inear regression least-square fit data of the analytical curves for quantitative determination of TBH using the DPV and SWV methods

Technique Matrix Equation of the calibration curve. Correlation coeflicient (1)
SWV Absence 1,(A) =—8.493x10° + 1.144 Cpyy (umol L) 0994

Crystal sugar 1,(A) ==3.501x10°+0.599 C,, (umol L") 0998

Brown sugar 1,(A) = 417310+ 0656 Cpy (umol L) 0995
DPV Absence 8.383x10°+ 3.652 Cypy, (umol L) 0999

Crystal sugar 434X10°+ 2.506 oy, (umol L) 0999

Brown sugar 339x10%+ 2,663 Coy (umol L) 0997
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igure S17. 'H NMR spectrum of 5 in DMSO-d, (500 MHz).
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Table 3. Limits of detection and quantification and other analytical parameters
) ) 10m L0Q

Technique - Matrix i o107 ety Ly meken (umolL)  (mgL)  (mgke)

sWv Absence 114 344 0902 0.206 e 3001 0685 0101
Cristl sugar 0599 355 1782 0.407 380 5941 1356 0175
Brownsugar 0,656 3329 1522 0347 7 5075 1158 0.133

DPV Absence 3653 g 0119 0027 0902 0396 0.09% 0.009
Cristl sugar 2506 1190 0.142 0032 0515 0475 0.108 0010
Brown sugar  2.663 L 0.125 0.028 0578 0417 0,005 0,008
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Table 2. Data obtained from EIS experiments on mild steel in 0.1 mol L™ H,SO, solutions in the absence and presence of caffeine

[Caffeine] / (mmol L) R,/(Qem?) R,/ (Qcn) C,/ (uF em?) o
0 32 383 2492 -
10 25 723 66.5 073
30 22 1053 324 0.87
5.0 17 2202 10.5 0.96

10.0 14 3504 32 0.98
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re S16. FTIR spectrum of compound 5 (KBr).
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igure 5. Analytical curves with no matrix effects for (A) SWV
clectrooxidation of TBH at different concentrations: blank (...): 8.0 (a),
9.0 (b), 10.0 (c), 11.0(d), 12.0 (¢), 13.0 (), 14.0 (g), 15.0 (h), 160 (i,
and 18.0 pmol L j) and (B) DPV electrooxidation of TBH at different
concentrations: blank (...), 0.5 (), 1.0 (b), 2.0 (¢), 3.0 (), 40 (¢), 5.0
(1), 6.0 (2), and 8.0 pmol L* (h). Conditions: glassy carbon electrode in
0.10 mol L' KOH as supporting electrolyte.






OPS/images/a11img10.png
® 0.1mol " H,SO,
O 10.0 mmol L caffeine

€
g &
2

5

4 T T T T T

30 31 32 33 34 35
10 (T /Ky

Figure 4. Arhenius plot for mild stee in 0.1 mol L' H,SO, and solutions

containing 10.0 mmol L' of caffeine.
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sure S19. Cyclic voltammograms of 6-aminocoumarin 6-AC: values vs. FcH/FcH*.
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Figure 6. Analytical curves obtained by (A) SWV in the absence of
matrix (W), presence of brown sugar matrix (#), and presence of crystal
sugar (a). (B) DPV in the absence of matrix (W), presence of brown sugar
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Figure S18. 'H x 'H — COSY of 5 in DMSO-d, (500 MHz).
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Iable 4. Repeatability, expressed by the coethicient of variation (CV), for
the various concentrations and several brown and crystal sugar samples
analyzed in the apparent recovery test using DPV

Concentration added / (umol L
Crystal sugar ™™g 2.99) 398 497
matrix

Cocfficient of variation / %
Sample A 200 053 253 352
Sample B .88 635 135 429
Sample C 525 138 7.8 751

