
 [image: Cover] 



  
    
      	[image: Gn1]
      	[image: Publisher]
    

  

  
    Journal of the Brazilian Chemical Society

    January - 2015; 26(1): 1-208

  

   

  
    Journal of the Brazilian Chemical Society, January - 2015; 26(1): 1-208

  





  
    Table of Contents / Sumário / Tabla de Contenido

  

  
    
      	New times ahead – let us strengthen our values

      	Alkaloids from Acorus gramineus rhizomes and their biological activity

      	Chemical constituents from cultures of the fungus Marasmiellus ramealis (Bull.) singer

      	Chemometric study of perilla fatty acids from subcritical n-Propane extracted oil

      	Cu and Ni catalysts supported on γ-Al2O3 and SiO2 assessed in glycerol steam reforming reaction

      	Abietane diterpenes from Hyptis crassifolia Mart. ex Benth. (Lamiaceae)

      	Evaluation of two statistical tools (least squares regression and artificial neural network) in the multivariate optimization of solid-phase extraction for cadmium determination in leachate samples

      	Ligand-less in situ surfactant-based solid phase extraction for preconcentration of cobalt, nickel and zinc from water samples prior to their faas determination

      	Evaluation of glycerol profiles in sugarcane spirits (cachaças)

      	Multivariate control charts for simultaneous quality monitoring of isoniazid and rifampicin in a pharmaceutical formulation using a portable near infrared spectrometer

      	A new, simple and efficient method of steglich esterification of juglone with long-chain fatty acids: synthesis of a new class of non-polymeric wax deposition inhibitors for crude oil

      	Synthesis and characterization of a new semiconductor oligomer having quinoline and fluorene units

      	Dye sensitized solar cells using natural pigments from five plants and quasi-solid state electrolyte

      	Classification of individual castor seeds using digital imaging and multivariate analysis

      	Determination of boron in silicon carbide by ICP-OES and ICP-MS after sample preparation using pyrohydrolysis

      	A3-coupling reaction as a strategy towards the synthesis of alkaloids

      	Synthesis and properties of two energetic salts based on 1-amino-2-nitroguanidine

      	Evaluation of graphene for   dispersive solid-phase extraction of triazine and neonicotine pesticides from environmental water

      	Determination of lead in eye shadow and blush by high-resolution continuum source graphite furnace atomic absorption spectrometry employing direct solid sampling

      	Simultaneous determination of Na, K and Ca in biodiesel by flame atomic emission spectrometry

      	Use of solid phase extraction with   hydrophilic-lipophilic balance (HLB) cartridge as the appropriate option for metribuzin extraction from contaminated soils

      	Stereoselective addition of diethylzinc to aldehydes using chiral β-hydroxy-2-oxazolines as catalysts

      	Integrative approach using GC-MS and easy ambient sonic-spray ionization mass spectrometry (EASI-MS) for comprehensive lipid characterization of buriti (Mauritia flexuosa) oil

      	Caffeine oxidation in water by fenton and fenton-like processes: effects of inorganic anions and ecotoxicological evaluation on aquatic organisms

      	Molecular dynamics insight into the urea effect on tretinoin encapsulation into carbon nanotube

      	AC-induced corrosion of underground steel pipelines. Faradaic rectification under cathodic protection: I. theoretical approach with negligible electrolyte resistance

    

  




  
    
      JBCS - Journal of the Brazilian Chemical Society

    

  

  
    Editors

  

  
    
      
        	Adriano L. Monteiro

            Universidade Federal do Rio Grande do Sul

            Brazil

          Roberto M. Torresi

            Universidade de São Paulo

            Brazil

          Jaísa Fernandes Soares

            Universidade Federal do Paraná

            Brazil

          Watson Loh (coordinator)

            Universidade Estadual de Campinas

            Brazil

          Joaquim A. Nóbrega

            Universidade Federal de São Carlos

            Brazil

      

      
        	

      

    

  

  
    Associate Editors

  

  
    
      
        	Eduardo Carasek da Rocha
  Universidade Federal de Santa Catarina

            Brazil

          José Walkimar M. Carneiro

            Universidade Federal Fluminense

            Brazil

          Pedro J. M. Abreu

            Universidade Nova de Lisboa

            Portugal

          Emanuel Carrilho

            Universidade de São Paulo

            Brazil

          Marilia O. F. Goulart

            Universidade Federal de Alagoas

            Brazil

          Solange Cadore

            Universidade Estadual de Campinas

            Brazil

          Vanessa Hatje

            Universidade Federal da Bahia

            Brazil

          Humberto Osório Stumpf

            Universidade Federal de Minas Gerais

            Brazil

          Paulo Cezar Vieira

            Universidade Federal de São Carlos

            Brazil

          Teodoro S. Kaufman

            Universidad Nacional de Rosario

            Argentina

      

      
        	

      

    

  

  
    Editorial Advisory Board

  

  
    
      
        	Antonio Canals

            Universidad de Alicante

            Spain

          Eusébio Juaristi

            Centro de Investigación y de Estudios Avanzados

            del Instituto Politécnico Nacional - Mexico

          Jailson B. de Andrade

            Universidade Federal da Bahia

            Brazil

          Ludger Wessjohann

            Leibniz Institute of Plant Biochemistry

            Germany

          Susan Lunte

            Universite of Kansas

            USA

          António Joaquim de C. Varandas

            Universidade de Coimbra

            Portugal

          Fernando Galembeck

            Universidade Estadual de Campinas

            Brazil

          James Landers

            Universite of Virginia

            USA

          Ralph Sturgeon

            National Research Council Canada

            Canada

          Yvonne P. Mascarenhas

            Universidade de São Paulo

            Brazil

          Eva M. Krupp

            University of Aberdeen

            UK

          Henrique E. Toma

            Universidade de São Paulo

            Brazil

          Juan Cesar Scaiano

            Universite of Ottawa

            Canada

          Richard G. Weiss

            Georgetown University

            USA

          Zhong-Qun Tian

            Xiamen University

            China

      

      
        	

      

    

  

  
    Editorial Manager: Angela Ramalho Custodio

    Editorial Manager Assistants: Aya Hase and Maria Suzana Prataviera Francisco

    Standard Reviewers: Telma Rie Doi Ducati and Laís Calixto S. Sipahi

    Founding Editor: Eduardo M. A. Peixoto

  

  Former Editors: Angelo da Cunha Pinto, Armi W. da Nóbrega, Fernando Galembeck, Francisco Radler de Aquino Neto, Gerardo G. B. de Souza, Henrique E. Toma, Jailson B. de Andrade, Jaswant R. Mahajan, Koiti Araki, Luis A. Avaca, Luiz Carlos Dias, Luiz Carlos G. Freitas, Marco-Aurélio De Paoli, Maria D. Vargas, Maysa Furlan, Miguel Jafelicci Jr., Mônica Tallarico Pupo, Oswaldo L. Alves, Ricardo Longo and Ronaldo A. Pilli.

  Former members of the Advisory Board: Giuseppe Cilento†, Jaswant R. Mahajan, Linus Pauling†, Hitoshi Ohtaki, Isabella Karle, Klaus Hafner, Kozo Kuchitsu, Russell A. Bonham, Vicente G. Toscano, Jerome Karle, Henry Taube†, Alejandro J Arvia, Clayton H. Heathcock, G. Jeffery Leigh, José Manuel Riveros, Otto Richard Gottlieb†, Alberto Nuñez Sellés, C. N. R. Rao, Jean-Marie Lehn, José Luiz F. Costa Lima, Miguel de la Guardia and Roberto Sanchez-Delgado.

  The Journal of the Brazilian Chemical Society is published once a month by the Sociedade Brasileira de Química (Brazilian Chemical Society ).

    SBQ Periodicals Coordinator: Vitor Francisco Ferreira

  Editorial and Publishing Office: 

    Instituto de Química, Universidade Estadual de Campinas, CP 6154, 13083-970 Campinas - SP, Brazil

    Tel/Fax: +55 19 3521-3151; E-mail: office@jbcs.sbq.org.br

  Subscriptions and Advertising Office: 

    Sociedade Brasileira de Química, CP 26037, 05513-970 São Paulo - SP, Brazil

    Tel: +55 11 3032-2299; Fax: +55 11 3814-3602; E-mail: assinaturas@sbq.org.br

  The Journal of the Brazilian Chemical Society serves its readers as a forum for information related to the advancement of Chemistry. The Journal is devoted to the publication of research papers in all fields of Chemistry, except education, philosophy and history of Chemistry

  Information for authors: Full details of how to submit material for publication in the Journal of the Brazilian Chemical Society (online submission only) are given in the link Instructions for Authors http://jbcs.sbq.org.br/instr.authors

  Galley proofs are sent by the Editorial Office to the author who submitted the manuscript. Proofs should be checked and returned as soon as possible (preferably within 48 hours)

  Subscription Rates - 2014. Members of the Sociedade Brasileira de Química (Brazilian Chemical Society): R$105,00 (Brazil) and US$95 (other countries). Non-members: R$285,00 (Brazil), US$95 (Latin America) and US$150 (other countries). Institutions: R$285,00 (Brazil) and US$260 (other countries). See also World Wide Web http://www.sbq.org.br/assinatura.php

  Back issues. Back issues of all previously published volumes are available directly from the Subscriptions Office

  Systems of Management and Publications (post-approval), Registration of DOI, Site, eBook: GN1 - Sistemas e Publicações Ltda.

  
    [image: gn1]

  

  
    Copyright © 2015 Sociedade Brasileira de Química (Brazilian Chemical Society)

  

  It is a condition for publication that manuscripts submitted to this journal have not yet been published and will not be simultaneously submitted or published elsewhere. By submitting a manuscript, the authors agree that the copyright for their article is transferred to the Sociedade Brasileira de Química (SBQ) if and when the article is accepted for publication. The copyright covers the exclusive rights to reproduce and distribute articles, including reprints, photographic reproductions, microform or any other reproductions of a similar nature, including translations. No part of this publication may be reproduced, stored in a retrieval system or transmitted in any form or by any means, whether electronic, electrostatic or mechanical, nor by photocopying, recording, magnetic tape or otherwise, without written permission from the copyright holder.

  While every effort is made by the SBQ, editors and editorial board to see that no inaccurate or misleading data, opinions or statements appear in this journal, they wish to make it clear that the contents of the articles and advertisements published herein are the sole responsibility of the contributors or advertisers concerned. Accordingly, the SBQ, the editorial board and editors and their respective employees, officers and agents accept no responsibility or liability whatsoever for the consequences of any such inaccurate or misleading data, opinion or statement.

  Photocopying information for users in the USA. The Item-Fee Code for this publication indicates that authorization to photocopy items for internal or personal use is granted by the copyright holder for libraries and other users registered with the Copyright Clearance Center (CCC). Transactional Reporting Service provided the stated fee for copying beyond that permitted by Section 107 and 108 of the United States Copyright Law is paid. The appropriate remittance of $ 6.00 per copy per article is paid directly to the Copyright Clearance Center Inc., 222 Rosewood Drive, Danvers, MA 01923, USA

  Permission for other use. The copyright owner's consent does not extend to copying for general distribution, for promotion, for creating new works, or for resale. Specific written permission must be obtained from the Publisher for such copying

  The Item-Fee Code for this publication is: 0103-5053 $6.00 + 0.00

  Printed on acid-free paper

  Indexed in the following databases: Science Citation Index®, Science Citation Index expanded (SciSearch®), ISI Alerting Services, Chemical Abstracts-CA Plus, Chemistry Citation Index®, Current Contents®/Physical, Chemical and Earth Sciences, IndexCopernicus, Portal de Periódicos da Capes, SciELO and SCOPUS

  Financial support:

  
    [image: suporte financeiro]

  

  
    Printed in Brazil

    Desktop Publishing: Hermano - Phone: +55 11 5571-8937

      Printed by: Print Master - Phone: +55 19 3223-1044

  





  DOI: 10.5935/0103-5053.20140295

  EDITORIAL

  
    Nóbrega JA , Loh W. New times ahead – let us strengthen our values. J. Braz. Chem. Soc. 2015;26(1):1-2

  

  
    New times ahead – let us strengthen our values

  

   

 

  The first editorial of last year was entitled "Good Times Ahead – Enjoy the New Year!"1 Looking back, we may say that 2014 was another year of hard work and remarkable achievements. We celebrated our 25th Anniversary in 2014 and, as stated in a recent editorial, from its beginning, "the secret of JBCS has always been originality,…" and we certainly agree that "the JBCS is a watershed in Brazilian Chemistry".2

  Another landmark in July 2014 was the celebration of the first year of use of the online submission platform ScholarOneTM by the JBCS. Thanks to all authors and reviewers, who contributed to the success of this new phase of the JBCS, we had a record number of submissions in 2014 with about 900 submissions till December 10th.

  Fortunately, coordinated efforts of the editorial office, editors, reviewers and authors helped us to manage this record submission and at the same time reach an average publication time of 3.6 months from submission to online release with the digital object identification (DOI) number. Just to highlight this collective achievement, publication times were 5.4, 5.5 and 5.0 months in 2011, 2012 and 2013, respectively. Cheers!

  Overall, the JBCS rejection rate was kept around our historical average of 65% and the impact factor in 2013 (1.253) was practically the same one reached in 2012 (1.283). We are happy that we could keep this indicator despite the increasing number of published manuscripts. However, it is clear for us that we have room for improvement and this aspect will be discussed in a coming editorial on citation patterns.

  In 2014, three Special Issues were published: one related to the XIX Brazilian Symposium on Electrochemistry and Electroanalytical Chemistry (SIBEE), a traditional Brazilian symposium in well-established fields, a thematic one on "Neglected and Rare Diseases" and another one on Catalysis, coming out as the last issue of 2014. The three Special Issues contain superb review papers and a further reading is strongly recommended. For instance, in the "Neglected and Rare Diseases" Special Issue, together with a great collection of papers, Whitesides' editorial discussed the role of Brazil in this critical area.3 We do recommend a closer reading of the October issue.

  In January 2014, we stated that we wanted to move ahead with internationalization.1 Those efforts were fully recognized by Meneghini when pointing out that "in 2010 and 2011, the JBCS published 203 articles by authors from 34 foreign countries with no Brazilian co-authorship, that is, one-third of all JBCS' publications in those two years."4 Just for comparison purposes, it was also pointed out in the same editorial that, "in 2000 and 2001, the number of articles by foreign authors were 12 times smaller."4 We are working hard to keep this trend.

  Despite all challenges that we may see in Brazilian horizons, according to a recent report in Nature, "Brazil's scientific output has risen by more than a factor of five ... The country now accounts for more than two-thirds of South America's entire research output – although it is broadly similar to Argentina, Uruguay and Chile in terms of articles per capita".5

  We do believe that it is better to think about a half full cup of water and, in spite of some turbulence ahead, it is a good time to strengthen our values and to work hard in breeding a "new generation of chemist leaders for a Chemistry without borders".6

  This coming year brings some expectations for even more success. We wish to continue with the policy of Thematic Special Issues and, by the way, one on "Chemistry at Interfaces" is being organized under the responsibility of Professors Faruk Nome and Cornelia Bohne. Another planned special issue will be dedicated to the United Nations International Year of Light, which aims at highlighting the importance of light and optical technologies in our lives for our future and for the society development. This issue will be organized by Professors Sidney Ribeiro and Mauricio Baptista.

  One change, though minor, is that the publication of the Portuguese version of the Editorial and of the Abstracts will be discontinued, because the latter used to be an unnecessary burden to our foreign authors.

  The JBCS has now a new Editorial Advisory Board. Thus, we want to take this opportunity to thank all colleagues who are leaving the Board for their continuous support of fundamental importance during the consolidation years of our Journal. For those who are arriving (or continuing for another term), our warm welcome with wishes that their support, suggestions and criticisms may help us keep tracking the right path.

  More importantly, we will have a new Associate Editor starting this year: Professor Paulo Cezar Vieira, from the Universidade Federal de São Carlos, replacing Professor Monica Pupo. We thank Monica for all her contributions to the JBCS during all these last years, especially on occasions in which the Editorial work has taken the time she had to struggle to find. We wish her success in her career, sure that we can keep counting on her support to the Journal. We welcome Paulo Cezar (mostly known as P.C.) on board, hoping to benefit from his experience in the natural product field and from his new ideas!

  We wish you all a wonderful New Year!

  
    Joaquim A. Nóbrega

    JBCS Editor

    Watson Loh

    JBCS Editor
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    Alkaloids from Acorus gramineus rhizomes and their biological activity
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    Como parte de nossa pesquisa em andamento por constituintes bioativos de fontes medicinais coreanas, um fracionamento biomonitorado e uma investigação química de extrato metanólico de rizomas de Acorus gramineus resultaram no isolamento e identificação de dois alcaloides, incluindo um novo alcaloide do tipo aporfina, chamado gramichunosina e um alcaloide pirrol conhecido. Suas estruturas foram determinadas por uma combinação de análises espectroscópicas de ressonância magnética nuclear (NMR) 1D e 2D e espectrometria de massas de alta resolução (HRMS). Este é o primeiro relato de alcaloides de A. gramineus. Os compostos isolados apresentaram atividade antiproliferativa contra as linhagens de células A549, SK-OV-3, SK-MEL-2, e HCT-15 com EC50 na faixa de 7,46-45,23 µM. Ademais, as atividades antineuroinflamatórias desses compostos foram determinadas através da medida dos níveis de óxido nítrico (NO) meio utilizando células de microglia murina BV-2. O composto gramichunosina inibiu a produção de NO em células BV-2 estimuladas com lipopolisacarídeo com valores de IC50 de 7,83 µM.

  

   

  
    As part of our ongoing search for bioactive constituents from natural Korean medicinal resources, a bioassay-guided fractionation and a chemical investigation of the methanolic extract from the rhizomes of Acorus gramineus resulted in the isolation and identification of two alkaloids, including a new aporphine-type alkaloid, named gramichunosin, and a known pyrrole alkaloid. Their structures were determined by a combination of 1D and 2D nuclear magnetic resonance (NMR) spectroscopic analysis and high resolution mass spectrometry (HRMS). This is the first report of alkaloids from A. gramineus. The compounds isolated showed antiproliferative activities against A549, SK-OV-3, SK-MEL-2 and HCT-15 cell lines with EC50 values in the range of 7.46-45.23 µM. Moreover, the anti-neuroinflammatory activities of these compounds were determined by measuring the nitric oxide (NO) levels in the medium using murine microglia BV-2 cells. Compound named gramichunosin inhibited NO production in lipopolysaccharide-stimulated BV-2 with IC50 values of 7.83 µM.

    Keywords: Acorus gramineus, alkaloid, antiproliferative activity, anti-neuroinflammatory activity

  

   

   

  Introduction

  Alkaloids are a chemically heterogenous group of natural substance and compose more than 6000 basic nitrogen containing organic compounds that occur in about 15% of all vascular terresterial plants and in more than 150 different plant families. The alkaloids exhibit diverse structures as well as an extraordinary spectrum of pharmacological activities.1-3 Many researchers have been attracted by these characteristics of alkaloids for their chemical, biological and taxonomical studies.

  Acorus gramineus Soland(Araceae) is an aquatic perennial herbaceous plant with semi-evergreen grasslike foliage. It is distributed in Korea, Japan and China, and its rhizomes have been used as a traditional medicine in China to treat various disorders including cognitive disorders, sedation, stomach ache and edema.4-6 Previous phytochemical studies of this plant reported some pharmacologically active phenolics, such as β-asarone, α-asarone and phenylpropenes as well as lignans, which were associated with antibacterial, antifungal, anthelminthic, pesticidal and cytotoxic activities.7-12 As part of our ongoing search for bioactive constituents from natural Korean medicinal resources, we found that the methanolic (MeOH) extract from the rhizomes of A. gramineus had excellent cytotoxic activity against A549, SK-OV-3 and SK-MEL-2 cells and showed inhibitory effects on nitric oxide (NO) production using an activated murine microglial cell line in our preliminary studies.

  Our continuing interest in the research on bioactive constituents from this plant led us to investigate bioactive metabolites of A. gramineus rhizomes. A bioassay-guided fractionation and chemical investigation of its MeOH extract resulted in the isolation and identification of two alkaloids, including a new aporphine-type alkaloid (1), named gramichunosin, and a known pyrrole alkaloid (2). This report will discuss the isolation and structural elucidation of the two alkaloids from A. gramineus rhizomes (Figure 1), as well as their antiproliferative activities against A549, SK-OV-3, SK-MEL-2 and HCT-15 cell lines and their inhibitory effects on NO production in a lipopolysaccharide (LPS)-activated BV2 cell line.

  
    

    [image: Figure 1. Structures of compounds 1 and 2 isolated from A. gramineus]

  

   

  Experimental

  General experimental procedures

  Melting point was determined on a Gallenkamp melting point apparatus and is uncorrected. Infrared (IR) spectra were recorded on a Bruker IFS-66/S FT-IR spectrometer (Bruker, Karlsruhe, Germany). UV spectra were recorded with a Shimadzu UV-1601 UV-Vis spectrophotometer (Shimadzu, Tokyo, Japan). Electrospray ionization mass spectrometry (ESIMS) and high resolution electrospray ionization mass spectrometry (ESI-MS) (HR-ESIMS) spectra were recorded on a Micromass QTOF2-MS (MicroMass, Waters, Milford, MA, USA). Nuclear magnetic resonance (NMR) spectra, including 1H-1H COSY, HMQC, and HMBC experiments, were recorded on a Varian UNITY INOVA 500 NMR spectrometer (Varian, Palo Alto, CA, USA) operating at 500 MHz (1H) and 125 MHz (13C), with chemical shifts given in ppm (δ). Semi-preparative high performance liquid chromatography (HPLC) was conducted using a Gilson 306 pump (Gilson, Middleton, WI) with Shodex refractive index detector (Shodex, New York, NY). Silica gel 60 and RP-C18 silica gel (230-400 mesh, Merck, Darmstadt, Germany) were used for column chromatography. The packing material for molecular sieve column chromatography was Sephadex LH-20 (Pharmacia, Uppsala, Sweden). Merck precoated silica gel F254 plates and RP-18 F254s plates (Merck, Darmstadt, Germany) were used for thin layer chromatography (TLC). Spots were detected on TLC under UV light or by heating after spraying with 10% H2SO4 in C2H5OH (v/v).

  Plant material

  The rhizomes of A. gramineus were collected from Jeju Island, Korea, in March 2009, and the plant was identified by one of the authors (K. R. L. ). A voucher specimen (SKKU-NPL-0910) has been deposited in the herbarium of the School of Pharmacy, Sungkyunkwan University, Suwon, Korea.

  Extraction and isolation

  The rhizomes of A. gramineus (15 kg) were extracted with 80% aqueous MeOH at room temperature and filtered. The filtrate was evaporated under vacuum to obtain a MeOH extract (825 g), which was suspended in distilled H2O (2 L) and successively solvent-partitioned with n-hexane, CHCl3, EtOAc and n-BuOH, yielding 166, 14, 5 and 47 g of residues, respectively. Each fraction was evaluated for cytotoxicity against A549, SK-OV-3 and SK-MEL-2 cells using a sulforhodamine B (SRB) assay. The n-hexane-soluble and EtOAc-soluble fractions showed significant cytotoxic activity against tested cancer cell lines. The active fractions also inhibited NO production in LPS-stimulated BV-2 cells. The n-hexane-soluble fraction (62 g) was separated over a silica gel column chromatography with n-hexane-EtOAc (11:1) to yield eight fractions (H1-H8). Fraction H8 (2 g) was applied to RP-C18 silica gel column chromatography using a solvent system of MeOH-H2O (1:1) to give six subfractions (H8a-H8f). Fraction H8d (156 mg) was subjected to a Sephadex LH-20 column using a solvent system of CH2Cl2-MeOH (1:1), and further purified by semi-preparative reversed-phase HPLC using a 250 mm × 10 mm i.d., 10 µm, Econosil RP-18 column (Alltech, Nicholasville, KY, USA) with a solvent system of 100% MeOH (flow rate; 2 mL min-1) to obtain compound 1 (7 mg, tR = 23.5 min). Another active fraction, EtOAc-soluble fraction (5 g) was separated over a RP-C18 silica gel column chromatography using a solvent system of MeOH-H2O (1:1) to provide eight fractions (E1-E8). Fraction E3 (870 mg) was applied to a silica gel column chromatography with CHCl3-MeOH (25:1) to obtain five subfractions (E3a-E3e). Fraction E3d (83 mg) was subjected to a Sephadex LH-20 column using a solvent system of MeOH-H2O (4:1), and further purified by semi-preparative reversed-phase HPLC with a solvent system of MeOH-H2O (2:3, flow rate of 2 mL min-1) to furnish compound 2 (13 mg, tR = 18.0 min).

  Gramichunosin (1)

  Yellowish powder; m.p. 308-309 ºC; UV (MeOH) 
    λmax/nm (log ε) 392 (1.8), 272 (3.5), 232 (3.1); IR (KBr) νmax/cm–1 3357, 2945, 2832, 1451, 1116, 1032, 674; 1H (500 MHz) and 13C (125 MHz) NMR data, see Table 1; ESIMS (positive-ion mode) m/[image: caracter 2] 294 [M + H]+; HR-ESIMS (positive-ion mode) m/[image: caracter 3] 316.0951 [M + Na]+ (calcd. for C18H15NO3Na, 316.0950).

  
    

    [image: Table 1. 1H and 13C NMR data of compounds 1 and 2 in CDCl3a]

  

  4-(2-Formyl-5-(methoxymethyl)-1H-pyrrol-1-yl)butanoic acid (2)

  Brown gum; UV (MeOH) λmax/nm (log ε) 290 (3.8); IR (KBr) νmax/cm–1 3435, 2929, 1733, 1660, 1450, 1352, 1031, 670; 1H (500 MHz) and 13C (125 MHz) NMR data, see Table 2; ESIMS (positive-ion mode) m/[image: caracter 4] 226 [M + H]+.

  
    

    [image: Table 2. Antiproliferative activities of compounds 1 and 2 isolated from A. gramineus]

  

  Cell cultures

  All tumor cell cultures were maintained using RPMI1640 cell growth medium (Gibco, Carlsbad, CA), supplemented with 5% fetal bovine serum (FBS) (Gibco), 100 units mL-1 penicillin and 100 µg mL-1 streptomycin. Human tumor cell lines such as A549 (non-small cell lung carcinoma), SK-OV-3 (ovary malignant ascites), SK-MEL-2 (skin melanoma) and HCT-15 (colon adenocarcinoma) were provided by the National Cancer Institute (NCI). Murine microglial BV2 was generously provided by Dr E. Choi from Korea University (Seoul, Korea). It was maintained in Dulbecco's modified Eagle (DMEM) medium supplemented with 5% FBS, 100 units mL-1 penicillin and 100 µg mL-1 streptomycin. All cells were incubated at 37 ºC in a humidified incubator with 5% CO2.

  Cytotoxicity assessment

  The cytotoxicity of the compounds against cultured human tumor cell lines was evaluated by the sulforhodamine B (SRB) method.13 Each tumor cell line was inoculated over standard 96-well flat-bottom microplates and then incubated for 24 h at 37 ºC in a humidified atmosphere of 5% CO2. The attached cells were then incubated with the serially diluted samples. Control cultures received the carrier solvent (0.1% dimethyl sulfoxide). After continuous exposure to the compounds for 48 h, the culture medium was removed from each well and the cells were fixed with 10% cold trichloroacetic acid at 4 ºC for 1 h. After washing with tap water, the cells were stained with 0.4% SRB dye and incubated for 30 min at room temperature. The cells were washed again and then solubilized with 10 mM unbuffered Tris base solution (pH 10.5). The absorbance was measured spectrophotometrically at 520 nm with a microtiter plate reader. Doxorubicin (purity > 98%, Sigma) was used as a positive control. Tested compounds were demonstrated to be pure as evidenced by NMR and HPLC analysis (purity > 95%).

  Measurement of NO production

  BV-2 cells were plated into a 96-well plate (3 × 104 cells well-1). After 24 h, cells were pretreated with the compounds for 30 min, and stimulated with 100 ng mL-1 of LPS for another 24 h. Control cultures received the carrier solvent (0.1% dimethyl sulfoxide). Nitrite, a soluble oxidation product of NO, was measured in the culture media using the Griess reaction. The supernatant (50 µL) was harvested and mixed with an equal volume of Griess reagent (1% sulfanilamide, 0.1% N-1-napthylethylenediamine dihydrochloride in 5% phosphoric acid). After 10 min, the absorbance at 570 nm was measured using a microplate reader. Sodium nitrite was used as a standard to calculate the NO2- concentration. NG-monomethyl-L-arginine (NMMA, Sigma, St. Louis, MO, USA), a well-known NO synthase inhibitor, was tested as a positive control.14

   

  Results and Discussion

  The MeOH extract of A. gramineus rhizomes was subjected to liquid-liquid solvent-partitioning to yield n-hexane, CHCl3, EtOAc and n-BuOH soluble factions. Among them, the active n-hexane-soluble and EtOAc-soluble fractions were further separated by silica gel or Sephadex LH-20 column chromatography, and subsequent HPLC to give two alkaloids (1 and 2). To the best of our knowledge, the presence of alkaloids is reported from A. gramineus for the first time in this study.

  Compound 1, obtained as yellowish powder, gave a positive test with Dragendorff's reagent. The molecular formula was determined to be C18H15NO3 from the [M + Na]+ peak at m/[image: caracter 1] 316.0951 (calcd. for C18H15NO3Na, 316.0950) in the HR-ESIMS data. The IR spectrum indicated that 1 possessed hydroxyl (3357 cm-1) and aromatic (1451 cm-1) groups. The UV spectrum exhibited absorption bands at λmax 232, 272 and 392 nm, suggesting the presence of the conjugated double-bond system. The 1H NMR spectral data (Table 1) showed the presence of seven protons consisting of two vicinal coupled aromatic protons at δH 8.58 (d, J 6.0 Hz) and 7.41 (d, J 6.0 Hz), three vicinal coupled aromatic protons at δH 7.65 (d, J 7.5 Hz), 7.35 (t, J 7.5 Hz) and 6.98 (d, J 7.5 Hz) and two singlets of uncoupled aromatic protons at δH 8.78 (s) and 7.00 (s). In addition, two sharp singlets at δH 4.18 (3H, s) and 4.06 (3H, s), representing aromatic methoxy groups, were observed in the 1H NMR spectrum. The 13C NMR spectrum (Table 1) of 1 showed 18 carbon signals including two methoxy signals (δC 63.3 and 56.6) and five oxygenated or nitrogenated carbon signals (δC 159.3, 158.0, 153.1, 146.3 and 143.7), all of which were classified as olefinic or aromatic carbon signals except for two methoxy signals. Overall, the proton and carbon signals in the 1H and 13C NMR data of 1 implied that compound 1 may be a trioxygenated aporphine-type alkaloid by the aforementioned evidence and reported literatures.15-18

  The structure of the aporphine-type skeleton was ultimately elucidated by the interpretation of the 1H-1H correlated spectroscopy (COSY), heteronuclear multiple quantum correlation (HMQC), and heteronuclear multiple bond correlation (HMBC) data. The HMQC spectrum permitted the correlation of all protonated carbons. The HMBC data was crucial to confirming the structural assignments and correctly positing the methoxy and hydroxy groups and all non-protonated carbons. The COSY spectrum showed two different spin systems of H-4/H-5 and H-8/H-9/H-10 by their COSY correlations (Figure 2). The down-field shifted proton at H-5 (δH 8.58) suggested that the proton is adjacent to nitrogen atom, while the HMBC cross-peaks of H-5/C-3a and H-5/C-6a as well as H-3/C-1, H-3/C-2, H-3/C-1b, H-4/C-3 and H-4/C-1b allowed us to establish the partial structure from C-1 to C-6a (Figure 2). Particularly, the positions of two methoxy groups were confirmed to be at C-1 and C-2 by the HMBC correlations between 1-OCH3 (δH 4.18) and C-1 (δC 143.7) and between 2-OCH3 (δH 4.06) and C-2 (δC 158.0), respectively. In addition, the other remaining structure was elucidated by the H-8/H-9/H-10 COSY system and the HMBC correlations of H-7/C-1b, H-7C-8, H-7/C-11a, H-8/C-11a, H-9/C-7a, H-9/C-11, H-10/C-8 and H-10/H-11a (Figure 2). Finally, even though HMBC correlation between C-1a and any protons was not observed, the connectivity of C-1-C-1a-C-11a was clearly deduced based on the molecular formula after connecting other partial structures. Thus, the gross structure of 1 was established as shown in Figure 1 and named gramichunosin. To our knowledge, an aporphine alkaloid with similar structural feature was isolated from the stem bark of Enantia chlorantha, and identified as 6a,7-dehydro-1,2-dimethoxy-7-hydroxyaporphine.19 It shares 6a,7-dehydro-1,2-dimethoxy-aporphine skeleton, whereas it has hydroxyl group at C-7 and saturation at C-4/C-5.

  
    

    [image: Figure 2. The 1H-1H COSY correlations (bond) and key HMBC correlations]

  

  Compound 2 was obtained as a brown gum. The molecular formula was determined as C11H15NO4 from the molecular ion peak [M + H]+ at m/[image: caracter 5] 226 [M + H]+ in the ESIMS. The IR spectrum exhibited absorptions of carboxylic acid (1733 cm-1) and aldehyde (1660 cm-1) groups. Compound 2 had a UV spectrum characteristic of pyrrole-2-aldehyde with an absorption maximum at 290 nm.20 Inspection of the 1H chemical shifts and coupling constants of signals at δH 6.90 (d, J 4.0 Hz) and 6.25 (d, J 4.0 Hz) implied the presence of a heterocyclic ring containing a nitrogen atom and the coupling constant of 4.0 Hz indicated 2,5-disubstituted pyrrole ring.21 The characteristic signal at δH 9.50 in the 1H NMR spectrum and at δC 179.5 in the 13C NMR spectrum (Table 1) were indicative of an aldehyde, and a singlet signal at δH 4.46 (δC 65.4) was assigned to an oxygenated methylene group. The partial structure of 2,5-disubstituted pyrrole ring was established by the analysis of the 1H-1H COSY and HMBC spectroscopic data (Figure 3), and the location of a methoxy group was confirmed to be C-6 by the HMBC correlation between the methoxy proton (δH 3.36) and C-6 (δC 65.4). A butanoic acid unit was also assigned as a side chain by the COSY correlations from H-1' to H-3' and HMBC cross peaks of H-2'/C-4 and H-3'/C-4 (Figure 3). Finally, the connectivity of the side chain to the pyrrole ring was suggested by the observation of HMBC correlations from H-1' to C-2 and C-5. According to these pieces of evidence, the structure of 2 was elucidated to be 4-(2-formyl-5-(methoxymethyl)-1H-pyrrol-1-yl)butanoic acid. As a result of the literature survey, compound 2 was already reported from Lycium chinense fruits.21 However, the reported 13C NMR data did not match completely with our 13C NMR assignments, even though the NMR data were obtained in the same solvent (CDCl3). In particular, most of 13C NMR data of 2 were not much different from the reported data in the difference-range of 0.1-0.4 ppm, whereas the 13C chemical shift of C-5 (δC 138.8) was obviously different (ΔδC-5 -5.1 ppm) and that of C-4' was also slightly different (ΔδC-4' +2.3 ppm). Thus, we suggest that the assignments of 13C NMR for 2 should be corrected as the data we are publishing in this study.

  
    

    [image: Figure 3. The 1H-1H COSY correlations (bond) and key HMBC correlations]

  

  The antiproliferative activities of the alkaloids 1-2 were evaluated by determining their inhibitory effects on four human tumor cell lines, namely A549 (non-small cell lung carcinoma), SK-OV-3 (ovary malignant ascites), SK-MEL-2 (skin melanoma) and HCT-15 (colon adenocarcinoma) using the SRB bioassay.13 The results (Table 2) showed that compounds 1 and 2 showed moderate antiproliferative activities against SK-OV-3 and SK-MEL-2 cell lines with EC50 values ranging from 7.46 to 23.59 µM. Moreover, they showed weak inhibitory activity against the proliferation of the A549 and HCT-15 cell lines with EC50 values in the range of 37.23-45.23 µM (Table 2).

  Next, the anti-neuroinflammatory activities of the compounds 1 and 2 were evaluated by measuring the produced NO levels in LPS-activated microglia BV-2 cells. Microglia cells, the unique population of the central nervous system resident immune cells, have been implicated in the pathogenesis of a variety of neurodegenerative diseases including Parkinson's disease and Alzheimer's disease.22,23 Excessive production of NO and proinflammatory cytokines from activated microglia play an important role in neurodegenerative disorders. Therefore, regulation of the microglial activation will be an important strategy to prevent the progressive damage of the neurodegenerative diseases. In this test, compound 1 significantly inhibited LPS-stimulated NO production with IC50 values of 7.83 µM, which displayed more activity than a positive control, NG-nonomethyl-L-arginine (L-NMMA; a well-known NOS inhibitor, IC50 value of 14.27 µM). However, compound 2 had no influence on NO levels in the medium (IC50 > 200 µM). The isolates 1-2 had no influence on cell viability (data not shown) at concentrations up to 20 µM.

   

  Conclusions

  The bioassay-guided fractionation and chemical investigation of A. gramineus rhizomes resulted in the isolation and identification of two alkaloids, including a new aporphine-type alkaloid, gramichunosin (1). The corrected assignments in 13C NMR of compound 2 were also suggested in this study. To our knowledge, this is the first report to investigate alkaloidal compounds from A. gramineus. The isolated alkaloids displayed antiproliferative activities by suppressing the survival of human cancer cells (A549, SK-OV-3, SK-MEL-2 and HCT-15). Particularly, compound 1 exhibited significant anti-neuroinflammatory activity by inhibiting the NO production in LPS-stimulated microglial BV-2. These results suggest that compound 1 can be applied as the key compound in the drug development for various cancers and neuroinflammatory diseases. In addition, its anti-neuroinflammatory activity supports the folk usage of A. gramineus in the treatment of cognitive disorders, and it is possible that compound 1 may be one of the active ingredients responsible for the cognitive improvement.
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    A investigação química das culturas do fungo Marasmiellus ramealis resultou na primeira isolação de onze compostos incluindo dois novos sesquiterpenoides do tipo eudesmano 14(10→1)abeo-eudesmano-13-hidroxil-11-eno, 14(10→1)abeo-eudesmano-11,13-diol, e o novo derivado de meleína (R)-(–)-5-etoxicarbonil meleína. A atividade inibitória da aceticolinesterase (AChE) dos dois primeiros compostos foi avaliada, que mostraram ser ativos com uma porcentagem de inibição de 29 e 41%, respectivamente, em uma concentração de 100 µmol L-1.

  

   

  
    Chemical investigation on the cultures of the fungus Marasmiellus ramealis resulted in the first isolation of eleven compounds including two new eudesmane-type sesquiterpenoids 
      14(10→1)abeo-eudesmane-13-hydroxyl-11-ene, 14(10→1)abeo-eudesmane-11,13-diol, and the new mellein derivative (R)-(–)-5-ethoxycarbonyl mellein. The first two compounds were evaluated for their inhibitory activity against acetylcholinesterase (AChE), and proved to be active with a percentage inhibition of 29 and 41%, respectively, at a concentration of 100 µmol L-1.

    Keywords: Marasmiellus ramealis (Bull.) Singer, eudesmane, sesquiterpenoids, mellein, AChE inhibition

  

   

   

  Introduction

  As a key enzyme of biological neural conduction, acetylcholinesterase (AChE) can degrade the level of acetylcholine,1 affecting the normal transmission of nerve signals in vivo. The search for AChE inhibitors, which reduce the degradation of acetylcholine, is an effective approach to drug discovery in this field. As a common neurodegenerative disease, Alzheimer's disease (AD) is caused by the absence of the brain neurotransmitter acetylcholine, so drug treatment for AD aims to improve the patient's level of acetylcholine by inhibiting AChE.2,3 Many AChE inhibitors, such as tacrine, donepezil, rivastigmine and galantamine, are approved by the US Food and Drug Administration,4 whereas huperzine A isolated from traditional Chinese medicine Huperzia serrata is the most successful AChE inhibitor developed in China.5

  The fungus Marasmiellus ramealis (Bull.) Singer belongs to the genus Marasmiellus in the family Marasmiaceae, and usually grows on deadwood. This fungus is a small, thin, white edible mushroom with a wide distribution in most parts of China, especially in Hainan, Hunan, Yunnan, and Tibet province.6 Previous studies on chemical constituents of M. ramealis showed the presence of several natural products, such as marasin and isocoumarins.7-9 In order to make full use of M. ramealis, a thorough chemical investigation was thus undertaken to find bioactive metabolites from cultures of this fungus, leading to the isolation of eleven compounds: 
    14(10→1)abeo-eudesmane-13-hydroxyl-11-ene (1), 14(10→1)abeo-eudesmane-11,13-diol (2), (R)-(–)-5-ethoxycarbonyl mellein (3), (R)-(–)-5-carboxylic acid mellein (4),10 stachyline C (5),11 2-(4-hydroxyphenyl) acetate (6),12 5α,8α-epidioxy-ergosta-6,22-dien-3β-ol (7),13 ergosta-7,22-dien-3β,5α,6β-triol (8),14 cytochalasin D (9),15 cytochalasin C (10),16 and 13,14-epoxycytochalasin D (11).17 Their structures were elucidated by mass spectrometry (MS), nuclear magnetic resonance (NMR) and infrared (IR) spectroscopies, and comparison of spectroscopic data with those reported in literature. Compounds 1 and 2 are new eudesmane-type sesquiterpenoids and compound 3 is a new mellein derivative (Figure 1). Compounds 4-11 were isolated for the first time from M. ramealis. Two new eudesmane-type sesquiterpenoids (1 and 2) were assayed for AChE inhibitory activity and both showed moderate inhibition. Herein, the isolation and structural elucidation of these isolates, as well as their inhibitory activity against AChE, are described.

  
    

    [image: Figure 1. Structures of new compounds 1-3]

  

   

  Experimental

  General procedures

  IR spectra were obtained on a Nicolet 380 FT-IR instrument, in KBr pellets (Thermo, Pittsburgh, PA, USA). Optical rotations were measured with a Rudolph Autopol III polarimeter (Rudolph Research Analytical, Hackettstown, NJ, USA). A Shimadzu UV-2550 spectrometer (Beckman, Brea, CA, USA) was used for scanning ultraviolet (UV) spectroscopy. High-resolution-electrospray ionization mass spectra (HRESIMS) were performed on an API QSTAR Pulsar mass spectrometer (Bruker, Bremen, Germany). 1D and 2D NMR spectra were recorded on AV-500 spectrophotometers (Bruker, Bremen, Germany) with tetramethylsilane (TMS) as the internal standard. Column chromatography (CC) was performed with Si gel (200-300 mesh; Qingdao Marine Chemical Inc., Qingdao, China) and Lichroprep RP-18 gel (40-63 µm; Merck, Darmastadt, Germany). The fractions were monitored by thin layer chromatography (TLC), and spots were visualized by heating Si gel plates sprayed with 5% H2SO4 in ethanol.

  Fungus material

  The fungus M. ramealis was collected in Jianfengling Mountain, Hainan province, China, in June 2012, and identified by Prof. Nian-kai Zeng, Hainan Medical College. The mycelium was isolated from the cap of M. ramealis and its strain was maintained on potato dextrose agar (PDA) slant at 4 °C. A voucher specimen (No. HUANG 201201) was deposited at the Institute of Tropical Bioscience and Biotechnology, Chinese Academy of Tropical Agricultural Sciences.

  Fermentation, extraction and isolation

  The fungus was cultured on PDA at room temperature for a week. Two pieces of mycelial agar plugs (0.5 × 0.5 cm2) were inoculated into 1 L Erlenmeyer flasks containing 500 mL potato dextrose broth (PDB). The fermentation was carried out on a shaker at 25 °C and 150 rpm for 7 days, and then kept intact at room temperature for 23 days. The culture broth (90 L) was filtered to give the filtrate and mycelia. The filtrate was evaporated in vacuo to a small volume and then suspended in H2O and partitioned successively with EtOAc and n-BuOH. The EtOAc solution was evaporated under reduced pressure to give a crude extract (15.6 g), which was separated into fractions 1-9 on silica gel CC using as gradient an eluent of petroleum ether-EtOAc (20:1-0:1, v/v, each 1 L). Fraction 2 (3.0 g) was separated by silica gel column using as gradient solvent petroleum ether-EtOAc (5:1-3:1, v/v, 500 mL) to afford compounds 5 (5.0 mg) and 6 (3.0 mg) according to their TLC pattern. Fraction 3 (2.0 g) was submitted to silica gel CC with petroleum ether-EtOAc (3:1, v/v, 600 mL) as eluent, and further purified by Sephadex LH-20 CC with CHCl3/MeOH 
    (1:1, v/v, 600 mL) as eluent, yielding compounds 9 (10.0 mg), 10 (15.0 mg) and 11 (10.0 mg). Compounds 3 (7.0 mg) and 4 (2.0 mg) were isolated from fraction 4 (3.5 g) by repeated silica gel CC eluted with petroleum ether-EtOAc (3:1, v/v, 800 mL). Compounds 1 (3.0 mg) and 2 (3.5 mg) were obtained from fraction 7 (2.0 g) by repeated silica gel CC with petroleum ether-EtOAc (2:1, v/v, 500 mL) and chromatographed over Sephadex LH-20 column, using CHCl3-MeOH (1:1, v/v, 600 mL) as eluent. Fraction 8 (3.0 g) was purified by repeated silica gel CC eluted with petroleum ether-EtOAc (2:1, v/v, 600 mL) to yield compounds 7 (20.0 mg) and 8 (3.5 mg).

  Compound 1: colorless oil; [α]D32 –3.7 (c 0.035, CH3OH); UV (CH3OH) λmax/nm (log ε) 273 (3.36), 324 (3.30), 383 (3.24); IR (KBr)νmax/cm-1 3350, 2920, 1643, 1540, 1427, 1372, 1160, 1110, 1059, 611; HRESIMS m/[image: caracter 1] (%) 261.1826 (calcd. for C15H26O2Na, 261.1830); 1H NMR (500 MHz, CDCl3) and 13C NMR (125 MHz, CDCl3) see Table 1.

  
    

    [image: Table 1 1H NMR and 13C NMR data of 1 and 2 in CDCl3 (δ in ppm)]

  

  Compound 2: colorless oil; [α]D32 –1.8 (c 0.05, CH3OH); UV (CH3OH) λmax/nm (log e) 196 (3.98), 202 (3.79), 273 (3.57), 306 (3.36), 322 (3.25), 365 (3.19); IR (KBr) 
    νmax/cm-1 3419, 2925, 1628, 1451, 1031; HRESIMS m/[image: caracter 2] (%) 279.1938 [M + Na]+ (calcd. for C15H28O3Na, 279.1936); 1H NMR (500 MHz, CDCl3) and 13C NMR (125 MHz, CDCl3) see Table 1.

  Compound 3: white powder; [α]D32 –6.4 (c 0.02, CH3OH); UV (CH3OH) λmax/nm (log e) 225 (1.56); IR (KBr)νmax/cm-1 3419, 2925, 1609, 1420, 1110; HREIMS m/[image: caracter 3] (%) 250.0847 [M]+ (calcd. for C13H14O5, 250.0841); 1H NMR (500 MHz, CDCl3) and 13C NMR (125 MHz, CDCl3) see Table 2.
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  Bioassay of AChE inhibitory activity

  AChE inhibitory activity of these compounds was assayed by the spectrophotometric method developed by Ellman et al..18 Acetylthiocholine iodide (Sigma, St. Louis, MO, USA) was used as substrate in the assay. Compounds were dissolved in dimethyl sulfoxide (DMSO). The reaction mixture, consisting of 110 µL phosphate buffer (pH 8.0), 10 µL of tested compounds solution (2000 µmol L-1), and 40 µL AChE solution (0.04 U per 100 µL), was mixed and incubated for 20 min (30 °C). The reaction was initiated by the addition of 20 µL 5,5-dithiobis-2-nitrobenzoic acid (6.25 mmol L-1) and 20 µL acetylthiocholine. The hydrolysis of acetylthiocholine was monitored at 405 nm after 30 min. Tacrine (Sigma-Aldrich 99%) was used as positive control. All reactions were done in triplicate. The percentage inhibition was calculated as follows: %inhibition = (E – S) / E × 100 (E is the activity of the enzyme without any test compound and S is the activity of enzyme with test compounds).

   

  Results and Discussion

  Compound 1 was isolated as a colorless oil, and its molecular formula was assigned as C15H26O2 by the positive HRESIMS at m/[image: caracter 4] 261.1826 [M + Na]+ (calcd. 261.1830) and NMR data (Table 1), indicating three degrees of unsaturation. The IR spectrum displayed the presence of hydroxyl groups (3350 cm-1) and double bond (1643 cm-1). Analysis of its 13C NMR and distortionless enhancement by polarization transfer (DEPT) spectra (Table 1) showed the presence of 15 carbon resonances. These carbons were assigned to two methyl groups, seven methylenes (one olefinic and one oxygenated), four methines, and two quaternary carbons. Comparing the 13C NMR data of 1 with those of (1S,4S,5R,7R,10R)-10-desmethyl-1-methyl-11-eudesmene showed that both compounds had the same carbon skeleton.19 The main difference was that C-13 (δC 19.8) in (1S,4S,5R,7R,10R)-10-desmethyl-1-methyl-11-eudesmene was shifted downfield to δC 64.6 in compound 1, which suggested the presence of a hydroxymethyl in the side chain of this compound. This was supported by its molecular formula and heteronuclear multiple-bond correlation (HMBC) spectrum correlations (Figure 2) from H-13 to C-11 [δC 156.9 (s)], C-12 [δC 106.7(t)], and C-7 [δC 42.3 (d)]. The other HMBC correlations indicated the atom connectivity in compound 1.  The relative configurations of the chiral centers (C-1, C-4, C-5, C-7, and C-10) in 1 were assigned from rotational frame nuclear Overhauser effect spectroscopy (ROESY) experiments (Figure 3), which indicated β-orientations of CH3-14 and H-10, and α-orientations of H-5, H-7 and CH3-15, as well as from the similarity of its NMR data with those of (1S,4S,5R,7R,10R)-10-desmethyl-1-methyl-11-eudesmene. Thus, the structure of compound 1 was assigned as shown and named as 14(10→1)abeo-eudesmane-13-hydroxyl-11-ene.

  
    

    [image: Figure 2. 1H,1H-COSY (–) and key HMBC (→) correlations of compounds 1-3]
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  Compound 2 was obtained as a colorless oil and had the molecular formula C15H28O3, based on the positive HRESIMS at m/[image: caracter 5] 279.1938 [M + Na]+ (calcd. 279.1936), indicating two degrees of unsaturation. The IR spectrum of 2 showed absorption bands at 3419 cm-1 ascribable to hydroxyl groups. The 13C NMR and DEPT spectra of 2 (Table 1) displayed a total of 15 carbon signals including three methyls, six methylenes, four methines and two oxygenated quaternary carbons, suggestive of a sesquiterpenoid skeleton. The 13C NMR spectrum of 2 (Table 1) was similar to that of compound 1 except for the presence of one methyl (δC 17.9) and one oxygenated quaternary carbon (δC 76.2) in 2, replacing olefinic carbons C-11 and C-12 in 1.  This feature indicated that compound 2 is the ∆1 hydrolyzed analogue of 1.  This deduction was confirmed by the HMBC (Figure 2) correlations from H-12 [δH 0.98 (s)] to C-11, C-13 [δC 68.4 (t)], and C-7 [δC 43.1 (d)]. Compound 2 had the same relative configurations as those of 1 according to its ROESY spectrum (Figure 3) and their similar NMR data. Thus, the structure of compound 2 was assigned as shown and named as 14(10→1)abeo-eudesmane-11,13-diol.

  The molecular formula of compound 3 was determined to be C13H14O5 from its HREIMS at m/[image: caracter 6] 250.0847 [M]+ (calcd. 250.0841). The 1H and 13C NMR spectra (Table 2) displayed 13 carbon resonances comprising of two methyl groups, two methylenes, three methines, six quaternary carbons (including four olefinic carbons and two carbonyls at δC 165.9 and 170.2). The NMR data of 3 were similar to those of (R)-(–)-5-methoxycarbonyl mellein except for the presence of ethoxyl signals (δC 61.1 and δC 14.4) attaching to the carbonyl at C-10 in 3,replacing the methoxyl signal (δC 52.0) in (R)-(–)-5-methoxycarbonyl mellein,20 which was confirmed by the HMBC (Figure 2) correlations from H-12 [δH 1.38 (t, 3H, J 7.1 Hz)] to C-11 (δC 61.1) and from H-11 [δH 4.32 (q, 2H, J 7.1 Hz)] to C-10 (δC 165.9). The 1H,1H correlation spectroscopy (COSY) and other HMBC correlations also supported the assignment of the mullein skeleton of 3.  The configuration of the stereocenter at C-3 in compound 3 was determined to be R based on a comparison of similar NMR data and negative optical rotation (–6.4) with those of (R)-(–)-5-methoxycarbonyl mellein.20 Thus, compound 3 was identified as (R)-(–)-5-ethoxycarbonyl mellein.

  The AChE inhibitory activity of compounds 1 and 2 were determined by a previously described method.18 The known AChE inhibitor tacrine was used as positive control in this assay and showed a percentage inhibition of 57%. Compounds 1 and 2 both exhibited moderate inhibitory activity with a percentage inhibition of 29 and 41%, respectively, at a concentration of 100 µmol L-1.

   

  Conclusions

  In this work, the new compounds 14(10→1)abeo-eudesmane-13-hydroxyl-11-ene (1), 14(10→1)abeo-eudesmane-11,13-diol (2), and (R)-(–)-5-ethoxycarbonyl mellein (3), together with eight known compounds were isolated from the cultures of the fungus Marasmiellus ramealis by column chromatography. The new eudesmane-type sesquiterpenoids 1 and 2 were evaluated for their inhibitory activity against acetylcholinesterase (AChE), and showed moderate inhibitory activity with a percentage inhibition of 29 and 41%, respectively, at a concentration of 100 µmol L-1.
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    O óleo de perilla (Perilla frutescens) foi extraído utilizando n-propano subcrítico e também pela metodologia oficial de Soxhlet, para efeito de comparação. Objetivou-se avaliar a influência dos fatores temperatura e pressão sobre a composição dos ácidos graxos (FA), através de um fatorial 22 completo em triplicata com ponto central. Ambos os fatores analisados contribuíram significativamente para o rendimento dos FA extraídos. As superfícies de resposta indicaram que o aumento da pressão e temperatura permitiu maior extração de ácidos graxos omega-3 e poli-insaturados (PUFA), e uma melhor razão entre PUFA e ácido graxos saturados (SFA). Através da função de desejabilidade, a melhor condição de extração com n-propano foi temperatura de 80 ºC e pressão de 8 MPa. A análise multivariada distinguiu a condição ótima no grupo de maior conteúdo de PUFA, com destaque para o ácido alfa-linolênico, enquanto a metodologia de Soxhlet caracterizou-se com elevado teor de SFA.

  

   

  
    Oil from perilla (Perilla frutescens) was extracted using subcritical n-propane and also the Soxhlet official methodology, for comparison. This work aimed at assessing the influence of the temperature and pressure factors on the composition of fatty acids (FA), using a full 22 factorial design in triplicate with central point. Both factors were significant for increasing the yield of extracted FA. The response surfaces showed that increasing pressure and temperature allowed the extraction of higher levels of n-3 and polyunsaturated fatty acids (PUFA) and greater ratio values of PUFA and saturated fatty acids (SFA). According to the desirability function, the best condition of extraction using n-propane was 80 ºC for temperature and 8 MPa for pressure. In multivariate analysis the optimum condition was characterized by a higher content of PUFA, especially alpha-linolenic fatty acid, while the Soxhlet methodology was characterized by high level of SFA.

    Keywords: subcritical fluid extraction, fatty acids, Perilla frutescens, response surface methodology, principal component analysis

  

   

   

  Introduction

  Perilla (Perilla frutescens Linn, Britton) is a herbaceous plant native to Asia that belongs to the family Lamiaceae.1 The grains are approximately 51% total lipids and 17% crude protein.2 Perilla oil has a high content of polyunsaturated fatty acids, with 48-60% alpha-linolenic fatty acid (LNA, 18:3n-3) and 13-16% linoleic acid (LA, 18:2n-6).3 These fatty acids play important roles in metabolic processes. Through desaturase enzymes and elongases, they act in the production of other eicosanoid fatty acids from the omega-3 (n-3) and omega-6 (n-6) series such as eicosapentaenoic acid (EPA, 20:5n-3), docosahexaenoic (DHA, 22:5n-3) and arachidonic acid (AA, 20:4n-6).4

  Traditionally, methods of extracting vegetable oils employ organic solvents with high toxicity, which can cause environmental damage and harm the health of the population. Some techniques include high temperatures, favoring the degradation of thermolabile compounds.5 In this context, subcritical fluid extraction (SFE) is a promising technique to replace these methods. According to Lang and Wai,6 the main advantages of this method include the use of nontoxic solvents, relatively low operating temperature, greater selectivity and absence of solvent residues in the extract.

  SFE is characterized by the use of a solvent with intermediate properties between liquid and gas. Fluid characteristics, such as high density, diffusivity and low viscosity, provide it with an excellent solvating capacity. These characteristics may be controlled by the conditions of temperature and pressure, thereby improving the selectivity and solubility of compounds.7,8 Some researchers have investigated the application of experimental design in the optimization of this process. This application allows assessing the influence of factors on the expected response and defines the optimum condition.9-13

  Carbon dioxide (CO2) is the most widely used solvent and its extraction time can vary from 330 to 1380 minutes; however studies indicate that n-propane offers greater solvating power, which results in faster extraction in 40-85 min and the oil extracted has the same fatty acid profile when compared to CO2 extraction.5,14-17

  The objective of this study was to extract lipids from perilla using n-propane as a solvent in the subcritical state, assess the influence of the factors temperature and pressure on the composition of the fatty acids in the total lipids by chemometric methods, and compare the results obtained to the official Soxhlet method.

   

  Experimental

  Sample preparation

  Three batches of 5 kg of perilla grains were purchased in the local market of Maringá-PR, Brazil. The grains were ground in a Wiley mill to obtain a fine flour that was sieved, using the fraction that passed through a 14 mesh Tyler series sieve (WSTyler, USA). Later, the sample was homogenized and vacuum packed in polyethylene bags and frozen at –18 ºC.

  Experimental design

  A full 22 factorial design in triplicate with center point was applied to investigate the influence of the factors temperature and pressure in the subcritical extraction on the composition of fatty acids, as shown in Table 1. These factors were chosen in accordance with studies reported in the literature which have evaluated the extraction of lipids from oilseeds using subcritical n-propane as solvent at constant flow.15-17 The responses analyzed were the yields of saturated fatty acids (SFA), monounsaturated fatty acids (MUFA), polyunsaturated fatty acids (PUFA) and the ratios PUFA/SFA and n-6/n-3.

  
    

    [image: Table 1. Factors and levels investigated in the experimental design for subcritical]

  

  Procedure for subcritical fluid extraction

  The experiments were performed in a laboratory-scale unit, as described by Souza et al.,18 using n-propane (White Martins, 99.5% purity) as solvent. For each extraction the extraction column was filled with 25.0 g of ground and sieved perilla grains. The solvent flow rate was constant at 1.0 cm3 min-1. Total lipids were extracted and collected at regular time intervals of 10 min in a glass tube and the mass was determined gravimetrically. The total time of each extraction was 90 min. The extraction yield was calculated as the percentage of the extracted oil mass divided by the mass of sample introduced into the extraction column.

  Extraction of total lipids by the official method

  Total lipids were extracted in a Soxhlet extractor (Nova Etica, Brazil). Approximately 4.0 g of ground and sieved perilla grains were extracted in a Soxhlet extractor using a mixture of ethyl ether-petroleum ether (1:1 v/v) as solvent, for 16 h at 65 ºC in accordance with the procedure described by Instituto Adolf Lutz.19

  Determination of fatty acids

  The composition of fatty acids was determined by converting the total lipids into fatty acid methyl esters (FAME) according to the methylation method described by Hartman and Lago.20 The FAME were separated in a CP-3380 gas chromatograph (Varian, USA) fitted with a flame ionization detector following the conditions used by Souza et al. .21

  Retention times were compared to methyl ester standards (Sigma, USA). The methyl ester of tricosanoic acid was used as an internal standard for quantification of the fatty acids (Sigma, USA). The peak areas were determined with Star 5.0 software (Varian, USA). According to Joseph and Ackman22 (equation 1), correction factors for individual fatty acids (FA) in FAME with a flame ionization detector were used and their concentrations expressed in mg FA g-1 of total lipids.

  
    [image: equation 1]

  

  where Mx is the mass of fatty acid X in mg g-1 of sample; Mp is the internal standard mass in mg; MA is the sample mass in g; AX is the area of fatty acid X; Ap is the internal standard area; FCT is a theoretical correction factor; and FCEA is the methyl ester correction factor for the fatty acid.

  Indices of nutritional quality of the lipids

  A better approach to the nutritional evaluation of fat is the utilization of indices based on the functional effects of fatty acid composition. These indices are available as the index of atherogenicity (IA) and index of thrombogenicity (IT) by Ulbricht and Southgate,23 as well as the hypocholesterolemic/hypercholesterolemic fatty acid ratio (HH) according to Santos-Silva et al. .24

  Statistics and multivariate analyses

  Initially, the results for individual fatty acids obtained from experimental conditions of subcritical extraction were subjected to analysis of variance (ANOVA). Subsequently, the values of the principal and interaction coefficients were calculated for the factorial design data. All variables had their normality and homogeneity of variance evaluated by residues. Then, analysis of variance (ANOVA between groups) was performed for all responses. Response surface methodology was applied to evaluate the coefficients of independent variables on the responses and establish the optimum region. The basic mathematical model used to fit the data was (equation 2):
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  where Ŷi is the expected response, b0, b1, b2 and b12 are the regression coefficients of the regression model and x1 and x2 are the levels of the independent variables.25

  With the models, the equations were arranged in a global response using a desirability function. The results obtained for the sums of polyunsaturated, monounsaturated and saturated fatty acids were used to estimate the global response. This procedure involved a transformation of each response (Ŷi) estimated for an individual value of desirability (di), in which 0 < di < 1, according to Derringer and Suich.26

  If the objective or target T to the response Ŷi is a maximum value, then equation 3 should be used.
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  If the objective or target to the response Ŷi is a minimum value, then equation 4 should be used.

  
    [image: equation 4]

  

  where L and U are minimum and maximum limits, respectively.

  The convenience function is linear when the weight r is equal to 1. If r > 1 there is more emphasis on targeting the closest value. Using 0 < r < 1 makes this less  important.

  Individual values of desirability (di) were arranged through a geometric average to form a global desirability value (D), which will attend to satisfy all response simultaneously. This single value of D [0,1] gives a global assessment of convenience and the arranged response levels, and D will increase at the same time that the properties balance becomes more favorable.

  Principal component analysis (PCA) consisted of using the sums and ratios of fatty acids (loadings). For this analysis, the eighteen tests' averages were separated into groups (scores): A (tests 1 to 3), B (tests 4 to 6), C (tests 7 to 9), D (tests 10 to 12), E (tests 13 to 15), and F (Soxhlet, tests 16 to 18; n = 3). Averages were autoscaled, so that whole variables showed the same weight. In this way, PCA bidimensional graphics were obtained. All the statistical analyses were done using Statistica software version 8.0,27 adopting the 5% significance level for rejection of the null hypothesis (p < 0.05).

   

  Results and Discussion

  It was possible to quantify a total of six fatty acids, which were palmitic (16:0), stearic (18:0), oleic (18:1 n-9), linoleic (18:2 n-6), alpha-linolenic (18:3 n-3) and arachidic (20:0) acids. These results were similar to those found by other authors.2,28,29 The difference in fatty acid composition may be influenced by edaphoclimatic, genetic and aging factors, conditions of extraction, and others.3 Alpha-linolenic acid was majoritarian in all the experiments, followed by oleic and linoleic acids. The sums and ratios of fatty acids are shown in Table 2.
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  The total lipid content extracted using subcritical fluid were 34.25, 35.01, 34.91, 34.78 and 34.88%, respectively, for tests A, B, C, D and E. The performance of subcritical extraction was described using kinetic curves (Figure 1), which were similar for all conditions. The extraction rate was higher in the first 50 min, and then there was a stabilization of yields.
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  The total lipid content of perilla by the Soxhlet method was 40.46%; this content may be due to the extraction of other non-lipid compounds that are soluble in the mixture of ethyl ether and petroleum ether used in this extraction.30,31

  The regression coefficients for each one of the models, their confidence interval and coefficients of determination (R2) are shown in Table 3. Values of R2 close to 1 indicate a good correlation between experimental and predicted data.32 Pagamunici et al.33 found coefficients of determination of 0.85 for instrumental data vs.  sensory analysis as a function of time and the models were well fitted. In this study, the values were greater than 0.80, which means that the linear model explained more than 80% of the data variability. The residual plots for each response showed normality, and homogeneity of variance was explained satisfactorily.
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  The limits of confidence intervals for the first-order term (x1) in the sum of n-6 fatty acid series showed values with opposite signs (Table 3). All values are possible within a confidence interval, therefore it is possible that this value is zero. This fact demonstrates that there was a linear correlation between the variables, so there is no statistical evidence to keep this term in the model. Nevertheless, its permanence was preferred to preserve the mathematical hierarchy.34

  According to Table 3, the interaction coefficients for fatty acids from the n-3 series, PUFA and the PUFA/SFA ratio were negative, however data show that increased levels of principal coefficients contributed to improve the yield of these fatty acids.

  Tables 4 and 5 showed the results obtained by ANOVA for each factor studied in the model response. The pressure factor influenced the increased levels of n-6 series fatty acids, MUFA and the PUFA/SFA ratio the most, with contributions of 61.65, 60.27 and 53.71%, respectively (Table 4).
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  The values of F-test (Table 5) demonstrate the significance of regression coefficients and lack of fit. In general, if the calculated F value exceeds the tabulated F value, the term is considered significant at the defined level of confidence.35 The interaction coefficient for the n-6 series fatty acids response was significant statistically, while the main coefficient of temperature was not significant. The yield of these fatty acids depended on the contribution of the coefficients: pressure (61.65%), interaction (16.13%) and temperature (5.21%), in this order (Table 4), and the greatest result was found at 40 ºC and 8 MPa. These effects can be noted in the response surface models (Figure 2). The lack of fit of the models were not significant compared to the pure error.
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  The extraction by the official Soxhlet method showed a high yield of SFA, while the concentration of n-3 fatty acids was low. This indicates that the heating used during extraction in this method may have contributed to the degradation of the n-3 fatty acids, as these are more prone to hydrolysis, oxidation and polymerization at high temperatures.4

  Principal component analysis (PCA, Figure 3) showed the distribution of three distinct groups. Principal component 1 (PC 1) explained 58.29% of data variance, and loadings indicated that n-3 fatty acids, total PUFA and the PUFA/SFA ratio were responsible for the formation of group 1. This was due to higher values of these items in experiments A, B, D and E. These effects can be noted in the response surface models (Figures 2c, d and f).
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  In PC 2 there was a negative contribution by SFA in the lower left quadrant, causing the separation of group 3 (Figure 3). The high contribution of MUFA to the left upper quadrant promoted the separation of group 2 due to the greater concentration of this sum in the subcritical condition of 40 ºC and 8 MPa (Figure 3, condition C). This principal component was responsible for 11.71% of the data variance.

  Figure 4a shows the desirability function for the following restrictions: maximum value of total PUFA and MUFA; minimum value of total SFA. The maximum convenience achieved was 0.54 which corresponds to 83.03, 179.85 and 661.71 mg g-1 of total lipids for SFA, MUFA e PUFA, respectively (Figure 4b). The highest level of temperature and low level of pressure were described as a point of major desirability (condition B) in favor of the process of extraction by subcritical fluids using n-propane. This result corroborates the separation of condition B in the group with the highest content of PUFA fatty acids, especially alpha-linolenic acid, by PC 1 (Figure 3). Figure 4b provides the response surface for the optimal region. The optimal extraction conditions of perilla oil (Figure 4) allowed us to obtain atherogenicity and thrombogenicity indexes equal to 0.08 and 0.05, respectively, and the HH ratio was 13.32. On the other hand, the official method presented IA: 0.08, IT: 0.06 and HH: 11.89, and did not compromise the quality of the oil. These indexes and ratios are important from a nutritional standpoint; in addition, lower IA and IT with higher HH values may attenuate the risk of cardiovascular diseases.23,24,36 The incorporation of perilla oil in food processing seems to be promising, just like the use of flaxseed oil.21,33,37-39
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  Conclusions

  The factorial design showed that the temperature and pressure factors were significant for the yield of fatty acids. All regression models were highly significant and the lack of fit was not significant. The response surfaces indicated that increased pressure and temperature allowed more n-3 fatty acids and PUFA to be extracted and a better PUFA/SFA ratio to be obtained. The main effect of the temperature was not significant for n-6 and this was due to the high significance of the interaction effect. PC 1 distinguished the conditions A, B, D and E due to the high contribution by the loadings: n-3 fatty acids, PUFA and PUFA/SFA. The desirability function that allowed us to determine the best conditions of lipid extraction with subcritical n-propane were 80 ºC and 8 MPa. Multivariate analysis characterized this extraction condition in the group with the highest content of PUFA, especially alpha-linolenic fatty acid.
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    Catalisadores de Cu e Ni suportados em γ-Al2O3 e SiO2 comerciais foram estudados frente a reforma a vapor de glicerol. Os catalisadores foram preparados pelo método da impregnação e caracterizados por espectrometria de emissão atômica por plasma acoplado indutivamente, fisissorção de nitrogênio, redução a temperatura programada com H2 e difração de raios X. A caracterização mostrou a presença de espécies com diferentes interações com os suportes: CuO, NiO e NiAl2O4. Os testes catalíticos foram realizados a 600 ºC e, para o catalisador que apresentou o melhor desempenho, foram realizadas reações a 500 ºC e a 700 ºC. Os testes mostraram que a presença de NiAl2O4 desfavorece a deposição de carbono, provavelmente devido à maior dispersão do Ni na superfície do catalisador. Observou-se também que o catalisador NiSi foi o que apresentou a maior atividade para a formação de H2, porém este apresentou a maior deposição de carbono ao longo da reação.

  

   

  
    Cu and Ni catalysts supported on commercial γ-Al2O3 and SiO2 were tested in the glycerol steam reforming. The catalysts were prepared by the impregnation method and characterized by inductively-coupled plasma atomic emission spectrometry, nitrogen physisorption, temperature programmed reduction with H2 and X-ray diffraction. The characterization indicated several catalytic species in the samples interacting differently with the supports: NiO, CuO and NiAl2O4. The catalytic tests were performed at 600 ºC, and the best catalyst was also tested at 500 ºC and 700 ºC. The results showed that the presence of NiAl2O4 did not favor the deposition of carbon during the reaction, probably due to the greater dispersion of Ni on the catalyst surface. It was also observed that, although NiSi was the most active catalyst for H2 production, it also showed the highest carbon deposit during the reaction.

    Keywords: nickel, copper, catalysts, glycerol steam reforming

  

   

   

  Introduction

  Most of the world's energy demand is supplied by fossil fuel burning. Besides subjecting countries to economic instability due to price fluctuations, these resources generate waste products that seriously endanger the environment, for example by global warming. Moreover, it is also known that one day these resources will be exhausted. Thus, alternative, clean and sustainable energy sources are vitally important.

  One such alternative source of energy that stands out is H2, which can be produced from renewable raw material and whose combustion in fuel cells involves little waste and practically no pollution. H2 can be produced by steam reforming of hydrocarbons and alcohols, such as methane, naphtha, methanol, ethanol and glycerol.1

  Glycerol is produced as a byproduct in the transesterification reaction used to make biodiesel (equation 1), which is increasingly used as fuel, and the increase in its production results in a large supply of glycerol on the market. One possible way of using this excess glycerol is in the production of H2 by glycerol steam reforming reaction (GSR), given that, from 1 mol of glycerol, up to 7 mol of H2 can be produced (equation 2).1
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  Buffoni et al.2 observed that the conversion of glycerol into gaseous products depends greatly on temperature, with a minimum temperature of 550 ºC to achieve H2 selectivity.

  According to Adhikari et al.,1 the conversion of glycerol into H2 and CO2 involves preferential C–C bond cleavage as opposed to the breaking of C–O bonds.

  It is well established that catalysts with a noble metal in their compositions have excellent properties in various reactions.3 However, these catalysts are expensive and highly susceptible to deactivation by poisons such as sulfur. Thus, there is a need to develop catalysts that are specifically suited to each purpose. On account of their low cost and good activity, supported Cu and Ni systems are good alternatives to noble metals.

  Carrero et al.4 studied Cu and Ni supported systems and chose Ni as one of the active metals for their catalysts, owing to its good activity in the steam reforming processes.

  Researchers suggest that Ni catalysts favor the C–C cleavage of the alcohols, leading to CH4, CO and H2 formation, but these catalysts are also known to favor the deposition of carbon, which may impair the performance of the catalyst.5-7 CuNi bimetallic catalysts have been studied, in order to avoid deactivation by carbon formation, due to the ability of Cu to inhibit such formation.4

  γ-alumina (γ-Al2O3) and silica (SiO2) are widely used as supports, owing to their high specific areas, which provide a greater contact area and possibly a higher number of active sites for the desired reactions to occur.

  Therefore, considering the need to seek new energy sources and knowing the benefits of using H2, this article focuses on the study of Cu, Ni and CuNi catalysts supported on commercial γ-Al2O3 and on SiO2, applied to the generation of H2 by the steam reforming of glycerol.

   

  Experimental

  Preparation

  The catalysts were prepared by the wet impregnation method, with mass contents of 10% Cu and 10% Ni for monometallic catalysts and 5% Cu plus 5% Ni for bimetallic catalysts, supported on the commercial γ-Al2O3 and SiO2.

  Commercial SiO2 (Degussa, Aerosil 200) and γ-Al2O3 (Alfa-Aesar) supports were treated at 600 ºC for 2 h under a flow of synthetic air, for thermal stabilization and surface water removal. The supports were impregnated with the metals wetting them with aqueous solutions of Cu(NO3)2.3H2O and Ni(NO3)2.6H2O, the impregnation of the bimetallic catalysts being performed simultaneously with the two metals; the excess water was removed by rotary evaporation at 80 ºC for 6 h and the samples were dried at 80 ºC for 12 h. The catalytic precursor oxides were then prepared by calcination for 3 h at 600 ºC, under synthetic air flowing at 30 mL min-1. The samples obtained were: 10% Cu/γ-Al2O3 (CuAl), 10% Ni/γ-Al2O3 (NiAl), 5% Cu 5% Ni/γ-Al2O3 (CuNiAl); 10% Cu/SiO2 (CuSi), 
    10% Ni/SiO2 (NiSi) and 5% Cu 5% Ni/SiO2 (CuNiSi).

  Characterization

  In order to measure the metal content of each sample, it was analyzed by atomic emission spectrometry of inductively-coupled plasma (ICP), with a Perkin Elmer ICP Optima 3000 DV. Ni and Cu standards were used to determine the calibration curve from which the concentrations of the metals in the catalysts were read.

  The nitrogen physisorption (BET method) was used to determine the specific area of the catalysts, employing a Quantachrome Nova 1000e device.

  Temperature-programmed reduction with H2 (TPR-H2) was carried out on the samples, to study the reduction behavior of the oxide phases and, consequently, to monitor the degree of reduction and the interactions of the metal phases with the support. The TPR-H2 analyses were carried out in an Analytical Multipurpose System (AMPS3), the catalysts being reduced in a fixed-bed quartz reactor with 1.96% of H2/Ar (30 mL min-1), subject to a 10 ºC min-1 heating ramp from 25 ºC to 1000 ºC.

  The catalysts were characterized by X-ray diffraction (XRD) to identify the crystalline phases. The XRD analysis was performed on a Rigaku Multiflex diffractometer, with Cu-Kα radiation. The Bragg angle was scanned at 2º min-1, between 5º and 80º (2θ).

  XRD patterns were also recorded in situ, under activation conditions, at the XPD-10B beamline of the LNLS synchrotron radiation facility (Campinas, Brazil). The measurements were made in the reflection mode, in a 2θ interval from 30º to 75º, with radiation of λ = 1.54996 Å, calibrated with a Si (1 1 1) monochromator. The oxidized samples were heated in flowing H2 flow (30 mL min-1), under a ramp of 10 ºC min-1 from 25 ºC to the reduction temperature, and held at that temperature for 1 h, when a diffraction pattern was collected and the average size of the Ni metal crystallites on the catalysts was calculated from Scherrer's equation (3).
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  where L is the average width of the crystallite (nm), K is Scherrer's constant (ca. 0.9), λ is the wavelength of incident radiation (nm), β is the half-height width of the most intense peak for the crystalline species (radians) and θ is half the Bragg angle of that peak (º).

  Both the fresh and used catalysts were analyzed by scanning electron microscopy (SEM) to assess the carbon formed on the catalysts. These analyses were performed on a LEO-440 scanning electron microscope equipped with an Oxford detector.

  Thermogravimetric analysis (TGA) was performed to measure the weight loss on the used catalysts too, the analyses were performed with TGA/DSC1 supplied by Mettler Toledo.

  Catalytic tests

  The catalysts were activated (reduced) at various temperatures, which depended on the TPR-H2 profiles of each sample (NiAl and CuNiAl at 800 ºC; CuAl, NiSi and CuNiSi at 500 ºC), for 1 h under flowing H2. The glycerol steam reforming reactions were performed in a tubular quartz reactor with a water:glycerol molar ratio of 3:1, at a flow rate of 2.5 mL h-1, produced with a high precision pump. For each reaction, 150 mg of fresh catalyst was used. The tests were performed at 600 ºC for 4 h. The catalyst with better performance was also tested at 500 ºC and 700 ºC.

  The gaseous products were analyzed downstream with an in-line gas chromatograph (GC) (VARIAN GC-3800) with two columns in parallel, each with a thermal conductivity detector (TCD) at the outlet. The columns were packed with Porapak-N and 13X Molecular Sieve, operating between 40 and 80 ºC, with He and N2, respectively, as carrier gas, flowing at 10 mL min-1. The liquid products condensed at the reaction outlet were analyzed with a gas chromatograph (Shimadzu), with H2 as carrier gas and an HP5 capillary column, operating between 35 and 250 ºC. During preparation of the liquid products for GC analysis, the solution was kept at a temperature below 10 ºC, to avoid product evaporation.

  The glycerol conversion to gaseous products was calculated from equation 4.2

  
    [image: equation 4]

  

   

  Results and Discussion

  Characterization

  Table 1 shows the results of the metal content analysis of the catalysts, obtained by ICP, and the specific areas (BET method) of the supports and catalysts. The experiment values for metal content were close to the nominal content, indicating that the preparation method was adequate. Small real differences in the values arise from the handling of the reactants during preparation.
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  These results show that there was a decrease in the original support area when metal impregnation was performed. This fact can be explained by assuming that, the Ni and Cu in calcined samples are in the oxide form of NiO and CuO, and these phases do not enlarge the surface area when the support already has a very high surface area, and, reduction in the specific area could result from either a partial obstruction of the pores on the support by the metal oxide or possible agglomeration of the metal on the surface.8

  Figure 1a shows the results of the TPR analysis of the catalysts with the metals supported on γ-Al2O3.

  The TPR profile of the NiAl catalyst shows a large peak at 856 ºC for reduction of the stoichiometric nickel aluminate species (NiAl2O4) and a low peak at 256 ºC, which can be attributed to the reduction of NiO species that interact weakly with the support. In this catalyst, almost all the Ni is in stoichiometric nickel aluminate.
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  The literature usually reports the existence of four different species of nickel oxides: the first is reducible in the temperature range 250 ºC to 350 ºC and appears in the form of segregated crystallites that exhibit a very weak interaction with the support; a second species, reducible in the range 350 ºC to 500 ºC, consists of NiO in close contact with the support; that reduced in the range 500 ºC to 750 ºC consists of phases of non-stoichiometric nickel aluminate (NiO-Al2O3) and that reduced above 750 ºC has the structure of stoichiometric nickel aluminate (NiAl2O4). Species with stronger interaction with the support show a higher temperature of reduction and are harder to reduce.9-13

  The TPR of the CuAl sample shows two peaks, the first at 289 ºC and the second at 359 ºC. These peaks can be attributed to the reduction of copper oxide (Cu2+ → Cu0). The first peak refers to the more dispersed CuO species and the second to CuO crystallites.9-16

  The CuNiAl catalyst TPR profile shows peaks at 300 ºC, 483 ºC and 786 ºC. According to the literature,16,17 the first peak refers to the reduction of highly-dispersed copper oxide. There is only one copper oxide reduction peak, which may be due to the presence of nickel species that are reduced at the same temperature, hiding the two reduction peaks of the copper oxide species. The second peak refers to the reduction of NiO species interacting with the support and the third to the reduction of stoichiometric nickel aluminate.9

  According to Carrero et al.,4 copper has the property of decreasing the reduction temperature of another metal on the support due to synergistic interaction between the metal oxide phases.18 Thus, the decrease in the temperature of reduction of the NiAl2O4 species in the bimetallic catalyst can be explained (Figure 1a, 856 ºC to 786 ºC).

  In the TPR of the sample of CuSi (Figure 1b), a peak at 388 ºC is observed. This peak can be attributed to the reduction of the copper oxide phase (Cu2+ → Cu0).16,19

  The TPR profile of the catalyst NiSi shows a peak at 443 ºC, referring to the reduction of Ni2+ in the NiO species interacting with the support.3 Nickel silicates were not detected, as these species would show reduction peaks at a higher temperature.13 The presence of Ni3+ in the sample can be discarded, owing to the absence of a reduction peak at 200 ºC.3,13

  In the TPR of CuNiSi, peaks are observed at 292 ºC, 328 ºC, 364 ºC and 398 ºC. The first two peaks can be attributed to the reduction of the CuO species. The first peak refers to the more dispersed CuO species and the second to species in CuO crystallites, which have a higher reduction temperature,16,19 as already mentioned. The peak at 364 ºC can be attributed to NiO species that interact weakly with the support and appear in the form of segregated crystallites, whereas the peak at 398 ºC refers to the NiO species that have greater contact with the support but do not form silicates.13,18 A decrease is observed in the reduction temperature of NiO species in the bimetallic catalyst, compared to the NiSi monometallic catalyst, due to the synergistic interaction between the CuO and NiO phases.18

  Table 2 shows the H2 consumption during the reduction of NiO, NiAl2O4 and CuO and the degree of reduction of the catalytic metals.14

  
    

    [image: Table 2. H2 consumption by and degree of reduction of oxide phases]

  

  It can be seen that SiO2-supported catalysts showed a higher degree of reduction of the metals than γ-Al2O3-supported catalysts. This can be explained by the interaction of metal oxides with the supports. NiO and CuO species supported on SiO2 interact weakly with the support and are thus more easily reduced, while the NiO-γ-Al2O3 (NiAl2O4) shows a strong interaction, making the reduction of the metal more difficult.

  Figure 2a shows the diffractograms of the γ-Al2O3-supported catalysts. The crystalline phases were identified by comparison with JCPDS standards.20 The low crystallinity of the catalysts is observed by the presence of broad and poorly defined peaks.
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  The peaks appearing at 2θ = 19.6º, 39.7º, 46.1º and 66.5º in all diffraction patterns were attributed to the support structure of γ-Al2O3 (JCPDS 82-1468). The signals relating to three other oxide phases were also observed: CuO, NiO and NiAl2O4. The signals related to the CuO phase were observed at positions 2θ = 35.6º and 38.7º. As for the NiAl2O4 (JCPDS 10-0339) phase, peaks were observed at 2θ = 46.1º and 59.7º, while for the NiO phase (JCPDS 77-1877) there may be a signal at 37.6º, overlapping a signal related to the support.