Concentration added / (umol L

Brown sugar ™ o9 299 398 497
matrix

Cocfficient of variation / %
Sample A 7 390 369 310
Sample B 11 626 781 503

Sample C 6.02 128 8.50 8.65
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lable 5. Results of the recovery tests for IBH using different samples of
crystal and brown sugar and DPV

Concentration added / (pmol L)

Crystal sugar

iy 199 299 398 497
matrix

Recovery / %
Sample A 895 908 109 939
Sample B 108 913 042 975
Sample C 103 104 923 914

Concentration added / (umol L

Brown sugar ™ o9 299 398 497
matrix

Recovery / %
Sample A 842 052 102 104
Sample B 14 102 97.7 999

Sample C 99.8 105 104 97.6
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Figure 2. Comparison of detection by plating and RT-PCR of
Alicyclobacillus acidoterrestris spores in concentrated orange juice.
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Figure $29. Simulated electronic spectrum (TD-DFT — B3LYP/6-

314G(d.p)/PCM(CH,CN)) of compound 3 (red) and experimental

absorption (black) and emission (blue) spectra.
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Table 2. Limits of detection and quantification for a DNA transcript
performed in the Agilent 2100 Bioanalyzer

LOD LOQ
Average of y-intercepts from the 201x10  —LI13x10*
calibration curves

Standard deviation of the y-intercepts 00012 00012
(SD)

Average slope of the calibration curves 10071 1.0038
(S)

Calculated value of the limit/(ng pL") 00039 00107

Corresponding value in CFU mL* 08725 08755
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gure $28. Simulated electronic spectrum (TD-DET — B3LYP/6-
31+G(d.p)/PCM(CH,CN)) of compound 2 (red) and experimental
absorption (black) and emission (blue) spectra.
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Results on the viability of A. acidoterrestris spores in concentrated orange juice after treatment with saponin at different concentrations (mg L)
and heating at 99 °C for 1 min. Comparison of the plating technique and RT-PCR by CE microchip

Log,, CFU mL"
fime /h 200 300 400 500
0 3802025 3842019 3802025 3842020
4 166024 15120 1265024 098022 0822025
48 150=0.19 1352020 1212019 098020 075026
72 1332023 1095021 108023 0832021 0512016
120 046020 0132027 0002003 0.000.02 000004
240 0122024 ND ND ND ND

Amplicon concentration / (ng pL' = SD)

fime /h 100 200 300 400 500
0 1765043 176030 1782043 176038 1792030
4 785053 7152035 601029 4742045 4012043
48 755049 6452039 5812034 4752038 3712039
72 635039 5252027 5212040 405036 261041
120 2352036 085010 0212007 0152005 009002
240 08020.10 0400.10 006001 0042001 003001

ND: not detected
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Figure S31. Simulated electronic spectrum (TD-DFT — B3LYP/6-
314G(d.p)/PCM(CH,CN) of compound 5 (red) and experimental
absorption (black) and emission (blue) spectra.
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Figure 3. Curves for viability of spores in concentrated juice treated

at 99 °C for 1 min in presence of saponin at concentration of (#) zero

(control), (0) 100 mg L, (W) 200 mg L, () 300 mg L ", (a) 400 mg L

and (2) 500 mg L' of saponin in the growth medium.
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Figure $30. Simulated electronic spectrum (TD-DFT — B3LYP/6-

314G(d.p)/PCM(CH,CN)) of compound 4 (red) and experimental
absorption (black) and emission (blue) spectra.
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gure $27. Simulated electronic spectrum (TD-DET — B3LYP/6-
31+G(d.p)/PCM(CH,CN)) of compound 1 (red) and experimental
absorption (black) and emission (blue) spectra.
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Figure 1. Analytical calibration for the estimation of linear range, limits
of detection and quantification. and accuracy of Agilent 2100 Bioanalyzer.
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igure $26. Simulated electronic spectrum (TD-DET — B3LYP/6-

31+G(d.p)/PCM(CH,CN)) of compound 6 (red) and experimental

absorption (black) and emission (blue) spectra.