  Figure 2b shows the diffractograms of the catalysts supported on SiO2. The peak that appears at 2θ = 22.3º, in all the diffractograms, was attributed to the support structure of SiO2 (JCPDS 84-0384). Signals referring to two other oxide species were also observed: NiO and CuO. Those related to the NiO phase (JCPDS 77-1877) were observed at 2θ = 37.5º, 43.5º, 63.0º, 75.5º and 79.5º and those related to the CuO copper phase (JCPDS 80-1917) were observed at 2θ = 35.6º, 39.0º, 48.7º, 61.8º, 65.5º and 66.4º.

  Figure 3 presents the in situ XRD patterns of NiAl and NiSi monometallic catalysts at room temperature and at reduction (activation) temperatures (850 ºC and 450 ºC, respectively). It may be noted that the peaks previously observed at 2θ = 37º, 43º and 75º, related to NiO species, disappear on reduction and peaks for metallic Ni0 appear at 2θ = 44º, 52º and 76º.20 The appearance of the Ni0 peaks is an evidence of the reduction of NiO species in the catalysts.
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  The crystallite size of Ni0 was estimated by Scherrer's equation (equation 3), and it was found that NiSi (0.4 nm) > NiAl (0.2 nm). The smaller size of Ni0 crystallites in the NiAl catalyst suggests a greater dispersion of the nickel phase on the γ-Al2O3 support. In order to avoid the formation of carbon, according to Chen et al.,21 small Ni crystallites are highly desirable and the crystallite size of metallic Ni is a key factor for the formation of carbon.

  Catalytic tests (glycerol steam reforming)

  Considering the steam reforming reaction of glycerol (equation 2), with a water:glycerol molar ratio of 3:1, the reaction could, in theory, reach a maximum selectivity of 70% formation of H2 and 30% of CO2. However, the presence of CH4, CO, and in some cases, C2H4, as secondary gas products and a number of liquid products, such as acetic acid and ethanol, indicates the occurrence of side reactions.

  The results presented in Figure 4 and Table 3 were obtained with the monometallic Ni catalysts and bimetallic catalysts, which were active and stable during the reactions at 600 ºC. The monometallic Cu catalysts supported on γ-Al2O3 and on SiO2 were not active for the steam reforming of glycerol under these experimental conditions.
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  Our results showed that the Cu activity in the steam reforming of glycerol is very low, the reaction being very slow. In the reactions on the monometallic catalysts of Cu, an insignificant H2 selectivity and a very low glycerol conversion were observed.

  Figure 4 shows the evolution of reaction over time on stream to the catalysts. It can be seen that the formation of all products remained constant throughout the reaction at 600 ºC.

  Table 3 shows the conversion of glycerol (gaseous products),2 the formation of gaseous products and carbon formation on the Ni monometallic catalysts and CuNi bimetallic catalysts.

  It was observed that NiSi was the most active catalyst for H2 production. However, at the same time, it was the catalyst that produced the greatest carbon deposit during the catalytic test, which is deleterious to the process.

  The great CO2 formation, compared to the CO formation, in the reaction can be explained by the occurrence of the water-gas shift reaction (equation 5). Fierro et al.22 explain the occurrence of this reaction by its thermodynamic equilibrium. CO can be produced by the CH4 steam reforming reaction (equation 6) and by glycerol direct decomposition (equation 7); thence, the equilibrium of the water-gas shift reaction can be shifted to the right, favoring an increase in CO2 selectivity.
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  It can be seen that on SiO2-supported catalysts, no C2H4 was formed during the reaction, while on the γ-Al2O3-supported catalysts C2H4 appears among the products. The formation of C2H4 is attributed to the acid sites in the γ-Al2O3 support.23 It can also be seen that on the catalyst NiAl, the formation of C2H4 was lower than on the bimetallic catalyst CuNiAl, owing to a higher Ni content in the monometallic catalyst, which favors C–C cleavage into the products CO2, CO, CH4 and H2.

  The lower Ni content in the Ni–Cu catalysts may also explain the decrease in H2 formation; moreover, the addition of Cu to Ni-based catalysts can interfere with Ni availability on the surface of the material, thus hindering the Ni from cleaving the C–C bond and forming the expected gaseous products.

  On the catalyst NiAl, the formation of carbon was lower than on all the other catalysts. The carbon may be formed by disproportionation of CO, leading to the formation of CO2 and C, in the Boudouard reaction (equation 8). Another possibility is the dissociation of CH4 (equation 9).
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  The carbon formed during the reaction is expected to be at the metal-support interface, forming a filament and separating the metallic Ni from the support, until the catalyst is deactivated by loss of the active phase, which happens with the breakup of the filament.24 Thus, Ni, which favors the cleavage of C–C bonds (forming CO, CO2, CH4 and H2), loses this property.

  The occurrence of the Boudouard reaction (equation 8) on the Ni catalysts should be considered likely, since the presence of the NiO species, observed in the TPR and XRD tests of the CuNiAl, NiSi and CuNiSi catalysts, favors the diffusion of carbon atoms. This diffusion occurs more readily in the presence of NiO, because this species does not interact strongly with the support, so that carbon atoms are more easily distributed on the interface between the metal and the support. However, in the presence of nickel aluminate, this diffusion is hindered, since this species interacts more strongly with the support.25

  The nickel aluminate species, as precursors of catalysts, have been presented as the most stable species for nickel reforming reactions, on account of the strong NiAl2O4 interaction, which favors the dispersion of Ni0 species after activation and during the catalytic tests, in turn preventing Ni0 sintering, thereby increasing their resistance to deactivation by carbon formation. The addition of copper to the Ni catalyst led to the formation of nickel species interacting more weakly with the support, which do not benefit the catalytic process. Furthermore, the greater formation of stoichiometric Ni aluminate, identified by XRD and TPR analysis, in the monometallic Ni catalyst supported on alumina, may explain its lower carbon deposition during the reaction. This fact is consistent with the results already presented in the characterization of the catalysts, in which NiAl showed the smaller Ni0 crystallite size.

  The addition of Cu to the NiSi catalyst led to a decrease in carbon formation during the reaction. The literature reports that Ni catalysts promote the formation of carbon, which is deposited between the metal phase and the support surface, as already mentioned, forming a filament that can be broken, thereby causing catalyst deactivation by the loss of the active phase. Cu does not favor the formation of carbon, as it changes the affinity of Ni for CO, not favoring the occurrence of the Boudouard reaction (equation 8).9

  The difference in the carbon formation between the catalysts supported on γ-Al2O3 and on SiO2 can be explained by the presence of NiAl2O4, which favors Ni0 dispersion. According to the TPR results, SiO2-supported catalysts did not show any kind of Ni interacting strongly with the support.

  Electron micrographs of fresh and used NiAl and NiSi catalysts are shown in Figure 5 and it may be noted that the fresh catalysts exhibit different morphologies. After the reaction, on both NiAl and NiSi catalysts, carbon formation is evident, the carbon filament formation being greater on NiSi than on NiAl.
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  According to Lee and Li,26 Ni catalysts lead to the formation of filamentous carbon during the reaction. This process leaves the active surface available, but continued filament growth results in fragmentation of the catalyst with loss of active phase.

  The TGA profiles for used NiAl and NiSi catalysts samples are shown in Figure 6.
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  It can be seen that on NiAl catalyst, the carbon mass loss is lower than that on NiSi, which corroborates the theory that the greater dispersion of Ni on NiAl catalyst (NiAl2O4 formation) difficult the carbon deposition on the catalyst; whereas in the NiSi catalyst, the presence of NiO explains the higher deposition of carbon in these material.

  Figure 7 shows the catalytic performance of NiAl at 500 ºC and 700 ºC, and Table 4 shows the conversion of glycerol (to gaseous products), the formation of gaseous products and carbon on the NiAl catalyst, at the various temperatures.
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    [image: Table 4. Conversion of glycerol (to gaseous products), gaseous products/(mol prod). (mol glycerol in feed)-1 and carbon formed during GSR on the catalyst NiAl/(mmol C prod). [(mol glycerol conv).h]-1, at 500 °C, 600 °C and 700 °C]

  

  The observed drop in CH4 selectivity and the rise in the CO and H2 selectivity at 700 ºC can be explained by the thermodynamic equilibrium of the steam reforming of methane (equation 6), which is favored at the higher temperature. It was also observed that carbon formation decreased with increasing temperature, which can be explained by the inhibition of the Boudouard reaction (equation 8), since this is an exothermic reaction.

  The CO2 formation, at 500 ºC and 600 ºC (Figure 4) was greater than that of CO, which can be explained by the occurrence of the water-gas shift reaction (equation 5). However, at 700 ºC, it can be seen that a reversal in the selectivity of these products occurred significantly more CO being formed than CO2, which can be explained by the occurrence of the steam reforming of methane (equation 6) and by the direct decomposition of glycerol (equation 7), as well as the reverse water-gas shift reaction, both of which are favored at this temperature.

  The reverse water-gas shift reaction can also explain the drop in H2 yield (6 to 4 mol prod/mol glycerol in feed) during the reaction at 700 ºC, at the same time that CO2 yield decreases, a rise in CO yield is observed.

  Besides the gaseous products, the reaction of steam and glycerol also formed liquids under these conditions. The liquids formed during the reaction were identified (not quantified) as a mixture of acetic acid, 1,2,3-butanetrioltrinitrate, diglycerol, 1,2-propanediol, propanal, butanoic acid, pentanoic acid, 2-propanol, ethanol and ethylene glycol.

   

  Conclusions

  In the characterization of the catalysts, various kinds of metal-support interaction were observed, the catalysts supported on alumina showing stronger interactions than those supported on silica. These interactions were reflected in the catalytic performance and, from the present results, it was possible to conclude that the formation of nickel-aluminate impeded the deactivation of the catalyst by carbon deposition. The best catalytic performance, with high H2 selectivity and the lowest carbon formation, was observed on the catalyst NiAl at 700 ºC.
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    O estudo fitoquímico do extrato etanólico das raízes de Hyptis  crassifolia Mart. ex Benth. (Lamiaceae) levou ao isolamento e elucidação  estrutural de nove diterpenos identificados como 11,12,15-tri-hidroxi-8,11,13-abietatrien-7-ona,  6α,11,12,15-tetra-hidroxi-8,11,13-abietatrien­7-ona, 11,12,16-tri-hidroxi-17(15→16)-abeo-abieta-8,11,13-trien-7-ona,  (16S)-12,16-epoxi­11,14-di-hidroxi-17(15→16)-abeo-abieta-8,11,13-trien-7-ona,  incanona, ferruginol, sugiol, óxido de 11-oxomanoíla e óxido de 11β-hidroximanoíla.  Os compostos 11,12,16-tri-hidroxi­17(15→16)-abeo-abieta-8,11,13-trien-7-ona  e 6α,11,12,15-tetra-hidroxi-8,11,13-abietatrien-7-ona são inéditos na  literatura, a 11,12,15-tri-hidroxi-8,11,13-abietatrien-7-ona está sendo  relatada pela primeira vez como um novo diterpeno abietano natural, enquanto  que para a (16S)-12,16-epoxi­11,14-di-hidroxi-17(15→16)-abeo-abieta-8,11,13-trien-7-ona,  isolada anteriormente de Teucrium divaricatum Subsp. villosum, propõe-se uma revisão dos dados de ressonância magnética nuclear (NMR) 1H e 13C. A determinação  estrutural de todos os constituintes foi realizada através de técnicas  espectroscópicas como espectrometria de massas de alta resolução (HRMS),  infravermelho (IR), NMR de 1H e 13C,  incluindo sequências de pulsos uni e bidimensionais, e comparação com dados  descritos na literatura.

  

   

  
    The phytochemical study of the ethanol extract from  roots of Hyptis crassifolia Mart. ex Benth. (Lamiaceae) led to the  isolation and structure elucidation of nine diterpenes identified as  11,12,15-trihydroxy-8,11,13-abietatrien-7-one, 6α,11,12,15-tetrahydroxy-8,11,13-abietatrien­7-one,  11,12,16-trihydroxy-17(15→16)-abeo-abieta-8,11,13-trien-7-one, (16S)-12,16-epoxy­11,14-dihydroxy-17(15→16)-abeo-abieta-8,11,13-trien-7-one,  incanone, ferruginol, sugiol, 11-oxomanoyl oxide and 11β-hydroxymanoyl oxide. Compounds 11,12,16-trihydroxy­17(15→16)-abeo-abieta-8,11,13-trien-7-one  and 6α,11,12,15-tetrahydroxy-8,11,13-abietatrien­7-one are  new, 11,12,15-trihydroxy-8,11,13-abietatrien-7-one is being reported for the  first time as a new natural abietane diterpene, while for (16S)-12,16-epoxy-11,14-dihydroxy-17(15→16)-abeo­abieta-8,11,13-trien-7-one,  previously isolated from Teucrium divaricatum Subsp. villosum, a revision  of the 1H and 13C  nuclear magnetic resonance (NMR) data previously reported is proposed. Structure  determination of all constituents was performed by mean of spectroscopic  techniques such as high resolution mass spectrometry (HRMS), infrared (IR), 1H and 13C 1D and 2D NMR and  comparison with literature data.

    Keywords: Hyptis crassifolia, Lamiaceae,  abietane diterpenes, rearranged abietane diterpenes, labdane diterpenes

  

   

   

  Introduction

  Lamiaceae consists of about 258 genera and 6970 species distributed around the world,1 mainly centered in the Mediterranean region despite reports of their occurrence in Australia and South America.2 The Hyptis genus includes around 400 species distributed throughout the Americas, West Africa, Fiji Island (Oceania), and western India.3 They are found in Northern and Northeastern Brazil, especially in the cerrado.4 Plants from this genus are used in folk medicine, especially in the treatment of fever, colds, asthma, headache, cramps, gastrointestinal infections, rheumatism, skin diseases and malaria, and also have antibacterial, antifungal and insect repellent properties.2 Previous studies on the chemical constitution of Hyptis species report the isolation of triterpenoids,5 flavonoids,6,7 lignans,7,8 α-pyrone derivatives9,10 and diterpenoids,11-14 namely labdanes and abietanes. The abietane diterpenes have attracted particular attention, due to their biological activities, in particular as antioxidant,15-17 antibacterial,18-20 cytotoxic,21-24 antiviral25,26 and antimalarial.27 Among the diterpenes that exhibit these activities, were observed several highly oxygenated compounds that can present either the C-ring saturated or unsaturated, aromatic, and also with an ortho or para-naphtoquinone pattern. Previous works carried out on plants of the genus Hyptis from the Northeast of Brazil flora, reported the isolation of many abietane diterpenes, for example those isolated from roots of H. martiusii,11 H. platanifolia12 and H. carvalhoi.28

  In this paper, it is reported the phytochemical analysis of the ethanol extract from roots of Hyptis crassifolia Mart. ex Benth., a small shrub that grows in abundance in the state of Bahia to which no phytochemical investigation has been reported so far. This study led to the isolation and structure elucidation of nine diterpenes: four abietanes (1, 2, 6 and 7), three rearranged abietanes (3-5) and two labdanes (8 and 9). Compounds 2 and 3 have not yet being reported in the literature, whereas 1 is being reported for the first time from a natural source. A revision of the previously published nuclear magnetic resonance (NMR) data in the literature29 is being proposed for compound 4.

   

  Experimental

  General procedures

  Melting points were measured on a digital Marconi MA-381 apparatus and are uncorrected. Optical rotations [α]D 20 were determined with a Jasco P-2000 digital polarimeter, operating with tungsten lamp at a wavelength of 589 nm at 20 ºC. Infrared (IR) spectra were recorded using a Perkin-Elmer FTIR 100 spectrometer using the universal attenuated total reflectance accessory (UATR). High-resolution electrospray ionization mass spectra (HR-ESI-MS) were performed with a SHIMADZU LCMS-IT-TOF (225-07100-34) equipped with a Z-spray ESI (electrospray) source operating either in the negative or positive mode.1H and 13C NMR (1D and 2D) spectra were performed on Bruker Avance DPX-300 and/or DRX-500 spectrometers equipped with 5 mm direct probe or inverse detection Z-gradient probe, respectively.1H NMR (300.13 and 500.13 MHz) and 13C NMR (75.47 and 125.75 MHz) spectra were measured at 25 ºC. Chemical shifts (d), expressed in parts per million (ppm), are referenced by the signal of the residual non-deuterated hydrogens (1H NMR) and the central peak of carbon-13 (13C NMR) of the deuterated solvents. Flash column chromatography and column chromatography (CC) were carried out on silica gel 60 A (Whatman, 70-230 mesh) and silica gel 60 A (Acros Organic, 0.035-0.070 mm), respectively. Thin layer chromatography (TLC) was performed on precoated silica gel polyester sheets (Kieselgel 60 F254, 0.20 mm, Merck) by detection with a spray reagent of vanillin/perchloric acid/EtOH solution followed by heating at 100 ºC. Normal phase semi-preparative HPLC separations were performed with a Shimadzu LC-20AT pump, UV-PDA (SPD-M20A) detector and WATERS-1525 pump, UV-PDA (WATERS 2996) detector, a Phenomenex Silica column (10 × 150 mm, 5 µm particle size), with a flow rate of 4.72 mL min−1 and column oven temperature 40 ºC, monitoring at 273.8 nm.

  Plant material

  The roots of Hyptis crassifolia Mart. ex Benth. were collected in July 2010, at Mucujê county (Diamantina Plateau, Bahia State). The plant material was identified by Prof Maria Lenise Silva Guedes of Instituto de Biologia, Departamento de Botânica, Universidade Federal da Bahia. A voucher specimen (No. 95.183) is deposited in the Herbário Alexandre Leal Costa of the Departamento de Botânica, Universidade Federal da Bahia.

  Extraction and isolation

  The roots (875 g) of Hyptis crassifolia Mart. ex Benth., dried and crushed were macerated with EtOH (3 × 6.0 L), after extraction with hexane, at room temperature after standing for 72 h. The ethanol solution was concentrated under reduced pressure at 50 ºC to yield the respective extract (26.0 g). The EtOH extract (22.0 g) was coarsely fractionated over a silica gel column using hexane/CH2 Cl2 (1:1), CH2 Cl2, CH2 Cl2 /EtOAc (1:1), EtOAc and MeOH as eluents. The hexane/CH2 Cl2 (1:1) fraction (674.4 mg) was chromatographed on a silica gel column with hexane, hexane/CH2 Cl2 (9:1, 7:3, 1:1), CH2 Cl2 and MeOH to give 36 fractions (10 mL each), that after TLC analysis were pooled to 9 fractions (F1HD - F9HD). F4HD (52.8 mg, 7:3 hexane/CH2 Cl2) was separated through HPLC using a 9:1 hexane/EtOAc as eluent (v/v), with an injection volume of 200 µL, under isocratic conditions to yield compound 6 (6.0 mg), [α]D 20 +25.7 (c 0.2, CHCl3) {lit. [α]D 20 +42.9º (c 0.2, CHCl3)}.30 F6HD (60.2 mg, hexane/CH2 Cl2 7:3) after successive recrystallizations in MeOH yielded 18.5 mg of 8 in the form of colorless crystals, mp 70.7-73.4 ºC, [α]D 20−33.8º (c 0.2, CHCl3) {lit. mp 96-97 ºC, [α]D 20 −103.2º (c 0.2, i-PrOH)}.31 Compound 4 (6.2 mg), a yellow solid,  was obtained from F8HD (85.0 mg, 1:1 hexane/CH2 Cl2), after semi-preparative HPLC analysis (mobile phase 98:2 hexane/isopropanol). The CH2 Cl2 fraction (1.26 g) was chromatographed over silica gel by elution hexane/CH2 Cl2 (1:1, 3:7), CH2 Cl2, CH2 Cl2 /EtOAc (1:1), EtOAc and MeOH to give 32 fractions (10 mL each), that were combined into nine resulting fractions after TLC analysis (F1D -F9D). F4D (110.5 mg, 1:1 hexane/CH2 Cl2) was submitted to semi-preparative HPLC analysis, using hexane/EtOAc, 8:2 (v:v) as mobile phase to yield 7 (19.0 mg) in the form of yellow crystals, mp 283.4-285.4 ºC, [α]D 20 +26.1 (c 0.1, CHCl3){lit. mp 282-285 ºC, [α]D 25+12.3º(c 0.1, CHCl3)}.32 F6D (195.8 mg, 3:7 hexane/CH2 Cl2), was rechromatographed on silica column by elution with hexane, hexane/CH2 Cl2 (9:1, 8:2, 7:3, 1:1), CH2 Cl2 and MeOH to yield 9 (47.3 mg) in the form of yellow crystals, mp 78.9-79.9 ºC, [α]20D +30.2º (c 0.1, CHCl3) {lit. mp 106-107 ºC and [α]25D +12.3º (c 0.1, CHCl3)}.33 Compound 5 (4.6 mg) was obtained as a yellow resin, [α]D 20 +15.7º (c 0,095, CHCl3) {lit. [α]25D +140.8º (c 0.1, CHCl3)},32 from F7D (33.7 mg, 3:7 hexane/CH2 Cl2), after successive recrystallization with CH2 Cl2 /MeOH, (1:1). F8D (479.7 mg, CH2 Cl2) was chromatographed on silica column with CH2 Cl2 :MeOH (98:2, 95:5 and 1:1) to give 22 sub-fractions (10 mL each), that were pooled to 6 sub-fractions  (F8D1 -F8D6), after TLC analysis. F8D5 was subjected to HPLC analysis, using hexane/EtOAc, 8:2 (v:v) as mobile phase to yield compounds 1 (4.0 mg), 2 (3.2 mg) and 3 (3.7 mg).

  11,12,15-trihydroxy-8,11,13-abietatrien-7-one (1)

  Yellowish resin; [α]D 20+17.13º (c 0.0975, CHCl3 ; IR νmax /cm−1 3385, 2927, 2865, 1726, 1669, 1564, 1459, 1311; HR-ESI-MS m/[image: caracter 1] 333.2062 [M + H]+, (calc. for C20 H29 O4, 333.2060); 1H and 13C NMR spectral data, see Table 1.

  
    

    [image: Table 1. 1H and 13C NMR data (d in ppm, J in Hz) for compounds 1-5]

  6α,11,12,15-tetrahydroxy-8,11,13-abietatrien-7-one (2)

  Yellowish resin; [α]D 20 −18.15º (c 0.074, CHCl3); IR νmax /cm−1 3436, 2928, 2869, 1720, 1675, 1611, 1566, 1463, 1372, 1309, 1298, 1128; HR-ESI-MS m/[image: caracter 2] 349.2007 [M + H]+ (calc. for C20 H29 O5, 349.2010); 1H and 13C NMR  spectral data, see Table 1.

  11,12,16-trihydroxy-17(15→16)-abeo-abieta-8,11,13-trien-7-one (3)

  Yellow resin; [α]D 20 +57.92º (c 0.08, CHCl3); IR, νmax /cm−1 3401, 2927, 2861, 1722, 1671, 1609, 1564, 1461, 1368, 1316; HR-ESI-MS m/[image: caracter 3] 333.2064 [M + H]+ (calc. for C20 H28 O4, 333.2060); 1H and 13C NMR spectral data, see Table 1.

  (16S)-12,16-epoxy-11,14-dihydroxy-17(15→16)-abeo-abieta-8,11,13-trien-7-one (4)

  Yellow solid; mp 195.7-197.7 ºC; [α]D 20 +26.79º (c 0.24, CHCl3); IR νmax /cm−1 3382, 2926, 2865, 1618, 1459, 1352, 1253, 1016, 807; HR-ESI-MS m/[image: caracter 4] 331.1889 [M + H]+ (calc. for C20 H27 O4, 331.1909); 1H and 13C NMR spectral data, see Table 1.

   

  Results and Discussion

  The EtOH extract from roots of Hyptis crassifolia Mart. ex Benth. was fractionated by silica gel column chromatography after elution with pure or binary mixtures of hexane, CH2 Cl2, EtOAc and MeOH. The hexane-CH2 Cl2 (1:1) and CH2 Cl2 fractions were subjected to various chromatographic procedures leading to the isolation of nine compounds (1-9, Figure 1), whose structures were elucidated by spectroscopic methods, such as IR, high resolution mass spectrometry (HRMS) and particularly, 1H and 13C NMR (1D and 2D).

  
    

    [image: Figure 1. Structures of the diterpenes 1-9 isolated from H. crassifolia.]

  Compound 1 was obtained as a yellowish resin. The IR spectrum exhibited absorption bands for hydroxyl group at 3385 cm−1, Csp3-H groups at 2927 and 2865 cm−1, skeletal bands of benzene ring at 1609 and 1564 cm−1, conjugated C=O at 1669 cm−1 and C–O of phenol and alcohols at 1254 and 1145 cm−1, respectively. The molecular formula C20 H28 O4 was determined by HR-ESI-MS, based on the quasi-molecular ion at m/[image: caracter 5] 333.2062 [M + H]+ (calcd. for C20 H29 O4 m/[image: caracter 6] 333.2060). The CPD and DEPT 135º 13C NMR spectra displayed 20 and 11 signals, respectively, one from a conjugated aryl ketone carbonyl (δC 199.4), six sp2 carbons of a benzene ring (δC 116.5-147.6), one non-hidrogenated sp3 carbon bearing an oxygen (δC 76.9), and 12 non-functionalized sp3 carbons (δC 18.1-50.5; two quaternary, one methine, four methylenes and five methyls) (Table 1). The 1H NMR spectrum showed five characteristic singlets of methyl groups attached to non hydrogenated carbons at δH 0.95 (Me-18), 0.98 (Me-19), 1.40 (Me-20), 1.68 (Me-17) and 1.70 (Me-16). A signal at δH 7.49 (H-14) was ascribed to one proton of a pentasubstituted benzene ring. In addition, a pair of double doublets at δH 2.53 (J 17.0, 14.4 Hz, H-6b) and 2.63 (J 17.0, 2.8 Hz, H-6a) were observed, corresponding to one methylene group coupled to a methine at δH 1.85 (dd, J 2.8, 14.4 Hz, H-5). The presence of a hydroxyl group at C-15 was accomplished by the HMBC spectrum analysis, showing long-range correlations of the methyl groups at δH 1.70 (Me-16) and 1.68 (Me-17) with the oxygenated carbon at δC 76.9 (C-15, 2J) (Figure 2). Furthermore, the pattern of substitution of the pentasubstituted benzene ring was determined by correlations of the benzene proton at δH 7.49 (H-14) with the oxygenated carbon at δC 76.9 (C-15, 3J), with the sp2 carbons at δC 147.6 (C-12, 3J) and 139.4 (C-9, 3J) and with the carbonyl group at δC 199.4 (C-7, 3J) (Figure 2). Then, compound 1 was characterized as the 11,12,15-trihydroxy-8,11,13-abietatrien-7-one, a diterpene previously synthesized during the structural determination of callicarpone by Kawazu et al.,34 but that is being reported for the first time in the literature as a new natural abietane.

  
    

    [image: Figure 2. Key HMBC correlations observed for the compounds 1-4]

  

  Compound 2 was also obtained as a yellowish resin. The molecular formula C20H28O5 was determined by HR-ESI-MS, based on the quasi-molecular ion at m/[image: caracter 7] 349.2007 [M + H]+ (calcd. for C20H29O5 m/[image: caracter 8] 349.2010). The IR spectrum showed stretching bands consistent with the presence of hydroxyl groups at 3436 cm−1 and stretching bands of Csp3-H groups at 2928 and 2869 cm−1, and as for compound 1, a conjugated aryl ketone group at 1675, 1611 and 1566 cm−1. Stretching bands at 1258 and 1080 cm−1 were consistent with the presence of C–O group of phenol and alcohols, respectively. Comparative analysis of 1H and 13C NMR data of the compounds 1 and 2 revealed several similarities. The major diferences in the 13C NMR spectrum were the disappearance of a methylene at δC 35.8 for 1 and the appearance of an oxymethine at δC 73.4 for 2. The deshielding of C-5 (δC 50.5 in 1) to δC 55.6 and the shielding of C-8 (δC 124.6 in 1) to δC 121.6 are in accordance with β and γ effects, respectivelly, of the hydroxyl positioned at C-6. The stereochemistry of the hydroxyl at C-6 was assigned as α-equatorial on the basis of the coupling constants of H-5 [δH 1.81 (d, J 13.5 Hz)] and H-6 [δH 4.60 (d, J 13.5 Hz)], a typical axial-axial hydrogen coupling of cyclohexane rings. The changes in the 1H NMR spectrum of 2, relatively to 1, are all in agreement with the above discussion. The axial oxymethine hydrogen attached to the α-carbon to the carbonyl appeared at δH 4.60 (d, J 13.5 Hz), while all methyls attached to quaternary carbons underwent a light deshielding. Accordingly with the afore mentioned spectral data, the structure of 2 was characterized as the new diterpene 6α,11,12,15-tetrahydroxy-8,11,13-abietatrien-7-one.

  Compound 3 was obtained as a yellow resin. The molecular formula C20H28O4 was determined by HR-ESI-MS, based on the quasi-molecular ion at m/[image: caracter 9] 333.2064 [M + H]+ (calcd. for C20H29O4 m/[image: caracter 10] 333.2060). The NMR data of compound 3 showed remarkable similarities with those of compound 1 (see Table 1). The major diferences account for an oxymethine at C-16 (δC 71.3; δH 4.31 m) and an extra diastereotopic methylene at C-15 [δC 40.2; δH 2.90 (dd, J 1.9, 14.8 Hz, H-15a) and δH 2.78 (dd, J 7.4, 14.8 Hz, H-15b)]. The singlets at δH 1.70 (Me-16) and 1.68 (Me-17) correspondent to the geminal methyls of the benzene side chain of 1 are missing, while a doublet for a primary methyl C-17 [δC 23.5; δH 1.29 (d, J 6.2 Hz)] appears on the 1H NMR. This information is in agreement with a rearrangement of the aromatic side chain of compound 1. The 13C NMR data is totally in accordance with the suggested change, appearing the extra methylene (C-15) at δC 40.2, the oxymethine (C-16) at δC 71.3, and the methyl (C-17) at δC 23.5. The other expected changes were the shielding of C-13 (δC 122.9) due to the replacement of the deshielding β-hydroxy and β-methyl effect on compound 1, for the shielding γ-effect of both groups on compound 3. The release of the crowding steric hindrance of the branched side chain on compound 1 through the rearrangement for a normal chain on compound 3 also affects the chemical shift of C-14 (δC 122.4), now with a remarkable deshielding effect (∆δC = 5.9). The spectral data discussed above are consistent with a 17(15→16)-abeo-abietane diterpenoid.32,35 The skeleton of 3 was confirmed through a detailed analysis of the HMBC spectrum by long-range correlations of the aromatic proton at δH 7.43 (H-14) with the carbons at δC 148.1 (C-12, 3J), 139.2 (C-9, 3J) and 40.2 (C-15, 3J), and with the carbonyl carbon in δC 199.7 (C-7, 3J) (Figure 2). Thus, compound 3 was identified as a new 17(15→16)-abeo-abietane diterpene, the 11,12,16-trihydroxy-17(15→16)-abeo-abieta-8,11,13-trien-7-one.

  Compound 4 [α]D20 + 26.79º (c 0.24, CHCl3) was isolated  as a yellow solid (mp 195.7-197.7 ºC). The molecular formula, C20H26O4, was established after HR-ESI-MS analysis based on the quasi-molecular ion at m/[image: caracter 11] 331.1889 [M + H]+ (calcd. C20H27O4 m/[image: caracter 12] 331.1909). Compound 5, already known, showed very similar spectroscopic data to those of compound 4 (see Table 1). Its HR-ESI-MS quasi-molecular ion at 347.1879 [M − H]−, 18 Da higher than that of compound 4, suggested that compound 4 could be a dehydrated derivative. The IR spectrum of 4 exhibited absorption bands for hydroxyl groups at 3382 cm−1 and a conjugated ketone carbonyl group at 1639 cm−1. The 13C CPD NMR spectrum exhibited 20 signals, that after the 1H,13C-HSQC spectrum analysis allowed to determine the presence of an aryl ketone carbonyl, chelated to the hydroxyl at C-14, at δC 206.4, six sp2 carbons at the region of δC 111.3-158.9, one very deshielded oxymethine carbon at δC 83.9, and 12 sp3 saturated carbons (δC 18.2-51.9) (Table 1). Analysis of the 1H NMR spectrum did not show any aromatic proton, but three singlets of methyl groups attached to quartenary carbons at δH 0.96 (Me-18), 0.99 (Me-19) and 1.39 (Me-20), and a methyl doublet at δH 1.48 (d, J 6.2 Hz, Me-17). In addition, an oxymethine proton at δH 5.08 (bq, J 6.9 Hz, H-16) and a diastereotopic methylene at δH 3.27 (H-15a); 2.75 (dd, J 15.3, 7.3 Hz, H-15b) have been observed. The main difference was the deshielding of C-16 (δC 69.9 in 5) to δC 83.9 due the formation of an α-methyldihydrofuran ring condensed with the fully substituted benzene ring at the positions C-12 and C-13. The appearance of a chelated hydroxy at δH 13.44 in the 1H NMR spectrum (CDCl3) of compound 4 (see Supplementary Information (SI) section) evidenced that the ring closure has been done through the C-12 hydroxy. The substitution pattern of the C aromatic ring was definitively established from the HMBC analysis by long-range correlations of the methylene protons at δH 3.27 (H-15a) and 2.75 (H-15b) with the carbons at δC 158.9 (C-12, 3J), 112.2 (C-13, 2J) and 22.3 (C-17, 3J). In addition, the correlations of the methylene protons at δH 2.63-2.51 (H-6) with the carbons at δC 34.5 (C-4, 3J), 206.4 (C-7, 2J), 111.3 (C-8, 3J) and 42.2 (C-10, 3J) (Figure 2) were also observed. To the C-16 stereogenic center was attributed the same relative stereochemistry as that in either teuvincenone A or E (αH, βMe), taking in consideration the similar chemical shifts and coupling constant values of the 2H-15, H-16 and Me-17 protons,35 as well as the carbon-13 chemical shifts of the dihydrobenzofuran system (C-8 to C-17) (see Table 1). This, undoubtedly, indicated for compound 4 the structure of the new rearranged abietane diterpene, (16S)-12,16-epoxy-11,14-dihydroxy-17(15→16)-abeo-abieta-8,11,13-trien-7-one. Comparison of the NMR data of 4, with those published for villosin A, a compound previously isolated from Teucrium divaricatum Subsp. villosum by Ulubelen et al.29 to which the structure suggested is the same as the one proposed for 4, did not show a good matching. For instance, the carbonyl chemical shift at δC 185.6 is not compatible with the C-7 aryl ketone carbonyl of compound 4 (δC 206.4), once other aryl ketones described in the literature have carbon ressonances of approximately δC 205.0.32,36,37 It appears that the carbonyl chemical shift at  δC 185.6 previously reported,29 is more compatible with a cross conjugated aryl ketone (ca. δC 188.0)36 or α-hydroxy cross conjugated aryl ketones (ca. δC 183.0).29,36 In addition, several other inconsistencies can be pointed out, for example, the 13C NMR chemical shifts of C-4 (δC 37.2), C-6 (δC 29.7), C-8 (δC 107.6) and C-10 (δC 35.4).29 Thus, the NMR data assignment previously published for villosin A should be revised, or an alternative structure should be considered. According to the analysis described above, the structure of 4 was assigned as (16S)-12,16-epoxy-11,14-dihydroxy-17(15→16)-abeo-abieta-8,11,13-trien-7-one.

  The remaining compounds were characterized as incanone (5),32 ferruginol (6),30,38 sugiol (7),39 11-oxomanoyloxide (8)40 and 11β-hydroxymanoyloxide (9),33 by extensive 1D and 2D NMR spectroscopy analyses and by comparison of the spectral data with those reported in literature.

   

  Conclusions

  The unprecedent phytochemical analysis of Hyptis crassifolia, a herb wildly dispersed through the neighborhood of Mucujê, a small town at Chapada Diamantina, BA, Brazil, has led to the isolation of four abietane diterpenes, two of which are new, 1 and 2. This is in agreement with the chemotaxonomic profile of the genus Hyptis already reported in the literature. On the other hand, rearranged abietanes, two of which are new (3 and 4), are being reported for the first time from Hyptis. The known labdane diterpenes 8 and 9, isolated from other genera like Salvia33 and Kyllinga,40 have not been reported from Hyptis previously. In addition, the NMR data of the rearranged abietane 4, previously identified as villosin A,29 was reassigned.

   

  Supplementary Information

  Supplementary data are available free of charge at http://jbcs.sbq.org.br as PDF file.
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    Este trabalho propõe a otimização multivariada de um procedimento para determinação de cádmio em amostras de chorume usando-se espectrometria de absorção atômica com chama após a extração em fase sólida usando-se uma minicoluna empacotada com Amberlite XAD-4 modificada com ácido 3,4-diidróxibenzoico. As variáveis relacionadas à pré-concentração (pH, razão de amostragem e concentração do tampão) foram otimizadas usando-se planejamento Doehlert. Duas ferramentas para modelagem estatística (regressão por mínimos quadrados e redes neurais artificiais) foram aplicadas aos dados e seus desempenhos foram comparados. Procedimentos de digestão do chorume por aquecimento em meio ácido e por radiação ultravioleta foram avaliados sendo este último mais adequado para evitar a perda de Cd por volatilização. O procedimento desenvolvido apresentou um fator de enriquecimento de 9 vezes com limites de detecção e de quantificação (3sb) de 0,72 e 2,4 µg L-1, respectivamente, e precisão - expressa como porcentagem do desvio padrão relativo - de 4,0 e 6,4% (RSD%, n = 4 para 5,0 e 20,0 µg L-1, respectivamente). Testes de adição/recuperação de Cd foram realizados obtendo-se valores entre 97 e 112%. O procedimento foi aplicado na determinação de cádmio em amostras de chorume coletadas no aterro sanitário do município de Jaguaquara-BA, Brasil.

  

   

  
    This work proposes the use of multivariate optimization as a procedure for cadmium determination in leachate samples via flame atomic absorption spectrometry after solid phase extraction using a minicolumn packed with Amberlite XAD-4 modified with 3,4-dihydroxybenzoic acid. The variables related with the preconcentration (pH, sampling flow rate and buffer concentration) were optimized using Doehlert design. Two statistical modeling tools (least squares regression and artificial neural networks) have been applied to the data and their performances were compared. Digestion procedures of the leachate by heating in acid medium and ultraviolet radiation were evaluated being the latter more appropriate to prevent loss of Cd by volatilization. The developed procedure has promoted an enrichment factor of 9, with detection and quantification limits (3sb) of 0.72 and 2.4 µg L-1, respectively, and precision - expressed as relative standard deviation percentage - of 4.0 and 6.4% (RSD%, n = 4 for 5.0 and 20.0 µg L-1, respectively). Addition/recovery tests for Cd were carried out and values between 97 and 112% were obtained. The procedure was applied for cadmium determination in leachate samples collected at the sanitary landfill of Jaguaquara-BA, Brazil.

    Keywords: cadmium, landfill leachate, solid-phase extraction, Doehlert design, least squares regression, artificial neural network

  

   

   

  Introduction

  The production of a dark liquid called leachate is common in sanitary landfills. This residue results from the decomposition of waste mass plus the rainwater percolating into the landfill, and the trash moisture.1 The contamination of soil, air or water by composites such as the leachate is extremely harmful to the environment. Leachate can contain high concentrations of chemical compounds and potentially toxic metals that can modify the ideal conditions of the ecosystem.2

  Cadmium concentrations can increase in the environment through the release of waste and/or contaminated effluents. Amongst the wastes with a contaminant potential those resulting from the production of alloys, the manufacture of products containing Cd, batteries and leachate from sanitary landfills can be mentioned. Cadmium is very toxic to humans and other animals. Products containing Cd (inks, enamels and alloys) are possible sources of contamination to foods and beverages and can cause acute toxicity. Among the adverse health effects caused by exposure to this metal or its derivatives, the following are noteworthy: chronic lung diseases, emphysema, kidney disorders, anemia, liver and bone diseases, and others.3

  Amongst the types of metals present in the complex matrix of leachate, Cd can hardly be quantified by flame atomization atomic absorption spectrometry (FAAS), since the quantification limit of the analytical technique is not sufficiently low. Furthermore, the difficulties increase with losses provoked by the volatility of this analyte when the sample is digested by heating in open systems, the low metal concentrations in the examined matrices, and the occurrence of matrix effects. So, the pretreatment of samples requires an effective preconcentration stage so as to lower the instrumental detection and quantification limits.4-6 This procedure allows quantifying Cd by FAAS, since the interfering substances are eliminated and the analyte is isolated from the matrix components at a higher concentration.5

  Solid phase extraction (SPE) is one of the preconcentration methods commonly applied in environmental analyses. SPE methods are based on analyte sorption onto the solid surface of a determined material (commonly silica, XAD resins, polyurethane foam, etc., impregnated or modified with a complexing agent) followed by elution with adequate solvents.7 Solid phase extraction in minicolumns is a procedure that involves variables that must be optimized for each type of analyte and type of solid phase used such as pH, sample flow rate and buffer volume. Nowadays, multivariate optimization is used in this optimization, since it does not either require a great deal of experiments and reagents or consumes much time; in addition, it allows the evaluation of interactions between the different variables.8,9

  As for the work involving SPE, the use of multivariate experimental design methodologies for response surface generation, such as the Doehlert design, is possible in the search for the optimum extraction conditions. The use of this methodology allows simultaneous improvements of the responses that are influenced by factor-level combinations. In the case of SPE, the major contributing factors in the extraction are pH, which is a key parameter in the retention of the analyte,10 sampling flow rate and buffer concentration. Fitting the mathematical functions to the results obtained by combining different levels of variables allows predicting the result as well as the influences of each factor in a given experiment. This type of methodology has advantages such as savings in time, materials and costs.11 In conjunction with the statistical techniques, the Doehlert matrix can be applied to generate response surfaces and study the behavior of the variables. This methodology allows finding the optimum conditions of an experiment. Essentially, the most efficient way is to look at a combination of factors which result in the best response of a process or in the best features of a product.12

  Mathematical functions that generate response surfaces can be fitted to experimental data using the classical least square methodology or alternative methodologies, such as artificial neural networks (ANN). ANN provide an attractive possibility for providing non-linear modeling for response surfaces. In classical response surface methodology (RSM), the number of terms in the polynomial equation is limited to the number of experimental design points. On the other hand, ANN methodology allows the modeling of complex relationships without this limitation. Its analysis is quite flexible in regard to the number and form of the experimental data having better predictive power than regression models. Regression analyses are dependent on predetermined statistical significance levels, and less significant terms are usually not included in the model. With the ANN method, all data are used making the models more accurate.12,15

  Accordingly, the objective of this study was to determine the Cd concentrations at trace level in landfill leachate samples through the development of an effective methodology that makes use of solid phase extraction and flame atomic absorption spectrometry. The response surfaces methodology, associated with least squares regression and artificial neural networks, was applied in the mathematical optimization and search of optimum values for the most significant variables in the preconcentration process.

   

  Experimental

  Instrumentation

  Metal concentrations were measured using a Perkin Elmer AAnalyst 200 model flame atomic absorption spectrometer (Norwalk, USA) equipped with deuterium arc lamp for background correction. The hollow cathode lamp was used as a source of radiation at a wavelength of 228.8 nm for the spectral bandwidth of Cd. The flame composition for determining the studied metals was acetylene (flow rate: 2.0 mL min-1) and air (flow rate: 13.5 mL min-1). The nebulizer flow rate was 5.0 mL min-1.

  A peristaltic pump (MILAN) was used to control the flow rate of samples during solid-phase extraction. A portable pHmeter ML 1010 (MISURA LINE) was used to measure the pH. A TE007MP block digester (Tecnal) with temperature control and a laboratory-made ultraviolet digester craft equipped with 20 W mercury low-pressure lamps (Mercury) were respectively used in the acid and ultraviolet digestion of leachate samples. An ultrasonic bath with controlled heating (Visque Model 1450A) was used to facilitate outgassing of the samples after digestion by ultraviolet radiation.

  Reagents and solutions

  The reagents used were of analytical grade. Water was deionized with Elga purifier (model Purelab Classic). Working solutions of Cd were diluted from stock solutions of 1000 mg mL-1 (Merck). The pH of solutions was adjusted with acetate (pH 3.8 to 5.8), phosphate (pH 6.2 to 7.5), borate (pH 7.5 to 9.0) and ammoniacal (pH 10.0) buffer solutions. The solutions of nitric acid and hydrochloric acid were prepared from solutions of concentrated acid (Merck, Darmstadt, Germany).

  The working glassware was washed with deionized water after decontamination with nitric acid solution (10%) for 24 hours.

  Sample collection

  Leachate samples were collected from the sanitary landfill of Jaguaquara (lat. 13°31'51" S and long. 39°58'15" W) 
    in the southwest region of Bahia, northeastern Brazil. Samples were collected from November 2011 to May 2012. The leachate was collected directly into the primary reservoir where it is stored after passing through the collector arrays. The samples were stored in polyethylene flasks and were immediately taken to the laboratory for pH determination and placing in a refrigerator. All collection vials were subjected to triple washing with deionized water, kept in a nitric acid solution (5% v/v) for 24 hours and then rinsed again with deionized water.

  Optimization procedure

  The Doehlert design matrix was applied in the optimization procedure for Cd preconcentration in leachate samples. The procedure consisted in the solid phase extraction (SPE) of the metal in a minicolumn packed with 0.1 g of a polymeric resin (Amberlite XAD-4) modified with 3,4-dihydroxybenzoic acid (DHB), elution and subsequent determination by FAAS. The variables optimized in the design were: pH, buffer concentration and flow rate sampling and their level combinations are presented in Table 1. All of the studied factors were explored on at least three levels. At the central point, three replicates were carried out for calculating the experimental error. The generated data were analyzed using Statistica 7 software, and the experiments were performed in duplicate.

  
    

    [image: Table 1. Experimental matrix of Doehlert design for optimizing the SPE method]

  

  Cadmium solutions were prepared in 20 mL volumetric flasks to which a specific pH buffer was added along with the pre-established metal concentration of 30 µg L-1. After that, the analytes were eluted from the SPE column using 1 mL of 1.0 mol L-1 HCl and transferred to vials for analysis by FAAS.

  Synthesis of XAD-4/DHB resin

  This modified resin has been used before by our research group.13 Amberlite XAD-4 beads (5 g) were treated with 10 mL of concentrated HNO3 and 25 mL of concentrated H2SO4 and the mixture stirred at 60 ºC for 1 h in a water bath. Afterwards, the reaction mixture was poured into an ice-water mixture. The nitrated resin was filtered, washed repeatedly with water until free from acid and thereafter treated with a reducing mixture of 40 g of SnCl2, 45 mL of concentrated HCl and 50 mL of ethanol. The mixture was refluxed for 12 h at 90 ºC. The solid precipitate was filtered and washed with water and 2 mol L-1 NaOH. The amino resin was first washed with 2 mol L-1 HCl and finally with distilled water to remove the excess of HCl. It was suspended in an ice-water mixture (150 mL) of 1 mol L-1 HCl and 1 mol L-1 NaNO2. The diazotized resin was filtered, washed with ice-cold water and reacted with DHB (3.3 g in 250 mL of 10% m/v NaOH solution) at 0-3 ºC for 24 h. The resulting brown-colored resin was filtered, washed with water and dried in air. The mass of the resin used to fill the column and the type and concentration of the eluent (1.0 mol L-1 HCl) was established in accordance with previous studies.

  Mathematical modeling

  Mathematical modeling was carried out using two modeling tools: least squares regression and artificial neural network. The surfaces were obtained by fitting polynomial functions to the absorbances obtained for each combination of levels regarding the variables set by a Doehlert design. The performances of two modeling methods were compared using the coefficient of determination (R2).

  UV digestion of leachate

  Leachate samples were digested with UV radiation.14 A sample of 6.5 mL leachate was placed in a Petri dish in which another 0.5 mL of hydrogen peroxide (VETEC) plus another 3.0 mL of an ammoniacal buffer solution (pH 10) were added. The solutions were subjected to UV photodigestion for 40 minutes using a laboratory-made digester and were then transferred to 20 mL volumetric flasks. After that, the solutions were subjected to an ultrasonic bath for removal of residual bubbles. Finally, 4 mL of the ammoniacal buffer solution (pH 10) were added to each sample and the liquid was diluted with deionized water up to 20 mL so as to perform the preconcentration procedure.

  Acid digestion of leachate on a heating plate

  The acid digestion was carried out with 5 mL of leachate. It was placed in a digestion tube and 2 mL of concentrated HNO3 (65%) were added. Next, the solutions were heated in the temperature range of 100-120 °C up to nearly dryness and complete digestion. The digested samples were cooled to room temperature. The sample solution was neutralized with 5% NaOH and 4 mL of ammoniacal buffer solution was added. The solutions were transferred to volumetric flasks and had their volumes completed with deionized water up to 20 mL before preconcentration. This process was carried out in duplicate for each sample.

  Preconcentration system

  Both digested samples (UV and acid procedures) were followed by solid phase extraction. Using a peristaltic pump, the samples were individually subjected to a minicolumn packed with an Amberlite XAD-4 polymer resin functionalized with 3,4-dihydroxybenzoic acid (DHB) at a flow rate of 10.92 mL min-1. In addition, 1.0 mL of 1 mol L-1 HCl was used to elute the analyte of interest and the final solutions were stored in vials for analysis by FAAS.

   

  Results and Discussion

  Optimization of experimental conditions for solid phase extraction

  Amongst the multivariate optimization procedures, response surface methodology (RSM) has been widely applied in analytical chemistry, since it allows the simultaneous optimization of variables in a very efficient manner. Among the experimental design used in RSM, the use of Doehlert matrix in the optimization of analytical methods has been increasing over the last years due to its efficiency and ease of application to a number of analytical systems.10 Accordingly, Doehlert was used in the multivariate optimization of the factors that most affect the solid phase extraction in order to simultaneously define the desired optimum values in this work: an efficient enrichment of the analyte during the sample preconcentration allowing instrumental analysis with better performance. The analytical signal of FAAS (absorbance) is the response of interest in this modeling and the results from Doehlert design application are shown in Table 2.
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  Modeling of response surfaces using least squares regression

  Least squares regression is a multiple regression technique used to fit the mathematical models to a set of experimental data with the purpose of generating the least possible residue. The residue is the difference between the experimentally observed value and that calculated on the basis of the fitted mathematical function. Small residues denote a good predictive ability of the mathematical model. A quadratic function, using least squares regression, was fitted (equation 1) to depict the behavior of data from Table 2.

  
    [image: Equation 1]

  

  where w is the response (absorbance), x denotes the pH of the preconcentrate solution, whilst y is the sample flow rate and z refers to the buffer concentration. The Pareto chart exhibited in Figure 1 reveals that, with regard to the quadratic equation, the quadratic term of flow rate (y2) and the interaction term between flow rate and buffer (yz) are not significant and can be removed without compromising the prediction. Therefore, pH is the most significant variable in the extraction process. Its positive value indicates that Cd extraction can be increased with pH elevation.

  
    

    [image: Figure 1. Pareto chart relative to the terms of the quadratic function fitted to the data obtained from the application of Doehlert design in the optimization of solid phase extraction for Cd]

  

  The quality of the fitted model can be also evaluated by the graph of predicted values vs. the experimentally observed values (Figure 2) and by the coefficient of determination (R2). The R2 value observed for the linear model was 0.7332, while that for the quadratic model was 0.9174. Despite the analysis of variance (ANOVA) indicating that there is lack of fit (p < 0.05 for a confidence level of 95%), the R2 from both the linear and the quadratic models reveals that the quadratic model is a better predictor. Residuals from the quadratic model do not follow random tendency, however it presents the lowest residuals than a linear model. Therefore, it was applied to obtain the optimum conditions to extract the analyte.

  
    

    [image: Figure 2. Graphical display of observed values vs. predicted values for the quadratic function on the absorbance data generated from the system of Cd preconcentration]

  

  The critical point for the quadratic model is characterized as a minimum point. Given that the goal is to maximize the extraction of Cd in the solid phase, the coordinates of this point will not provide the desired optimum values. Hence, the surfaces generated from the quadratic model should be visually inspected in the search for values that generate the greatest possible response within the experimental field set out by the Doehlert matrix. The surfaces generated from equation 1 are exhibited in Figure 3.
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  Basic pH favors the extraction process. The influence of this factor on the SPE for the preconcentration of metals based upon complexation is remarkable given how the retention of metals depends upon active sites that arise from the deprotonation of functional groups. Therefore, in order to retain analytes of acidic character, the pH should be increased. It can be noted, then, that the variation in the pH range controls the formation of Cd-DHB complex. Although the effect is not as pronounced as in the case of variable pH, buffer concentration was the second most important factor in the studied preconcentration procedure. This can be justified in view of its role in maintaining the optimum pH when reconditioning the column after elution with HCl. The relatively low response variation for this variable probably has happened due to the short experimental field chosen in relation to the variation of buffer concentration.

  The sampling flow rate in many SPE processes in minicolumn plays a major role in the retention of the analyte. A high sampling flow rate can reduce the time of contact of the analyte with the solid phase and thereby diminish its retention. Yet, as the flow rate observed in these experiments was seen to be less significant as compared to other variables, a higher flow rate was used so as to reduce the extraction time and enable faster analyses.

  In analyzing surfaces, it was found that the largest extractions of the analyte occur at a basic pH level (10); sampling flow rate of 10.92 mL min-1 and higher buffer concentration values (0.03 mol L-1). These values were chosen as optimum in the implementation of the extraction process.

  Modeling of response surfaces by artificial neural networks

  Artificial neural networks (ANN) are computational operating systems inspired by the brain operations and consist of groups of highly interconnected processing elements known as neurons. ANN offer alternatives to the classical polynomial regression tools (such as least squares regression) in the mathematical modeling of response surfaces.15

  The data obtained by the application of Doehlert design were modeled by neural networks for obtaining the response surfaces that better describe the behavior of data. The parameters adopted for the supervised learning of the tested networks are presented in Table 3.
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  Backpropagation has been used as a learning mechanism for networks. So the outputs, which are predicted values, have been compared vs. the observed values (obtained experimentally) to produce the smallest possible errors. The following learning algorithms were tested under the same conditions for selecting the most appropriate algorithm to the available data: linear, radial basis function networks (RBF) and multilayer perceptrons (MLP). For the training phase were used all experimental points of Doehlert design.

  The network algorithm No. 5 (Table 4) was the one that exhibited the lowest training error (0.0376) and, because of that, this algorithm was chosen for the construction of response surfaces relative to the optimization of Cd solid phase extraction. As illustrated in Figure 4, this architecture is a quite simple network with an efficient predictive ability. The error obtained in testing this network was also small (0.0596). Another parameter that proves the superiority of this algorithm is the value of R2. The graph of observed values vs. predicted values for the algorithm No. 5 is shown in Figure 5. Note that algorithm No. 5 has the highest R2 (0.9869).
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    [image: Figure 4. Architecture of the neural network algorithm No. 5 with three neurons in the input layer, six in the intermediate layer and one in the output layer]

  

  
    

    [image: Figure 5. Graph of predicted values vs. observed values for therdata generated by the network algorithm No. 5 (MLP 3:3-6-1:1)]

  

  Algorithm No. 5 is a multilayer perceptron (MLP) whose neural network architecture is characterized by having three neurons in the input layer, a single middle layer with six neurons, and an output layer with one neuron.

  The network algorithm MLP 3:3-6-1:1 was adopted in the construction of response surfaces (Figure 6). The surface shapes are very similar to those obtained by least squares regression. Nevertheless, its fit to experimental data is higher. Therefore, in this work, the optimized values obtained by visual inspection are virtually identical to those obtained by least squares regression.

  
    

    [image: Figure 6. Two response surfaces modeled by the neural network algorithm MLP 3:3-6-1:1]

  

  In general, ANN is able to better describe the experimental domain studied but in the case study discussed in this manuscript, the two modeling techniques showed the same efficiency of optimization.

  Analytical characteristics of the optimized preconcentration method

  Under the optimum extraction conditions, the analytical characteristics of the system were obtained for Cd preconcentration via solid phase extraction and determination by FAAS. The calibration curve obtained by the preconcentration of standard solutions was A = 0.0024CCd + 0.0046 (R2 = 0.9961), where A refers to the absorbance and CCd stands for the concentration of Cd in the solution in µg L-1. It was found that the regression was highly significant (Freg = 1795 > Ftab = 1.06 × 10-9). In turn, the conventional analytical curve (without the preconcentration) resulted in the following equation A = 0.00027CCd + 0.0091 (R2 = 0.9975). Once again the regression was highly significant (Freg = 2.026 > Ftab = 1.02 × 10-7).

  The enrichment factor of Cd was calculated as the ratio of slopes (m) provided by the calibration curves with and without the preconcentration step. A preconcentration factor of 9 times was found for this system. The XAD-4/DHB 
    column can be used for more than 450 cycles of preconcentration without losing its efficiency.

  The limit of detection (LOD) can be defined as the minimum amount of an analyte that can be detected by a technique, i.e., it is the estimate that the detection of the analyte can be distinguished from a background noise. On the other hand, the limit of quantification (LOQ) is the smallest amount to safely use a technique with a quantitative error below 5%.16 The limits were determined using 10 consecutive blank measurements of the aqueous solutions. LOD and LOQ were calculated based on the calibration curve values. Hence, LOD = 3 sb / m and LOQ = 10 sb / m, where sb denotes the standard deviation of measurements from the blank solution, and m refers to the slope of analyical curve. The limits of detection and quantification obtained using this procedure were 0.72 and 2.4 µg L-1, respectively.

  The precision of the procedure was assessed by repeatability and reproducibility (accessed by interdays determinations within the same laboratory), using the relative standard deviation percentage (%RSD) of ten consecutive measurements obtained after the preconcentration of standard solutions. The obtained %RSD had values of 3.8 and 5.2% for repeatability and 4.2 and 5.4 for reproducibility, respectively, for concentrations of 5 and 20 µg L-1.

  Since certified leachate samples were not available, the accuracy of Cd determinations was evaluated by the test of metal addition/recovery using the UV digestion procedure. This measure reflects the amount of analyte recovered in the process in respect of the actual quantity present in the sample.17,18 The results of the recovery test of Cd in leachate samples at a final concentration of 15 µg L-1 were between 97 to 112%. Three samples were also analyzed by graphite furnace atomic absorption spectrometry (GFAAS) (Table 6) and Cd concentrations were close to those found by the preconcentration method.
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  Robustness studies were carried out for the three optimized variables using two-level factorial design. Sampling flow rate was shown to be robust when varying levels below 10% from its optimum value while buffer concentration presents levels of 8% and pH, the less robust variable, presents levels smaller than 2%. Likewise, two procedures for the digestion of leachate samples were assessed: acid digestion and digestion assisted by UV radiation; comparison of these two methods was done via paired t-test. It was found that there is a significant difference between the means of results generated at a confidence level of 95% (p value = 0.012 < 0.05). The concentrations found by UV method were greater than that from acid digestion. This can be explained by the fact that Cd is a very volatile element that can be easily lost when the sample digestion is accomplished by heating in open systems.19 To evaluate this hypothesis, addition/recovery tests for Cd were performed using the digestion of the slurry sample by heating. Losses between 76 and 91% were observed.

  Results show that UV digestion has greater advantages over acid digestion in total Cd determination. This fact represents a benefit, since digestion by heating in an open vial increases the risks of sample contamination, which is extremely harmful in trace analysis.12 Furthermore, UV digestion acts as a facilitator to preconcentration, since it does not require neutralization of the excess acid that is not consumed in the digestion and thereby adjust the pH before the preconcentration, becomes an easier task.

  The analytical characteristics of the developed method were compared with the characteristics from other methods (Table 5), which also carried out offline Cd solid phase extraction. It was noted that, taking into account the small sample volume used, the method presents compatible characteristics with those already published.

  Leachate sample analyses

  The system of optimized preconcentration was employed to determine Cd concentrations in leachate samples (Table 6). The results are compared to the maximum value allowed by the Brazilian National Environment Council (CONAMA) resolution No. 430/2011, which regulates the effluent discharge standards.27

  The Cd content of leachate samples collected between November 2011 and May 2012 in the stabilization pond is below the limits established by the CONAMA resolution No. 430/2011, i.e., in accordance with the law. The low Cd concentrations can be explained by the low solubility under the prevalent conditions: alkaline pH, high organic matter content, formation of chelates and sedimentation in the pond.

  As regards the decreased levels of dissolved metals in the leachate, it is known that the organic matter in the soil is capable of attenuating the migration of various metals into the leachate.28 Christensen et al.29 argue that the main processes of Cd attenuation in leachate are: dilution, complexation, sorption and precipitation. Furthermore, Cd sources such as rechargeable batteries and ferrous alloys are withdrawn by collectors, who have a shed on site. This contributes to a considerable reduction of the element in the landfill cells.

  The pH from the acidic or basic medium is crucial in defining the age of the leachate and consequently the age of the landfill. The phases wherein leachate can be classified according to pH variation are methanogenic and acid.30 A leachate sample collected in the acid phase in a landfill in operation for a few years and subjected to unstable anaerobic fermentation shows high acidic pH, chemical oxygen demands (COD) and total organic carbon (TOC) levels. In the methanogenic phase, chemical oxygen demands and total organic carbons decrease as pH increases.31

  As illustrated in Table 6, the pH determined in the leachate samples from the sanitary landfill of Jaguaquara is alkaline. Alkaline pH favors the precipitation and removal of Cd from the leachate, making it stationary on the soil. One can therefore assert that the analyzed leachate derives from the waste mass that is under methanogenic decomposition. When considering that the landfill has been operating for more than 10 years, the pH values corroborate the findings of previous works and indicate low concentrations of potentially toxic metals.32

  In a study conducted at the municipal landfill of Ribeirão Preto city, São Paulo State (Brazil), the Cd contents of leachate samples collected in 2000 and 2004 have been dosed, respectively, at concentrations of 10 and 12 µg L-1.19 In the quantification of levels of various metals in leachate samples from the sanitary landfill located at the north area of Porto Alegre city in Rio Grande do Sul State (Brazil), researchers have dosed the minimum and maximum levels of Cd from 0.003 to 2.0 mg L-1.33 In another work, Cd determinations of leachate samples from a Polish landfill have dosed the quantity at 9.0 mg L-1.22 Hence, when comparing the Cd concentrations from the municipal sanitary landfill of Jaguaquara, Bahia, Brazil to the above-mentioned studies, it appears that the dosage levels were similar to or below those found by these researchers.

   

  Conclusions

  The results obtained from the determination of Cd on leachate samples have revealed that the optimized analytical methodology is feasible in the preconcentration of the metal of interest. The procedure has a good analytical performance, speed, simplicity, efficiency and it is inexpensive.

  The response surface methodology associated with Doehlert design matrix has enabled a rapid and efficient optimization of the variables affecting the performance of the preconcentration system. The fit of polynomial functions by modeling tools, such as least squares regression and neural networks has allowed the description of data behavior in the studied experimental region as well as the determination of optimum values for the efficient execution of preconcentration. The fit carried out by the neural network had a better predictive ability, but the results relative to the optimum values found in both processes were similar. The procedure has exhibited excellent limits of detection and quantification; in other words, it has displayed the adequate sensitivity to determine such metal taking into account the complex matrix and concentrations at trace levels (µg L-1). The use of UV radiation in the process of sample digestion was seen to be the best suited and more reliable than digestion by heating in an open system. The sample concentrations digested with UV exhibited higher values in the analyte concentration. Such a technique is characterized by low cost, high efficiency and minimum risks of losses and contamination.

  This study has also revealed that the Cd concentrations in the sanitary landfill of Jaguaquara-BA are below the limit established by the CONAMA resolution No. 430/2011. Finally, the environmental analysis is part of the initial record of Cd concentrations in effluents (leachate) originating from the landfill located at the southwest region of Bahia state, northeastern Brazil, and integrates the scientific base of information to support the design, management and monitoring of leachate treatment systems.
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    Uma nova e simples extração de fase sólida (LL-ISSPE), baseada em surfactante, sem ligantes e in situ foi desenvolvida para a pré-concentração de cobalto, níquel e zinco em amostras de água. Neste método, um surfactante catiônico contendo um grupo alquila (brometo de n-dodeciltrimetilamônio) é dissolvido na amostra aquosa e então um agente adequado de par iônico (ClO4−) é adicionado. Devido à interação entre o surfactante e o agente de par iônico, partículas sólidas são formadas e o precipitado do analito foi adsorvido na superfície do adsorvente. Após a centrifugação, o sedimento é dissolvido em 3,0 mL HNO3 em etanol e então aspirado diretamente na chama do espectrômetro de absorção atômica em chama. Variáveis que afetam a eficiência da extração, como pH, concentrações de surfactante e par iônico, quantidade de CO32−, tempo de extração, tempo e razão da centrífuga foram otimizados. Os limites de detecção para Co(II), Ni(II) e Zn(II) baseados em 3Sb/m foram 1,0, 1,5 e 0,3 ng mL−1, respectivamente. O método proposto foi aplicado com sucesso na determinação dos íons de cobalto, níquel e zinco em amostras de água reais.

  

   

  
    A new simple and rapid ligand-less in situ surfactant-based solid phase extraction (LL-ISSPE) was developed for preconcentration of cobalt, nickel and zinc in water samples. In this method, a cationic surfactant containing a proper alkyl group (n-dodecyltrimethylammonium bromide) is dissolved in the aqueous sample and then a proper ion-pairing agent (ClO4−) is added. Due to the interaction between surfactant and ion-pairing agent, solid particles are formed and precipitate of the analytes was adsorbed on surface of sorbent. After centrifugation, the sediment is dissolved in 3.0 mL HNO3 in ethanol and then aspirated directly into the flame atomic absorption spectrometer. Variables affecting the extraction efficiencies such as pH, concentrations of surfactant and ion pair, CO32− amount, extraction time, time and rate of centrifuge were optimized. Detection limits for Co(II), Ni(II) and Zn(II) based on 3Sb/m were 1.0, 1.5 and 0.3 ng mL−1, respectively. The proposed method has been successfully applied for the determination of cobalt, nickel and zinc ions in real water samples.

    Keywords: ligand-less in situ surfactant-based solid phase extraction, preconcentration, cobalt, nickel, zinc determination

  

   

   

  Introduction

  In general, potentially toxic metal ions are toxic, non-biodegradable, and tend to be accumulated in vital human organs. Therefore, the determination of trace potentially toxic metal species in environmental samples is nowadays made more demanding because of several metal species that have to be monitored the quality.1

  Several atomic spectrometric techniques such as flame atomic absorption spectrometry (FAAS),2-4 electrothermal atomic absorption spectrometry,5,6 ultraviolet visible absorption spectrometry,7,8 inductively coupled plasma mass spectrometry,9 inductively coupled plasma optical emission spectrometry,10 and voltammetric techniques11 had been developed for the determination of potentially toxic metal species in different environmental samples.

  FAAS with its relative low cost and good analytical performance is one of the main instruments in the research laboratories for determination of potentially toxic metal species such as zinc, nickel and cobalt. Accurate determination of trace potentially toxic metal species by FAAS is a challenge to analytical chemists because of their low concentrations. In addition, the influence of the matrix is also paramount. In order to solve these important problems, separation-enrichment techniques such as: liquid-liquid extraction,12 solid phase extraction (SPE),7,10,13 cloud point extraction,11,14 coprecipitation,15 liquid-liquid microextraction,16 ultrasound-assisted extraction17 and dispersive liquid-liquid microextraction18,19 have been used by researchers around the world.

  Recently Shemirani and Yousefi20 demonstrated a surfactant-based SPE mode termed in situ surfactant-based solid phase extraction. In this method, a cationic surfactant containing a proper alkyl group was dissolved in the aqueous sample and then a proper ion-pairing agent was added. Due to the interaction between the surfactant and ion-pairing agent, very fine solid particles were formed.

  In the present work, we have demonstrated a new in situ surfactant-based solid phase extraction that is simple, rapid, safe and efficient. In this method, termed ligand-less in situ surfactant-based solid phase extraction, due to interaction between surfactant and ion-pairing agent, very fine solid particles were formed. The adsorption mechanism in this method is similar to traditional coprecipitation. After formation of very fine solid particles, precipitate containing analyte was quickly adsorbed on surface of fine solid particles, because of the high surface area between fine solid particles and the aqueous phase. After centrifugation, the solid particles were sedimented at the bottom of the centrifuge tube. After this, the aqueous phase was removed by decantation of the centrifuge tube. Finally, the sedimented sorbent can be leached with acid in order to recover the analyte.

   

  Experimental

  Instrumentation

  An atomic absorption spectrometer (SensAA GBC, Dandenong, Australia) equipped with deuterium background correction and air-acetylene burner was used for absorbance measurements. Cobalt, nickel and zinc hollow cathode lamps were used as light sources at wavelengths of 240.7, 232.0 and 213.9 nm, respectively. The operating parameters were set according to the manufacturer's recommendations. The acetylene flow rate and the burner height were adjusted in order to obtain a maximum absorbance signal, while aspirating a sample. A pHmeter (Metrohm 692, Herisau, Switzerland) and a tabletop centrifuge (K240, Centurion West Sussex, United Kingdom) were used.

  Reagents and solutions

  All solutions were prepared from analytical grade reagents, and the water used in the process was from a Milli-Q purification system (Millipore, Bedford, MA, USA). Before use, all laboratory glassware was kept overnight in a 10% (v/v) HNO3 solution, rinsed with deionized water and dried in an oven at 100 °C. Stock solutions of cobalt, nickel and zinc at concentration of 1000.0 mg L−1 were purchased from Merck (Darmstadt, Germany). A solution of 0.02 mol L−1 KClO4 (JHD, Guangdong Guanghua Chemical Factory Co., Shantou, Guangdong, China) was prepared by dissolving appropriate amount of KClO4 in deionized water. A solution of 0.2 mol L−1 n-dodecyltrimethylammonium bromide (DTAB) (Sigma-Aldrich, Munich, Germany) was prepared in deionized water and ethanol. Solutions of various metal salts (1000 mg L−1) were used to study the interference of anions and cations.

  Sample preparation

  Wastewater, river water and well water samples were collected in acid leached polyethylene bottles. River water samples were collected from two local river (Kohpayeh and Shahdad, Kerman, Iran), and wastewater samples were from Bahonar copper factory (Kerman, Iran) and the copper factory in Sarcheshmeh (Rafsanjan, Iran). A well water sample was collected from the university ground water well (Kerman, Iran). Mineral water was purchased from a local supermarket. The only pretreatment was acidification to pH 2 with HNO3, which was performed immediately after collection, in order to prevent adsorption of the metal ions on the flask walls. The samples were filtered through a cellulose membrane of 0.45 µm pore size (Millipore) in order to prevent metals precipitation by colloidal sized particulate suspended in water.

  Two certified reference materials (CRMs) furnished by the National Institute for Environment Studies (NIES) No. 1 pepperbush and NIES No. 7 tea leave have been analyzed. Approximately 0.5 g of NIES No. 1 and NIES No. 7 were weighted accurately into two Teflon cup and dissolved in concentrated nitric acid (ca. 10 mL) with heating on a water bath. The solutions were cooled, diluted and filtered. The filtrates were made to 250.0 mL with deionized water in two calibrated flask.

  Ligand-less in situ surfactant-based solid phase extraction (LL-ISSPE) procedure

  Forty milliliters of the sample solution were taken in a screw cap glass test tube and 2 mL phosphate buffer 0.2 mol L−1, and 2.0 mL Na2CO3 0.5 mol L−1 was added to it and mixed. Then, 2 mL DTAB (0.2 mol L−1) was added, the mixture was manually shook and 2 mL KClO4 (0.02 mol L−1) was added. A cloudy suspension of solid particles dispersed in the solution was formed. The cloudy solution was centrifuged at 3200 rpm for 5 min and the aqueous phase was decanted. The sediment was dissolved in 3.0 mL of 1.0 mol L−1 HNO3, in ethanol, and the solution was aspirated directly into the flame of the atomic absorption spectrometer.

   

  Results and Discussion

  In this study, combination of in situ surfactant-based solid phase extraction with FAAS was developed for determination of trace amounts of cobalt, nickel and zinc ions. Due to interaction between DTAB and KClO4, very fine solid particles were formed and a cloudy solution was formed. After formation of cloudy solution, nickel, cobalt and zinc hydroxides were adsorbed on surface of solid particles quickly. After centrifugation, the solid particles were sedimented at the bottom of the centrifuge tube, and the aqueous phase was decanted. After this, the solid particles were dissolved in 3.0 mL of 1.0 mol L−1 HNO3 in ethanol, and the solution was aspirated directly into the flame of AAS. In order to obtain the best conditions, several parameters affecting the performance of the LL-ISSPE procedure such as volumes of DTAB, KClO4 and Na2CO3, pH and potentially interfering ions were optimized. All experiments were performed using an aqueous solution containing 4.0 µg of cobalt, nickel and zinc.

  Selection of appropriate anion

  In LL-ISSPE procedure, the analyte ions should react with an appropriate anion. Therefore, selection of anion is very critical for LL-ISSPE procedure. Thus, several experiments were performed by adding 2 mL of various anions such as Cl−, CrO42−, CN−and CO32− (0.5 mol L−1), while keeping the other variable constant. The results showed recoveries higher than 90% for all analyte ions obtained with CO32−. Therefore, Na2CO3 (0.5 mol L−1) was selected for the recovery of cobalt, nickel and zinc ions in all subsequent experiments.

  Effect of pH on adsorption

  In order to evaluate its effect, the pH of the sample solutions were adjusted in a range of 6-12 using dilute HCl and NaOH and the LL-ISSPE procedure was applied. As shown in Figure 1, the recovery of the analyte ions increased with increase in pH and the quantitative recoveries for Co(II), Ni(II) and Zn(II) ions obtained at the pH range 10-11. At higher pHs, Zn(II) ions may be changed to Zn(OH)42−, therefore, the recovery of Zn(II) ions decreased. With respect to these results, pH 10.5 was selected as optimum pH in all subsequent works for preconcentration of the analyte ions. Therefore, in subsequent studies, the pH was maintained at approximately 10.5 using phosphate buffer 0.2 mol L−1.
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  After the optimum pH was found (pH 10.5, phosphate buffer), the volume of buffer was also studied. The results showed that addition of 1-4 mL of buffer did not have any effect on the recovery of the analyte ions. Therefore, 2 mL phosphate buffer was used in all subsequent experiments.

  Effect of Na2CO3 volume

  The effect of Na2CO3 volume on the recovery of the analyte ions was studied in a range of 0.5 to 4 mL, while keeping the other variable constant. The results showed that the recovery of the analyte ions increased from 0.5 to 1 mL and then remained constant. When a small volume of Na2CO3 was used, CO32− was not enough for complete extraction and therefore, 2 mL Na2CO3 was chosen for the subsequent experiments.

  Effect of surfactant concentration

  In LL-ISSPE procedure, the amount of surfactant not only affected the extraction efficiency, but also the volume of surfactant-rich phase. Therefore, the effect of DTAB volume on the recovery of the analyte ions was studied in the range 0.5-3.0 mL (0.2 mol L−1). The results showed that, the recovery of the analyte ions increased with the increase of surfactant volume from 0.5 to 1.5 mL and then remained constant. When a small volume of surfactant was used, sorbent was not enough for complete extraction. Therefore, 2 mL DTAB was chosen for the subsequent experiments.

  Effect of ion-pairing agent volume

  The volume of ion-pairing agent is one of the important factors in LL-ISSPE procedure. It predicted that by increasing the amount of KClO4, more solid sorbent was formed and, therefore, recovery increased. For this purpose, the effect of KClO4 volume was investigated in the range of 0.5-3.0 mL. The results showed that recovery of the analyte ions increased by increasing the KClO4 volume up to 1.5 mL and then remained constant. So, 2 mL KClO4 (0.02 mol L−1) was selected for the subsequent experiments.

  Effect of equilibrium time

  The recovery of the analyte ions depended on the contact time of precipitate with the solid particles. On the other hand, fast sample preparation procedure is preferred in order to increase the sample throughput of the technique. Therefore, the effect of the equilibrium time from 1 to 10 min on the recovery percent was investigated. The results showed that quantitative recovery was obtained in the first minute. Therefore, the equilibrium time has no effect on the recovery percent of the analyte ions. The fast equilibrium is attributed to the high surface area of the sorbent particles.20

  Effect of centrifuge time and rate

  The effect of centrifuge rate on the recovery of the analyte ions was also studied in a range of 500-3500 rpm for 10 min. It was observed that, the recovery of the analyte ions increased with increase of centrifuge rate from 500 to 3000 rpm, and no significant difference was observed above 3000 rpm. Therefore, a centrifuge rate of 3200 rpm was selected in this study. The effect of centrifugation time on the recovery of the analyte ions was also studied in a range of 5-15 min at 3200 rpm. The results showed that a centrifuge time of 5 min was sufficient for complete separation of the sorbent particles. Therefore, a centrifuge time of 5 min at 3200 rpm was selected for the entire procedure.

  Effect of foreign ions

  The inﬂuence of matrix ions was also investigated. For this purpose, a fixed amount of Co(II), Ni(II) and Zn(II) ions was taken and different amounts of foreign ions were added to it, then, LL-ISSPE procedure was followed. Tolerable limit was defined as the highest amount of foreign ions that produced an error not exceeding ± 5% in the determination of the analyte ions. The results were given in Table 1 and showed that a large number of anions and cations used, have no considerable effect on the determination of the analyte ions.
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  Figures of merit

  Under the optimized conditions, calibration curves were constructed for the determination of cobalt, nickel and zinc ions according to the LL-ISSPE procedure. For a sample volume of 40.0 mL, the calibration curves exhibited linearity over the range 3.0 to 300.0 ng mL−1 for cobalt, 5.0 to 250.0 ng mL−1 for nickel and 1.0 to 100.0 ng mL−1 for zinc. Detection limits based on three times the standard deviation of the blank divided by the slope of analytical curve (3Sb/m) for Co(II), Ni(II) and Zn(II) ions were 1.0, 1.5 and 0.3 ng mL−1, respectively. Seven replicate determinations of a mixture of 50.0 ng mL-1 Co(II), Ni(II) and Zn(II) gave relative standard deviations ± 1.9%, ± 2.2% and ± 2.5%, respectively. The enrichment factors were calculated as the ratio of the analytical signal of analyte ions obtained after and before extraction. The enrichment factors (EF) for cobalt, nickel and zinc ions were 37.6, 35.4 and 39.6, respectively.

  Accuracy of the method

  The accuracy of the LL-ISSPE procedure has been studied by determination of Co(II), Ni(II) and Zn(II) ions in NIES No. 1 pepperbush and NIES No. 7 tea leaves. Results were given in Table 2. It was found that there is no significant difference at the 95% confidence level between results obtained by the LL-ISSPE procedure and the certified values. These results are in agreement with certified values and demonstrated that the proposed method have good accuracy.
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  Analysis of water sample

  In order to test the possibility of applying the LL-ISSPE procedure to water samples with different matrices, further experiments were done on tap; river, well and mineral water. The recovery of the analyte ions from samples spiked with standard solutions was also studied. The results were given in Table 3 and showed that, the added ions can be quantitatively recovered from the samples by the LL-ISSPE procedure. As can be seen, a good agreement between added and detected concentration of the analyte ions was obtained.
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  In addition, for evaluating the accuracy of the LL-ISSPE procedure, a comparison between the obtained results by LL-ISSPE procedure and ICP-OES was performed. The performed t-test at 95% confidence level showed that there was no significant difference between the obtained results of the presented LL-ISSPE procedure and the ICP-OES method.

  Comparison of LL-ISSPE procedure with other reported methods

  A comparison of LL-ISSPE procedure with other reported methods for determination of Co(II), Ni(II) and Zn(II) ions was given in Table 4.21-24 As shown in Table 4, the detection limits of the LL-ISSPE procedure, was better than some of the other reported methods.22,24 The relative standard deviations of the LL-ISSPE procedure were lower than some of the other reported methods.21,22,24
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  Conclusions

  In the present study, a new mode of in situ surfactant-based solid phase extraction was developed for preconcentration of Co(II), Ni(II) and Zn(II) ions prior to their FAAS determination without any chelating agent. This method was efficient, fast, simple, inexpensive and environment friendly. The accuracy of the method was assessed through recovery experiments and reference materials. In this method, low detection limits and good precisions were obtained. The LL-ISSPE procedure possesses advantages over existing SPE: (i) the sorbent was formed in sample solution, (ii) the sorbent and support were the same, (iii) the cost of the method was low, (iv) the sorbent was a surfactant, which is safe, (v) small particle size and large surface area of the sorbent lead to short extraction time and high extraction recovery and (vi) LL-ISSPE method excludes the use of chelating agents.
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    Um novo método para quantificação de glicerol em aguardentes de cana de açúcar (cachaças) foi proposto baseado na derivatização das amostras com cloreto de benzoíla seguido por extração em fase sólida e análise via cromatografia líquida de alta eficiência com detector de arranjo de diodos. Os limites de detecção e de quantificação para a análise de glicerol são de 0,25 e 0,74 mg L−1, respectivamente. A exatidão é de 97,5%, a precisão de 93,5% e a linearidade r2 = 0,998 para o intervalo de 0,56 mg L−1 a 112,0 mg L−1 de glicerol. Experimentos com quarenta e oito amostras de cachaças envelhecidas e não envelhecidas e sete extratos etanólicos de madeira mostraram que o processo de envelhecimento contribui para o aumento da concentração de glicerol. A concentração média de glicerol nas amostras de cachaças envelhecidas foi cerca de 10 vezes maior em relação às das cachaças não envelhecidas.

  

   

  
    A new method for glycerol quantification in sugarcane spirits (cachaças) is proposed, based on sample derivatization using benzoyl chloride followed by solid-phase extraction and high performance liquid chromatography with diode array detection analysis. The limits of detection and quantification for glycerol analysis are 0.25 mg L−1 and 0.74 mg L−1, respectively. The accuracy is of 97.5%, the precision 93.5% and the linearity r2 = 0.998 in the range of 0.56 mg L−1 to 112.0 mg L−1 of glycerol. Experiments with forty eight samples of aged and non-aged cachaças and seven alcoholic extracts of wood showed that the aging process contributes to increase the glycerol concentration. The average concentration of glycerol in aged cachaças were about 10-fold higher than in non-aged cachaças. 

    Keywords: glycerol analysis, sugarcane spirits, alcoholic wooden extracts

  

   

   

  Introduction

  Cachaça, the typical Brazilian sugarcane spirit, is the alcoholic beverage obtained from distillation of fermented sugarcane juice. It has an annual production around two billion liters, from which about 1% is exported.1-3 The spirit is appreciated for its aroma and flavor,4 that are derived from fermentation, distillation and, particularly, from aging in wooden casks. Next to reactions occurring between species already present in the spirit, various other chemical compounds are extracted from the wood into the beverage, including aldehydes,4 organic acids,5 esters,6 sugars,7 coumarins and phenolic compounds.8 The current Brazilian legislation allows the addition of sugars, expressed as sucrose, up to 30 g L−1, being mandatory to inform on the label when the concentration is equal or higher than 6 g L−1.9

  The presence of glycerol in wines and its contribution to the sweet taste and the viscosity are well known.10,11 Glycerol is the second most abundant alcohol and is produced by the yeasts cells during sugar fermentation as it maintains the osmoregulation and the redox balance of the yeasts cells.12 Although the distillation process, glycerol (boiling point of 290 °C) is still present in the spirits such as the cachaça and the distilled of grape marc (bagaceira), however, at lower concentrations than those reported for wines.13

  In many countries, the concentration of glycerol is considered a marker of wine and other beverages, since this compound contributes positively to the sensorial properties of the beverage.14 The glycerol addition is not a common practice among Brazilian producers of cachaças, nevertheless, glycerol profiles for a significant number of cachaças have not been reported in the literature hitherto and knowledge thereof could be useful to prevent the practice of glycerol addition.15-17 Therefore, the aim of this work was to investigate glycerol profiles in a selected group of sugarcane spirits (non-aged and aged in different wooden casks) and alcoholic extracts of wood species used for casks by application of a new methodology which takes advantage of glycerol derivatization using benzoyl chloride followed by solid-phase extraction and high performance liquid chromatography with diode array detection (HPLC-DAD) analysis.