OPS/images/a12img02.png
SD
LOQ=10x—
(% Ky

2





OPS/images/a18img41.png
o
3

—— Avsorpton (exg.)
——Emission (2xc. 373 nm)
——TODFT (Absorpton)

o o
2 &
Oscillator strength

o
0

Normalized Intensities
°

s

o
s

200 a0 400 00
Wavelength/nm
gure $25. Simulated electronic spectrum (TD-DFT — B3LYP/6-
314G(d,pVPCM(CH,CN)) of compound 6-AC (red) and experimental
absorption (black) and emission (blue) spectra.
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lable 1. Precision and accuracy of the quantification of the DINA amplicon

Expected Intra-assay Inter-assay

conceniration /

(ng L") Average/ (ng L") RSD/% Difference / % Average / (ng pL.") RSD/% Difference / %
500 498 228 04 492 306 En
250 22 300 08 253 439 12

125 123 402 -16 122 636 24
625 629 380 06 640 452 24

312 316 579 13 318 935 19

156 1.57 597 0.6 1.50 8.18 19
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Figure 8. EDS spectra for the mild steel surface of (A) the reference coupon, and after 24 h of immersion in (B) 0.1 mol L H,SO, and solutions containing
(C) 1.0, (D) 3.0, (E) 5.0 and (F) 10.0 mmol L' of caffeine.
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Selected bond lengths (A) for the ground (S,) and excited (S,) s

1

16

HaN. 117215
2! SN
19

P>

12 "

17

5“0 o
6-AC

Bond ¢

s, s, s,
cic2 - - 1453 1481
[ERe) - - 1374 1422
R - - 1753 1708
C3NI - - 1339 1321
NIR? 1012 1011 1011 1018
c3ce - - 1513 1488
cso1 - - 1228 1267
c4cio - - 1476 1432
C10-cs - - 1.400 1421
C5C6 - - 1396 1378
c6-C7 - - 1308 1423
c7c8 - - 1308 1378
C8-Co - - 1396 1419
co-Cio - - 1400 1446
co-cl - - 1.501 1449
cl-02 - - 1237 1249
ClIN 1396 1351 - -
ci-ci2 1416 1422 - -
ci-ci3 1390 1385 - -
ci3-cl4 1304 1411 - -
C14-03 1378 1350 - -
03-C19 1377 1450 - -
C19-04 1225 1235 - -
clo-cis 1453 1.406 - -
cisci7 1357 1.406 - -
circis 1441 1432 - -
ciscl4 1406 1426 - -
CI5-Cl6 1408 1399 - -

C16-Cl1 1.398 1428 - -
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1-R'=cLR?
2-R'=ClLR?
3.R'=s'pr, R
4-R'=5Ph, R’

Atom
s, s, s, s, s, s, s, s,

ci 0457 0110 0.133 0.157 0228 0.001 0224 0012
02 0504 0655 0516 0656 0516 0613 0437 0574
c2 0741 0006 0049 0246 0020 0127 0299 0207
R! 0214 0.101 0247 0221 0.159 0342 -0.138 0256
c3 0.196 -0.120 0925 0737 -0.152 0072 0334 0508
NI 0258 0181 0224 0442 -0.181 0196 0223 0219
R 0357 0375 ~0.101 0035 0357 0368 0361 0363
c4 0556 0005 0020 0278 0.199 0066 0203 0331
o1 ~0540 0637 0458 -0.59 0524 0,667 0515 -0.679
cs 0,045 0099 0017 0201 0.135 0011 0010 0222
c6 0200 0145 ~0.005 0146 ~0.191 0,189 0195 0,169
c7 0173 0107 -0.168 0,193 -0.165 0117 0140 0,163
cs 0058 0089 0037 0152 0.167 0074 0257 0026
o 0296 0062 0305 0.161 -0.168 0014 0015 0165
cio 0326 0450 0202 0188 ~0.107 -0.197 0067 0.001
cii 0189 0377 0217 0.194 0214 -0042 0115 0248
ci2 0207 0239 0287 -0.198 0.156 0172 0236 0.168
ci3 0351 0113 0205 0355 0265 0324 0495 0335
cl4 -1395 -1.705 -1551 -1755 -1224 -1208 -1.070 -1213
cis 1744 1.889 1688 1726 1.690 1769 1834 1866
cl6 0224 0010 0068 0.166 0202 0248 0298 0179
03 0423 0368 0428 0375 0431 0415 0431 0422
c17 0399 0249 0419 0048 0431 0534 0510 0451
cig 0065 0010 0017 0095 0.136 0178 0.145 0.160
c19 0.588 0.594 0.594 0.607 0577 0564 0.588 0581
04 ~0.555 0480 ~0.560 0498 0557 0.533 ~0.554 ~0.548
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Table 56. Percent 5,-5, bond distance differences

18

o2 ‘W\t%o‘

2 3 4 6-AC 6

26 -15 -14 19
15 08 08 35
07 0.1 -02 26
36 53 57 -13
0.1 01 01 01 07
49 48 49 -17
29 26 26 32
-06 01 0.1 30
06 07 06 15
-06 -05 -05 -13
06 06 06 18
-06 -07 -07 -14
08 09 09 16

C9-C10 08 08 09 08 26

co-C1 -1l 06 -13 -12 35

C1-02 19 23 19 18 10

CI1-N1 52 -39 =50 5.1 32

C11-C12 19 16 18 19 04

c12-C13 -15 -14 -14 -14 04

CI3-Cl4 13 13 12 12 12

C14-03 21 20 20 -19 -14

03-C19 19 20 17 17 6.0

C19-04 09 -10 09 08 08

C19-CI8 o1 o1 o1 o1 32

C18-C17 04 03 03 03 36

C17-C15 03 03 03 03 06

CI5-Cl4 10 07 09 08 14

C15-C16 -14 -1l -13 -13 06

C16-C11 22 18 19 19 2.1
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Fluorescence intensity / a.u.

(O) the mild steel surface after 24 h of immersion in 0.1 mol L H,SO,
in the presence of 10 mmol L caffeine and (M) 10 mmol L caffeine
0.1 mol L' H.SO, aqueous solution.
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c1 B - 0244 ~0362
02 - - 0568 0619
c2 - - 0145 0360
R - - 0178 0332
c3 - - 0884 0786
NI 0617 0493 063 0519
R 0317 0363 0350 0368
c4 - - 0830 —0923
o1 - - 0505 ~0.663
cs - - 0.197 0.100
c - - 0201 0164
c7 - - 0216 0214
cs - - 0.105 0032
co - - 0044 0.106
c1o - - 0281 0374
ci ~o.101 0.002 - -
c12 0275 0227 - -
c13 0246 0238 - -
c14 1686 1634 - -
cis 1218 1150 - -
cl6 ~0.030 0007 - -
03 ~0.426 0451 - -
c17 0.197 0.143 - -
c1s —0.024 0113 - -
c1o 0592 0551 - -
04 0580 _0631 - -
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lable 2. Slopes of analyte add: biodiesel samples of different

raw materials by ICP OES

Analyte Premal _ Stoee/bme)
calibration  Soybean Algae Castor

Ca 9058.8 0987.4 08086 99058

Cu 136585 130486 137460 130486

Fe 108476 110698 103695 100231

Mn 679817 675430 672649 678310

Mg 163136 164970 160532 168254

Na 7658.8 76479 76525 76356

K 2406.6 24420 24485 24653

Si 33750 33508 32989 33347
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on containing different concentration of formic acid. Triton X-100: 0.10%
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Figure 1. Structures of dibenzosuberane (A), amitriptyline (B),

nortriptyline (C), 1.12,6,10b-tetrahydrodibenzo[a.clcyclopropalc]

cycloheptene (D), 2.5-disubstituted-1,3,4-oxadiazole (E) and
i 8a-8i
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1able 3. Concentration of Ca, Mg, K and Na obtained in the multi-element
standards in B100 biodiesel (Conostan) containing 20.0 = 0.5 mg kg™ of
cach analyte, by the proposed procedure (1= 3)