   

  Experimental

  Materials and methods

  Reagents

  Analytical standards: glycerol was obtained from Sigma-Aldrich (USA), nonanoic acid was obtained from Acros Organics (USA), tetradecanoic and hexadecanoic acids were purchased from Fluka (UK), succinic, decanoic and dodecanoic acids as well as N-methyl-N-trimethylsilyltrifluoroacetamide (MSTFA) were obtained from Sigma-Aldrich (USA). Acetonitrile, ethanol, 2-propanol (J. T. Baker, USA) and dichloromethane (Tedia, USA), were all of HPLC grade. Water was deionized using a Milli-Q system (Millipore, USA). Benzoyl chloride (p.a. > 99.5%) was purchased from Fluka (UK).

  Samples

  The 48 samples of sugarcane spirits (cachaças) studied in this work, all of them free of added sugar and distilled in pot stills (alembics), were provided by producers from various regions throughout Brazil. In order to evaluate the effects of aging on glycerol concentrations, seven alcoholic extracts of wood species used for casks production were analyzed. The extracts were prepared according to Silva et al.,6 using as blank, a non-aged sugarcane spirit sample, unsweetened and with a non-detectable glycerol concentration, provided by Industrias Müller de Bebidas (Pirassununga, Brazil). Different kinds of wood species were used in the preparation of the alcoholic extracts: two samples of oak, provided by Prof John Piggot from the Department of Bioscience at Strathclyde University (Glasgow, Scotland), a sample of amburana (Amburanacearensis), a sample of jatobá (Hymenaeacourbaril), two samples of jequitibá branco (Carinianaestrellensis) and a sample of amendoim (Pterogyne sp. ), provided by Francisco Antonio Rocco Lahr from the Laboratório de Madeiras e Estruturas de Madeiras da Universidade de São Paulo (São Carlos, Brazil). These wood species are commonly used for casks in which aging of cachaças occurs.

  Glycerol quantifications

  The method used for glycerol quantification was adapted from Miyagi et al.18 for sugar analysis. It involves a derivatization procedure applying benzoyl chloride, followed by solid-phase extraction with C18 cartridges and HPLC-DAD analyses.

  Derivatization of samples

  The glycerol standard stock solution was prepared by dissolving 28 mg of glycerol in 50 mL of deionized water. In order to avoid ethanol interference during the derivatization procedure, 5.0 mL of sugarcane spirits were dried under nitrogen and then dissolved in 3.0 mL of deionized water. In 2 mL polypropylene flasks were added: 600 µL of re-dissolved samples (or standard solution), 180 µL of of undiluted benzoyl chloride and 135 µL of undiluted benzoyl chloride and 135 µL of NaOH (8.0 mol L−1). The reaction between glycerol and benzoyl chloride is performed as illustrated in Scheme 1. The flasks were agitated during 70 s in a vortex system (Lab Dancer Vortex Mixer, IKA, Germany) and then left for 20 min in order for the reaction to take place. Next, 135 µL of H3PO4 16% was added. All processes were performed at room temperature (25 ± 2 °C).
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  Solid-phase extractions

  SampliQ C18 cartridges, 500 mg/6 mL (Agilent, USA), were used with a Visiprep SPE negative pressure system (Supelco, USA) in order to clean up the samples. To remove bubbles, the SPE cartridges were rinsed with 10.0 mL of acetonitrile and 10.0 mL of deionized water. After the derivatization reaction, the entire contents of the polypropylene flasks were quantitatively transferred to the SPE-cartridge, kept in the SPE vacuum system until dryness. Next, the cartridges were rinsed with 10.0 mL of deionized water for the clean-up of the sample. The residue of interest retained in the cartridges was extracted with 5.0 mL of dichloromethane, then the samples were dried under nitrogen and afterwards dissolved with 2.4 mL of 2-propanol.

  HPLC analyses

  The samples were filtered through a 0.45-µm Teflon membrane (PALL, USA) prior to the chromatographic analyses, which were performed in a HPLC (Shimadzu, Japan), Model-10AD, equipped with an injector (Shimadzu, Japan) (20 µL loop) and a UV-Vis photodiode array spectrophotometric detector (SPD-M6A, Shimadzu, Japan). The column was a reversed-phase Shim-pack C18 (Shimadzu, Japan) with a 5-µm particle bed, measuring 250 × 2 mm i.d. coupled to a GVP-ODS guard column measuring 50 × 2 mm i.d. (Shimadzu, Japan).

  The mobile phase was composed of a mixture of water and acetonitrile and the elution was done in the gradient mode (0.1-15.0 min: 40% of acetonitrile, 15.0-20.0 min: 80% of acetonitrile, 20.0-27.0 min: 80%, 27.0-32.0 min: 40% of acetonitrile, 32.0-40.0 min: 40% of acetonitrile) with a flow rate of 0.4 mL min−1. The diode array detector was configured to monitor the absorbance at 230 nm.

  LC-MS/MS analyses

  For control of the benzoyl chloride derivatization procedure, glycerol standards and a couple of sugarcane spirits samples were analyzed by liquid chromatography with mass spectrometry in tandem detection (LC-MS/MS). The chromatographic separation was carried out using the same apparatus described above. The electrospray mass spectra were collected in the positive ion mode for the identification of the target compounds using a Bruker Daltonics ion trap mass spectrometer, model Esquire 4000 (Bremen, Germany).

  Fatty acids quantifications

  The method used for the quantification of four fatty acids (decanoic, dodecanoic, tetradecanoic and hexadecanoic) in the seven alcoholic extracts of woods was described by Serafim et al. .5 It involved a derivatization procedure withMSTFA, followed by gas chromatography with flame ionization detector (GC-FID) analyses.

  Derivatization of samples

  Aliquots of 20 mL of samples of cachaça and alcoholic wood extracts were evaporated to dryness and the subsequent derivatization reaction was performed by adding 200 µL of the derivatizing solution, which was composed of 100 µL of MSTFA and 100 µL of nonanoic acid (internal standard, 100 mg L−1) in acetonitrile solution. The silylated derivatives were then analyzed by gas chromatography.

  GC-FID analyses

  The fatty acids analyses were done by injecting 1 µL of the samples in a Hewlett-Packard 5890 model gas chromatograph equipped with a flame ionization detector using a capillary column DB-5 (5%-phenyl-methylpolysiloxane) with dimensions of 50 m × 0.20 mm × 0.33 µm. The oven temperature program used was 60 °C (2 min) to 100 °C at a programming rate of 25 °C min−1 and raised at 10 °C min−1 increments from 100 to 300 °C (5 min), using split mode (1:15). The organic acids were identified by an authentic standard addition method and quantified using standard calibration curves. The limits of detection and quantification (LOD and LOQ, respectively) for the fatty acids were: LOD = 225 µg L−1 and LOQ = 750 µg L−1 for decanoic acid, LOD = 45 µg L−1 and LOQ = 150 µg L−1 for dodecanoic acid, LOD = 45 µg L−1 and LOQ = 150 µg L−1 for tetradecanoic acid and LOD = 45 µg L−1 and LOQ = 150 µg L−1 for hexadecanoic acid.5

   

  Results and Discussion

  Chromatographic analyses of glycerol and fatty acids in sugarcane spirits

  Figure 1 shows typical chromatograms of a blank solution, a glycerol standard and samples of non-aged and aged sugarcane spirits (cachaças).

  
    

    [image: Figure 1. Typical chromatograms of (a) an alcoholic solution (40% v/v); (b) a glycerol standard 11.2 mg L−1; (c) non-aged cachaça and (d) aged cachaça. The detection wavelength was 230 nm. The arrow points to the glycerol peak]

  

  The aged cachaça (Figure 1d) exhibited a more complex chromatogram than the non-aged sample, as expected. Indeed, during aging, the beverage extracts from the wooden casks compounds like furanic, benzoic and cinnamic aldehydes,8 monosaccharide and polyols20 that have hydroxyl groups susceptible to derivatization.

  In order to evaluate the derivatization reaction with benzoyl chloride, a benzoylated glycerol standard solution (20.0 mg L−1) was analyzed by LC-MS. Figure 2 shows the extracted ion chromatogram (m/[image: caracter 1] 427.1 ± 0.5). The average mass spectrum of glycerol, which is consistent with the proposed structure for the derivatized molecule, was obtained in 24.5 min, which correspond to the retention time of glycerol derivative. In the insert of Figure 2, the benzoylated glycerol with its fragmentation profile is presented.

  
    

    [image: Figure 2. Extracted ion chromatogram (m/z 427.1 ± 0.5) of a benzoylated glycerol standard solution (20.0 mg L−1), the average mass spectrum of the glycerol peak and the derivatized glycerol molecule with fragments observed in the mass spectrum]

  

  The expected quasi-molecular ion should be at m/[image: caracter 2] 404.1, although the observed quasi-molecular ion was at m/[image: caracter 3] 427.1, as a result of adduct formation with a sodium ion. The other masses observed in the mass spectrum (m/[image: caracter 4] 283.1 and m/[image: caracter 5] 105.0) were attributed to fragments of benzoylated glycerol (see the insert in Figure 2). In order to confirm the presence of glycerol in sugarcane spirits, MS/MS analysis monitoring the m/[image: caracter 6] 427.1 → m/[image: caracter 7] 283.1 transition was performed. The LC-MS/MS analyses of the glycerol standard showed no evidence of other glycerol forms (esterification of only one or two hydroxyl groups of glycerol molecule), hence, the reaction between glycerol and benzoyl chloride takes place in the ratio 1:3 and is quantitative. Certainly, glycerol could be quantified using the LC-MS/MS methodology, however due to the practical advantages (more available and less expensive equipment), the HPLC-DAD technique was preferred for such purpose.

  Validation of the method

  The range of linearity of the DAD (230 nm) response was checked by establishing calibration curves in the range from 0.56 to 112.0 mg L−1 of a glycerol standard which had been previously derivatized. The curve exhibited a linear correlation coefficient (r2) of 0.998. LOD and LOQ of glycerol were 0.25 mg L−1 and 0.74 mg L−1, respectively. The average recovery values ranged from 93.9% to 102.3%, whereas the precision and the accuracy for the method was 93.5% and 97.5% respectively.21

  Quantitative analyses of glycerol and of fatty acids

  This glycerol methodology was applied in an aged and non-aged commercial cachaças set. Table S1, in the Supplementary Information (SI) section, summarizes the average concentrations of glycerol and fatty acids in the 48 samples of cachaças.  The contents of glycerol and fatty acids obtained for these samples were quite varied. The fermentation process, probably dominated by different yeasts strains, certainly would influence the production of glycerol before the aging process and, therefore, would account to the differences observed in glycerol contents of the spirits. Table 1 summarizes the concentration profile for glycerol and total fatty acids organized as aged and non-aged cachaças. 

  
    

    [image: Table 1. Minimum, maximum, average and median concentrations of glycerol and total fatty acids (mg L−1), in the aged and non-aged samples of sugarcane spirits (cachaças)]

  

  It was observed that the average glycerol and fatty acids concentrations in the aged sugarcane spirits were respectively about 10 and 4-fold higher than in the non-aged samples (Table 1). It is well known that the aging process accounts for substantial changes in the chemical compositions and the sensory properties of distilled spirits. The concentrations of total aldehydes, organic acids, esters and carbohydrates increase during aging as result of the extraction of components from the wood or due to degradation products of macromolecules of the wood (cellulose, hemicellulose and lignin), as well from reactions between components of the distillate itself and compounds that are originated from the wooden casks. An analogous behavior may well account for the increase of glycerol and fatty acids concentrations in aged samples. The cell walls of woods are composed of diverse compounds such as fats, resins and triglycerides that may be extracted and/or hydrolyzed, leading to formation of glycerol and fatty acids.22

  The samples stored in stainless steel reservoirs, which did not have contact with a wooden cask, presented (Tables 1 and 1S) the lower median concentrations of glycerol (1.4 mg L−1) and fatty acids (3.2 mg L−1). The median concentrations of glycerol (12.5 mg L−1) and total fatty acids (10.6 mg L−1) were higher for the samples of aged cachaças. 

  To get more insight into this subject, glycerol and the fatty acids more abundant in the triglycerides23 (decanoic, dodecanoic, tetradecanoic and hexadecanoic) were quantified in seven alcoholic extracts of the woods commonly used in the production of casks. The same cachaça was used as a blank, to avoid the influence of the process in the glycerol concentration. Table 2 presents the concentrations of glycerol and fatty acids (mg L−1) and the molar ratios between them in the alcoholic extracts of woods.

  
    

    [image: Table 2. Average concentrations of glycerol,a fatty acids (mg L−1) and the molar ratios between total acids and glycerol in alcoholic wood extracts]

  

  The quantitative data for glycerol and fatty acids in the cachaça wood extracts are consistent with the results obtained for glycerol quantifications in the 48 samples of cachaças.  The concentration of glycerol and fatty acids expressively increased after the extraction process (Table 2). Taking into account the hydrolysis of triglycerides, for the same sample, the molar ratio between glycerol and fatty acids would, in principle, be 3 to 1. However, such correlation has not been observed neither in the samples nor in the alcoholic extracts of woods. This lack of correlation suggests that fatty acids and glycerol may originate not only from triglycerides hydrolysis, but also from other sources, such as degradation of resins, fats, lignin, cellulose and other carbohydrates present in the woods.22,24 Furthermore, the high ethanol concentrations in the cachaças could promote triglycerides ethanolysis, thereby leading to the respective esters of the free fatty acids,25 which would account for observed reduction in the molar ratio between fatty acids and glycerol.

  Although more and better specifically planned experiments would be necessary for drawing a picture, this preliminary collected data would suggest that the concentrations of glycerol in the samples of aged cachaça varied according to the kind of wood used in the casks during the spirits storage period.

   

  Conclusions

  A methodology based on glycerol derivatization using benzoyl chloride followed by solid-phase extraction and subsequent HPLC-DAD analysis has been successfully applied for the quantification of glycerol in sugarcane spirits (cachaças). High sensibility (LOD = 0.25 mg L−1) and absence of matrix interferences, due to the SPE extraction and chromatographic separation were observed in comparison to previously described amperometric and potentiometric methods.13,17 The proposed methodology as described or alternatively using MS/MS detector, could, on principle, be extended to fuel ethanol, spirits in general and others alcoholic beverages. It has been observed that glycerol might be present in different types of cachaças, while its average concentrations are unequivocally higher in aged spirits.

   

  Supplementary Information

  Supplementary data are available free of charge at http://jbcs.sbq.org.br as PDF file.
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    Uma das chaves para manter a melhoria da alta qualidade de fabricação está no uso de cartas de controle. Neste trabalho, cartas de controle multivariada baseadas nos escores da componente principal mais significativa e no sinal analítico líquido foram desenvolvidas para monitoramento simultâneo da qualidade de dois princípios ativos (isoniazida e rifampicina) numa formulação farmacêutica (amostras produzidas no laboratório e na produção) empregando um espectrômetro portátil na região do infravermelho próximo. Os limites previstos em ambas as cartas multivariadas foram calculados a partir das especificações de qualidade da formulação farmacêutica (± 5% do valor nominal para cada princípio ativo). O uso das cartas de controle multivariadas forneceu uma simples e poderosa ferramenta para avaliar a formulação farmacêutica aliada a espectroscopia no infravermelho próximo. O procedimento é rápido e flexível para o monitoramento da produção desta formulação farmacêutica produzida na UFRN/Brasil, com o objetivo de introduzir a tecnologia analítica de processos ao tratamento de tuberculose pulmonar.

  

   

  
    One of the keys to maintain high manufacturing quality improvement is the use of control charts. In this work, multivariate control charts based on significant principal component (PC) scores and net analytical signal (NAS) were developed to simultaneously monitor the quality of two active pharmaceutical ingredients (API) (isoniazid and rifampicin) in pharmaceutical formulation (laboratory samples and production samples) using a portable near infrared spectrometer. The limits for both multivariate charts were estimated using the quality specifications from the pharmaceutical formulation (± 5% of the nominal content of each API). The use of these multivariate control charts has provided a simple and powerful tool to evaluate the content of pharmaceutical formulations based on isoniazid and rifampicin capsules combined with near infrared spectroscopy. The procedure is rapid and adjustable for monitoring the production of the pharmaceutical preparations produced at UFRN/Brazil toward the process analytical technology (PAT) for the treatment of pulmonary tuberculosis.

    Keywords: multivariate control chart, principal component analysis, net analyte signal, process analyte technology, near infrared spectroscopy

  

   

   

  Introduction

  The pharmaceutical industry traditionally employs batch processing with laboratory assays (identification of raw materials, homogeneity, moisture, particle size, hardness, dissolution testing, chemical composition, and polymorph) carried out on finished products to evaluate quality control. Of the analytical techniques available for the development of qualitative and quantitative methods in the pharmaceutical industry, near infrared spectroscopy (NIRS) is most likely the most successful. Some applications, such as the identification of raw materials,1 homogeneity,2 moisture,3 particle size,4 tablet hardness,5 dissolution testing,6 characterization of polymorph7 and the determination of chemical composition in tablets8 have been described in recent reviews.9 NIRS has advantages such as non-destructive analysis, speed, low cost, automation and less consumption of chemicals and toxic reagents compared with wet chemical methods.

  The Food and Drug Administration (FDA) launched the "Guidance for Industry PAT-A Framework for Innovative Pharmaceutical Manufacturing and Quality Assurance",10 which describes a new regulatory framework [process analytical technology (PAT)]. The primary aim of PAT and quality by design (QbD) strategies is to increase the current understanding and knowledge of production processes. As a result of the FDA's PAT initiative, PAT is now being promoted in the pharmaceutical industry to encourage the pharmaceutical industry to introduce and develop innovative processing systems that will improve the efficiency of manufacturing. In this situation, analytical methodologies based on NIRS must comply with the PAT.11,12

  An area with increasing importance within PAT is multivariate data analysis (MVDA) including multivariate statistical process control (MSPC), which can provide a holistic view of a sample and its process fingerprint. Regulatory acceptance is already included in the original FDA PAT guidance. Although a process's fingerprint (NIR spectrum, for example) can be used as a criterion for end processing or for taking specific control actions, a process fingerprint will define process supervision and control. In this context, chemometric techniques such as multivariate control charts have been applied for monitoring and diagnosis in multivariable processes.13 Several multivariate control charts applied in the pharmaceutical industry have been proposed based on principal component analysis (PCA),14,15 partial least squares,16,17 multivariate exponential weighted moving average (MEWMA),18 multivariate cumulative sum (MCUSUM)19 and net analyte signal (NAS).20-22 The goal of multivariate control charts is to build an empirical model of a set of measurements achieved under normal operating conditions (NOC). Statistical confidence limits are calculated when building the model, and it is possible to identify the samples that are "in" and "out" of control, concerning the concentration of their analytical parameter.

  Multivariate control charts based on PCA present two different charts: a T2 chart using the most significant principal components and a Q chart with the remaining principal components. Recently, Clavaud et al.14 proposed the use of the T2 chart to perform multivariate quality monitoring of the cultivation of mammalian Chinese hamster ovary (CHO) cells in a fed-batch culture process with NIRS. NIR spectra and reference analytics data were computed using control charts to evaluate the monitoring abilities. The authors employed control charts of each media component under control by NIRS. Alcala et al.15 used a noninvasive mode to develop qualitative methods based on PCA scores to monitor a wet granulation process with NIRS. The formulation contained active pharmaceutical ingredients (API) (10% m/m) and microcrystalline cellulose and maize starch as the main excipients. The proposed strategy provides excellent results for monitoring the granulation processes in the pharmaceutical industry using only the spectral data. Essentially, the advantages of the PCA chart in these studies can be summarized as follows: (i) generation of simple monitoring charts; (ii) easy tracking of the progress in each batch run and monitoring of the occurrence of observable perturbations; and (iii) easily interpretable T2 and Q charts.

  Recently, new multivariate control charts based on the NAS applied in pharmaceutical formulations have been proposed to perform multivariate quality monitoring. Rocha et al.20 investigated the multivariate control charts based on NAS in conjunction with NIRS to monitor the quality of a pharmaceutical formulation containing nimesulide. In this study, it was possible to identify the samples that were outside the specifications concerning nimesulide concentration and to identify the presence of different constituents in the standard formulation. Recently, Rocha et al.21 built multivariate statistical control charts based on NAS and NIRS applied to the polymorphic characterization of piroxicam samples. In the case studied, the authors concluded that the methodology could identify piroxicam polymorphic forms that differed from the pattern normally present in specifications relative to form I of piroxicam. Skibsted et al.22 employed multivariate control charts based on NAS to monitor the homogeneity in pharmaceutical mixing processes using NIRS. The method presented by the authors was rapid, easy to use, non-destructive and provided statistical tests of homogeneity. The advantage of these charts based on NAS is that systematic variation in the product due to the property of interest is separated from the remaining systematic variation resulting from all the other compounds in the matrix. This could enhance the ability to flag products that are not within statistical control.

  In a previous paper,6 we developed a chemometric strategy based on partial least squares (PLS), and the NIRS technique was applied to measure the percentage drug dissolution of isoniazid, rifampicin, pyrazinamide and ethambutol in pharmaceutical preparations produced at Universidade Federal do Rio Grande do Norte (UFRN) toward the treatment of pulmonary tuberculosis. Since the publication of that study, the Center for Food and Drug Research at UFRN has produced another pharmaceutical formulation for pulmonary tuberculosis. This formulation is based on isoniazid and rifampicin capsule powder. The use of multicomponent analytical methods based on NIR spectroscopy can considerably improve the analytical control of the production process, which consequently improves the quality. In addition, the vast majority of published studies using multivariate control charts applied in pharmaceutical formulations contain a single active principle. The joint multivariate control charts for two active principles in a multicomponent formulation is challenging.

  The aims of this paper were to build and validate multivariate control charts based on principal component analysis and net analyte signal for the quality monitoring of two API (isoniazid and rifampicin) of a pharmaceutical formulation produced at UFRN using a portable near infrared spectrometer. The new method is intended to replace the current method of choice, which uses high performance liquid chromatography (HPLC) for two API.

  Theory

  Fundamentally, to build a multivariate control chart based on PCA and NAS, an out-of-control indicator is required for diagnostic and corrective measures. In this sense, two steps are required: (i) (diagnostic) discover which measured variables contribute to the out-of-control signal and (ii) (corrective) determine what occurs in the process that perturbs the behavior of these variables.

  Multivariate Shewhart control charts based on PCA

  PCA is a multivariate analysis technique that extracts a new set of variables by projecting the original variables onto a principal component space. Essentially, there are some commonly used multivariate statistical control charts that use measures based on the PCA model23 including Shewhart charts,24 cumulative sums,13 scores monitoring and residual tracking (SMART) charts, and T2 and Q charts.25,26

  Having established a PCA model based on data collected when only common use variation was present, future behavior can be referenced against this "in-control" model. In this sense, new multivariate observations can be projected onto the plane defined by the PCA loading vectors to obtain their scores (ti,new = piT ynew) and the residuals enew = ynew – ŷnew, where ŷnew = PATA,new,tA,new is the (A × 1) vector of scores from the model and PA is the (q × A) matrix of loadings.

  The presence of samples within the ± 2 s control limits in the Shewhart control chart built using the relevant PC scores or of trends and systematic behaviors in the score plot are clear indications of "out-of-control" processes (in this case, the content of the pharmaceutical formulation).

  Multivariate statistical control charts based on NAS

  In 2005, Witte et al.27 proposed a new methodology to perform multivariate product quality monitoring based on the NAS approach. Recently, Rocha et al.20,21 reported the theory regarding the NAS approach. Essentially, the main idea for the development of the control charts based on NAS is carried out in two stages: (i) model building; and (ii) calculation of statistical limits. The model consists of the decomposition of a sample spectrum (vector r) into three different contributions: rNAS, rINT and rres:

  
    [image: equation 1]

  

  where rNAS is a regression vector that is unique for the analyte, rINT is a vector that describes all variation due to the other compounds (interfering constituents) and rres is a residual vector.

  Statistical limits are calculated in the second stage for the multivariate control chart in which a set of spectra that are statistically "in-control" are used (RNOC). To derive statistical limits for the NAS chart, the NAS value for each of the NOC spectra is computed as follows:

  
    [image: equation 1]

  

  where nasNOC is a vector with the NAS values of the individual NOC spectra. The mean (nasNOC) and standard deviation (sNOC) of the INOC NAS values are computed. With these values, the statistical limits (95% and 99.7% confidence limits) can be computed and plotted in the NAS chart. In other words, for the control charts based on NAS applied in pharmaceutical formulation, it is necessary to prepare one data set with "in-control" samples that must contain only the API and excipients.

  The interference charts are built by projecting the RNOC matrix on the interference space. It is estimated that the projected "under control" spectra (named RINT) occupy a restricted region of the interference space. In the pharmaceutical formulation, the interference space is constructed with blank samples or placebo (only excipients). For the validation step on the control charts, it is necessary to have two data sets: (i) "out-of-control" samples that contain the API in concentrations outside of the specification and (ii) a data set with "in-control" samples.

  Finally, the residuals chart is obtained after the calculation of NAS and interference vectors, as described above. The limits of the control charts are estimated based on Q-statistics.13 Q-statistics are employed to ensure the presence of systematic noise.

   

  Experimental

  Samples

  All of the chemicals used were either pharmaceutical or analytical grade. The studied pharmaceutical formulation (in capsule form) contained isoniazid (99.29%, Amsal Quality Control Laboratory, India) and rifampicin (98.87%, Sanofi Aventis, Italy) as the active principle, cellulose as the major excipients, and magnesium stearate, sodium starch glycolate and talc as the minor excipients. The capsules produced at UFRN were available in one absolute API content per dose. The capsules were uncoated, thus permitting diffuse reflectance.

  Laboratory samples were prepared using a D-optimal experimental design (MODDE® 4.0 from Umetrics, Umeå, Sweden), DoE. D-optimality of a design is performed when the classical symmetrical designs cannot be used because the shape of the experimental region is irregular or the number of experiments selected by a classical design is too large. The design contained 3 concentration levels within ± 5% of the nominal content of each active substance and excipient. A total of 30 different formulations were generated by the design software to efficiently represent the design space for the large number of possible combinations of these substances and 24 blank samples (12 for isoniazid and 12 for rifampicin). Samples containing only the excipients were also prepared. The laboratory samples were weighted on an analytical balance with an accuracy of 0.0001 g. Then, the samples were mixed for 3 min and vortexed for 1 min.

  In addition, production lots were collected over a period of several months to include possible changes in sample constituent concentration, suppliers, process changes or variations in storage conditions up to a shelf life of 1 year, resulting in a total of 52 samples. These lots were also selected to ensure that each API concentration was included in the models covering a concentration range that was amenable to modeling.

  "In-control" (± 5% around the nominal value for each active principle and excipient) and "out-of-control" (upper ± 5% of each substance) samples were prepared by the formulation development department using production department guidelines. To maintain industrial confidentiality, no detailed information about the chemical composition of the data sets can be given.

  Apparatus

  Spectra in the near infrared range of 950-2500 nm were recorded in triplicate using an ARCspectro FT-NIR (Neuchâtel, Switzerland) with a spectral resolution of 8 cm−1. Thirty-two scans were co-added, and the diffuse reflectance mode was used. The mean spectrum for each tablet was then calculated by averaging the triplicate spectra. The portable NIR device uses an InGaAs photodiode (0.9 µm to 2.6 µm), and the reflected light was directed to the spectrometer via a bundle of optical fiber (model R600-7-VIS-125F, Ocean Optics, USA) linked to the probe end and controlled via ARCspectro ANIR 1.64 software. In addition, the instrument uses a miniature scanning Fourier-transform based on a lamellar grating interferometer (35 mm × 35 mm × 65 mm), and it also uses a micro-mechanical actuator. The powder samples were deposited on the aluminum-plated backing plate (0.1 mm sample thickness). The transflectance probe was positioned on the sample surface (less than 1 cm and 90° from the surface). The transflectance probe was washed with ethanol (70% v/v) and dried using tissue paper after each sample. The spectrum of a polytetrafluoroethylene (PTFE) sample was used as the background. The spectrometer was placed in an air-conditioned room (22 °C), and the samples were allowed to equilibrate to this temperature before analysis.

  After NIR analysis, the samples were subjected to reference analysis using HPLC. The API isoniazid and rifampicin were determined by performing isocratic analysis for each active compound using an HPLC instrument from Shimadzu (Kyoto, Japan) equipped with a degasser (DGU-20A5), pump (LC-20AT), auto-injector (SIL-20A), column oven (CTO-20A), SPD-M20A photodiode array detector and CBM-20A communication bus module. The Purospher Star® 250 mm × 4.6 mm × 5 µm column was obtained from Merck, and it was used at 25 °C. For each analysis, the mobile phases used were 96:4 v/v and 55:45 v/v phosphate buffer pH 6.8 and acetonitrile, respectively.

  HPLC analysis

  The HPLC procedure used as a reference to determine the API (isoniazid and rifampicin) in the production capsules was as follows: each capsule was weighted, dissolved in 10 mL of methanol, sonicated for 5 min, diluted with phosphate buffer pH 6.8, sonicated again for 5 min, and diluted to 100 mL with the same buffer. A 10 mL aliquot was taken to determine the level of isoniazid, and a 20 mL aliquot was taken to determine the level of rifampicin. Both aliquots were then diluted to 50 mL with the solvent, and the resulting solutions were employed to obtain chromatograms at 254 nm and 238 nm for isoniazid and rifampicin, respectively. The API in each sample, in milligrams of API per gram of capsule, was used as reference datum.

  Multivariate control charts

  Multivariate Shewhart based on the PCA scores

  Data set 1 contains 106 NIR spectra obtained from the DoE (30 samples), blank (24 samples) and production samples (52 samples). For the development of the control charts based on PCA, subsets of calibration (42 "in-control" samples), named the cal set, subsets of validation (42 "out-of-control" samples), named the val set, and subsets of prediction (11 "in-control" and 11 "out-of-control" samples), named the pred set were generated.

  Net analyte signal (NAS)

  Data set 2 contains 106 NIR spectra obtained from the DoE (30 samples), blank (24 samples: 12 for isoniazid and 12 for rifampicin) and production samples (52 samples). For the development of the control charts based on NAS, one control chart for each API (isoniazid and rifampicin) was also prepared.

  In the first control chart, 20 "in-control" samples (called set A1) containing the active principle (isoniazid) and excipients (cellulose, magnesium stearate, sodium starch glycolate and talc) were obtained from the DoE and the production sample; 12 blank samples (called set B1, only excipients) were prepared for the construction of the control chart and the interference space for isoniazid API. For validation of the control chart for isoniazid, 29 "out-of-control" samples for isoniazid (named set C1) were obtained from the production sample and 23 "in-control" samples for isoniazid (named set D1) obtained from the DoE design and the production sample were 
    prepared.

  In the second control chart, 20 "in-control" samples (named set A2) containing the active principle (rifampicin) were obtained from the DoE and the production sample in excipients (cellulose, magnesium stearate, sodium starch glycolate and talc); 12 blank samples (called set B2, placebo) were prepared for the construction of the control chart and the interference space for isoniazid API. For validation of the control chart to rifampicin, 29 "out-of-control" samples containing rifampicin were obtained from DoE (named set C2) and 23 "in-control" samples for rifampicin (named set D2) obtained from the DoE design and the production sample were prepared.

  Table 1 is an overview of the samples that were used to construct and validate the control charts based on PCA and NAS. The criterion used to select the number of principal components used for the construction of the interference space was the root mean standard error of cross validation (RMSECV).
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  Software

  The data import, pre-treatment, and construction of multivariate control charts were implemented in MATLAB version 6.5 (Math-Works, Natick, USA) using a method developed in-house. Different preprocessing methods were used, including baseline correction, multiplicative scattering correction (MSC), variance scaling, derivative, smoothing Savitzky-Golay methods using a first- and second-order polynomial and varying the number of window points (3, 5, 7 and 11).

   

  Results and Discussion

  The raw NIR spectra (data set 1, 82 samples) obtained from the experimental design (30 samples) and line production (52 samples) are shown in Figure 1a, and they are the averages of triplicate measurements for each sample recorded in the region from 950 to 2500 nm. The spectra are highly overlapping and noisy, and visual inspection does not permit the identification of the active ingredients and excipients or the ability to distinguish similar features between them ("in-control" or "out-of-control"). Figure 1b shows the NIR spectra for the API (isoniazid and rifampicin), placebo (isoniazid and rifampicin), laboratory sample and production sample. As observed, the spectra for the placebo, two API, the production and the laboratory sample were distinct, which was largely a result of the spectral contribution of the API.

  
    

    [image: Figure 1. (a) Raw NIR spectra of the original 82 samples; (b) raw NIR spectra for the active principle ingredient]

  

  Multivariate Shewhart based on the PCA scores

  In Figure 1, the raw spectra that are affected by noise, overlapping and additive/multiplicative effects that are common in solid measurements are readily observed. Therefore, for the development of the control chart based on PCA, a series of preprocessing methods were applied to reduce instrumental noise and light scattering that can affect the interpretation of the signal, such as Savitzky-Golay smoothing, MSC, variance scaling, and first and second derivative. The performance of developed models for each preprocessing method was evaluated according to their correct classifications (predicted sample index equal to the correct sample index) and incorrect classifications (predicted sample index different from the correct class index) using a calibration and validation set. The best prediction rates were obtained using Savitzky-Golay smoothing (11 points) combined with MSC and variance scaling (see Figure 2a), given that the samples were classified correctly in the control chart. The derivative preprocessing methods were tested, but some samples were not classified correctly in the control charts.

  
    

    [image: Figure 2 (a) NIR spectra after pretreatment. (b) PC3 loading plot]

  

  Afterward, the PCA model was set up to investigate the unique patterns and the correlation structure among the variables. The model analyzed six principal components that globally explain 53.27% of the variation (R2). The first component accounts for 25.89% of the explained variation; the second and third components explain 11.49% and 5.59% of the variation, respectively. Although the first two PC explained the major variance, the best classification control charts were achieved using PC3. As observed in Figure 2, the loading plot of PC3, some significant bonds related to both compounds (isoniazid and rifampicin) were identified.

  Some characteristic absorption peaks were observed, and they were interpreted as follows: 1100-1170 nm region is assigned to C–H and C=C for the second overtone of rifampicin; 1200-1400 nm is assigned to –CH3 for the combination of rifampicin; 1500-1700 nm is assigned to C=C and O–H for the first overtone of rifampicin and to N–H, C–O for the first overtone of isoniazid; 1750-1900 nm is assigned to −CH3 for the first overtone of rifampicin and isoniazid; and 1950-2300 nm is assigned to C–O, N–H, C=C, O–H and C–H for combination vibrations of rifampicin and isoniazid.

  Figure 3a represents the Shewart chart of PC3 using 42 "in-control" samples and 24 DoE/18 production samples (cal1 set). The confidence limits take into account a variation of ± 5% of the concentration of each active principle in the trade pharmaceutical formulation. This chart clearly indicates that the samples are correctly classified as "in-control," which is in agreement with what was projected because these samples were prepared and produced in the laboratory with concentrations within the normal operating range. However, some samples were misclassified. Samples 17, 28 and 37 (cal1 set) were misclassified as "out-of-control." Upon further analysis, these samples were not homogeneous, and some different particle sizes are present among the constituents. However, the particle size of the material affects the scattering, which was most likely a source of variation in the NIR spectra for these samples. However, as expected, 39 samples were correctly classified within the confidence limit from the calibration set with a success rate of 92.8% (39 of 42 samples).
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  After the construction of the calibration control chart, validation was performed with 42 different "out-of-control" samples: 23 production/10 blanks for isoniazid/9 blanks for rifampicin (val1 set). Figure 3b shows the results obtained with the validation set. The confidence limits also take into account a ± 5% variation of the concentration of each active principle in the trade pharmaceutical formulation. In Figure 3b, it is evident that the samples were correctly classified as "out-of-control," which is in agreement with what was expected. Only three samples (21, 22 and 30) from the produced line were misclassified. Investigating these samples, it was observed that they are also not homogeneous, which could affect the NIR spectra. However, as expected, 39 samples were correctly classified within the confidence limit from the calibration set, which had a success rate of 92.8% (39 of 42 samples) that was similar to the calibration set.

  Finally, to evaluate the multivariate control chart based on PCA, a prediction set (pred1 set) including 22 samples was prepared comprised of 11 "in-control" samples (6 DoE/5 production) and 11 "out-of-control" samples (6 production/2 blanks for isoniazid/3 blanks for rifampicin). The control chart for the prediction set is shown in Figure 3c. As observed, all samples were correctly classified taking into account a variation of ± 5% of the concentration of each active principle in the trade pharmaceutical formulation. Thus, it was possible to identify the samples that were "in" and "out" of control using the multivariate control chart based on PCA, regarding the concentration of both API in the laboratory samples and the production sample formulation produced in UFRN, Brazil.

  Multivariate control chart based on NAS

  For the development of the control chart based on NAS, spectral preprocessing was performed using Savitzky-Golay smoothing, MSC, variance scaling, and first and second derivative. The best models (samples were classified correctly in the control chart) obtained during the pretreatment stage utilized the 900-1650 nm region from which the distribution information of isoniazid and rifampicin in excipients was extracted very well. In addition, the Savitzky-Golay smoothing (with a window of 11 points), MSC and variance scaling were chosen for the data preprocessing.

  Isoniazid

  Using data set A1 ("in-control" samples) obtained from the DoE and the production sample for isoniazid, the NAS regression vector was obtained and the decomposition of each spectrum was determined. Using the NAS chart, the upper and lower confidence limits of isoniazid concentration in the samples (data set A1) were determined by taking into account a variation of ± 5% of the concentration of the API. Then, PCA using 4 components [PC1 (96.80%), PC2 (0.64%), PC3 (0.51%) and PC4 (0.37%)] was applied to the B1 set (12 blank samples for isoniazid) for the construction of the interference space and the confidence limit. The confidence limit for the interference chart was obtained according to d-statistics, resulting in a value of 17.71. Q-statistics were used for the residuals chart resulting in a value of 0.53 at 95% confidence. The validation chart for isoniazid was developed after the construction of the three charts (NAS, interference and residual) using 52 samples (called set C1) obtained from the production samples (23 "in-control" and 29 "out-of-control") to validate the NAS chart and 23 "in-control" samples (named set D1) to validate interferences and the residuals chart. Figure 4 shows the control charts developed for isoniazid. It can be observed that the samples are correctly classified, which agrees with what was expected. Furthermore, Figure 4 also shows that samples from data set C1 (29 "out-of-control" samples) are outside the NAS charts, which is in agreement with what was expected, given that these samples were obtained in the production phase. The data from set D1 (23 "in-control" samples) are within the interference and residuals charts, which is also in agreement with what was expected. Considering the interference chart, as observed in Figure 4, only one sample is "out-of-control." Further analysis of this sample indicates that sample 8 has a higher cellulose concentration. Only sample 18 is "out-of-control" in the residuals chart. One can considerer the hypothesis that the samples are not adequately homogeneous and that the laboratory and production samples have diverse particle sizes.
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  Rifampicin

  Using data set A2 ("in-control" samples) obtained from DoE, for rifampicin, the NAS regression vector was obtained and the decomposition of each spectrum was determined. Using the NAS chart, the upper and lower confidence limits of rifampicin concentration in the samples (data set A2) include a variation of ± 5% of the concentration of the API. PCA using 2 components [PC1 (89.75%) and PC2 (9.04%)] was applied to set B2 (12 blank samples for isoniazid) for the construction of the interference space and the confidence limit. A confidence limit of 9.62 for the interference chart was obtained according to d-statistics, and Q-statistics were used for the residuals chart, resulting in a value of 432.8, considering a 95% confidence level. The validation chart for rifampicin was constructed after the construction of the three charts (NAS, interference and residual), using 52 samples (named set C2) obtained from the production samples (23 "in-control" and 29 "out-of-control") to validate the NAS chart and 23 "in-control" samples (called set D2) to validate interferences and the residuals chart. Figure 5 shows the control charts developed for rifampicin. As shown in Figure 5, the samples are correctly classified, which is in agreement with what was expected. Furthermore, it is possible to note in Figure 5 that samples from data set C2 (29 "out-of-control" samples) are outside the NAS charts, which is in agreement with what was expected, given that these samples were obtained in the production phase. The data in set D2 (23 "in-control" samples) are within the interference and residuals charts, which is also in agreement with what was expected. Considering the interference chart, all 23 of the "in-control" samples are in agreement with what was expected. With respect to the residuals chart, as observed in Figure 5, samples 15 and 17 are "out-of-control." These samples were prepared in the production and could have different particle sizes between the laboratory and production samples, which would consequently affect the scattering in the NIR spectra.
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  Conclusion

  This paper presents an application of multivariate control charts based on PCA and NAS using near infrared spectra to simultaneously monitor two API (isoniazid and rifampicin) in a pharmaceutical formulation produced at UFRN for the treatment of pulmonary tuberculosis. For control charts based on PCA, three control charts were developed (calibration, validation and prediction data set), and the confidence limit was calculated. For NAS, three control charts were developed for each contribution (NAS, interferences and residual), and their individual control limits were calculated. Both multivariate control charts were validated, and it was possible to successfully identify samples that were in- and out-of-control. For the studied cases, the methodology provides a simple, rapid, non-destructive and powerful tool for monitoring the production of isoniazid and rifampicin because it does not require production samples; in fact, only laboratory samples that are obtained by combining the ingredients in appropriate amounts and samples that are under control are required for model development.
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    A esterificação direta de naftoquinonas mostrou-se uma tarefa difícil. Metodologias mais comuns envolvem a aplicação de cloretos de acila em piridina ou anidridos, entretanto, quando ácidos de cadeia longa são utilizados tais metodologias se mostram ineficientes devido aos baixos rendimentos obtidos. Apresentamos uma nova síntese de ésteres de cadeia longa de juglona baseado na esterificação de Steglich utilizando um ácido de Lewis barato como cocatalisador. Rendimentos obtidos são consideravelmente maiores do que os reportados previamente. Química computacional foi utilizada para avaliar os efeitos do CeCl3 como cocatalisador. Os compostos preparados foram testados como inibidores de deposição de parafinas em petróleo. Éster palmítico da juglona foi capaz de reduzir 4 ºC na temperatura de início de aparecimento de cristais (WAT) do óleo estudado, representando uma redução de 1,5% m/m de parafinas normais precipitadas.

  

   

  
    Direct esterification on naphthoquinone presented itself as a hard task. Usual methodologies apply acyl chloride in pyridine or anhydrides but with long-chain esters this procedure proved to be ineffective because of the low yields obtained. We present a new synthesis of long-chain esters of juglone based on Steglich esterification using a cheap Lewis acid as cocatalyst. Yields obtained are considerably better than those found previously. Computational chemistry was used to evaluate the effects of CeCl3 as cocatalyst. Prepared compounds were tested as wax deposition inhibitors in crude oil. Palmitic ester of juglone was able to lower 4 ºC on the wax appearance temperature (WAT) of the studied oil, representing a reduction of precipitated normal paraffin of 1.5% m/m.
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  Introduction

  Esterification reaction is one of the oldest, most widely used and most important chemical transformation in organic synthesis, with wide application in chemical industry, pharmaceuticals, food, perfume and cosmetics.1 This reaction is applied to natural products synthesis, in protection or kinetics resolution of carboxylic acids and in intramolecular reactions to prepare lactones.1

  Since the first reaction presented by Fischer2 extensive experimental research and many synthetic methodologies have been developed. In older methods, carboxylic acid was heated in the desired alcohols under acid catalysis, usually employing concentrated sulfuric or hydrochloric acid, phosphorous oxychloride (POCl3) and sulphonic acids.3

  Lewis acids are also catalysts largely applied to esterification reactions, because they allow mild conditions to be used, compared to Brønsted acids. Large amounts of these acids are described in these reactions, such as BF3.OEt2, AlCl3/ZnCl2, Zn(ClO4)2.6H2O, InCl3, SnCl2, TiO(acac)2, Mn(OAc)3.2H2O, Fe2(SO4)3.H2O, FeCl3, NiCl2.6H2O, CuCl2, Cu(NO3)2.3H2O, Cu(OTf)3, Sc(OTf)3, ZrCl4.2THF, HfCl4.2THF, Zr(OiPr)4/Fe(OiPr)3, NbCl5/Al2O3 and I2, among others.4

  Solid acids, like zeolites, oxides, aluminophosphates and their modified forms, are also alternatives employed to substitute traditional catalysis by Brønsted/Lewis acids.5

  Another usual methodology is to convert carboxylic acid into acyl halides or anhydride, both more electrophilic forms, in the presence of a base such as triethylamine or pyridine.6

  Coupling reagents activate the carboxyl group and are therefore broadly used in direct synthesis of alkyl esters, usually with catalytic amounts of 4-dimethylaminopyridine (DMAP). Literature reports include 1,3-dicyclohexylcarbodiimide (DCC),7 also known as Steglich esterification, di-(2-pyridyl)carbonate,8 O,O'-di-(2-pyridyl)thiocarbonate,9 2-methyl-6-nitrobenzoic anhydride,10 2-dithienylcarbonate (2-DTC),11 N,N'-carbonyldiimidazole (CDI),12 trifluoroacetic anhydride (TFAA),13 2-chloro-1-methylpyridinium iodine,14 CCl4/PPh3,15 diphenyl(1,2-benzioxazol-3-yl) phosphate16 and Me2NSO2Cl,17 Mn(OAc)3,18 TiO(acac)3,19 diarylamonium arenosulphonate20 and other condensing agents.21 Mitsunobu reaction, discovered in 1967, is an important chemical transformation that allows stereoselective incorporation of azides, esters, nitriles, ftalimides and sulphonamides with inversion of configuration on the stereogenic center. However, many procedures based on the Mitsunobu reaction have been developed to couple alkyl alcohols and phenols with carboxylic acids.22,23

  Additionally, esters might be prepared by conversion of a carboxylic acid to a carboxylate anion followed by nucleophilic attack on an alkylating agent like an alkyl halide.24 Nevertheless, this procedure is not usual because of the low yields afforded by a dehydrohalogenation side reaction on the alkylating agent.24

  It is noteworthy that symbiotic activation might also be used to prepare esters. This methodology consists of activating both acid and alkylating agent by use of a reagent that is basic enough to deprotonate the acid, forming a nucleophilic carboxylate and an electrophilic conjugated acid. The use of diazomethane and O-alkylisourea with carboxylic acids expresses good examples of symbiotic esterification.25

  In spite of the importance on esterification of phenols, the literature is scarce on preparation of esters of compounds that bear hydroxyl groups directly linked to the naphthoquinone ring, such as juglone (5-hydroxynaphthoquinone) or lawsone (2-hydroxynaphthoquinone). Indeed, the esterification of substituted naphthoquinones having alcohols or carboxylic acids on side chains is much more common.26

  The literature presents only a few papers on the direct esterification of the hydroxyl group on juglone.27,28 Different methodologies have been applied but all of them show low yields when fatty acids were employed in the preparation of esters. A review is presented on Table 1. We point out the work of Maruo et al.  that prepared several alkyl esters of juglone with different chain lengths. Three different conditions were employed (entries 1-4).27 When long-chain acids were used, the standard methodology was to react the respective acyl chlorides with juglone in pyridine, but low yields were obtained (24 and 29%, entries 5-6).27 Van Duuren et al.  applied myristoyl chloride with NEt3 in dry benzene under inert atmosphere to prepare juglone myristic esters in 10% yield after a large number of successive recrystallizations (entry 7).28
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  Considering the importance of naphthoquinone esters, in this work we developed a new protocol for the Steglich reaction employing CeCl3, which allowed the synthesis of long-chain juglone esters with superior yields than those described in literature, and applying mild conditions. Esters prepared in this work were also tested as inhibitors of wax deposition in crude oil.

   

  Results and Discussion

  Synthesis

  Targeting the synthesis of new juglone esters with fatty acids, a large number of methodologies described in the literature were tested. For this study, the reaction between juglone 1 and palmitic acid 2 was chosen as model because of its intermediate chain size when compared with the other acids used in this work (Scheme 1). Considering that phenol esterification under standard acid catalysis does not present good yields,1 our first attempt was to promote esterification of 1 catalyzed by a combination of H3BO3 and H2SO4 in toluene under reflux with continuous azeotropic distillation of the water formed (Scheme 1, condition a) but it afforded a complex mixture of products.29 In this case, the use of high temperatures in strong acidic medium and long reaction times may have caused the degradation of the starting materials. So, the reaction was carried out in CH2Cl2 at room temperature using ultrasound, but no ester was found perhaps by the increase of the ester hydrolysis reaction speed.29
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  Then we applied kinetic control conditions. In the first tested method, the activation of the carboxyl group by substitution of OH with a better leaving group, such as OTs, used a classic procedure described by Brewster and Ciotti, where TsCl is left to react with the acid in pyridine (Scheme 1, condition b).30 Two mechanistic approaches are described where different intermediates may be formed in situ: first, a mixed anhydride formed by tosyl introduction and second, a symmetric anhydride produced by the attack of a carboxylate anion on the mixed anhydride. After the addiction of 1 to the reaction medium, a large number of products were formed making purification extremely complex. This fact may be assigned to the fast decomposition of 1 in basic medium, as reported by Maruo et al..27

  In attempt to avoid the use of basic media, we employed the Mitsunobu reaction, a usual methodology to prepare esters from alcohols and phenols under neutral media.31 Then, the optimized conditions for the Mitsunobu reaction of phenol reported by Fitzjarrald and Pongdee23 were applied, where PPh3, 1 and 2 were dissolved in THF and left to react for 10 min at room temperature. So, DIAD was added and the reaction mixture stirred at room temperature for 72 h. Under these reaction conditions the palmitic acid ester of juglone 3 was obtained in only 7% yield after purification by column chromatography (Scheme 1, condition c). One possible explanation for this result is the low nucleophilicity of juglone and the sensitivity of the Mitsunobu reaction to steric effects.31 This reaction, when subjected to reflux conditions, furnished a mixture of products whose separation was fruitless.

  Besides the use of activators, we tried to improve the yields obtained by Mitsunobu with application of condensation agents. We first tested CDI in anhydrous DMF (Scheme 1, condition e).12 The reaction proceeds with formation of an acyl imidazolide, which was not isolated since it is highly sensitive to hydrolysis.12 A complex mixture of products was obtained with a small or large excess of CDI (2-5 equiv. ). Decomposition may have been caused by formation of imidazole from acyl imidazolide and can therefore, deprotonate the phenolic hydroxyl of juglone with consequent formation of closely related structural isomers.26 During the course of the reaction, fast consumption of the reactants was observed and after 2 h the mixture was isolated and purified, but no ester was found.

  Our next step was to change the condensation agent to dicyclohexylcarbodiimide in the presence of DMAP in THF, also known as Steglich esterification (Scheme 1, condition f).26,32,33 The procedure was performed at room temperature, affording the juglone ester 3 in only 10% yield in 72 h. This result was obtained after optimization of the reaction conditions, where 2 equiv. of 2 were first allowed to react with 0.4 equiv. of DMAP and 5 equiv. of DCC in THF for 30 min under magnetic stirring. Then, 1 equiv. of 1 was added to the medium.

  We believe that the difficulty to produce juglone esters lays on the fact that the 5-OH group causes great sensitivity toward bases and oxidizing agents and forms different related isomers.34 Besides, the possibility of an intramolecular hydrogen bond between 5-OH and 4-C=O induces a significant reduction of the nucleophilicity of the hydroxyl group (Scheme 1).

  Considering all methodologies tested, Steglich esterification presented the most significant results, despite low yields. Considering also that the inefficiency of the esterification could result from the low nucleophilicity of naphthoquinone, we investigated the use of CeCl3.7H2O in the reaction since it is a very oxophilic Lewis acid, with low toxicity, easy to handle, low cost, stable and recoverable in water.35 Mechanistically, cerium may increase the nucleophilicity of 1 by inhibition of carbonyl tautomerism and/or increase the electrophilicity of the intermediate anhydride formed by complexation.35

  In this way, the model reaction was repeated in the presence of DCC/DMAP with different amounts of the catalyst CeCl3.7H2O. The best results were obtained using 20 mol% of the Lewis acid where product 3b was obtained in 56% yield after 24 h. This methodology was also applied to other fatty acids such as lauric (2a) and stearic (2c) acids.

  Reaction times and yields are presented in Table 2. All products were purified by column chromatography using silica gel and characterized by infrared (IR), 1H and 13C nuclear magnetic resonance (NMR) spectroscopies.
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  When compared to other similar esterification reactions employing non-naphthoquinone or even naphthoquinone substrates using carboxylic acids with short alkyl chains, the yields obtained are considerably better when compared with the results of naphthoquinone esterification with fatty acids, described above26 (Table 1). It is noteworthy that the methodology developed is much easier than the usual esterifications since, in our procedure, esters were prepared in a single step, in other words, with no need to prepare acyl chlorides and avoiding toxic compounds such as SOCl2 and pyridine.

  Aiming to elucidate the catalytic activity of CeCl3.7H2O, computational studies were performed.

  Computational chemistry

  To shed some light on the role played by the CeCl3 catalyst in the improvement of naphthoquinone esterification, we calculated the energy of the interaction between the CeCl3 compound and either the juglone 1 or acetic anhydride. The goal was to investigate the alternative possibilities for CeCl3 by either increasing the nucleophilicity of the juglone or increasing the electrophilicity of the anhydride. To achieve this, the geometries of the complexes formed when CeCl3 interacts with both the juglone and the anhydride were fully optimized using the semi-empirical SPARKLE/AM1 model36 implemented in the MOPAC 2012TM package. SPARKLE/AM1 is the AM1 method37 increased with the SPARKLE approach where the lanthanide ion is replaced by a core with +3 e charge followed by calculation of the electrostatic interactions between the core and the ligands. The SPARKLE/AM1 model has been used to compute a diversity of properties of lanthanide complexes, such as luminescence and absorption spectrum.38

  The results show that the enthalpy for the complexation of CeCl3 with the juglone 1 is 5.5 kcal mol-1 higher, more positive, than for the complexation with acetic anhydride (Scheme 2).

  
    

      [image: Scheme 2. Complexation energies and partial charges calculated for the cerium complexes]

  

  This shows that complexation of the CeCl3 catalyst occurs preferentially with the anhydride, although a small amount (less than 1%) of complexation with juglone could also be expected at room temperature. In the optimized geometries the Ce(III) ion is placed essentially equidistant from the two oxygen atoms of the ligand, with a closer approximation in the case of the anhydride than in the juglone. The consequence of the CeCl3 molecule complexation with the anhydride is an increased electrophilicity of the corresponding complex, as expressed by the charge densities on the carbon atoms of the carbonyl groups. Charges on both carbon atoms of the carbonyl groups of the anhydride increase from +0.31 to +0.46 e, while for juglone the charges increase from +0.28 e (carbonyl carbon) and +0.28 e (hydroxyl carbon) to +0.44 e (carbonyl carbon) and +0.27 e (hydroxyl carbon). Therefore, the consequences of charge redistribution due to complexation are much stronger in the anhydride than in the juglone. In fact, while an equally large charge variation is observed for both carbons of the anhydride carbonyl, the same is not true for the juglone, on which the charge variation of the hydroxyl carbon atom is much less pronounced than that on the carbonyl carbon, possibly indicating a weaker interaction of the hydroxyl group with the CeCl3.

  In summary, our SPARKLE/AM1 computations reveal that the CeCl3 catalyst preferentially interacts with the anhydride increasing its electrophilicity due to delocalization of the negative charge from the carbonyl carbon atoms to the region of contact, to increase the electrostatic interaction with the CeCl3 moiety.

  It is then plausible that our reaction may occur by a similar mechanism, as proposed by Khorana and coworkers,33 with a new CeCl3 complexation step (Scheme 3). The first steps present the condensation of DCC (4) with acid 2 catalyzed by DMAP to form the respective anhydride 5.  Later, a complexation reaction takes place between the anhydride generated in situ with the Lewis acid producing 6, which may be later attacked by 1 to form ester 3. 

  
    

      [image: Scheme 3. Proposed mechanism for CeCl3-modified Steglich esterification]

  

  Wax deposition inhibitor activity

  Crude oil is a complex mixture, composed essentially of naphtha, lubricant oil, paraffin and asphalt. Among these chemicals, high molecular weight waxes tend to cause problems due to their tendency of precipitating on pipeline cold walls either during oil production or transportation.39 Wax deposits inside oil pipelines usually form solid layers that narrow flux passageway, reducing it and eventually causing total blockage and non-programmed stops.

  Wax appearance temperature (WAT) is a measure that indicates when the first paraffin crystals start to form. It is extremely important to predict safe operational temperatures to work with cold oil. When external temperatures approach WAT of the oil, high molecular weight waxes form solid deposits leading to flow problems.40,41

  Waxy oil A was gently donated by LABPRETO/UFES. Characterization of the crude oil was performed applying the respective American Society for Testing and Materials (ASTM) method presented on Table 3.

  
    

      [image: Table 3. Characterization of crude waxy oil A]

  

  Then, inhibitory activity on wax precipitation was evaluated for compounds 3a-c by the onset of the first exothermic event observed on the cooling thermogram generated by differential scanning calorimetry (DSC). WAT of samples with different concentrations of 3a-c (50, 100 and 200 ppm) were compared with crude oil without any additive (Table 4).

  
    

      [image: Table 4. Calorimetric data for products 3a-c as a function of concentration]

  

  Compound 3a presented almost no variation of effectiveness with a concentration increase, reducing approximately 2 ºC on WAT (Table 4, entry 2).

  On the other hand, compound 3b showed a severe improvement on efficiency with higher concentrations, reaching its maximum at 200 ppm where it reduced 4 ºC on WAT.

  Ester 3c, however, presented no inhibitory activity, acting as a nucleus of precipitation, raising almost 2 ºC on WAT. This can be explained based on the size of the alkyl chain. This ester bears the longest hydrophobic chain (18 carbons); at this point, the hydrophobic part is large enough so that the hydrophilic nucleus makes no effect as a differentiation group and waxes interact with 3c as a usual paraffin. Thus, results showed that the alkyl chain of the synthesized esters interacts directly with the waxes and chain size is important on inhibition effectiveness.

  On the studied crude oil, compound 3b was the most efficient, because the concentration of 200 ppm showed the largest reduction of WAT. Moreover, naphthoquinone may be used as an important polar core to cause differentiations on wax crystals.

  A quantitative comparison can be obtained when deposited wax percentages are analyzed. Values can be estimated based on the thermodynamic models developed by Coutinho and Ruffier-Méray.42 Data of crystalized percentages corroborate those obtained by DSC showing compound 3b is remarkably effective on inhibition, exhibiting a reduction of approximately 1.5% on precipitated paraffin.

  The thermograms obtained for ester 3b at different concentrations are shown in Figure 1. The exothermic peak shift to lower temperatures at concentrations of 100 and 200 ppm can be clearly seen. The anomalous behavior at 300 ppm can, in principle, be attributed to a probable nucleation induction in wax. However, no change in the thermogram profile was observed, which can reveal at least that, at first, there was no selection of paraffins by the inhibitor.

  
    

      [image: Figure 1. Thermogram of ester 3b with different concentrations]

  

   

  Conclusions

  A new, simple and practical methodology for the Steglich reaction of juglone with long-chain fatty acids employing CeCl3.7H2O as a catalyst was developed on this work, allowing the synthesis of lauric, palmitic and stearic esters in only one step with considerably higher yields, compared to previous methodologies using the same substract. Simulations showed that the cerium cocatalyst acts rather on the anhydride formed in situ, increasing electrophilicity of intermediate.

  Among the synthesized products, compound 3b presented the best effectiveness on WAT reduction, enabling a decrease of 4 ºC on WAT and 1.5% of precipated wax mass. It could be a promising compound for a new class of non-polymeric inhibitors.

   

  Experimental

  Materials

  All chemicals are commercially available (Sigma-Aldrich) and were used as received: juglone (97%), lauric acid (99.5%), palmitic acid (99.5%), stearic acid (99.5%), N,N'-dicyclohexylcarbodiimide (DCC) (98%), N,N-dimethylaminopyridine (DMAP) (98%), cerium chloride heptahydrate (99%). All solvents used were purchased from Sigma-Aldrich with 98.5% purity (minimum) and with no previous treatment.

  Methods

  1H and 13C NMR spectra were recorded on a Varian 400 MHz spectrometer in CDCl3. All chemical shifts (δ) are in parts per million (ppm) referred to tetramethysilane (TMS). IR spectra were measured on an FTLA2000-102 ABB BOMEM spectrophotometer with anhydrous KBr. Melting points were recorded on a FISATOM430 D and are uncorrected.

  Synthesis of juglone long-chain esters

  General procedure

  In a 50 mL round flask equipped with magnetic stirring, carboxylic acid 2b (2 mmol), DCC (5 mmol) and DMAP (0.4 mmol) were added with 10 mL of THF. The mixture was kept under vigorous stirring for 30 min. Then, a solution of juglone 1 (1 mmol) and CeCl3.7H2O (0.2 mmol) in 10 mL of THF was added dropwise and the reaction was stirred for 24 h. After completion, the solvent was evaporated under reduced pressure and the crude product was solubilized in hexane. The organic layer was washed with brine, dried with Na2SO4 and the solvent was removed in vacuum. The formed solid was purified by column chromatography. Elution with hexane/ethyl acetate (95:5) afforded pure product 3b. 

  5-O-dodecanoyloxy-1,4-naphthoquinone (3a)

  
    [image: formula 1]

  

  The compound was obtained from the general procedure as a yellow solid with 50% of yield; m.p. 71-74 °C; IR (KBr) νmax/cm-1 3322, 2923, 2850, 1761, 1662, 1141, 787; 1H NMR (400 MHz, CDCl3) δ 0.88 (t, 3H, J 6.9 Hz, CH3), 1.27 (sl, 18H, CH2), 1.82 (q, 2H, J 7.5 Hz, CH2), 2.74 (t, 2H, J 7.5 Hz, CH2), 6.85 (d, 1H, J 10.3 Hz, H-2), 6.94 (d, 1H, J 10.3 Hz, H-2), 7.38 (dd, 1H, J 1.3, 8.0 Hz, H-3), 7.76 (t, 1H, J 8.0 Hz, H-3), 8.05 (dd, 1H, J 1.3, 8.0 Hz, H-3); 13C NMR (100 MHz, CDCl3) δ 14.1, 22.7, 24.5, 29.2, 29.3, 29.3, 29.5, 29.6, 31.9, 33.9, 34.2, 123.4, 124.9, 129.85, 133.53, 134.8, 137.3, 139.9, 149.6, 172.1, 183.6, 184.3.

  5-O-hexadecanoyloxy-1,4-naphthoquinone (3b)
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  The compound was obtained from the general procedure as a yellow solid with 56% of yield (224 mg); m.p. 72-73 ºC; IR (KBr) νmax/cm-1 3345, 2921, 2849, 1761, 1660, 1142, 788; 1H NMR (400 MHz, CDCl3) δ 0.88 (t, 3H, J 6.9 Hz, CH3), 1.26 (sl, 26H, CH2), 1.82 (q, 2H, J 7.5 Hz, CH2), 2.74 (t, 2H, J 7.5 Hz, CH2), 6.85 (d, 1H, J 10.3 Hz, H-2), 6.94 (d, 1H, J 10.3 Hz, H-2), 7.38 (dd, 1H, J 1.3, 8.0 Hz, H-3), 7.76 (t, 1H, J 8.0 Hz, H-3), 8.05 (dd, 1H, J 1.3, 8.0 Hz, H-3); 13C NMR (100 MHz, CDCl3) δ 14.1, 22.7, 24.5, 29.2, 29.3, 29.4, 29.5, 29.6, 29.7, 29.7, 30.9, 31.9, 32.8, 34.2, 123.3, 124.9, 129.9, 133.5, 134.8, 137.3, 139.9, 149.6, 172.1, 183.6, 184.3.

  5-O-octadecanoyloxy-1,4-naphthoquinone (3c)

  
    [image: formula 3]

  

  The compound was obtained from the general procedure as a yellow solid with 52% of yield; m.p. 70-72 °C; IR (KBr) νmax/cm-1 2920, 2850, 1761, 1663, 1141, 788; 1H NMR (400 MHz, CDCl3) δ 0.88 (t, 3H, J 6.9 Hz, CH3), 1.26 (sl, 28H, CH2), 1.82 (q, 2H, J 7.5 Hz, CH2), 2.74 (t, 2H, J 7.5 Hz, CH2), 6.85 (d, 1H, J 10.3 Hz, H-2), 6.94 (d, 1H, J 10.3 Hz, H-2), 7.38 (dd, 1H, J 1.3, 8.0 Hz, H-3), 7.76 (t, 1H, J 8.0 Hz, H-3), 8.05 (dd, 1H, J 1.3, 8.0 Hz, H-3); 13C NMR (100 MHz, CDCl3) δ 14.1, 22.7, 24.5, 29.2, 29.3, 29.4, 29.5, 29.6, 29.7, 29.7, 31.9, 32.8, 34.2, 123.3, 124.9, 129.9, 133.5, 134.8, 137.3, 139.9, 149.6, 172.1, 183.6, 184.3.

  Wax deposition inhibitor activity

  Calorimetric analyses were recorded on a thermal analyzer MDSCQ200 TA Instruments coupled with a DSC Q200 cooling system. All experiments were performed under N2 atmosphere. The heating program consisted of a heating until 80 ºC (heating rate 1.0 ºC min-1) followed by an isotherm at same temperature for 15 min. Then, the system was cooled to –20 ºC (cooling rate 0.8 ºC min-1) followed by another isotherm for 15 min.

  Values presented for WAT were obtained by a simple average of two experiments.

   

  Supplementary Information

  Supplementary information (spectral data for IR, 1H and 13C NMR of the synthesized compounds) is available free of charge at http://jbcs.sbq.org.br as PDF file.

   

  Acknowledgments

  The authors thank CNPQ, CAPES and FAPES for financial support and LABPETRO/UFES for sample supply and financial support.

   

  References

  1. Otera, J.; Esterification Methods. Reactions and Applications; Wiley-VCH: Weinheim, Germany, 2003; Larock, R. C.; Comprehensive Organic Transformations, 2nd ed.; VCH: New York, NY, 1999; Haslam, E.; Tetrahedron 1980, 36, 2409.

  2. Fischer, E.; Speier, A.; Ber. Dtsch. Chem. Ges. 1895, 28, 3252.

  3. Rodriguez, A.; Nomen, M.; Spur, B. W.; Tetrahedron Lett. 1998, 39, 8563.

  4. Provent, C.; Chautemps, P.; Gellon, G.; Pierre, J.-L.; Tetrahedron Lett. 1996, 37, 1393; Roy, H. N.; Al Mamun, A. H.; Synth. Commun. 2006, 36, 2975; Bartoli, G.; Boeglin, J.; Bosco, M.; Locatelli, M.; Massaccesi, M.; Melchiorre, P.; Sambri, L.; Adv. Synth. Catal. 2005, 347, 33; Mineno, T.; Kansui, H.; Chem. Pharm. Bull. 2006, 54, 918; Cho, C. S.; Kim, D. T.; Choi, H.-J.; Kim, T.-J.; Shim, S. C.; Bull. Korean Chem. Soc. 2002, 23, 539; Zhang, G.-S.; Synth. Commun. 1998, 28, 1159; Sharma, G. V. M.; Mahalingam, A. K.; Nagarajan, M.; Ilangovan, A.; Radhakrishna, P.; Synlett 1999, 8, 1200; Mantri, K.; Nakamura, R.; Komura, K.; Sugi, Y.; Chem. Lett. 2005, 34, 1502; Ram, R. N.; Charles, I.; Tetrahedron 1997, 53, 7335; Ho, T.-L.; Synth. Commun. 1989, 19, 2897; Iranpoor, N.; Firouzabadi, H.; Zolfigol, M. A.; Synth. Commun. 1998, 28, 1923; Saravanan, P.; Singh, V. K.; Tetrahedron Lett. 1999, 40, 2611; Chandrasekhar, S.; Sultana, S. S.; Narsihmulu, C.; Yadav, J. S.; Gree, R.; Guillemin, J. C.; Tetrahedron Lett. 2002, 43, 8335; Ishihara, K.; Nakayama, M.; Ohara, S.; Yamamoto, H.; Tetrahedron 2002, 58, 8179; Ishihara, K.; Ohara, S.; Yamamoto, H.; Science 2000, 290, 1140; Sato, A.; Nakamura, Y.; Maki, T.; Ishihara, K.; Yamamoto, H.; Adv. Synth. Catal. 2005, 347, 1337; Barbosa, S. L.; Hurtado, G. R.; Klein, S. I.; Lacerda Jr., V.; Dabdoub, M. J.; Guimarães, C. F.; Appl. Catal., A 2008, 338, 9; Ramalinga, K.; Vijayalakshmi, P.; Kaimal, T. N. B.; Tetrahedron Lett. 2002, 43, 879.

  5. Sen, S. E.; Smith, S. M.; Salivan, K. A.; Tetrahedron 1998, 55, 12657; Corma, A.; Chem. Rev. 1995, 95, 559; Nakano, Y.; Iizuka, T.; Hattori, H.; Tanabe, K.; J. Catal. 1979, 57, 1; Corma, A.; Catal. Lett. 1993, 22, 384; Kuriakose, G.; Nagaraju, N.; J. Mol. Catal. A: Chem. 2004, 223, 155.

  6. Horton, D.; Organic Synthesis Collective, vol. V; Wiley: New York, 1991, pp. 1-6; Zhdanov, R. I.; Zhenodarova, S. M.; Synthesis 1975, 222; Shiina, I.; Kubota, M.; Oshiumi, H.; Hashizume, M.; J. Org. Chem. 2004, 69, 1822; Dutta, N. N.; Pangarkar, V. G.; React. Polym. 1994, 22, 9.

  7. Neises, B.; Steglich, W.; Angew. Chem., Int. Ed. Engl. 1978, 17, 522; Hassner, A.; Alexanian, V.; Tetrahedron Lett. 1978, 19, 4475.

  8. Kim, S.; Lee, I.; Ko, Y. K.; Tetrahedron Lett. 1984, 25, 4943.

  9. Saitoh, K.; Shiina, I.; Mukaiyama, T.; Chem. Lett. 1998, 27, 679.

  10. Shiina, I.; Ibuka, R.; Kubota, M.; Chem. Lett. 2002, 31, 286; Shiina, I.; Kubota, R.; Ibuka, R.; Tetrahedron Lett. 2002, 43, 7535.

  11. Mukaiyama, T.; Oohashi, Y.; Fukumoto, K.; Chem. Lett. 2004, 33, 552.

  12. Mishra, S.; Karmodiya, K.; Parasuraman, P.; Surolia, A.; Surolia, N.; Bioorg. Med. Chem. 2008, 16, 5536; Morton, R. C.; Mangroo, D.; Gerber, G. E.; Can. J. Chem. 1988, 66, 1701.

  13. Parish, R. C.; Stock, L. M.; J. Org. Chem. 1965, 30, 927; Kankanala, K.; Reddy, V. R.; Mukkanti, K.; Pal, S.; J. Fluorine Chem. 2009, 130, 505.

  14. Nukaiyama, T.; Usui, M.; Shimada, E.; Saigo, K.; Chem. Lett. 1975, 4, 1045.

  15. Hashimoto, S.; Furukawa, I.; Bull. Chem. Soc. Jpn. 1981, 54, 2227.

  16. Ueda, M.; Oikawa, H.; J. Org. Chem. 1985, 50, 760.

  17. Wakasugi, K.; Nakamura, A.; Tanabe, Y.; Tetrahedron Lett. 2001, 42, 7427.

  18. Gowda, S.; Rai, K. M. L.; J. Mol. Catal. A: Chem. 2004, 217, 27.

  19. Chen, C.-T.; Munot, Y. S.; J. Org. Chem. 2005, 70, 8625.

  20. Ishihara, K.; Nakagawa, S.; Sakakura, A.; J. Am. Chem. Soc. 2005, 127, 4168.

  21. Castro, B.; Evin, G.; Selve, C.; Seyer, R.; Synthesis 1977, 413; Adams, J. H.; Lewis, J. R.; Paul, J. G.; Synthesis 1979, 429; Diago-Meseguer, J.; Palomo-Coll, A. L.; Fernandez-Lizarbe, J. R.; Zugaza-Bilbao, A.; Synthesis 1980, 547; Kawabata, T.; Mizugaki, T.; Ebitani, K.; Kaneda, K.; Tetrahedron Lett. 2003, 44, 9205; Lee, S.-G.; Park, J. H.; J. Mol. Catal. A: Chem. 2003, 194, 49; Khalafi-Nezhad, A.; Parhami, A.; Zare, A.; Zare, A. R. M.; J. Iran. Chem. Soc. 2008, 5, 413; William, W.; Lawrance, J.; Tetrahedron Lett. 1971, 37, 3453.

  22. Mitsunobu, O.; Yamada, M.; Bull. Chem. Soc. Jpn. 1967, 40, 2380; Mitsunobu, O.; Synthesis 1981, 1; Hughes, D. L.; Org. Prep. Proced. Int. 1996, 28, 127; Lizarzaburu, M. E.; Shuttleworth, S. J.; Tetrahedron Lett. 2002, 43, 2157; Lepore, S. D.; He, Y.; J. Org. Chem. 2003, 68, 8261; Iranpoor, N.; Firouzabadi, H.; Khalili, D.; Motevalli, S.; J. Org. Chem. 2008, 73, 4882; Salome, C.; Kohn, H.; Tetrahedron 2009, 65, 456; Shintou, T.; Kikuchi, W.; Mukaiyama, T.; Bull. Chem. Soc. Jpn. 2003, 76, 1645; Mukaiyama, T.; Shintou, T.; Fukumoto, K.; J. Am. Chem. Soc. 2003, 125, 10538; Dandapani, S.; Curran, D. P.; Chem.- Eur. J. 2004, 10, 3130; Dembinski, R.; Eur. J. Org. Chem. 2004, 2763.

  23. Fitzjarrald, V. P.; Pongdee, R.; Tetrahedron Lett. 2007, 48, 3553.

  24. Pfeffer, P. E.; Silbert, L. S.; J. Org. Chem. 1976, 41, 1373; Jiang, X.; Tiwari, A.; Thompson, M.; Chen, Z.; Cleary, T. P.; Lee, T. B. K.; Org. Process Res. Dev. 2001, 5, 604; Chakraborti, A. K.; Basak (née Nandi), A.; Grover, V.; J. Org. Chem. 1999, 64, 8014; Raber, D. J.; Gariano, P.; Brod, A. O.; Gariano, A.; Guida, W. C.; Guida, A. R.; Herbst, M. D.; J. Org. Chem. 1979, 44, 1149; Wagenknecht, J. H.; Baizer, M. M.; Chruma, J. L.; Synth. Commun. 1972, 2, 215.

  25. Heller, S. T.; Sarpong, R.; Tetrahedron 2011, 67, 8851; Kreevoy, M. M.; Thomas, S. J.; J. Org. Chem. 1977, 42, 3979; Mathias, L. J.; Synthesis 1979, 561.

  26. Kongkathip, N.; Luangkamin, S.; Kongkathip, B.; Sangma, C.; Grigg, R.; Palangpon, K.; Prabpai, S.; Pradidphol, N.; Piyaviriyagul, S.; Pongpun, S.; J. Med. Chem. 2004, 47, 4427; Kazemekaite, M.; Bulovas, A.; Talaikyte, Z.; Butkus, E.; Railaite, V.; Niaura, G.; Palaima, A.; Razumas, V.; Tetrahedron Lett. 2004, 45, 3551; Kongkathip, B.; Akkarasamiyo, S.; Hasitapan, K.; Sittikul, P.; Boonyalai, N.; Kongkathip, N.; Eur. J. Med. Chem. 2013, 60, 271; Boudalis, A. K.; Policand, X.; Sournia-Saquet, A.; Donnadieu, B.; Tuchagues, J.-P.; Inorg. Chim. Acta 2008, 361, 1681; Zhou, W.; Zhang, X.; Xiao, L.; Ding, J.; Liu, Q.-H.; Li, S.-S.; Eur. J. Med. Chem. 2011, 46, 3420.

  27. Maruo, S.; Kuriyama, I.; Kuramochi, K.; Tsubaki, K.; Yoshida, H.; Mizushina, Y.; Bioorg. Med. Chem. 2011, 19, 5803.

  28. Van Duuren, B. L.; Segal, A.; Tseng, S.-S.; Rusch, G. M.; Loewengart, G.; Maté, U.; Roth, D.; Smith, A.; Melchione, S.; J. Med. Chem. 1978, 21, 26; for other esterifications see: Clark, N. G.; Pestic. Sci. 1984, 15, 235; Taurité, D.; Razumas, V.; Butkus, E.; Chem. Phys. Lipids 2009, 159, 45; Tauraité, D.; Razumasa, V.; Nylanderb, T.; Butkus, E.; Z. Naturforsch. 2008, 63b, 1093.

  29. Lowrance Jr., W. W.; Tetrahedron Lett. 1971 , 12, 3453; Khurana, J. M.; Sahoo, P. K.; Maikap, G. C.; Synth. Commun. 1990, 20, 2267; Martines, M. A. U.; Davolos, M. R.; Jafelicci Jr., M.; Quim. Nova 2000, 23, 251.

  30. Brewster, J. H.; Ciotti, C. J.; J. Am. Chem. Soc. 1955, 77, 6214.

  31. Hughes, D. L.; Reamer, R. A.; Bergan, J. J.; Grabowski, E. J. J.; J. Am. Chem. Soc. 1988, 110, 6487; Hughes, D. L.; Org. React. 1992, 42, 335.

  32. Balas, L.; Jousseaume, B.; Langwost, B.; Tetrahedron Lett. 1989, 30, 4525; Mikolajczyk, M.; Kiezbasinski, P.; Tetrahedron 1981, 37, 233.

  33. Smith, M.; Moffatt, J. G.; Khorana, H. G.; J. Am. Chem. Soc. 1958, 80, 6204.

  34. Singh, H.; Folk, T. L.; Scheuer, P. J.; Tetrahedron 1969, 25, 5301.

  35. Bartoli, G.; Marcantoni, E.; Marcolini, M.; Sambri, L.; Chem. Rev. 2010, 110, 6104; Torregiani, E.; Seu, G.; Minassic, A.; Appendino, G.; Tetrahedron Lett. 2005, 46, 2193; Dalpozzo, R.; De Nino, A.; Maiuolo, L.; Procopio, A.; Nardi, M.; Bartoli, G.; Romeo, R.; Tetrahedron Lett. 2003, 44, 5621.

  36. Maia, J. D. C.; Carvalho, G. A. U.; Mangueira Jr., C. P.; Santana, S. R.; Cabral, L. A. F.; Rocha, G. B.; J. Chem. Theory Comput. 2012, 8, 3072; Filho, M. A. M.; Dutra, J. D. L.; Rocha, G. B.; Freire, R. O.; Simas, A. M.; J. Organomet. Chem. 2006, 691, 2584.

  37. Dewar, M. J. S.; Zoebisch, E. G.; Healy, E. F.; Stewart, J. J. P.; J. Am. Chem. Soc.  1985, 107, 3902.

  38. de Oliveira, C. A. F.; da Silva, F. F.; Malvestiti, I.; Malta, V. R. S.; Dutra, J. D. L.; da Costa Jr., N. B.; Freire, R. O.; Alves Jr.; S.; J. Mol. Struct. 2013, 1041, 61; Freire, R. O.; Rodrigues, N. M.; Rocha, G. B.; Gimenez, I. F.; da Costa Jr., N. B.; J. Mol. Struct. 2011, 997, 30.

  39. Venkatesan, R.; Nagarajan, N. R.; Paso, K.; Yic, Y.-B.; Sastry, A. M.; Fogler, H. S.; Chem. Eng. Sci. 2005, 60, 3587.

  40. Jennings, D. W.; Weispfennig, K.; Energy Fuels 2006, 20, 2457.

  41. Sawhney, S.; Jassal, M. M. S.; Fuel 1991, 70, 1488; Cristante, M.; Selves, J. L.; Anal. Chim. Acta 1990, 229, 267.

  42. Coutinho, J. A. P.; Ruffier-Méray, V.; Ind. Eng. Chem. Res. 1997, 36, 4977.

   

   

  Submitted: May 13, 2014.

  Published online: September 19, 2014.

   

   

  
    *e-mail: sandro.greco@ufes.br

     

     

    Supplementary Information


    [image: Figure S1. IR spectrum (KBr) of 5-O-dodecanoyloxy-1,4-naphthoquinone]

  

  
    [image: Figure S2. 1H NMR spectrum (400 MHz, CDCl3) of 5-O-dodecanoyloxy-1,4-naphthoquinone (full spectrum)]

  

  
    [image: Figure S3. 1H NMR spectrum (400 MHz, CDCl3) of 5-O-dodecanoyloxy-1,4-naphthoquinone (expanded aromatic region)]

  

  
    [image: Figure S4. 1H NMR spectrum (400 MHz, CDCl3) of 5-O-dodecanoyloxy-1,4-naphthoquinone (expanded aliphatic region)]

  

  
    [image: Figure S5. 13C NMR spectrum (100 MHz, CDCl3) of 5-O-dodecanoyloxy-1,4-naphthoquinone]

  

  
    [image: Figure S6. IR spectrum (KBr) of 5-O-hexadecanoyloxy-1,4-naphthoquinone]

  

  
    [image: Figure S7. 1H NMR spectrum (400 MHz, CDCl3) of 5-O-hexadecanoyloxy-1,4-naphthoquinone (full spectrum)]

  

  
    [image: Figure S8. 1H NMR spectrum (400 MHz, CDCl3) of 5-O-hexadecanoyloxy-1,4-naphthoquinone (expanded aromatic region)]

  

  
    [image: Figure S9. 1H NMR spectrum (400 MHz, CDCl3) of 5-O-hexadecanoyloxy-1,4-naphthoquinone (expanded aliphatic region)]

  

  
    [image: Figure S10. 13C NMR spectrum (100 MHz, CDCl3) of 5-O-hexadecanoyloxy-1,4-naphthoquinone]

  

  
    [image: Figure S11. IR spectrum (KBr) of 5-O-octadecanoyloxy-1,4-naphthoquinone]

  

  
    [image: Figure S12. 1H NMR spectrum (400 MHz, CDCl3) of 5-O-octadecanoyloxy-1,4-naphthoquinone (full spectrum)]

  

  
    [image: Figure S13. 1H NMR spectrum (400 MHz, CDCl3) of 5-O-octadecanoyloxy-1,4-naphthoquinone (expanded aromatic region)]

  

  
    [image: Figure S14. 1H NMR spectrum (400 MHz, CDCl3) of 5-O-octadecanoyloxy-1,4-naphthoquinone (expanded aliphatic region)]

  

  
    [image: Figure S15. 13C NMR spectrum (100 MHz, CDCl3) of 5-O-octadecanoyloxy-1,4-naphthoquinone]

  

  





  DOI: 10.5935/0103-5053.20140217

  ARTICLE

  
    Correia FC, Santos TCF, Garcia JR, Peres LO, Wang SH. Synthesis and characterization of a new semiconductor oligomer having quinoline and fluorene units. J. Braz. Chem. Soc. 2015;26(1)84-91

  

  
    Synthesis and characterization of a new semiconductor oligomer having quinoline and fluorene units

  

   

   

  Fábio C. CorreiaI; Thays C. F. SantosII; Jarem R. GarciaIII; Laura O. PeresII; Shu H. WangI,*

  IMetallurgical and Materials Engineering Department, Polytechnic School, University of São Paulo (USP), Av. Prof. Luciano Gualberto, 380, 05508-010 São Paulo-SP, Brazil

  IIHybrid Materials Laboratory, Federal University of São Paulo (Unifesp), Campus Diadema, R. Artur Riedel, 275, 09972-270 Diadema-SP, Brazil

  IIIChemistry Department, State University of Ponta Grossa (UEPG), Av. Gal. Carlos Cavalcanti, 4748, 84030-900 Ponta Grossa-PR, Brazil

   

  
    Um novo material contendo grupos fluoreno e quinolina foi obtido por síntese direta através da reação de Suzuki e mostrou-se ser facilmente solúvel em solventes orgânicos comuns. A estrutura química da macromolécula foi confirmada através da caracterização por medidas de ressonância magnética nuclear de 1H (1H NMR), infravermelho com transformada de Fourier (FTIR), calorimetria diferencial de varredura (DSC), análise termogravimétrica (TGA) e cromatografia de permeação em gel (GPC). Em solução, o material apresentou duas absorções máximas em 314 e 245 nm, juntamente com um alto rendimento quântico de fluorescência (82%) e uma emissão máxima em 419 nm. O band gap do material foi estimado em cerca de 2,60 eV por voltametria cíclica, entretanto o band gap óptico para o filme fino determinado por espectroscopia UV-Vis apresentou valor maior, 3,10 eV. A divergência foi atribuída a interações de transferência de carga, devido à presença de grupos doador e aceptor no copolímero.

  

   

  
    A new oligomer having fluorenylene and quinolinylene groups was straightforwardly synthesized by Suzuki reaction and proven to be readily soluble in common organic solvents. The chemical structure of the copolymer was confirmed and characterized by 1H nuclear magnetic resonance (NMR), Fourier transform infrared (FTIR), differential scanning calorimetry (DSC), thermogravimetric analysis (TGA) and gel permeation chromatography (GPC) measurements. In solution, the oligomer presented two absorption maxima at 314 and 245 nm, along with a high fluorescence quantum yield (82%), characterized by an emission maximum at 419 nm. The band gap of the material was estimated to be around 2.60 eV by cyclic voltammetry, however the optical band gap for the thin film observed by UV-Vis spectroscopy was 3.10 eV. The divergence was attributed to charge transfer interactions due to the presence of donor and acceptor units in the copolymer.

    Keywords: conjugated material, fluorene, quinoline, Suzuki, OLEDs

  

   

   

  Introduction

  Since the discovery of electroluminescence (EL) in conjugated polymers, reported for poly(p-phenylene vinylene) (PPV) in 1990,1 much effort has been done aiming the construction of polymeric light-emitting devices (PLEDs). Polymers allow straightforward processing into large surface area thin films, due to their mechanical flexibility and toughness, low-cost manufacturing through solution-processing, among other benefits.2,3

  It is well known that the performance of PLEDs is still limited by the number of electron/hole recombinations that is influenced by the number and the mobility of the charge carriers in the given constitutive layer of the device and, additionally, dictates the optimum applied voltage and the lifetime of the devices.4 Most of the EL semiconducting polymers have properties of injecting and transporting holes more efficiently than electrons.5 Thus, synthesis of novel efficient electron transport polymers presenting good emitting properties might improve device performance, by eliminating an electron injection layer, incrementing the number of charge carrier recombination and reducing the threshold voltage.

  Quinoline and its derivatives, specially tris(8-hydroxyquinoline)aluminum (Alq3), are known for their good properties as electron injecting and transporting layer, which are attributed to its n-type conducting nature. The optical and electronic properties of quinoline derivatives have been studied extensively,6 including optical studies of quinoline-containing polymer connected with protonation and metal cation coordination.7 Those polymers have shown excellent mechanical properties, high thermal stability and processability into high-quality thin films and, recently, some quinolines were demonstrated to be suitable for the fabrication of light-emitting diodes (LEDs).8 However, the reported quinoline polymers were prepared by complex synthesis procedures and are characterized by low solubility in ordinary organic solvents.9-14

  Polyfluorenes and their derivatives, on the other hand, are the prevailing blue light-emitting materials for PLEDs, due to their high photoluminescence (PL) and EL, excellent thermal and oxidative stability and good solubility in common organic solvents. Additionally, the 9-position of fluorene offers the ability to control interactions among chains through functionalization, leading to tailored electrical and optical properties, which are exemplified by numerous fluorene copolymers with excellent thermal stability, reduced turn-on voltage and enhanced EL.15-18

  Therefore, fluorene-based copolymers containing quinoline units emerge as promising materials in organic LEDs. Such sort of copolymers has been prepared with acid-catalyzed Friedländer quinoline synthesis through condensation reactions of bis(o-aminoketone)s and bisacetyl groups,19-21 and proved to present interesting optical properties and good thermal stability. The copolymers have been applied in multilayer LEDs as the emissive layer as well as the electron transport layer (ETL), and improvement of the LED performance has been reported.19,20

  In the present work, a new material was easily synthesized by the copolymerization of dihalogenated quinoline and fluorene monomers with 1,4-phenylenebisboronic acid, using a palladium-catalyzed Suzuki coupling reaction.22 This is a typical reaction between organoboron compounds with different types of organic electrophile and organic halides. One additional advantage of these reactions includes mildness of the reaction conditions, great tolerance toward a variety of functional groups and insensitiveness to the presence of water.23,24

   

  Experimental

  All reagents were used as received from commercial sources (Aldrich or Acros) and used without further purification.

  Synthesis of 5,7-dibromo-8-oxyoctyl-quinoline

  In a one-neck flask, a solution containing 150 mL of dimethylformamide, 5,7-dibromo-8-hydroxyquinoline (15.1 g, 0.05 mol) and 1-bromooctane (11.5 g, 0.06 mol), anhydrous potassium carbonate (K2CO3) (15 g, 0.11 mol) was added portion-wise to the mixture for 1 hour (Scheme 1). The solution was allowed to react under nitrogen atmosphere and magnetic stirring at 100 °C for 12 h.25 After this period, the mixture was cooled to room temperature and poured into a mixture of ethanol and distilled water (10:1). The product (off-white needles) was recrystallized from an ethanol:water mixture, filtered and dried in a vacuum oven. Yield 18.5 g (90%); 1H nuclear magnetic resonance (NMR) (200 MHz, CDCl3) δ 8.98 (1H, N–CH), 8.44 (1H, Br–CH), 8.01-7.26 (2H, Ar–H), 4.36 (2H, O–CH2), 1.94-1.29 (12H, H–CH2), 0.88 (3H, CH3).

  
    

    [image: Scheme 1. Synthesis of 5,7-dibromo-8-oxyoctyl-quinoline]

  

  Synthesis of poly[1,4-phenylene-2,7-(9,9-dioctyl-fluorenylene)-co-1,4-phenylene-5,7-(8-oxyoctyl-quinolinylene)] (PFQ)

  The oligomer was prepared (Scheme 2) following procedures described in the literature.25 In a three-neck flask, 5,7-dibromo-8-oxyloctyl-quinoline (0.586 g, 1.419 mmol), 1,4-phenylenebisboronic acid (0.334 g, 2.015 mmol), 9,9-dioctyl-2,7-dibromofluorene (0.108 g, 0.197 mmol), 1,4 dichlorobenzene (0.058 g, 0.394 mmol) and Pd(PPh3)4 (0.034 mg, 3 mol%) were added to a degassed mixture of xylene (15 mL), benzalkonium chloride (0.1791 g) and 10 mL of 2 mol L-1 K2CO3. The mixture was vigorously stirred at 100 °C for 48 h under nitrogen atmosphere. Then, phenylboronic acid (0.0626 g, 0.5 mmol) was added as an end-capping agent to the mixture and heated for an additional 12 h. After cooling to room temperature, the oligomer was dissolved in chloroform and precipitated in methanol three times. The yellowish precipitate was filtered and dried in a vacuum oven. Yield 0.552 g (88%).1H NMR (200 MHz, CDCl3) δ 8.92-8.97 (1H, N–CH), 8.5-7.2 (24H, Ar–H), 4.10-4.00 (2H, O–CH2), 2.05-1.95 (12H, CH2), 1.70-1.08 (34H, CH2), 0.89-0.77 (9H, CH3).

  
    

    [image: Scheme 2. Synthesis of PFQ, where x = 0.7, y = 0.1 and z = 0.2 are the molar fractions]

  

  Characterization

  The molar mass and the polydispersity of PFQ were determined by gel permeation chromatography (GPC) using a Waters high performance liquid chromatography (HPLC) system, comprised by two columns in series, PLgel mixed-B and PLgel mixed-C, at 35 ºC and flow rate of 1 mL min-1 of tetrahydrofuran (THF). The GPC measurements are reported using monodisperse polystyrene samples as standards.

  The 1H NMR spectra (200 MHz) of the monomers and PFQ were recorded using a Bruker AC-200 spectrometer with deuterated chloroform (Aldrich) as solvent and tetramethylsilane (TMS) as internal reference.

  The Fourier tranform infrared (FTIR) spectra of the monomers and copolymer were recorded as solid thin films deposited on a KBr window, using a Bruker FTIR spectrometer, model Vector 22.

  The thermal properties of PFQ were investigated by thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC). TGA curves were obtained by using a thermogravimetric analyzer TGA-51 (Shimadzu), in the range from 50 to 800 °C at a heating rate of 10 °C min-1 under argon atmosphere, and DSC curves were obtained by using a TA Instruments differential scanning calorimeter, model Q100, in the range from –80 to 180 °C at a heating rate of 10 °C min-1 under nitrogen atmosphere.

  UV absorption spectra were collected using a Cary 50 Conc (Varian) spectrophotometer. Each sample was dissolved in chloroform and the solution was poured into a 10 mm2 quartz cell. The transmission spectrum was collected from 200-600 nm. PL spectra in solution were determined using a Varian Eclipse fluorescence spectrophotometer. Each sample was dissolved in chloroform and subjected to irradiation at the absorption maximum observed by UV spectroscopy and the emission spectra were collected accordingly.

  Microanalysis was performed using a Philips scanning electron microscope, model XL-30, equipped with an energy dispersive X-ray analyzer (EDX) in order to check the atomic composition of PFQ and the presence of halogen as impurity.

  Cyclic voltammetric (CV) measurements were carried out using a conventional one-compartment electrochemical cell, with platinum (Pt) wire as the working electrode; a graphite sheet was used as the counter electrode and 
    Ag/Ag+ as a quasi-reference electrode. The electrolyte was composed of a solution of 0.1 mol L-1 tetrabutylammonium perchlorate (TBAP) in acetonitrile, containing 5.0 mg L-1 of the oligomer. N2 was bubbled through the system, shortly before measurements, in order to remove any dissolved O2.

   

  Results and Discussion

  The new material PFQ was synthesized successfully according to Scheme 2, with good yield (88%). PFQ was obtained as a faint yellow color solid, readily soluble in common organic solvents, such as CHCl3, CH2Cl2 and THF. The good solubility of PFQ is attributed to the 8-oxyoctyl group attached to the quinolone unit. The molar mass value (MW), 2780 g mol-1, determined by GPC, with a polydispersity of 1.89, indicates that just oligomeric structure was obtained. This result can be explained by the presence of bulky groups, substituted quinoline and fluorene units, leading to steric hindrance and difficulty in the C–C bond formation. The low molecular weight aids the solubility issue. However, many conjugated polymers like poly(p-phenylene vinylene) (PPV), poly(p-phenylene) (PPP) and polyfluorene (PF) are insoluble due to the bulky groups, even with relatively low MW. Some strategies are used to make these materials soluble. One of them is to insert an aliphatic group in the fully aromatic backbone. In the case of PFQ, we believe that the modification of quinoline and fluorene with aliphatic groups benefits this property.26 In the literature, there are some substituted polyfluorenes that are also soluble in organic solvents.27

  The infrared spectrum of PFQ is shown in Figure 1 in two different regions. The region between 1900 and 2700 cm-1 is not shown here, as no significant band could be pointed out. In the first region, with high wavenumber values, the high intensity bands at 2960 and 2926 cm-1 are assigned to C–H stretching vibrations from CH3 aliphatic groups, while the band at 2854 cm-1 is assigned to C–H of methylene groups. Polynuclear aromatic hydrocarbons, on the other hand, display weak C–H stretching bands in this region, however at higher frequencies, here observed at 3025 and 3060 cm-1. In the second region, between 600 and 2000 cm-1, no characteristic bands of the starting materials, such as the boronic group, are recognized. The absorptions due to the B–O bond should appear between 1330 and 1350 cm-1 if the copolymerization, using the palladium-catalyzed Suzuki coupling reaction, was incomplete. The absence of this band, as highlighted in Figure 1b, demonstrates that the whole synthetic process successfully removed the boronic groups from the polymer chain terminations. These groups, if present, could act as electron traps, reducing the efficiency of the light-emitting devices.28 The absorption band around 1600 cm-1 is characteristic, originating from the stretching vibration mode of the C=N bonds, indicating that the quinoline units were incorporated in PFQ by the polymerization process.

  
    

    [image: Figure 1. FTIR spectrum of PFQ in two regions, (a) 2700 to 3300 cm-1 and (b) 1900 to 600 cm-1]

  

  EDX analysis (Figure 2) was performed in order to check the presence of surplus chemical elements in the structure of PFQ. Through this spectrum, it was possible to prove the absence of chlorine and boron, and low level of bromine, indicating that the purification process successfully eliminated these impurities from the final product and also confirming the data showed by infrared spectroscopy.

  
    

    [image: Figure 2. EDX of PFQ]

  

  Figure 3 shows the TG and DTG curves for PFQ. TGA reveals good polymer thermal stability with the decomposition temperature onset at 336 °C under a nitrogen atmosphere. The DSC curve shows a glass transition temperature (Tg) at 28 °C for PFQ. This Tg value is close to that observed for typical polyfluorenes (55 °C),29,30 however its lower value can be explained as a result of the attachment of two octyl groups onto the C-9 position of the fluorene unit.

  
    

    [image: Figure 3. TGA and DTG curves for PFQ]

  

  The photophysical behavior of PFQ, UV-Vis absorption and emission, were investigated in CHCl3 solution and as a thin solid film. Figures 4 and 5 show the UV-Vis and PL spectra, respectively, in comparison with those of the starting compounds, 5,7-dibromo-8-oxyoctyl-quinoline and 9,9-dioctyl-2,7-dibromofluorene.

  
    

    [image: Figure 4. UV-Vis spectrum of PFQ, 5,7-dibromo-8-oxyoctyl-quinoline (quinoline) and 9,9-dioctyl-2,7-dibromofluorene (fluorene) in chloroform]

  

  
    

    [image: Figure 5. PL spectrum of PFQ, dibromo-8-oxyoctyl-quinoline (quinoline) and 9,9-dioctyl-2,7-dibromofluorene (fluorene)]

  

  The UV-Vis spectrum of PFQ is a result of absorptions due mainly to the fluorenylene-phenylene, polyphenylene and quinolinylene-phenylene segments in the oligomer backbone, which have changed in comparison with those of dibromofluorene and dibromoquinoline, respectively, indicating that polymerization was accomplished (Figure 4).

  It is well known that benzene displays 3 absorption bands, namely, 184 nm (εmax 60,000), 204 nm ( εmax 7,900) and 256 nm (εmax 200), originated from π → π* transitions. The first band is an allowed transition, while both weaker bands are due to forbidden transitions. The absorption at the longest wavelength is characterized to present vibrational fine structure dependent on the physical state and solvent polarity. Substitution on the benzene ring is known to provoke bathochromic shift, specially the attachment of unsaturated and aromatic groups, therefore the phenylene absorptions in PFQ are expected to be swamped by the more intense bands due to quinolinylene and fluorenylene groups.

  The fluorene solution absorption spectrum31 also shows three distinct groups of bands, a moderately intense band near 300 nm, followed by a stronger more complex region of absorption at about 260 nm and an even stronger system beginning near 230 nm. The absorptions are attributed to π → π* transitions originated from A1 (short-axis polarized) and B2 (long-axis polarized) states. Regarding the substitution effects of auxochromic groups in the 2 and 7 positions (near the long axis) of fluorene, also bathochromic shifts were previously reported.32 For 9,9-dioctyl-2,7-dibromofluorene (Figure 4), the two regions at longer wavelength presented complex structures and maxima, λmax = 282 and 314 nm, respectively, and are observed to be red-shifted from those of fluorene due to the presence of the bromo and the n-octyl substituents, as expected.

  Quinoline is a heteroaromatic compound, so the n → π* and the π → π* transitions are expected to be shown, however the band due to the n → π* transition is generally weak, while the bands associated with the π → π* transitions do not present fine structure and are observed in two regions, which cover up the band owed to the n → π* transition and showed two maximum absorption peaks at 330 and 263 nm. In comparison with the starting materials, it is possible to verify that the maximum peak at 330 nm for the PFQ is red-shifted, as 314 nm for fluorene and 306 nm for quinoline are the maxima in the longer wavelength region, furthermore, PFQ exhibits a band-broadened absorption even if the profile is similar to the quinoline band at 306 nm.

  From an analysis of the absorption spectra and using the relationship E = hc / λ, it is possible to evaluate the optical band gap energy. The wavelength used is that obtained from the onset of the UV-Vis absorption band for PFQ and the value found was 3.10 eV.

  In Figure 5, it is possible to observe the characteristic emission peak for each material in solution. For quinoline, the maximum emission peak was at 406 nm and for fluorene, at 415 nm, values very close to that found for PFQ, at 419 nm. Both starting materials presented a broad emission band in the visible range of the electromagnetic spectrum. The PL spectrum of PFQ was dominated by emissions from the fluorene excimer and the PL quantum yield (88%) was determined using quinine sulfate standard. For all materials, different excitation wavelengths were applied, namely 330, 314, 282 and 263 nm, with maximum intensity peak observed after excitation at 314 nm (first maximum absorbance peak). The fluorescence intensity was observed to vary although the wavelength of the emission peak remained constant for each substance, demonstrating an individual emission center for each one.

  The PL in solid state (Figure 6) was investigated on thin films prepared by spin-coating from chloroform solution. Differently from the solution, the thin film emission spectra showed well-resolved structural features with maxima at 407, 430 and 465 nm, assigned to the 0-0, 0-1, and 0-2 singlet transitions, respectively (the 0-0 transition being the most intense).33 Moreover, the maximum of the more intense emission peak at 407 nm is 12 nm blue-shifted in comparison with the maximum observed for the oligomer in solution. This behavior could be assigned to the diminishment of the effective conjugation length during the solid state formation due to the low molar mass of the oligomers studied (approximately 3 distinctive units, see Scheme 2). Furthermore, the resolved structural feature observed in the solid state emission is caused by the increase on the stiffness of the oligomer structure in the solid state.

  
    

    [image: Figure 6. PL spectrum of PFQ in thin film]

  

  The electrochemical behavior of the oligomer dissolved in an electrolyte solution (0.1 mol L-1 TBAP in acetonitrile) was investigated by CV (Figure 7) and the oxidation and reduction potentials derived from the onset of redox curves in the cyclic voltammograms were determined and the results are summarized in Table 1. In Figure 7, two irreversible reduction peaks, potentials (Epc) at –0.55 and –1.25 V, are shown in the first polarization cycle, associated to the n-doping process. The first reduction peak is related to the presence of the quinoline units and indicates a higher electron affinity for this copolymer unit in comparison with fluorene homopolymers. As the oligomer structure presents different constitutive units, it is coherent to assume that these units may give rise to distinctive responses under electrochemical n- and p-doping processes. Following this reasoning, the second reduction peak could be assigned to the fluorene-alt-phenylene moieties. In the second cycle, the first reduction peak is shifted to a more negative potential resulting in a Epc = –0.8 V, however the second one maintained its Epc at –1.25 V, although all current quantities were observed to reduce. This decrease in the current observed in the second cycle compared to the first one is frequently observed and is due to the hysteresis behavior of the mass transference progression on the electrode surface and to the conformational changes in the polymer/oligomer chains. A similar behavior is observed in the positive potential range of the voltammetric measurements. In the first cycle, two irreversible oxidation peaks are present, one at Epc = 1.20 V (in fact, the first peak also presents a shoulder at Epc = 1.0 V) and the other at Epc = 1.65 V. There is no shift for the Epc values during the second cycle, but the current intensities decreased, as already observed in the negative potential range. The first oxidation peak is related to the presence of the quinoline units and the second one is assigned to the fluorene-alt-phenylene segments.

  
    

    [image: Figure 7. Cyclic voltammogram of PFQ]

  

  
    

    [image: Table 1. Values of LUMO (EA), HOMO (IP) and band gap]

  

  The band gap energy of this material could be determined by the onset of the redox bands in the cyclic voltammetry experiments. The ionization potential (IP) and electron affinity (EA) energies of the oligomeric structure are calculated according to the empirical formula: IP = -(Eonset-ox + 4.7) eV and EA = –(Eonset-red + 4.7) eV, taking into account one electron transfer and the conditions of this experiment (Ag/Ag+ reference electrode, 0.1 mol L-1 TBAP in acetonitrile).34 As previously described, under cyclic voltammetry, the oligomer in solution presented two processes in the reduction curves and the same in the oxidation curves. The processes occurring under the lower applied voltage, independently of being a reduction or an oxidation event, were assigned to the presence of the quinoline units. In this case, the reduction and oxidation processes involve the O and N atomic orbitals35 as n → π* transitions are induced, although such electronic transitions do not imply in noteworthy optical properties in the oligomers. In fact, that the n → π* transition is "forbidden" by symmetry considerations (low molar absorptivities (ε), < 100), thus the intensity of the band due to this transition is low. Moreover, in conjugated systems, this transition undergoes a red shift with little change in intensity, which in the absorption spectrum is overlapped by the long-wavelength shoulder of the π → π* transition.36 For the reasons exposed above, the band gap energy was calculated using the Eonset values for the redox process occurring in the higher potential region in the CV experiments.

  Thus, considering that the values of the Eonset-ox = 1.55 V (the value reported for polyfluorene homopolymer is around 1.35 V)33 and Eonset-red = –1.05 V, IP and EA of 6.25 and 3.65 eV, respectively, are calculated for PFQ, its band gap energy (IP – EA) is determined as 2.60 eV.

  The band gap energy calculated from IP and EA energy levels is a little bit smaller than that from the optical band gap. The optical absorption and the electrochemical measurements are physically different processes and the 
    IP/EA values derived from the electrochemical measurements should be taken with caution, since they are often obtained under irreversible or quasi-reversible redox process conditions and may include kinetic factors, due to structural re-arrangements and mass transport.37 For these reasons, in this paper, the onset of the redox curve in the first cycle was used and all voltammetric measurements were performed using the oligomer in solution instead of its film deposited onto the electrode.

  Table 1 shows the EA and IP, the LUMO and HOMO energy levels, respectively, and the band gap energy for PFQ, compared to other electroluminescent polymers from the literature. Apparently, this polymer can serve as an n-type conjugated polymer because of its low-lying LUMO level. On the other hand, the HOMO energy level of PFQ is very close to that observed for [6,6]-phenyl-C61-butyric acid methyl ester (PCBM) (6.10 eV),38 only 0.15 eV lower, which points toward a potential application of PFQ as a donor material in bulk heterojunction solar cell devices with PCBM as acceptor. Additionally, the calculated electrochemical band gap indicates a blue luminescence for PFQ, as proved by fluorescence spectroscopy.

   

  Conclusions

  A highly soluble novel material comprised of quinoline and fluorene units has been straightforwardly prepared using the Suzuki coupling reaction. The copolymer has been shown to present good photoluminescence behavior along with low LUMO energy level, suggesting its use as an n-type semiconductor, which means that PFQ can potentially function as an active layer in PLEDs without adding an ETL.
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    Células solares sensibilizadas por corantes (DSSCs) foram fabricadas usando corantes naturais extraídos das flores de Amaranthus caudatus, Bougainvillea spectabilis, Delonix regia, Nerium oleander, Spathodea companulata e uma mistura de extratos. O desempenho da célula fotoeletroquímica (PEC) DSSCs desses corantes mostrou um fator de preenchimento (FF) geralmente maior que 50%, a voltagem de circuito aberto (VOC) variou de 0,45 a 0,55 V, e as densidades de fotocorrente de circuito curto (JSC) ficaram na faixa de 0,013 a 1,82 mA cm−2. A alta voltagem de circuito aberto (VOC = 0,55 V) e a densidade de fotocorrente de circuito curto (JSC = 1,82 mA cm−2) foram obtidas a partir de DSSC sensibilizada por extrato etanoico da flor de Amaranthus caudatus. A eficiência de conversão de energia (η) da DSSC com extrato etanoico da flor Amaranthus caudatus atingiu 0,61%. O desempenho da PEC DSSC com soluções de corantes misturados também foi investigado. No entanto, extratos misturados não apresentaram sinergia na fotosensibilização quando comparados aos extratos individuais. A célula sensibilizada somente pelo extrato etanoico da flor Amaranthus caudatus apresentou o melhor desempenho. Os dispositivos mostraram que a eficiência de conversão fóton-corrente monocromática incidente (IPCE) variou de 4,7% a 52%. Os resultados dos dados de IPCE são consistentes com as curvas J-V.

  

   

  
    Dye-sensitized solar cells (DSSCs) were fabricated using natural dyes extracted from flowers of Amaranthus caudatus, Bougainvillea spectabilis, Delonix regia, Nerium oleander, Spathodea companulata and a mixture of the extracts. The photoelectrochemical cell (PEC) performance of the DSSCs of these dyes showed fill factors (FF) mostly higher than 50%, the open circuit voltages (VOC) varied from 0.45 to 0.55 V, and the short circuit photocurrent-densities (JSC) ranged from 0.013 to 1.82 mA cm−2. High open circuit voltage (VOC = 0.55 V) and short circuit photocurrent-density (JSC = 1.82 mA cm−2) were obtained from the DSSC sensitized by the ethanol extract of flower of Amaranthus caudatus. The power conversion efficiency (η) of the DSSC with the ethanol extract of Amaranthus caudatus flower reached 0.61%. The PEC performances of DSSCs of mixed dye solutions were also investigated. However, the mixed extract does not show any synergistic photosensitization compared to the individual extracts. Instead, the cell sensitized by the ethanol extract of Amaranthus caudatus flower alone showed the best performance. The devices showed incident monochromatic photon-to-current conversion efficiencies (IPCE) varied from 4.7% to 52%. The results from the IPCE data are consistent with the results from the (J-V) curves.

    Keywords: dye sensitized solar cells, natural pigments, quasi-solid state electrolyte

  

   

   

  Introduction

  The world's energy consumption is continuously increasing and this creates a heavy demand for renewable energy sources to be developed. The largest challenge for our global society is to find ways to replace the slowly but inevitably vanishing fossil fuel supplies by renewable resources and, at the same time, avoid negative effects from the current energy system on climate, environment, and health. The worldwide power consumption is expected to double in the next three decades because of the increase in world population and the rising demand of energy in the developing countries.1 This implies enhanced depletion of easily utilizable fossil fuel reserves in near future, leading to further aggravation of the environmental pollution. The reserves of fossil and even nuclear fuel are also limited: for example, the constantly rising gas prices give indication of exhaustion of crude oil in the future. Solar energy is expected to play a crucial role as a future energy source. More solar energy strikes the earth in one hour (4.3 × 1020 J h−1) than all the energy consumed on the earth in a year (4.1 × 1020 J year−1).1 Solar energy provides clean abundant energy and is therefore an excellent candidate for a future environmentally friendly energy source.

  There are various types of solar cells that convert sun light into electrical energy. The commercially available solar cells are currently based on inorganic silicon semiconductors. The demand for silicon will skyrocket within the next decade and its price will rise dramatically. Organic solar cells, therefore, appear to be a highly promising and cost-effective alternative for the photovoltaic energy sector. In this context, dye-sensitized solar cells (DSSC) have attracted considerable attention in recent years.2

  The DSSC is a device for the conversion of visible light into electricity, based on the sensitization of wide bandgap semiconductors.3 The performance of the cell mainly depends on a dye used as sensitizer. The absorption spectrum of the dye and the anchorage of the dye to the surface of TiO2 are important parameters determining the efficiency of the cell.4 Generally, transition metal coordination compounds (ruthenium polypyridyl complexes) are used as the effective sensitizers, due to their intense charge-transfer absorption in the whole visible range and highly efficient metal-to-ligand charge transfer.5 However, ruthenium polypyridyl complexes contain a heavy metal, which is undesirable from point of view of the environmental aspects.6 Moreover, the process to synthesize the complexes is complicated and costly. Alternatively, natural dyes can be used for the same purpose with an acceptable efficiency.4-11 The advantages of natural dyes include their availability, environmental friendliness and low cost.5

  In this study we have extracted natural pigments from five locally available flowers namely Amaranthus caudatus (colour of the flower: deep red), Bougainvillea spectabilis (colour of the flower: deep red), Delonix regia (colour of the flower: red), Nerium oleander (colour of the flower: rose) and Spathodea campanulata (colour of the flower: red). We studied their photo-responses as sensitizers for dye-sensitized solar cells.

   

  Experimental

  Preparation of natural dye sensitizers

  Enough amounts of the natural flowers namely Amaranthus caudatus, Bougainvillea spectabilis, Delonix regia, Nerium oleander and Spathodea campanulata were collected. After collection, the plant materials were identified by a taxonomist and dried under shade area for 30 days and crushed to powder for extraction. Figure 1 shows the photographic picture of tree plants, the respective drying flowers and the powder of Amaranthus caudatus, Bougainvillea spectabilis, Delonix regia, Nerium oleander and Spathodea campanulata.

  
    

    [image: Figure 1. Plant materials used in this study]

  

  Amaranthus caudatus powder of 3 g and Bougainvillea spectabilis powder of 3 g were separately extracted in 200 mL of ethanol and 200 mL of 0.1 mol L−1 HCl, respectively, at room temperature. A mixed dye was prepared by mixing separately ethanol extracted Amaranthus caudatus and Bougainvllea spectabilis solution to 0.1 mol L−1 HCl extracted solution at a ratio of 1:1 by volume, respectively. Similarly, 3 g of the powders of the last three plant materials were separately, extracted in 200 mL of 0.1 mol L−1 HCl at room temperature. The glass containers were covered with aluminium foils to prevent damage from light exposure and were left to shake for one day. Thereafter the solid residues were filtered out to obtain clear dye solutions.

  Preparation of TiO2 electrode

  Indium tin oxide (ITO) conductive glass sheets (2.5 cm × 1.5 cm) were first cleaned with acetone (Aldrich), 2-propanol (Riedel-de Haen) and ethanol (Fluka) for 30 min in each step using ultrasonic bath.

  Preparation of mesoporous titanium dioxide (TiO2) paste was done with the method described elsewhere.12 The preparation of nanocrystalline films employed commercial titanium dioxide nanopowder (P25, Degussa AG, Germany, a mixture of about 30% rutile and 70% anatase). In order to break the aggregates into separate particles, the powder (3 g) was ground in a porcelain mortar with a small amount of water (1 mL) containing acetic acid (0.1 mL) to prevent reaggregation of the particles. After the powder had been dispersed by the high shear forces in the viscous paste, it was diluted by slow addition of water (4 mL) under continued grinding. Finally, a detergent (0.05 mL Triton X-100, Aldrich) was added to facilitate the spreading of the colloid on the substrate. The ITO was covered on two parallel edges with adhesive tape to control the thickness of the TiO2 film and to provide non-coated areas for electrical contact. The colloid was applied to one of the free edges of the conducting glass and distributed with a glass rod sliding over the tape-covered edges as shown Figure 2. After air drying, the electrode was fired for 30 min at 450 °C in a furnace (Carbolite Model ELF 11/14B).

  
    

    [image: Figure 2. TiO2 film preparation procedure]

  

  Coating of the TiO2 surface with dye was carried out by soaking the film for overnight in the dyes extracted. After completion of the dye adsorption, the electrode was withdrawn from the solution under a stream of dry air. It was stored in dry ethanol or immediately wetted with redox electrolyte solution for testing.

  Preparation of counter electrode

  The poly(3,4-ethylenedioxythiophene) (PEDOT) film on ITO (UNAXIS Corporation, sheet resistance 30 Ωsq−1) for the counter electrode was formed by electrochemical polymerization of 3,4-ethylenedioxythiophene (EDOT) (Aldrich), in a three electrode one-compartment electrochemical cell.

  The electrochemical cell consisted of a pre-cleaned ITO-coated glass working electrode, platinum foil counter electrode and quasi-Ag/AgCl reference electrode. The solution used for the polymerization contained 0.2 mol L−1 EDOT and 0.1 mol L−1 (C2H5)4NBF4 (Aldrich) in acetonitrile (Sigma-Aldrich). The monomer was used as received. The polymerization was carried out potentiostatically at +1.8 V for 2 s. At this potential, the electrode surface becomes covered with blue-doped PEDOT film. The cell was then rinsed with acetonitrile and dried in air.

  Preparation of electrolyte

  The polymer gel electrolyte was prepared by the following process;13 0.9 mol L−1 of 3-ethyl-2-methylImmidazolium iodide (EMIM-I) was added into acetonitrile (Aldrich) under stirring to form a homogeneous liquid electrolyte. In order to obtain a better conductivity, 0.5 mol L−1 of sodium iodide (BDH) was dissolved in the above homogeneous liquid electrolyte, and then 0.12 mol L−1 iodine and 35% (m/m) of polyvinyl pyrrolidone (PVP) (Aldrich) were added. Then, the resulting mixture was heated at 70-80 °C under vigorous stirring to dissolve the PVP polymer, followed by cooling down to room temperature to form a gel state electrolyte. Finally, the gel electrolyte was deposited in the form of thin film on top of the dye coated TiO2 electrode. The DSSC was completed by pressing against PEDOT-coated ITO glass counter electrode. The photoelectrochemical cell (PEC) was then mounted in a sample holder inside a metal box with an area of 1 cm2 opening to allow light from the source. All experiments were carried out at ambient temperature.

  Assembling of the complete DSSCs

  The photoelectrode and the counter electrode were overlappingly placed in a holder so that the titanium dioxide covered area of the photoelectrode was the only part of the photoelectrode that was in contact with the counter electrode. The non-titanium dioxide covered area of the photoelectrode and the non-overlapping edge of the counter electrode were attached to the measuring equipment by means of cords and crocodile clips.

  Measurement

  The absorption spectra of dye solutions were recorded using GENESYS 2PC UV-Vis spectrophotometer. The photoelectrochemical measurements of the cell were performed using a computer controlled CHI630A electrochemical analyzer. A 150-W Xenon lamp regulated by an Oriel power supply (Model 68830) was used to illuminate the PEC. A grating monochromator (model 77250) placed into the light path was used to select a wavelength between 300 and 800 nm. The measured photocurrent spectra were corrected for the spectral response of the lamp and the monochromator by normalization to the response of a calibrated silicon photodiode (Hamamatsu, model S1336-8BK) whose sensitivity spectrum was known. No correction was made for the reflection from the surface of the sample. The white light intensity was measured in the position of the sample cell with Gigahertz-Optik X11 Optometer. The intensity of the incident light was 100 mW cm−2.

   

  Results and Discussion

  Absorption spectra of natural dyes

  We attempted to use 5 kinds of colorful natural dyes as sensitizers for DSSCs. Figure 3 and Figure 4 show the UV-Vis absorption spectra for the ethanol, 0.1 mol L−1 HCl, and mixed extracts of 0.1 mol L−1 HCl and ethanol solutions of Amaranthus caudatus and Bougainvillea spectabilis, respectively. Figure 3b and Figure 4b show that the ethanol extracts of Amaranthus caudatus and Bougainvillea spectabilis, whose colors are green, reach a maximum absorption peak of 665 nm and 413 nm. The main component of these two extracts is chlorophyll.

  
    

    [image: Figure 3. UV-Vis absorption spectra of dye solutions of: (a) 0.1 mol L−1 HCl extracted Amaranthus caudatus extract, (b) ethanol Amaranthus caudatus extract and (c) mixture of dyes extracted in 0.1 mol L−1 HCl and ethanol. Inset: extract of Amaranthus caudatus in 0.1 mol L−1 HCl and ethanol]

  

  
    

    [image: Figure 4. UV-Vis absorption spectra of dye solutions of: (a) 0.1 mol L−1 HCl Bougainvillea spctabilis extract, (b) ethanol Bougainvillea spctabilis extract and (c) mixture of dyes extracted in 0.1 mol L−1 HCl and ethanol. Inset: extracts Bougainvillea spectabilis in 0.1 mol L−1 HCl and ethanol]

  

  Figure 3a and Figure 4a also demonstrate the 0.1 mol L−1 HCl extracts of Amaranthus caudatus and Bougainvillea spectabilis, whose colors are red. Amaranthus caudatus extract displayed an intense absorption in the 500-600 nm region, due to the red-purple betacynines and Bougainvillea spctabilis extract displayed an intense absorption in the 400-600 nm region due to the mixed contributions of the yellow-orange betaxanthins (480 nm) and of the red-purple betacyanines (540 nm).14 Furthermore, the absorption peaks of mixed dyes of Amaranthus caudatus extracts and Bougainvillea spctabilis extracts are displayed in Figure 3c and Figure 4c. The absorption peaks of the mixed dyes are in the visible light range about 670 nm, and 536 nm for dyes mixed extract of Amaranthus caudatus and about 668 nm, 536 nm, 479 nm, 446 nm, and 416 nm for dyes mixed extract of Bougainvillea spctabilis. The light absorption spectrum of the mixed extract contained peaks corresponding to the contributions from the individual extracts.

  Figure 5 shows the UV-Vis absorption spectra of Delonix regia, Nerium oleander and Spathodea companulata in 0.1 mol L−1 HCl solution. From Figure 5a, it can be seen that there is an absorption peak at about 516 nm for the extract of Delonix regia. This absorption ascribes to their identical components, namely, anthocyanins, a group of natural phenolic compounds.15 Anthocyanin is the core component of some natural dyes and is often found in the fruits, flowers, and leaves of plants. Because anthocyanin shows color in the range of visible light from red to blue, it is predicted to become a highly efficient sensitizer for wide band gap semiconductors.16 The Nerium oleander and Spathodea companulata in 0.1 mol L−1 HCl solution do not show obvious maximum absorption peaks in the visible light region as observed in Figure 5b and Figure 5c. This is because the anthocyanin extracted was dominantly found in the colorless quinonoidal form and do not absorb in the visible region. However, upon acidifying, it turned out to be colored since the equilibrium shifts to the highly conjugated flavylium cation form. Anthocyanin usually exists as equilibrium system between quinonoidal and flavylium cation form.

  
    

    [image: Figure 5. UV-Vis absorption spectra of dye solutions of: (a) Delonix regia, (b) Nerium oleander and (c) Spathodea companulata extracted with 0.1 mol L−1 HCl]

  

  Photoelectrochemical properties of DSSCs sensitized with natural dyes

  Photovoltaic tests of DSSCs using these natural dyes as sensitizers were performed by measuring the current density-voltage (J-V) curves under irradiation with white light (100 mW cm−2). The performance of natural dyes as sensitizers in DSSCs was evaluated by short circuit current density (JSC), open circuit voltage (VOC), fill factor (FF), and power conversion efficiency (η). The photoelectrochemical parameters of the DSSCs sensitized with natural dyes are listed in Table 1. It presents the performance of the natural pigments based DSSCs in this work in terms of JSC, VOC, FF and η compared to those of the results found in the literature.

  
    

    [image: Table 1. Photoelectrochemical parameters of the DSSCs sensitized by ethanol extracted natural dyes, 0.1 mol L−1 HCl extracted natural dyes and mixture of dyes extracted in 0.1 mol L−1 HCl and ethanol (dye mixed solution)]

  

  The typical current density-voltage (J-V) curves of the DSSCs using the sensitizers extracted from Amaranthus caudatus, Bougainvillea spectabilis, Delonix regia, Nerium oleander, and Spathodea companulata are shown in Figure 6,  Figure 7 and Figure 8, respectively. As shown in Table 1,  Figure 6, Figure 7 and Figure 8,  the fill factors of these DSSCs are mostly higher than 50%. The VOC varies from 0.45 to 0.55 V, and the JSC ranges from 0.013 to 1.82 mA cm−2. Specifically, a high VOC = 0.55 V and JSC = 1.82 mA cm−2 were obtained from the DSSC sensitized by the dye of Amaranthus caudatus extracted with ethanol; the efficiency of the DSSC reached 0.61%. These data are significantly higher than those of the DSSCs sensitized by other natural dyes in this work and showed a comparable performance to the DSSCs prepared from other natural dyes done by other groups (Table 1).17 This is due to a broader range of the light absorption of the extract adsorbed on TiO2,  and the higher interaction between TiO2 and chlorophyll in the Amaranthus caudatus extract leads to a better charge transfer. Moreover, chlorophyll in the Amaranthus caudatus extract may have the shortest distance between the dye skeleton and the point connected to TiO2 surface compared to that of other extracts in this work.18 This could facilitate an electron transfer from chlorophyll in the Amaranthus caudatus extract to the TiO2 surface and could be accounted for a better performance of Amaranthus caudatus extract sensitization.18 Even though ethanol extract of Bougainvillea spectabilis is also chlorophyll, the photoelectrochemical performance of the DSSC from the ethanol extract is lower compared with the respective ethanol extract of Amaranthus caudatus. This is because the concentration of chlorophyll in Bougainvillea spectabilis is higher than its concentration in the ethanol extract of Amaranthus caudatus as it is evident from the absorption measurement. The high concentration of chlorophyll leads to dye aggregation on the TiO2 film, which intern leads to concentration quenching resulting in lower photoelectrochemical performance in DSSC of ethanol extract of Bougainvillea spectabilis. Chlorophyll plays an important role in plant photosynthesis; the DSSCs using chlorophyll derivatives as sensitizers obtained a relatively high conversion efficiency.19, 20 This is because there are available bonds between the dye and TiO2 molecules through which electrons can transport from the excited dye molecules to the TiO2 film.21 This result indicates that the interaction between the sensitizer and the TiO2 film is significant in enhancing the power conversion efficiency of DSSCs.

  
    

    [image: Figure 6. J-V curves for DSSCs sensitized by the extract of Amaranthus caudatus extracted from: (a) 0.1 mol L−1 HCl, (b) ethanol and (c) mixture of dyes extracted in 0.1 mol L−1 HCl and ethanol. ]

  

  
    

    [image: Figure 7. J-V curves for DSSCs sensitized by the extract of Bougainvillea spectabilis extracted from: (a) 0.1 mol L−1 HCl, (b) ethanol and (c) mixture of dyes extracted in 0.1 mol L−1 HCl and ethanol. ]

  

  
    

    [image: Figure 8. J-V curves for DSSCs sensitized by: (a) the extract of Delonix regia, (b) the extract of Nerium oleander and (c) the extract of Spathodea companulata extracted from 0.1 mol L−1 HCl. ]

  

  The photovoltaic properties of the DSSCs sensitized by the dyes extracted from Amaranthus caudatus and Bougainvillea spectabilis with various solvents were studied by measuring current density-voltage (J-V) curves, and the corresponding photoelectrochemical parameters are listed in Table 1. As observed, the efficiencies of the DSSCs using ethanol extracts and 0.1 mol L−1 HCl extracts as sensitizer are 0.61% and 0.033% for Amaranthus caudatus and 0.325% and 0.018% for Bougainvillea spectabilis, respectively. The photoelectrochemical performances of DSSCs using the mixed dye solutions were also investigated. The efficiencies of mixed dye solutions are 0.114% for Amaranthus caudatus and 0.164% for Bougainvillea spectabilis, respectively. The efficiency of DSSC using mixed dye solution as sensitizer is much lower than the sum of the efficiencies of the DSSCs sensitized with ethanol extracts and 0.1 mol L−1 HCl extracts. This result indicates that the mixed extract adsorbed on TiO2 does not show synergistic photosensitization compared with individual extracts, which is in accordance with the results reported by Wongcharee et al. .22 However, this is rather different from the result reported by Kumara et al. ,23 in which a DSSC fabricated using chlorophyll and shisonin dyes showed synergistic effect of both dyes. We hypothesize two possible reasons for this phenomenon in which the mixed extract of Amaranthus caudatus and Bougainvillea spectabilis did not show synergistic photosensitization. First, although the DSSC sensitized with the mixed extracts of Amaranthus caudatus and Bougainvilleaspectabilis utilize the light of several spectral regions, the coadsorption suppresses electron injection possibly due to the increase in concentration quenching. Second, the strong steric hindrance of basic molecular structures for the main components of the extracts of Amaranthus caudatus and Bougainvillea spectabilis with various solvents prevents the dye molecules from effectively arraying on the TiO2 film. Hence, this leads to a deficiency of electron transfer from dye molecules to conduction band of TiO2.

  Obviously, the efficiency of the cell sensitized by the ethanol extract was significantly higher than the one sensitized by the 0.1 mol L−1 HCl extract for Bougainvillea spectabilis and Amaranthus caudatus. This is due to the difference in the kinds of dyes extracted. The ethanol extracts in both cases is chlorophyll whereas the respective 0.1 mol L−1 HCl extracts are betalains. The other extracts mainly contain anthocyanins in both the 0.1 mol L−1 HCl and ethanol extracts. Anthocyanins are much soluble in ethanol than 0.1 mol L−1 HCl, which makes better performance of the ethanol extract. This is because of higher solubility of anthocyanin in ethanol,24 which reduces the aggregation of dye molecules. A good dispersion of dye molecules on the oxide surface could in fact improve the efficiency of the system.

  The prevailing pigment coloration of Bougainvillea spectabilis and Amaranthus caudatus varies from orange to red, due to the combination of two main dyes: betacyanin (red-purple) and betaxanthin (yellow-orange), whose schematic structures are reported in Scheme 1.25 Both dyes contain carboxylic functional groups that facilitate TiO2 surface binding.

  
    

    [image: Scheme 1. Chemical structure of betacyanins]

  

  The major component of the ethanol extract of Amaranthus caudatus and Bougainvillea spectabilis is chlorophyll. Scheme 2a and 2b show these families of compounds.

  
    

    [image: Scheme 2. General structures of the chlorophyll dyes]

  

  As noticed, the efficiencies of the DSSCs using 0.1 mol L−1 HCl extracts as sensitizers are 0.03% forDelonix regia, 0.013% for Nerium oleander and 0.003% for Spathodea companulata. In the case of Delonix regia, the dye component is anthocyanin. The DSSCs sensitized by natural dyes mainly composed of anthocyanin (extract of Delonix regia) in this work, did not offer high conversion efficiency. This is because anthocyanins have no carboxyl functional groups to chemically bind with TiO2 and facilitate electron injection from the LUMO of the dye to the conduction band of TiO2. Instead of this, weak physical adsorption by intermolecular forces between the hydroxyl of the anthocyanin and TiO2 exists leading to a possibility of desorption of the dye from TiO2.

  The main component of the dye extracted from flower of Delonix regia, Nerium oleander, and Spathodea companulata is anthocyanins. The structure of these classes of compounds is as depicted in Scheme 3.
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  Incident monochromatic photon to current conversion efficiency

  Incident photon to current-conversion efficiency (IPCE) is defined as


    [image: equation 1]

  

  Figure 9 shows the action spectra for the DSSC sensitized with natural pigments extracted from Amaranthus caudatus. In the wavelength range of 300-800 nm, the IPCE plot exhibits a maximum of 52% at 430 nm with ethanol extract for Amaranthus caudatus pigment-sensitized solar cell. Whereas the IPCE peaks of 0.1 mol L−1 HCl extract and mixed dye extract for Amaranthus caudatus pigment-sensitized solar cells shows maximum at 350 nm with 6.8% and at 320 nm with 43.5%, respectively. These peaks are due to direct light harvesting by bare TiO2 semiconductor.26 However, the action spectra in the wavelengths 400-600 nm originates from the dye molecules adsorbed on the TiO2 surface.

  
    

    [image: Figure 9. IPCE curves for DSSCs sensitized by the extract of Amaranthus caudatus extracted from: (a) 0.1 mol L−1 HCl, (b) ethanol and (c) mixture of dyes extracted in 0.1 mol L−1 HCl and ethanol. Inset represents the IPCE of curves (a) and (c) in the wavelength range from 400-600 nm. ]

  

  Figure 10 shows the action spectra for the DSSC sensitized with natural pigments extracted from Bougainvillea spectabilis. In the wavelength range of 300-800 nm, the IPCE plot shows a maximum of 27.7% at 410 nm with ethanol extract pigment-sensitized solar cell. The IPCE peaks of 0.1 mol L−1 HCl extract and a mixed dye extract for Bougainvillea spctabilis pigment-sensitized solar cells occur at 345 nm with 5.8% and at 330 nm with 16.7%, respectively. These peaks are due to direct light harvesting by bare TiO2 semiconductor.26 However, the action spectra at wavelengths 400-600 nm originates from the dye molecules adsorbed on the TiO2 surface.
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  Figure 11 shows the action spectra for the DSSC sensitized with natural pigments extracted from Delonix regia, Nerium oleander and Spathodea companulata. In the wavelength range of 300-800 nm, the IPCE plot exhibits a maximum of 5.1% at 340 nm for Delonix regia pigment-sensitized solar cell and of 4.7% at 330 nm for Nerium oleander pigment sensitized solar cell, which is the action spectral response of the bare TiO2 semiconductor,26 but beyond 400 nm there is still action spectral response which is contributed by sensitization of extracts.

  
    

    [image: Figure 11. IPCE curves for DSSCs sensitized by: (a) the extract of Delonix regia, (b) the extract of Nerium oleander, and (c) the extract of Spathodea companulata extracted from 0.1 mol L−1 HCl. ]

  

  For Amaranthus caudatus, Bougainvillea spctabilis, and Delonix regia pigment sensitized solar cells, the spectral response shows a blue-shift due to the electronic coupling between dye and TiO2. The results from the IPCE data are consistent with the results from the J-V curves. The IPCE of the DSSC depends on the incident light harvesting and light scattering.27 The former is due to the surface area of TiO2 and the amount of adsorbed dye, whereas the later is related to the morphology of TiO2.

  Table 2 presents the wavelength at maximum absorbance in the visible region of the dye solutions extracted from 0.1 mol L−1 HCl and ethanol and maximum IPCE% of the dye sensitized solar cells of the respective plant materials studied in this work.

  
    

    [image: Table 2. Wavelength at maximum absorbance of the dye solutions in the visible region and maximum IPCE of the dye sensitized solar cells of the respective dyes]

  

   

  Conclusions

  Dyes obtained from flowers of five different plants were used as sensitizers in DSSCs. The dyes extracted from these materials contained anthocyanins, betalains and chlorophyll. The photoelectrochemical performance of the DSSCs based on these dyes showed a VOC ranging from 0.45-0.55 V, and JSC was in the range of 0.013-1.82 mA cm−2. The DSSC sensitized by Amaranthus caudatus pigment extracted with ethanol offered the highest conversion efficiency of 0.61% among the extracts. This is due to the better charge transfer between the Amaranthus caudatus dye molecule and the TiO2 surface, which is related to a dye structure. The photoelectrochemical performance for the extracts of Amaranthus caudatus and Bougainvllea spectabilis with different solvents indicated that the extracting solvent has an effect on the efficiency of DSSCs. DSSC fabricated using ethanol extract shows a higher efficiency than that of 0.1 mol L−1 HCl extract, reported as 0.61% and 0.033%, respectively for Amaranthus caudatus, where as it was 0.325% and 0.018%, respectively for Bougainvllea spectabilis. Therefore, the ethanol extract of Amaranthus caudatus should be an alternative chlorophyll source for DSSC preparation in geographical regions that Amaranthus caudatus is widely available. Overall, natural dyes as sensitizers of DSSCs are promising because of their environmental friendliness, low-cost of production and simple and energy-efficient manufacturing.
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    Este artigo apresenta um método baseado em imagem digital e análise multivariada para classificação de sementes de mamona com respeito ao tipo de cultivar. Para este propósito, dois grupos de sementes comumente empregadas nas plantações brasileiras foram avaliados: cultivares BRS Nordestina e BRS Paraguaçu (grupo I), cultivar BRS Energia e o genótipo CNPA 2009-7 (grupo II). Imagens destes dois grupos foram registradas usando uma webcam e a distribuição de frequência de índices de cores nos canais vermelho-verde-azul, matiz, saturação, intensidade e tons de cinza foi obtida. A análise discriminante pelos mínimos quadrados parciais (PLS-DA) e análise discriminante linear foram aplicadas separadamente para cada grupo de semente. Os melhores resultados foram obtidos usando o modelo PLS-DA, o qual classificou corretamente 97,5% e 98,8% das amostras de predição para o grupo I e II, respectivamente. O método proposto é simples, rápido, não destrutivo e de baixo custo.

  

   

  
    This paper presents a method based on digital imaging and multivariate analysis for the classification of castor seeds with respect to the cultivar type. For this purpose, two seed groups most commonly employed on Brazilian plantations were evaluated: BRS Nordestina and BRS Paraguaçu cultivars (group I) and BRS Energia cultivar and CNPA 2009-7 genotype (group II). Images of these two different seed groups were recorded from a webcam and the frequency distribution of color indexes in the red-green-blue (RGB), hue (H), saturation (S), intensity (I), and grayscale channels were obtained. Pattern recognition methods based on partial least squares-discriminant analysis (PLS-DA) and linear discriminant analysis (LDA) were applied separately to each seed group. The best results were obtained by using the PLS-DA model, which correctly classified 97.5% and 98.8% of the prediction samples for groups I and II, respectively. The proposed method is simple, fast, non-destructive and non-expensive.

    Keywords: digital imaging, castor seeds, partial least square-discriminant analysis, linear discriminant analysis, successive projections algorithm

  

   

   

  Introduction

  The castor plant (Ricinnus communis L.) belongs to the Euphorbiáceas family, which includes a large number of plants from tropical regions.1,2 The oil is the main product extracted from castor seed, which has a high ricinoleic acid content with levels in the range of 78.3-90.0% (m/m).3,4 This makes the oil soluble in alcohols with low molecular weight.5-7

  Ricinoleic acid has three functional groups: primary carboxylic, unsaturated in C9, and hydroxyl in C12.8,9 These are used with products such as lubricants, pharmaceutical and polymeric products, synthetic fibers, and biodegradable plastics.10,11

  The high price of castor oil, insufficient raw materials in the international market and growing demand for biodegradable products obtained from ricinoleic acid, have encouraged public and private companies to develop castor seed cultivars with high oil content. They are looking for high quality castor seeds with respect to germination, vigor, seeds sanity, and seeds free from contamination of pathogens (fungi, bacteria, nematodes and insects).12

  To obtain seeds with high genetic quality, it is necessary to implement breeding programs that seek superior characteristics and classes of uniform and distinct genotypes.13,14 Castor seeds have different morphological characteristics: size, shape, color, mass, oil content, among others. Because of these differences, it is not possible to use simple measures to identify these characteristics in order to classify cultivars or genotypes.15

  As example, Figure 1 shows two distinct groups of castor seeds separated by their morphological similarities. Group I consists of the BRS Nordestina and BRS Paraguaçu cultivars. They are seeds of larger size, dark in color and have a high oil content (48% m/m). Group II (consisting of the BRS Energia cultivar and CNPA 2009-7 genotype) has seeds with different morphological characteristics from those shown in group I. The seeds of these cultivars are the most commonly used in Brazilian planting. Despite the visual similarity of the seeds in each group, as seen in Figure 1, these cultivars have different phenotypic characteristics, which impact the handling of their planting and the market value of the seeds.

  
    

    [image: Figure 1. Castor seeds from (a) BRS Nordestina and BRS Paraguaçu cultivars (group I) and (b) BRS Energia and CNPA 2009-7 genotype (group II)]

  

  When the seeds have similar morphological profiles, the identification of cultivars can be carried out by planting the seed and waiting for the germination and development of the plant for at least 30 days, when it can be identified. As an alternative, the use of molecular markers based on DNA analysis16-18 can be employed, but these techniques are destructive, time-consuming and cannot be easily employed for routine identifications.

  A previous work19 proposed the use of near-infrared (NIR) diffuse reflectance spectroscopy and chemometrics to classify 150 samples of castor seeds with respect to cultivar type (BRS Nordestina and BRS Paraguaçu). Two classification methods were compared, namely soft independent modeling of class analogies (SIMCA) and partial least square-discriminant analysis (PLS-DA). The better results were obtained by using PLS-DA, which correctly classified all test samples. That work, however, still entailed the use of expensive instruments.

  An alternative to NIR spectroscopy is the use of methods based on digital imaging, which involves simpler and cheaper equipment.

  Mondo et al.20 analyzed the efficiency of the seed vigor image system (SVIS) evaluating priming protocols for lettuce seed. SVIS was also employed by Gomes-Junior et al.21 in order to analyze sweet corn.

  Frequency distribution of color indexes in the red, green and blue (RGB), the hue, saturation and intensity (HSI) and the grayscale channels associated with multivariate analysis have been explored in a number of works.22-24 Diniz et al.22 classified tea samples with respect to geographical origin by using digital imaging and linear discriminant analysis. Ahmed et al.23 used digital images to classify crops and weeds in the field by using classification models based on support vector machines (SVM). Recently, Milanez and Pontes24 classified vegetable oil samples according to type and conservation state by using images obtained from a webcam and the frequency distribution of color indexes in the RGB, HSI and grayscale channels. Linear discriminant analysis (LDA) was applied to histogram data in order to build classification models on the basis of a reduced subset of variables.

  In recent years, little has been investigated about the use of digital images and multivariate analysis for the purpose of seed classification.25-27 Dana and Ivo25 identified flax cultivars according to their commercial similarity by using principal component analysis (PCA) and high content analysis (HCA). Medina et al.26 also applied PCA and HCA to identify quinoa seeds according to their geographical origin. Pourreza et al.27 classified nine varieties of Iranian wheat seeds using LDA coupled to a stepwise algorithm.

  It is important to emphasize that works involving the use of digital images with pattern recognition methods for castor seed classification have not been found in the literature.

  In the present paper, a methodology is proposed based on digital imaging data and supervised pattern recognition techniques for the classification of individual castor seeds with respect to four cultivar types: BRS Nordestina, BRS Paraguaçu, BRS Energia and CNPA 2009-7. For this purpose, the frequency distribution of color indexes in the red (R), green (G), blue (B), hue (H), saturation (S), intensity (I), and grayscale channels were obtained from digital images. Classification models based on PLS-DA and LDA were built and compared in terms of the correct classification rate (CCR) for the prediction set.

   

  Experimental

  Materials and methods

  Samples

  A total of 400 castor seed samples from different cultivars (group I: BRS Nordestina: 100 and BRS Paraguaçu: 100; group II: BRS Energia: 100 and CNPA 2009-7: 100) were collected from the Embrapa Algodão localized in Campina Grande, Paraíba, Brazil. In order to have a representative data set, samples were collected at different periods of the year. The samples were stored with a temperature controlled at 23 ± 1 °C and relative humidity of 65%.

  Apparatus

  Figure 2 shows the system used for the acquisition images of the castor seed samples. These comprise a (a) compartment, (b) fluorescent lamp, (c) webcam, (d) Teflon® support, and (e) notebook.

  
    

    [image: Figure 2. System used in the acquisition of images of the castor seed samples]

  

  A 30 cm × 22 cm × 23 cm open-sided box was built in order to facilitate the control of the light striking the seeds, ensuring quality and uniformity for the image acquisition. The box was open at the top, but a sheet of office paper was placed over it to diffuse the light coming from a spiral, 6 W, 4000 K white colored fluorescent lamp which was placed 16.0 cm above the samples in the box. The inside of the back of the box was also lined with white office paper.28 The front of the box had a sliding door, to facilitate seed placement and removal. During the photo shooting, this door remained closed to prevent interference with the experimental lighting system.

  Inside the box, a Teflon®cell (diameter and length of 4.7 cm and 10.5 cm, respectively) was placed to support the seed samples, together with a Microsoft webcam with HD resolution (1280 × 720). The webcam was positioned at a distance of 2.5 cm from the seed samples.

  Digital image acquisition

  Five sequential images for each castor seed sample were recorded and stored in JPEG format. The recorded images contain 24-bit (16.7 million colors) and a spatial resolution of 2880 × 1620 pixels. A region with an ellipse format at the center of each image was maintained constant throughout the analysis. Using only the selected region of the images, the frequency distributions (histogram) of color indexes according to each color channel were obtained for each of the five images. Then, the average of the five histograms was calculated, for use in all chemometric procedures. It is important to mention that, to obtain these histograms, three models for the color of a pixel were used in this study, namely: RGB standard, HSI and grayscale system. Each color component of the models is composed of 256 tones, varying from 0 to 255 for each channel.

  Chemometric procedure and software

  The data matrix is formed by samples located in rows, while the columns represent the color levels obtained for each color component.

  The analytical information contained in the histograms was used separately for each seed group. In the first case, models were built in order to identify the BRS Nordestina and BRS Paraguaçu cultivars, which belonged to group I. After that, the discrimination between the BRS Energia cultivars and the CNPA 2009-7 genotype (belonging to group II) was performed.

  Raw histograms and some pre-processing strategies such as auto-scaling and standard normal variate (SNV) were evaluated in terms of overall classification errors.

  PCA was applied to the overall data set to observe the natural groupings of the castor seed samples, in an exploratory analysis.

  The Kennard-Stone (KS)29 algorithm was employed to divide the data set into training (60%), and test (40%) subsets. This procedure was applied separately to each cultivar type. The training set was used to calibrate the PLS-DA and LDA/successive projections algorithm (SPA) models, whereas test samples were only used in the final stage to evaluate the true predictive ability of the calibrated model.

  The threshold values adopted for PLS-DA models were calculated on the basis of the Bayes theorem.30 As described by Ballabio,31 the threshold is selected at the point where the number of false positives and false negatives is minimized. Leave-one-out cross validation was employed to determine the optimal number of factors in the PLS-DA models.

  The use of LDA for classification of the high-dimensional data usually requires appropriate variable selection procedures. In the present paper, the SPA32,33 based on the criterion recently proposed by Soares et al.34 is employed as variable selection tool for the LDA models.

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

   

  Results and Discussion

  Histograms

  Figure 3 shows the average histograms for the castor seed samples acquired with color indexes in the gray scale, red, green, blue, hue, saturation and intensity channels. It is important to mention that each color component of the models is composed of 256 tones, varying from 0 to 255 for each channel. Variables that had a response equal to zero were removed from the data set.

  
    

    [image: Figure 3. Average histograms of the castor seed samples belonging to (a) group I and (b) group II. R: red; G: green; B: blue; H: hue; S: saturation and I: intensity]

  

  As can be seen in Figure 3a and 3b, samples belonging to group I have a different histogram profile when compared with samples of group II. In fact, seeds of these two groups have a different physical appearance (Figure 2). In contrast, when the samples within the group are compared, it becomes difficult to distinguish them based on a visual inspection of histograms and seeds. For this reason, the multivariate methods were applied separately to each seed group.

  Principal component analysis

  In order to observe the existence of natural groupings of castor seeds types, an exploratory analysis of data was performed. For this purpose, PCA was applied separately for each histogram data set (group I and group II). Figure 4a presents score plots resulting from the application of PCA to histograms of BRS Nordestina and BRS Paraguaçu castor seeds. As can be seen in Figure 4a, the BRS Nordestina class can be distinguished from the BRS Paraguaçu class along PC1 (42%) and PC2 (12%) axes. Figure 4b presents the score plot resulting from the application of PCA to histograms of BRS Energia and CNPA 2009-7 cultivars. In this case, a trend of separation of these two cultivars is found along the PC1 axis. More specifically, CNPA 2009-7 samples presented more positive score values along the PC1 axis, when compared with BRS Energia samples. However, an overlapping of some samples is still found along the PC1 (28%) and PC2 (23%) axes.

  
    

    [image: Figure 4. PC1 × PC2 score plots for the overall set of castor seed samples of (a) group I and (b) group II]

  

  Classification models

  In order to verify the discriminatory capacity of the different channels, classification models based on PLS-DA and LDA with variable selection by SPA were developed using individual and combined channels for each seed group. The classification performances of these methods are evaluated in terms of CCR obtained in the training set. The best results were achieved with the raw histogram (without preprocessing). Table 1 summarizes the results, both for group I and group II.

  
    

    [image: Table 1. Correct classification rates obtained with LDA/SPA and PLS/DA models for the training set]

  

  For both seed groups, the best results were found using the PLS-DA models. More specifically for group I, the RGB-HSI channels were those which achieved the highest CCR when PLS-DA was applied. For LDA, however, the combination of all channels (RGB, HSI and grayscale) resulted in a smaller number of errors.

  In the case of group II, the PLS-DA model correctly classified 108 out of the 120 training samples also using all the channels. By using the LDA/SPA method, the best performance was achieved by using the red channel. Thus, classification models built with those channels that provided the best results for the training set were, then, applied to the prediction set.

  All images of misclassified samples were evaluated, but it was not possible to identify the presence of abnormalities based on a visual inspection. This reinforces the need for the use of multivariate methods.

  Figure 5 presents the average histograms with selected variables by SPA (for both seed groups). In the first group (Figure 5a), only three variables were selected. Such variables are located in the gray and hue channels. In fact, in these channels, a higher discrimination between the histograms of BRS Nordestina and BRS Paraguaçu classes is found (as shown in Figure 2). In the case of group II, seven variables were selected by the SPA algorithm for building the models. These variables are located along the red channel.

  
    

    [image: Figure 5. Average histograms with variables selected by SPA]

  

  Figure 6 shows the plot of the Fisher discriminant scores obtained by using the variable selected by SPA. It is worth mentioning that an LDA model generates a number of discriminant functions equal to the number of classes under consideration minus one. Thus, in the present study, only one discriminant function (DF1) was generated for the two classes of each seed group. As can be seen, the separation between the classes is more apparent when compared with the PC score plots as presented in Figures 4a and 4b.

  
    

    [image: Figure 6. DF1 score plots for the overall data set using variables selected by SPA. (a) group I and (b) group II]

  

  Table 2 presents the detailed classification results obtained by the LDA/SPA and PLS-DA models in the prediction set. This table expresses both correct classifications (predicted class equal to correct class) and incorrect classifications (predicted class different from correct class).

  
    

    [image: Table 2. Prediction results obtained for the LDA/SPA and PLS/DA models in group I and group I]

  

  As can be seen in Table 2, the LDA/SPA and PLS-DA models presented satisfactory classification performances when applied to prediction sample set. In both groups, the PLS-DA method achieved a correct classification rate slightly higher than the LDA/SPA method. In particular, for group II, only one sample belonging to class BRS Energia was classified as belonging to class CNPA 2009-7, when the PLS-DA method was employed. This outcome corresponds to a correct prediction rate of 98.8%.

   

  Conclusions

  This paper presented a method based on digital imaging and non-supervised and supervised pattern recognition techniques for the classification of individual castor seeds from BRS Nordestina, BRS Paraguaçu, BRS Energia cultivars and CNPA 2009-7 genotype.

  A PCA study applied to the histogram data revealed a trend of separation of two cultivars from each seed group evaluated. When supervised recognition methods were used, the better results were obtained from the PLS-DA model, which correctly classified 97.5% and 98.8% of prediction samples for groups I and II, respectively.

  The proposed system is simple, non-destructive, fast and non-expensive and can be adopted both by inspection agencies to identify fraud and mixtures of these four types of castor seeds, as well as by companies that sell seeds and/or are involved in genetic improvement programs. It is important to mention that the classiﬁcation procedure is data-driven. Thus, the results cannot be easily generalized to the analysis of other seed types that were not included in the study.

   

  Acknowledgments

  The authors acknowledge the support of CNPq (475087/2012-7, 304530/2012-3 and 151686/2012-2). The English version of this text has been revised by Sidney Pratt, BA, MAT (The Johns Hopkins University), RSAdip (TEFL).

   

  Reference

  1. Pradhan, S.; Madankar, C. S.; Mohanty, P.; Naik, S. N.; Fuel 2012, 9, 848.

  2. Ogunniyi, D. S.; Bioresour. Technol. 2006, 97, 1086.

  3. Wang, M. L.; Morris, J. B.; Tonnis, B.; Pinnow, D.; Davis, J.; Raymer, P.; Pederson, G. A.; J. Agric. Food Chem. 2011, 59, 9250.

  4. Knothe, G.; Cermak, S. C.; Evangelista, R. L.; Fuel 2012, 96, 535.

  5. Baron, A. M.; Barouh, N.; Barea, B.; Villeneuve, P.; Mitchell, D. A.; Krieger, N.; Fuel 2014, 117, 4582.

  6. Barnes, D. J.; Baldwin, B. S.; Braasch, D. A.; Ind. Crop. Prod. 2009, 29, 509.

  7. Barnes, D. J.; Baldwin, B. S.; Braascha, D. A.; Ind. Crop. Prod. 2009, 30, 254.

  8. Zhou, X.; Singh, S. P.; Green, A. G.; Phytochemistry 2013, 92, 42.

  9. Goswami, D.; Sen, R.; Basu, J. K.; De, S.; Bioresour. Technol. 2010, 101, 6.

  10. Arroyo-Caro, J. M.; Chileh, T.; Kazachkov, M.; Zou, J.; Alonso, D. L.; García-Maroto, F.; Plant Sci. 2013, 199, 29.

  11. Velasco, L.; Rojas-Barros, P.; Fernández-Martínez, J. M.; Ind. Crop. Prod. 2005, 22, 201.

  12. Kobori, N. N.; Mastrangelo, T.; Cicero, M.; Cassieri, P.; Moraes, M. H. D.; Walder, J. M. M.; J. Seed Sci. 2010, 3, 70.

  13. Foster, J. T.; Allan, G. J.; Chan, A. P.; Dabinowicz, P.; Ravel, J.; Jackson, P. J.; Keim, P.; BMC Plant Biol. 2010, 10, 10.

  14. Xu, W.; Cui, Q.; Li, F.; Liu, A.; PloS One 2013, 8, 1.

  15. Sujatha, M.; Reddy, T. P.; Mahasi, M. J.; Biotechnol. Adv. 2008, 26, 424.

  16. Vasconcelos, S.; Onofre, A. V. C.; Milani, M.; Benko-Iseppon, A. M.; Brasileiro-Vidal, A. C.; Plant Breed. 2012, 9, 201.

  17. Anjani, K.; Ind. Crop. Prod. 2012, 35, 1.

  18. Tan, M.; Yan, M.; Wang, L.; Yan, X.; Fu, C.; Wang, L.; Ind. Crop. Prod. 2013, 50, 50.

  19. Santos, M. B. H.; Gomes, A. A.; Vilar, W. T. S.; Almeida, P. B. A.; Milani, M.; Nóbrega, M. B. M.; Medeiros, E. P.; Galvão, R. K. H.; Araújo, M. C. U.; J. Braz. Chem. Soc. 2014, 25, 969.

  20. Mondo, V. H. V.; Gomes-Júnior, F. G.; Cicero, S. M.; Bennett, M. A.; McDonald, M. B.; Agrarian 2013, 6, 402.

  21. Gomes-Junior, F. G.; Mondo, V. H. V.; Cicero, S. M.; McDonald, M. B.; Bennett, M. A.; Seed Technology 2009, 31, 95.

  22. Diniz, P. H. G. D.; Dantas, H. V.; Melo, K. D. T.; Barbosa, M. F.; Harding, D. P.; Nascimento, E. C. L.; Pistonesi, M. F.; Band, B. S. F.; Araújo, M. C. U.; Anal. Methods 2012, 4, 2648.

  23. Ahmed, F.; Al-Mamun, H. A.; Bari, A. S. M. H.; Hossain, E.; Kwan, P.; Crop Prot. 2012, 40, 98.

  24. Milanez, K. D. T. M.; Pontes, M. J. C.; Microchem. J. 2014, 113, 10.

  25. Dana, W.; Ivo, W.; Comput. Electron. Agr. 2008, 61, 126.

  26. Medina, W.; Skurtys, O.; Aguilera, J. M.; Food Sci. Technol. 2010, 43, 238.

  27. Pourreza, A.; Pourreza, H.; Abbaspour-Fard, M.; Sadrnia, H.; Comput. Electron. Agr. 2012, 83, 102.

  28. Fraser, B.; Murphy, C.; Bunting, F.; Real World Color Management, 2nd ed.; Peachpit Press: United States of America, 2005.

  29. Kennard, R. W.; Stone, L. A.; Technometrics 1969, 11, 137.

  30. Pérez, N. F.; Ferré, J.; Boqué, R.; Chemom. Intell. Lab. Syst. 2009, 95, 122.

  31. Ballabio, D.; Consonni, V.; Anal. Methods 2013, 5, 3790.

  32. Silva, A. C.; Pontes, L. F. B. L.; Pimentel; M. F.; Pontes, M. J. C.; Talanta 2012, 93, 129.

  33. Silva, C. S.; Borba, F. S. L.; Pimentel, M. F.; Pontes, M. J. C.; Honorato, R. S.; Pasquini, C.; Microchem. J. 2013, 109, 122.

  34. Soares, S. F. C.; Galvão, R. K. H.; Pontes, M. J. C.; Araújo, M. C. U.; J. Braz. Chem. Soc. 2014, 25, 176.

   

   

  Submitted: June 16, 2014.

  Published online: September 26, 2014.

   

   

  
    *e-mail: marciocoelho@quimica.ufpb.br

  




  
  DOI: 10.5935/0103-5053.20140222

  ARTICLE

  
    Muller CC, Nunes TS, Muller ALH, Dressler VL, Flores EMM, Muller EI. Determination of boron in silicon carbide by ICP-OES and ICP-MS after sample preparation using pyrohydrolysis. J. Braz. Chem. Soc. 2015; 26(1)110-16

  

  
    Determination of boron in silicon carbide by ICP-OES and ICP-MS after sample preparation using pyrohydrolysis

  

   

   

  Cristiano C. Muller; Thieli S. Nunes; Aline L. H. Muller; Valderi L. Dressler; Erico M. M. Flores; Edson I. Muller*

  Departamento de Química, Universidade Federal de Santa Maria, 97105-990 Santa Maria-RS, Brazil

   
  
  
    A pirohidrólise foi utilizada no preparo de amostras de carbeto de silício (SiC) para posterior determinação de B usando espectrometria de emissão óptica com plasma indutivamente acoplado (ICP-OES) e espectrometria de massa com plasma indutivamente acoplado (ICP-MS). Parâmetros importantes como temperatura, fluxo de água e ar, tempo de reação e uso de V2O5 foram avaliados. Adicionalmente, foi avaliada a interferência de W sobre as linhas de emissão de B durante as determinações por ICP-OES. A exatidão foi avaliada usando material de referência certificado (CRM BAM S003) e valor de bias inferior a 1% foi encontrado entre os valores de referência e obtido experimentalmente. Limite de detecção (LOD) de 0,010 µg g−1 foi obtido usando pirohidrólise e determinação por ICP-MS. A pirohidrólise é um método de preparo de amostras simples que permitiu a utilização de água deionizada como solução absorvedora para a determinação de B em SiC.

  

   

  
    Pyrohydrolysis was used for sample preparation of silicon carbide (SiC) and subsequent determination of B using inductively coupled plasma optical emission spectrometry (ICP-OES) and inductively coupled plasma mass spectrometry (ICP-MS). Important parameters for pyrohydrolysis method as temperature, air and water flow rates, reaction time and use of V2O5 were evaluated. In addition, a study of W spectral interference on B emission lines was evaluated for ICP-OES determination. Accuracy was evaluated using certified reference material (CRM BAM S003) and bias value lower than 1% between the certified and determined value was achieved. Limit of detection (LOD) of 0.010 µg g−1 was obtained using pyrohydrolysis and ICP-MS. Pyrohydrolysis is a very simple sample preparation method that allowed the use of deionized water as absorbing solution for B determination in SiC.

    Keywords: silicon carbide, pyrohydrolysis, boron, ICP-MS, ICP-OES

  

   

   

  Introduction

  Silicon carbide (SiC) is an advanced ceramic material used in the semiconductor industry. In addition, it has a great chemical resistance and can also be used under extreme temperature conditions.1-3 The electrical properties of SiC can be changed by adding dopants agents. Boron is a doping agent widely used for controlling the electronic properties of SiC and other semiconductor materials. For example, doping of B in SiC increases the electrical conductivity of this material from ca. 10−12 to ca. 10−3 Ω−1 cm−1 and decreases the band gap from 2.0 to 1.7 eV.4,5 Additionally, B may also be present as a contaminant arising from the materials used in the synthesis of silicon carbide.6 Therefore, there is a need for adequate accurate methods for B determination in this material. The main digestion methods for decomposition of SiC have been performed by closed vessels digestion with a concentrated acids mixture and fusion with different reagents.7-11 SiC is a refractory material difficult to bring into solution and closed vessels digestion in poly(tetraﬂuoroethylene) (PTFE) bomb with concentrated HNO3, H2SO4 and HF mixture and heated up to 20 h for complete sample decomposition is required. The limit of detection (LOD) in ppm range can be achieved for B using wet digestion methods.7-11 The main drawbacks related to wet digestion of SiC is the possibility of contamination, losses of volatile species and incomplete dissolution of sample. A fusion with alkaline mixtures of NaOH or Na2CO3 and Na2O2 is widely used. However, the high salt content of final fusion digests requires the dilution of these solutions, consequently worse limits of detection are obtained. Moreover, contamination by the reagents and environment can occur during the fusion procedure.8 Determination of impurities in SiC can also be carried out without an extensive sample preparation step. In this sense, a direct introduction of SiC samples using an inductively coupled plasma optical emission technique (ICP-OES), such as, direct slurry nebulization and electrothermal vaporization (ETV), can be carried out.12-16 Direct slurry nebulization in ICP-OES is applied for trace element determination in SiC samples and enables an improvement in LOD in comparison with methods that require previous digestion of sample. Limitations related to particle size (below 10 µm level) and slurry stability are observed for this technique.16 A sample introduction in the ICP-OES by ETV device is applied for SiC quality control,17 but for B determination by ETV-ICP-OES, chemical modifiers are required in order to improve the B sensitivity.18,19 A direct solid sampling electrothermal atomic absorption spectrometry (DSS-ETAAS) is also used for trace element determination of ceramics materials.20,21 However, due to poor sensitivity of B using ETAAS, it is difficult to determine B at trace level in SiC samples.22 Direct current arc (DC arc)16 and spark ablation,23 both using optical emission spectrometry for detection, also allow the direct analysis of SiC samples. However, with these techniques, good accuracy can only be obtained by using solid material standards with similar matrix for calibration.24

  Pyrohydrolysis is an alternative method for sample preparation and allows the vaporization of the analyte by hydrolysis under high temperature (around 1000 °C) with substantial reduction of interference of the matrix for determination using plasma techniques.25,26 Instrumentation required for a pyrohydrolysis analysis is very simple, minimal sample preparation is required, a sample mass in gram range can be used and the absorbing of pyrohydrolysis products is carried out using dilute solutions of alkalis or acids depending on the characteristics of analyte.27 In this sense, pyrohydrolysis is suitable for a refractory ceramic analysis, due to the low LOD and minimum interference of the matrix in the determination technique.28-31 Numerous studies devoted to halogens determination in different samples are found in the literature.25,26,31-39 However, pyrohydrolysis can be used for determination of other elements such as S and B.27-30,40,41 Volatilization of B compounds during pyrohydrolysis is probably explained by the formation of gaseous HBO2 or H3BO3.30 Sometimes, the use of auxiliary reagents (such as, V2O5) is required in order to assure the complete recovery of analytes during the pyrohydrolysis procedure.41 In this work, a pyrohydrolysis method was proposed for high purity SiC powder digestion and further B determination by ICP-OES and ICP-MS. Important pyrohydrolysis parameters, such as, air and water flow rates, temperature, reaction time, sample mass and use of catalyst were evaluated. In addition, the main spectral interference caused by tungsten emission lines on B determination using ICP-OES was also studied.

   

  Experimental

  Reagents, solutions and samples

  All chemical reagents used were of analytical grade and purchased from Merck (Darmstadt, Germany). Nitric acid (65% m/m) was doubly distilled in quartz sub-boiling still (Milestone, Sorisole, Italy, model duoPUR 2.01E). Sulfuric and hydrofluoric acids were of "Suprapur" grade (Merck, Darmstadt, Germany). Water used for all procedures was distilled, deionized, and further purified in a Milli-Q system (18.2 MΩ cm, Millipore Corp., Bedford, USA). Standard solutions for calibration of B, V and W were prepared by diluting the stock solutions of 1000 mg L−1 (all from SpexCerti Prep, Metuchen, NJ). Accelerator agent, V2O5, was obtained by heating NH4VO3 in a platinum crucible at 550 °C on furnace for 4 h. Certified reference material (CRM) of silicon carbide powder BAMS003 (Federal Institute for Materials Research and Testing - BAMS003) was analyzed for method accuracy evaluation. Four SiC samples used for analysis were donated by a Brazilian industry. SiC samples were not milled and they were used as received from the industry (particle size lower than 80 µm).

  Instrumentation

  Boron determination was carried out using an inductively coupled plasma optical emission spectrometer (Ciros CCD model, Spectro, Kleve, Germany) equipped with a Scott-type double pass spray chamber (glass material), cross-flow nebulizer (glass material), torch and injector of quartz. The operation conditions were: radio frequency power of 1.6 kW, principal plasma gas flow rate of 14.0 L min−1, auxiliary gas flow rate of 1.0 L min−1 and nebulizer gas flow rate of 0.80 L min−1. For all measurements, the axial view and wavelengths of B I 249.677 nm, B I 249.772 nm, B I 208.889 nm and B I 182.639 nm emission lines were used. Determination of B was also performed using inductively coupled plasma mass spectrometer (Elan DRC II model, Perkin Elmer, Thornhill, Canada) equipped with concentric nebulizer and cyclonic spray chamber. Radio frequency power of 1.3 kW, principal plasma gas flow rate of 15.0 L min−1, auxiliary gas flow rate of 1.2 L min−1, nebulizer gas flow rate of 1.05 L min−1 and isotope (m/ [image: caracter 1]) of 11B were used as operation conditions. Concentric nebulizer (glass material), baffled cyclonic spray chamber (glass material), torch (quartz material) and injector (quartz material) were used as ICP component for sample introduction.

  Microwave-assisted acid digestion of SiC samples was carried out in microwave oven (Multiwave 3000 model, Anton Paar, Austria) using PTFE-TFM vessels.

  Sample preparation using microwave-assisted acid digestion

  Silicon carbide masses up to 100 mg were transferred to PTFE-TFM vessels and 6 mL of a mixture of concentrate nitric, sulfuric and hydrofluoric acids (2 mL of each acid) was mixed together. PTFE-TFM vessels were transferred inside the microwave oven and the heating program applied was (i) 25 °C to 230 °C ramp of 20 min, (ii) 230 °C during 120 min, and (iii) 230 °C to 25 °C ramp of 20 min (cooling step). Samples were diluted up to 25 mL with deionized water. In order to minimize deleterious effects of HF on quartz torch, samples were diluted (5 fold) before analysis by ICP-OES and ICP-MS. These B results were used to evaluate the B recovery using the proposed pyrohydrolysis method.

  Pyrohydrolysis apparatus

  The pyrohydrolysis system used in this work is described in a previously published study.26 Air flow was supplied by an air compressor and a control of flow rate was performed using a fluxometer (2A13 model, Key Instruments, USA). Deionized water was used for the pyrohydrolysis reaction and was pumped using a peristaltic pump (IPC8 ISM931 model, Ismatec, Swiss). Air and water introduction into the high purity fused silica reactor tube (35 cm of length, 1.6 cm of i.d. and 1.9 cm e.d.) were performed using two alumina capillaries. Water was pumped through the heated alumina capillary and converted to vapor after introduction inside the heated reactor tube. A silicon carbide sample was placed inside an alumina boat and introduced inside the reactor. The reactor was heated using a resistive furnace with a maximum temperature of 1100 °C (Sanchis, Porto Alegre, Brazil). The outlet of the reactor was connected to a serpentine, which was immersed in an ice bath to condense the pyrohydrolysis products. The condensed products were collected in a vessel containing 10 mL of deionized water and diluted up to 50 mL in volumetric flask. Boron determination was carried out in this solution without dilution.

  Pyrohydrolysis procedure

  Initial tests for pyrohydrolysis optimization parameters were carried out weighing 200 mg of SiC in an alumina boat to evaluate the air flow rate during the sample heating. In this sense, 0.3 L min−1 of air was used in combination with 1.0 mL min−1 of water pumped through heated capillary. Reaction time and temperature of 10 min and 1000 °C were used, respectively. Water (10 mL) was used to absorb the pyrohydrolysis products. In order to improve the B recovery, important pyrohydrolysis parameters were evaluated: air flow rate (ranging from 0.1 to 1.0 L min−1), water flow rate pumped through heated capillary (ranging from 0.25 to 2.5 mL min−1), temperature (750 °C to 1100 °C), auxiliary reagent (without V2O5 and maximum of 800 mg of V2O5) and reaction time (7.5 min up to 25 min). Prior to each analysis, the alumina boat was soaked with a nitric acid solution (1 + 1) for 15 min, and then rinsed with water and dried. After the pyrohydrolysis of each sample, the system was heated for another 10 min to assure cleaning of the system. The visual aspect of SiC powder remains unchanged after reaction, indicating that no chemical reaction occurred during  pyrohydrolysis.