Analyte Found value / (mg kg) RSD/%
Ca 19.80£0.17 08
Mg 19235023 12
K 20112037 18

Na 19.950.12 0.6
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igure 2. Effect of Triton X-100 concentration on the analytes” signal
tensity (1 mg ). Formic acid: 15% (v/v).
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Figure 3. 1C,, value of chelerythrine (A) and lupeol (B). The compounds
were pre-incubated at 37 “C for 10 min before addition of fixed substrate
0.5 mmol L acetylthiocholine (AcSCh). The results presented are the
means of three different experiments.
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Table 2. Effect of lupeol of Km and V__, of the krait (Bungarus sindanus) venom acetylcholinesterase (AChE)

Lupeol / (umol L) Km / (mmol L") Increase / % V,.../ (umol AcSCh min" mg" of protein) Decrease / %
0 0.16 0 1052 0

124 022 25 880 155

248 026 62.5 753 282

312 033 106.6 517 50.5
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lable 1. Instrumental parameters for determinations by 1CF OES

Parameter Emulsion Dilution with xylene
RF power /W 1500 1500
Outer argon flow rate / 15 15
(L min"')

Nebulizer argon / 05 05
(L min"')

Intermediate argon flow 05 05
rate / (L min")

Sample flow rate / 15 07
(mL min")

Integration time /s 31010

Emission lines /nm  Ca(I) (422.673 nm)*; Cu(I) (324.752 nm)*;
Fe(Il) (259.939 nm)*: K(I) (766.490 nm)*;
Mg(ID) (280.271 nm)*; Mn(ID) (257.610 nm)*;
Na(D) (589.574 nm)*; Si(1) (251.611 nm)*

Internal standard Y (ID) (371.029 nm)*

Atomic line ();ionic line (ID).“radial mode; "axial mode Y was measured
in radial or axial mode, depending on the mode of the analyte being
ctandardized
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igure 1. Krait venom acetylcholinesterase activity in the presence and absence of different concentrations of chelerythrine (A) and lupeol (B). The
compounds were pre-incubated at 37 °C for 10 min before addition of fixed substrate 0.5 mmol L acetylthiocholine (AcSCh). The results represent the
mean of three different experiments down in duplicate and significantly different from control. *P < 0.05.
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Figure $33. Molecular orbitals of 6-AC involved in the three lowest
energy electronic transitions (contour values plotted at 0.03 (e/Bohr®)2).
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Table 1. Chelerythrine modified Km and V_, of the krait (Bungarus sindanus) venom acetylcholinesterase (AChE)

Chelerythrine / (umol L") Km / (mmol L") Increase/ % Vo / (umol AcSCh min’ mg " of protein) __ Decrease/ %
0 0153 0 1085 0

386 0268 75 919 153
172 0367 1309 601 363
11.58 0515 236.6 625 024
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Figure 2. Kinetic analysis of the inhibition of krait venom AChE by
chelerythrine (A) and lupeol (B).
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Figure 1. Coffee data set: (a) Plots of the cost function versus number of variables included in the LDA model: (b) average UV-Vis spectrum of the data
set with indication of the selected variables (the same spectrum is also presented with a vertical offset for better visualization of the markers).
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fable 1. Number of training, vali