   

  Results and Discussion

  A previous analysis of SiC wet digestion solutions showed important spectral interferences of tungsten on B main emission lines. In this sense, a study of W interferences in analysis of digest solution obtained by wet digestion and standard solutions containing vanadium and W was carried out. Only the secondary emission lines were completely free of interferences and could be used for B determination. Isobaric or polyatomic interferences were not observed in 11B determination by ICP-MS and this isotope was used for the analysis of SiC wet digestion solutions.

  Silicon carbide samples and CRM (BAM S003) were also digested using microwave-assisted acid digestion and results for B are shown in Table 1. SiC I and SiC II samples showed the highest values for B, while sample SiC III e Si IV had B levels lower than the limit of detection obtained by ICP-MS (lower than 0.01 µg g−1).

  
    

    [image: Table 1. Concentration of B in SiC samples and CRM determined by ICP-OES and ICP-MS after microwave-assisted acid digestion and pyrohydrolysis (mean ± standard deviation, n = 3)]

  

  Alkaline solutions41 or only deionized water30 are usually used for B absorption after pyrohydrolysis volatilization. In this sense, diluted alkaline solutions 0.1 mol L−1 of NaOH and deionized water were evaluated for B absorbing. Significant differences were not observed and deionized water was selected due to minimum interference in nebulization system and plasma stability.

  Tungsten spectral interferences were not observed in analysis of wet digestion and pyrohdrolysis digests of CRM (silicon carbide, BAM S003) using ICP-OES.

  SiC II sample was available in larger amounts and it was used to optimize the pyrohydrolysis parameters. In this sense, the best conditions in the parameters evaluated for pyrohydrolysis were selected using the highest recovery of B for SiC II sample. After optimizing all the important parameters, the determination of B in the certified reference material was carried out in order to evaluate the accuracy of the proposed method.

  Finally, it is also important to mention that preliminary tests were also performed in order to evaluate presence of halogens (F, Cl, Br and I) in SiC samples. However, these elements were below LOD when ICP-MS and ion chromatography were used and the method was not optimized for determination of these elements.

  Spectral interferences

  During optimization of the pyrohydrolysis method, spectral interferences for main B emission lines42 at B I 249.677 and B I 249.772 nm were observed. Consulting the spectral database of NIST, tungsten has more than five thousand emission lines between 180 and 300 nm.42 Probably, the interference is caused by tungsten emission lines, because SiC samples can be ground using a tungsten carbide mill during industrial process. In this sense, carbide tungsten contamination can occur during milling of SiC samples.43 Unfortunately, information regarding to industrial process of SiC samples used in this study was not provided by the industry. Volatilization of tungsten during pyrohydrolysis occurs due to probable formation of hydrated tungsten oxides with high volatility.44 In Figure 1 it is possible to observe the signals for B I 249.677 nm and B I 249.772 nm (main lines for B) for blank solution, standard solutions containing B or W and SiC pyrohydrolysis digests. In addition, it is possible to observe the interferences of W on the emission lines for B I 249.677 nm and B I 249.772 nm in the SiC pyrohydrolysis digest and B aqueous standard. In B I 249.677 nm, the signal for B standard is completely overlapped by the signal of W standard solution (10 mg L−1 of W). On the other hand, the overlap on B I 249.772 nm was not complete, but could affect the accuracy of the B determination. A tungsten signal could be observed also in SiC pyrohydrolysis digest and a concentration of tungsten in this solution was about 10 mg L−1. In this sense, W has emission lines at W II 249.664 nm (difference of 13 pm in relation to 249.677 B emission line) and W II 249.748 nm (difference of 24 pm in relation to 249.772 B emission line) that could cause interferences at B main emission lines. Significant spectral interferences of W were not observed for B I 182.639 and B I 208.889 nm emission lines. However, the relative intensity of these lines is about two times lower than the more intense emission line (B I 249.772 nm). Spectral interferences of V on B I 182.639 nm and B I 208.889 nm emission lines were also evaluated. A concentration up to 50 mg L−1 of V was investigated and significant interferences were not observed for the emission lines for B using ICP-OES. For B determination the emission lines at B I 182.639 and B I 208.889 nm were selected.

  
    

    [image: Figure 1. Spectral profiles for boron and tungsten emission lines]

  

  Evaluation of air flow rate and water flow rate pumped through the heated alumina capillary

  The air and water flow rates play an important role in the pyrohydrolysis reaction of B and the use of an appropriate air flow rate can minimize excessive cooling of the reactor tube without affecting the volatilization of analyte. On the other hand, the water flow rate should allow the generation of a suitable amount of water vapor for the complete hydrolysis of B at high temperatures. In Figures 2 and 3, results are shown for the effect of air and water flow rates for the recovery of B in the SiC sample. For air flow rate, the maximum recovery for B was observed at 0.3 L min−1. Values of air flow rate higher than 0.3 L min−1 probably promote the cooling of the reactor and minimize the B volatilization. In addition, 1.5 mL min−1 of water flow rate pumped through the heated alumina capillary allows the efficient hydrolysis of B with the highest recovery for B (Figure 3). For the other values of water flow rates investigated, both an insufficient water amount for hydrolysis analysis and cooling of the reactor can explain the lowest values of B recovery. Flow rates of 0.3 L min−1 and 1.5 mL min−1 for air and water pumped through the heated alumina capillary were selected for further B determinations, respectively.

  
    

    [image: Figure 2. Evalution of air flow rate on boron recovery during pyrohydrolysis procedure]

  

  
    

    [image: Figure 3. Evalution of water flow rate pumped through the heated alumina capillary on boron recovery during pyrohydrolysis procedure]

  

  Evaluation of temperature and use of auxiliary reagent

  Temperature is an important parameter that should be evaluated for the pyrohydrolysis method. In this work, temperature was evaluated ranging from 750 °C to 1100 °C. Boron recovery is dependent of temperature and to assure complete recovery of B, temperatures higher than 950 °C are necessary. Additionally, significant differences on B recoveries were not observed for temperatures of 1050 and 1100 °C. Thus, the temperature of 1050 °C was selected for further tests in order to assure maximum recovery of B and avoid that volatile species of boron remain inside the pyrohydrolysis tube after the heating cycle. Similar temperature was also used for determination of B in refractory borides31 and alloys.29

  One of the most used auxiliary reagents in pyrohydrolysis is V2O5, which aids the analyte volatilization from the matrix. In order to evaluate the effect of V2O5 in the proposed procedure, 200 mg of the sample was submitted to pyrohydrolysis without the use of the auxiliary reagent and increasing the amount of V2O5 up to 800 mg (one part of SiC + 4 parts of V2O5). Samples masses of V2O5 up to 100 mg did not improve the recovery for B. On the other hand, V2O5 masses equal or higher than 200 mg promote the increase of B recoveries. Significant differences (ANOVA, 95% confidence level) were not observed for B recovery using 200, 400 and 800 mg of V2O5. Based on these results, the use of 200 mg of V2O5 was selected for the pyrohydrolysis of 200 mg of SiC. Hamner and De'Aeth proposed B determination in alloys and V2O5 was necessary to assure the complete volatilization of B.41 In addition, it is important to mention that, in this proposed method V2O5 was produced in relatively high purity from ammonium metavanadate heating and did not increase blank values.

  Evaluation of reaction time

  The reaction time of pyrohydrolysis is another very important parameter and for some applications up to 2 h was necessary for complete volatilization of B.41 In this sense, the evaluation of time ranging from 7.5 to 25 min was carried out for the SiC analysis. According to results obtained during optimization of reaction time, it is possible to observe that a minimum of 15 min is required for complete volatilization of B using the proposed pyrohydrolysis method. Thus, in order to assure that boron species were not present inside the reactor tube, a reaction time of 20 min was selected for the analysis of SiC.

  Boron determination in SiC samples after pyrohydrolysis

  SiC samples prepared by pyrohydrolysis were analyzed by ICP-OES and ICP-MS and the results obtained for B are shown in Table 1. Boron was only quantified in samples SiC I, SiC II and BAM S003. The B concentration was lower than LOD for samples SiC III and SiC IV. In Table 2 are provided the LODs obtained by pyrohydrolysis and microwave-assisted acid digestion with detection of B by plasma based techniques. The LODs obtained by pyrohydrolysis method were 0.25, 0.50 and 1.2 µg g−1 (3s criterion) for B emission lines of B I 249.772, B I 208.889 and B I 182.639 nm, respectively (Table 2). It is important to mention that the B I 249.772 nm can be only used for SiC samples without the presence of W. On the other hand, better LOD was obtained using ICP-MS (0.010 µg g−1). In addition, LODs obtained using pyrohydrolysis were lower than those obtained using microwave-assisted acid digestion, because SiC wet digests containing HF that should be diluted (5 fold) in order to minimize damages on nebulization system and torch of plasma based techniques. Additionally, in Table 2 are also provided LODs reported in literature for B determination in SiC materials. Limits of detection obtained by Docekal et al.8 using slurry nebulization-ICP-OES were not specified for each element, but according to the authors, LODs ranging from 0.10 to 1.0 µg g−1 were obtained for all analytes. On the other hand, Franek and Krivan9 obtained LOD of 0.6 µg g−1 for B using microwave-assisted acid digestion and determination by ICP-OES. In addition, LOD obtained by Hamner and DeAeth,41 for determination of B in silicon-bearing alloys and other material using pyrohydrolysis, is not specified in the manucript. In this sense, the lower concentration of B obtained for sample reported in the article was adopted as LOD (5.0 µg g−1). Finally, LODs obtained using pyrohydrolysis for B determination in SiC sample were similar with those reported by other methods and suitable for quality control of SiC.

  
    

    [image: Table 2. LODs obtained for B using pyrohydrolysis and microwaveassisted acid digestion using plasma based technique and comparison with results reported in literature]

  

  The accuracy of the proposed method was evaluated by the analysis of certified reference material (BAM S003 - silicon carbide) and bias value lower than 1% between the certified and determined values was achieved. These results show the suitability of pyrohydrolysis as sample preparation for high purity SiC samples and subsequent determination of B using ICP-OES.

   

  Conclusions

  The pyrohydrolysis method that is suitable for trace levels of B determination in SiC samples. Determination of B using pyrohydrolysis was up to 10 fold faster in comparison with conventional microwave-assisted acid digestion. Quantitative recoveries of B were obtained after 20 min of reaction time at 1050 °C and the use of deionized water to absorb the pyrohydrolysis products. The use of only deionized water is suitable for direct analysis by plasma based techniques minimizing problems with the nebulization system and plasma stability. Use of 200 mg of V2O5 mixed with the SiC was necessary in order to assure the complete volatilization of B. Boron determination using ICP-OES could be carried out. However, the main emission lines for boron can not be used due to spectral interference promoted by W. The secondary emission line at B I 182.639 and B I 208.889 nm should be used. Determination of B using ICP-MS was free from spectral interference and suitable LOD were obtained using pyrohydrolysis method. Good agreement with certified reference material was obtained and relative standard deviation was lower than 5%. In this sense, considering the simplicity of the pyrohydrolysis apparatus and the main characteristics of the method, it can be used for purity control of SiC samples.
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    Uma série de aldeídos, alquinóis e benzilaminas foram submetidos a reação, por catálise mediada por CuCl, na formação de hidróxi-benzilaminas funcionalizadas. O procedimento permite a utilização de aldeídos alquílicos e arílicos. Substratos representativos foram convertidos em alcalóides cíclicos de cinco e seis membros através da reação concomitante de N-debenzilação e redução total da ligação tripla promovida por Pd, seguido de ciclização tipo Mitsunobu.

  

   

  
    A number of aldehydes, alkynols and benzylamines were submitted to A3-coupling reaction, under CuCl catalysis, giving strategically functionalized hydroxy-propargylamines. The procedure allows the use of alkyl as well as aryl aldehydes. Representative substrates were converted into fiveand six-membered cyclic alkaloids by sequential one-pot N-debenzylation/triple bond reduction promoted by Pd, followed by a Mitsunobu-type cyclization.

    Keywords: hydroxy-propargylamines, A3-coupling, C–H activation, cyclic alkaloids

  

   

   

  Introduction

  In the last decades, multicomponent reactions have become an important alternative to prepare highly functionalized building blocks in high yields and in a straightforward way.1 This kind of transformation is very attractive since the whole process is intrinsically atom-, energy- and step-economical.2,3 Many relatively old, as well as new multicomponent strategies, have been investigated and important contributions have been made in this field. Structurally complex compounds can be assembled by means of multicomponent reactions, and recently, by coupling this strategy with organocatalysis, enantioenriched products were efficiently prepared in a short and elegant way.4-11 Propargylamines are important building blocks for the preparation of complex amino derivatives and bioactive substances.12-16 An important strategy for the synthesis of this class of compounds consists in the addition reaction of non-functionalized terminal alkynes to C–N double bond containing-compounds, usually imines, nitrones, iminium salts, etc.17-21 There are several reports on the preparation of propargylamines by a A3-coupling multicomponent reaction, but most of them are restricted to non-functionalized alkynes,22-24 which is quite unattractive from the synthetic point of view. In addition, many procedures are dependent on the aldehyde nature, presenting good performance for either alkyl or aryl ones25 but rarely for both.

  Due to the importance of nitrogen-containing compounds, development of practical strategies to construct highly functionalized nitrogen-containing skeletons is desirable.

  Recently, we demonstrated that alkynols could be used as the alkyne source in an A3-coupling reaction, by reacting them with 4-piperidone hydrochloride.26 It was found that alkyl aldehydes and alkynols are suitable partners in the reaction with this amine source allowing the preparation of a large number of propargyl 4-piperidones in good yields.27 Aiming to improve the methodology to a more synthetically useful tool, we decided to use benzylamines as the amine source, since concomitant Pd-catalyzed hydrogenolysis and full triple bond reduction reactions can be performed in a single operation, leading to saturated amino-alcohols, which are direct precursors of alkaloids.

   

  Results and Discussion

  To test the feasibility of the strategy we selected benzylamine (1a), butyraldehyde (2a) and 3-butyn-1-ol (3a) as the starting materials for the A³-coupling reaction and CuCl (30 mol%) as the catalyst. In the first attempt to obtain the corresponding hydroxy-propargylamine, the reaction was performed in tetrahydrofuran (THF) in a sealed tube at 105 ºC, and after 12 h the desired adduct 4 was obtained in only 27% yield. Aiming to improve the yield, a systematic study involving solvent, catalyst amount and temperature was undertaken and the results are presented in Table 1.

  
    

    [image: Table 1. Solvent, catalyst amount and temperature screening for A3-coupling reaction]

  

  The experiments were conducted for 12 h in a sealed tube to achieve temperatures higher than the boiling points of the solvents. In hexane and benzene (entries 1 and 2), using 30 mol% of CuCl, the A3-coupling product was isolated in 60 and 76% yield, respectively. In 1,4-dioxane, THF and ethanol the product was formed in lower yields (entries 3-5). In ethyl acetate the product was isolated in the same average yield as in benzene (entries 2 and 6). As ethyl acetate is an environmentally benign solvent, it was chosen for the next experiments. No product was detected when the reaction was performed at room temperature (entry 7), the starting materials remaining unchanged. Increase in the product yields were observed when the reactions were performed at higher temperatures (entries 8-10), and a maximum of 75% yield was achieved at 105 ºC (entry 6). This temperature was considered as limit for security reasons, as the sealed tubes were designed to operate at this temperature or below.28 After setting this temperature, the quantity of the catalyst was screened. By using 5 and 15 mol% of CuCl, the product was obtained in 22 and 51% isolated yield respectively (entries 11 and 12). Use of 30 as well as 50 mol% of the catalyst led to the product in the same average yield (entries 6 and 13). In this way, 30 mol% was chosen as the ideal amount of the catalyst.

  In order to define the scope and limitations of the protocol, other alkynes, aldehydes and benzylamines were submitted to the A³-coupling reaction under the conditions of choice, and the results are presented in Table 2.
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  As can be observed in Table 2, the methodology is quite general tolerating structurally diverse alkynols, alkyl and aryl aldehydes with equally good performance. Ethynylcyclohexanol and propargyl alcohol gave the desired adducts in reasonable yields (entries 1 and 8). Good yields were achieved using high-weight alkynols and alkyl aldehydes (entries 3 and 9). p-Formaldehyde presented good reactivity allowing the isolation of the corresponding A3-coupling product in 61% yield (entry 4). Benzaldehyde and p-tolualdehyde also reacted as expected leading to the corresponding propargylamines in reasonable yields (entries 6 and 7). By monitoring the reactions by gas or thin layer chromatography a much faster conversion of the starting materials was observed when dibenzylamine (1b) was used as the amine source on reaction with butyraldehyde and 3-butyn-1-ol (entry 10). Aiming to optimize the reaction conditions for dibenzylamine (1b), it was found that the use of only 1 mol% of the catalyst resulted in the corresponding product in 88% yield after 2 h reaction time (entry 10). On the other hand, higher reaction times and catalyst amounts were necessary when the racemic as well as the optically active methyl-substituted benzylamines (1c and 1d) were reacted with the same alkyne and aldehyde (entries 11 and 12). No diastereoisomeric excess (d.e.) was observed for the optically active amine (entry 12). Phenylglycinol was used in the coupling reaction in order to verify if diastereoselection could be achieved; however, instead of the A3-coupling product, the corresponding N,O-ketal was isolated in 63% yield, resulting from the intramolecular attack of the hydroxyl group to the intermediate iminium carbon (entry 13). To circumvent this side reaction, the corresponding silyl ethers were used. The tert-butyl dimethylsilyl (TBDMS) derivative led to the A3-coupling product in 60% yield and 30% d.e., and the tri-isopropylsilyl (TIPS) analogue led to the product in only 30 and 24% d.e. (entries 14 and 15).

  Hydroxy-propargylamine adducts 4a, 4c and 4i were converted into the corresponding cyclic alkaloids by concomitant hydrogenation/hydrogenolysis, followed by a Mitsunobu-type29,30 cyclization reaction, as presented in Scheme 1.
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  The pyrrolidine alkaloid 6a is used in the food industry as flavoring31 and its structure is found as a substituent group in several bioactive compounds.32 Coniine (6b) is a highly toxic alkaloid extracted from mushrooms and is able to induce muscular paralysis.33-36 Dihydropinidine (6c) was isolated from young seedlings of Pinus ponderosa presenting activity against Alzheimer's diseases37 and displays a high antifeedant activity for the pine weevil Hylobius abietis.38

  The presented synthetic strategy allowed the synthesis of the alkaloids 2-isopropylpyrrolidine (6a), coniine (6b) and dihydropinidine (6c) in three synthetic steps in an overall yield of 35, 46 and 42%, respectively. The A3-coupling reaction can be considered as the key step of the synthetic sequence, and consequently as an alternative route to the synthesis of bioactive alkaloids.

   

  Conclusions

  In summary, we demonstrated the easy preparation protocol to access hydroxy-propargylamines, by a catalyzed A3-coupling reaction. Alkynols and benzylamines were directly reacted with aromatic and aliphatic aldehydes presenting good reactivity. Alkyl and aryl aldehydes, as well as functionalized alkynes, were tolerated. The use of benzylamines is synthetically strategic since concomitant hydrogenonlysis of the benzyl nitrogen and triple bond reduction can be performed in good yields, resulting in the corresponding saturated amino-alcohols. Cyclic alkaloids can be easily obtained by sequential A3-coupling, hydrogenation/hydrogenolysis sequence followed by a Mitsunobu-type cyclization reaction. As a proof of concept this procedure was applied to the synthesis of three cyclic bioactive alkaloids.

   

  Experimental

  General information

  All reagents were purchased from Aldrich. The reactions was performed using an Ace® pressure tube bushing type, back seal, volume ca. 35 mL, 17.8 cm × 25.4 mm (L × o.d.) from Sigma-Aldrich (product code Z181072). Analytical thin layer chromatography (TLC) was carried out by using silica gel 60 F254 pre-coated plates. Visualization was accomplished with vanillin [0.01 g mL-1 vanillin in AcOH/H2SO4 (99:1) solution] or ninhydrin as color reagent [0.005 g mL-1 ninhydrin in EtOH (96%) solution]. The gas chromatography (GC) analyses were performed on a Shimadzu® GC2014 equipment, with flame ionization detection (FID), N2 as carrier gas and equipped with a DB-5 column (30 m × 0.25 mm × 0.25 mm) or DB-5-HT (30 m × 0.32 mm × 0.10 mm). All new products were characterized by their nuclear magnetic resonance (NMR), infrared (IR), mass spectrometry (MS) and high-resolution MS (HRMS) spectra. The 1H NMR (200 MHz) and 13C NMR (50 MHz) were recorded on a Bruker® AC 200 spectrometer and the 1H NMR (400 MHz) and 13C NMR (100 MHz) were recorded on a Bruker® DRX 400 spectrometer, in both cases using tetramethylsilane (TMS) as the internal standard. Chemical shifts were reported in parts per million (ppm, δ) downfield from the TMS. The infrared analyses were recorded on a Shimadzu® equipment, model IRPrestige-21, and Bomen Hartmann & Braun® MB-Series equipment, model Arid-Zone® . Low-resolution mass spectra were recorded on a Shimadzu® GC-17A coupled with QP5050A MS, using HP-5MS column (30 m × 0.25 mm × 0.25 mm). High-resolution mass analyses were recorded on a LC/MS Bruker® Daltonics MicroTOFIc equipment by direct injection of pure samples. High performance liquid chromatography (HPLC) analyses were performed on Shimadzu® LC-10AD and LC-30AD devices equipped with a UV-Vis SPD-M20A detector, using a Daicel Chiralpak® OD-H and Daicel Chiralpak® OD columns and hexane:isopropanol (99:1) as mobile phase with 0.8 mL min-1 flow.

  General procedure for the synthesis of benzylamines 1b and 1c

  To a 10 mL round-bottomed flask containing benzaldehyde (0.233 g, 0.202 mL, 2.2 mmol) was added dropwise the amine (2.0 mmol). The mixture was stirred at room temperature and the progress of amine consuption was monitored by GC-FID or TLC chromatography. To the reaction mixture, at 0 ºC, EtOH (2.0 mL) and sodium borohydride (0.076 g, 2.0 mmol) were added sequentially. The reaction was warmed to room temperature, stirred for 2 h and quenched with water (5 mL) and HCl (10 mL, 10% v/v). After separantion, the aqueous phase was treated using NaHCO3 solution (until pH 8) and then extracted with EtOAc (4 × 10 mL). After combination, the organic phase was dried over Na2SO4, filtered and concentrated under reduced pressure giving the corresponding amine in high purity grade.

  General procedure for the synthesis of benzylamines 1f and 1g

  To a 10 mL round-bottomed flask, under nitrogen atmosphere, containing (R)-2-(benzylamino)-2-phenylethanol (0.500 g, 2.0 mmol), imidazol (0.204 g, 1.5 mmol) and N,N-dimethylformamide (1 mL) at 0 ºC, was added, in two portions, the trialkylsilane (2.0 mmol). The reaction was warmed to room temperature and, after 18 h, quenched with water (5 mL). The aqueous phase was extracted with EtOAc (3 × 10 mL). The organic extracts were combined and washed with brine (2 × 10 mL), dried over Na2SO4, filtered and concentrated under reduced pressure giving the corresponding amine in high purity grade.

  General procedure for the synthesis of hydroxypropargyl benzylamines

  To a 35 mL pressure tube were sequentially added copper(I) chloride (0.060 g, 0.6 mmol), benzylamine (0.107 g, 0.14 mL, 1.0 mmol), aldehyde (1.3 mmol), alkynol (2.0 mmol) and EtOAc (2 mL). The mixture was stirred at 105 ºC and the progress of the reaction was monitored by GC-FID or TLC. The reaction mixture was filtered in a short pad Celite® column. The Celite® residue was washed with EtOAc (2 × 10 mL). The organic phase was dried over MgSO4, filtered and concentrated under reduced pressure. The residue was directly purified by silica gel column chromatography using the appropriate eluent.

  General procedure for the synthesis of amino alcohols 5a, 5b and 5c

  To a 10 mL round-bottomed flask containing Pd/C 10% (0.070 g), previously activated with hydrogen gas, were sequentially added MeOH (15 mL), hydroxypropargylamine (2.0 mmol) and KOH (two drops, 1.0 mol L-1 solution). The mixture was stirred at room temperature, in H2 atmosphere (1 atm) and the progress of the reaction (4 days) was monitored by GC-FID. The reaction mixture was filtered in a short pad Celite® column. The Celite® residue was washed with CH2Cl2 (4 × 10 mL). The organic phase was dried over MgSO4, filtered and concentrated under reduced pressure. The residue was directly purified by silica gel column chromatography using the appropriate eluent.

  General procedure for the synthesis of cyclic alkaloids 6a, 6b and 6c

  To a 25 mL round-bottomed flask were added triphenylphosphine (0.619 g, 2.36 mmol) and THF (8 mL). The mixture was refrigerated in an ice/acetone/NaCl bath (–10 ºC) followed by dropwise addition of diethyl azodicarbolylate (0.411 g, 0.37 mL, 2.36 mmol). After 30 min a white solid was formed and a solution of amino alcohol (2.0 mmol) in THF (7 mL) was added. The mixture was stirred for 12 h and the progress of the reaction was monitored by GC-FID or TLC. At the end of this time, the reaction mixture was concentrated under reduced pressure and the crude product was purified by Kugelrohr distillation apparatus.

  Typical procedure for A3-coupling

  To a 35 mL pressure tube were sequentially added copper(I) chloride (0.060 g, 0.6 mmol), benzylamine (1.0 mmol), aldehyde (1.3 mmol), alkynol (2.0 mmol) and EtOAc (2 mL). The mixture was stirred at 105 ºC and the progress of the reaction was monitored by GC-FID or TLC. The reaction mixture was filtered in a short pad Celite® column. The Celite® residue was washed with EtOAc (2 × 10 mL). The organic phase was dried over MgSO4, filtered and concentrated under reduced pressure. The residue was directly purified by silica gel column chromatography using the appropriate eluent.
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  Supplementary data are available free of charge at http://jbcs.sbq.org.br as PDF file.
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    Supplementary Information

    Spectroscopic data
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    Dibenzylamine (1b): 1H NMR (200.1 MHz, CDCl3) δ 7.35-7.20 (m, 10H, Ph-H), 3.81 (s, 4H, CH2), 1.66 (s, NH); 13C NMR (50.3 MHz, CDCl3) δ 140.3, 128.4, 128.1, 126.9, 53.1; CAS 103-49-1.

    
      [image: formula 2]

    

    N-Benzyl-1-phenyl-ethanamine (1c): 1H NMR (200.1 MHz, CDCl3) δ 7.38-7.20 (m, 10H, Ph-H), 3.80 (q, 1H, J 6.6 Hz, CH), 3.62 (dd, 2H, J 13.2, 4.6 Hz, CH2), 1.57 (s, NH), 1.35 (d, 3H, J 6.6 Hz, CH3); 13C NMR (50.3 MHz, CDCl3) δ 145.7, 140.8, 128.5, 128.4, 127.0, 126.9, 126.8, 57.6, 51.7, 24.6; CAS 3193-62-2.
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    (R)-N-Benzyl-2-(tert-butyldimethylsilyloxy)-1-phenylethanamine (1f): 1H NMR (200.1 MHz, CDCl3) δ 7.48-7.27 (m, 10H, Ph-H), 3.89-3.55 (m, 9H, CH3), 0.92 (s, 9H, CH3), 0.05 (s, 3H, CH3), 0.04 (s, 3H, CH3); 13C NMR (50.3 MHz, CDCl3) δ 140.7, 128.4, 128.3, 128.0, 127.7, 127.4, 126.7, 68.4, 64.1, 51.2, 25.9, 18.2, -5.5; HRMS calcd. for C21H31NOSi [M]+: 342.2253; found: 342.2243; CAS 1030828-88-6.

    
      [image: formula 4]

    

    (R)-N-Benzyl-1-phenyl-2-(triisopropylsilyloxy)ethanamine (1g): 1H NMR (200.1 MHz, CDCl3) δ 7.43-7.25 (m, 10H, Ph-H), 3.89-3.51 (m, 4H, CH2 and 1H, CH), 1.78 (s, NH), 1.05-1.02 (m, 21H, CH3); 13C NMR (50.3 MHz, CDCl3) δ 140.7, 128.4, 128.3, 128.0, 127.7, 127.4, 126.7, 68.7, 64.3, 51.2, 17.9, 11.9; IR (film) νmax/cm-1 3379, 3336, 3302, 3282, 3063, 3028, 2939, 2866, 1458, 1122, 1091, 1068, 883, 682; HRMS calcd. for C34H37NOSi [M]+: 384.2723; found: 384.2714.
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    5-(Benzylamino)oct-3-yn-1-ol(4a) [Table 1]: 1H NMR (400.1 MHz, CDCl3) δ 7.39­7.18 (m, 5H, Ph-H), 3.97 (d, 1H, J 12.9 Hz, CH2), 3.78 (d, 1H, J 12.9 Hz, CH2), 3.68 (t, 1H, J 6.5 Hz, CH2), 3.36 (ddt, 1H, J 7.6, 5.9, 1.8 Hz, CH), 2.55 (OH, NH), 2.46 (td, 2H, J 6.5, 1.9 Hz, CH2), 1.35­1.65 (m, 4H, CH2), 0.91 (t, 3H, J 7.2 Hz, CH3); 13C NMR (100.6 MHz, CDCl3) δ 139.7, 128.3, 128.2, 126.9, 82.8, 80.6, 61.0, 51.6, 49.3, 38.1, 23.0, 19.2, 13.7; IR (film) νmax/cm-1 3397, 3085, 3062, 3027, 2956, 2932, 2871, 2722, 1654, 1603, 1495, 1454, 1360, 1326, 1203, 1152, 1120, 1051, 970, 910, 848, 747, 699, 606, 548; MS m/[image: caracter 1] (%) 188 (M-43, 43), 170 (< 1), 156 (1), 143 (< 1), 133 (2), 106 (3), 92 (8), 91 (100), 77 (5), 65 (11), 51 (5); HRMS calcd. for C15H21NO [M]+: 232.1701; found: 232.1694; eluent: hexane/EtOAc (1:1), Rf 0.5.
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    1-(3-(Benzylamino)hex-1-yn-1-yl)cyclohexanol (4b) [Table2, entry 1]: 1H NMR (200.1 MHz, CDCl3) δ 7.40-7.19 (m, 5H, Ph-H), 4.02 (d, 1H, J 12.8 Hz, CH2), 3.81 (d, 1H, J 12.8 Hz, CH2), 3.42 (dd, 1H, J 7.3, 6.0 Hz, CH), 1.83-1.36 (m, 14H, CH2), 0.92 (t, 3H, J 7.1 Hz, CH3); 13C NMR (50.3 MHz, CDCl3) δ 140.2, 128.6, 128.5, 127.1, 87.5, 85.8, 68.9, 51.6, 49.4, 25.3, 23.7, 19.5, 14.0; IR (film) νmax/cm-1 3515, 3436, 3406, 3022, 2927, 2848, 1743, 1614, 1442, 1330, 1256, 1175, 1071, 1019, 965, 839, 739, 693; MS m/[image: caracter 2] (%) 242 (M-43, 61), 224 (4), 207 (30), 191 (3), 177 (1), 156 (2), 133 (4), 117 (2), 106 (6), 91 (100), 77 (4), 65 (7), 55 (6), 41 (6); HRMS calcd. for C19H27NO [M]+: 286.2171; found: 286.2159; eluent: hexane/EtOAc (1:1), Rf 0.4.
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    6-(Benzylamino)non-4-yn-2-ol (4c) [Table 2, entry 2]: 1H NMR (400.1 MHz, CDCl3) δ 7.39-7.18 (m, 5H, Ph-H), 3.99 (d, 1H, J 12.9 Hz, CH2), 3.93 (sext, 1H, J 6.0 Hz, CH2), 3.80 (d, 1H, J 12.9 Hz, CH2), 3.37 (ddt, 1H, J 7.7, 5.8, 1.8 Hz, CH), 2.40 (td, 1H, J 16.4, 1.9 Hz, CH), 2.39 (td, 1H, J 16.4, 1.3 Hz, CH2), 2.02 (OH, NH), 1.67-1.38 (m, 4H, CH2), 1.27 (t, 3H, J 6.1 Hz, CH3), 0.91 (t, 3H, J 7.2 Hz, CH3); 13C NMR (100.6 MHz, CDCl3) δ 139.9, 128.3, 128.2, 126.9, 84.0, 80.0, 66.4, 51.4, 49.3, 38.3, 29.3, 22.3, 19.3, 13.8; IR (film) νmax/cm-1 3381, 3086, 3062, 2959, 2930, 2871, 1603, 1495, 1372, 1321, 1208, 1150, 1117, 1086, 1028, 940, 830, 737, 698; MS m/[image: caracter 3] (%) 202 (M-29, 39), 184 (< 1), 158 (3), 141 (1), 133 (2), 106 (4), 91 (100), 77 (5), 65 (11), 51 (4); HRMS calcd. for C16H23NO [M]+: 246.1858; found: 246.1869; eluent: hexane/EtOAc (1:1), Rf 0.4.

    
      [image: formula 8]

    

    6-(Benzylamino)non-4-yn-1-ol (4d) [Table 2, entry 3]: 1H NMR (200.1 MHz, CDCl3) δ 7.40-7.19 (m, 5H, Ph-H), 4.00 (d, 1H, J 12.8 Hz, CH2), 3.78 (d, 1H, J 12.8 Hz, CH2), 3.76 (t, 2H, J 6.2 Hz, CH2),3.35 (ddt, 1H, J 7.6, 5.9, 1.9 Hz, CH), 2.36 (td, 2H, J 6.9, 1.9 Hz, CH2), 1.88-1.32 (m, 6H, CH2), 0.91 (t, 3H, J 7.1 Hz, CH3); 13C NMR (50.3 MHz, CDCl3) δ 140.1, 128.5, 128.4, 127.1, 83.3, 82.0, 61.7, 51.5, 49.5, 38.5, 31.7, 19.5, 15.4, 14.0; IR (film) νmax/cm-1 3292, 2927, 2923, 2863, 2219, 1665, 1602, 1451, 1321, 1091, 1055, 1028, 907, 741, 698; MS m/[image: caracter 4] (%) 246 (M+1, < 1), 228 (< 1), 214 (< 1), 202 (100), 186 (1), 170 (2), 160 (6), 157 (1), 143 (2), 129 (3), 115 (2), 106 (8), 91 (97), 77 (11), 65 (24), 51 (5), 41 (8); HRMS calcd. for C16H23NO [M]+: 246.1858; found: 246.1857; eluent: hexane/EtOAc (1:1), Rf 0.5.

    
      [image: formula 9]

    

    5-(Benzylamino)pent-3- yn-1-ol (4e) [Table 2, entry 4]: 1H NMR (200.1 MHz, CDCl3) δ 7.41-7.19 (m, 5H, Ph-H), 3.72 (t, 2H, J 6.3 Hz, CH2), 3.67 (s, 2H, CH2), 3.38 (t, 2H, J 2.1 Hz, CH2), 2.50 (tt, 2H, J 6.2, 2.1 Hz, CH2); 13C NMR (50.3 MHz, CDCl3) δ 137.7, 129.4, 128.5, 127.5, 82.3, 77.1, 61.2, 57.4, 42.4, 23.3; IR (film) νmax/cm-1 3313, 2910, 2873, 2819, 2222, 1653, 1462, 1451, 1326, 1037, 845, 703, 698; MS m/[image: caracter 5] (%) 158 (M-31, 19), 143 (3), 126 (42), 112 (38), 91 (100), 77 (9), 65 (28), 53 (16), 42 (35); HRMS calcd. for C12H15NO [M]+: 190.1232; found: 190.1226; eluent: hexane/EtOAc (1:1), Rf 0.2.

    
      [image: formula 10]

    

    5-(Benzylamino)-5-cyclohexylpent-3-yn-1-ol (4f) [Table 2, entry 5]: 1H NMR (200.1 MHz, CDCl3) δ 7.39-7.18 (m, 5H, Ph-H), 4.01 (d, 1H, J 13.0 Hz, CH2), 3.78 (d, 1H, J 13.0 Hz, CH2), 3.73 (t, 2H, J 6.3 Hz, CH2), 3.17 (dt, 1H, J 5.6, 2.0 Hz, CH), 2.52 (td, 2H, J 6.3, 2.0 Hz, CH2), 1.88 (OH, NH), 1.85-1.02 (m, 10H, CH2); 13C NMR (50.3 MHz, CDCl3) δ 140.1, 128.4, 128.3, 127.0, 82.5, 81.0, 61.4, 55.0, 51.6, 42.5, 30.2, 28.7, 26.5, 26.2, 26.1, 23.3; IR (film) νmax/cm-1 3309, 3065, 3060, 3025, 2918, 2848, 2222, 1602, 1494, 1448, 1368, 1321, 1083, 1044, 1028, 845, 733, 698; MS m/[image: caracter 6] (%) 270 (M-1, < 1), 226 (< 1), 188 (100), 156 (3), 133 (2), 106 (3), 91 (89), 77 (3), 65 (8), 55 (5), 41 (6); HRMS calcd. for C18H25NO [M + 2H]: 273.2093; found: 273.2079; eluent: hexane/EtOAc (1:1), Rf 0.4.

    
      [image: formula 11]

    

    5-(Benzylamino)-5-phenylpent-3-yn-1-ol (4g) [Table 2, entry 6]: 1H NMR (200.1 MHz, CDCl3) δ 7.55-7.20 (m, 10H, Ph-H), 4.55 (t, 1H, J 2.0 Hz, CH), 3.87 (s, 2H, CH2), 3.74 (t, 2H, J 6.3 Hz, CH2), 2.55 (td, 2H, J 6.3, 2.0 Hz, CH2), 2.03 (OH, NH); 13C NMR (50.3 MHz, CDCl3) δ 140.6, 139.7, 128.7, 128.6, 128.4, 127.9, 127.6, 127.4,  82.5, 82.0, 61.3, 53.4, 51.2, 23.4; IR (film) νmax/cm-1 3311, 3068, 3058, 3026, 2923, 2874, 2830, 2230, 1948, 1600, 1492, 1451, 1327, 1188, 1027, 846, 737, 696, 545; MS m/[image: caracter 7] (%) 264 (M-1, 15), 238 (11), 220 (35), 207 (4), 188 (30), 174 (38), 159 (18), 141 (8), 128 (36), 115 (17), 106 (23), 91 (100), 77 (17), 65 (19), 51 (11), 41 (2); HRMS calcd. for C18H19NO [M + H]: 266.1545; found: 266.1539; eluent: hexane/EtOAc (1:1), Rf 0.6.

    
      [image: formula 12]

    

    5-(Benzylamino)-5-(p-tolyl)pent-3-yn-1-ol (4h) [Table 2, entry 7]: 1H NMR (200.1 MHz, CDCl3) δ 7.40-7.07 (m, 9H, Ph-H), 4.47 (t, 1H, J 1.8 Hz, CH), 3.81 (s, 2H, CH2), 3.66 (t, 2H, J 6.4 Hz, CH2), 2.75 (OH, NH), 2.46 (td, 2H, J 6.4, 1.8 Hz, CH2), 2.31 (s, 3H, CH3); 13C NMR (50.3 MHz, CDCl3) δ 139.5, 137.5, 137.4, 129.2, 128.5,  128.4, 127.5, 127.14, 82.6, 81.7, 60.1, 53.0, 51.0, 23.3, 21.1; eluent: hexane/EtOAc (1:1), Rf 0.6.

    
      [image: formula 13]

    

    4-(Benzylamino)-5-methylhex-2-yn-1-ol (4i) [Table 2, entry 8]: 1H NMR (400.1 MHz, CDCl3) δ 7.38-7.21 (m, 5H, Ph-H), 4.30 (d, 2H, J 1.7 Hz, CH2), 4.01 (d, 1H, J 13.0 Hz, CH), 3.80 (d, 1H, J 13.0 Hz, CH2), 3.22 (dt, 2H, J 5.4, 1.7 Hz, CH2), 2.15 (OH, NH), 1.86 (oct, 1H, J 6.7 Hz, CH2), 0.99 (d, 3H, J 6.8 Hz, CH3), 0.98 (d, 3H, J 6.8 Hz, CH3); 13C NMR (100.6 MHz, CDCl3) δ 139.8, 128.3, 126.9, 85.3, 82.9, 55.6, 51.6, 50.9, 32.5, 19.6, 17.9; IR (film) νmax/cm-1 3322, 3085, 3062, 3028, 2959, 2928, 2870, 1603, 1495, 1454, 1384, 1363, 1230, 1152, 1106, 1072, 1017, 976, 865, 747, 699, 590; MS m/[image: caracter 8] (%) 174 (M-43, 30), 149 (3), 132 (2), 107 (4), 92 (9), 91 (100), 77 (8), 65 (13), 51 (6); HRMS calcd. for C14H19NO [M + H]: 218.1545; found: 218.1544; eluent: hexane/EtOAc (1:1), Rf 0.5.

    
      [image: formula 14]

    

    (E )-6-(Benzylamino)-3,7-dimethyloct-2-en-4-yn-1-ol (4j) [Table 2, entry 9]: 1H NMR (400.1 MHz, CDCl3) δ 7.38-7.22 (m, 5H, Ph-H), 5.97 (tq, 1H, J 6.8, 1.4 Hz, CH), 4.20 (dq, 2H, J 6.8, 0.6 Hz, CH2), 4.02 (d, 1H, J 12.9 Hz, CH), 3.80 (d, 1H, J 12.9 Hz, CH2), 3.29 (d, 1H, J 5.3 Hz, CH2), 1.86 (oct, 1H, J 6.7 Hz, CH),1.84 (dt, 3H, J 1.4, 0.6 Hz, CH3), 1.83 (OH, NH), 1.00 (d, 3H, J 6.7 Hz, CH3), 0.99 (d, 3H, J 6.7 Hz, CH3); 13C NMR (100.6 MHz, CDCl3) δ 139.9, 134.8, 128.3, 126.9, 120.6, 87.7, 86.9, 58.9, 56.0, 51.6, 32.7, 19.7, 17.8; IR (film) νmax/ cm-1 3310, 3085, 3062, 3028, 2959, 2925, 2870, 1633, 1604, 1495, 1453, 1366, 1252, 1093, 1012, 909, 849, 803, 747, 699, 622; MS m/[image: caracter 9] (%) 214 (M-43, 29), 196 (2), 182 (2), 167 (1), 149 (9), 133 (3), 106 (4), 92 (10), 91 (100), 77 (10), 65 (14), 55 (10); HRMS calcd. for C17H23NO [M]+: 258.1858; found: 258.1857; eluent: hexane/EtOAc (1:1), Rf 0.5.

    
      [image: formula 15]

    

    5-(Dibenzylamino)oct-3-yn-1-ol (4k) [Table 2, entry 10]: 1H NMR (200.1 MHz, CDCl3) δ 7.44-7.15 (m, 10H, Ph-H), 3.80 (d, 2H, J 13.9 Hz, CH2), 3.76 (t, 2H, J 6.3 Hz, CH2), 3.39 (tt, 2H, J 7.6, 2.1 Hz, CH), 3.35 (d, 2H, J 13.9 Hz, CH2), 2.57 (td, 2H, J 6.3, 2.1 Hz, CH2), 1.83 (OH), 1.78-1.31 (m, 4H, CH2), 0.79 (t, 3H, J 7.2 Hz, CH3); 13C NMR (50.3 MHz, CDCl3) δ 140.0, 128.9, 128.3, 127.0, 81.1, 80.6, 61.6, 55.0, 51.6, 36.3, 23.3, 19.8, 13.8; IR (film) νmax/cm-1 3366, 3062, 3028, 2954, 2931, 2870, 2831, 2808, 1600, 1492, 1454, 1122, 1045, 744, 698; MS m/[image: caracter 10] (%) 278 (M-43, 9), 247 (< 1), 194 (< 1), 181 (< 1), 168 (< 1), 156 (< 1), 141 (< 1), 128 (< 1), 106 (< 1), 91 (100), 77 (5), 65 (13), 51 (2), 41 (5); HRMS calcd. for C22H27NO [M]+: 322.2171; found: 322.2161; eluent: hexane/EtOAc (4:1).

    
      [image: formula 16]

    

    5-(Benzyl(1-phenylethyl)amino)oct-3-yn-1-ol (41) [Table 2, entry 11] (diastereoisomeric mixture): 1H NMR (200.1 CDCl3) δ 7.51-7.12 (m, 20H, Ph-H), 4.04-3.51 (m, 8H, CH2), 3.49 (tt, 1H, J 7.2, 2.0 Hz, CH), 3.37 (tt, 1H, J 7.5, 2.1 Hz, CH), 2.53 (td, 2H, J 6.2, 2.0 Hz, CH2), 2.40 (td, 2H, J 6.1, 2.0  Hz, CH2), 1.62 (OH), 1.48 (d, 3H, J 6.8 Hz, CH2), 1.59-0.87 (m, 8H, CH2), 1.24 (d, 3H, J 6.9 Hz, CH2), 0.79 (t, 3H, J 7.1 Hz, CH3), 0.67 (t, 3H, J 7.2 Hz, CH3); 13C NMR (50.3 MHz, CDCl3) δ 144.5, 144.4, 142.7, 141.1, 128.9, 128.3,  128.1, 128.0, 127.9, 127.1, 126.8, 126.7, 126.5, 83.8, 81.9, 80.9, 80.5, 61.6, 61.5, 61.4, 56.7, 52.3, 51.7, 51.4, 48.8, 37.9, 37.7, 23.4, 23.3, 22.2, 19.9, 19.7, 13.9, 13.7, 13.3.; IR (film) νmax/cm-1 3360, 3082, 3063, 3028, 2958, 2931, 2873, 2499, 1751, 1739, 1705, 1654, 1635, 1624, 1600, 1492, 1454, 1126, 1045, 748, 698; HRMS calcd. for C23H29NO [M]+: 336.2327; found: 264.2317; eluent: hexane/EtOAc (4:1).

    
      [image: formula 17]

    

    5-(Benzyl((S phenylethyl)amino)oct-3-yn-1-ol (4m) [Table 2, entry 12]   (diastereoisomeric mixture): 1H NMR (200.1 MHz, CDCl3) δ 7.54-7.19 (m, 20H, Ph-H), 4.06-3.49 (m, 10H, CH2), 2.57 (tt, 1H, J 7.5, 2.1 Hz, CH), 2.57 (td, 2H, J 6.3, 2.1  Hz, CH2), 2.45 (td, 2H, J 6.1, 2.1 Hz, CH2), 1.53 (d, 14H, J 6.9 Hz, CH2), 1.28 (d, 4H, J 6.9 Hz, CH2), 1.63- 1.18 (m, 14H, CH2), 0.83 (t, 3H, J 6.8 Hz, CH3), 0.71 (t, 3H, J 7.2 Hz, CH3); 13C NMR (50.3 MHz, CDCl3) δ 144.3, 142.5, 140.9, 129.7, 128.1, 127.9, 128.1, 127.9, 127.8, 127.7, 126.9, 126.6, 126.5, 126.3, 83.6, 81.7, 80.7, 80.3, 61.4, 61.2, 56.5, 52.1, 51.5, 51.2, 48.7, 37.7, 37.5, 23.2, 23.1, 22.0, 19.7, 19.5, 13.7, 13.5, 13.1; IR (film) νmax/cm-1 3360, 3082, 3063, 3028, 2958, 2931, 2873, 2499, 1751, 1739, 1705, 1654, 1635, 1624, 1600, 1492, 1454, 1126, 1045, 748, 698; HRMS calcd. for C23H29NO [M + Na]: 358.2147; found: 358.2144; eluent: hexane/EtOAc (4:1).

    
      [image: formula 18]

    

    (4R)-3-Benzyl-4-phenyl-2-propyloxazolidine (4n) [Table 2, entry 13]: 1H NMR (200.1 MHz, CDCl3) δ 7.56-7.23 (m, 10H, Ph-H), 4.37-4.33 (m, 1H, CH), 4.13 (t, 1H, J 7.5 Hz, CH), 3.87 (dd, 2H, J 14.6, 7.5 Hz, CH2), 3.77-3.43 (m, 2H, CH2), 1.53-1.22 (m, 4H, CH2), 0.78 (m, 3H, CH3); 13C NMR (50.3 MHz, CDCl3) δ 139.9, 138.0, 132.4,  129.1, 128.4, 127.9, 127.8, 127.5, 126.9, 96.5, 73.0, 67.9, 55.2, 36.9, 14.4, 14.1; IR (film) νmax/cm-1 3379, 3296, 3263, 3163, 3028, 2958, 2931, 2870, 2823, 2777, 2731, 1600, 1492, 1454, 1157, 756, 698; MS m/[image: caracter 11] (%) 238 (M-43, 35), 210 (2), 117 (4), 104 (6), 91 (100), 77 (6), 65 (14), 51 (5), 41 (22); HRMS calcd. for C19H23NO [M]+: 282.1858; found: 282.1857; eluent: hexane/EtOAc (6:1).

    
      [image: formula 19]

    

    5-(Benzyl((R )-2-(tert­butyldimethylsilyloxy)-1­phenylethyl)amino)oct-3-yn­1-ol (4o) [Table 2, entry 14] (diastereoisomeric mixture): 1H NMR (200.1 MHz, CDCl3) δ 8.88-6.20 (m, 20H, Ph-H), 4.57-3.67 (m, 12H, CH2 and 4H, CH), 2.71 (td, 2H, J 6.3, 2.1 Hz, CH2), 2.57 (td, 2H, J 6.3, 2.1 Hz, CH2), 2.08 (s, OH), 1.96-1.30 (m, 10H, CH2), 0.84 (m, 24H), 0.20 (s, 3H, CH3), 0.18 (s, 3H, CH3); 13C NMR (50.3 MHz, CDCl3) δ 141.9, 141.5, 141.2, 140.6, 129.0, 128.7, 128.5, 128.1, 128.0, 127.9, 127.8, 127.7, 127.1, 126.7, 126.6, 126.4, 83.2, 81.6, 80.6, 80.5, 67.4, 65.6, 64.7, 62.4, 61.3, 61.2, 52.3, 51.9, 51.6, 50.4, 37.6, 37.2, 25.8, 27.7, 23.3, 23.1, 19.7, 19.5, 18.2, 18.1, 13.8, -5.8, -5.7, -5.5; IR (film) νmax/cm -1 3063, 3028, 2954, 2931, 2858, 2738, 2708, 1654, 1600, 1492, 1454, 1388, 1361, 1327, 1253, 1107, 1084, 1049, 1006, 910, 837, 810, 775, 732, 698; HRMS calcd. for C29H43NO2Si [M]+: 466.3141; found: 466.3150; eluent: hexane/EtOAc (6:1).

    
      [image: formula 20]

    

    5-(Benzyl((R)-1-phenyl­2-(triisopropylsilyloxy) ethyl)amino)oct-3-yn-1­ol (4p) [Table 2, entry 15] (diastereoisomeric mixture): 1H NMR (200.1 MHz, CDCl3) δ 8.03-6.75 (m, 20H, Ph-H), 5.18-3.35 (m, 12H, CH2 and 4H, CH), 2.49 (td, 2H, J 6.4, 2.1 Hz, CH2), 2.37 (td, 2H, J 6.2, 2.0 Hz, CH2), 1.79 (s, OH), 1.69-1.13 (m, 12H, CH2), 1.01 (s, 24H, CH2), 0.86 (s, 18H, CH2 and 6H, CH3), 0.66 (t, 3H, J 6.3 Hz, CH3); 13C NMR (50.3 MHz, CDCl3) δ 142.0, 141.5, 141.2, 140.1, 129.0, 128.8, 128.5, 128.1, 128.0, 127.8, 127.6, 127.0, 126.6, 126.4, 83.2, 81.6, 80.5, 80.4, 65.0, 62.4, 61.3, 61.2, 52.4, 51.8, 51.7, 50.2, 37.5, 37.3, 23.2, 23.1, 19.7, 19.5, 18.0, 17.8, 13.8, 13.5, 11.9, 11.8; IR (film) νmax/cm-1 3375, 3360, 3063, 3028, 2939, 2866, 2758, 2723, 2364, 2341, 1654, 1492, 1454, 1384, 1365, 1111, 1053, 883, 682; HRMS calcd. for C32H49NO2Si [M]+: 508.3618; found: 508.3643l; eluent: hexane/EtOAc (6:1).

    
      [image: formula 21]

    

    4-Amino-5-methylhexan­1-ol (5a) [Scheme 1]: 1H NMR (400.1 MHz, CDCl3) δ 3.59 (OH, NH2), 3.70-3.21 (m, 2H, CH2), 2.53 (ddd, 1H, J 9.3, 4.8, 2.3 Hz, CH), 1.79-1.57 (m, 4H, CH2), 1.36-1.21 (m, 1H, CH), 0.91 (d, 3H, J 6.8 Hz, CH3), 0.88 (d, 3H, J 6.8 Hz, CH3); 13C NMR (100.6 MHz, CDCl3) δ 62.5, 56.9, 33.6, 32.2, 30.7, 18.8, 17.2; CAS 1606-35-5.

    
      [image: formula 22]

    

    5-Aminooctan-1-ol (5b) [Scheme 1]: 1H NMR (400.1 MHz, CDCl3) δ 3.60 (t, 2H, J 6.3 Hz, CH2), 2.76-2.67 (m, 1H, CH), 2.34 (OH, NH2), 1.64-1.19 (m, 10H, CH2), 0.91 (t, 3H, J 6.9 Hz, CH3); 13C NMR (100.6 MHz, CDCl3) δ 61.8, 50.7, 40.2, 37.2, 32.6, 22.1, 19.1, 14.0; IR (film) νmax/cm-1 3353, 2954, 2930, 2862, 1642, 1583, 1462, 1435, 1378, 1308, 1123, 1060, 913, 816, 741; MS m/[image: caracter 12](%) 126 (M-19, < 1), 107 (< 1), 102 (14), 85 (35), 72 (100), 67 (12), 56 (14); HRMS calcd. for C8H19NO [M]+: 146.1545; found: 146.1541; eluent: EtOAc/MeOH (9:1), Rf 0.1.

    
      [image: formula 23]

    

    6-Aminononan-2-ol (5c) [Scheme 1] (diastereoisomeric mixture): 1H NMR (400.1 MHz, CDCl3) δ 3.79 (sext, 1H, J 5.9 Hz, CH), 2.83 (OH, NH2), 2.75 (s, 1H, CH), 1.58-1.21 (m, 10H, CH2), 1.18 (d, 3H, J 6.1 Hz, CH3), 0.92 (t, 3H, J 6.5 Hz, CH3); 13C NMR (100.6 MHz, CDCl3) δ 67.4, 67.1, 50.8, 50.7, 39.9, 39.8, 39.2, 39.0, 37.1, 36.8, 23.5, 23.4, 22.0, 21.9, 19.1, 14.4; IR (film) νmax/cm-1 3360, 2959, 2930, 2870, 1638, 1576, 1462, 1373, 1309, 1131, 1084, 943, 853, 816, 741; MS m/[image: caracter 13] (%) 159 (M+, 4), 149 (8), 136 (21), 130 (32), 117 (100), 96 (29), 91 (43), 73 (52), 69 (27), 55 (52); HRMS calcd. for C9H21NO [M]+: 160.1701; found: 160.1698; eluent: EtOAc/MeOH (9:1), Rf 0.1.

    
      [image: formula 24]

    

    (±)-2-Isopropylpyrrolidine (6a) [Scheme 1]: 1H NMR (400.1 MHz, CDCl3) δ 3.00 (ddd, 1H, J 10.3, 7.3, 5.4 Hz, CH), 2.82 (ddd, 1H, J 10.3, 7.7, 7.0 Hz, CH), 2.50 (NH), 2.48 (ddt, 1H, J 8.5, 7.9, 1.7 Hz, CH), 1.78-1.68 (m, 2H, CH2), 1.50 (oct, 1H, J 6.6 Hz, CH), 1.35-1.21 (m, 2H, CH2), 0.97 (d, 3H, J 6.6 Hz, CH3), 0.90 (d, 3H, J 6.6 Hz, CH3);13C NMR (100.6 MHz, CDCl3) δ 60.4, 46.6, 33.8, 29.6, 25.4, 19.4; CAS 51503-10-7.

    
      [image: formula 25]

    

    (±)-2-Propylpiperidine-(±)-coniine (6b) [Scheme 1]: 1H NMR (400.1 MHz,  CDCl3) δ 3.09-3.02 (m, 1H, CH2), 2.62 (td, 2H, J 11.7, 2.8 Hz, CH2), 2.50-2.37 (m, 1H, CH2), 2.04 (NH), 1.81-1.71 (m, 1H, CH), 1.69-1.52 (m, 2H, CH2), 1.47-1.20 (m, 7H, CH2), 1.12-0.99 (m, 1H, CH), 0.90 (t, 3H, J 6.8 Hz, CH3); 13C NMR (100.6 MHz, CDCl3) δ 56.6, 47.1, 39.6, 32.9, 26.6, 24.8, 18.9, 14.1; CAS 3238-60-6.

    
      [image: formula 26]

    

    (±)-2-Methyl-6-propylpiperidine­(±)-dihydropyridine (6c) [Scheme 1] (diastereoisomeric mixture): 1H NMR (400.1 MHz, CDCl3) δ 3.12-3.01 (m, 1H, CH), 2.95-2.85 (m, 1H, CH), 2.65 (td, 1H, J 6.3, 2.4 Hz, CH2), 2.60 (td, 1H, J 6.3, 2.4 Hz, CH2), 2.43 (NH), 1.89-1.82 (m, 1H, CH2),1.80-1.71 (m, 2H, CH2), 1.68-1.15 (m, 24H, CH2), 1.08 (d, 3H, J 6.3 Hz, CH3), 1.06 (d, 3H, J 6.3 Hz, CH3), 0.92 (t, 3H, J 7.1 Hz, CH3), 0.91 (t, 3H, J 7.1 Hz, CH3);13C NMR (100.6 MHz, CDCl3) d 56.8, 52.4, 39.5, 34.3, 32.9, 24.8, 22.9, 19.4, 19.0, 14.4, 14.2; CAS 68170-79-6.

    
      [image: Figure S1. 1H NMR spectrum (200 MHz, CDCl3) of (R)-N-benzyl-1-phenyl-2-(triisopropylsilyloxy)ethanamine (1g)]

    

    
      [image: Figure S2. 13C NMR spectrum (50 MHz, CDCl3) of (R)-N-benzyl-1-phenyl-2-(triisopropylsilyloxy)ethanamine (1g). ]
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    Dois materiais energéticos, ricos em nitrogênio, baseados em 1-amino-2-nitroguanidina foram sintetizados. O comportamento térmico, propriedades termo-dinâmicas, estruturas eletrônicas e propriedades de detonação foram investigados. As curvas de calorimetria exploratória diferencial (DSC) mostram que 1-amino-2-nitroguanidina 2,4,5-trinitroimidazol (sal 1) pode ser usado como lançador de explosivos. Essas curvas permitem a determinação dos parâmetros termodinâmicos medidos como energia de ativação (Ek, sal 1, 282,1 kJ mol−1; sal 2, 116,2 kJ mol–1; Eo, sal 1, 275,0 kJ mol–1; sal 2, 116,9 kJ mol–1), entropia de ativação (ΔS≠, sal 1, 395,7 J mol–1 K–1; sal 2, 5,8 J mol–1 K–1), entalpia de ativação (ΔH≠, sal 1, 278,7 kJ mol–1; sal 2, 113,1 kJ mol–1), energia livre de ativação (ΔG≠, sal 1, 117,6 kJ mol–1; sal 2, 110,9 kJ mol–1), calor de formação (∆Hf0, sal 1, 264,7 kJ mol–1; sal 2, 487,6 kJ mol–1), temperatura crítica de explosão térmica (Tb,sal 1, 412,3 K; sal 2, 388,9 K) implicam que os sais sintetizados são seguros o suficiente durante o estoque ou uso; em vista da pressão de detonação (P, sal 1, 30,2 GPa; sal 2, 29,1 GPa) e da velocidade de detonação (D, sal 1, 8398 m s–1; sal 2, 8334 m s–1), acredita-se que os dois sais baseados em 1-amino-2-nitroguanidina possuem potencial para serem usados como materiais energéticos.

  

   

  
    Two nitrogen-rich energetic materials based on 1-amino-2-nitroguanidine were synthesized. The thermal behavior, thermodynamic properties, electron structures and detonation properties were investigated. The dynamic (DSC) curves show that 1-amino-2-nitroguanidinium 2,4,5-trinitroimidazole (salt 1) can be used as cast explosives. These curves allow determination of their melting points and thermodynamic parameters such as activation energy (Ek, salt 1, 282.1 kJ mol–1; salt 2, 116.2 kJ mol–1; Eo, salt 1, 275.0 kJ mol–1; salt 2, 116.9 kJ mol–1), entropy of activation (ΔS≠, salt 1, 395.7 J mol–1 K–1; salt 2, 5.8 J mol–1 K–1), enthalpy of activation (ΔH≠, salt 1, 278.7 kJ mol-1; salt 2, 113.1 kJ mol–1), free energy of activation (ΔG≠, salt 1, 117.6 kJ mol–1; salt 2, 110.9 kJ mol–1), heat of formation (∆Hf0, salt 1, 264.7 kJ mol–1; salt 2, 487.6 kJ mol–1) and critical temperature of thermal explosion (Tb,salt 1, 412.3 K; salt 2, 388.9 K), suggesting that the synthesized salts are safe enough during storage or usage. In view of the detonation pressure (P, salt 1, 30.2 GPa; salt 2, 29.1 GPa) and detonation velocity (D, salt 1, 8398 m s–1; salt 2, 8334 m s–1), it is predicted that both 1-amino-2-nitroguanidine-based salts have the potential to be the useful energetic materials.

    Keywords: 1-amino-2-nitroguanidine, energetic salts, thermodynamic properties, electronic structure, detonation properties

  

   

   

  Introduction

  Modern nitrogen-rich energetic materials with excellent detonation properties and low sensitivities continue to attract considerable interests since they tend to have a reduced environment impact.1-4 However, people found that there appear sharp contradictions among these energetic materials regarding to the high detonation performances and stabilities such as sensitivity to impact, friction, thermal shock and so on. In order to solve these problems, a focus of recent interests in energetic compounds has been the synthesis of nitrogen-rich energetic salts which exhibit a combination of high positive heats of formation, satisfactory detonation performances and low sensitivity. This is because these salt-based energetic materials often possess advantages over non-ionic molecules since these salts tend to exhibit lower vapor pressures and higher densities than their atomically similar non-ionic analogues.5

  Guanidine and its derivatives such as aminoguanidine, diaminoguanidine and triaminoguanidine, were often selected as the nitrogen-rich cations in the previous research.6,7 However, little investigation was reported on 1-amino-2-nitroguanidine, which has superior detonation velocity and detonation pressure to those of guanidine derivatives.8 It is predicted that the 1-amino-2-nitroguanidine-based energetic salts may have potentially broad application in the fields of explosives. On the other hand, poly-nitro anion containing a large number of inherently energetic C-N and N-N bonds, have been the preferred selections for scientists since these types of compounds will help improve the heat of formation during the decomposition process. Obviously, 2,4,5-trinitroimidazole9 and 5-nitrotetrazole10 are the compounds of this type with N-heterocyclic ring and a large number of C-N or N-N bonds in the molecular. For the above reasons, two 1-amino-2-nitroguanidine-based nitrogen-rich energetic salts were designed and synthesized (Scheme 1). The thermal behavior, electron structure and detonation properties were also investigated to give a better understanding of their physical and chemical properties.

  
    

    [image: Scheme 1. Synthetic route of the energetic salts]

  

   

  Experimental

  1H and 13C nuclear magnetic ressonance (NMR) spectra of the 1-amino-2-nitroguanidine-based salts were obtained by a Bruker Avance III 500 MHz spectrometer; infrared (IR) spectra were performed on a Thermo Nicolte IS10 IR instrument; electrospray ionization mass spectrometry (ESI-MS) results were obtained from a Finnigan TSQ Quantum Mass Spectrometer and all the thermodynamic tests were performed on a NETZSCH STA 409 PC/PG system with an innitial mass of 3.0 mg were placed in alumina crucibles with high-purity nitrogen.

  Computations were performed with the Gaussian 03 suite of programs11 using B3LYP functional with 6-31+G(d,p) basis set.Input geometric structures of these salts were based on the optimum configuration that obtained by Hyperchem software. All of the optimized structures were characterized to be true local energy minima on the potential energy surface without imaginary frequencies.

   

  Results and Discussion

  The thermogravimetry (TG)-derivative thermogravimetry (DTG)-differential scanning calorimetry (DSC) curves of 1-amino-2-nitroguanidinium 2,4,5-trinitroimidazole salt (a), and 1-amino-2-nitroguanidinium 5-nitrotetrazole salt (b) with the initial temperature of 35 ºC up to 500 ºC at the heating rate of 10 ºC min–1 were shown in Figure 1.

  
    

    [image: Figure 1. TG-DTG-DSC curves of the title salts at a heating]

  

  From TG curves, it is obviously seen that the decomposition of the two salts were a two-stage process with approximately 90% weight loss. Accordingly, some evident or faint peaks were also found, which were corresponding to the two-stage decomposition process in the TG curves. In view of the DSC curves, both of salts 1 and 2 have an evident sharp exothermic peak. On the other hand, salt 1 has the melting point which indicate that the 1-amino-2-nitroguanidinium 2,4,5-trinitroimidazole salt has a potential to be cast explosives. Based on the curves, it is predicted that all the salts have potential application as primary explosive.

  Kissinger12 and Ozawa's13 method are two important ways to investigate the thermodynamic properties of an energetic material.

  Kissinger's method:12

  
    [image: Equation 1]

  

  Ozawa's method:13

  
    [image: Equation 2]

  

  where, β is the heating rate; Tpi is the maximum peak temperature; R is the gas constant; Ek and Eoare the activation energy calculated by the Kissinger and Ozawa's methods, respectively. To obtain the relative kinetic parameters such as activation energy (E), pre-exponential constant (A), entropy of activation (ΔS≠), enthalpy of activation (ΔH≠), free energy of activation (ΔG≠) and the critical temperature of thermal explosion (Tb), equation 3-7 were employed:14

  
    [image: Equation 3]

  

  
    [image: Equation 4]

  

  
    [image: Equation 5]

  

  
    [image: Equation 6]

  

  
    [image: Equation 7]

  

  where T  = Tp0,the peak temperature (Tpi) corresponding to β→ 0; Ek, calculated by Kissinger's method; A  = Ak, calculated by Kissinger's method; kB, the Boltzmann constant, 1.3807 × 10–23J K–1; h, the Plank constant, 6.626 × 10–34J s–1.

  Values of the relative kinetic parameters were tabulated in Table 1. It is obviously seen the calculated apparent activation energy (E) by Kissinger and Ozawa's methods are approximately the same and the linear correlation coefficients (r) are very close to 1, which indicates that the results are credible enough. The measured thermodynamic parameters such as activation energy (Ek, salt 1, 282.1 kJ mol-1; salt 2, 116.2 kJ mol-1; Eo, salt 1,275.0 kJ mol-1; salt 2, 116.9 kJ mol–1), entropy of activation (ΔS≠, salt 1, 395.7 J mol–1 K–1; salt 2, 5.8 J mol-1 K–1), enthalpy of activation (ΔH≠, salt 1, 278.7 kJ mol–1; salt 2, 113.1 kJ mol–1), free energy of activation (ΔG≠, salt 1, 117.6 kJ mol–1; salt 2, 110.9 kJ mol-1) involves that salt 2 is less stable compared with the salt 1, since it has the lowest activation energy and enthalpy of activation. In view of the critical temperature of thermal explosion (Tb), salt 1 (412.3 K) is higher than that of salt 2 (388.9 K), which also demonstrated that salt 1 is much more stable than salt 2. Besides, the values of Tb of the two salts are relative high and meet the security requirements during storage or use.

  
    

    [image: Table 1. Calculated data of the kinetic parameters for the main]

  

  The molecular orbital and the electronic structure of the two salts were investigated based on the B3LYP/6-31G(d,p) level-optimized structure. The energy gap (ΔE), which can be used for predicting the reactivity of a molecular were investigated in this paper. The calculated energy gap value of the title compounds are 5.58 eV and 4.39 eV, respectively, indicating that salt 1 may have a lower reactivity, while salt 2 has a higher reactivity. To give a better understanding of the chemical and physical properties of the title compounds, the 3D plots of the highest occupied molecular orbital (HOMO), lowest unoccupied molecular orbital (LUMO) and the molecular electrostatic potentials (MEP) were illustrated in Figure 2. It is obviously seen that most of the HOMO and LUMO levels are located in the anion and all the orbitals are 2-fold degenerated, which indicates that the removal of an electron from the HOMO level or addition of an electron to the LUMO level could weaken the skeleton framework. As for the MEPs, it is seen that most of the negative potentials appear to be distributed on the O atoms in the −NO2 groups, while the positive potentials appear to be at C, N or H atoms. This may attribute to the stabilization of the molecular structure according to the law proposed by Klapötke et al..15

  
    

    [image: Figure 2. HOMO, LUMO, and MEP of the title compounds]

  

  In order to give a better understanding of the thermodynamic properties of the title compounds, the standard molar heat capacity C0p,m, standard molar entropy S0mand standard molar enthalpy H0m from 200 to 700 K were evaluated by quantum chemistry and presented in Figure 3.

  
    

    [image: Figure 3. Relationships between the thermodynamic]

  

  Obviously, all the thermodynamic parameters increase with the increasing of the temperature. The main reasons were as follows: when the temperature is low, the main contributions to the thermodynamic functions are from the translation and rotation of molecules while the main contributions to the thermodynamic functions are from the intensified vibrations at a higher temperature.Besides, the correlation equations between the standard molar heat capacity C0p,m, standard molar entropy S0m, standard molar enthalpy H0m and the temperature were also presented as follows (where R2 is the correlation coefficients):

  
    Salt 1: Cθp,m = 31.87 + 0.815T − 0.00041T2 R2 = 0.9999

     Sθm = −255.99+0.840T − 0.00022T2 R2 = 0.9999

     Hθm = −9.61+0.098T + 0.00021T2 R2 = 0.9998

    Salt 2: Cθp,m= 49.91+0.716T − 0.00034T2 R2 = 0.9999

     Sθm = 287.15+0.936T − 0.00030T2 R2 = 0.9999

     Hθm = −6.74+0.102T + 0.00021T2 R2 = 0.9999

  

  The semi-empirical Kamlet-Jacobs equations16 were often employed when the detonation properties, (detonation velocity, D and detonation pressure, P) were predicted and has been demonstrated as a reliable way. It was written as follows:

  
    [image: Equation 8]

  

  
    [image: Equation 9]

  

  where D, the detonation velocity (km s−1); P, the detonation pressure (GPa); N, the moles of detonation gases per gram explosive; [image: Caracter 1], the average molecular weight of these gases; Q, the heat of detonation (cal g−1); ρ, the density of explosives (g cm−3) that obtained according to the reference method;17 and N, [image: Caracter 2], and Q were calculated by the equations that summarized in Table 2.

  
    

    [image: Table 2. Formulas for calculating the values]

  

  Based on the equations in Table 2, the heat of formation (∆Hf0) of the salts should be known first to calculate the detonation velocity and detonation pressure. Then the Born-Haber energy cycle (Figure 4), isodesmic reactions (Scheme 2) and equations 10-1218 were joined together to calculate the accurate values of heat of formation. However, it also should be pointed out that the enthalpy of the isodesmic reaction (∆Hf0) is obtained by combining the MP2/6-311++G** energy difference, the zero-point energies (B3LYP/6-31+G**), and other thermal factors (B3LYP/6-31+G**).

  
    

    [image: Figure 4. Born-Haber cycle for the formation of energetic]

  

  
    

    [image: Scheme 2. Isodesmic reactions for calculations]
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    [image: Equation 11]
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  where ∆HL is the lattice energy of the salts; UPOT is the lattice potential energy; p and q are the charge number of the cation and anion; nM and nX are equal to 6, according to reference 18.

  The values for the calculated detonation were summarized and tabulated in Table 3. It is seen that all the salts have high positive heat of formation (salt 1, 264.7 kJ mol−1; salt 2, 487.6 kJ mol−1) which are benefit to the detonation velocity and detonation pressure. The calculated P (salt 1, 30.2 GPa; salt 2, 29.1 GPa) and D (salt 1, 8398 m s–1; salt 2, 8334 m s–1)indicates that the detonation performance of the salts are superior to those of trinitrotoluene (TNT) and are equal to those of 2,4,6-triamino-1,3,5- trinitrobenzene (TATB). Besides, the oxygen balance is closer to zero and the nitrogen content is also higher compared with those of TNT and TATB. Based on the above-described data, it is predicted that the two 1-amino-2-nitroguanidinium-based salts have the potential to be useful energetic material in primary explosives and gas generating agent.

  
    

    [image: Table 3. Detonation values of the title salts]

  

   

  Conclusions

  The decomposition of the salts are a two-stage of process with approximately 90% weight loss. Salt 1 can be used as cast explosives. The measured thermodynamic parameters are as follows: activation energy (Ek, salt 1, 282.1 kJ mol-1; salt 2, 116.2 kJ mol–1; Eo, salt 1, 275.0 kJ mol-1; salt 2, 116.9 kJ mol–1), entropy of activation (ΔS≠, salt 1, 395.7 J mol-1 K–1; salt 2,  5.8 J mol-1 K–1), enthalpy of activation (ΔH≠, salt 1, 278.7 kJ mol–1; salt 2, 113.1 kJ mol-1), free energy of activation (ΔG≠, salt 1, 117.6 kJ mol–1; salt 2, 110.9 kJ mol-1), critical temperature of thermal explosion (Tb,salt 1, 412.3 K; salt 2, 388.9K).

  The calculated energy gap value of the title compounds are 5.58 eV and 4.39 eV, respectively, and salt 1 may have a lower reactivity while salt 2 has a higher reactivity. The molecular orbital and the    electronic structure  of the salts also meet the requirements of stability.

  All the salts have high positive heat of formation (salt 1, 264.7 kJ mol–1; salt 2, 487.6 kJ mol–1). The high detonation velocity(salt 1, 8398 m s–1; salt 2, 8334 m s–1) and detonation pressure(salt 1, 30.2 GPa; salt 2, 29.1 GPa) involves that the title salts have superior detonation properties than those of TNT and TATB.
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    Supplementary Information

     

    Experimental Section

    Safety precautions: CAUTION!!! Although none of the compounds described herein have exploded or detonated in the course of this research, these materials should be handled with extreme care by using best safety practices (leather gloves, leather coat face shield, etc.).

    General procedure for the synthesis of these salts

    1-amino-2-nitroguanidinum chloride, 2,4,5-trinitro-imidazole and 5-nitrotetrazole were prepared according to References 1, 2 and 3, respectively.

    Silver salts were prepared as follows: to a solution of 2,4,5-trinitroimidazole (2.02 g, 10 mmol), or 5-nitrotetrazole (1.14 g, 10 mmol) in water (30 mL) were added dropwise a solution of silver nitrate in water and many solids were formed immediately. Then the suspension were stirred for 2 h at room temperature and filtered, then washed with ice water. The silver salts were obtained in excellent yield.

    The titled energetic salts were prepared as follows: to a suspension of the silver salts in water (30 mL) were added slowly a solution of 1-amino-2-nitroguanidinum chloride (1.55 g, 1 mmol) in water (15 mL). The resulting reaction mixture was stirred at 40 ºC for 6 h and filtered. The filtrate was concentrated under reduced pressure and the collected residue was recrystallized from methanol/water to afford the corresponding product in excellent yield.

    1-amino-2-nitroguanidinum 2,4,5-trinitroimidazole salt: yield: 84.6%; 1H NMR (500 MHz, DMSO-d6) δH 9.7 (s, 1H, NH), 8.4 (s, 2H, NH2), 6.7 (s, 3H, NH3 +); 13C NMR (125 MHz, DMSO-d6) δC 138.4, 146.9, 159.7; IR (KBr) vmax/ cm-1 3318, 2999, 1632, 1540, 1474, 1398, 1392, 1280, 1222, 1191, 1110, 1026, 909, 870, 834, 783, 587; ESI-MS m/[image: Caracter 3] 202 [M - H]–, 120 [M + H]+; elemental analysis calcd. for C4H12N18O8: C 14.91, H 1.88, N 43.48; found: C 14.83, H 1.97, N 43.53.

    1-amino-2-nitroguanidinum 5-nitrotetrazole salt: yield 86.1%; 1H NMR (500 MHz, DMSO-d6) δH 9.4 (s, 1H, NH), 8.4 (s, 3H, NH3 +), 8.0 (s, 2H, NH2); 13C NMR (125 MHz, DMSO-d6) δC 159.6, 169.2; IR (KBr) vmax/ cm-1 3468, 3359, 2949, 2700, 2162, 2070, 1645, 1508, 1481, 1453, 1396, 1321, 1276, 1239, 1107, 904, 834, 782, 666, 545, 486; ESI-MS m/[image: Caracter 4] 114 [M – H]– 120 [M + H]+; elemental analysis: calcd. for C4H12N18O8: C 10.26, H 2.58, N 59.82; found: C 10.19, H 2.62, N 59.91.
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    Neste trabalho, grafeno foi usado na extração em fase sólida dispersiva de 11 herbicidas triazina e 5 inseticidas neonicotina da água. As condições de extração como quantidade de grafeno, solvente de dessorção e pH da solução foram otimizados. Nas condições otimizadas, um enriquecimento de alta eficiência foi alcançado na análise quantitativa dos pesticidas. Triazinas e neonicotinas foram determinadas por espectrometria de massas-cromatografia gasosa (GC-MS) e cromatografia líquida de alta eficiência acoplada à espectrometria de massas (LC-MS/MS), respectivamente. Os resultados indicaram que o grafeno foi um excelente adsorvente na adsorção de pesticidas. A recuperação dos pesticidas foi 83,0-108,9% com desvio padrão relativo (RSD) entre 2,4% e 12,3%. Os limites de detecção (LODs) variaram entre 0,03 µg L-1 e 0,40 µg L-1. Finalmente, o método proposto foi aplicado na análise de amostras reais, como água de torneira e de rio.

  

   

  
    In this work, graphene was used for dispersive solid-phase extraction of 11 triazine herbicides and 5 neonicotine insecticides from water. The extraction conditions such as the amount of graphene, the desorption solvent and the solution pH were optimized. Under the optimal conditions, high efﬁcient enrichment was achieved for the quantitative analysis of the pesticides. Triazines and neonicotines were determined by gas chromatograph-mass spectrometer (GC-MS) and high performance liquid chromatography electrospray tandem mass spectrometry (LC-MS/MS), respectively. The results indicated that graphene was an excellent adsorbent for the adsorption of pesticides. The recoveries of the pesticides were 83.0-108.9% with relative standard deviation (RSD) between 2.4% and 12.3%. The limits of detection (LODs) ranged from 0.03 µg L-1 to 0.40 µg L-1. Finally, the proposed method was applied for real sample analysis, such as tap and river water.

    Keywords: graphene, triazines, neonicotines, fast extraction

  

   

   

  Introduction

  In recent years, herbicides and insecticides have been broadly used for increasing agricultural production and quality. For example, triazines were important herbicides used in weed control and neonicotine insecticides have been widely used due to their low toxicity and high activity against insects.1,2 However, the abuse of these compounds has resulted in contamination of surface water, groundwater, soil and air.3 To assure water safety and quality, it is of paramount importance for developing sensitive, selective, rapid and cost-effective methods for monitoring the presence of pesticides.

  Pretreatment is required for trace analysis of pesticides in water samples. The most commonly used pretreatment methods for water sample were solid-phase extraction (SPE),4,5 matrix solid-phase dispersion extraction (MSPE),6 and solid-phase micro extraction (SPME).7 For all these methods, the adsorbent materials, which determine the selectivity and sensitivity of the methods, are crucial components. The most widely used adsorbent are C18 chemically-bonded to silica,8-10 carbon black,11,12 and polymeric resins.13-16 Carbon nano-materials represent a novel class of adsorbent with large specific surface area, including fullerenes,17,18 carbon nanotubes (CNTs),6,19,20 and graphene.19 Graphene has attracted tremendous attention since it was discovered in 2004. It has a large delocalized π-electron system and high theoretical specific surface area (about 2630 m2 g-1),21 which make it very attractive as an adsorbent material for the adsorb of both non-polar and polar compounds.22-25 Besides, graphene and graphene-based materials also have been reported with good performance for the adsorption of heavy metals,26-29 organic dyes,30-33 sulfonamide antibiotics,34 and pesticides,35,36 and phthalic acid esters (PAEs).37

  In this work, graphene was successfully used for effective dispersive solid-phase extraction of 11 triazines and 5 neonicotines from environmental water. The two chemical classes of pesticide were determined by gas chromatograph-mass spectrometer (GC-MS) and high performance liquid chromatography electrospray tandem mass spectrometry (LC-MS/MS), respectively. The method was faster and simpler compared with other methods. Furthermore, the amount of adsorbent used was much lower than other methods.

   

  Experimental 

  Reagents and solutions

  Standards of all pesticides and triphenyl phosphate (TPP) (99%) used as internal standard with purity higher than 98% were purchased from J&K Scientific Ltd (Beijing, China) and were maintained at 4 ºC in the dark.

  Chromatographic grade acetonitrile, acetone, n-hexane, methanol and ethyl acetate were purchased from MREDA Co., Ltd (Beijing, China). Analytical reagent grade anhydrous sodium chloride (NaCl), potassium permanganate (KMnO4), hydrazine hydrate (85%), ammonia solution (25%), sulphuric acid (98%), hydrochloric acid (38%) and 20% hydrogen peroxide (H2O2) were purchased from Beijing Chemical Works (Beijing, China). Ultrapure water was obtained from a Milli-Q water purification system (Millipore, Billerica, MA, USA). Expandable graphite was obtained from Qingdao Hensen Graphite Co., Ltd (Qingdao, China).

  Tap water samples were collected from a water tap in our lab (Beijing, China). River water samples were collected from the top layer (0-50 cm) of Jingmi River and Xiaojiahe River (Beijing, China). All samples were cooled in a refrigerator (4 ºC) during transport to the laboratory.

  Preparation of graphene

  Graphene oxide (GO) was synthesized from expandable graphite using a modified Hummers method,38 and then was reduced via chemical reduction to prepare graphene,39 which was described detailed in our previous work.37 Briefly, GO was reduced to graphene by hydrazine hydrate in an oil bath at 80 ºC for 24 h, then was purified with ultrapure water. The obtained graphene was dispersed in water with a concentration of 3 mg mL-1, which was determined by freeze drying.

  Instrumentation

  The analysis of neonicotines was achieved using an Agilent 1200 HPLC series and an Agilent 6410B triple-quadrupole mass spectrometer equipped with an electrospray (ESI) ionization interface (Agilent Technologies, USA). For instrument control, masshunter workstation software data acquisition for triple quad B.02.01 (B2043.12) and qualitative analysis version B.03.01/build 3.1.346.0 were used for data acquisition and processing. A reversed phase ZORBAX SB-C18 column (1.8 µm particle size, 2.1 mm × 50 mm) from Agilent technologies was employed for HPLC separation at 30 ºC. The mobile phase consisted of methanol and water (1:3, v/v). The ﬂow rate was 0.3 mL min-1. The source temperature was 100 ºC and desolvation gas temperature was 300 ºC. The nebulizer gas (N2) were set at 10.0 L min-1 and 35.0 psi. The quantitative parameters were showed in Table 1.