ion and test samples in each class

Sample Class — S
Training Validation Test
Non-expired decaffcinated 17 7 7
Non-expired caffeinated 2 14 14
Coffee Expired decaffeinated 12 5 5
Expired caffeinated 34 17 17
Total 8 4 4
Canola 9 3 3
Sunflower 10 3 3
Vegetable Ol Com 10 N N
Soybean 10 4 4
Expired 20 10 18
Total 59 2 32
Low 2 15 2
Diesel High 2 13 24
Total 43 28 52
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Figure 3. Diesel data set: (a) Plots of the cost function versus number of variables included in the LDA model: (b) average derivative spectrum of the data
i is also presented with a vertical offset for better visualization of the markers).
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igure 2. Vegetable oil data set: (a) Plots of the cost function versus number of variables included in the LDA model: (b) average voltammogram of the
data set with indication of the selected variables (the same voltammogram is also presented with a vertical offset for better visualization of the markers).
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lable 3. Fatty acids present in crude and refined bunti oils

Samples
Fatty acids Crude Refined
buriti oil __burit oil
~C140 0.5 05
Margaric acid - C 17:0 03 02
Stearic acid - C18:0 23 390
Total saturated fatty acids - SFA / % EXG 46
Palmitoleic acid - C16:1 196 194
Oleic acid - C18:1 ne 7>
Total monounsaturated fatty acids - 03 916
MUFA/ %
Linoleic acid - C 18:2 264 23
Linolenic acid - C 18:3 200 15
Total polyunsaturated fatty acids - PUFA /% 4.6° 38

Different letters on same row represent significant difference at 5% level
by r-Student test. The values are expressed in percentage (%).
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Figure 1. Chromatograms of plasma samples from a volunteer collected after an oral dose of 40 mg of omeprazole.
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Aable 2. Use ol in-tube SFME 1n biological sample

Sample “Analyticalcoluma_ Analytcal
Analyte M et Capillry column g 0Q  Ref
Fluoxetine Sem  Dilutionand _ Antibody-immobilized C. LCMS  Segmlt 76
ulsafiltration fused silica (150%39 mm id., 5 pm)
(70 em>x 025 mmid., 005 pm) (Waters)
Interferon lpha,,  Plasma_Dilution “Antibody-immobilized LichoCART RIS LCFD 0006 MILmL' 77
fused slica (125%40 mmid. 5 pm)
(60 cm % 0.25 mmid., 005 ym) Merck)
Fuoxetine (LX) Plasma _Protein PPY capillary Chiraleel® ODR LCFD FLX: W0ngmL' 78
and norfluoxetine precipitaion (60 cm x 0.25 mm i) (250%46 mmid. 10 pm) NELX: 15 ng mL
enantiomers (NFLX) (Chiral Technologies)
Interferon lpha,, _ Plasma_ Dilution RAM-BSAC, LichoCART*RP-1§_ LCFD  006MILmL 79
Semx050mmid.45pm)  (125x40mmid., S pm)
(Merck)
Lidocaine and ts _ Plasma_ Proein oV-1701 LiChrospher 60 RP-select BC,, LCUV  S0ngml' 80
metabolites precipiation (100 cmx 250 mm i, 005 pm) (250 40 mm id., 5 pm)
(Merck)
Rifampicin Plasma_ Protein Polyethylene glycol _ LiChrospher* 60 RP-select BC,, LCUV 0.1 pgml 81
precipitation (60 cmx 032 mmid. 005 pm) (25040 mm id., 5 pm)
(Merck)
Mirazapine. Plasma_ Protein ov701 LiChrospher® 60 RP-sclect BC,, LCUV 2050 ngmL' 82
citalopram, paroxetin, precipiation (80 cm x 250 mm i 0.05pm) (250 x 40 mm id., 5 pm)
duloxetine, flvoxctine, (Merck)

serraline

BSA: bovine serum albumin; FD: luorescence detection; .. internal diameter; MS: mass spectrometry; RAM: restricted-access material; UV: UV detection
LOQ: limit of quantification.
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Aable 1. Bionalytical methods employing heated SFME-LL interface