  
    

    [image: Table 1. HPLC-MS/MS analysis of 5 neonicotine pesticides]

  

  The analysis of triazines was performed by an Agilent 6890N GC-5975B MSD (Agilent Technologies, USA). The separation was achieved on a fused silica capillary column (HP-5, 30 m × 0.25 mm i.d., with 0.25 µm film thickness). The column temperature was programmed at 120 ºC for 1 min initially. Then raised to 175 ºC at rate of 35 ºC min-1 and held for 1 min. Afterwards, it was increased to 215 ºC at a rate of 35 ºC min-1 and held for 1 min. Finally, increased to 260 ºC at a rate of 35 ºC min-1, and kept for 5 min. The injector temperature, ion source temperature and quadrupole temperature were 290 ºC, 230 ºC and 280 ºC, respectively. Helium of high purity flow rate: 1 mL min-1. The retention times, quantitative ions and qualitative ions of 11 triazines were shown in Table 2.
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  Procedure for the extraction of the pesticides

  Graphene dispersive-SPE

  Firstly, an appropriate amount of graphene was added into 40 mL water sample in a centrifuge tube. Secondly, to trap the analytes, the mixture was vortexed for 1 min. Subsequently, graphene was isolated from the solution by centrifugation (3800 r min-1, 5 min). The supernatant was discarded. Finally, the target compounds were adsorbed on graphene. In this procedure, the amount of graphene and the pH of the solution were tested, which were shown in Table 3.
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  The fast desorption procedure

  In this procedure, desorption solvent was added and vortexed for 1 min to desorb the target analytes. In the meantime, NaCl (2 g) was used for salting out. Subsequently, the mixture was centrifuged for 5 min (3800 r min-1). Finally, in order to avoid extracting the bottom graphene as far as possible and concentrate the analytes, 4 mL of the upper organic phase was concentrated by evaporator and dissolved in 1 mL acetonitrile, then was transferred into a 1.5 mL vial for determination. In this procedure, the types of desorption solvent and the volume of desorption were optimized (Table 3).

   

  Results and Discussion

  In order to obtain optimized extraction conditions, the adsorption and desorption conditions, including the amount of graphene, the desorption solvent and the pH of the solution were tested. The pesticides were all spiked at 1 µg L-1 with 5 replicates.

  The amount of graphene

  The amount of adsorbent, the key factor of the extraction procedure, had a significant effect on the extraction efficiency. The graphene used in this work was dispersed in ultrapure water with a final concentration of 3 mg mL-1. Different volumes of graphene were tested for the two chemical classes of pesticides in neutral solution, and 10 mL of acetonitrile was used for desorption.

  4 mL, 5 mL, 6 mL, 7 mL and 8 mL of graphene were tested for adsorption of neonicotines. The results shown in Figure 1a indicated that the recoveries of 5 neonicotines were the hightest when 6 mL of graphene was used. However, more graphene results in lower recoveries. It may be because the recoveries of the analytes were affected by both graphene and eluting solvent, which means that when the amount of graphene was increased and the eluting solvent remained unchanged, the recoveries of some pesticides may have decreased.

  
    

    [image: Figure 1. Selection of the amount of graphene (a) neonicotine]

  

  Besides, 1 mL, 2 mL, 3 mL, 4 mL and 5 mL of graphene were used for the adsorption of trazines. The results (Figure 1b) showed that the recoveries of most pesticides increased with the increase of the amount of graphene. With the recoveries of pesticides and the amount of graphene taken into account, 3 mL of graphene was chosen for the adsorption of trazines.

  Selection of desorption solvent

  The desorption solvent is another prime factor that affects the extraction efficiency. 10 mL of different desorption solvents were used for desorption in neutral solution, without adjusting, with optimized amount of graphene.

  Acetonitrile, ethyl acetate, acetone, methanol were tested for 5 neonicotines. It indicated that when acetonitrile was used for desorption of the 5 neonicotine insecticides, the recoveries (65.8-81.4%) were higher than the other 3 solvents (Figure 2a). The recoveries of 5 neonicotines were 50.6-77.9% when acetone was used. Ethyl acetate and methanol were not chosen because of the relatively low recoveries (26.9-58.8%), therefore, acetonitrile was chosen.
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  Triazine pesticides are planar analytes, which can easily adsorb on graphene. Consequently, n-hexane with relatively weak polarity and benzene with strong elution ability were chosen besides acetonitrile and ethyl acetate. The results were showed in Figure 2b. When n-hexane was used, the recoveries of 11 trazine herbicides were 0.0-11.9%. For benzene, the recoveries were between 0.0% and 96.8%. Benzene and n-hexane are water-insoluble and the polarity of both was too weak to elute the analytes completely, which result in low recoveries of the analytes. The recoveries of 11 trazine herbicides were 72.7-106.6% when acetonitrile and ethyl acetate were used. Thus, acetonitrile was chosen for relative higher recoveries.

  Therefore, acetonitrile was chosen as the final desorption solvent for both trazines and neonicotines.

  Selection of desorption solvent volume

  Besides the types of desorption solvent, the volume of the solvent can also influence the desorption efficiencies. Acetonitrile was used for desorption in neutral solution with optimized amount of graphene.

  4 mL, 6 mL, 7 mL, 8 mL and 10 mL of acetonitrile were tested for the desorption of neonicotine pesticides (Figure 3a). 6 mL, 8 mL, 10 mL, 12 mL and 14 mL of acetonitrile were tested for the desorption of trazines (Figure 3b). The recoveries showed a growing trend initially with the increase of desorption solvent, and then remained almost unchanged. In order to obtain higher desorption efficiencies and save solvent, 8 mL of acetonitrile was chosen as the final volume for both trazines and neonicotines.

  
    

    [image: Figure 3. Selection of the eluent volume]

  

  Selection of solution pH

  Solution pH plays another important role for the adsorption of the analytes by affecting both the existing forms of the target compounds and the charge species and density on the sorbent surface.32 The solution pH was adjusted by adding hydrochloric acid or sodium hydroxide solution. In this work, the sample pH was also investigated (Figure 4). The set points were pH 3, 5, 7, 9, 11 for trazines and 4, 6, 7, 8, 10 for neonicotines. The results showed that the solution pH has no significantly influence on the recoveries of neonicotines. In the acidic conditions (pH 3-5), the recoveries of some trazines were unsatisfactory, for example, the recoveries of atrazine and cyprazine were 41.3% and 44.7%, respectively. However, in neutral (pH 7) or alkaline (pH 9-11) conditions, the recoveries were all more than 70%. In conclusion, graphene possess satisfactory absorption performance for both trazines and neonicotines in neutral water system. As most of the environmental water samples were close to neutralization, the extraction procedure was taken without adjusting of pH value.

  
    

    [image: Figure 4. Selection of the solution]

  

  Validation of the method

  Based on the above optimal conditions, one simple and rapid method for the determination of trazines and neonicotines was developed. The linear range, the limit of detection (LOD), the limit of quantitation (LOQ) and the precision of the method were all investigated (Table 4). The linear range for the analytes was in the final extract.

  
    

    [image: Table 4. Linear range, coefficient of determination]

  

  The LODs, which were calculated based on the ratio of signal to noise (S/N = 3), were 0.03-0.4 µg L-1. Calibration curves were established over the range 0.5-100 µg L-1 for all pesticides and satisfactory coefficient of determination (R2) (0.9979-0.9998) were obtained. The repeatability of the method was carried out by five parallel experiments spiked at 0.5, 1 and 5 µg L-1 for neonicotines and 0.5, 5 and 10 µg L-1 for trazines. The recoveries (Table 5) of all pesticides were 83.0-108.9%, with the relative standard deviation (RSD) between 2.4% and 12.3%, which indicate that graphene has an outstanding adsorption capacity for all targets.
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  Comparison with SPE

  The most commonly used method for the pre-concentration of trazines and neonicotines is SPE.2,40-46 Listed in Table 6 is the comparison of this method with SPE procedure for the enrichment of the two chemical classes of pesticide. Although the method developed in our current study did not give prominence to low LODs, it was outstanding in other aspects.
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  Firstly, the water volume needed for analysis in this method was only 40 mL, which was lower than SPE listed in Table 6, which were more than 100 mL.40,45,46

  Secondly, the amount of adsorbent was much lower than other methods. In this method, 3 mL of graphene (3 mg mL-1) was applied for adsorbing trazines and 6 mL for neonicotines, indicating that 0.018 g of graphene can effectively extract these two chemical classes of pesticide. However, other adsorbents used in SPE procedure were more than 0.1 g.40-46

  Thirdly, as for solvent consuming, only 8 mL of acetonitrile was used for desorption in this work. However, for SPE methods, the cartridges should be conditioned with appropriate solvent prior to preconcentration procedure. Besides, the parameters including the kind, the volume, and the flow rate of the solvent should be optimized, which were verbose and expensive.

  Fourthly, compared to previously reported SPE methods, our method was a fast and effective extraction method. The extraction procedure including two main steps: fast adsorption and fast desorption procedure, which was completed within 20 min. It was time-saving than SPE methods (more than 20 min).40,41

  Analysis of environmental water samples

  The repeatability study was carried out by five parallel experiments spiked at 2 µg L-1 for both tap water and river water. The recoveries were 91.1-102.2%, and the RSDs were all less than 13.0%. This indicated that the water matrixes have no tremendous influence on the recoveries of the pesticides. The proposed method was applied for the analysis of the pesticides in real environmental water samples including tap and river water samples collected in Beijing (shown in Table 7).
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  The detection of acetamiprid was 0.2 µg L-1 in Jingmi River and the detection of atrazine was 100 µg L-1 in Xiaojia River. Other pesticides were not found in river samples. Besides, none of the pesticides were found in tap water. The typical chromatograms of the extracted pesticides were showed in Figure 5-6.
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  Conclusions

  In this study, graphene was used as an adsorbent for effective enrichment of neonicotines and triazines from water. Under the optimal conditions, a fast extraction method including fast adsorption and fast desorption procedure was established. This rapid and simple method has many advantages over other preparation methods, such as less use amount of adsorbent and eluent, easy-operated and time-saving. The results indicated that graphene was an excellent adsorbent material and has a wide application in pesticides analysis.
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    A espectrometria de absorção atômica em forno de grafite de alta resolução com fonte contínua (HR-CS GF AAS) é proposta para determinar Pb em sombra de olho e blush empregando a análise direta de sólidos. O emprego da mistura de modificadores químicos Pd(NO3)2 + Mg(NO3)2 possibilitou a calibração aquosa de 0,25 a 2,5 ng Pb (r = 0,998). O desempenho do método proposto foi avaliado por meio da análise de digeridos de sombra e de blush por espectrometria de absorção atômica em forno de grafite com fonte de linhas (LS GF AAS) como técnica comparativa. Os resultados obtidos por HR-CS GF AAS e LS GF AAS foram concordantes entre si a um nível de confiança de 95% (teste t pareado). O limite de quantificação (massa seca) foi de 0,020 ng mg–1. A concentração de Pb nas amostras de sombra de olho e de blush variou de 1,222 a 9,632 ng mg–1 e 0,362 a 28,091 ng mg–1, respectivamente.

  

   

  
    Direct solid sampling is proposed for Pb determination in eye shadow and blush samples by high-resolution continuum source graphite furnace atomic absorption spectrometry (HR-CS GF AAS). A mixture of Pd(NO3)2 + Mg(NO3)2 was employed as chemical modifier, and aqueous calibration (0.25-2.5 ng Pb, r = 0.998) was obtained. Accuracy of the determination of Pb in eye shadow and blush samples by the proposed method was verified by line source graphite furnace AAS as a comparative technique employing digested samples. The results obtained by the two methods were in agreement at a 95% confidence level (paired t-test). The limit of quantification (dry mass) was 0.020 ng mg–1. The Pb content in the eye shadow and blush samples varied between 1.222 and 9.632 ng mg–1 and 0.362 and 28.091 ng mg–1, respectively.

    Keywords: lead, cosmetics, direct solid sampling

  

   

   

  Introduction

  The global cosmetics industry is growing by 4.5% annually.1 The worldwide market and the consumption of cosmetic products by adults and children require proficient quality control. In regard to facial cosmetics, they are applied to the skin and thus expose the user to the entire chemical and biological composition of the product.2 The compositions of eye shadows and blushes are rather complex and may contain talc, pigments, mica, dyes, titanium dioxide, softeners, and binders among many other substances employed to ensure the fixing, brightness, and creaminess of the products.3 Colored facial cosmetics may contain hazardous bio-accumulative metals, such as Pb, Ni, Cr, and As.4 Metal dusts may ionize and result in percutaneous absorption of toxic metals.5 Lead present in organic and some inorganic compounds can penetrate and pass through the skin into blood stream.6 Considering the toxicity to humans of Pb and its compounds,7 the US Food and Drug Administration (FDA) and the European Union's Restriction on Hazardous Substances (RoHS) have established a maximum Pb level of 20 ng mg–1 inorganic dyes employed in cosmetics.8

  The main spectrometric techniques for the determination of inorganic contaminants in facial cosmetics include flame atomic absorption spectrometry (F AAS), graphite furnace atomic absorption spectrometry (GF AAS), inductively coupled plasma optical emission spectrometry (ICP OES) and inductively coupled plasma mass spectrometry (ICP-MS). Most published papers on this matter have been devoted to analyzing samples previously prepared by wet digestion with strong acids (HNO3 and HF) and oxidizing agents (e.g., H2O2) at high temperatures.3,4,9-12 Tetramethylammonium hydroxide (TMAH) was recently proposed for the partial solubilization of lipstick samples for Pb determination by GF AAS.13 Slurry-based sample preparation methods may be interesting but requires special attention to the use of an appropriate method of homogenization to assure representative sampling. These papers present the problems associated with analyzing hard-to-dissolve samples.

  In this context, the development of analytical methods that follow the principles of green analytical chemistry to assess the presence of hazardous metals in facial cosmetics is attractive. Direct solid analysis based on a weight-and-assay method may be considered an environmentally friendly procedure because the energy, risk, and hazardous reagents in the sample preparation are eliminated and the waste generation and consumption of regular reagents are minimal.14,15

  The high-resolution continuous source graphite furnace atomic absorption spectrometry (HR-CS GF AAS) technique is attractive due to its low detection limits, possibility of calibration with aqueous standards for direct solid analysis and improved background correction by the least-squares algorithm16-19 However, the HR-CS GF AAS has been underexplored for the analysis of facial cosmetics: only two papers were found on the determination of Pb in lipstick samples.14,15

  This study reports on the development of a simple, fast and reliable method for the determination of Pb in eye shadow and blush samples by HR-CS GF AAS using direct solid sampling.

   

  Experimental

  Instrumentation

  An Analytik Jena contrAA 700 high-resolution atomic absorption spectrometer equipped with a xenon short-arc lamp (XBO 301, 300 W, GLE, Berlin, Germany) as a continuum radiation source, a compact high-resolution monochromator comprising a prism and an Echelle grating with a spectral bandwidth lower than 2 pm per pixel in the far ultraviolet range and a charge-coupled device (CCD) array detector were used throughout the work. Pyrolytic graphite-coated solid sampling tubes without a dosing hole were used. High-purity (99.996%) argon (White Martins, São Paulo, Brazil) was used as both the purge and protective gas. Samples were weighed directly onto the graphite platform using a Sartorius WZ2PW micro-balance (Göttingen, Germany) with a precision of 0.001 mg. The optimized heating program of the graphite tube is shown in Table 1.

  
    

    [image: Table 1. Optimized heating program]

  

  For the HR-CS GF AAS analyses, aqueous standards and modifier solutions were injected manually into the SSA 600 platform using micropipettes. A sample with a mass typically approximately 0.2-0.3 mg was introduced into the atomization compartment by using a pair of tweezers from the Analytik Jena SSA 600 automated solid sampling accessory. All of the measurements were made in triplicate and based on the peak volume integrated absorbance equivalent to three pixels. All of the atomic absorption measurements were carried out at the 283.306 nm line, and the absorbance values were normalized to 1.0 mg of sample.

  For the evaluation of the accuracy of the proposed method, samples were digested in an Anton Paar Multiwave® microwave oven (Graz, Austria) equipped with 20 mL Teflon vessels and subsequently analyzed by line-source graphite furnace atomic absorption spectrometry (LS GF AAS). For this analysis, a PerkinElmer SIMAA™ 6000 simultaneous multi-element atomic absorption spectrometer equipped with a transversely heated graphite atomizer, longitudinal Zeeman-effect background correction and an AS-72 autosampler was employed. An electrode less discharge lamp was used at the analytical wavelength of 283.3 nm and an operating current of 450 mA.

  All of the atomic absorption measurements by LS GF AAS were made in triplicate and based on the peak area mode. For the Pb measurements, the blank (20 µL), the Pd(NO3)2/Mg(NO3)2 modifier solution (5 µL), aqueous standards (20 µL) and sample digests (20 µL) were sequentially dispensed into the graphite platform, and the following atomizer heating program (temperature, ºC; ramp time, s; hold time, s) was run: drying - step 1 (110; 1; 30); drying - step 2 (130; 10; 30); pyrolysis - step 3 (1200; 10; 20); atomization - step 4 (2000; 0; 5); and cleaning - step 5 (2500; 1; 5). The argon flow rate was 250 mL min–1 for steps 1, 2, 3 and 5, and the argon flow rate was set to zero during atomization.

  Reagents, analytical solutions and samples

  High-purity water (resistivity = 18.2 MΩ cm) obtained using a Millipore Rios 5® reverse osmosis and a Millipore Milli-Q Academic deionizer system (Millipore, Bedford, MA, USA) was used to prepare all of the solutions.

  Modifier solutions containing 1000 mg L–1 Pd(NO3)2 and 500 mg L–1 Mg(NO3)2 were prepared by the appropriate dilutions of 10 g L–1 Pd(NO3)2 and Mg(NO3)2 stock solutions (Merck, Darmstadt, Germany), respectively. These solutions were prepared in 0.05% (m/v) Triton X-100 (Mallinckrodt Baker, Paris, KY, USA).

  For the DSS HR-CS GF AAS calibration over the 0.25-2.5 ng Pb range, various aliquots of a 250 µg L–1 aqueous standard were delivered onto the solid sampling tubes. This standard was prepared daily by the appropriate dilution of the 1000 mg L–1 Pb stock solution (Titrisol®, Merck).

  For the LS GF AAS calibration, aqueous standard solutions (5.0, 15.0, 25.0, 37.5 and 50.0 µg L–1) were prepared daily in 0.14 mol L–1 HNO3 by the appropriate dilution of a 1000 mg L–1 stock solution (Titrisol®, Merck). The autosampler wash solution was 0.14 mol L–1 HNO3 + 0.1% (v/v) Triton®X-100. All of the solutions were stored in high-density polypropylene bottles (Nalgene®, Rochester, USA).

  Eye shadow and blush samples of various brands and in diverse colors were purchased in São Paulo State, Brazil. For the digestion of the samples, concentrated nitric acid (JT Baker, Mexico), hydrofluoric acid (Merck, Darmstadt, Germany) and hydrogen peroxide (Merck, Darmstadt, Germany) were used.

  All of the plastic bottles and glassware materials were cleaned by soaking them in 10% (v/v) HNO3 for at least 24 h and rinsing them abundantly in deionized water before use.

  Procedure

  The thermal behavior of Pb was evaluated in aqueous medium (1.5 ng Pb) and in eye shadow samples (0.2-0.3 mg) by means of pyrolysis and atomization temperature curves established in the absence and presence of 5.0 µg Pd(NO3)2 + 2.5 µg Mg(NO3)2 in 0.05% (m/v) Triton X-100. These modifier masses were obtained by delivering aliquots of 5 µL of each modifier solution. Samples and modifier solutions were sequentially injected into the platform. The surfactant Triton X-100 was used to reduce the surface tension between the solid and liquid phases and increase the interaction between the modifier and sample. The pyrolysis temperatures were varied within the range of 600 to 1600 ºC, while the atomization temperature was fixed at 2000 ºC. Afterwards, the optimized pyrolysis temperature was fixed, and the atomization was evaluated throughout a 1600 to 2400 ºC range.

  The linear working range was evaluated by means of the linear correlation coefficients (r) of curves employing aqueous standards with Pb contents in the range of 0.25-2.5 ng. The sensitivity was checked by calculating the characteristic mass, and the limits of detection (LOD) and quantification (LOQ) were determined according to the IUPAC recommendation.20

  Studies on the homogeneity and the dependence of the minimum mass on the precision were evaluated by determining the Pb in eye shadow samples within the 0.05-1.0 mg mass range. This large interval was divided into ten subintervals as follows: 0.05-0.10 mg; 0.10-0.20 mg; 0.20-0.30 mg; 0.30-0.40 mg; 0.40-0.50 mg; 0.50-0.60 mg; 0.60-0.70 mg; 0.70-0.80 mg; 0.80-0.90 mg; and 0.90-1.0 mg. Each interval was evaluated in quintuplicate (n = 5).

  Samples were mineralized in triplicate in a closed-vessel microwave-assisted acid-digestion system. A mass of 0.20 g of sample was accurately weighed and transferred to a microwave Teflon vessel followed by 3 mL of concentrated nitric acid, 2 mL of hydrofluoric acid and 1 mL of 30% (m/m) hydrogen peroxide. The mixture was then heated using the following optimized power/time program: step 1, 0-900 W, 15 min ramp; step 2, 900 W, 30 min hold; step 3, 900-0 W, 20 min ramp; and step 4 (ventilation), 0 W, 5 min hold. The temperature of 200 ºC was reached by using 900 W. After the digestion, the digests were transferred to 50 mL Teflon tubes and heated in a block digester at 150 ºC for 4 h to eliminate the remaining hydrofluoric acid. This procedure was adopted because the addition of boric acid induced precipitation that could occlude the analyte. The high K content in the samples (from potassium sorbate) may contribute to the formation of KBF4, which has a relatively low solubility. It should be commented that a heating time less than 4 h was not enough for the complete removal of the hydrofluoric acid. This was checked by exposing a small piece of glass to the solution and observing the eventual reaction of the hydrofluoric acid on the glass surface. If lower temperatures were used, extra heating time was required. It should be stressed that 150 ºC was selected by considering the waiting time for the removal of the hydrofluoric acid and a low probability of losing Pb due to the high melting and boiling temperatures for both its chlorides and nitrates.21 After cooling, the resulting digests were transferred to 25 mL volumetric flasks, and the volume completed with water.

   

  Results and Discussion

  Considering the relatively high concentrations of Pb that were expected in the eye shadow samples,22 and the possibility of selecting analytical lines with varying sensitivities in HR-CS AAS, the secondary line at 283.306 nm was selected for all of the experiments. Calibration with aqueous standards was evaluated because solid standards and certified reference materials for blushes and eye shadows are not commercially available. Hence, the heating program of the atomizer was optimized by studying the thermal behavior of Pb in aqueous and solid medium to check for matrix effects.

  The thermal behavior of Pb was investigated by means of pyrolysis and atomization temperature curves built up in 1% (v/v) nitric acid and sample media without a modifier and in the presence of Pd(NO3)2/Mg(NO3)2 as a modifier.23 Pyrolysis and atomization temperature curves (Figure 1) were employed to determine the optimum pyrolysis and atomization temperatures for Pb in each media.

  
    

    [image: Figure 1. Pyrolysis]

  

  The presence of chemical modifier on analyte stabilization was relevant. The analyte can be stabilized in the sample up to ca. 1000 ºC (Figure 1c) and 1400 ºC (Figure 1d) in the absence and presence of 
    Pd(NO3)2/Mg(NO3)2, respectively. However, preliminary experiments showed a slight formation of residue after each analytical cycle (firing), which deteriorated subsequent measurements. These cumbersome were circumvented by using Pb/Mg as modifier since higher pyrolysis temperature helps to maximize the elimination of components commonly present in most eye shadows and blushes (petroleum jelly, fats, waxes, lanolin, dyes, preservatives, silica, TiO2, zinc stearate, and pigments).

  For atomization temperature > 1800 ºC, the recorded wavelength and time-resolved absorbance spectra in the vicinity of the Pb absorption line showed fine structures due to SiO molecules (Figure 2). The background is not visible at atomization temperatures around 1600 ºC, but the transient signals did not return to the baseline, suggesting higher atomization temperature was necessary. In spite of the discontinuous events at atomization temperatures higher 1600 ºC, interferences were efficiently removed using the least-squares background correction (LSBC) method: the software of the spectrometer stores a reference spectrum and subtracts it from the recorded spectra of the samples by means of a least-squares algorithm.16 Here the spectrum of a SiO molecule was recorded (Figure 2a) and subsequently subtracted from each sample (Figure 2b) using a least-squares algorithm.
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  The background-corrected spectrum is shown in Figure 2c. When eye shadow sample was analyzed without correction, the determined Pb concentrations were typically 17% higher than those obtained with LSBC. These findings reinforce the need for LSBC for accurate determination of Pb in all workable samples.

  Inspection of the atomization curves in the presence of a modifier indicated that the maximum sensitivity was attained at 1800 ºC (Figure 1b e 1d). However, this temperature resulted in broadened transient signals and poor precision. A better profile for the atomic absorption transient peak (fast peak appearance and baseline restoration) and lower relative standard deviation (RSD) were observed for measurements at 2000 ºC, without a significant loss in the sensitivity. Considering these aspects, the selected pyrolysis and atomization temperatures were 1400 ºC and 2000 ºC, respectively.

  The optimized heating program of the atomizer for the Pb determination in eye shadow and blush samples is depicted in Table 1. The running time of this program is 132 s, but the entire time for each absorbance measurement is approximately 4 min due to the time spent weighing and transferring the sample. Considering that the 4 min analytical cycle includes the in situ preparation of difficult samples, this time consumption is much more favorable than methods involving conventional sample preparation techniques based on wet-ashing.3,4,9-12

  Considering there is no blush and eye shadow certified reference materials, authors used aqueous standard solution and an eye shadow sample (Adult 3, Table 2) to calculate the characteristic masses. This sample was previously prepared by a well-established and worldwide accepted method for digestion: a microwave-assisted digestion in closed vessels. The Pb content (5.183 ng mg–1) in the digested sample was determined by LS GF AAS and ICP-MS and was taken as 'target value'. It should be mentioned that the characteristic masses calculated for aqueous and solid media were 10.8 pg and 10.7 pg of Pb, respectively. The closer the characteristic masses are, the better the effectiveness of the aqueous standard calibration for the analysis of solid samples, which suggests that the optimized heating program of the atomizer was adequate to minimize any matrix effects. Using the optimized heating program in Table 1, aqueous calibrations over a 0.25-2.5 ng Pb mass interval were consistently obtained, and the linear correlation coefficients were approximately 0.9965. The LOD and LOQ (dry mass) were 0.006 and 0.020 ng mg–1, respectively.
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  In DSS HR-CS GF AAS, the accuracy and precision may be influenced by the sample size and homogeneity; a large amount of sample may impair the release of the analyte from the matrix and/or make the analyte vaporization difficult. However, if the analyte is not homogeneously distributed within the matrix, a small sample size may not be representative of the sample. Studies on homogeneity and minimum mass were then conducted by analyzing different masses (0.05-1.0 mg) of an eye shadow sample. A plot of the Pb concentration versus the mass of the sample, Adult1 eye shadow that contains 4.981 ± 0.722 ng mg–1 is shown in Figure 3.
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  It should be mentioned that the Pb concentration in this sample was previously determined by LS GF AAS. Solid and dashed lines correspond to the average and standard deviation (± 1σ), respectively. Sample masses within the 0.05-0.4 mg range furnished reasonable results. However, the most accurate and precise results were observed for sample masses in the 0.2-0.3 mg range. In general, the greater the sample mass, the lower the RSD of the measurements. Masses < 0.05 mg were not studied due to the difficulties in handling very small amounts of samples manually. Concentrations below the expected value (4.981 ng mg–1) were found for masses > 0.4 mg. Samples with higher sample masses may alter the efficiency of the atomization process by occluding the analyte inside the matrix. Direct analysis of approximately 0.20-0.30 mg was subsequently selected after considering the different Pb concentrations in the samples, the working range of the calibration curve and the measurements that provided high precision and accuracy. It should be emphasized that the sample Adult1 eye shadow presented as homogeneous. The homogeneity was assessed by calculating the homogeneity factor He = SH × m1/2.23 In this equation, SH corresponds to the sampling error that can be directly correlated to the RSD of analyses of a sample mass m (in mg). A sample with a He < 10 is considered homogeneous. The micro-homogeneity was evaluated by plotting He against the mass interval. The sample Adult 1 eye shadow was considered to be homogeneous for all of the sample mass intervals because the He factors calculated were < 10 (in the Supplementary Information (SI) section, Figure S1).

  These findings were also observed for most samples presenting similar Pb concentrations to that of the sample Adult1 eye shadow. Additionally, the higher the Pb content in the sample, the greater the probability of producing a homogeneous distribution of the analyte in the material. The proposed procedure was then applied for the determination of the Pb in eye shadows and blushes of different brands and of diverse colors available in most commercial market places. Because no sample preparation was needed, samples were transferred directly from the packaging to the graphite atomizer. Measurements were made at 283.306 nm using a peak volume selected absorbance equivalent to 3 pixels, and calibration with aqueous standards was adopted.

  After optimization, all of the samples were analyzed, and the Pb concentrations that were determined varied in the ranges of 1.222-9.632 ng mg–1 (eye shadows) and 0.362-28.091 ng mg–1 (blushes). These concentrations are comparable to the values usually found in the literature24 for eye shadows (0.85-6.90 ng mg–1). The RSD (n= 3) was 8.2% for a sample containing 0.997 ng mg–1 Pb, and the LOQ (dry mass) was 0.020 ng g–1. For comparison purposes, samples were also analyzed by line-source GF AAS, which employed digested samples. The results were in agreement at a 95% confidence level (paired t-test) with those obtained by DSS HR-CS GF AAS (Table 2).

  Sixty adult samples and twenty-four samples for children (Supplementary Information) of different brands and colors were also analyzed. The levels of Pb found in makeup for children (4.187-7.344 ng mg–1) and adult (0.997-9.632 ng mg–1) eye shadows were close (Table S1). It should be mentioned that the Pb levels in all of the blushes for children (4.779-28.091 ng mg–1) were higher than in the blushes for adults (0.362-8.369 ng mg–1) (Table S2). Considering that Pb toxicity depends on a number of factors such as age, sex and weight, children are more vulnerable to the effects of Pb than adults due to their frequency of use and long-term exposure. The US FDA established a maximum acceptable level of Pb (20 ng mg–1) in synthetic and artificial dyes employed as color additives. Considering that the total amount of a certain contaminant is dependent on the impurities present in each component of the makeup and the high toxicity of Pb and its effects on human health, regulatory agencies should also establish a maximum acceptable value for toxic metals in end user products.

   

  Conclusions

  This work presents a simple, reliable and robust method for the Pb determination in eye shadows and blushes through HR-CS GF AAS employing direct solid sampling. The proposed method involves short-run analysis of samples transferred directly from their packages to the atomizer container. Calibration with aqueous standards was feasible, representing an attractive feature of this technique. The RSD was 8.2%, and the LOQ was 0.020 ng g–1 Pb. The direct solid sampling approach may be considered a sustainable clean method because sample preparation with hazardous reagents is not required, the consumption of reagents is notably low, the generation of waste is irrelevant, and the time consumption is shorter than that of other methods.

   

  Supplementary Information

  Supplementary data are available free of charge at http://jbcs.sbq.org.br as PDF file.
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    O objetivo deste trabalho foi desenvolver um método para a determinação simultânea de Na, K e Ca em amostras de biodiesel por espectrometria de emissão atômica em chama, utilizando um detector de radiação eletromagnética contínua. Dois procedimentos foram utilizados para o preparo das amostras de biodiesel: diluição direta com querosene e emulsificação da amostra usando uma solução aquosa composta por HNO3, n-butanol e Triton X-100. A metodologia proposta apresentou boa linearidade, desvios padrão relativos menores que 5% e limites de quantificação de 0,05 e 0,02 mg kg–1 para Na e K, respectivamente, empregando emulsão ou diluição com solvente. Para Ca, o limite de quantificação foi de 0,2 e 1,0 mg kg–1, aplicando-se diluição direta com solvente e emulsão, respectivamente. O procedimento de emulsificação não sofreu influência da matriz quando foram realizados testes de recuperação (89-108%). A metodologia de referência (ABNT NBR 15553) foi utilizada para verificar a exatidão do método proposto, apresentando resultados consistentes ao nível de confiança de 95%, sendo apropriado para análises de rotina de amostras de biodiesel de diferentes oleaginosas.

  

   

  
    This work aimed to develop a methodology for simultaneous determination of Na, K and Ca in biodiesel samples by flame atomic emission spectrometry, using a continuous electromagnetic radiation detector. Two procedures were employed for biodiesel sample preparation: direct dilution with kerosene and sample emulsification with HNO3, n-butanol and Triton X-100. The proposed methodology presented good linearity, relative standard deviations less than 5% and limits of quantification of 0.05 and 0.02 mg kg–1 for Na and K, respectively, using emulsification and solvent dilution. For Ca, the limit of quantification was 0.2 and 1.0 mg kg–1, applying direct dilution and emulsion, respectively. The emulsification procedure showed no matrix influence when recovery tests were performed (89-108%). Reference methodology (ABNT NBR 15553) was used to check the accuracy, presented consistent results at 95% confidence level, being suitable for biodiesel samples in a routine analysis.

    Keywords: atomic emission spectrometry, biodiesel, direct dilution, emulsion, sodium, potassium, calcium

  

   

   

  Introduction

  The development of alternative and renewable energy sources has been subject of worldwide interest. Many proposals have arisen to replace fossil fuels, such as, ethanol and biofuels derived from oils or fats, especially biodiesel.1,2 Biodiesel is a renewable, biodegradable, and nontoxic fuel used in compression combustion engines, which may replace partially or totally diesel produced from fossil fuels.3 According to the Brazilian legislation, biodiesel is a fuel comprised with alkyl esters of long chain fatty acids derived from vegetable oils or animal fat. Nowadays, biodiesel is mixed with diesel in a ratio of 6% v/v, named as B6.4

  In many cases, some metals are incorporated to biodiesel during the production and storage process, becoming part of the fuel final composition. Usually, calcium and magnesium come from the washing water, whereas sodium and potassium from catalyst residue.5-7 However, the presence of these elements in particular concentrations, can cause formation of insoluble soaps and consequently the formation of deposits inside the filters of vehicles, causing corrosion in the engine parts (injector, fuel pump, pistons, rings, etc).7,8

  The Brazilian legislation established a limit of 5 mg kg–1 as the maximum concentration allowed for Na + K and Ca + Mg in biodiesel and also sets out the analytical methods to be used for their determination.4,9-15

  European standards9,10,15 and Brazilian methodologies11-14 describe Ca, K, Na and Mg determination by flame atomic absorption spectrometry (FAAS)9-13 or by inductively coupled plasma optical emission spectrometry (ICP OES).14,15 The sample preparation is made with organic solvents such as xylene or kerosene, as well as, organometallic standards. The use of xylene in these methods have disadvantages, due to high consumption of toxic solvent, requiring special handling conditions which can cause significant problems regarding plasma stability.16

  In the literature, the most widely used techniques for the determination of Na, K, Ca and Mg in biodiesel samples are flame atomic emission spectrometry (FAES),17-20 FAAS,21-25 ICP OES26-29 and inductively coupled plasma mass spectrometry (ICP-MS).30-32 Some studies also show the use of potentiometry,33,34 capillary electrophoresis35,36 and ion chromatography37 as alternatives techniques. Despite being a robust multielementary technique, ICP OES and ICP-MS are not available in most biodiesel companies due to high operating costs and maintenance.33 FAAS is one of the most used techniques for metals determination in fuels due to its sensitivity, simplicity and low instrumental cost.22 However, FAAS is essentially mono elementary and it does not present appropriate sensibility for alkaline metals.

  FAES can be classified as a simple technique with low cost, usually used in the determination of Ca, K, Li and Na in different samples, with good sensitivity, especially for alkaline metals determination.17-20 Generally, an increase in flame temperature causes an increase in emission intensity for most elements not only for those considered easily ionizable such as Na, K and Li.38 The determination of Ca is also possible with this technique, however it has a low analytical sensitivity due to refractory oxides formation.38

  The majority of the procedures used for metal determination in biodiesel samples are based on dilution in organic solvent, or modification of the sample matrix through the formation of oil in water (O/W) emulsion or micro emulsion.8,22 Emulsions such as O/W have micro drops of oil stabilized by a thin layer of amphiphilic molecules (interphase) of the surfactant and the co-surfactant dispersed in a continuous medium, in this case, water.39,40 The emulsification requires a minimum sample manipulation and the possibility to use inorganic standards for calibration when the emulsion is acidified with mineral acid.8,16,41

  Some works described in the literature show the determination of Na and K in biodiesel samples by FAES after direct dilution of the samples with kerosene,17 ethanol20 and using microemulsion.18 However, only Na and K are determined in a single way, whereas Ca determination is not realized.

  The goal of this work was to develop a simple, fast and low cost method for simultaneous determination of Ca, K and Na in biodiesel samples using flame atomic emission spectrometry with a detector able to register the emission spectra. Direct dilutions with organic solvent and also through emulsification were employed using lithium as internal standard. The results were compared to the normalized method ABNT NBR 15553.

   

  Experimental

  Instrumental

  Measurements were performed in an apparatus comprising of a nebulizer-burner system flame photometer (Evans Electroselenium Ltda) and a continuous electromagnetic radiation detector (EPP2000 StellarNet Inc. ), commercially available. The analytical signals were obtained from the line emission spectrum recorded by the detector with the aid of an optical fiber, connected to a computer and register in a SpectraWiz software (Stellarnet Inc. ). The wavelengths of 589.0 nm for Na, 620.5 nm for Ca, 769.5 nm for K and 668.5 nm for Li (internal standard) were chosen based on the sensitivity and the lack of spectral interferences. Compressed air was used as an oxidant supplied by an air compressor, and liquefied petroleum gas (LPG) as fuel gas in a sample flow rate of approximately 2.5 mL min–1.

  Quantification according to ABNT NBR 15553 was carried out using ICP OES with double vision (DV PerkinElmer Optima 5300, USA). Commercial argon (99.997%) was used for plasma generation, such as auxiliary and nebulizer gas. Emission intensities were measured in lines with higher sensitivity: 393.366 nm for Ca, 766.490 nm for K and 589.592 nm for Na.

  An ultrasound bath with a frequency of 40 kHz and Vortex tubes agitator were used in the emulsion sample preparation.

  Reagents and samples

  All reagents were of analytical grade. The solutions and emulsions were prepared with distilled and deionized water with resistivity of 18.2 MΩ cm in a Milli-Q system (Millipore, USA).

  Kerosene (Sigma-Aldrich) was used for sample and standards preparation in the direct dilution method. Organometallic standards (Conostan) of Na, K, 5000 mg kg–1, Ca 500 mg kg–1 and Li 1000 mg kg–1 and mineral base oil (USP-Sulfal) were also used.

  For emulsions sample preparation, HNO3 65% (Carlo Erba, Italy), n-butyl alcohol PA (Synth, Brazil) as co-solvent and Triton X-100 PA (Vetec, Brazil) as a surfactant were used. Inorganic standard aqueous solutions were prepared by appropriated dilution of standard stock solutions 1000 mg kg–1 of Na, K, Li (Merck, Darmstadt, Germany) and Ca (Carlo Erba, Italy). Mineral base oil (USP-Sulfal) with density of 0.854 g mL–1 was used for matrix simulation studies.

  The biodiesel samples (B100) were produced by basic transesterification of vegetable oils and animal fat in methanol or ethanol from different raw materials: soybean (SB-01, SB-02 and SB-03), canola (CA-01), sunflower (SF-01 and SF-02), cotton (CT-01 and CT-02), macaw (MA-01), corn (CN-01), residual oil (RO-01), tallow (BF-01) and biodiesel blends (MX-01 and MX-02). The samples were obtained from different biodiesel producers.

  Direct dilution sample procedure

  Direct dilution was realized after dilution of 1.0 g of biodiesel sample with kerosene until a final mass of 10.0 g [10% biodiesel (m/m)]. Blanks and calibration solutions were prepared similarly to the sample, but using mineral oil to simulate samples viscosity.9-15 Appropriate amounts of organometallic standard were added to the calibration solutions. Li was employed as internal standard with final concentration of 1.0 mg kg–1 in all solutions.

  Samples using emulsion procedure

  Mono and multivariate tests were carried out in order to optimize experimental conditions for biodiesel samples emulsification. The variables amount of sample, surfactant and HNO3, as well as the type of co-solvent and surfactant were evaluated. According to the preliminary tests, homogeneous emulsions were obtained using 10% (m/m) biodiesel sample, Triton X-100 as surfactant and n-butanol (1 mL) as co-solvent. The quantity of Triton X-100 and HNO3 were the most significant parameters, optimized through central composite design (CCD). This study was carried out based on the magnitude of the analytical signals of Na, K and Ca, using Li as the internal standard for different biodiesel samples such as soybean, cotton, sunflower, blend soybean and tallow.

  The optimized condition for biodiesel sample emulsion was carried out with a mixture of 1.0 g of sample, 0.4 mL HNO3 concentrated, 1.0 mL of n-butanol and 1.0 g of Triton X-100 diluted in deionized and distilled water until final mass of 10.0 g. The final mixture was agitated for 1 min in a vortex agitator and subsequently in an ultrasound bath for 5 min. Blanks and calibration solutions were prepared similarly to the sample emulsion using 10% (m/v) of mineral base oil, 4% (v/v) of concentrated HNO3, 10% (v/v) of n-butanol and 10% (m/v) Triton X-100. Appropriate amounts of the inorganic standard were added to the calibration solutions. The mineral base oil was used to simulate the biodiesel matrix reducing the viscosity between samples and standard solutions.18,24,25,29

  In order to investigate the matrix effect, 1 mg kg–1 Na, 1 mg kg–1 K and 5 mg kg–1 Ca were spiked in emulsified biodiesel samples from different raw materials (SB-01, CA-01, SF-01, CT-01, MA-01, CN-01, RO-01, BF-01 and MX-01). The addition of the inorganic standards was made within aqueous phase of the emulsions.

  For all the emulsions and calibration solutions, Li was used as internal standard in a final concentration of 1.0 mg kg–1. Before the analysis, all solutions were slightly shaken.

  Determination by FAES

  The external calibration method with internal standardization was used for quantification of Na, K and Ca by the proposed methods (FAES-CD). In the simultaneous determination through the kerosene direct dilution method (FAES-CDK) and emulsification (FAES-CDE), measurements of emission signal intensity were based on peak height, after baseline correction. The calibration curves are related to the signal ratio X/Li (X = Na, K or Ca). Analyses were done in quintuplicate and the results expressed with 95% confidence level.

  The limit of detection (LOD = 3s/m) and limit of quantification (LOQ = 10s/m) were calculated considering standard deviation (s) of ten representative blank solutions and the sensitivity (m) of calibration curves.

  Precision was determined by the standard deviation of replicate samples (n = 5) in terms of relative standard deviation (RSD).

  Accuracy

  The accuracy of the proposed method (FAES-CD) was checked by comparison with normalized method14 ABNT NBR 15553, which describes the determination of Ca, Mg, Na, P and K by methyl/ethyl esters of fatty acids or B100 using ICP OES. The biodiesel samples were prepared weighing 1.0 g (determination of Na and Ca) and 5.0 g (determination of K) of sample and diluted with kerosene until a final mass of 10.0 g. The standards used in calibration curves were prepared from organometallic standards and mineral base oil, which was used to simulate the sample matrix.

   

  Results and Discussion

  Methods development

  The air/GLP flame has low temperature, welcoming to reduce spectral and non-spectral interferences caused by alkaline metals ionization. But, for Ca and Mg the emission process needs high temperature, otherwise refractory oxides can be formed.38

  Figure 1 shows the line emission spectra of Na (1 mg kg–1), K (1 mg kg–1), Li (1 mg kg–1, as internal standard) and Ca (5 mg kg–1) in an organic solution with organometallic standards diluted in kerosene and for an aqueous solution with inorganic standards with the same concentrations.

  
    

    [image: Figure 1. Line emission spectra]

  

  The wavelengths selected to the elements presented good sensitivity and lack of spectral interferences, adequate for simultaneous determination. The line 620.5 nm is related to CaOH+ emission signal and it was chosen for Ca determination. It was not possible to determine Mg in the proposed method as sensitivity line was not obtained using air/GLP flame. Compared to the other alkaline metals, Ca sensitivity is still low. Ionization suppressor and nitrous oxide/acetylene flame are good strategies to reduce interferences and to increase Ca emission signal. However, these strategies should be carefully optimized to avoid Na, K, and Li signal depression. Lyra et al. used cesium chloride as ionization suppressors for calcium and magnesium monoelementar determination in biodiesel samples by FAAS.22 Calcium determination was made without adding suppressor agent (CsCl solution) free of interference. These data can be explained due to the relatively high concentrations of easily ionizable elements, i.e., K and Na, in biodiesel samples.24

  To improve repeatability and accuracy of the proposed methodology, Li was employed as internal standard.42 Lithium is a good internal standard for sodium, potassium, and calcium determination by FAES since it presents similarity to the investigated elements and it is absent in the biodiesel sample matrix. Furthermore, the calculation of the analyte signal ratio (X/Li, X = Na, K or Ca) provides the correction of fluctuations, improving the RSD for less than 5%. Piovezan et al. used barium (Ba2+) as internal standard for the determination of inorganic cations (Na+, K+, Ca2+, Mg2+) in biodiesel samples for capillary electrophoresis method, since its mobility is close to the analytes.35

  Direct dilution is an attractive procedure for biodiesel samples due to its simplicity and time reducing, applied by European and Brazilian standard methods. Involves dilution of the sample with an appropriate solvent (xylene, kerosene, n-hexane, etc. ) and calibration is frequently performed with organometallic standards,8,20 since aqueous standards have low solubility in this solvents.20 In the interference-free mono elementary determination of Na and K in biodiesel by FAES, Nowka used kerosene direct dilution in a ratio mass of 1:9.17 However, due to low stability of the analyte in the organic solutions, it was necessary the analysis immediately after preparation.14,20,21

  The emulsion formation is also a simple procedure with the advantage of using aqueous inorganic standards for calibration curves, increasing the analyte stability, and reducing analysis cost.29 Sample emulsification is a two-phase system thermodynamically instable but homogeneous during a short period of time if mechanical energy (agitation) is provided. This dispersion is usually facilitated by using surfactants that diminish the superficial tension of water, improving the interaction between water and oil phases.8 When properly stabilized, the emulsified oil sample is compatible with most analytical instrumentation. In this manner, the composition of the emulsions, as well as analyte stability were evaluated.

  Composition of the emulsions and analyte stability

  A system based on O/W especially with large amount of water is quite advantageous since it reduces the costs and also is similar to aqueous solutions, enabling the use of aqueous inorganic standard for calibration.8,21 Therefore, following the same dilution factor used in the direct dilution method, an amount of 10% (m/m) of biodiesel sample was used for emulsions. The emulsions with n-butanol were more stable and homogenous when compared to the emulsions using other co-solvents such as n-propanol and ethanol. A quantity of 1.0 mL of n-butanol was enough to stabilize the emulsions containing 1.0 g of biodiesel. Triton X-114 and Triton X-100 were evaluated as non-ionic surfactants and the latter was chosen due to its low cost and higher availability in the majority of the chemistry laboratories.43 The emulsions prepared with Triton X-100 and n-butanol presented better oil dispersion. Concentrated nitric acid was added to the biodiesel samples before other components. This stage is important since it dissolves particles in suspension and converts the organometallic species into inorganic as well as improving the stability of the analytes in the emulsion and the standards for calibration.21,44

  Response methodology surface analysis through a CCD was applied in order to optimize the proportions of the surfactant and the nitric acid. This methodology has been applied to find optimum values, which yield a maximum response in the empiric model.45 CCD was carried out for each element (Na, K and Ca) for different biodiesel samples. The emulsions were prepared with fixed quantities of biodiesel samples (1.0 g) and n-butanol (1 mL). The independent variables in each assay were: the quantities of Triton X-100 (0.6 to 1.0 g) and volume of HNO3 (0.3 to 0.7 mL) with a central point of 0.8 g and 0.5 mL, respectively. The dependent variable (response) was the emission signal as ratio of the analytes Na, K and Ca by Li as internal standard. The blank solution for each experiment was analyzed individually and the intensity values were low, indicating no problems with contamination.

  The surface response provided maximum points for each analyte (Na, K and Ca), corresponding to the optimized values of HNO3 and Triton X-100, as shown in Figure 2 for the sunflower biodiesel sample (SF-02). Similar surface responses were obtained for each analyte for the other samples (soybean, cotton, and blend), except for sunflower biodiesel emulsion, where Triton-X-100 was not significant. It is possible to see in Figure 2 that Na/Li surface has a different profile when compared to K/Li and Ca/Li. Triton X-100 variable had a positive and significant effect in the K and Ca response. For Na, HNO3 had a negative and significant effect; it means that low volumes increase the emission signal. The optimum conditions were obtained for HNO3 volumes of 0.4 mL for K and Ca, and 0.5 mL for Na, while for Triton X-100 was 0.8 g for Na, 1.0 g for K and 1.4 g for Ca. Sodium is the major component in the biodiesel samples, at least ten fold higher than K and Ca, and probably the influence of optimized variables were not so decisive in its emission signal.
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  An optimum experimental condition that suits all elements without harming the magnitudes of the analytical signals was defined through FAES for the simultaneous determination of Na, K and Ca. For all biodiesel samples investigated in this work, it was verified that K and Ca are found in lower concentration when compared to Na. Then, the optimum values to the variables were defined close to the values found for K and Ca which corresponded to 0.4 mL of HNO3 and 1.0 g of Triton X-100 in the emulsions containing 1.0 g of biodiesel sample.

  After optimization step, the stability of the analytes was evaluated for a period of 7 h with 30 min intervals in the sunflower and cotton biodiesel emulsions and in the standard solutions, as showed in Figure 3. Generally, the analytes presented good stability in the biodiesel emulsions in the evaluated range, just needing a slight shaking prior to analysis. The inorganic standards were sufficiently stable in solutions; however only calcium signal drops after 5 h of solution's preparation.
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  Figures of merit

  Working linear regression (WLR), correlation coefficient (R), LOD, LOQ and RSD were used to evaluate the analytical performance of the methods developed for Na, K and Ca determination in biodiesel samples by FAES. Different calibration curves were used for each situation: (i) organometallic standards containing 10% (m/m) of mineral base oil for direct dilution method with kerosene (FAES-CDK) and (ii) inorganic standards in an emulsified mean (10% m/m mineral base oil) for emulsification method (FAES-CDE). Figures of merit were also evaluated for ICP OES technique by ABNT NBR 15553. Results are shown in Table 1.
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  The calibration curves presented WLR in the range of 0.02-2.00 mg kg–1 for Na and K e 0.2-2.00 mg kg–1 for Ca and showed good linear correlation (R > 0.999 for all of the elements).

  For Na and K by FAES, high sensitivity and accuracy were founded for both methods. For direct dilution method (FAES-CDK) it was obtained LOQ of 0.05 mg kg–1 for Na and 0.02 mg kg–1 for K with RSD in the range of 1-5%. For emulsification method (FAES-CDE) the best LOQ obtained was 0.05 mg kg–1 for Na and 0.02 mg kg–1 for K with RSD in the range of 1-5%. These results were more sensitive, than the described by Nowka that quantified Na and K in biodiesel in a linear range of 0.2-1.0 mg kg–1 with RSD in the range of 1-2%, using mono elementary FAES.17 Similarly, Chaves et al. quantified Na and K individually in biodiesel samples as microemulsion by FAES obtaining LOQ of 0.3 mg kg–1 and RSD in the range 0.4-7.0%.18 This better sensitivity is probably due to the detector employed that allows to improve the integration time of measurement. Calcium determination by FAES obtained LOQ of 0.2 mg kg–1 and 1.0 mg kg–1 in the FAES-CDK and FAES-CDE, respectively, with RSD in the range of 0.9-3.6%. The results obtained for calcium are unprecedented and showed that FAES provides the quantification of this element in biodiesel samples in a simultaneously with Na and K ions. The aspiration rate and the nebulization efficiency are highly dependent on the physical properties of the solution.18 Higher sensitivity was found for Ca in the kerosene direct dilution method. Organic solvents have less viscosity and superficial tension than water solutions increasing the aspiration rate and the efficiency of nebulization. Furthermore, the flammable solvents increase the flame temperature improving the atomization of the analytes.18

  Comparing the results for Na and K by FAES and ICP OES methods, it was possible to observe that FAES obtained lower LOQ and linear regression parameters than standardized method. For Ca, the standardized method showed greater sensitivity (LOQ = 0.05 mg kg–1), since high temperature promoted by argon plasma minimizes non-spectral interferences, improving the sensitivity of metals such as Ca and Mg.38

  Analytical results

  The accuracy of the proposed methods (FAES-CD) were checked by comparing the results with kerosene direct dilution method (FAES-CDK) and emulsification method (FAES-CDE) with those obtained by ABNT NBR 1555. The results are shown in the Table 2.
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  Statistical tests were applied for results of Na (paired t-student test), K and Ca (t-student). The three methods presented no significant differences at 95% confidence level.

  In addition, some biodiesel samples obtained from different sources were spiked with Na, K and Ca inorganic standards as emulsions. The recovery obtained for Na (94-108%), K (95-99%) and Ca (89-103%) indicated that no matrix influence was observed in FAES-CDE.

  The proposed methods provided the possibility to quantify low levels of Na and K in biodiesel samples when compared to ABNT NBR 15553. The standardized method presented high sensitivity for Ca determination, however the proposed method using kerosene direct dilution provided the quantification of calcium in four biodiesel samples with adequate sensitivity for the established limits in the Brazilian legislation (5 mg kg–1).4 Due to low sensitivity of the emulsification method it was only possible to quantify Ca in one biodiesel sample.

  These results showed that the proposed methods for FAES provided the simultaneous determination of metals Na, K e Ca in biodiesel, with good accuracy, simplicity and lower cost when compared to ABNT NBR 15553. The sample preparation procedures are simple and require minimum manipulation of the sample without handling harmful reagents. However, in the kerosene direct dilution the standard organometallic solutions must be analysed immediately after preparation due to low stability of the analytical signal.The use of emulsions was a simple and adequate alternative for the biodiesel samples since it does not require the use of large quantities of reagents and enabled the use of inorganic standards for calibration. However, more studies are required for the optimization of instrumental and experimental parameters through FAES for the Ca quantification in emulsions.

   

  Conclusions

  The simultaneous determination of Na, Ca and K in biodiesel was carried out with high precision and accuracy using flame atomic emission spectrometry.

  Simple and fast sample preparation procedures were developed for biodiesel samples through direct dilution with kerosene and formation of emulsion, using Li as internal standard to improve repeatability. The composition of the emulsion was optimized in order to guarantee maximum analytical signal and analyte stability. The emulsification method enabled the use of inorganic standards for calibration and the recovery tests indicate the absence of matrix effects.

  The proposed method was applied to the analysis of biodiesel samples obtained from different sources presenting high sensitivity for Na and K determination and the possibility of Ca quantification.

  This alternative technique in contrast to ICP OES has advantages due to its simplicity and low cost. Furthermore, it provided the simultaneous determination of Na, Ca and K standing out in comparison to mono elementary techniques as flame atomic absorption spectrometry.
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    Visando analizar resíduos de metribuzin em amostras de solo, precisamos usar métodos de extração especiais e adequados com alta eficiência. Cinco métodos de extração simples e rápidos (extração em fase sólida (SPE) com balanço hidrofílico-lipofílico (HLB), SPE com nanotubos de carbono de paredes múltiplas (MWCNTs), ultrassom, método quick, easy, cheap, effective,ruggedandsafe (QuECheRS) e extração líquido-sólido) acoplado a cromatografia gasosa foram usados na análise de resíduos do herbicida metribuzin em solos. Valores médios de recuperação do analito foram > 80%. Os extratos foram analizados por um sistema de cromatografia gasosa (GC) equipado com um detector de captura de elétrons (ECD). A ordem de valores médios de recuperação de metribuzin pelos cinco métodos de extração é: SPE com HLB > SPE com MWCNTs > ultrassom > QuECheRS > extração líquido-sólido. A recuperação média do analito depende do tipo de solo. Os resultados deste estudo mostram que o método de extração SPE com HLB é a melhor opção para extrair metribuzin de solos selecionados.

  

   

  
    With a view to analyze metribuzin residues in soil samples, we need to use special and suitable extraction methods with high efficiency. Five simple and rapid extraction methods (solid phase extraction (SPE) with hydrophilic-lipophilic balance (HLB), SPE with multi-walled carbon nanotubes (MWCNTs), ultrasonic, quick, easy, cheap, effective, rugged and safe (QuECheRS) method, and liquid-solid extraction) coupled to gas chromatography were used for the analysis of metribuzin herbicide residues in soils. Mean recovery values of analyte were > 80%. Extracts were analyzed by a gas chromatographic (GC) system equipped with an electron capture detector (ECD). The order of mean recovery values of metribuzin for the five extraction methods is: SPE with HLB > SPE with MWCNTs > ultrasonic > QuECheRS > liquid-solid extraction. Mean recovery of analyte depends on the type of soil. The results of this study show that SPE with HLB extraction method is the best option for extracting metribuzin in selected soils.

    Keywords: metribuzin, multi-walled carbon nanotubes, hydrophilic-lipophilic balance, QuECheRS, ultrasonic

  

   

   

  Introduction

  The application of pesticides is a usual practice in modern agriculture. However, owing to intensive use of these compounds, a fraction of the amounts used reach the soil and become an unavoidable part of the environment.1,2 Therefore, it is important to monitor their residues in all environmental segments and their monitoring has been frequently performed throughout the world.3-5

  The fate of pesticides in soil is controlled by the chemical, biological and physical dynamics of this matrix.6-8 Pesticides are degraded by chemical and microbiological processes. Chemical degradation occurs through reactions such as photolysis, hydrolysis, oxidation and reduction.9,10 Biological degradation takes place when soil microorganisms consume or break down pesticides.11-13 Triazine and organophosphorus pesticides are detected in the environment and their environmental behavior is of great concern, although several members of these classes have been banned for years.13-17

  Metribuzin is an s-triazine herbicide with water solubility of 1.2 g L−1 at 20 ºC widely used pre- and postemergence for broadleaf weed control in potato, sugarcane, soybean, and other crops.18,19 Tiazine herbicides are weakly basic in nature and can be sorbed to both soil organic carbon and clay minerals4,20 with sorption increasing slightly as the soil pH is decreased.21,22 The extent to which metribuzin leaches to ground water is the inverse function of the organic matter content of soil.23,24

  Most pesticides have strong binding to the soil matrix, and they have low concentration in soil solution. Therefore, the most important and critical step within the total scheme of soil analysis for reliable determination of pesticides is using special and suitable extraction methods with high efficiency.25 The traditional extraction methods are laborious, time-consuming, expensive, require large amounts of organic solvents and usually involve many steps, leading to loss of some analyte quantity and can be reduced by using other extraction methods developed recently.26 Ideally, sample preparation should be rapid, simple, cheap, and provide clean extracts. It is usual to develop an environmentally friendly procedure with a suitable organic solvent including carbon nanotubes (CNTs), quick, easy, cheap, effective, rugged and safe (QuECheRS) method, sonication27,28 and in some cases prior to determination it is followed by a clean-up step with solid phase extraction (SPE) cartridges.29 On the whole, the analytical procedure for each case should be chosen in order to reduce problems related to analysis duration, consumption of solvents, and also to minimize the number of involved analytical steps for minimizing potential sources of errors.

  Although some of the reference methods for plant and water samples are rarely used for extraction of soil samples, it is interesting to study whether these methods could be applied to soil analysis. This paper describes some of new extraction techniques and their ability and usage for metribuzin residue determination in soil samples. Taking into account the above considerations, the main objective of this research was to compare the extraction efficiency of five different analytical methods (SPE with hydrophilic-lipophilic balance (HLB), SPE with multi-walled carbon nanotubes (MWCNTs), QuECheRS, ultrasonic, liquid-solid extraction) for metribuzin residues in soil and its determination by gas chromatography with electron capture detector (GC-ECD) in different soil samples.

   

  Experimental

  Sampling and soil sample preparation

  In this research, five kinds of soils were selected from different agricultural lands. The soil samples contained no detectable amount of metribuzin residues. Samples were collected from surface soil (0-20 cm), and prior to use, soil samples were carefully homogenized, sieved (2 mm mesh), air-dried at room temperature and stored at 4 ºC until analysis. The main physicochemical characteristics of soils are given in Table 1. Soil pH was determined in 1:2.5 soil-water suspension with a glass pH electrode, the soil organic matter (Walkley and Black method) and cation exchange capacity (CEC) were measured according to the standard methods.30 Soil particle fractions were determined by the Gee and Bauder31 proposed method.
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  Reagents and chemicals

  Metribuzin (4-amino-6-tert-butyl-3-(methylthio)-as-triazin-5(4H)-one) standard with purity of 99% was used for this study. All organic solvents (methanol, acetonitrile, dichloromethane and ethyl acetate), were high-performance liquid chromatography (HPLC) grade and other chemicals, such as anhydrous magnesium sulfate, sodium chloride, sodium sulfate, acetic acid, hydrochloric acidand sodium hydroxide were analytical grade. Bulk quantities of anhydrous MgSO4 were heated to 500 ºC for more than 5 h to remove phthalates and any residual water prior to their use in the laboratory. Stock solution of metribuzin was prepared dissolving 10 mg of the standard in 10 mL acetonitrile and further diluted with acetonitrile to 10 µg mL−1 and stored in the dark at −20 ºC. From the stock solution, working standard sets for metribuzin (0.02, 0.05, 0.08, 0.1, 0.3, 0.5, 0.8, 1.0, 2.0, and 3.0 µg mL−1) were prepared by appropriate dilutions with acetonitrile to encompass the entire linear range of the method, then stored at 4 ºC. They were kept for 2 h at ambient temperature prior to their use.

  Spiking of soil samples

  Ten grams of soil were weighed in a 50-mL centrifuge tube and fortiﬁed by adding the appropriate volume of the working standard solutions, so that metribuzin concentration was achieved as 0.1, 0.4, 0.7 and 1.0 µg g−1 soil. The sample was slightly shaken inside the tube to ensure a homogeneous mixture of metribuzin with the whole quantity of the soil. After the bulk of the solvent was evaporated, the materials were ﬁnally dried for at least 24 h at room temperature, kept away from light and then they were analyzed. Extractions of blank samples were done in parallel to extractions of the spiked ones.

  Soil sample extraction techniques

  Five extraction methods were assessed and compared in this study: (i) SPE with HLB; (ii) SPE with MWCNTs; (iii) ultrasonic; (iv) QuECheRS; and (v) liquid-solid extraction

  Solid phase extraction with HLB method

  This method has been described by Belmonte Vega et al.32 before and we used it with some changes. The method is as follows:

  Ten grams of air-dried soil was extracted with 15 mL of methanol/water (4:1 v/v) in an ultrasonic bath for 30 min. First, the suspension was centrifuged for 10 min at 4000 rpm and then ﬁltered through a 0.45 µm ﬁlter, then the organic solvent was evaporated in a rotatory evaporator at 35 ºC and the residual water was made up to 30 mL with milli-Q water. The sample was acidiﬁed to pH 3.5 by HCl/NaCl and then extracted using HLB (200 mg) cartridges pre-conditioned with 4 mL dichloromethane, 4 mL methanol and 5 mL water, consecutively. Extracts were loaded on cartridges at a rate of 8 mL min−1 by using a vacuum-operated pumping system. Afterwards the cartridges were dried in an air current during 30 min. The elution of analyte was achieved with 5 mL methanol, 5 mL dichloromethane and the organic solvent was concentrated to approximately 0.5 mL in a rotary evaporator at a temperature of 35 ºC. The ﬁnal volume was made up to 2 mL with methanol before being analyzed by GC.

  Solid phase extraction with multi-walled carbon nanotubes method

  Solid-phase extraction cartridge:packed cartridges were prepared with empty polypropylene cartridges (0.5 g, 3 mL). An aliquot of 0.1 g MWCNTs were weighted into the cartridge after a polypropylene frit was set at the cartridge bottom. At the front of the cartridge, another polypropylene frit was set. Each MWCNT cartridge was used only once.

  SPE procedure for soil:this method has been described by Min et al.33 before and it was used with some changes and optimizing the addition of a second solvent to methanol. Ten grams air-dried soil was weighed into a clean centrifugal tube, and then 20 mL methanol/acetonitrile solution (1:1) was added. After the mixture was shaken on a rotational shaker for 5 min at 300 rpm, the mixture was separated in a centrifuge at 4000 rpm for 15 min. The supernatant was carefully transferred into a clean beaker. The residues were then rinsed with 10 mL of methanol/acetonitrile solution (1:1) and the supernatants were combined. Then the soil final extract was evaporated to remove methanol in a rotary evaporator at 35 ºC. The soil extract was diluted with milli-Q water to 30 mL and then passed through the multi-walled carbon nanotube-packed cartridge (which was washed with 3 mL methanol and 5 mL purified water before use) at a flow rate of 4 mL min−1 by a vacuum pump. After the sample was applied, the cartridge was kept under vacuum for 5 min to remove any residual water. The objects retained on the cartridge were eluted by 4 mL ethyl acetate at a flow rate of 1 mL min−1. The effluents were collected into a test tube and condensed to dryness under a gentle flow of nitrogen at room temperature and re-dissolved with 1 mL acetone before analysis by GC.33

  Soil extraction method using ultrasound

  This method has been described by Fenoll et al.34 before and this method was carried out with some changes, with 10 g of soil sample in a centrifuge tube. Samples were extracted with 20 mL acetonitrile/water (1:1, v/v) solution by sonication followed by a salting-out step with 2 g NaCl. Sonication (Hielscher ultrasonic processor model UP400S, sonic dismembrator 400 W generator equipped with standard titanium probe) took place for 15 min at 0.5 cycles and the vibration amplitude was 30%. The tube was shaken for 1 min and centrifuged for 15 min at 4500 rpm. The supernatant extract was filtered through a 0.45 µm filter, transferred into a vial, and analyzed by GC.34

  Soil extraction method using QuECheRS

  The QuECheRS method described by Caldas et al.35 is based on the extraction of 10 g of soil sample with 100 µL of acetic acid (0.1%) and 10 mL of acetonitrile, followed by a salting-out step with 4 g MgSO4, 1 g NaCl, and hand-shaking the mixture immediately for 15 s. After that, it was shaken vigorously in a laboratory shaker for 1 min and then centrifuged at 4500 rpm for 15 min. The supernatant was passed through a 0.45 µm ﬁlter and 1.5 mL of the extract was transferred into vials for GC analysis. We set up an experiment to optimize using salts and acidiﬁcation of the mixture.

  Soil extraction method using liquid-solid extraction

  This method was done based on a method described by Khoury et al. ,36 with some changes in the procedure. A 5 g dried soil sample was placed into a polypropylene centrifuge tube (50 mL), then 10 mL of HPLC-grade dichloromethane were added and the mixture was shaken with a rotary shaker for 30 min. After centrifugation at 4500 rpm for 15 min, 5 mL of the supernatant were evaporated under dry nitrogen and then diluted in 0.5 mL of HPLC-grade methanol. The soil extract was transferred into vials for analysis by using GC-ECD.

  Validation experiments

  The metribuzin standard solutions were used for the validation of the method (determination of limit of detection (LOD), limit of quantification (LOQ), the construction of the calibration standard curve and the preparation of the fortified soil samples for recovery experiment). In GC systems, quantification was made by external standard calibration curves made by use of standard working solutions (0.02 to 3.0 µg mL−1 for the GC-ECD system). The analytical methods were validated with the analysis of spiked soil samples. The recovery was determined for three replicates in the spiking concentrations of 0.1, 0.4, 0.7, and 1.0 µg g−1 for metribuzin. Calculations of recoveries were done by using the peak areas. The precision was calculated as relative standard deviation percentage (RSD%) for each concentration level. The linearity of the calibration curve was evaluated at a concentration range between 0.02 and 3.0 µg mL−1 using ten calibration solutions prepared in acetonitrile. The set of samples under analysis each day was processed together with a blank extract that eliminates a false positive by contamination in the extraction process, instrument, or chemicals. For the GC-ECD-based method, the limit of detection (µg kg−1) of metribuzin was determined as the lowest concentration giving a response of three times the standard deviation of the baseline noise. The limit of quantification (µg kg−1) was determined as the lowest concentration of metribuzin giving a response that could be quantified with an RSD lower than 20%.37

  Apparatus and analytical conditions

  GC analyses were performed on a Hewlett-Packard (Agilent Technologies) GC Model 7890A Series gas chromatograph equipped with 63Ni electron capture detectors. An HP-5 (30 m × 0.32 mm i.d. ) (Agilent Technologies) fused silica capillary column with a 0.25 µm ﬁlm thickness was used with nitrogen (99.99% purity) as carrier gas at a ﬂow rate of 5 mL min−1. One microliter of the sample was injected in the splitless mode. Detector and injector temperatures were 300 ºC. The GC oven was operated with the following temperature program: initial temperature 120 ºC, ramped at 20 ºC min−1 to 270 ºC and held for 0.5 min. Under these conditions, retention time of metribuzin was 4.06 min. The Agilent ChemStation software was used for data analysis.

  Data analysis

  Statistical analysis was performed using the softwares MSTAT-C and SPSS 16.0. Relationships between soil properties and mean recoveries were tested by Pearson correlation. We used least significant difference (LSD) test at p < 0.05 to determine the differences between recoveries of metribuzin in different soils and methods and their interactions.

   

  Results and Discussion

  Soil sample characteristics

  Some of the physicochemical properties of studied soils are shown in Table 1. The pH of soils is in the range of 7.60-7.97. The organic carbon content varied from 4.75 to 23.3 g kg−1 and clay content varied from 134 to 454 g kg−1. The CEC ranged from 12.77 to 34.97 cmol(+) kg−1 and the specific surface (SS) is in the range of 22.55-119.41 m2 g−1. The organic carbon content was positively correlated with CEC, and was negatively correlated with pH, sand, SS and clay content. This result is according to the Ding et al.38 findings. The clay content had significant and positive relationships with CEC, SS and was negatively related to the sand content (Table 2). Also, there was a positive relationship between CEC and SS (p < 0.01).
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  Calibration curve

  Under the chromatographic conditions described above, the linearity of the calibration curve was studied by using the peak area. Ten different concentrations (0.02, 0.05, 0.08, 0.1, 0.3, 0.5, 0.8, 1.0, 2.0, and 3.0 µg mL–1) for metribuzin were plotted vs. the peak area of herbicide (Table 3) and good linearity was achieved in the concentration range between 0.02 and 3.0 µg mL−1. The correlation coefficient derived from the linear regression was higher than 0.999, with significant correlation between concentration and peak area for the herbicide.
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  Optimization of salt addition and acidification (QuECheRS method)

  To study the effect of salt addition and acidification, the QuECheRS extraction was performed by using three treatments: 4 g MgSO4 + 1 g NaCl, 4 g MgSO4, and 4 g MgSO4 + 1 g NaCl + 100 µL acetic acid 0.1%. The metribuzin recovery results are shown in Figure 1. The experiment was performed in three soils (soils 1, 5, and 7) at a spiking level of 0.7 µg mg−1. The addition of 1 g NaCl to 4 g MgSO4 significantly increased the mean recovery of metribuzin in three soils (mean recovery increased 12-15%) (Figure 1).
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  Leon et al.39 and Nakamura and Daishima40 have described that the recovery for more hydrophilic analytes (log Kow< 3.5) dramatically increased on increasing concentration of NaCl. However, Wu et al.41 found that the addition of salt caused a decrease in the recovery of the pesticides studied. Combinations of salts (MgSO4 and NaCl) were used to enhance phase separation. The salting-out effect resulting from the addition of NaCl depends on the nature of the solvents involved in the partitioning step. The treatment using MgSO4 and NaCl together showed better recoveries than using MgSO4 alone.

  Durovic et al.42 stated that the metribuzin recovery values increased by addition of up to 5% NaCl to the system. Buffer application in QuECheRS is usual, and it was studied for three soil samples. The metribuzin recoveries significantly increased when the buffer was used than in two other treatments without acetic acid (Figure 1). In general, by using 4 g MgSO4 + 1 g NaCl + 0.1% acetic acid treatment, the highest recoveries of metribuzin herbicide were achieved. However, there is no significant difference between mean recoveries of treatments 4 g MgSO4 + 1 g NaCl and 4 g MgSO4 + 1 g NaCl + 0.1% acetic acid in soil 7 (it was significant for soils 1 and 5). Thus, the use of 0.1% acetic acid led to improvement in the recoveries. It enabled to increase the metribuzin stability prior to analysis.

  Optimization of a second solvent addition to methanol (SPE with MWCNTs method)

  We decided to study the effect of changing the second solvent with methanol on metribuzin recovery to achieve the highest recoveries possible. As it can be seen in Figure 2, the results of mean recovery of soils for methanol/hexane (1:1) mixture were between 43.81-61.3%, for methanol/acetonitrile (1:1) mixture were between 91.18-95.87%, for methanol/ water (1:1) mixture were between 68.86-87.91%, and for methanol/acetonitrile (3:1) mixture were between 80.36-91.12%. Among the different selected mixtures, the methanol/acetonitrile (1:1) combination achieved highest recovery values compared with the other different mixtures, although there is no significant difference between metribuzin recovery values for methanol/acetonitrile (1:1) and methanol/acetonitrile (3:1). Since methanol is very toxic and based on decreasing solvent consumption, methanol/acetonitrile (1:1) was selected as the best extracting mixture for this method.

  
    

    [image: Figure 2. Effect of the different second solvent relative]

  

  An explanation can be obtained for the lower recovery in soil 5 (see Figure 2); the higher clay and OC contents in soil 5 (Table 1) imply a higher retention of analyte by the soil components43 and this is what seems to takes place.

  Recovery experiment

  Five soils with different physical chemical properties were selected to validate the methods. The recoveries of the methods were determined by spiking soil samples free of metribuzin with four concentrations (0.1, 0.4, 0.7 and 1.0 µg mg−1) of working standards. The recovery of metribuzin was calculated at each of concentration level by comparing the measured concentrations with the spiked concentrations. Five un-spiked soil samples and five reagent blanks served as the negative control for quality assurance purposes. The recoveries for metribuzin in five soils with different extraction methods were calculated. Figure 3 shows the recoveries of metribuzin in soil 5 with the used extraction methods.
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  The mean recovery values ranged between 78.17 and 94.19% for soil 1, between 62.39 and 89.18% for soil 3, between 60.93 and 88.54% for soil 5, between 89.11 and 105.61% for soil 7, and between 87.47 and 108.53% for soil 8 (an example is shown in Figure 3). In general and based on the different works previously published, the type of soil can affect recovery values.44 As can be deduced from the results, the recovery percentages for soil 7 were higher than for the other soils. The reason might be the relatively low amount of organic matter that this soil contains compared with the rest of them. Soil 7 had a high content of sand and low percentage of OC and clay, as a result, it contained low CEC and SS, which can affect the extraction efficiency of metribuzin. As Weber20 and Santos and Galceran45 mentioned, the OC content is the most important soil property affecting the degree of adsorption.

  The correlation result between soil properties and mean recoveries of metribuzin in soils show that the mean recovery of analyte negatively correlated with OC (−0.051), clay (−0.975), CEC (−0.943), and SS (−0.976) of soils and correlations are signiﬁcant at the 0.05 probability level. The mean recovery values of metribuzin at all fortification levels were not significantly different from each other (data not shown). The differences between mean recovery values were evaluated by using the LSD test at p < 0.05 level. Analysis of data show that the differences between herbicide mean recoveries for five soils and also for five extraction methods were statistically significant (Table 4).

  
    

    [image: Table 4. Mean recoveries of soils and extraction method]

  

  The highest metribuzin recovery values were achieved in soils 7 and 8 and were followed by soils 1, 3, and 5. The mean recovery values difference between soils 7 and 8 and also between soils 3 and 5 were not significant (Table 4). Soils 3 and 5 have higher clay and OC content compared with soil 7 and 8 (Table 1). The possible reason for the lower metribuzin recoveries in soils 3 and 5 than in others is the strong binding of metribuzin with OC and clay of these two soils. The order of mean recovery values of metribuzin for the five extraction methods is: SPE with HLB > SPE with MWCNTs > ultrasonic > QuECheRS > liquid-solid extraction (Table 4), but there is no significant difference between using SPE with MWCNTs, ultrasound and QuECheRS. Liquid-solid extraction had the lowest recoveries in all soils (the mean recoveries of liquid-solid extraction method were between 60.93 to 90.71%). The difference between metribuzin recovery values for the different extraction method depends on the type of extractor solvent and the extraction steps.

  The interaction of mean recovery values of analyte from soils and extraction methods (spiking level ranges between 0.1-1.0 µg g−1) are shown in Table 5. All methods can be used for extraction of metribuzin from soils 7 and 8, even soil 1. Extraction of analyte from soils 3 and 5 can be done by using all methods except for liquid-solid extraction, because this method had relatively low recovery for these two soils. The results of this experiment show that the proposed methods to determine metribuzin residues in soils are simple, rapid, and uses low volumes of organic solvents in the sample extraction. High recoveries (> 80%) were obtained for the herbicide studied by using all extraction methods (except liquid-solid method).
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  As the SPE with HLB method had the highest recovery of metribuzin in all soils and spiking levels and there is no significant difference between SPE with MWCNTs, ultrasonic and QuECheRS methods (except for liquid-solid), thus for some of the same soils with properties in this range, the SPE with HLB method can be selected as the suitable option for metribuzin herbicide extraction. The possible reason for higher recovery of SPE with HLB is that the HLB sorbent is water wettable, it maintains its capability for higher retention and excellent recoveries even if the sorbent runs dry.

  Accuracy and precision

  The repeatability of the methods was determined by performing the analysis of spiked samples at 0.7 µg g−1. The RSD values obtained for the retention times ranged from 0.01-0.05%, whereas values for mean recovery for extraction methods ranged from 2.87-6.32% (Table 6). Comparing the extraction techniques, QuECheRS and ultrasonic showed lower repeatability than liquid-solid extraction.
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  Since metribuzin recovery values are > 80% (except for the liquid-solid method) and respective RSDs are < 20% at all fortification levels, under these conditions, the accuracy and precision of the methods are acceptable. The result showed that metribuzin recovery values and the RSDs in all extraction methods (except for the liquid-solid extraction method) were between 80.11-108.53% and 1.09-9.14%, respectively, that clearly demonstrate the accuracy, precision and suitability of the proposed methods.

  The LOD value of the SPE with HLB method was determined at signal/noise of 3 for metribuzin in soil 5 by GC-ECD, whereas the LOQ values were obtained at signal/noise of 10. The LOD and LOQ values obtained for metribuzin were 0.0087 and 0.029 µg g−1, respectively. Figure 4 shows a metribuzin chromatogram sample and its retention time was 4.06 min.
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  Conclusions

  Sample extraction is time-consuming and it can be considered as the most important and critical step in the whole analytical procedure. Improvements in the sample preparation techniques for different samples have led to modifying the existing methods and development of new techniques, in order to save time and reduce use of solvents and thus improve the efficiency of the analytical process. The results presented in this work demonstrate that SPE with HLB, SPE with MWCNTs, QuECheRS, and ultrasonic extraction methods have high efficiency and are suitable for determination of metribuzin in soils with a wide range of OC and clay content. These proposed methods had satisfactory recoveries (> 80%), good repeatability (%RSD < 6.32) and with capability to provide accurate results, but SPE with HLB (with the highest recoveries) is the best method among the selected methods in this study. We plan to further explore different pesticide residue analysis in a wide range of soil samples. Additionally, we will apply more than one instrument for quantifying and comparing pesticide residue value.
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  Introduction

  The enantioselective addition of organometallic reagents to carbonyl compounds is one of the fundamental reactions to form a new carbon-carbon bond in asymmetric synthesis.1 The asymmetric addition of organolithium and Grignard reagents to carbonyl substrates usually occurs with low stereoselectivity, due to their high reactivities.2 On the other hand, the catalytic asymmetric addition of diorganozinc compounds to aldehydes is by far one of the most studied asymmetric transformations, and consists of a very useful method for the enantioselective preparation of secondary alcohols.1,3-6 Chiral alcohols are widely found in nature and are also important building blocks in organic synthesis.6

  Recently, the catalytic asymmetric addition of diethylzinc to aldehydes was applied to obtain optically active lactones,7 cyclopropyl alcohols,8 and also in the synthesis of the natural product (+)-(R)-gossonorol, which shows antifungal, anticancer and antioxidant activities.9

  The chiral catalysts developed so far can induce good to excellent selectivities; they include primary amino alcohols,10-17 diamines,18,19 disulfonamides,20,21 diols22-24 and others.25-36 The synthesis of these catalysts usually involves more than one step, so the development of new catalysts, readily available and versatile, remains an important challenge in this field.

  Natural ketones such as camphor, fenchone and menthone have been widely used in the synthesis of chiral ligands employed in the asymmetric addition of organozinc reagents to carbonyl compounds, furnishing good to excellent results.35,37-54 They represent an inexpensive and readily available source of chirality, which makes their use in the synthesis of the catalysts very advantageous.

  Oxazolines have been extensively used in asymmetric catalysis, especially 2-oxazolines.55-58 There are a few examples of oxazoline-based catalysts used in the addition of organozinc reagents to carbonyl compounds, most of them employing α-hydroxy-2-oxazolines.28,59-62

  Herein we describe the synthesis of some β-hydroxy-2-oxazolines derived from (–)-menthone, and their application as chiral ligands in the enantioselective addition of diethylzinc to aldehydes.

   

  Results and Discussion

  To obtain the oxazolines derived from 2-amino-2-methylpropan-1-ol we used the method proposed by Meyers, in which a carboxylic acid, in this case acetic acid, is reacted with an amino alcohol under heating.63 The 2-oxazoline derivatives from (+) or (–)-valinol were obtained by another method, also developed by Meyers, in which an amino alcohol reacts with an orthoester, in this case triethyl orthoacetate, under reflux.64

  With the 2-oxazolines in hand, we performed the addition of their anions, generated by reaction with n-butyllithium,65 to (–)-menthone, affording the chiral β-hydroxy-2-oxazolines outlined below (Figure 1).

  
    

    [image: Figure 1. Preparation of the chiral]

  

  Ligand 1 was obtained as a mixture of diastereomers in a 75:25 ratio (Figure 2a), the same stereoselectivity observed in the synthesis of the other two ligands.

  
    

    [image: Figure 2. Chromatogram obtained with a fused silica column]

  

  Using ligand 1 as a model, we determined the stereoselectivity of the major addition product obtained by nuclear Overhauser effect (NOE) experiment. The CH2 (2.74 ppm) alpha to the hydroxyl group was strongly correlated with Ha and Hb (2.09 and 2.19 ppm), as shown in Figure 3. This confirmed that the oxazoline anion attacked the carbonyl moiety mainly via an equatorial approach, in accordance with previous reports.38,44

  
    

    [image: Figure 3. Determination of the stereochemistry]

  

  In order to evaluate the effect of the stereochemistry of the generated stereocenters of the new ligands on the stereoselective course of the addition of diethylzinc to aldehydes, the diastereomeric mixture was enriched in the major diastereomer by column chromatography, reaching a 95:5 diastereomeric ratio (Figure 2b). The addition of diethylzinc to p-chlorobenzaldehyde was performed with both diastereomeric mixtures in the same conditions (entry 1a, using the 75:25 and entry 1b, using the 95:5 diastereomeric ratio, Table 1). The results showed that the products were obtained with the same enantiomeric excess. This is probably a consequence of a non-linear effect between the diastereomeric ratio of the chiral ligand and the enantioselectivity obtained in the addition process catalyzed by the ligand, as has been described elsewhere.66-69

  
    

    [image: Table 1. Screening of the conditions to perform the addition]

  

  Ligand 1,in a 75:25 diastereomeric ratio, was chosen in order to evaluate the influence of the solvent, temperature and amount of the catalyst in the stereoselective addition of diethylzinc to aromatic aldehydes, using p-chlorobenzaldehyde as a model (Table 1).

  After the reaction conditions were optimized, all β-hydroxy-2-oxazolines prepared were tested, without diastereomeric purification, as chiral ligands to perform the stereoselective addition of diethylzinc to p-chlorobenzaldehyde (Table 2).

  
    

    [image: Table 2. Addition of diethylzinc to p-chlorobenzaldehyde]

  

  Interestingly, the ligand with the fewest stereogenic centers showed the best result. We assumed that the stereogenic center present in the oxazoline portion could improve the stereoselectivity, if acting in synergism with the steric hindrance provided by the menthane portion; however, both ligands 2 and 3 led to lower stereoselectivities.

  Since ligand 1 showed the best results, it was used in the addition to other aromatic aldehydes (Table 3).

  
    

    [image: Table 3. Addition of diethylzinc to benzaldehydes using]

  

  The best enantiomeric excess (e.e.) (78%) was achieved using 3-methoxybenzaldehyde. This result is probably related to the lower steric hindrance caused by the methoxy group when located at the 3-position, compared to the starting material with the methoxy group at the 2-position.