Analytical columa Analytical
Analyte. Matrix Fiber used ot i LoQ Ref
Desipramine, imipramine, Plasma DVB-CARP-DMS (75 pm RPIS eV o o
nortriptyline, amitriptyline, and 100 um), PA (85 pum). (150 %46 mm id. 5 pm)
clomipramine PDMS-DVB (60 pm) (Shimadzu)
Desipramine, imipramine, Plama  PDMSDVB (60um)  Zoar* XDBRP-IS  LCMS S0ngmL" &
nortriptyline, amitriptyline, (150 % 2.1 mmid., S pm)
clomipramine (Agilent)
Fluoretine, norfluoxetine. Plasma  CW-TPR (50 pm), C. eV Bogmlt 3

PDMS-DVB 6 pm) (150 46 mmid, 3 um)

(in-house)

Phenobarbital (PHB) phenytoin  Plasma  CW-TPR (S0 um), RP-IS LCUV  PHB:40mgL' 67
(PHT), carbamazepine (CBZ), PDMS-DVB 6 pm) (150 x 46 mmid, S um) PHT:40mg L'
carbamazepine 10,11-epoxide. (Shimadzu) CBZ: 15mg Lt

(CBZEP)

CBZEP: 15mg L'

i internal diameter: MS: mass spectrometry: UV: UV detection; LOQ: limit of quantification; nd: not determined.
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Samples

Fatty acids Crude Refined
buriti oil__burii oil
Miristic acid - C 14:0 05 (X3
Margaric acid - C 17:0 03 02
Stearic acid - CI8:0 23 39
Total saturated fatty acids - SFA / % 3 46
Palmitoleic acid - C16:0 196 1940
Oleic acid - C18:1 77 n*
Total monounsaturated faty acids - 23 916
MUFA/ %
Linoleic acid - C 18:2 26 23
Linolenic acid - C 18:3 200 15
Total polyunsaturated fatty acids - PUFA/ % 4.6* 38

Different letters on same row represent significant difference at 5% level
by t-Student test. The values are expressed in percentage (%).





OPS/images/a01img02.png





OPS/images/a01img01.png
RCNPG GSCAPES "Glsd anttiticsionn

i vecson)






OPS/images/cover.png
Q
L

>
—
2
(&]
(@)
(0p]
©
=
=
()
1=
O
S
&
N
©
po
m
()
{5
+—
Y—
(@)
©
c
—

potential /V

X"
>< Pheno><p-
U MOA, CO; TA, COO|

Vol. 24, No. 12

December, 2013
ISSN 0103-5053
ISSN online 1678-4790

TA, COOH
Ce* Ce?*

time/h

Cover Picture

Bursting in the Belousov-Zhabotinsky Reaction
‘Added with Phenol in a Batch Reactor

Ariel Cadena, Daniel Barragdn and Jests Agreda






OPS/images/a18img03.png
Table 1. Optical properties, electrocher

ical data, calculated HOMO, LUMO and gap,,,, of compounds 1-3

E,,/mV* (AE,/ mV)

Compound %(3)/nm loge, h/mm Ah/eV-  F ottt HOMO/ Ve LUMO/eVe gap, [V
1 468 366 538 035 00001 -1000(77) -137493) - 625 380 245
2 538 350 637 036 00001 -905(96) -1320(94) S78(86) 600 -390 210
3 405 354 575 034 00003 -1084(74) -1422(100) - 508 amn 226
4 503 330 S8 035 00003 -1045(123)-1420(104)  — -5.99 376 224
5 499 305 574 032 00001 -1036(102) 1407 (95) - 599 376 223