  The e.e. achieved employing the other aldehydes were compared to those obtained using benzaldehyde.

  This is the first report dealing with the use of chiral β-hydroxy-2-oxazolines as catalysts in the addition of diethylzinc to aldehydes; in the literature there are a few reports of the use of chiral α-hydroxy-2-oxazolines as catalysts in this reaction.28,59-62 Although some e.e. obtained when using α-hydroxy-2-oxazolines are better than those reported herein, β-hydroxy-2-oxazolines are much easier to prepare, using less-expensive, commercially available materials. The results obtained in this study are being used by our group in order to synthesize other chiral β-hydroxy-2-oxazolines, aiming to improve the stereoselectivity of this process.

   

  Conclusions

  We describe herein the synthesis of new chiral β-hydroxy-2-oxazolines, and their application in the asymmetric addition of diethylzinc to aromatic aldehydes. The best ligand 1, which was readily synthesized from inexpensive and commercially available materials, showed good catalytic activity (up to 93% yield and 78% e.e.). Other chiral β-hydroxy-2-oxazolines are being synthesized in our laboratory, aiming at applications beyond the organozinc additions to aldehydes, such as in the asymmetric addition of alkynes to carbonyl compounds,71 and in the asymmetric addition of boronic acids to carbonyl compounds.72

   

  Experimental

  Oxazolines

  All three oxazolines (2,4,4-trimethyl-2-oxazoline and (S) and (R)-4-isopropyl-2-methyl-2-oxazoline) were synthesized, and afforded spectral data according with the literature.63,64

  General procedure for the preparation of β-hydroxy-2-oxazolines 1-3

  In a 25 mL flask equipped with magnetic stirring, a solution of n-butyllithium (1.31 mL, 2.1 mmol) in hexane was added at –78 ºC to a solution of the corresponding 2-oxazoline (2 mmol) in tetrahydrofuran (THF) (4 mL). The reaction mixture was stirred for 30 min and then a solution of menthone (308 mg, 2 mmol) in THF (4 mL) was added dropwise. After the addition, the cooling bath was removed and the mixture was stirred for 2 h at 25 oC. The reaction mixture was quenched with aqueous saturated NH4Cl solution (10 mL), and extracted with diethyl ether (3 × 30 mL). The combined organic layer was dried over anhydrous Na2SO4. After filtration and evaporation of the solvent under reduced pressure, the crude product was purified by flash chromatography using a mixture of hexane/ethyl acetate (9:0.5) as eluent to give the corresponding chiral β-hydroxy-2-oxazolines.

  (1R,2S,5R)-1-((4,4-dimethyl-4,5-dihydrooxazol-2-yl)methyl)-2-isopropyl-5-methylcyclohexanol(1): Yield 91% (486 mg); [α]D25 –34.97 (c 1.25, CHCl3, 90% e.e.); IR (KBr) ν/cm–1 3046, 2957, 1742, 1653, 1558, 1457, 1406, 1242, 1191, 982; 1H NMR (200 MHz, CDCl3) δ 0.85 (d, 3H, J 6.5 Hz, CH3), 0.90 (d, 3H, J 6.9 Hz, CH3), 0.93 (d, 3H, J 6.8 Hz CH3), 0.96 (m, 1H, CH), 1.00 (dd, 1H, J 13.4 Hz, 1.1, CH), 1.02 (ddd, 1H, J 12.1 Hz, 3.9, 1.8, CH), 1.27 (s, 3H, CH3), 1.29 (s, 3H, CH3), 1.52 (m, 2H, CH2), 1.66 (ddd, 1H, J 13.4 Hz, 3.3, 2.5, CH2), 1.77 (m, 1H, CH2), 1.79 (m, 1H, CH2), 2.09 (qqd, 1H, J 6.9 Hz, 6.8, 1.4, CH), 2.19 (d, 1H, J 14.9 Hz, CH2), 2.74 (d, 1H, J 14.9 Hz, CH2), 3.89 (d, 1H, J 8.1 Hz, CH2), 3.93 (d, 1H, J 8.1 Hz, CH2); 13C NMR (50 MHz, CDCl3) δ 18.2, 20.9, 22.4, 23.8, 26.3, 27.8, 28.3, 28.5, 35.3, 38.5, 47.7, 50.4, 67.1, 73.4, 78.6, 164.7; HRMS (ESI-TOF) m/[image: Caracter 1], calcd. for C16H29NO2 [M + H]+: 268.2271, found 268.2266.

  (1R,2S,5R)-2-isopropyl-1-(((S)-4-isopropyl-4,5-dihydrooxazol-2-yl)methyl)-5-methylcyclohexanol(2): Yield 67% (342 mg); [α]D25 –34.34 (c 1.15, CHCl3, 98% e.e.); IR (KBr) ν/cm–1 3413, 2957, 2925, 1742, 1660, 1603, 1451, 1362, 1261, 1160, 1046, 982, 881, 780, 698; 1H NMR (200 MHz, CDCl3) δ 0.80 (d, 3H, J 6.9 Hz, CH3), 0.85 (d, 3H, J 6.4 Hz, CH3), 0.90 (d, 3H, J 6.8 Hz, CH3), 0.97 (d, 3H, J 6.7 Hz, CH3), 0.98 (d, 3H, J 7.0 Hz, CH3), 1.08 (m, 2H, CH2), 1.29 (m, 2H, CH2), 1.45 (m, 1H, CH2), 1.65 (m, 1H, CH2), 1,78 (m, 1H, CH), 1.80 (m, 1H, CH), 1,82 (m,1H, CH), 2.23 (qqd, 1H, J 6.9 Hz, 6.8, 1.9, CH), 2.47 (dt, 1H, J 15.3 Hz, 1.6, CH2), 2.62 (d, 1H, J 15.3 Hz, CH2), 3.90 (m, 2H, CH2), 4.26 (m, 1H, CH); 13C NMR (50 MHz, CDCl3) δ 18.5, 18.9, 19.2, 22.4, 23.5, 24.8, 24.9, 30.3, 31.5, 32.8, 35.0, 48.4, 51.7, 69.8, 72.0, 73.8, 166.2; HRMS (ESI-TOF) m/[image: Caracter 2], calcd. for C17H32NO2 [M + H]+ 282.2428, found 282.2437.

  (1R,2S,5R)-2-isopropyl-1-(((R)-4-isopropyl-4,5-dihydrooxazol-2-yl)methyl)-5-methylcyclohexanol(3): Yield 65% (365 mg); [α]D25 6.73 (c 1.22, CHCl3, 97% e.e.); IR (KBr) ν/cm–1 3447, 2935, 2901, 1842, 1650, 1633, 1479, 1352, 1252, 1147, 1081, 978, 869, 802, 678; 1H NMR (400 MHz, CDCl3) δ 0.84 (d, 3H, J 6.5 Hz, CH3), 0.89 (d, 3H, J 7.1 Hz, CH3), 0.90 (d, 3H, J 7.2 Hz, CH3), 0.93 (d, 3H, J 6.9 Hz, CH3), 0.98 (d, 3H, J 6.7 Hz, CH3), 1.03 (ddd, 1H, J 12.1 Hz, 4.2, 1.9, CH), 1.48 (m, 1H, CH2), 1.55 (m, 2H, CH2), 1.70 (m, 2H, CH2), 1.75 (m, 1H, CH), 1,77 (m, 1H, CH) 1.83 (m, 1H, CH), 2.10 (qqd, 1H, J 7.2 Hz, 6.9, 1.9, CH), 2.20 (d, 1H, J 15.1 Hz, CH2), 2.79 (dd, 1H, J 15.1 Hz, 1.2, CH2), 3.90 (m, 2H, CH2), 4.24 (m, 1H, CH); 13C NMR (50 MHz, CDCl3) δ 18.41, 18.44, 19.0, 20.9, 22.4, 23.8, 26.4, 27.8, 32.8, 35.3, 38.3, 47.6, 50.4, 69.7, 72.1, 166.2; HRMS (ESI-TOF) m/[image: Caracter 3], calcd. for C17H32NO [M + H]+ 282.2428, found 282.2437.

  General procedure for the addition of diethylzinc to aldehydes

  The chiral β-hydroxy-2-oxazoline (0.05 mmol) was dissolved in the desired solvent (1 mL) then a solution of diethylzinc was added (2.5 mL, 2.5 mmol, 1 mol L–1 in hexane) at 25 ºC. The mixture was stirred for 20 min and then cooled to 0 ºC. A solution of the aldehyde (2 mmol in 3 mL of solvent) was added dropwise. After 2 h, the cooling bath was removed and the reaction was quenched with an aqueous saturated solution of NH4Cl (5 mL), extracted with a mixture of hexane (2 mL) and diethyl ether (2 mL).The organic layer was dried over anhydrous Na2SO4, and after filtration, the solvent was eliminated under reduced pressure. The product was purified by flash chromatography using hexane/ethyl acetate 9:1 as eluent leading to the corresponding secondary alcohol. The enantiomeric excess was determined by chiral gas chromatography.

  1-phenylpropan-1-ol: The reaction was performed as described above to give the product as a colorless oil (255 mg, 94% yield); [α]D25 +32.6 (c 1.00, CHCl3). The NMR data match those previously reported.73

  1-(2-methoxyphenyl)propan-1-ol: The reaction was performed as described above to give the product as a colorless oil (298 mg, 90% yield); [α]D25 +21.2 (c 1.00, CHCl3). The NMR data match those previously reported.73

  1-(3-methoxyphenyl)propan-1-ol: The reaction was performed as described above to give the product as a colorless oil (305 mg, 92% yield); [α]D25 +39.1 (c 1.00, toluene). The NMR data match those previously reported.74

  1-(4-methoxyphenyl)propan-1-ol: The reaction was performed as described above to give the product as a colorless oil (309 mg, 93% yield); [α]D25 +21.9 (c 1.00, toluene). The NMR data match those previously reported.73

  1-(4-chlorophenyl)propan-1-ol: The reaction was performed as described above to give the product as a colorless oil (316 mg, 93% yield); [α]D25 +27.0 (c 1.00, toluene). The NMR data match those previously reported.73

   

  Supplementary Information

  Experimental detail and supplementary data are available free of charge at http://jbcs.sbq.org.br as PDF file.
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    Supplementary Information

     

    Experimental

    General

    All air and moisture-sensitive reactions were carried out under a dry argon atmosphere. Tetrahydrofuran (THF), hexane, toluene and diethyl ether were dried by distillation from sodium using benzophenone as indicator. Diethylzinc and n-butyllithium solutions (in hexane) were purchased from Aldrich in 1 mol L-1 and 1.6 mol L-1, respectively. All other materials were obtained commercially with analytical purity.

    Purification of reaction products was carried out by flash column chromatography manually using Merck 9385 Silica gel-Breckland 60 (0.040-0.063 mm). Analytical thin layer chromatography was performed on silica gel 60 and GF (5-40 µm thickness) plates.

    Optical rotations were measured in a Jasco P-2000.

    Nuclear magnetic resonance (NMR) spectra were obtained on a BRUKER AC 200 operating at 4.7 Tesla (200 MHz for 1H) at 293 K, using CDCl3 as solvent. The chemical shifts (δ) are given in ppm, related to TMS signal at 0.00 ppm as internal reference and the coupling constants (J) are given in Hertz (Hz).

    Chiral gas chromatography (GC) analyses were performed in a chromatograph Varian 3800 equipped with flame ionization detector, helium as the carrier gas and Chirasil- Dex CB-β-ciclodextrin (30 m × 0.25 mm × 0.25 µm) as stationary phase.

    High-resolution mass spectra of compound 1 was obtained by a LTQ Orbitrap XL ETD (mass spectrometry facility RPT02H PDTIS/Carlos Chagas Institute - Fiocruz Parana), with an atmospheric pressure electronspray ionization source operating in positive mode (ESI +), the samples were diluted to concentrations of 3 mg L-1 an introduced into the system through a syringe infusion at 10 µ L min-1. The high-resolution mass spectra of compounds 2 and 3 were obtained by a microTOF Q II - ESI-TOF Mass Spectometer (Bruker Daltonics) in positive mode. The samples were introduced into the system through an infusion pump at 300 µL min-1 using methanol/water as solvent.
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    Buriti (Mauritia flexuosa L. f.) é uma palmeira extensamente distribuída pelas florestas da Amazônia brasileira. Dos frutos do buriti é extraído um óleo que é popularmente utilizado como alimento e com fins medicinais. Neste trabalho reportamos a aplicação de uma abordagem integrativa baseada em espectrometria de massas (MS) utilizando cromatografia a gás acoplada a espectrometria de massas com ionização por elétrons (GC-MS) e espectrometria de massas ambiente com ionização por sonic-spray (EASI-MS) com o objetivo de se obter uma caracterização lipídica abrangente do óleo de buriti. Análises por GC-MS revelaram a presença de diversos ácidos graxos, esteróis além de tocoferóis. EASI-MS permitiu a caracterização de triacilgliceróis e ácidos graxos nos modos positivo e negativo de ionização, respectivamente. Adicionalmente, a capacidade antioxidante foi avaliada para as frações lipofílica e hidrofílica. Os resultados revelaram uma capacidade antioxidante lipofílica (LAC) de 1,8 ± 0,01 e uma hidrofílica de 8,3 ± 0,01 µmol equivalentes de Trolox (TE) g−1, indicando que o óleo de buriti compreende uma valiosa fonte de compostos antioxidantes com potencial em diversas aplicações.

  

   

  
    Buriti (Mauritia flexuosa L. f.) is a palm widely distributed in the Amazon Rain Forest of Brazil. Oil is extracted from buriti fruit and popularly used as a food resource and for medicinal purposes. Herein we report the use of an integrative approach based on mass spectrometry (MS) techniques comprising gas chromatography coupled to electron ionization mass spectrometry (GC-MS) and easy ambient sonic-spray ionization mass spectrometry (EASI-MS) with the objective to provide comprehensive lipid characterization of buriti oil. GC-MS analysis revealed the presence of many fatty acids (oleic, palmitic and linoleic), sterols beyond α- and β-tocopherol in buriti oil. EASI-MS allowed the characterization of fatty acids and many triaclyglycerides (TAG) in the negative and positive ion mode, respectively. Additionally, the antioxidant capacity (AC) was measured by the oxygen radical absorbance capacity assay (ORAC); this test was carried with the lipophilic and hydrophilic fractions of the buriti oil. Results revealed a lypophilic antioxidant capacity (LAC) of 1.8 ± 0.01 and hydrophilic antioxidant capacity (HAC) of 8.3 ± 0.01 µmol Trolox equivalents (TE) g−1 indicating that the buriti oil comprises a reliable source of antioxidant compounds that can be more explored for food purposes.

    Keywords: buriti oil, fatty acids, triacylglycerides, mass spectrometry, Amazonian resources, lipids

  

   

   

  Introduction

  Reactive oxygen species, when present in high concentrations in organisms, can cause deleterious damages on cell constituents like proteins and DNA inducing several pathologies.1 Phytochemicals of fruits and its vegetable oils with antioxidant properties have been considered important for the prevention of diseases such as cancer, cardiovascular and neurodegenerative diseases.2 Most of the antioxidants isolated from plants are polyphenols, with proven biological activities and extensively studied.3 Beyond these compounds, tocopherols play an important role among natural antioxidant compounds.4 Tocopherols are isoprenoids, originating from the precursor isopentenyl diphosphate, and are synthesized by plants and other photosynthetic organisms, with acute antioxidant activity, and its beneficial effects are still unclear, and are currently the focus of extensive research efforts.5 The Amazon region has suitable climatic conditions for a large number of underexploited native and exotic palm trees with interest to the agricultural industry, which can offer a future income source for local people. Buriti (Mauritia flexuosa L. f.), belonging to the Arecaceae Family and to the genus Mauritia, is a palm widely distributed in the Amazon Rain Forest of Brazil.6This dioecious tropical palm has high ecological, cultural and economic value, however destructive harvesting practices to obtain the fruits undermine the palm's potential in rural and regional economies.7 Swamps, which are dominated by M. ﬂexuosa, are populary known as buritizais in Brazil, occurring throughout the Amazon region and making its resources accessible to the harvesters in large quantities.8 From buriti fruit, an oil is extracted and popularly used as a food resource and also with medicinal purposes.9 The lipid content of the buriti oil studied by gas chromatography with flame-ionization detector (GC-FID) displayed the presence of triaclyglycerides (TAG), free fatty acids (FFA) and α- and β-tocopherols.10 GC-FID and high performance-liquid chromatography coupled to photodiode array absorbance or fluorescence detector are the most popular techniques for the characterization of edible oils.11,12 However, methods based on mass spectrometry (MS) have been gained attention due to its speed, sensitivity and specificity. GC coupled to MS has the capability of identifying compounds using their mass to charge ratio (m/[image: Caracter 1]), thus increasing accuracy and provide reliable results. Additionally, new methodologies that require minimal to no sample preparation have been successfully used for vegetable oil characterization.13,14 Recently, easy ambient sonic-spray ionization mass spectrometry (EASI-MS) method has been reported for the characterization of many edible oils such as: olive, hazelnut, soybean, grape seed, palm and canola, allowing the detection of TAG and FFA.15,16 EASI-MS can be performed directly on a paper where the sample was applied. Figure 1 displays the EASI source scheme, which uses supersonic spray to create a supersonic cloud of charged droplets which bombard the surface, causing desorption and ionization of the analytes. Due to its ionization softness, it often produces intact molecular species, which facilitates mixture analysis with less background noise from solvent ionization.1

  
    

    [image: Figure 1. Scheme of EASI-MS source applied]

  

  It is of interest to the general public, medical experts and food science researchers to know the antioxidant capacity and the major lipid compounds present in the consumed Amazonian vegetable oils. Based on this interest, the objectives of this study were to evaluate the antioxidant capacity, antimicrobial activity and the lipid content characterization based on an integrative approach MS techniques, comprising GC-MS and EASI-MS with the objective to provide a comprehensive characterization of buriti oil.

   

  Experimental

  Chemicals

  All solvents were of HPLC quality, and all chemicals were analytical grade (> 99%), being the methanol, hexane, and chloroform obtained from Tedia and the acetonitrile from J. T. Baker. Water was of ultrapure quality (Milli-Q). 2,2'-azobis(2-amidinopropane) dihydrochloride (AAPH), 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox), fluorescein and α-tocopherol were purchased from Sigma-Aldrich.

  Sample preparation

  The buriti oil was purchased in the Ver o Peso market in Belém city, Pará state, Brazil. The method previously employed by Santos et al.17 was used to extract the hydrophilic and lipophilic fractions of the fruit oil with slight modifications. In brief, 1 g of buriti oil sample was extracted with 10 mL of dichloromethane (lipophilic fraction) and then, the residual part was dissolved in methanol and considered as the hydrophilic fraction. All the fractions were centrifuged at 4000 rpm for 10 min at 4 °C and stored at −80 °C until analysis. The lipophilic fraction was evaporated to dryness under nitrogen stream and re-dissolved in acetone. This sample solution was used to measure the lipophilic antioxidant capacity (LAC); meanwhile the hydrophilic fraction was used directly to measure the hydrophilic antioxidant capacity (HAC). For the lipid characterization by GC-MS, the crude virgin oil was dissolved in chloroform (20 µL mL−1, v:v). The same sample was prepared at the concentration of 50 µL mL−1 (v:v) in a mixture of chloroform and methanol (1:1, v:v) for EASI analysis. The degradation level of buriti oil was assessed by the peroxide index assay according to previous works18 after the purchase of the samples and the values expressed in meq O2 kg−1.

  Oxygen radical absorbance capacity (ORAC) assay

  The ORAC procedure used an automated plate reader with 96-well plates.19 Analyses were conducted in system composed of one probe, fluorescein; a peroxyl radical generator, AAPH; and Trolox as a control standard. All reagents were prepared in 75 mmol L−1 potassium phosphate buffer (pH 7.4) just before the analyses. In 20 µL of the diluted samples was added 120 µL of fluorescein (0.378 µg mL−1) and 60 µL of AAPH (0.108 g L−1) in each well, which were let during 80 min at 37 °C in an automated microplate reader (BMG Labtech) until reaction completion. Fluorescence conditions were as follows: excitation at 485 nm and emission at 520 nm. The standard curve was constructed using Trolox (80-1500 µmol L−1) solution. The area under the curve (AUC), relative fluorescence versus incubation time, was calculated as shown in equation 1. The AUC differences between the extract and blank were taken and used for calculations.

  
    [image: Equation 1]

  

  where f is the fluorescence reading.

  Antimicrobial activity

  The minimal inhibitory concentrations (MICs) were determined by microbroth dilution assays as recommended by the Subcommittee on Antifungal Suscetibility Testing of the US National Committee for Clinical Laboratory Standards (NCCLS) using a previous methodology.20 The assays were performed on 96 well plates with 100 µL of Mueller Hinton Broth (MHB), 100 µL of extract solutions and 5 µL of test bacterial suspensions at 1.0 × 107 colony forming units (CFU) mL−1. The extracts assayed were successively dissolved in dimethylsulfoxide (DMSO) at initial concentration of 500 µg mL−1 until 80 µg mL−1, and the incubation was made at 37 °C for 24 h. The microorganisms tested were Escherichiacoli (ATCC 10538), Staphylococcus epidermidis (field strain), Escherichia coli (ATCC 10799), Candida tropicalis (field strain), Candida dubliniensis (ATCC 778157), Candida glabrata (ATCC 30070) and Candida albicans (ATCC 1031). In these tests, chloramphenicol and ketoconazole were used as experimental positive controls, while DMSO served as the negative control. Each sensitivity test was performed in triplicate for each microorganism evaluated.

  Statistical analysis

  All assays for the antioxidative activities were conducted in triplicates. Data were presented as mean ± standard deviation (SD). Statistical analysis was done in MS Excel (Microsoft Windows 2003) using Student's t-test, significant difference in means between the samples was determined at the 5% confidence level (p < 0.05).

  GC-MS analysis

  Analyses were carried out on a GC-MS system from Agilent Technologies consisting of a gas chromatograph (7890A) coupled to a quadrupole mass spectrometer (MSD 5975 C) operating in the electron ionization (EI) mode (70 eV). The chromatographic separations were performed on a HP-5-MS fused silica capillary column (30 m × 250 mm i.d., 0.25 µm film thickness) from Agilent Technologies using helium as carrier gas (1 mL min−1). The injector, GC-MS interface and MSD source temperatures were 275, 310 and 230 °C, respectively. The following oven temperature program was used: initial temperature 150 °C, held for 2.0 min, ramped at 5 °C min−1 to 300 °C and held for 10 min. A solvent delay time of 5 min was used to protect the ion multiplier of the MS instrument from saturation. The MS was operated in full scan mode being the m/[image: Caracter 2] range from 50 to 550. An aliquot of 1 µL of the samples was injected using the splitless injection mode.

  EASI-MS analysis

  Experiments were performed on a single quadrupole mass spectrometer LCMS-2010 (Shimadzu) with a home-made EASI source21 operating in the positive and negative ion modes. Nebulizing gas (N2) 3 L min−1 and a methanol flow rate of 20 µL min−1 were used to form the sonic-spray. The surface-entrance angle was 30°. The samples were dropped on a paper surface (brown Kraft envelope paper), and mass spectra were collected for about 30 s, initially scanning over the range of m/[image: Caracter 3] 200-1200. As EASI is a soft ionization source, no TAG fragments were observed in the spectra, and TAG were observed only at the range of m/[image: Caracter 4] 800-1000. The results were obtained from triplicate measurement. Data were acquired and processed in LCMS solution v.3.70 software.

   

  Results and Discussion

  Antioxidant assay

  It is of interest to the general public, medical experts and food science researchers to know the antioxidant capacity and the major compounds present in the consumed natural resources.7 Due to the multifunctional characteristics of phytochemicals found in vegetable oils, the antioxidant efficacy of a plant extract is best evaluated based on results obtained by commonly accepted assays, taking into account different oxidative conditions, system compositions, and antioxidant mechanisms.22 Based on such conditions the oxygen radical absorbance capacity (ORAC)23 assay was chosen. The LAC and HAC of the buriti oil were 1.8 ± 0.01 and 8.3 ± 0.01 µmol Trolox equivalents (TE) g−1, respectively. These results are lower for LAC and higher for HAC when compared to the standard α-tocopherol (2.1 ± 0.01). The higher value observed for HAC might be possible due to synergistic effects of the pool of antioxidants present in that fraction. Results of the antioxidant capacities (AC) obtained for buriti oil are similar to those presented for the Amazonian vegetable oil sacha inchi (ranging from 6.5 to 9.8 µmol TE g−1),24 which is the unique study about AC of Amazonian vegetable oil by the ORAC assay, once the common Amazonian fruit pulps are analyzed.25 When compared to non-Amazonian oils such as grape seed oil (total antioxidant capacity: 1.04 µmol TE g−1)26 it is observed that in such samples the vitamin E derivatives rule the AC. In this sense, buriti oil comprises a reliable source of antioxidant compounds that can be more explored for food purposes.

  Antimicrobial activity

  Buriti fruit is described as a source of antimicrobial compounds; the phenolic extracts displayed moderate activity against S. aureus and P. aeruginosa,7 hexanic extracts from the mesocarps displayed activity against the same bacteria.27 Previous tests with the pure buriti oil did not display any antimicrobial activity against some gram-positive and gram-negative bacteria.28 In this study, tested virgin buriti oil did not display any antimicrobial activity against the tested bacteria and fungi, even with its chemical diversity. This observation can be interpreted as a possible antagonism effect, a fact that can be explained by the low concentration of phenolic compounds described as potent antimicrobial agents28 and the high antimicrobial activity observed for fruit extracts is explained by these phenolic compounds.

  GC-MS analysis

  GC-MS is an important analytical technique that has a broad range of applicability due to its capability in identifying compounds using both the retention times and the relative abundances of the characteristic product ions, thus increasing accuracy and providing reliable results. Thence, we included it in our integrative approach in order to complement EASI results. Figure 2 shows the total ion current (TIC) chromatograms obtained for the buriti oil, where fatty acids, esters, alkanes, phytosterols and tocopherols were identified. The palmitic and oleic acids were the most abundant compounds observed for buriti oil by GC-MS, confirming previous data10 where those compounds constitute 20% and 71% of the FFA composition from the buriti oil respectively. Besides the main FFA, stearic acid, methyl esters for the palmitic and oleic acids and oleic acid monoglyceride (2,3-dihydroxypropyl ester) were detected, all described herein for the first time in buriti oil.

  
    

    [image: Figure 2. Total ion chromatogram for the buriti oil obtained]

  

  Phytosterols already described for buriti oil10 such as stigmasterol, β-sitosterol and campesterol were also identified in this study. However, we describe for the first time the presence of the hydrocarbon stigmastan-3,5-diene, already described only for olive oil as a dehydratation product of β-sitosterol29 and an important marker for refined oils.30 Another important hydrocarbon identified was squalene, a triterpene precursor with antioxidant proprieties and antimicrobial activity.31 Additionally, pentacosane and nonacosane, common higher hydrocarbons are described for the first time in the buriti oil. Besides these compounds, α- and β-tocopherol were idenfied in buriti oil, according to previous reports that display high tocopherol contents in this source32 and related to the biological activities reported for this oil.25 This high content of tocopherols in buriti oil regards the characteristic dark orange color observed for this sample. Table 1 displays all compounds detected by GC-MS for buriti oil and their characterization by mass spectrometry and Kovats retention index.33,34
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  EASI-MS analysis

  EASI-MS provides faster analysis with no sample preparation, using a more simple apparatus when compared to other techniques.35 The proofing of authenticity of an Amazonian oil with important commercial value can easily be achieved by this technique. The TAG profile of the buriti oil was obtained in the positive ion mode, where the sodium adduct [M + Na]+ was identified. TAG constituted for palmitic (P), linoleic (L), oleic (O), linolenic (Ln) and stearic (S) acids were identified. For the buriti virgin oil, the main m/[image: Caracter 5] observed (Figure 3) were 907, corresponding to OOO/SLO, and 881 corresponding to POO. Those m/[image: Caracter 6] can be proposed as markers of the buriti oil through comparison with other oil profiles where those ions are not present or are present in low intensities such as in soybean oil,14 which is commonly added in Amazonian oils.36 Other TAG were identified in the profile such as PPL (m/[image: Caracter 7] 853), PPO (m/[image: Caracter 8] 855), LLL/LnOO (m/[image: Caracter 9] 901), LLO/LnOO (m/[image: Caracter 10] 903), LOO/SLL (m/[image: Caracter 11] 905) and SOO/SSL (m/[image: Caracter 12] 909). Previous works revealed the TAG composition of buriti oil via matrix assisted laser desorption/ionization mass spectrometry (MALDI-MS)36 and by liquid chromatography with fluorescence10 being described the same markers as main constituents of the buriti oil. The EASI analysis in the negative ion mode provided the FFA profile of the buriti oil, where oleic acid (m/[image: Caracter 13] 281, 42%) was observed as being the main constituent reinforcing the data observed by GC-MS. Other FFA constituents observed were: linoleic acid (m/[image: Caracter 14] 279, 13%) and palmitic acid (m/[image: Caracter 15] 255, 10%). The FFA profiles obtained by this technique display just the main compounds in the oil. In this context, an integrative approach with GC-MS is need for the identification of the minor FFA, their esters and phytosterols present in the sample.
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  Conclusions

  The ORAC assay for this sample was performed by the first time where the lipophilic and the hydrophilic fractions displayed distinct AC, being the first one close to the tocopherols standard and the second higher. A synergism was observed for the hydrophilic compounds of the oil. The virgin buriti oil did not display any antimicrobial activity against the tested strains. The lipid content of the buriti oil was fully characterized by an integrative approach using GC-MS and EASI-MS. Among previously described lipids, we additionally describe the presence of the hydrocarbons squalene, pentacosane, nonacosane and stigmastan-3,5-diene and the methyl esters of the palmitic and oleic acids along with the corresponding monoglyceride of the oleic acid. These findings are valuable for the food, pharmaceutical and cosmetic industries.
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    A degradação de cafeína pelo reagente de Fenton (Fe(II)/H2O2) e pelo reagente de Fenton modificado (Fe(III)/H2O2) foi investigada em água deionizada em uma concentração inicial de 5,2 µmol L-1 (1000 µg L-1). Esses dois processos de oxidação diferentes foram comparados e foi observado que uma degradação eficiente de cafeína (95%) foi promovida pelo reagente de Fenton na razão molar de Fe(II)/H2O2 de 3:10 após 30 min. O efeito dos íons cloreto, sulfato e carbonato na decomposição de cafeína pelo reagente de Fenton e pelo reagente de Fenton modificado foi investigado. Também foi avaliada a toxicidade crônica dos produtos de degradação de cafeína sobre organismos aquáticos após tratamento da solução contendo inicialmente cafeína pelo reagente de Fenton usando a razão molar de Fe(II)/H2O2 de 3:10. Apenas quando Ceriodaphnia dubia foi exposta à concentração de 100% v/v dessa solução obtida após o tratamento de cafeína pelo reagente de Fenton usando uma razão molar de Fe(II)/H2O2 de 3:10, toxicidade crônica sobre o microcrustácio avaliado foi observada.

  

   

  
    Caffeine degradation using Fenton's reagent (Fe(II)/H2O2) and the Fenton-like reagent (Fe(III)/H2O2) was investigated in deionized water at an initial concentration of 5.2 µmol L-1 (1000 µg L-1). These two different oxidation processes were compared and it was observed that efficient caffeine degradation (95%) was promoted by Fenton's reagent at an Fe(II)/H2O2 molar ratio of 3:10 after 30 min. The effect of chloride, sulfate and carbonate ions on the decomposition of caffeine by Fenton's reagent and the Fenton-like reagent has been investigated. Also, the chronic toxicity of the caffeine degradation products was evaluated on aquatic life after treatment of a solution initially containing caffeine by Fenton's reagent using an Fe(II)/H2O2 ratio of 3:10. Only when Ceriodaphnia dubia was exposed to the concentration of 100% v/v of this solution obtained after the treatment of caffeine by Fenton's reagent using an Fe(II)/H2O2 ratio of 3:10, chronic toxicity over the evaluated microcrustacean was observed.

    Keywords: caffeine degradation, Fenton's reagent, Fenton-like reagent, inorganic ion effects, ecotoxicological evaluation

  

   

   

  Introduction

  Pharmaceutical products have constantly been detected in the environment constituting an emerging contaminant. They are frequently found in wastewater in the ng L-1 to µg L-1 range and occasionally in ground waters.1-3

  Caffeine, with the chemical name 1,3,7-trimethylxanthine, has found extensive applications in pharmacological preparations, such as analgesics, diet aids and cold/flu remedies. It is clinically used for the treatment of neurasthenia and the recovery of coma. Moreover, it can be used as an additive in many popular carbonated drinks. About 120,000 tons of caffeine are consumed worldwide annually. Pure caffeine is an odorless alkaloid with a bitter taste, which is naturally and widely found in the leaves, seeds and fruits of a large number of plants, such as cocoa beans, tea, coffee, cola and guarana. Caffeine may be consumed daily in the form of coffee, tea, cocoa, chocolate, and energy drinks, and it is also found in many painkillers and anti-migraine drugs.4 Caffeine is, therefore, introduced continuously into the sewage system through many anthropogenic sources and is likely to persist in water because of its high solubility (21.7 g L-1) and negligible volatility. The widespread occurrence of caffeine in sewage, soil and wastewaters has recently been documented.5,6

  Some emerging contaminants like caffeine are persistent and their complete elimination by conventional water treatment is difficult.7 Advanced oxidation processes (AOPs) are oxidation processes in which hydroxyl radicals are the main oxidants involved.8,9 However, large amounts of oxidation-refractory compounds are usually obtained at the end of the process. This behavior is explained in terms of the reactivity of hydroxyl radicals with some simple organic intermediates formed during the oxidation of organic pollutants, such as acetic and oxalic acids, acetone or simple chloride derivatives, such as chloroform or tetrachloroethane.10

  Among these AOPs, Fenton's reagent (Fe(II)/H2O2) and the Fenton-like reagent (Fe(III)/H2O2) have been the subject of numerous studies in order to investigate the mechanism and kinetics of the reaction or to examine the efficiency of the process for the removal of organic pollutants.11 Fenton's oxidation appeared to be the most promising method, in terms of cost-effectiveness and ease of operation. Recently, in a comprehensive review, Neyens and Baeyens12 indicated that Fenton's oxidation is a very effective method for the removal of many hazardous organic pollutants from wastewaters.

  Inorganic anions (Cl–, SO42–, CO32–, H2PO4–/HPO42–, etc. ) present in wastewater or added as reagents (FeSO4, FeCl3, HCl, H2SO4) may also have a significant effect on the overall reaction rates in the Fenton process.13-15 Usually, the effects of inorganic salts on the overall rates of decomposition of H2O2 and organic compounds are ignored.10

  Recently, alternatives to caffeine degradation have been sought.16-18 Since conventional treatments in municipal wastewater treatment facilities (MWTF) are not very efficient for their removal, it is necessary to look for alternatives. In this study, caffeine degradation was investigated at an initial concentration of 5.2 µmol L-1 (1000 µg L-1) using Fenton's reagent (Fe(II)/H2O2) and the Fenton-like reagent (Fe(III)/H2O2), employing low iron and hydrogen peroxide concentrations. This work was undertaken in order to compare, under identical conditions, the effects of chloride, sulfate and carbonate in the optimized degradation conditions of caffeine. Also, the chronic toxicity on aquatic life was evaluated by exposure of Ceriodaphnia dubia tosolutions resulting from caffeine degradation after treatment with Fenton's reagent using an Fe(II)/H2O2 ratio of 3:10, a condition in which higher caffeine degradation was observed in this work.

   

  Experimental

  Materials

  All reagents used in this work except methanol (100%, Baker), phosphoric acid (85%, Tedia) and caffeine (100%, Synth) were purchased from Isofar and were analytical grade and used without any further purification. Ferrous sulfate heptahydrate (99%) and ferric chloride hexahydrate (97%) were used as the iron sources. Hydrogen peroxide (30% m/m) was used as the hydroxyl radical source. KCl (99%), CaSO4.2H2O (98%) and Na2CO3 (99.5%) were used to adjust the total concentration of an inorganic ion. A 0.1 mol L-1 H2SO4 (99%) solution was used to adjust the pH of the solution and Na2S2O3 (99.5%) was used for quenching H2O2. All solutions were prepared in Milli-Q water (Millipore).

  Experimental setup

  All experiments were carried out in erlenmeyer flasks open to the atmosphere. A hundred milliliters of solution containing caffeine in deionized water at an initial concentration of 5.2 µmol L-1 (1000 µg L-1) was stirred to maintain homogeneity.

  Fenton and Fenton-like processes

  Fenton and Fenton-like reactions were carried out at initial pH of 3.0. H2SO4 (0.1 mol L-1) was used to adjust the pH of the solution. The concentration of hydrogen peroxide was maintained at 10.0 µmol L-1 in all experiments. Ten microliters of hydrogen peroxide (H2O2, 0.1 mol L-1) were added into the caffeine solution, followed by the addition of ferrous (as ferrous sulfate heptahydrate) or ferric (as ferric chloride hexahydrate) ions at initial concentrations of 1.0, 2.0 and 3.0 µmol L-1, in order to initiate the oxidation reactions. In the experiments to examine the effects of various inorganic anions, 100 mmol L-1 of chloride, 100 mmol L-1 of carbonate and 30 mmol L-1 of sulfate were added to the erlenmeyer flask before addition of H2O2 and Fe2+ or Fe3+. The effect of counter ions derived from the different reagents used in the experiments on caffeine degradation was not studied in this work. The experiments were conducted in room light for Fenton and Fenton-like reactions.

  Analytical methods

  High-performance liquid chromatography (HPLC) analyses were conducted using an Agilent 1100 Series system equipped with a manual injection valve with a 20 µL sample loop, a degasser system, a quartet pump and a multiple wavelength UV detector. Data acquisition and processing were accomplished with the Agilent Chemistation LC Systems software. A ZORBAX ODS reversed-phase (RP) column (150.0 mm × 4.6 mm i.d., 5 µm particle size) and a ZORBAX ODS pre-column (12.5 mm × 4.6 mm i.d., 5 µm particle size) were used at room temperature. The mobile phase was methanol/water (30:70), at a flow rate of 1.0 mL min-1 and absorbance detection of 210 nm. A solution of phosphoric acid (pH 3) was used to control the pH.

  Sample aliquots were withdrawn from the aqueous solution at 0, 5, 10, 15, 20, 25 and 30 min. H2O2 was removed by quenching with Na2S2O3 and the aliquots were filtered through a 0.45 µm polytetrafluoroethylene (PTFE) filter for analysis. Under the described analytical conditions, the caffeine retention time was approximately 4 min.

  Ecotoxicological evaluation

  Ecotoxicological tests (chronic toxicity) were performed according to NBR 13373 to determine the whole sample toxicity by exposure of Ceriodaphnia dubia to increasing concentrations of the resulting solution,19 containing an initial concentration of caffeine of 1000 µg L-1, after treatment with Fenton's reagent using an Fe(II)/H2O2 ratio of 3:10, a condition at which the higher caffeine degradation was observed in this work. To carry out these tests, surface water with specific physico-chemical conditions of pH, electrical conductivity, water hardness and dissolved oxygen was used, in order to meet the conditions required by NBR 13373. During 7 days, a control group containing only Ceriodaphnia dubia in a certain volume of surface water (group 1) was monitored in relation to Ceriodaphnia dubia in the presence of solutions with caffeine degradation products with concentrations ranging from 1 to 100% v/v (group 2). The experiments were performed at a temperature of 24 ºC. Groups 1 and 2 were submitted to a period of 16 h light and 8 h dark during the experiments. The pH was maintained at 7.6 throughout the experiment. If there is a decrease in reproduction or death of Ceriodaphnia dubia, or both,in the different concentrations of the sample (1 to 100% v/v) over time in relation to the control group containing only Ceriodaphniadubia, chronic toxicity of the sample to the evaluated organisms is observed. Chemicals added to the water for the oxidation process were removed prior to bioassay.

   

  Results and Discussion

  Fenton and Fenton-like processes

  The occurrence of a great number of pharmaceutical residues in the environment has frequently been reported in recent literature, receiving increasing attention as emerging contaminants. Different classes of pharmaceuticals, such as antibiotics, hormones, anesthetics and anti-inflammatories have been encountered in the aquatic environment in the concentration range of ng L-1 to µg L-1.20 This way, in this study, the caffeine degradation by Fenton and Fenton-like treatments was investigated using HPLC-UV analysis. The caffeine concentration in the degradation experiments was 1000 µg L-1, in an attempt to simulate low concentrations of pharmaceuticals present in the environment. Also, low iron and hydrogen peroxide concentrations were employed to promote caffeine degradation.

  The concentration of iron and hydrogen peroxide are important parameters in the oxidation process. An excess or lack of these additives can significantly reduce the efficiency of the degradation process. Some studies have reported that H2O2/Fe ratios higher than 10 can result in excess peroxide in solution and consequently in the scavenging of hydroxyl radicals, hindering the efficiency of degradation, according to equation 1.20

     
    [image: Equation 1]

  

  pH has a significant role in determining the efficiency of Fenton oxidation. Maximum degradation carried out by H2O2/Fe using Fenton reagent is expected at pH between 2 and 4. At pH < 2.5, (FeOH)2+ is formed, which reacts more slowly with hydrogen peroxide and therefore reduces the degradation efficiency. In addition, the scavenging effect of hydroxyl radicals by hydrogen ions becomes significant at very low pH. At pH > 4, degradation rates decrease due to the formation of Fe(II) complexes and the precipitation of ferric oxyhydroxides. Furthermore, the oxidation potential of hydroxyl radicals is known to decrease with an increase in the pH.21

  Thus, Fenton and Fenton-like reactions were carried out at pH 3.0, at hydrogen peroxide concentration of 10 µmol L-1. Ferrous and ferric ions at concentrations of 1, 2 and 3 µmol L-1 were used, which resulted in a molar ratio of 1:10, 2:10 and 3:10 Fe/H2O2, respectively, producing H2O2/Fe ratios of 10, 5 and almost 3. The degradation of caffeine increased with increasing initial Fe(II) and Fe(III) concentration (see Figure 1), and was faster with Fenton reaction as compared to Fenton-like reaction.
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  As shown in Figure 1, the larger the added amount of ferrous and ferric ions, the higher the elimination of caffeine. Thus, the degradation of caffeine was promoted with increasing ferrous and ferric concentrations from 1 to 3 µmol L-1, by both Fenton and Fenton-like reactions. However, when 1 and 2 µmol L-1 of ferrous and ferric ions were used, a similar degradation of caffeine was observed. The removal of caffeine by Fenton reaction increased from 68% at a molar ratio of 1:10 Fe(II)/H2O2 to 95% at a molar ratio of 3:10 Fe(II)/H2O2, within a 30 min reaction time; by Fenton-like reaction, the removal of caffeine increased from 33% at a molar ratio of 1:10 Fe(III)/H2O2 to 40% at a molar ratio of 3:10 Fe(III)/H2O2 in the same reaction time.

  Figure 2 presents typical experiments conducted by Fenton (FR) and Fenton-like reactions (FLR) comparing the caffeine degradation with increasing Fe(II) and Fe(III) concentrations of 3 and 4 µmol L-1. As can be seen in the case of caffeine degradation by Fenton reagent, a slight increase in caffeine removal occurred. However, caffeine degradation was suppressed with increasing Fe(III) concentration. Therefore, an increasing concentration of Fe(III) produces a controversial effect on the oxidation reactions studied.
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  In the Fenton mechanism, the continuous formation of ·OH occurs via the reaction between hydrogen peroxide and ferrous iron, and side reactions in which Fe(II) is regenerated (reduced) from ferric Fe(III) (equations 2 and 3). The superoxide radical (·O2–) (equation 4) is the non-protonated form of ·HO2 (pKa = 4.8) and is a strong reductant, whereas ·HO2 (equation 5) is not.22,23 In homogeneous Fenton-like systems, the spontaneous reaction of H2O2 and Fe(III) leads to the formation of two ferro-peroxy complexes, (Fe(III)(HO2))2+, (Fe(III)(OH)(HO2))+, as shown in equations 6 and 7.13 Once formed, these Fe(III)-peroxy complexes are assumed to decompose to yield Fe(II) (equations 8 and 9). Fe(III) reduction is a critical step in the Fenton-like mechanism due to the formation of Fe(II), the rate-limiting constituent in most Fenton systems.15
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  The effect of inorganic ions on caffeine degradation

  The effect of some anions on the degradation of caffeine was examined in the optimized degradation conditions to try to simulate an effluent containing caffeine at an initial concentration of 5.2 µmol L-1 (1000 µg L-1) in the presence of high concentrations of chloride, sulfate and carbonate. Therefore, all experiments to evaluate the influence of inorganic ions under caffeine degradation were realized using Fenton reaction and Fenton-like reaction in a Fe/H2O2 ratio of 3:10. Thus, we intend to evaluate the degradation of caffeine using the proposed oxidation methods in environments containing high concentrations of selected inorganic ions, since large quantities of anions are often present in wastewater, and its influence on the Fenton and Fenton-like reactions is little studied. The studied sulfate concentration was less than that for carbonate and chloride concentrations because undissolved CaSO4.2H2O was observed at concentrations above 30 mmol L-1.

  Fenton reaction is extremely sensitive to anions that remain in the solution.24 In this study, the effects of chloride, sulfate and carbonate on the oxidation processes applied were investigated. The role of these anions could include complexation reactions with Fe(II) or Fe(III), which affect the distribution and reactivity of the Fe species, precipitation reactions affecting the availability of Fe and radical scavenging reactions with ·OH.11 Inorganic anions may react with the Fe(III)-peroxy complex and interfere with the formation of ·O2–/·HO2 (equations 8 and 9).13 Lower concentrations of ·O2– result in a decline in the production of Fe(II), and consequently, the overall production of ·OH.15

  Figures 3a and 3b show the effect of the evaluated ions on the caffeine oxidation by Fenton and Fenton-like reactions, respectively. In the conditions of the Fenton reaction, anions suppress the decomposition of caffeine in the following sequence: CO32– > SO42– > Cl–. In the case of caffeine degradation under Fenton-like reaction, the sequence of anions suppression was: SO42– > Cl– > CO32–. It can be seen that the suppression of caffeine degradation by the studied ions was higher when the Fenton reaction was employed in relation to caffeine degradation by the Fenton-like reaction.
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  As shown in Figure 3a, in the case of carbonate, sulfate and chloride anions, a larger suppression of caffeine degradation was observed in relation to reactions realized in the absence of these ions. This was probably due to complexation reactions of SO42– and Cl– with Fe(II) and the reaction of hydroxyl radicals with SO42– and Cl– to generate inorganic radicals with activity that is lower than that of the hydroxyl radical. In the case of Figure 3b, the addition of inorganic anions exhibited different inhibiting behaviors in Fenton-like treatment. The effect of the addition of SO42– and Cl– could be attributed to a decrease of the rate of generation of hydroxyl radicals because the formation of chloro- and sulfato-Fe(III) complexes decreases the rates of the generation of Fe(II) and leads to the formation of inorganic radicals (Cl2·– and SO4·–) which are less reactive than ·OH.11 Some of these reactions are shown from equations 10 to 15. Carbonate anions cause the suppression of caffeine degradation under Fenton and Fenton-like reaction (Figures 3a and 3b) probably because of radical scavenging reaction with ·OH. Radical scavengers such as carbonate species (CO32– and HCO3–) especially compete with organic contaminants for hydroxyl radicals and significantly decrease the degradation efficiencies of organics through equations 16 and 17.25 Thus, the radical scavenging reaction with ·OH by CO32– predominates when caffeine degradation is promoted by Fenton reagent but is not the predominant effect when the Fenton-like reaction was employed.
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  Ecotoxicological evaluation

  After exposure of Ceriodaphnia dubia to even higher concentrations (1 to 100% v/v) of the resulting solution obtained from the treatment of caffeine by Fenton reagent using an Fe(II)/H2O2 ratio of 3:10, it was shown that exposure of Ceriodaphnia dubia to concentrations up to 75% v/v of this solution chronic toxicity was not observed. Only when Ceriodaphnia dubia was exposed to the concentration of 100% v/v of the resulting solution cited above, chronic toxicity was observed. Determining the toxicity has been chosen here because toxicity assays are standardized and reliable.

   

  Conclusions

  The experiments showed that caffeine at a concentration of 1000 µg L-1 can be degraded using low iron and H2O2 concentrations. However, efficient caffeine degradation (95%) was promoted by Fenton reagent at a Fe/H2O2 molar ratio of 3:10 after 30 min. The present work has shown that the efficiency of the Fe(II)/H2O2 and Fe(III)/H2O2 oxidation processes can be decreased in the presence of chloride, sulfate and carbonate. In the case of Fenton reagent, these effects have been attributed to complexation reactions of SO42– and Cl– with Fe(II) and the reaction of hydroxyl radicals with SO42– and Cl– to generate inorganic radicals whose activity is lower than that of the hydroxyl radical. In the oxidation of caffeine by Fenton-like reagent, the effect of SO42– and Cl– addition could be attributed to a decrease of the rate of hydroxyl radical generation because the formation of chloro- and sulfato-Fe(III) complexes decreases the rates of generation of Fe(II) and leads to the formation of inorganic radicals Cl2·– and SO4·–. Carbonate anions suppress caffeine degradation under Fenton and Fenton-like reactions probably because of the radical scavenging reaction with ·OH and this suppression was higher when the Fenton reaction was employed. After exposure of Ceriodaphnia dubia to different concentrations of the resulting solution of caffeine degradation after the treatment of caffeine by Fenton reagent using an Fe(II)/H2O2 ratio of 3:10, chronic toxicity was only observed when Ceriodaphnia dubia was exposed to the concentration of 100% v/v of this solution.
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    Simulações moleculares dinâmicas a 270 e 310 K racionalizam o efeito da ureia, temperatura e tamanho dos nanotubos de carbono, na inserção de Tretinoin em nanotubos com quiralidade (10, 7) e (8, 5). Concentrações de 0,9 mmol L−1 e 2 mol L−1 de ureia foram estudadas, sendo menor e maior que a faixa normal de ureia no sangue, respectivamente. Os resultados mostram que o encapsulamento de Tretinoin pode ser atribuído ao fluxo de água via interações hidrofílicas e de van der Waals, e ao diâmetro do nanotubo. Capacidade calorífica, coeficiente de difusão, energia livre e coeficiente de contato mudam com a temperatura e ureia. A molécula de Tretinoin localiza-se dentro do nanotubo devido às interações parciais π-π entre o átomo de oxigênio e os anéis aromáticos conjugados do nanotubo. A alta concentração de ureia causa o impressionante fenômeno de induzir a secagem do nanotubo, resultando em fios de ureia e instabilidade do encapsulamento.

  

   

  
    Molecular dynamics simulations at 270 and 310 K rationalized the effect of urea, temperature and the size of the carbon nanotube, on the insertion of Tretinoin into nanotubes with chirality (10, 7) and (8, 5). Concentrations of 0.9 mmol L−1 and 2 mol L−1 of urea are studied, that are less and more than the normal range of blood urea content, respectively. Results show that encapsulation of Tretinoin could be ascribed to the flow of the waters via hydrophilic and van der Waals interactions and diameter of the nanotube. Heat capacity, diffusion coefficient, free energy and contact coefficient change with the temperature and urea. Tretinoin molecule locates inside the nanotube due to the partial π-π interactions between oxygen atom of Tretinoin and the conjugated aromatic rings of nanotube. Finally, high concentration of urea causes the striking phenomenon of inducing the drying of nanotube that result in urea wires and instability of encapsulation.

    Keywords: carbon nanotube, molecular dynamics simulation, Tretinoin, linear interaction energy

  

   

   

  Introduction

  Reducing toxicity of therapeutic materials is the main aim of developing drug-delivery systems that is achieved using carbon nanotubes (CNTs).1,2 The intense interest in CNTs is due to the capability of absorbing or conjugating with a wide variety of medicinal molecules.3 They have unique chemical and physical properties and applications from high strength and low weight nanocomposite materials to electronic devices.4 Drug molecule penetrates through the cancer cell by CNT to treat diseases and thereby potentially reducing the drug side effects by preserving the non-cancerous tissues of the patients.5 This is a characteristic of some functionalized CNT, designed to selectively direct the drug toward the cancer cells, thus overcoming one of the main limitations of the most existing anticancer therapies, namely the lack of selectivity.6 The delivery potential of anticancer drugs might be ascribed to their needle-like shapes, which enable them to insert into the target cancer cells after covalently bonding to drug.7,8

  The most common form of human cancer, skin cancer, estimates to occur over two million new cases annually.9 The increase of annual rates of skin cancer each year represents public concern. As a result, to treat this cancer, various methods and drugs have developed in which the drug inserts the CNT and targets the cancer cell surface.10,11

  Scheme 1 shows an anticancer system in which the Tretinoin agent inserts into the CNT and targets cancer cell surface, a "longboat" cancer system developed by Dhar et al..12

  
    

    [image: Scheme 1. Schematic representation of inserted Tretinoin into]

  

  The interaction and insertion of drug molecules inside CNT has been mainly driven by the van der Waals interaction between species13-15 and it has been confirmed previously that the hydrophobic drugs can also be adsorbed into the hydrophobic CNT surface.16 Likewise, Rungnim et al.17 demonstrated that the π-π stacking of two cytosine rings of adjacent gemcitabine molecules cause them to orientate towards each other and move together inside the CNT.

  Up to date, various theoretical studies have attempted to rationalize the drug delivery dependence on solvent environment and temperature.18-21 Dalili et al.22 compared interaction of an anti cancer drug and CNT in ethanol, methanol and water using semi empirical models and provided that these composites are more stable in water than other solvents.

  Co-solvents such as urea can be confined inside CNT and form molecular wires. They have attracted particular interest recently, due to their scientific importance in biological channels.23 The hydrophobic CNTs with proper diameters might serve as useful model systems to study biological urea channel. Xiu et al.24 and Liu et al.25 have provided that urea molecules can induce urea wires by drying of CNTs.

  In this work, the studied anti-cancer drug is Tretinoin, that is used to treat acne and photo damaged skin and is the main regulator of cell proliferation, reproduction and differentiation.26 Urea can considerably increase the release of drugs from ointment bases and that it is one of the most effective penetration promoters for topically applied drugs. On the other hand, all-trans retinoic acid (Tretinoin) has been already used for treatment of other cancers using different routes of administration.27 This work focuses on the ability of loading Tretinoin inside a (10, 7) and (8, 5) CNT by urea. Interaction energy between the drug molecule and CNT in water and urea are analyzed and discussed at 270 and 310 K using molecular dynamics (MD) simulation. Further, the interaction and encapsulation of Tretinoin in different urea level (higher and less than blood normal range) are also focused, and linear interaction energy (LIE) method provides their free energies.

   

  Experimental

  Molecular dynamics simulation

  The structure of Tretinoin and urea were drawn using HyperChem 7 software28 and their final geometries were optimized with the semi-empirical AM1 method.29 PRODRG230 server was used to generate force field parameters and TubeGen 3.431 online servers was used to create a series of uncapped armchair carbon nanotubes with chirality of (10, 7) (with a 1.4 nm diameter and 1.9 nm length) and (8, 5) (with a 0.9 nm diameter and 1.4 nm length). The chiralities are selected according to earlier studies17,26 on similar drug and smallest optimized size for encapsulation. Scheme 2 displays the structure of Tretinoin and the provided nanotubes.

   
    

    [image: Scheme 2. Structure of Tretinoin and CNTs]

  

  To set up the initial configurations, Tretinoin was placed out of CNT and separated sufficiently far away (> 3 nm) to minimize the effect of starting orientations. Tretinoin was aligned in a similar position from both CNTs. Then, the simulation box was solvated with SPC/E water model, and the charge of the system was neutralized by adding sodium and chloride ions. Since urea is solvated in cellular solutions in physiological conditions, 0.9 mmol L−1 and 2 mol L−1 urea was added to some systems to consider how the system would be affected by it. Molecular dynamics simulation was performed using GROMACS software version 4.5.4.32 To model atomic interactions, GROMOSE96 force field was applied.26 The temperature was kept close to the intended values (310 and 270 K) using the Nose-Hoover algorithm. Pressure was also kept constant (1 bar) using Parrinello-Rahman algorithm.33 Leap-Frog integration algorithm was used to solve the equation of motion by a time step of two femtoseconds. LINCS algorithm was used to constrain all bonds, including hydrogen bonds.33 Particle-Mesh Ewald (PME) method was used to calculate long-range electrostatic interactions while electrostatic interactions between charged groups within 1.5 nm were calculated explicitly.34 Lenard-Jones (L-J) and van der Waals interactions were calculated with a 1.5 nm range cutoff. Grid algorithm was used to search neighbours.35 Table 1 lists a summary of the simulations.

   
    

    [image: Table 1. Summary of set up systems]

  

  To relax solvent/co-solvent molecules, all systems were equilibrated by 1 ns with position restraints on the Tretinoin and CNT. After equilibration, the molecular dynamic run was 16 ns. All production runs were obtained three times to check repeatability and results were averaged from three independent trajectories.

  Heat capacity

  A straightforward method to calculate the heat capacity at constant pressure (CP) is to use the enthalpy equation36

     
    [image: Equation 1]

  

  where E, V and P are the average internal energy, the average volume and the pressure of system, respectively.

     
    [image: Equation 2]

  

     
    [image: Equation 3]

  

  where 〈H〉, Hi and k are the average value of enthalpy, enthalpy of ith state and Boltzmann constant respectively.36,37

  Diffusion coefficient

  The average distance that a molecule travels over time is mean square displacement (MSD). Einstein relation of MSD was used to determine the self-diffusion coefficient DA of particle A:

    
    [image: Equation 4]

  

    
    [image: Equation 5]

  

  where ri(t) – ri(0) is traveled distance by molecule i over time interval of t.38

  Free energy

  Binding free energy was calculated using semi-empirical LIE method introduced by Aqvist et al..39 The LIE method divides the interaction between ligand and its surrounds into electrostatic and van der Waals terms.

    
    [image: Equation 6]

  

  where 〈V1–sel〉free and 〈V1–svdW〉free are the average electrostatic and van der Waals interaction energies from an MD trajectory of the ligand in water and 〈V1–sel〉bound and 〈V1–svdW〉bound are the same average energies from another molecular dynamics trajectory with ligand bound to CNT. The angle bracket indicates Boltzmann average and the subscripts l and s refer to the ligand (Tretinoin) and the surround, respectively. It was found for several ligand-nanotube systems that a set of values of α = 0.5 and β = 0.16 give results in agreement with experimental data.40 γ is a constant term obtained by regression fitting that gives absolute binding free energies.41 The results from LIE calculations, using the earlier optimized model of Hansson et al.42 with γ = 0, give relative binding free energies that agree very well with the experimental binding data.43-45

  Potential of mean force (PMF)

  PMF between the solutes was calculated using mean square displacement that gives us a measure of the average distance a molecule travel:

      
    [image: Equation 7]

  

  where kB ,T and g(r)are the Boltzmann constant, simulation temperature, and radial distribution function (RDF) between the solutes, respectively.46

  Contact coefficient

  The contact coefficient Cu-CCNT was calculatedto illustrate the interaction frequency between the CNT and urea in detail:

    
    [image: Equation 8]

  

  where NCNT-u, isthe number of atomic contacts of CNT(C) with urea and NCNT-W is the numbers of atomic contacts of CNT(C) with water (W) molecules. If two molecules locate closer than 0.35 nm, they are in contact. The total number of urea atoms (Mu) and water atoms (Mw) were used to normalize Cu-CCNT values.47

   

  Results and Discussion

  System equilibration

  Equilibrium of system has been monitored by quantities such as the total and potential energy, the temperature and the pressure of the systems. Figures 1a and 1b show that the total energy of all simulated systems converge smoothly to a constant energy within 1.5 ns of the equilibration phase, indicating that all systems can be used for subsequent data sampling.

     
    

    [image: Figure 1. Total energy]

  

  Figure 1a and 1b also exhibit that simulated systems at 270 K have a lower total energy compared to those simulated at 310 K because total energy increases with temperature.17 The comparison of water and urea total energies shows less total energy or more system stability in 0.9 mmol L−1 urea. The stability can be due to the presence of urea in the system that decreases the impact and kick of water to other components of system, and enhances the system stability. Therefore, the movement of water and urea increases by temperature, so that instability and total energy of the system increase. Comparison of 0.9 mmol L−1 and 2 mol L−1 urea curves shows that system instability changes with urea concentrations. It also shows that the total energy of the larger tube is more negative due to less hindrance resulted from the movement of water, especially water permeation through the nanotube and therefore, stability increases. Figures 1c and 1d report the temperature and pressure curves of two systems as well as the steady state in these parameters that also confirms equilibrium in an ensemble with fixed number of atoms, pressure and temperature.

  The L-J energy between Tretinoin and CNT (Figure 1e and 1f) reveals that the energy decreases in 0.9 mmol L−1 urea and water at 310 K and decreases in 2 mol L−1 urea (Figure 1f). The energy of the smaller tubes does not show any systematic trend (Figure 1e), but Figure 1f shows that the most stable condition between nanotubes-Tretinoin is at the normal level of urea (0.9 mmol L−1) and the most unstable mode is in 2 mol L−1 urea. Assuming that the system has reached to an equilibrium state, we can compare the first and the final structure obtained in the simulation. Table 2 presents root mean square deviation (RMSD) of Tretinoin and CNT structures after least-squares (lsqs) fitting. Small values of lsq fit for Tretinoin and CNT indicate how much the structure differs.

     
    

    [image: Table 2. Least squares fit for RMSD of CNT and Tretinoin]

  

  The effect of CNT size

  CNT (10, 7) and CNT (8, 5) (No. 2 and 8 from Table 1) were selected to examine how the size of nanotubes would affect Tretinoin-CNT interaction. The results showed that the Tretinoin did not insert into the CNT (8, 5) after 16 ns (Figure 2 top). However, the general preference of Tretinoin insertion can be observed in CNT (10, 7) through our simulations.

     
    

    [image: Figure 2. Time-course snapshot taken by DS Visualizer]

  

  Figure 2 (middle) depicts the time-coursed snapshots of the Tretinoin-CNT (10, 7) frame. It indicates a fast insertion process of Tretinoin into the CNT. After optimization, the Tretinoin came near the tube and it began to enter the CNT.

  It is very important to investigate the nature of interactions between CNT and the drug. In an aqueous environment, existence of CNT increases the hydrogen bonds at the water-CNT interface. Hydrogen atom of carbons attracts hydrogen or oxygen of the water and forms hydration shell outside and inside CNT surface.48 This hydration shell may affect the absorption between CNT and other molecules.49 Then, drug drives away the water molecules from CNT surface, and drug can assemble and absorb on the CNT surface to form a more favourable structure.50 This effect is observed in both CNTs. Figure 2 (below) presents some of the water molecules entered the CNT (10, 7) suggesting that water insertion into the nanotube can be a driving force to push the drug into the nanotube. In the case of Tretinoin, water molecules might make hydrophilic interactions with the polar chemical groups of Tretinoin. This hydrophilic force, provided by the water molecules inside the nanotube, might bring Tretinoin inside the CNT (10, 7). Maybe there is not enough water flow and hydrophilic force to encapsulate Tretinoin in CNT (8, 5). It means that the hydrophobic and the van der Waals interaction play vital role in drug-CNT interactions.

  The results of L-J energy (Figure 3a) show no van der Waals interaction between the drug and the CNT (8, 5) until 5 ns, while a few weak interactions could be detected as Tretinoin moves forward the nanotube. By contrast, it exhibits significant van der Waals interaction between CNT (10, 7) and Tretinoin, leading Tretinoin enter the CNT (10, 7). It also confirms more van der Waals interaction energy of CNT (8, 5)-water than CNT (10, 7)-water; that might be due to the Tretinoin insertion into the CNT (10, 7) that decreases water interaction with CNT. It can be concluded that, although the water flow inside the nanotubes might act as a driving force for drug encapsulation inside the CNTs based on what have recently been observed,51 other factors such as the size of nanotube play an important role. To investigate the effect of tube size on the process of encapsulation, PMF is measured. Figure 3b displays the PMF profile along the CNT. The obtained profile shows that the PMF of CNT (10, 7) decreases when the drug is moving inside the tube and confirms the spontaneous encapsulation. When the Tretinoin reaches the CNT edge at 0.8 nm and 1.2 nm of CNT (10, 7) and CNT (8, 5) respectively, the PMF decreases. Then, it decreases rapidly by a reduction in the distance between drug and CNT, up to 0.4 nm. A flat region appears between 0.4 nm to 0.8 nm with one small local minimum for CNT (10, 7) and for CNT (8, 5). The flat region appears between 0.4 to 1.4 nm with some local minima. After 0.8 nm, the PMF tends to increase where the drug is going outside the nanotube. The relatively large barrier at the 0.4 nm and 0.8 nm indicates that the stable position of the drug is achieved in this flat region. RDF of Tretinoin-CNT is also compared in Figure 3b, and the intensity is more for CNT (10, 7).

     
    

    [image: Figure 3. (a) L-J energy between CNT and Tretinoin or water molecules]

  

  The results revealed that the drug molecule stays inside the CNT cavity throughout the simulation time at 310 K in water, and that this was possibly due to lone pair of oxygen atoms as donor atoms that can transfer electron to acceptor atoms σ* or π* in carbon nanotube, that is the most important common interaction in the nanotube-Tretinoin composite, as detected previously.17,26 Figure 3c plots the RDF diagram of tube surface to O atom of drug which reveals characteristic of this interaction. The narrow distribution with the most probable distances at 1.4 nm, together with a minimum and maximum variation of only 1 nm were found in the CNT (10, 7). The most probable angle, θ, between the vector lining from O atom of Tretinoin and the C-C vector of CNT from the parallel orientation to the inner surface of the CNT was 120o (refer schematic in Figure 3d for definition). The probable distances at 1.4 nm and the angle is in good agreement with the related distance and angle between the oxygen atom of Tretinoin and benzene rings of CNT obtained from the DFT approach using the B3LYP/6-31G level of theory.17 In the case of the systems containing CNT (8, 5), the most frequent probability for the location of C-O was within the 1.7 nm, and with a broader peak starting at the equivalent distance of 1 nm and ending at longer distance by > 2 nm. This suggests the reduced strength of π-π stacking interactions between Tretinoin molecules and the CNT (8, 5) surface. In other words, the results clearly demonstrated that the loading of Tretinoin molecules inside CNT (10, 7) increases the drug binding interaction to its transporter.

  The effect of urea and temperature

  This section compares the behavior of Tretinoin in water, 0.9 mmol L−1 and 2 mol L−1 urea. Figures 4a and 4b compare the strength of direct interactions between Tretinoin and tube and the inset pictures depict the related distance diagrams. The results of Figure 4a confirm more interaction of CNT-Tretinoin in water. In Figure 4b it can be seen that g(r) intensity increases in 0.9 mmol L−1 urea that confirms distance results obtained in the inset curves of distance. Sharp peak in Figure 4b related to systems of water and 0.9 mmol L−1 urea shows more ordered Tretinoin near the CNT and confirms better solvation of the Tretinoin with time. All flat curves of this figure relate to weak interaction at lower temperatures. Furthermore, up to nearly 3000 ps, the distance between Tretinoin and CNT (10, 7) rapidly decreases in 0.9 mmol L−1 urea. Less distance was obtained between CNT-drug at higher temperatures and in 0.9 mmol L−1 urea and water and the maximum distance was observed in 2 mol L−1 urea. Figures 4c-4f compare the strength of direct interactions between urea or water and Tretinoin during the first (before the insertion) and the last 5 ns (after the insertion). In this figure, the magnitude of RDF is directly proportional to water insertion through CNT.

       
    

    [image: Figure 4. RDF of Tretinoin around]

  

  Before the insertion (first 5 ns), there are more water molecules near the CNT in water than in urea, and there are not any special differences between curves of 270 K that no insertion has been reported. The result of interaction after the insertion (last 5 ns) indicates more water molecules near CNT in water and urea at 270 K that no insertion has been observed. Intensity of peak decreases in urea and water at 310 K, suggesting that insertion of Tretinoin into the CNT causes poor solvation of the CNT. Comparison of RDF in water and urea at 270 K reveals more water flow in the absence of urea due to lack of urea flow through the nanotube.

  In conclusion, flow of water into CNT helps Tretinoin insertion at the beginning of the simulation and after insertion; drug molecule drives out or dries water molecules from the nanotube. On the other hand, the strength of the interaction between water and the CNT slightly increases with time. This finding show that water solvated the CNT slightly better at the end of the simulation (last 5 ns), after insertion.

  Figure 4e shows that RDF of urea around CNT decreases more in 0.9 mmol L−1 urea at 310 K due to insertion of Tretinoin into the tube. The higher value of RDF for CNT (10, 7) in comparison with CNT (8, 5) at 270 K is due to the bigger size of the tube. These results are consistent with the results of Figure 4c and 4d. Existence probability of urea around Tretinoin for (Figure 4f) CNT (8, 5) at 270 and 310 K is more than CNT (10, 7) at 310 K that no insertion is observed.

  Figure 5 shows the number of solvent (water/urea) molecules inside the CNT during the course of the simulation.

     
    

    [image: Figure 5. Number of urea (dashed lines) and water (solid lines) molecules]

  

  Figure 5a shows that the number of urea molecules inside the tube increases up to 2 ns, which indicates the formation of defect urea wires inside the tube and then the number of urea molecule decreases. This can be explained such that in 0.9 mmol L−1 urea, the wire is not very stable and when the drug enters the tube, the number of urea molecules decreases. The dashed line curve shows that almost all water molecules inside the CNT are replaced by urea within the first 2 ns and water molecules inside the tube decrease. After 2 ns, the number of urea and water molecules decreases due to the encapsulation. Figure 5b corresponds to the 2 mol L−1 urea, which indicates that the number of urea increases from the first nanoseconds and forms nearly perfect wires and due to wire formation, the number of water molecules decreases and the wire is strong enough to inhibit encapsulation. Comparison of Figure 5a and 5b shows that at low concentrations of urea, number of urea increases at first and then decreases, due to the phenomenon of the drug encapsulation occurring, whereas at high concentration of urea, wire formation is strong enough to inhibit encapsulation. According to the inset in Figure 5b, a "defective" and perfect urea wire are observed at low and high concentration of urea, respectively.52 Figure 5c compares two temperatures and the result reveals the increase of water molecule at the beginning of optimization and after 6 ns, water inside the tube decreases due to the encapsulation of the drug inside the tube at 310 K. The curve of 270 K shows an inverse trend over time, the number of water molecules in the tube increases and reaches a nearly constant value. Results confirm that maybe the encapsulation of drug contributes to more water at higher temperatures. Figure 5d compares the number of water and urea in the 2 mol L−1 urea at 270 K. Results show the number of urea molecules increases with time and replace water molecules. No encapsulation is observed in this case, and instead, we can view a perfect wire of urea. As shown in the inset of Figure 5d, urea has a robust ability to form uninterrupted molecular wire at high concentrations. However, this wire can be interrupted at low concentration due to stronger ability of encapsulation. Comparison of the Figure 5b and 5d represents more water molecules replaced by urea at higher temperature in 2 mol L−1 urea.

  Figure 6 focuses on the contact coefficient related to the number of 0.9 mmol L−1 and 2 mol L−1 urea molecules in contact with CNT.
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  Figure 6a shows that the contact of urea-CNT increases during the time in 2 mol L−1 urea, and Figure 6b indicates the contact ratio increases up to 4 ns and then decreases and reaches a constant value in 0.9 mmol L−1 urea. The difference maybe due to the ability of the drug encapsulation at low concentration of urea that reduces urea contact with the tube.

  Figures 7a and 7b present the profile of the PMF, and the positions of the minima are (0.3-1.3 nm) in 0.9 mmol L−1 urea and (1.8-2.2 nm) in water and the depth of the minima increases in urea solutions and is deeper at higher temperature. The PMF decreases mainly when the drug reaches the tube edge and encapsulation occurs.

     
    

    [image: Figure 7. Comparisons of the PMF and MSD of Tretinoin]

  

  Figures 7c and 7d show the MSD of Tretinoin and it confirms less mean square displacement or transport processes of Tretinoin in the 0.9 mmol L−1 urea and water solutions, respectively, and this is due to encapsulation process. Table 3 presents values of self-diffusion constant DA. The slope of MSD is lower at 270 K, indicating that the DA increases with temperature.

      
    

    [image: Table 3. Values of DA for CNT]

  

  The results show that at low temperatures, in both sizes of the nanotube, maximum diffusion coefficient is in water, 0.9 mmol L−1 and 2 mol L−1 urea, respectively. The reason is that no encapsulation observed previously at 270 K and therefore, drug mobility or travel is higher in water and less in 2 mol L−1 urea. The comparison of CNT (8, 5) at 310 K shows that the trend of diffusion change is similar to lower temperature, while in larger tube, the trend of the diffusion is: urea 2 mol L−1 > water > urea 0.9 mmol L−1. Higher diffusion of the drug in 2 mol L−1 urea and lower diffusion in water and 0.9 mmol L−1 urea maybe due to encapsulation.

  Figure 8 shows time-coursed snapshot picture taken from the system No. 10 (Table 1) in the 0.9 mmol L−1 urea before and after simulation. It shows that Tretinoin inserts into the CNT (10, 7) in urea.

     
    

    [image: Figure 8. Snapshot picture of Tretinoin-CNT]

  

  Table 4 presents potential, kinetic and total energies and heat capacity of all studied systems.
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  From this table, it is obvious that the kinetic energy and heat capacity increase with temperature of the system (Figure 1). This is due to the increase of thermal motions that make the structure less stable. The potential and total energy value for CNT (10, 7) is lower than the CNT (8, 5). The heat capacity decreases with CNT van der Waals radius and as a result, the system becomes more stable. By comparison of water, 0.9 mmol L−1 and 2 mol L−1 urea, it becomes clear that the total and potential energy and heat capacity of the system in 0.9 mmol L−1 are lower than water and 2 mol L−1 urea, respectively. So, stability of the system is higher in 0.9 mmol L−1 urea.

  One possible reason for the different behavior of water and urea is the difference of water/urea properties presented in Table 5.
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  A number of papers have shown LIE as a method with fast and reliable estimates of binding free energies.54,55 The electrostatic and van der Waals contributions to the free energy difference are given in Table 6. The contribution decomposition of free energy shows that the van der Waals term plays the most important role for stability of the CNT-Tretinoin system. The electrostatic term has a negative smaller contribution to the binding free 
  energy.
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  When the drug is located outside CNT, the Gibbs free energy is less negative and rapidly decreases after the drug enters the CNT or after encapsulation. This result was in good agreement with those obtained from previous study.56 According to previous study, negative free energy confirms that the drug prefers to locate inside the CNT.56 The most negative value of free energy is in water and 0.9 mmol L−1 urea at 310 K that is due to the observed encapsulation in these systems. Taking result of Table 5 and 6 altogether reveals that the Gibbs-free energy values of the interaction between Tretinoin and CNT molecules decrease with solvent dielectric constant. The binding free energies are less negative than those got by Johnson,57 Wenping50 and Garate et al..58 Because CNT in this letter has a bigger diameter as compared to CNT (11, 0) and they have used different target molecules in their 
  calculations.

   

  Conclusions

  Molecular dynamics simulation sheds more light on to the influence of urea, temperature and CNT size on insertion of an anticancer drug, Tretinoin into CNT. Our results show that the proper diameters of the CNT and water flow are the important factors for the drug encapsulation. Results show that during insertion, drug pushes out water and urea molecules out of CNT. The hydrophilic force, provided by the water molecules inside the nanotube, might brings Tretinoin inside the CNT. Furthermore, decreased PMF profile followed by decreased distance of CNT-drug and their reduced free energy of interaction is accompanied by entering of the drug into the CNT. Heat capacity and energy results have revealed that the encapsulated form is much more stable at lower temperatures and in the normal concentration of urea. It can be concluded that addition of urea at the normal level can increase system stability and decreases heat capacity, however; excessive addition of urea makes the system unstable and shifts the heat capacity of the system toward positive amounts. In conclusion, according to the most negative Gibbs free energy, urea at the normal level is effective in placing Tretinoin into the CNT (10, 7). Since both Tretinoin and CNT contain conjugated aromatic rings and lone pair electrons, then π-π stacking interactions are expected to be established between the oxygen atom of Tretinoin and the CNT inner wall surface. In contrast, at high urea concentrations, drug does not encapsulate due to wire formation inside CNT. Taken altogether, the obtained data provide useful information toward the urea effect on insertion process.
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    Tubulações subterrâneas protegidos por um revestimento grosso e por polarização catódica podem sofrer danos externos sérios por corrosão na presença de tensão de corrente alternada (AC) dispersa induzida por sistemas industriais de transporte elétrico de alta tensão, como linhas de tensão ou ferrovias eletrizadas. A origem do aumento da corrosão vem da não-linearidade das características corrente-potencial da interface metal-solo. Neste trabalho, avaliaremos teoricamente o aumento da densidade de corrente de corrosão e o deslocamento de potencial induzido por um sinal AC de alta amplitude a modelos de sistemas sofrendo corrosão: curvas de polarização anódicas obedecendo uma lei exponencial em relação ao potencial, e processo catódico sob a cinética de ativação-difusão mista. A originalidade do presente trabalho se encontra no uso de um número relativamente pequeno de variáveis sem dimensão para descrever a retificação faradaica no deslocamento do potencial e no aumento da corrente de corrosão. Neste artigo, o efeito da resistência do eletrólito foi negligenciado.

  

   

  
    Underground pipelines protected with a thick coating and by cathodic polarisation may suffer a serious external corrosion damage in the presence of stray alternating current (AC) voltage induced by high voltage industrial electric transport system, such as power lines or electrified railroads. The origin of the corrosion enhancement comes from the nonlinearity of the current-potential characteristics of the metal-soil interface. In this paper, we will theoretically evaluate the increase of the corrosion current density and the potential shift induced by a high amplitude AC signal to models of corroding systems: anodic polarisation curves obeying an exponential law with respect to the potential, and cathodic process under the mixed activation-diffusion kinetics. The originality of the present work lies in the use of a relatively small number of dimensionless variables to describe the faradaic rectification for the corrosion potential shift and the corrosion current enhancement. In this article, the effect of the electrolyte resistance was neglected.

    Keywords: Tafel law, dissolved oxygen reduction, partially diffusion limited kinetics, corrosion potential shift, corrosion current enhancement

  

   

   

  Introduction

  Focusing the present analysis to the case of the steel/soil interface when the steel is subjected to cathodic protection (CP), a typical situation for coated and buried steel pipelines, it is convenient to start any discussion on alternating current (AC) corrosion mechanism by considering first the state of the CP polarised interface in absence of any AC perturbation. CP is achieved because the cathodic polarisation leads to alkalisation of the soil solution in the near steel surface layer. Then, corrosion protection comes from the precipitation of a protective film consisting, most of the time, of an iron oxide/oxy-hydroxide film having a classical bi-layer structure with a thin compact "passive" inner layer and a thick porous outer layer.1-5 It is known that AC-induced corrosion on the installations under cathodic protection may significantly threaten their lifetime and safety.6-22 Despite the numerous laboratory and field studies dedicated to the topic during the last 30 years, there is at present no worldwide consensus on the detailed mechanisms involved in this degradation process.20,23-26

  AC-enhanced corrosion is a complex phenomenon, due to the periodic excursions, at the fundamental frequency of the AC perturbation, of the steel/soil interfacial potential in a wide range spread over the cathodic and anodic domains, as schematically illustrated in Figure 1a. In this figure, the electrochemical stability of the steel/soil system is illustrated through a simplified Pourbaix diagram in which the span of the excursions of the interfacial potential E (t ) is depicted.27 Figure 1b presents a typical electrical equivalent circuit depicting the local situation at any given coating holiday and adapted from that suggested in the recent state-of-the-art review elaborated by the National Association of Corrosion Engineers (NACE) International Society.5 These two figures illustrate the correlation between, on one hand, the interfacial potential and, on the other hand, the voltage between the steel and the remote earth resulting from the inductive coupling between the pipeline and the electric power line, as well as the direct current (DC) potential from the steel to the remote earth, resulting from the presence of the CP system.28

  
    

    [image: Figure 1. (a) Schematic representation of the potential-pH diagram with potential excursions for a steel electrode under cathodic protection (CP) at ECP, in the presence of AC perturbation E(t); (b) its equivalent electrical]

  

  In Figure 1a, as it is generally assumed that AC-induced perturbation may be viewed as a "controlled voltage phenomenon", AC perturbation is described as an AC voltage source E (t ) superimposed to a DC potential source (E CP). For illustration, the CP potential is set to polarise the steel somewhere between the immunity and the passivity domain.28

  For the equivalent electrical circuit (Figure 1b), the total current flowing across the interface is, according to the formalism introduced by Taylor and Gileadi,29 the sum of the capacitive current through the double layer capacitance (C d) and the faradaic current transferred through the two parallel faradaic circuits. In this circuit, the anodic process is simulated by a simple diode representing an exponential law with respect to the potential and cathodic one by a parallel assembly of a diode and two transistors (for simplified representation of a direct current limiter) representing mixed controlled (activation energy and mass transport control) kinetics. These circuits are then connected to the electrolyte resistance R E. As a consequence, an ohmic drop through R E makes the interface potential E (t ) smaller than the overall potential U (t ).

  Due to repetitive excursions in the anodic and cathodic domain, as illustrated in Figure 1a by the arrows, whatever the mechanism, the AC corrosion phenomenon involves coupled interfacial processes leading to chemical changes of the soil solution at the vicinity of the pipe surface at the coating defect. As a first step, these chemical changes consist mainly in "over alkalisation" of the local soil solution, due to cathodic processes stimulated during the cathodic excursions of the electrochemical potential (dissolved oxygen reduction and hydrogen evolution reaction).21

  Differences in elementary mechanisms, depending on the range of influencing factors occurring in the various actual field situations, may explain why the practical CP criteria, required to safely protect the coated underground steel pipelines against this specific corrosion threat, are still subject to discussion.1,2,19,30-37

  Another factor influencing the AC corrosion phenomenon is the so-called "faradaic rectification". Since the earlier studies on AC corrosion by Gellings38 in 1962 then by Bertocci39 in 1979, it was shown that DC current-potential curves are affected by the presence of AC voltage. In particular, a shift of the corrosion potential (defined as the mean DC interfacial potential for which the mean DC current transferred to the steel/electrolyte interface is zero) and an increase of the corrosion current density (defined as the mean DC anodic - or equivalently cathodic - faradaic current transferred to the interface when the DC interfacial potential is equal to the mean DC interfacial corrosion potential) are generally observed in presence of AC current. This phenomenon is traditionally named "faradaic rectification".

  With respect to the AC corrosion process, three primary factors have a great influence: (i ) the electrolyte resistance which, because of the I × R drop, decreases the actual amplitude of the interfacial potential of the AC voltage perturbation; (ii ) the interfacial capacitance through which a capacitive current will be transferred, which also gives rise the I × R drop, and consequently decreases the amplitude of the AC voltage perturbation. These two aspects will be treated in part II of this paper, in preparation; (iii ) under cathodic protection, the electrolyte at the vicinity of the electrode surface may be subject to alkalisation, leading to modifications of the corrosion mechanism and of the electrode kinetics. Actual local pH measurements, together with corrosion tests associated with the mass loss measurements will be reported in part III of this paper.

  Faradaic rectification is largely reported in the literature but, for most publications, 23-26,38,39 its effect on the AC corrosion mechanisms was analysed without explicit consideration of the particular situation of cathodically protected interfaces. Besides, the cathodic process will be composed of two reactions, reduction of dissolved oxygen and that of water. When the AC amplitude is high, the range of excursion of the interface potential may be modified, such that the water reduction will be set on. We will emphasise thus the combination of these two phenomena. Particularly, it is intended, in part III of this paper, to highlight the effect of the faradaic rectification phenomenon on the pH evolution of the soil electrolyte at the steel/soil interface, and to study how the alkalisation of the interfacial electrolyte may determine the actual corrosion status of the metal (corrosion protection vs. corrosion at the active state).