“Stokes shift; "data from voltammetric experiments in a cathodic scan, obtained at a scan rate of 100 mV s in CHCN + 0.1 mol L™ n-Bu,NCIO,, at
25 °C:; potential values are reported vs. ferrocene/ferrocenium (FeH/FH?); HOMO = LUMO,,_ — gap,,,: “calculated from the reversible first reduction
process (wave I): optical gap estimated from the optical absorption edge. The inflection point in the first derivatives of the absorption spectrum was used.
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lable 2. The relationship between the intensity of the £) and G bands of
fferent CNT samples

Catalyst 1/,
10%Ni/ALO, 078
10%Ni-57%Ce/ALO, 095

SGNVALO, 073
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Figure 5. Raman spectra of CNT samples obtained in the presence of
fferent catalysts.
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Figure 7. Proposed mechanism for the growth of CNT in the presence of
metal catalysts. (a) The metal catalyst and support; (b) C and C, generation
by thermal plasma followed by carbon diffusion on metal particles and
initial CNT nucleation and growth; (c) gas phase CNT growth and
solidification of the final products.
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are 6. The TEM images obiained after the plasma reac
in the presence of the different catalysts: (A) 10%NVALO,; (B) 10%:Ni-
5G.Ce/ALO, (C) S%NVALO,.
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Figure 2. Raman spectrum of the CB sample obtained through the
pyrolysis of methane by thermal plasma.
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lable 1. Experimental conditions for CN1 and CB production

Experimental conditions

Torch power 60kW
Plasma gas (Ar) flow rate 20L min"
CH, feed rate 5L min'
Run duration 10 min

Temperature (inner wall of the reactor) 700 = 10°C
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Figure 4. SEM-EDS spectrum of the CB sample obtained from the
pyrolysis of methane via thermal plasma.
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Figure 1. Normalized absorption (A and B) and emission (C and D) spectra of aminocoumarin-napthoquinone conjugates 1-5 in CH.CN.

800





OPS/images/a18img01.png
peN © la) 6AC

7\
-
N\ /
o
7\
Qo
\ 7/
o
7\
7 oem
o

=
Iz

o 2 o 1 o
3R = CH,CH,CH (64%)
4-R = CgHs (77%)
5-R = 4-C5H,Cl (82%)
Scheme 1. The synthetic routes to compounds 1-3. Reactions and conditions: a) DMF, 60-70 °C, 72 h; b) K.CO,/CH,L. DME, RT: ) thiol/Et,N, DMF (3
or MeOH (4, 5), 60-70 °C.
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gure 2. (a) Typical HPLC chromatogram of (R)-nantiomer and
10-HCTN (1:1) and (b) typical HPLC chromatogram of 10-HCTN
compound when subjected to base (1 N NaOH for 24 h at 60 °C).
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ons (S,) [contour values plotted at 0.03 (e/Bohr’)*] and energy diagrams for compounds
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Figure 5. Molecular orbital diagrams for 6-AC, aminonaphthoquinone 6

and aminocoumarin-naphthoquinone conjugate 1 [contour values ploited
at 0.03 (e/Bohr®)*2].
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Figure 3. Cyclic voltammograms at 100 mV s of 1, 2 and 3.
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Figure 2. Normalized absorption and emission spectra of 6-AC and
napthogquinone 6 in CH.CN.
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Figure 4. Frontier orbitals [contour values plotted at 0.03 (e/Bohr®)"?] and energy diagrams for compounds.
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Table 2. Selected angles for compounds 1-5 [} in the ground (5,) and excited (5,) states

C2-C3-NICII C16-C11-N1-C3 C3NIClI B
Compound
s, s, s, s, s, s, s,
1(X-ray)® 319308) 9238 312(296) 30 130.5(129.2) 1256 100
2 522 910 26 18 1226 1213 15
3 363 992 304 49 1202 1257 128
4 328 1004 364 47 1205 1257 s
5 328 990 312 40 1205 1257 12

“Pyramidalization angle B of amine: angle between the N—H or N—CH, bond and the C3-N—C11 plane.
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