  The aim of the present work is to determine the possible impact of the faradaic rectification effect on the AC corrosion phenomenon in the context of the coated and CP protected underground steel pipelines. To this end, this process is first studied theoretically for different models of the metal/electrolyte interface.

  Simplified theoretical approaches are presented in this paper to illustrate the effects of AC perturbation on the electrochemical behaviour of the interface. It ignores the time-related evolution of the interfacial chemistry, namely the surface relaxation phenomena leading to occurrence of inductive or capacitive behaviour. It also ignores the possible alteration of the interfacial kinetics, as well as the triggering of additional electrochemical reactions.

  In addition, in the work presented in this first part of the paper, it is assumed that the electrolyte resistance is negligibly small with respect to the interfacial impedance. This is a strong hypothesis, indeed, as will be shown later in this paper, in such case, the interfacial capacitance no longer influences the faradaic rectification effect.

   

  Methodology

  Basic expressions on the faradaic rectification for an activation controlled interface

  The electrochemical system constituted by the steel/soil electrolyte interface is intrinsically non-linear; therefore the current response induced by a high AC voltage modulation is non-linear, too. If it is assumed that the electrode processes are controlled by the activation energy only, i.e., the interface is obeying the Tafel law, the faradaic current of any electrochemical reaction I F will follow a generic exponential law with respect to the interfacial potential E . This is often the case for the hydrogen evolution reaction and the anodic dissolution of corroding of metals:

  
    [image: Equation 1]

  

  where ± is according to the conventional sign adopted for the faradaic processes; anodic reactions are expressed as positive and cathodic as negative; b is the activation coefficient or Tafel constant (±α n F / R T , with the + sign for any anodic reaction and – for any cathodic reaction); a is the transfer or Tafel coefficient between 0 and 1; I F is the faradaic current; E is the interfacial potential; n , F, R and T are, respectively, the number of electrons exchanged in the reaction, the Faraday constant, the gas constant and the absolute temperature; K is the reaction rate constant; I corr,0 is the so called "free" corrosion current density, in the absence of AC perturbation; anΔE corr,0 is the free corrosion potential (also called the open circuit potential).

  The symbols and their units are summarised in the Supplementary Information.

  It is worth nothing that: (i ) in the expression above, the reverse reaction was neglected because the potential domain considered in this paper is far from the equilibrium potential of the reactions considered; (ii ) whatever the nature (anodic or cathodic) of the reaction considered, the so-called "Tafel slope β" is related to the Tafel constant or the kinetic coefficient by the relation:

  
    [image: Equation 2]

  

  Under AC voltage perturbation, the interfacial potential E will be expressed as:

  
    [image: Equation 3]

  

  where ω stands for the angular frequency; and ΔE represents the peak-voltage of AC signal. Since the electrolyte resistance R E is assumed to be negligibly small with respect to the interfacial impedance, the applied potential between the reference and the working electrode U is identical to E .

  
    [image: Equation 4]

  

  If it is assumed that the presence of the AC perturbation does not alter the interfacial medium, then I corr,0 will remain the same. The instant faradaic anodic current response can then be expressed by:

  
    [image: Equation 5]

  

  where E 0 is the CP polarisation level (= E CP).

  By the Taylor expansion of equation 5, around the over-potential (E 0 – E corr,0), one gets:

  
    [image: Equation 6]

  

  with I 0 = I corr,0 exp {b (E 0 – E corr,0)}.

  The time-averaged faradaic anodic current densities for one entire period of AC signal is given by:

  
    [image: Equation 7]

  

  where T 0 is the entire period of the AC signal.

  After mathematical developments described by Lalvani and his group,40-42 the following expression may be obtained:

  
    [image: Equation 8]

  

  A rigorously identical expression was also derived by Bertocci,39 using the expansion of the function exp{b ΔE sin(ω t )} in a series of products of sines and cosines by the modified Bessel functions of the first kind of order k (k = 0 to ∞), IB,k([image: Caracter 1]), in the form of:

  
    [image: Equation 9]

  

  where the modified Bessel functions may be calculated using the following expression:

  
    [image: Equation 10]

  

  In such development, when calculating the time average value of the faradaic current over one entire period of AC signal (T 0 = 1 / f = 2π ω–1), i.e., the DC component of this current, only the first term of the series, (IB,0([image: Caracter 2])) is not zero. One can easily observe, from equation 10, that the expression for IB,0 (b ΔE) is identical to the corrective term of equation 8. The term [image: Caracter 3] induces the so-called faradaic rectification effect.

  Equation 8 shows that the mean faradaic current density is enhanced by the presence of AC perturbation. This effect comes from the faradaic rectification. The faradaic rectification itself is induced by even number harmonics of the current response to the interfacial perturbation. The previous derivation is valid for a sinusoidal perturbation of the interfacial potential. The slope of the [image: Caracter 4] = f (E 0)  curve at E 0 in the presence of AC signal is calculated to be:

  
    [image: Equation 11]

  

  The complete corrosion process, including the anodic and cathodic processes, is now considered. If no interaction between the two processes is assumed, the mean faradaic current is the sum of the mean anodic and cathodic currents. The following three reactions can be taken into account; the one for the anodic process relative to the dissolution of metal is:

  
    [image: Equation 12]

  

  The two others are the cathodic processes relative to the reduction of water and that of dissolved oxygen:

  
    [image: Equation 13]

  

  
    [image: Equation 14]

  

  The reduction of dissolved oxygen is more common in the corrosion process in weakly acidic to alkaline media containing dissolved oxygen. This reaction is generally controlled by mixed kinetics, i.e., coupling of the activation energy and the mass transport processes. For sake of simplicity, we will call it the "mixed corrosion mechanism" when coupled with the anodic process. In contrast, when the corrosion process is controlled by anodic dissolution and water reduction, both following the exponential law with respect to the potential, it will be called "bi-tafelian corrosion mechanism". This corrosion mechanism may take place in an acidic medium. When the anodic reaction obeying the Tafel law is coupled with two cathodic reactions, this corrosion mechanism will be named "three reaction corrosion mechanism".

  The effect of a high amplitude AC signal on the corroding metal around the open circuit potential with bi-tafelian or the mixed corrosion mechanisms are largely reported in the literature.38-45 However, as far as we know, no theoretical approach of faradaic rectification on the AC-induced corrosion with the three reaction corrosion mechanism under CP system has yet been reported.

  Modelling of the faradaic rectification in the solution containing dissolved oxygen and in negligibly small electrolyte resistance

  For equations 12 and 13, the reaction rates are considered to obey the Tafel law, therefore one can write the following equations, according to the generic equation 1 presented above:

  
    [image: Equation 15]

  

  
    [image: Equation 16]

  

  where I corr,0 is the "free" corrosion current density in the absence of AC perturbation. For a cathodic reaction, I corr,0,H2O represents the part of the water reduction to the overall corrosion current density. Note that, in the presence of only one anodic reaction, as it is the case anyhow in this paper, and if only water reduction as a cathodic process is taking place simultaneously, then I corr,0,H2O = I corr,0.

  For the reduction of dissolved oxygen, the reaction rate will be, in most practical situations, controlled partly by the diffusion process, and expressed by the classical Butler-Volmer expression in the form of (see for instance43):

  
    [image: Equation 17]

  

  where K c,O2 is the rate constant of the cathodic oxygen reduction process; [O2]int: is the interfacial concentration of dissolved oxygen, at the interfacial potential E ; E0  c,O2  is the standard equilibrium potential of the dissolved oxygen/OH– redox couple; αc,O2 is the transfer coefficient of the reduction process; and n c,O2 is the number of electrons involved in the elementary reduction process, here equal to 4.

  If I corr,0,O2 is the partial cathodic current density of the dissolved oxygen reduction, and contributing to the total "free corrosion current density", I corr,0, we can also apply the generic expression above for the case where E = E corr,0 and express it as:

  
    [image: Equation 18]

  

  where [O2]corr,0 is the interfacial concentration of dissolved oxygen at the free corrosion potential, E corr,0.

  Combining equations 17 and 18, and defining b c,O2, the kinetic coefficient, or Tafel constant, for the cathodic reduction of dissolved oxygen as:

  
    [image: Equation 19]

  

  we obtain:

  
    [image: Equation 20]

  

  Under AC voltage perturbation of the interfacial potential E (t ) (equation 3), the total faradaic current density will be expressed by the sum of the three faradaic currents contributing to the overall electrochemical process (equations 15, 16 and 20). Consequently, assuming that the three elementary faradaic currents are independent of one another, the total instant faradaic current density transferred through the interface may by expressed as the sum of the three individual time-dependent faradaic current densities:

  
    [image: Equation 21]

  

  Note that, upon hypothesis of mutual independency of the faradaic currents, the overall "free corrosion current density" I corr,0 results in the sum of the two partial cathodic current contributions at E corr,0. We can write the fractional contribution of the water reduction to the total free corrosion current as:

  
    [image: Equation 22]

  

  where λH2O is a positive coefficient smaller than 1. If λH2O is zero, no water reduction is taking place (mixed corrosion mechanism) and if λH2O = 1, the whole cathodic reaction is the water reduction (bi-tafelian corrosion mechanism).

  Then, the total instant faradaic current density is expressed by:

  
    [image: Equation 23]

  

  The time-averaged [image: Caracter 5] for the entire period of AC signal is then given by:

  
    [image: Equation 24]

  

  where I c,O2(t ) is given by:

  
    [image: Equation 25]

  

  In this equation, the interfacial concentration of dissolved oxygen may theoretically be split into the sum of a constant component and a variable component, periodically varying at the AC perturbation frequency, both depending on E 0 and on the variables associated with the AC perturbation, i.e., ΔE and ω.

  However, according to our current laboratory experience, the frequency of AC perturbation coming from currently operating industrial equipment (typically 16.67, 50, or 60 Hz) is generally too high to lead to a significant concentration modulation of dissolved oxygen at the vicinity of the electrode. Then, it is assumed that the [O2]int induced by AC signal remains constant. The instant cathodic faradaic current I c,O2(t ) can then be written as:

  
    [image: Equation 26]

  

  The right hand side of this equation will be developed by the expansion of exp{b c,O2 ΔE sin(ω t )} into a series of products of sines and cosines by the modified Bessel functions, as proposed by Bertocci.39 Then, by integrating the equation over one period of AC perturbation, the time-averaged cathodic faradaic current of the oxygen reduction reaction [image: Caracter 6] is expressed by:

  
    [image: Equation 27]

  

  where the term IB,0(z) with z = b c,O2 ΔE symbolically represents the first kind modified Bessel function of order 0 of the variable [image: Caracter 7].

  Upon the hypothesis adopted here, i.e., the interfacial dissolved oxygen concentration is constant and equal to the steady state dissolved oxygen concentration at the mean DC potential, E 0, the mean faradaic DC cathodic current density can be related to the mass flux towards the steel surface of oxygen ɸO2 by:

  
    [image: Equation 28]

  

  Applying the Nernst diffusion layer theory, this current density will also be expressed by:

  
    [image: Equation 29]

  

  where [O2]∞ is the bulk concentrations of dissolved oxygen; D O2 is the diffusion coefficient of dissolved oxygen; and δ is the thickness of the diffusion layer, assumed to be constant.

  At the diffusion limited plateau, the diffusion limiting current density I lim,O2 is obtained for the interfacial concentration [O2]int = 0, then, we yield:

  
    [image: Equation 30]

  

  Combination of equations 29 and 30 gives:

  
    [image: Equation 31]

  

  A similar relationship for the underground steel tube/soil interface, i.e., at the free corrosion potential E corr,0 can be derived. However, one must take account that, in this document, by convention, a positive sign is chosen for the corrosion currents, hence I corr,O2is positive, whereas the sign for the cathodic current I lim,O2 is negative. Consequently, there is an opposite sign in the expression in brackets in the right hand side of the equation equivalent to equation 31 at the free corrosion potential, so that we get:

  
    [image: Equation 32]

  

  Reporting equations 31 and 32 into the expression of the mean DC current density [image: Caracter 8] (equation 27), we obtain:

  
    [image: Equation 33]

  

  Rearranging this expression, we get:

  
    [image: Equation 34]

  

  Note that this equation is similar to that derived by Nagy and Thomas,43 if one takes into account the convention adopted here for the sign of cathodic processes. As pointed out by these authors, the equation is completely general, because it describes the oxygen reduction process under mass transport control (–I lim,O2 = I corr,0,O2), mixed control (–I lim,O2 > I corr,0), or charge transfer control (I lim,O2 = –∞, i.e., I corr,0,O2 / I lim,O2 = 0).

  To get the time-averaged total faradaic current for the entire period of AC signal, the two other terms (the anodic oxidation of metal and the cathodic reduction of water) of equation 24 shall be now considered. Adding the three time-averaged faradaic currents, and using the same formalism as in equation 27, the time-averaged total faradaic current for the entire period of AC signal,  is [image: Caracter 9] expressed by:

  
    [image: Equation 35]

  

  where the determinant D t is:

  
    [image: Equation 36]

  

  In this equation, λH2O represents, as defined in equation 22, the contribution of the water reduction to the total free corrosion current.

  The interest of this equation is to explicitly describe, through the three modified Bessel functions of the first kind IB,0([image: Caracter 10]) with z = b a ΔE, b c,O2 ΔE , and b c,H2O ΔE , the effect of AC perturbation on the mean DC polarisation curve, need to be numerically calculated. This development is basically similar to that carried out by Bosch and Bogaerts.44

  This development shows that another parameter is necessary to completely define the electrochemical behaviour of the corroding electrode with both water and dissolved oxygen reduction reactions; the ratio of the diffusion limiting current density of the dissolved oxygen reduction over the total free corrosion current density (r diff,O2); "–" sign is added such that this parameter is positive:

  
    [image: Equation 37]

  

  If this parameter is equal to 1, the oxygen reduction is under pure mass transport (diffusion) control, whereas when the oxygen reduction kinetics is mainly controlled by the activation energy, this parameter will be represented by a very small positive value (the corrosion current density markedly smaller than the diffusion limiting current density). Now, we will perform the simulation calculations of the faradaic rectification and its effect on the corrosion kinetics under cathodic protection.

  Digital simulations

  As for the cathodic processes, we will separate two cases for simulation calculations; first taking into consideration the reduction of dissolved oxygen partly controlled by the diffusion (mixed corrosion mechanism), and then two reactions, the reduction of dissolved oxygen and that of water, hydrogen evolution reaction (three reaction corrosion mechanism). The case where the cathodic reaction merely consists in the reduction of water, following the Tafel law (bi-tafelian corrosion mechanism), will be shown for comparison.

  The DC mean current density vs . DC mean interfacial potential, in other terms, the DC polarisation curve with the corrosion current enhancement induced by the AC voltage perturbation ΔE , was computed, using equation 35 together with symbolic manipulation and numerical computation using the Mathematica software.46

  With equation 35, the effect of AC voltage on the polarisation curves was calculated for different peak-voltages. For this calculation, the corrosion kinetic constants used are as listed in Table 1.

  
    

    [image: Table 1. Corrosion kinetic parameters used for the simulation calculations]

  

  The results of the simulation calculation are presented in Figure 2.

  
    

    [image: Figure 2. Mean DC current density]

  

  In this figure, with corrosion kinetic parameters values often observed experimentally, it is observed that the mean faradaic current density [image: Caracter 11] for both anodic and cathodic branches increases in the presence of AC perturbation. A "pseudo-plateau", where the DC current is partially limited by the oxygen mass transport, can be seen on the unperturbed DC polarisation curve, for the set of kinetics parameters used here. Besides, one salient point to be emphasised is that this current plateau becomes narrower with increasing ΔE values. When the activation energy of the anodic process is higher than that of the cathodic ones (b a + b c > 0), and in agreement with experimental data or theoretical analyses reported by many authors,39-44 the corrosion potential in the presence of AC signal shifts towards more a negative direction. It may worth to recall that when R E is negligibly small, the mean DC potential E is not modified by AC perturbation, since this signal is sinusoidal under potential regulation. It is also worth recalling that the kinetic constants used correspond to the corrosion of iron in active state, since the corrosion of the pipeline may take place by pitting, and in this situation, the corrosion process may take place likely as the active dissolution of iron.

   

  Results and Discussion

  Cathodic reaction by the reduction of dissolved oxygen by mixed kinetics

  At first, a system with only one cathodic reaction, oxygen reduction under mixed control of diffusion process, was considered to illustrate the primary effect of the mass transport limitation on the shift of the corrosion potential and the enhancement of corrosion current density. This corrosion model corresponds to the case where λH2O = 0.

  Several dimensionless entities were introduced to generalise the output results of the digital simulations as much as possible.

  The dimensionless corrosion potential shift <E corr,AV> with respect to the free corrosion potential in the presence of the alternating voltage perturbation is expressed as follows:

  
    [image: Equation 38]

  

  where E corr,AV is the corrosion potential in the presence of the alternating voltage perturbation, which is defined as the mean (DC) interfacial potential for which the overall (external) mean (DC) faradaic current  is zero.

  The enhancement of the corrosion current density is expressed in the reduced scale by:

  
    [image: Equation 39]

  

  where I corr,AV, the corrosion current density in presence of the alternating voltage perturbation, is equal to the mean (DC) faradaic anodic current density (or, equivalently, cathodic, insofar as these two currents have equal values at this potential) at the interfacial potential E corr,AV,for the given AC perturbation ΔE .

  The peak-voltage of AC perturbation ΔE is normalised as follows.

  
    [image: Equation 40]

  

  In this equation R p, the polarisation resistance, is the slope of the I-E curve, in the absence of any AC perturbation, at the open circuit potential, which is defined as follows:

  
    [image: Equation 41]

  

  Using this definition and equation 35, with ΔE set to 0, the polarisation resistance for the model of interface without the water reduction reaction (λH2O = 0) can be expressed by:

  
    [image: Equation 42]

  

  To obtain especially the effect of Tafel constants on <E corr,AV> and <I corr,AV>, the ratio of b a and b c,O2 is defined as follows:

  
    [image: Equation 43]

  

  Here, the subscript "a" represents the anodic reaction. Since b c is negative, the r O2 /a  value is positive. When the two Tafel constants are equal in absolute value, then, r O2/a = 1.

  Results of the simulation calculation on the corrosion potential shift are presented in Figure 3. For comparison, the corrosion potential shift of the bi-tafelian corrosion mechanism, the case most often reported in the literature, is overlaid as dashed lines in Figure 3.

  
    

    [image: Figure 3. Effect of rO2/a]

  

  The solid line curves show the variation of the normalised (dimensionless) corrosion potential shift <E corr,AV> vs. <ΔE > for the mixed corrosion mechanism. In this figure, the ratio of the total free corrosion current density to the diffusion limiting current density of the dissolved oxygen reduction reaction is set to r diff,O2 = 0.1 at E corr,0. In other terms, the dissolved oxygen reduction is weakly controlled by the diffusion of oxygen towards the surface, at the free corrosion potential in the absence of AC perturbation. A series of curves are plotted for various r O2/a ratios. It can be noticed that this weak mass transport limitation modifies significantly the normalised corrosion potential shift as a function of the dimensionless amplitude. One can observe that for r O2/a < 1, the corrosion potential shifts towards a more negative direction with respect to the corrosion potential of the non-perturbed interface. This potential shift is greater for the mixed kinetics compared with the bi-tafelian system (dashed curves). Conversely, for r O2/a > 1, the corrosion potential shifts towards a more anodic direction, but this potential shift is smaller compared with the corresponding curve for the bi-tafelian corrosion mechanism. This decrease significantly grows with the increase of the <ΔE > ratio, such that, at high values of this ratio, the shift becomes negative and tends, for the higher values of this ratio, toward the negative shift of the corresponding bi-tafelian system having a r O2/a lower than 1. As can be seen in Figure 2, the apparent local Tafel constant b c becomes smaller, thus the local r O2/a becomes even smaller than 1. Under CP, the cathodic reaction may be controlled by the diffusion of dissolved oxygen, therefore the presence of high AC perturbing signal may lead to an over protection.

  Figure 4 presents a similar curve where r diff,O2 is even smaller, i.e., equal to 0.01. It is observed that, in this case, only at relatively high values of the <ΔE >, similar effects on <E corr,AV> appear on the dimensionless corrosion potential shift <E corr,AV>. In addition, in this figure, the case where the cathodic reaction is entirely controlled by the diffusion process (r diff,O2 = 1) is also shown. It can be remarked that, in this case, <E corr,AV> is no longer depending on the r O2/a ratio. Indeed, in this case, the cathodic process controls entirely the mean DC response of the interface to the AC perturbation, in the cathodic domain, up to the free corrosion potential E corr,0. The cathodic current density vs. potential is thus parallel to the potential axis, and apparent b c is zero. It is noteworthy that the value of R pI corr,0 is about 0.02 V for the majority of cases for corrosion in the active state. So, <ΔE > = 50 corresponds to the peak-voltage ΔE of 1 V.

  
    

    [image: Figure 4. Similar curves to Figure 3, but rdiff,O2 = 0.01]

  

  Figure 5 presents the variation of <I corr,AV> with respect to the dimensionless peak voltage <ΔE > at conditions similar to Figure 3. In this figure, the reduction of dissolved oxygen is partly limited by the diffusion, r diff,O2 = 0.1 at E corr,0. In the same figure, the case of bi-tafelian corrosion mechanism is also presented with dashed lines. It can be observed that this mildly mass transport limitation decreases significantly the relative enhancement of the corrosion current induced by AC perturbation, for any given value of <ΔE> . Besides, in any case, at high <ΔE >, the enhancement of the corrosion current tends toward the limit equal to 1/r diff,O2. When the amplitude of the excursions increases greatly, <ΔE > also increases, such that <I corr,AV> will be determined only by the cathodic diffusion limiting current density.

  
    

    [image: Figure 5. Relative enhancement of the corrosion current (solid lines)]

  

  The case of a pure diffusion control of the oxygen reduction is also represented in this Figure 5. In this situation, the corrosion current density is determined solely by the diffusion limiting current. Since the current is independent of the potential, there is no longer the faradaic rectification effect, consequently, no enhancement of the corrosion current occurs, whatever the values of the r O2/a and <ΔE >.

  Cathodic process composed of the reduction of dissolved oxygen and that of water

  In the section above, the effect of AC perturbation on the corrosion model constituted of the metal dissolution obeying the Tafel law and the cathodic reaction with mixed diffusion kinetics was examined. Now, we will analyse the faradaic rectification effect for the three reaction corrosion mechanism, i.e., in the case where the cathodic current is composed of two contributions, the mixed diffusion kinetics representing the reduction of dissolved oxygen and the tafelian characteristics corresponding to the water reduction in parallel to the active anodic dissolution obeying the Tafel law. As illustrated in Figure 2, in absence of AC voltage and at the potential domain close to the open circuit one, the cathodic current is essentially determined by the reduction of dissolved oxygen, whereas the water reduction reaction determines the overall cathodic current at higher cathodic potentials.

  The faradaic current density of the three reaction mechanism is expressed by equation 35. In this case, the polarisation resistance is expressed by the following equation instead of equation 42:

  
    [image: Equation 44]

  

  The following ratio of the kinetic coefficients is now introduced for the sake of generalisation of simulation calculation results:

  
    [image: Equation 45]

  

  This equation is similar to equation 43 for the reduction of dissolved oxygen.

  The presence of a second reduction reaction, the water reduction, together with the oxygen reduction, modifies significantly the variation of both the normalised corrosion potential shift and the relative corrosion current enhancement as a function of <ΔE >. Figure 6 shows the relative corrosion potential shift <E corr,AV> vs. <ΔE >. For digital simulations, the Tafel constants b c,O2 and b c,H2O, are set to the same value, i.e., r O2/a = r H2O/a. It is observed that when the water reduction reaction is involved, these curves exhibit the behaviour observed above for relatively small <ΔE >, but they approach asymptotically to the bi-tafelian case, when the second cathodic reduction reaction is involved, particularly at high <ΔE > values.

  
    

    [image: Figure 6. Effect of rO2/a]

  

  Figure 7 displays <I corr,AV> vs. <ΔE > curves under AC perturbation. It can be remarked that, compared with the case of the mixed corrosion mechanism, even for relatively small value of λH2O (= 0.05), that is to say, even though the water reduction reaction is a minor cathodic component around the free corrosion potential, the presence of this reduction reaction deeply modifies the <I corr,AV> vs. <ΔE > curves. No limit of <I corr,AV> is observed here in contrast to Figure 5 for the mixed corrosion mechanism. For the three reaction mechanism, and for small <ΔE > values, the corrosion current enhancement is smaller than in the case of the mixed corrosion mechanism.

  
    

    [image: Figure 7. Variation of]

  

  In contrast, at high <ΔE > values, <I corr,AV> continues to increase, whereas in the absence of the water reduction reaction, this parameter tends to a constant finite limit equal to 1/r diff,O2. However, as for <I corr,AV>, even if the curves are going closer to the bi-tafelian curves when the second cathodic reduction is involved, these curves do not asymptotically tend to the bi-tafelian case curves with increasing <ΔE > value.

  Those effects on <E corr,AV> and <I corr,AV> vs. <ΔE > for the similar system with the three reaction mechanism, but where the contribution of the water reduction reaction λH2O is much smaller (λH2O = 0.001), are presented in Figures 8 and 9.

  
    

    [image: Figure 8. Same as in Figure 6 but]

  

  
    

    [image: Figure 9. Enhancement of the corrosion current density]

  

  As for <E corr,AV> with an increasing <ΔE > value, even if the curves asymptotically tend towards those calculated for the bi-tafelian corrosion mechanism, but significantly slower than the case of λH2O = 0.05, at high values of <ΔE >, beyond 300. Below this threshold value, the potential shift curve is still influenced by the mixed controlled cathodic reaction. As for <I corr,AV>, although the effects on the curves are less marked, a similar threshold effect is also observed around <ΔE > = 300, between the part of the curve clearly influenced by the mixed controlled cathodic reaction and the part of the curve where the cathodic reaction controlled by the activation energy is dominating.

  Even though the water reduction reaction constitutes, in this λH2O = 0.001 case, a very minor cathodic process at the near free corrosion potential domain, its influence on the corrosion potential shift at high values of <ΔE > is still determining for the overall response to the AC perturbation. This result is readily understood, since in the presence of sufficiently high values of <ΔE > whatever the smallness of the λH2O value, the exponentially increasing contribution of the activation-controlled reaction dominates the overall cathodic current density.

  Effect of the double layer capacitance on the faradaic rectification

  In the theoretical analysis presented above, two non-faradaic elements were neglected; the electrolyte resistance R E and the double layer capacitance C d. Therefore, the sinusoidal AC perturbation is considered as directly applied to the metal/electrolyte interface. Now, if it is assumed that C d is independent of the electrode potential and there is no interaction between the two processes, the faradaic and the capacitive one, then the electrochemical interface under consideration can be sketched, cf. in Figure 1b with R E = 0, as a parallel connexion of a constant double layer capacitance with two faradaic processes.

  Since R E = 0, the potential applied at the electrode interface is the AC perturbation potential (U ≡ E ). The mean current passing across the double layer capacitance for one period of AC perturbation is zero, consequently, the presence of C d, whatever its value and also independent of the corrosion mechanism considered, does not modify the effect of the faradaic rectification.

   

  Conclusions

  Underground steel installations, especially steel pipelines, are generally covered with thick organic coating, and in addition protected cathodically. When these assets are exposed to high AC voltage fields created by high level alternating currents transported by industrial systems in their vicinity, an enhancement of the corrosion may be observed at coating defects, if the CP system is not adequately fitted to this particular electrical constraint. This damaging process, named AC-induced corrosion, is known to originate from the faradaic rectification. This phenomenon, which consists in the modification of the DC mean polarisation curves, including a shift of the DC corrosion potential and an enhancement of the kinetics of the faradaic reactions, when the steel/electrolyte interface is subjected to the stray AC voltage, was studied theoretically.

  Faradaic rectification comes basically from the nonlinear character of the current-potential relationship between the faradaic currents and the interfacial potential. It occurs whatever the electrochemical model adopted to simulate the electrochemical behaviour of the interface, this last one being either under pure activation control or under mixed activation-diffusion control. These aspects are largely reported in the literature, for experimental observations as well as theoretical analyses. However, the analysis of AC-induced corrosion when the cathodic current involves two cathodic processes, reduction of dissolved oxygen and that of water under the cathodic protection, as a whole three reaction mechanism for corroding system, as far as we know, is not yet reported. The present work deals with this topic, in such particular, but realistic, situations.

  In this first part of the work, the enhancement of the corrosion current density induced by AC voltage perturbation is theoretically derived and digitally simulated. The considerations are here limited to the case where the electrolyte resistance is negligibly small. In this case, the double layer capacitance was assumed to be a pure capacitance (not a constant phase element) and independent of the potential, does not intervene in the faradaic rectification, whatever the model describing the interface behaviour.

  The digital simulations of the polarisation curves as well as the results of the analyses of faradaic rectification effect were displayed using dimensionless variables and parameters. Two main dimensionless variables under AC perturbation as output data are the relative corrosion current density enhancement <Icorr,AV>, i.e., I corr,AV / I corr,0, and the relative corrosion potential shift <E corr,AV>, i.e., (E corr,AV – E corr,0) / ΔE . They are expressed as a function of the dimensionless AC perturbing amplitude ΔE / (R p I corr,0). The corrosion kinetic parameters are defined by the several ratios; the anodic and cathodic Tafel constants r (–b c / b a), the fraction corresponding to the water reduction reaction λH2O (–I corr,0,H2O / I corr,0) to the overall corrosion current density, the importance of the diffusion limited current density at the corrosion potential without AC perturbationr diff,O2 [–(1 – λH2O) I corr,0 / I lim,O2]. The use of these normalised entities is original, and allowed generalizing the simulation calculations. With such representation it appears that <E corr,AV> and <Icorr,AV> are no longer determined by the individual values of b a and b c (= b c,,O2, = b c,,H2O) but by their mutual ratio r only.

  It was found that when the cathodic reaction is constituted only of the reduction of dissolved oxygen controlled by the mixed diffusion kinetics, whatever the value of r (r O2/a), the relative corrosion potential shift tends to –1 when the amplitude of AC signal increases. In contrast, when the cathodic process is constituted only by the tafelian kinetics or the combination of tafelian and mixed diffusion kinetics, the relative corrosion potential shifts towards cathodic direction when r < 1 and towards anodic direction when r > 1. When r = 1, there is no change in the corrosion potential whatever the value of ΔE .

  For the corroding systems of the bi-tafelian mechanism, when r > 1, the relative corrosion potential shifts towards more anodic direction, but to a limited value lower than 1, i.e., absolute shift equal to 100% of ΔE , and depending on the ratio r . Conversely, when r < 1 the relative corrosion potential shift decreases from 0 to a limited value greater than –1, equal to that reached by 1 / r . No dependence of the corrosion potential was observed for r = 1 for the bi-tafelian corrosion mechanism.

  When the cathodic reaction includes the water reduction reaction, <I corr,AV> tends to infinite when ΔE increases. For sufficiently high ΔE values, log(<I corr,AV>) vs. ΔE curves become linear, that is, the corrosion current density increases exponentially with ΔE . As a whole, the presence of a partial diffusion limitation of the cathodic reaction rate (mixed controlled reaction) significantly decreased the corrosion current enhancement compared with the system of bi-tafelian corrosion mechanism having the same r value.

  In an upcoming publication (part II), the case where the electrolyte resistance is no longer negligible will be examined, whereas part III will be devoted to verifications of the model predictions to experimental ones. The effect of the local pH change at the steel/soil interface under AC perturbation and a discussion on how interfacial pH evolution may determine the actual corrosion status of the metal (corrosion protected vs. actively corroding) will be presented.
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  Supplementary information is available free of charge at http://jbcs.sbq.org.br as PDF file.
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    Supplementary Information

    List of Symbols

    Alphabetic

    
      
        
          	[O2]∞
          	Bulk concentration of dissolved oxygen
          	mol cm-3
        

        
          	[O2]int
          	Interface concentration of dissolved oxygen
          	mol cm-3
        

        
          	<E corr, AV>
          	Dimensionless corrosion potential shift; = (E corr,AV – E corr,0) / ΔE
          	 
        

        
          	<I corr, AV>
          	Dimensionless corrosion current; = I corr,AV / I corr,0
          	 
        

        
          	B
          	Kinetic coefficient or Tafel constant (= ±α n F / R T)
          	V-1
        

        
          	Cd
          	Double layer capacitance
          	F cm-2
        

        
          	CP
          	Cathodic protection
          	 
        

        
          	DO2
          	Diffusion coefficient of dissolved oxygen
          	cm2 s-1
        

        
          	E
          	Potential at the interface
          	V
        

        
          	E0
          	DC component of E (t ) corresponding to the CP potential
          	V
        

        
          	Ecorr,0
          	Free corrosion potential or open circuit potential in absence of AC perturbation
          	V
        

        
          	F
          	Faraday (= 96500)
          	A s
        

        
          	f
          	Frequency of AC signal
          	Hz
        

        
          	I
          	Current density (+ for anodic and – for cathodic reaction)
          	A cm-2
        

        
          	I 0
          	Corrosion current density under CP without AC signal
          	A cm-2
        

        
          	IB,k
          	Bessel function of kth order
          	 
        

        
          	I corr,0
          	So-called "free" corrosion current density
          	A cm-2
        

        
          	I dif
          	Diffusion component of the mixed kinetics
          	A cm-2
        

        
          	I F
          	Faradaic current
          	A cm-2
        

        
          	K
          	Reaction rate constant
          	mol s-1
        

        
          	n
          	Number of electrons exchanged in anodic reaction
          	 
        

        
          	R
          	Gas constant (= 8.315)
          	J mol-1 K-1
        

        
          	rdiff,O2
          	Importance of the I diff at E corr,0; –(1 – λH2O) I corr,0 / I lim,O2 at E corr,0
          	 
        

        
          	R E
          	Electrolyte resistance
          	Ω cm2
        

        
          	rO2/a
          	Ratio of Tafel constant (–b c,O2 / b a)
          	 
        

        
          	R p
          	Polarisation resistance
          	Ω cm2
        

        
          	T
          	Absolute temperature
          	K
        

        
          	U
          	Overall potential between the reference and working electrodes
          	V
        

        
          	<ΔE >
          	Reduced amplitude of AC signal
          	 
        

        
          	α
          	Transfer coefficient for tafelian process; between 0 and 1
          	 
        

        
          	β
          	Tafel slope
          	V decade-1
        

        
          	δ
          	Thickness of Nernst diffusion layer
          	cm
        

        
          	ΔE 
          	Peak voltage of AC perturbing interacial signal
          	V
        

        
          	ΔU 
          	Peak voltage of AC signal
          	V
        

        
          	λH2O
          	Fraction of water reduction current at E corr,0; I corr,0,H2O / I corr,0
          	 
        

        
          	O O2
          	Flux of dissolved oxygen towards the electrode interface
          	mol s-1 cm-2
        

        
          	ω
          	Angular frequency, pulsation (= 2π f )
          	rad s-1
        

        
          	Subscripts and suffixes
          	 
          	 
        

        
          	–
          	Mean value over one period of AC signal
          	 
        

        
          	a
          	Anodic reaction
          	 
        

        
          	c
          	Cathodic reaction
          	 
        

        
          	c,H2O
          	Cathodic reaction of the water reduction reaction
          	 
        

        
          	c,O2
          	Cathodic reaction of the dissolved oxygen reduction reaction
          	 
        

        
          	corr,0
          	At the free corrosion without AC perturbation
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Scheme 2. Complexation energies and partial charges calculated for the cerium complexes.
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Figure S44. "H NMR spectrum (300 MHz, CDCL) of diterpene 4.
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Table 52. Results (ng mg~) expressed as the average + standard deviation for the Fb in blush samples adult and infant determined (n = 3) by the proposed

procedure (DSS HR-CS GF AAS)
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Figure $46. “C NMR spectra (75 MHz. CDCL) CPD (below) and DEPT 135 (above) of diterpene 4.
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Figure S45. Expansion (3., 0.5-5.5) of the 'H NMR spectrum (300 MHz, CDCL) of diterpene 4.
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Figure 1. Line emission spectra for Na (1 mg kg™), Ca (5 mg kg™,
Li (1 mg kg™) and K (1 mg kg™) in organometallic standard solution
luted in (a) kerosene and in (b) aqueous standard solution.
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lable 2. Results (ng mg™) expressed as the average + standard deviation
for the Pb in cye shadow and blush samples determined (n = 3) by
the proposed procedure (DSS HR-CS GF AAS) and by a comparative
technique (LS GF AAS)

Sample DSS HR-CS GF AAS LS GF AAS
Eye shadow

Adultl 47480331 49810722
Adul2 0.632+0.491 863520663
Adulty 50220378 518320229
Infantl 5036 =0346 554120308
Blush

Adultl 6,901 =0.466 6313=0.137
Adul2 6,646 =0.821 67110742
Infantl 7,001 =0.402 7.688 20456

Infant2 7.080 +0.204 7503 +0.236
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Figure S15. HRESIMS spectrum of 2.
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Figure 2. Least-squares background correction technique for Pb at
283.306 nm (a) reference spectrum of SiO, (b) spectrum of the cye shadow
sample (1.0 ng mg-! Pb) - interference of SiO molecular absorption bands
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Figure S42. 'H."C-HMBC partial spectrum (3, 0.8-1.9 x 3,. 15-86) of diterpene 4.
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Figure S13. "H.'H COSY-NMR spectrum (500 MHz, CDCL) of 2.
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Figure S41.

 HMBC spectrum (300 x 75 MHz. CD,0D) of diterpene 4.
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Figure S18. “C NMR and DEPT spectrum (125 MHz, CDCL) of 3.
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Figure $19. 'H."C HSQC-NMR spectrum (500 x 125 MHz, CDCL) of 3.
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Figure S40. "H."C-HSQC partial spectrum (3, 0.8-1.9 x 3, 17-44) of diterpene 4.
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Figure $16. IR spectrum (KBr) of 2.
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Figure S17. 'H NMR spectrum (500 MHz, CDCL) of 3.
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Figure $22. 'H.'H ROESY-NMR spectrum (500 MHz, CDCL) of 3.
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Figure S37. “C NMR spectrum (125 MHz. CD.OD) of diterpene 4.
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Table 1. Optimized heating program for the Fb determ

lon 1n eye shadow and blush samples

Step Temperature / °C Ramp/(°Cs™) Hold time /s Argon flow rate / (L min™")
Drying 1 110 10 10 20
Drying 2 130 5 10 20
Pyrolysis 1400 50 30 20
Auto-zero* 1400 0 0
Atomization 2000 3000 4 0
Cleaning 2500 500 20

Step to record a series of baseline spectra immediately before atomization.
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Figure $36. Expansion (3, 0.7-2.9) of the 'H NMR spectrum (500 MHz, CD,OD) of diterpene 4.
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Figure 6. Total ion chromatogram (TIC) of () 11 triazine pesticides
spiked at 50 pg L™ in water sample. (b) tap water sample, and (c) Xiaojia
River water sample.
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Figure 520, H,"C HMBC-NVIR spectrum (500 x 125 MHz, CDCL) of 3.
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Figure $39.

* HSQC spectrum (300 x 75 MHz, CD.0D) of diterpene 4.
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Figure S21. 'H.'H COSY-NMR spectrum (500 MHz. CDCL) of 3.
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Figure S38. COSY spectrum (300 x 300 MHz, CD,0D) of diterpene 4.
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Figure 1. Pyrolysis (C1.M) and atomization (O.®) temperature curves obtained for 1.5 ng Pb in aqueous solution (ab) and 5.183 ng mg-' Pb in eye shadow
sample (c,d) without (a,c) and with (b.d) Pd(NO.)./Mg(NO.), modifier. Eye shadow masses: 4mg.
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Figure 4. Architecture of the neural network algorithm No. § with three
neurons in the input layer, six in the intermediate layer and one in the
output layer.
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Figure 6. Two response surfaces modeled by the neural network algorithm MLP 3:3-6-1
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igure 5. Graph of predicted values vs. observed values for therdata
generated by the network algorithm No. 5 (MLP 3:3-6-1:1)..
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Figure $23. HREIMS spectrum of 3.
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Figure S24. IR spectrum (KBr) of 3.
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lable 1. Working linear regression (WLK), correlation coethcient (R), hmits of detection (LOD), limits of quantification (LOQ) and relative standard
deviation (RSD) for the determination of Na, K and Ca in samples of biodiesel by different methods using kerosene as a solvent and emulsion

Analyte Method WLR/ (mg kg™") R LOD (n=10)/(mgkg”) LOQm=10)/(mgkg’) RSD(n=5)/%
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ABNT NBR 15553 0.1102.00 0.9990 0.05 0.1 3239
FAES-CDK 0210200 0.9998 0.08 02 08636
Ca FAES-CDE 1010 10.00 0.9998 03 1.0 26

ABNTNBR 15553 0,050 2.00 0.9993 0.006 0.05 1973
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Figure 1. Parcto chart relative to the terms of the quadratic function
fitted to the data obtained from the application of Dochlert design in the
optimization of solid phase extraction for Cd.
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Figure 1. Typical chromatograms of (a) an alcoholic solution (40% v/v); (b) a glycerol standard 11.2 mg L; (c) non-aged cachaga and (d) aged cachag.
The detection wavelength was 230 nm. The arrow points to the glycerol peak.
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Figure 2. Extracted ion chromatogram (m/z 427.1 = 0.5) of a benzoylated glycerol standard solution (20.0 mg L), the average mass spectrum of the
alycerol peak and the derivatized glycerol molecule with fragments observed in the mass spectrum.
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Figure 2. 'H.'"H-COSY (—) and key HMBC (—) correlations of compounds 1-3.
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Figure S1. 'H NMR spectrum (500 MHz. CDCL) of 1.
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Figure 3. Key ROESY (+—) correlations of compounds 1 and 2.
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Figure 1. Effect of pH on the recovery of the analyte ions. Conditions:
Co(1I), Ni(ID) and Zn(ID), 4.0 pg; buffer 0.2 mol L™, 2 mL; Na,CO,
0.5 mol L, 2 mL; DTAB 0.2 mol L+, 2 mL; KCIO, 0.02 mol L+, 2 mL_;
centrifuge time. 5 min: centrifuge speed, 3200 rpm.
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Figure S2. "C NMR and DEPT spectrum (125 MHz, CDCL) of 1.
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Figure S3. 'H,"C HSQC-NMR spectrum (500 x 125 MHz, CDCL) of 1.
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Figure S4. 'H,"C HMBC-NMR spectrum (500 x 125 MHz, CDCL) of 1.
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Figure S7. HRESIMS spectrum of 1.
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Figure S8. IR spectrum (KBr) of 1.
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Figure S5. 'H.'H COSY-NMR spectrum (500 MHz, CDCL) of 1.
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Figure S6. 'H.'H ROESY-NMR spectrum (500 MHz. CDCL) of 1.
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Figure S11. "H,"C HSQC-NMR spectrum (500 x 125 MHz, CDCL) of 2.
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Figure S12. 'H."C HMBC-NMR spectrum (500 x 125 MHz, CDCL) of 2.
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Figure $10. “C NMR and DEPT spectrum (125 MHz, CDCL) of 2.
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Sabie L. Values of LUMO (EA), HOMO (IF) and band gap

Copolymer EA/eV. PIeV Bandgap/eV.
PFQ 365 625 260
PBOQ” 282 596 314
PEBTQ® 204 s44 250
MEH-PPV 201 510 219

PFQ: poly[1,4-phenylene-2,7-(9.9-dioctyl-fluorenylene)-co-1 4-
phenylene-S,7-(8-oxyoctyl-quinolinylene)}; PBOQ: Poly(2.2'4,
diphenylene)-6,6'-bis(4-octylquinoline)); PEBTQ: Poly(2.2-(3,3"
dihexyl-2,2"bithienylene-6,6" bis(4-phenylquinoline)); MEH-PPV:
poly[2-methoxy-5-(2’ethylhexyloxy)-p-phenylene vinylene].
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Figure S2. FT-IR spectrum with UATR of diterpene 1.
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Figure 2. TiO, film preparation procedure.
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Figure 1. Plant materials used in this study (a) Amaranthus caudatus, (b)
Bougaimillea spectabilis, (c) Delonix regia, (d) Nerium oleander and (c)
Spathodea campanulata.
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Figure 3. Caffeine degradation by Fenton (a) and Fenton-like (b)
reactions in the absence and presence of CI-, CO,* (100 mmol L) and
SO, (30 mmol L") ions. Caffeine: 5.2 pmol L HO,: 10 pmol L
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and 9.9-dioctyl-2.7-dibromofluorene (fluorene).
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Figure 2. Key HMBC correlations observed for the compounds 1-4.
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Figure 7. Cyclic voltammogram of PFQ.





OPS/images/a07img13.png





OPS/images/a13img08.png
Intensity / a.u.

A7 nm

1000 /
800
600
400
200
04
300 350 450 500 550
Wavelength / nm





OPS/images/a18img08.png





OPS/images/a07img08.png





OPS/images/a13img03.png
(a)
CH (CHs aliphatic)
E
H
g
£
2
< [ |
| |
C-H (aromatic) / \\
3200 3100 3000 2000 2800 2700
Wavenumber/ om™!
(b)
cc i
- N 3
H \
1
g \
H crcamcru
(aromatic) \
i M‘ I N
i \‘H i j\}‘“‘ﬂ M N ‘.“,“l‘\,‘)‘
‘MM‘ Vv ) wu
NV o~

1800 1600 1400 1200 1000 800 600
Wavenumber / cm’"

Figure 1. FTIR spectrum of PFQ in two regions, (a) 2700 to 3300 cm’
and (b) 1900 to 600 cm'.
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Figure 1. TG-DTG-DSC curves of the title salts at a heating rate of
10 °C min-!
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Scheme 2. General structures of the chlorophyll dyes: (a) R = CH,
chlorophyll-a (b) R = CHO, chlorophyll-b.
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Table 3. Detonation values of the title salts

Salt Dens:  AHAL'  AHP©  AHMLG  AHPS ” D [ N% T )
1 170 8620  -1485 4488 2647 302 8308 -149 4358 832 1430
2 164 8620 1128 4876 4872 2.1 8334 205 5982 - 1216
IND 165 - - - - 195 6881 247 1850 804 205
TATB! 194 - - - - 312 8114 -186 3255 - 318

“Density (g cm-) which were obtained according to reference 19; "calculated molar enthalpy of formation of the cation (kJ mol™); “calculated molar enthalpy
of formation of the anion (kJ mol-!); “calculated molar lattice energy (kJ mol-1); <calculated molar enthalpy of formation of the salt (kJ mol"); detonation
pressure (GPa); *detonation velocity (m s™); *oxygen balance (OB), an index of the deficiency or excess of oxygen in a compound required to convert
all C into CO, and all H into H,0; for the compound with molecular formula C,H,N.0, (without erystal water), OB (%) = 1600 (d — 2a — b/2)/M, (%):
litrogen content: idata from reference 20: %the melting temperature (°C): 'thermal decomposition temperature (°C) under nitrogen gas (DSC. 5 °C min-").
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Scheme 1. Chemical structure of betacyanins, (a) R = B-D-glucose (betanin), R = H (betanidin) and betaxantins [(b) indicaxanthin; (c) vulgaxanthin I;
(d) vulgaxanthin IT: (e) portulaxanthin].
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Figure S13. 'H NMR spectrum (500 MHz, CDCL) of diterpene 2.
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Figure S2. "C NMR spectrum (125MHz, DMSO-d.) of 1-amino-2-nitroguanidinum 2.4.5-trinitroimidazole salt.
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Scheme 3. Chemical structures of anthocyanines. R, = OH,
(cyanidin-3-glucoside), R, = R, = OH (delphinidin-3-glucoside)
'OCH. (malvidin-3-glucoside).
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Figure S1. 'H NMR spectrum (500 MHz, DMSO-d,) of 1-amino-2-nitroguanidinum 2.4, 5-trinitroimidazole salt.
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Table 1. Summary of set up systems (duration of all systems was 3 x 16 ns)

Conc. co-solvent /

No. CNT Solvent/co-solvent No. water (ool 1) T/IK
1 Tretinoin-CNT(8.,5) Water 4382 0 270
2 Tretinoin-CNT(8.,5) 4382 0 310
3 Tretinoin-CNT(8.,5) Water/urea 4201 09 270
4 Tretinoin-CNT(8,5) 4201 09 310
5 Tretinoin-CNT(8.,5) Water/urea 4241 2000 270
6 Tretinoin-CNT(8,5) 4241 2000 310
7 Tretinoin-CNT(10,7) Water 5271 0 270
8 Tretinoin-CNT(10,7) 5271 0 310
9 Tretinoin-CNT(10,7) Water/urea 5172 09 270
10 Tretinoin-CNT(10,7) 5172 09 310
1 Tretinoin-CNT(10,7) Water/urea 5120 2000 270
12 Tretinoin-CNT(10,7) 5120 2000 310
13 Tretinoin Water 4466 0 270
14 Tretinoin 4466 0 310
15 i Water/urea 4375 09 270
16 4375 09 310
17 Tretinoin Water/urea 4163 2000 270
18 Tretinoin 4163 2000 310
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Scheme 2. Structure of Tretinoin and CNTs
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Figure S8. 'H.“C-HSQC partial spectrum (8, 0.9-3.4 x 8, 17-52) of diterpene 1.
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Bougainvillea spectabilis extracted from: (a) 0.1 mol

Figure 7. J-V curves for DSSCs sensitized by the extract of

~*HCI, (b) ethanol

and (c) mixture of dyes extracted in 0.1 mol L' HCI and ethanol.
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Figure §7. 'H."C-HSQC spectrum (500 x 125 MHz. CDCL) of diterpene 1.
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igure 6. J-V curves for DSSCs sensitized by the extract of
Amaranthus caudatus extracted from: (a) 0.1 mol L HCL, (b) ethanol
and (c) mixture of dyes extracted in 0.1 mol L-' HCI and ethanol.
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Scheme 2. Isodesmic reactions for calculations of heats of formation
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Figure S10.

 HMBC partial spectrum (3, 0.7-2.7 x 8,. 17-82) of diterpene 1.
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Figure §9. 'H.°C-HMBC spectrum (500 x 125 MHz. CDCL) of diterpene 1.
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gure 8. IV curves for DSSCs sensitized by: (a) the extract of
Delonix regia, (b) the extract of Nerium oleander and (¢) the extract of
Spathodea companulata extracted from 0.1 mol L' HCL.
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Figure S4. Expansion (8., 0.8-3.5) of the 'H NMR spectrum (500 MHz, CDCL) of diterpene 1.
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Figure 4. UV-Vis absorption spectra of dye solutions of: (a) 0.1 mol L™
HCI Bougainvillea spctabilis extract, (b) ethanol Bougainvillea spetabilis

in 0.1 mol L™ HCI and ethanol.
in 0.1 mol L-' HCI and ethanol.

extract and (¢) mixture of dyes extract
Inset: extracts Bougainvillea spectabi
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Figure S3. 'H NMR spectrum (500 MHz, CDCL) of diterpene 1.
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Figure 3. UV-Vis absorption spectra of dye solutions of: (a) 0.1 mol L™
HCI extracted Amaranthus caudatus extract, (b) cthanol Amaranthus
caudatus extract and (c) mixture of dyes extracted in 0.1 mol L+ HCI
and ethanol. Inset: extract of Amaranthus caudatus in 0.1 mol L' HCI
and ethanol






OPS/images/a18img13.png
D=1.01(NM"Z0"H"*(1+1.3p)





OPS/images/a25img17.png
Fe™ + ClI" « FeCl— k=6.61 x 10" L mol's" (14)





OPS/images/a07img21.png
L

«

3

Figure S6. COSY spectrum (500 x 500 MHz. CDCL) of diterpene 1.
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Natwral dye Tl (mAcm) Vol V FFI% ni% Reference
Amaranthas candatus® 182 055 Gl 0610 “This work
Amaranthus caudatus” 0102 053 6l 0033

Amaranthus caudatust 044 045 58 o114

Bougaimillea spectabilis L1 o0s 586 035

Bougaimillea spectabilis® 0081 045 483 0018

Bougaimillea spectabilis: 0648 047 54 0164

Deloniz regia® o114 047 519 0031

Nerium oleander® 0046 o0s 515 0013

Spathodea companulata® 0013 046 4 0003

Begonia® 06 0537 G5 0240 7
Bauinia tree* 09 0512 66 0360

China loropetal* 084 0518 €6 0270

Tangerine o074 0592 631 0280

Rhododendror® 161 0585 09 0570

Lithospermun® n 0337 585 0030

Mangosteen pericarp* 269 0686 @3 L170

Fructus yciie 053 0689 466 0170

*Ethanol extracted natural dye: 0.1 mol L' HCl extracted natural dye and “mixture of natural dyes extracted from ethanol and 0.1 mol L' HCL
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Figure 4. Bom-Haber cycle for the formation of energetic salts. a, b, ¢
and d are the number of moles of the respective products.
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Figure S5. "C NMR spectra (125 MHz. CDCL) CPD (below) and DEPT 135 (above) of diterpene 1.
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Figure 5. UV-Vis absorption spectra of dye solutions of: () Delonix

regia (b) Nerium oleander and (c) Spathodea companulata extracted
with 0.1 mol 1! HCl
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lable 2. Formulas for calculating the values of IV, M, and ¢ for an explosive C,H,O.N,

Stoichiometric ratio

Parameter
C22a+bl2 2a+b2>c2b2 b2>c
N (b+2c+2d)/4M (b+2c+ 2d)4M (b+d)2M
M AMI(b + 2c +2d) (56d + 88c — 8b)/(b + 2¢ + 2d) (2b+28d + 32)/(b +d)
0*10° (28.9b +94.05a + 0.239AH)IM [28.9b +04.05(c/2 - b/4) + 0.239AH M (57.8¢ + 0.239AH)IM

“a, b, c stand for the number of C. H, O and N atoms in the explosive molecule, respectively; °M in the formula is the molecular weight of the explosive
(¢ mol"'): AH. is the heat of formation of the explosive (kJ mol






OPS/images/a25img19.png
*OH + HCO; — RH,0+CO.e
k=8.5x10°L mol's' (16)





OPS/images/a07img37.png
9%
)
”
sl
o)
3]
1)
5]
50 u
555
550
)
a4

0

wmo w0 aw  me

Figure $22. FT-IR spectrum with UATR of diterpene 3.
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Figure 4. RDF of Tretinoin around (a) CNT (8, 5) and (b) CNT (10, 7).
Inset (a) alteration of the center-of-mass distance of Tretinoin-CNT (8-5)
and inset (b) CNT (10, 7)). RDF between the water and CNT during
(c) last and (d) first 5 ns of simulation in CNT (10, 7). RDF of urea around
(e) Tretinoin and (f) around CNT.
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Figure S21. HR-ESIMS spectrum (positive mode) of diterpene 3.
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Figure 4. PCI x PC2 score plots for the overall set of castor seed samples of (a) group I and (b) group I1.
Energia and A : CNPA 2000.7.

BRS Nordestina; B: BRS Paraguagu; ¢: BRS
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Figure 3. (a) L-J energy between CNT and Tretinoin or water molecules
(at 310 K), (b) potential of mean force and RDF for Trefinoin-CNT (at
310 K), (c) distribution plot of the distances between C-O, where the
dashed line represents the d_. from the B3LYP/6-31G optimization,”
(d) schematic representation of the distances from the CNT surface to the
O atom of Tretinoin, d_.,.and the estimated angle, 6, between the CNT
vector from the O atom of Tretinoin
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Figure S24. Expansion (3., 0.6-3.5) of the "H NMR spectrum (500 MHz, CDCL) of diterpene 3.
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Figure 6. DF! score plots for the overall data set using variables selected by SPA. (a) group I and (b) group I1 BRS Paraguagu:

BRS Energia and A : CNPA 2009-7.
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Table 1. HPLC-MS/MS analysis of 5 neonicotine pesticides

No.  Analyte time/min Parention/(m/z) Production/ (m/z)

I Thiamethoxam  1.61 202 2115, 181
2 Imidacloprid  2.85 256 209, 175°
3 Imidaclothiz 349 262 181+ 122
4 Acetamiprid 430 23 126,56
5 Thiacloprid  7.32 253 186, 126

“Quantitative jon.
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Figure 6. Contact coefficient of urea with CNT in (a) 2 mol L' urea and
(b) 0.9 mmol L' urea at 310 K.
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Figure $23. 'H NMR spectrum (500 MHz, CDCL) of diterpene 3.
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Figure 5. Average histograms with variables selected by SPA. (a) Group I when all channels were evaluated and (b) group IT when red channel was evaluated.
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Figure 5. Number of urea (dashed lines) and water (solid lines) molecules
within the CNT (10, 7) as a function of simulation time. Inset: snapshot
of a “perfect” urea wire.
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Figure 1. Total energy of (a) CNT (8, 5)-Tretinoin and
(b) CNT (10, 7)-Tretinoin systems. Temperature (c) and pressure (d) of
systems in CNT (10, 7). Lennard-Jones energy between () CNT (8, 5)
and () CNT (10, 7) and Tretinoin as a function of simulation time
(picosecond).
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ure 3. Average histograms of the castor seed samples belonging to (a) group I and (b) group IL. R: red; G: green; B: blue; H: hue; S: saturation and
tensity.
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lable 2. Least squares fit for RMSD of CNT and Tretinoin

No. Isq fit for Tretinoin / nm Isq fit for CNT/nm No. Isq fit for Tretinoin / nm Isq fit for CNT/ nm
1 0.174718 0.0348593 7 0.115193 0.0307129
2 0271554 00357247 0.294058 0.0381728
3 0.14807 0.0320469 9 0.186304 0.0387552
4 0217506 0.0244822 10 0.186304 0.0387552
5 0217568 0.0378001 11 0252131 0.0380209
6 0.205459 0.0379217 12 0.172642 0.0381004
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Figure $19. "H."C-HMBC spectrum (500 x 125 MHz. CDCL) of diterpene 2.
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are 2. System used in the acquisition of images of the castor sed
samples. (a) Open-topped box, (b) fluorescent lamp, (c) webcam, (d)
Teflon® support and (e) notebook.
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Figure S13

SC-HSQC partial spectrum (8 0.8-33 x 8. 15-44) of diterpenc 2.
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re 1. Castor sceds from (a) BRS Nordestina and BRS Paraguagu
cultivars (group I) and (b) BRS Energia and CNPA 2009-7 genotype
(group 1I).
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Figure S7. IR spectrum (KBr) of 1-amino-2-nitroguanidinum 5-nitrotetrazole salt.
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Figure $20. 'H."C-HMBC partial spectrum (3,, 1.0-2.0 x 3,. 15-82) of diterpene 2.
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Figure S15. "C NMR spectra (500 MHz, CDCL) CPD (below) and DEPT 135 (above) of diterpene 2.
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ure 10. IPCE curves for DSSCs sensitized by the extract of
Bougainvillea spectabilis extracted from: a) 0.1 mol L HCI, (b) ethanol
and () mixture of dyes extracted in 0.1 mol L HCI and ethanol. Inset
represents the IPCE of curves () and (c) in the wavelength range from
400-600 nm._
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itroguanidinum 2.4, 5-trinitroimidazole salt.
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Figure S14. Expansion (3, 0-5.0) of the "H NMR spectrum (500 MHz, CDCL) of diterpene 2.
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Figure 9. IPCE curves for DSSCs sensitized by the extract of
Amaranthus caudatus extracted from: (a) 0.1 mol L' HCI, (b) ethanol and
(c) mixture of dyes extracted in 0.1 mol L™ HCl and ethanol. Inset represents
the IPCE of curves (a) and (c) in the wavelength range from 400-600 nm.
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Figure S3. IR spectrum (KBr) of 1-amino-2-nitroguanidinum 2.4.5-trinitroimidazole salt.
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Figure S17. 'H."C-HSQC spectrum (300 x 75 MHz, CDCL) of diterpene 2.
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Figure S6. "C NMR spectrum (125MHz, DMSO-d,) of 1-amino-2-nitroguanidinum S-nitrotetrazole salt.
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igure 11. IPCE curves for DSSCs sensitized by: (a) the extract of

Delonix regia, (b) the extract of Nerium oleander, and (c) the extract of
Spathodea companulata extracted from 0.1 mol L' HCL.
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Figure S5. 'H NMR spectrum (500 MHz, DMSO-d,) of 1-amino-2-nitroguanidinum S-nitrotetrazole salt.
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Figure $33. FT-IR spectrum with UATR of diterpene 4.
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*All reactions were performed with a benzylamine (1 mmo), aldehyde (1.3 mmol) and alkynol (2 mmol) in  pressure wbe with CuCl (30 mol%), E1OAc
at 105 °C; tsolated yields; reaction was performed using paraformaldehyde; ‘reaction performed using 1 mol% of the catalyst for 2 h; reaction was
performed at 80°C for 24 h. d.e.: diastereoisomeric excess.






OPS/images/a19img10.png
lable 6. Comparation of this method with other methods

Matrix o
Method olume /il Adsorbent Solvent time / min LOD/ (ug L) Ref.
thiamethoxam 0.0061,
SPE-HPLC 500 0.1 gof MWCNTs 4 mL of methanol >70 imidacloprid 0.0054, 2
acetamiprid 0.0067
SPE-HPLC 100 (00mgx28mb) 5 o6 erhanol =20 imidacloprid 0.5 40
C,, column
6mL of
0.5 g of graphitized  methylencchloride / .
SPELCESMS 21000 cabonblack  methanol (8020, /) 2 ne 004 e “
2 mL of methanol
SPE-HPLC 500 0.1 gof MWCNTs 4 mL of acetonitrile >70 atrazine, 0.033; 2
simazine, 0.009
SPE-HPLC 250 0.1 gof MWCNTs 10 mL of methanol, >50 cyanazine 0.015 43
20 mL of
SPE-HPLC 500 0.1'gof MWCNTs  methanol, 6mL of >70 prometryn 0.0008 44
dichloromethane
4mL of ethyl acetate, i
SPE-HPLC 100 0.1 gor MWCNTs 71T e et >30 atrazine 0.02 45
1.0 g of bamboo . simazine 0.1;
SPE-HPLC 100 St 20mL of acctonitrile >S50 e 01 46
acetaniprid, 0.10; imidacloprid, 0.05;
thiamethoxam, 0.15; imidaclothiz,
0.05; thiacloprid, 0.03; prometon,
. <6 mL of graphene - 0.09: atrazine, 0.12; propazine, 0.15; 1.

This work 40 By $mlof aceonivie W bytuine, 004 ymarine 025, This work

‘metribuzin, 0.23; ametryn, 0.1
prometryn, 0.09; cyanazine, 0.3
procyazine, 0.40; hexazinone, 0.26

“The unit of the concentration was ng.
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Figure $32. HRAPCIMS spectrum (positive mode) of diterpene 4.
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7 EiOAc 30 7 -
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“Based on the alkyne amount; "l reactions were conducted under ar atmosphere and the solvents were used as received; Gsolated yields; “ll reactions
were monitored by gas chromatography-flame ionization detector (GC-FID); “the starting materials were not consumed.
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Repeatability study of the method in purified water (1

Analyte s"i(":'if";" ! Recovery 1% RSD/ %
Acctamiprid 05 9.2 48
5 85.1 74
Imidacloprid 05 %5 39
5 80.1 45
Thiamethoxam 05 899 65
5 868 74
Imidaclothiz 05 96.7 44
5 9.3 38
Thiacloprid 05 915 44
5 924 34
Prometon 05 973 24
5 101 72
Atrazine 05 80.1 9
5 8 76
Propazine 05 04 65
5 %46 6
Terbuthylazine 05 883 36
5 896 61
Cyprazine 05 875 124
5 878 34
Metribuzin 05 929 47
5 973 86
Ametryn 05 962 65
5 057 89
Prometryn 05 93.1 49
5 938 63
Cyanazine 05 953 71
5 1015 71
Procyazine 05 044 56
5 95 55
Hexazinone 05 1005 84
5 1016 79
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Figure S35. Expansion (3., 2.1-5.3) of the "H NMR spectrum (500 MHz, CD.0D) of diterpene 4.
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Figure 5. Typical chromatograms of (a) 5 neonicotines spiked at 2 pg L™
in water sample, (b) tap water sample and (c) Jingmi River water sample.
1. thiamethoxam: 2. imidacloprid: 3, imidaclothiz; 4, acetamiprid:
5. thiacloprid.
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Figure S34. 'H NMR spectrum (500 MHz, CD.OD) of diterpene 4.
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of eyclic alkaloids from the A’-coupling adducts.
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Table 7. Recovenies (spiked at 2pg L™, n

) of the two chemical classes of pesticide in tap water, river water and real sample analysis

sniyte Tap water River water
Recovery/% RSD/% Found/(ugL")  Recovery/% RSD/% Xiaojia River/(ug L") Jimgmi

Acetamiprid 96.0 78 nd 943 70 nd

Imidacloprid 1003 130 nd 915 37 nd nd
Thiamethoxam 0.7 56 nd 979 41 nd nd
Imidaclothiz 1022 29 nd 925 23 nd nd
Thiacloprid 98.1 63 nd 911 9 nd nd
Prometon 1002 33 nd 1017 54 nd nd
Atrazine 94.1 38 nd 978 57 100 nd
Propazine 1022 30 nd 1010 43 nd nd
Terbuthylazine 98.5 29 nd 96.0 41 nd nd
Cyprazine 976 63 nd 9.5 47 nd nd
Metribuzin 97.5 97 nd 9.1 65 nd nd
Ametryn 96.0 25 nd 988 50 nd nd
Prometryn 9.1 55 nd 989 69 nd nd
Cyanazine 95.5 78 nd 952 48 nd nd
Procyazine 916 45 nd 9338 85 nd nd
Hexazinone 937 39 nd 940 41 nd nd
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Figure S31. "H."C-HMBC partial spectrum (3, 0.7-2.9 x 3,. 19-80) of diterpene 3.
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lable 4. Linear range, coefficient of determination (R%), LOD and LOQ
for all pesticides

Araite P R G ety
Acetamiprid 0.5-100 0.9995 0.10 033
Imidacloprid 0.5-100 0.9998 0.05 0.17
Thiamethoxam 0.5-100 0.9993 0.15 0.50
Imidaclothiz 0.5-100 0.9995 0.05 0.17
Thiacloprid 0.5-100 0.9996 0.03 0.10
Prometon 0.5-100 0.9997 0.09 0.30
Atrazine 0.5-100 0.9997 0.12 0.40
Propazine 0.5-100 0.9993 0.15 0.50
Terbuthylazine 0.5-100 0.9996 0.04 0.13
Cyprazine 0.5-100 0.9987 025 0.83
Metribuzin 0.5-100 0.9979 023 0.77
Ametryn 0.5-100 0.999 0.12 0.40
Prometryn 0.5-100 0.9994 0.09 0.30
Cyanazine 0.5-100 0.9986 036 1.20
Procyazine 0.5-100 0.9995 040 1.30

Hexazinone 05100 0.9992 026 0.87
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Figure $30. "H."C-HMBC spectrum (500 x 125 MHz. CDCL) of diterpene 3.
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Figure $29. "H.*C-HSQC partial spectrum (3,,0.9-3.4 x 8, 17-52) of diterpene 3.
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Figure 2. Evalution of air flow rate on boron recovery during
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water flow rate pumped through the heated alumina capillary of
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Figure $26. “C NMR DEPT 135 spectrum (125 MHz, CDCL.) of diterpene 3.
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Table 3. Conditions studied to optimize the extraction procedure

Condition Triazines
Amount of graphene / mL. 12,3245

Desorption solvent acetonitrile,”ethyl acetate, acetone, methanol  acetonitrile, ethyl acetate. n-hexane, benzene
Desorption solvent volume / mL 4,6,7,8,10 6.8-10,12,14

pH of the solution 4,6,7.8,10 357,011

“The optimal condition.
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Table 3. Values of D, for CNT (8, 5) and (10, 7)-water at 310 and 270 K

No. D,/(mips’)  No. D, / (nn ps)
1 0002267 7 0002217
2 0004867 8 0004767
3 0002183 9 0002183
4 0004751 10 0.004667
5 0002133 1 0002117
6 0004667 12 0004833
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Figure S25. C NMR CPD spectrum (125 MHz, CDCL) of diterpene 3.
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Table 2. Retention time, qualitative 1ons and quantitati
GC/MS analysis of 11 triazine pesticides

No. Analyte  time/min  Parent ion / (m/z) imﬂv
1 Prometon 873 210 225 168
2 Atrazine 890 200 215 202
3 Propazine 891 214 229 172
4 Terbuthylzine 9.1 214 229 173
5 Cyprazine 1016 212 27 170
6 Metribuzin 1020 198 144 214
7 Ametryn 1044 27 170 212
8 Prometryn 1147 241 184 68
9 Cyanazine 1258 225 168 1n2
10 Procyazine 1259 237 252 210
1 Hexazinone 1468 171 128 252

12 TPP 1474 326 325 215
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Figure 7. Comparisons of the PMF and MSD of Tretinoin in () and (c)
CNT (8, 5) and (b) and (d) CNT (10, 7).
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Figure S28. 'H."C-HSQC spectrum (500 x 125 MHz, CDCL) of diterpene 3.
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Figure $27. COSY spectrum (500 x 500 MHz, CDCL) of diterpene 3.
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Figure 8. Snapshot picture of Tretinoin-CNT (10, 7) system in urea at
310 K before simulation. after position restrains (1 ns) and after 1 to 16 ns.
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Figure S14. Chromatogram obtained with a fused silica column coated with Chirasil-Dex CB-B-cyclodextrin (30 m x 0.25 mm x 0.25 pum) showing the
area of elution of 1-(4-chlorophenyl)propan-1-ol using ligand 2 as catalyst in the diethylzinc addition.





OPS/images/a27img49.png
Figure 5. Relative enhancement of the corrosion current (solid lines),
for the same system as Figure 3, runo, = 0.1 with negligible clectrolyte
resistance. Comparison with a bi-Tafelian corrosion mechanism shown as
dashed curves. For rago, = | (cathodic kinetics entirely controlled by the
diffusion), shown as a dot-dashed curve, no effect of <AE> is observed.
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Figure 4. Similar curves to Figure 3, but ruso, = 0.01. The curves for
various ro, are represented as Figure 3. The dot-dashed curve at the most
bottom position represents riso, = | (cathodic kinetics entirely controlled
by the diffusion).
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re S1. "H NMR spectrum (200 MHz. CDCL.) of (R)-N-benzyl-1-phenyl-2-(triisopropylsilyloxy Jethanamine (1g).
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Figure S9. 'H NMR spectrum (200 MHz, CDCL) of 3.
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Figure S3. 'H NMR spectrum (400 MHz, CDCL.) of S-(benzylamino)oct-3-yn-1-ol (4a) [Table 1].
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Figure S5. 'H NMR spectrum (200 MHz, CDCL) of 2.
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Figure S4. HRMS (ESI-TOF) m/z [M + HJ* for C,;H_NO, of 1, calcd. 268.2271, observed 268.2266.
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Figure S6. "C NMR spectrum (50 MHz, CDCL) of 2.
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Figure S5. '"H NMR spectrum (200 MHz, CDCL) of 1-(3-(benzylamino)hex-1-yn-1-ylcyclohexanol (4b) [Table 2. entry 1].
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Figure S13. Chromatogram obtained with a fused silica column coated with Chirasil-Dex CB-B-cyclodextrin (30 m x 0.25 mm x 0.25 pm) showing the
area of elution of 1-(4-chlorophenyl)propan-1-ol using ligand 1 as catalyst in the diethylzinc addition.
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Figure S4. "C NMR spectrum (100 MHz, CDCL) of 5-(benzylamino)oct-3-yn-1-ol (4a) [Table 1].
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re $6. "C NMR spectrum (50 MHz, CDCL,) of 1-(3-(benzylamino)hex-1-yn-1-yleyclohexanol (4b) [Table 2, entry 1].
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Figure S17. 'H NMR spectrum (200 MHz. CDCL,) of 5-(benzylamino)-5-(p-tolyl)pent-3-yn-1-ol (4h) [Table 2. entry 7].
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Figure S12. "C NMR spectrum (50 MHz, CDCL) of 5-(benzylamino)pent-3-yn-1-ol (4e) [Table 2, entry 4].
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Figure 9. Enhancement of the corrosion current density: the same
simulation conditions as in Figure 7, but with Ao = 0.001.
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Figure 1. Structures of compounds 1 and 2 isolated from A. eramineus.
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Figure S11. "H NMR spectrum (200 MHz, CDCL.) of 5-(benzylamino)pent-3-yn-1-ol (4¢) [Table 2. entry 4].
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Figure $19. Chromatogram obtained with a fused silica column coated with Chirasil-Dex CB-B-cyclodextrin (30 m x 0.25 mm x 0.25 pm) showing the
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Figure S13. "H NMR spectrum (200 MHz, CDCL.) of 5-(benzylamino)-5-cyclohexylpent-3-yn-1-ol (4f) [Table 2. entry 5].
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Figure S8. "C NMR spectrum (100 MHz, CDCL) of 6-(benzylamino)non-4-yn-2-ol (4c) [Table 2. entry 2].
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Figure $16. Chromatogram obtained with a fused silica column coated with Chirasil-Dex CB-B-cyclodextrin (30 m x 0.25 mm x 0.25 um) showing the
area of elution of 1-phenylpropan-1-ol using ligand 1 as catalyst in the diethylzinc addit
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Figure S7. '"H NMR spectrum (400 MHz, CDCL.) of 6-(benzylamino)non-4-yn-2-ol (4c) [Table 2. entry 2].
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Figure S15. Chromatogram obtained with a fused silica column coated with Chirasil-Dex CB-B-cyclodextrin (30 m x 0.25 mm x 0.25 pm) showing the
area of elution of 1-(4-chlorophenylpropan-1-ol using ligand 3 as catalyst in the diethylzinc addition.
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Figure S10. “C NMR spectrum (50 MHz, CDCL) of 6-(benzylamino)non-4-yn-1-ol (4d) [Table 2, entry 3].
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Figure S18. Chromatogram obtained with a fused silica column coated with Chirasil-Dex CB-B-cyclodextrin (30 m x 0.25 mm x 0.25 jm) showing the

area of elution of 1-(3-methoxyphenyl)propan-1-ol using ligand 1 as catalyst in the diethylzinc addition.






OPS/images/a27img53.png
Logol<lc,av>]

P =005 s
Do s d

41 ko 1Pk = 2o 12 Brown: - 3o 3 e =5 o 15 Bl 7= 0cx 110
o 20 W w 0 100
<AE>
Figure 7. Variation of <AE,,.,> with respect to <AE>. The conditions

are the same as those presented in Figure 6. Comparison with a bi-tafelian
corroasion mechanism is shown as dashed lines
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Figure S9. '"H NMR spectrum (200 MHz, CDCL.) of 6-(benzylamino)non-4-yn-1-ol (4d) [Table 2. entry 3.
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Figure $17. Chromatogram obtained with a fused silica column coated with Chirasil-Dex CB-B-cyclodextrin (30 m x 0.25 mm x 0.25 jm) showing the
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Figure 6. Effect of 7o, (0 risou), and <E_, > with respect to <AE, for
athree reaction corrosion mechanism. The water reduction contribution to
the total cathodic faradaic current is minor (o = 0.05), and the oxygen
reduction reaction is characterised by a small diffusion contribution
(Fascn=0.1) at E,.;. Electrolyte resistance R, s neglected. Comparison
with a bi-Tafelian corrosion mechanism is shown as dashed lines. The
Tafel constant ratio r supplies different curves, which are distinguished
as indicated in Figure 3.
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Figure S16. "C NMR spectrum (50 MHz, CDCL) of 5-(benzylamino)-5-phenylpent-3-yn-1-ol (4g) [Table 2, entry 6].
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Figure S15. "H NMR spectrum (200 MHz, CDCL,) of 5-(benzylamino)-5-phenylpent-3-yn-1-ol (4g) [Table 2. entry 6].
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re S5. °C NMR spectrum (100 MHz, CDCL) of 5-O-dodecanoyloxy-1 4-naphthoquinone.
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Figure S28. "C NMR spectrum (50 MHz, CDCL) of 5-(benzyl((S)-1-phenylethyl)amino)oct-3-yn-1-ol (4m) [Table 2, entry 12].
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Figure S27. 'H NMR spectrum (200 MHz. CDCL) of 5-(benzyl((S)- 1-phenylethyl)amino)oct-3-yn-1-ol (4m) [Table 2. entry 12].
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Figure $23. 'H NMR spectrum (200 MHz. CDCL) of 5-(dibenzylamino)oct-3-yn-1-ol (4k) [Table 2. entry 10].
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igure $22. °C NMR spectrum (100 MHz, CDCL) of (E)-6-(benzylamino)-3.”
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Figure S2. 'H NMR spectrum (400 MHz, CDCL.) of 5-O-dodecanoyloxy-1.4-naphthoquinone (full spectrum).
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Figure S25. 'H NMR spectrum (200 MHz. CDCL,) of S-(benzyl(1-phenylethyl)amino)oct-3-yn-1-ol (41) [Table 2. entry 11].
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Figure S1. IR spectrum (KBr) of 5-O-dodecanoyloxy-1.4-naphthoquinone.
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Figure S24. "C NMR spectrum (50 MHz, CDCL) of 5-(dibenzylamino)oct-3-yn-1-ol (4k) [Table 2, entry 10].
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Figure $19. "H NMR spectrum (400 MHz, CDCL.) of 4-(benzylamino)-5-methylhex-2-yn-1-ol (4i) [Table 2. entry 8].
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re S18. “C NMR spectrum (50 MHz, CDCL) of 5-(benzylamino)-5-(p-tolyl)pent-3-yn-1-ol (4h) [Table 2, entry 7).
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Figure S21. 'H NMR spectrum (400 MHz. CDCL,) of (E)-6-(benzylamino)-3.7-dimethyloct-2-en-4-yn-1-ol (4j) [Table 2. entry 0].
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Figure 1. Thermogram of ester 3b with different concentrations.
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Figure S20. "C NMR spectrum (100 MHz, CDCL) of 4-(benzylamino)-5-methylhex-2-yn-1-ol (4i) [Table 2, entry 8].
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Figure S4. 'H NMR spectrum (400 MHz, CDCL) of 5-O-dodecanoyloxy-1.4-naphthoquinone (expanded aliphatic region).
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re $26. °C NMR spectrum (50 MHz, CDCL,) of 5-(benzyl(1-phenylethyl)amino)oct-3-yn-1-ol (41) [Table 2, entry 11].
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Figure S37. 'H NMR spectrum (400 MHz. CDCL.) of 6-aminononan-2-ol (5¢) [Scheme 1].
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Figure 2. Caffeine degradation by Fenton reagent (FR) and Fenton-like
reagent (FLR) treatment using the Fe/H,0, molar ratios 3:10 and 4:10.
Caffeine: 5.2 pmol L H.O.: 10 umol L pH: 3.0.
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Figure 1. Caffcine degradation by Fenton reagent (a) and Fenton-like
reagent (b) treatment using different iron concentrations. Caffeine:
5.2 pmol L H.O.: 10 pmol L pH: 3.0.
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Figure 1. Structures of the diterpenes 1-9 isolated from H. crassifolia.
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Scheme 1. Synthesis of 5.7-dibromo-8-oxyoctyl-quinoline.
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Figure S15. “C NMR spectrum (100 MHz, CDCL) of 5-O-octadecanoyloxy-1.4-naphthoquinone.
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Figure S38. °C NMR spectrum (100 MHz, CDCL) of 6-aminononan-2-ol (3¢) [Scheme 1].
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Figure S11. IR spectrum (KBr) of 5-O-octadecanoyloxy-1
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re $34. “C NMR spectrum (50 MHz, CDCL) of 5-(benzyl((R)-1-phenyl-2-(triisopropylsilyloxy Jethyl)amino)oct-3-yn-1-ol (4p) [Table 2. entry 15].
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Figure S10. "C NMR spectrum (100 MHz. CDCL) of 5-O-hexadecanoyloxy-1 4-naphthoquinone.
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oure $33. 'H NMR spectrum (200 MHz, CDCL) of S-(benzyl((R)-1-phenyl-2-(triisopropylsilyloxy)ethylamino)oct-3-yn-1-ol (4p) [Table 2. entry 15].
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Figure S13. 'H NMR spectrum (400 MHz, CDCL) of 5-O-octadecanoyloxy-1,4-naphthogquinone (expanded aromatic region).
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Figure $36. "C NMR spectrum (100 MHz, CDCL,) of S-aminooctan-1-ol (3b) [Scheme 1].
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ure S12. "H NMR spectrum (400 MHz. CDCL) of 5-O-octadecanoyloxy-1,4-naphthoguinone (full spectrum).
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Figure S$35. "H NMR spectrum (400 MHz, CDCL) of 5-aminooctan-1-ol (5b) [Scheme 1].
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Figure S7. "H NMR spectrum (400 MHz, CDCL) of 5-O-hexadecanoyloxy-1.4-naphthoquinone (full spectrum).
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Figure S6. IR spectrum (KBr) of 5-O-hexadecanoyloxy-1.4-naphthoquinone.
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Figure $29. 'H NMR spectrum (200 MHz. CDCL.) of (4R)-3-benzyl-4-phenyl-2-propyloxazoli

ine (4n) [Table 2. entry 13].





OPS/images/a24img15.png





OPS/images/a12img20.png
(CARBON_01
ESTPAM

0 10 0 10 10 M0 L0 120 10 1 o W @ s 4 2

00 o
1 opm)

Figure S9. 'H NMR spectrum (400 MHz. CDCL) of 5-O-hexadecanoyloxy-1,4-naphthoquinone (expanded aliphatic region).
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5C NMR spectrum (50 MHz, CDCL) of 5-(benzyl((R)-2-(tert-butyldimethylsilyloxy)-1-phenylethylJamino)oct-3-yn-1-ol (40) [Table 2, entry 14].
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Figure S31. 'H NMR spectrum (200 MHz, CDCL,) of 5-(benzyl(R)-2-(tert-butyldimethylsilyloxy)-1-phenylethyDamino)oct-3-yn-1-ol (40) [Table 2,
entry 14].
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Figure S14. 'H NMR spectrum (400 MHz, CDCL) of 5-O-octadecanoyloxy-1,4-naphthoquinone (expanded aliphatic region).
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lable 6. Free energy values of the systems obtained from LIE method

Bound / (k) mol) Free / (k) mol)
No. Free energy / (kI mol™)
LI VDW LI VDW.
1 ~66.555 47831 ~66317 47851 ~0.086
2 -80.867 45648 -50.764 —465.14 ~13.666
3 -81.831 47074 -69.531 —474.83 -5.495
4 61931 46206 —62173 —46271 0227
5 65766 47132 —68.854 46015 ~0243
6 70267 47517 ~71504 46123 -1613
7 —66473 —479.03 -66317 —47851 ~0.160
8 -149.93 43527 -59.764 —465.14 40303
9 08,685 46475 -69.531 —474.83 14885
10 ~158.13 43463 —62.174 —46271 —43.486
1 70824 —464.55 ~68.180 ~465.03 -1242

12 —61.189 —464.312 —60.465 —463.76 —0.325
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lable 5. The dipole moment (p), dielectric constant (€) and molecular
weight of water/urca™

Dipole moment/  Diclectric Molecular

Solvent Wneb " constant / weight /
> (Far) (g mol)

Urea 456 8233 60

Water 1.85 80.10 18
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hal, kinetic and total energies and obtained heat capacity (C,)

No. Potential energy / (k] mol) Kinetic energy / (k mol) Total energy / (kJ mol) G,/ (kI mol K1)
1 —187550 28575 —158075 898.0017
2 -177015 32948 —144067 1207364
3 —183701 26061 —157640 812.0066
4 —173224 30347 —142877 1109918
5 —186113 30632 —155481 8725138
6 —175673 34987 —140686 1187272
7 ~224990 38097 —186893 647015
8 -212128 42459 ~169669 1616.907
9 -210377 21131 —189246 6443662
10 ~201920 30616 —171304 1116798
1 -231017 46417 —184600 896.3365
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lable 3. Calibration data of the metribuzin herbicide

Compound

Concentrations / (pg mL")

R

Slope

Intercept

R=

Metribuzin

0.02,0.05,0.08,0.1,03,0.5,038, 1.0, 2.0, 3.0

42502

~0.1184

0.999

‘Correlation coefficient: "determi

on coefficient.
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Table 2. Correlation coefficients between soil properties for the five soils studied (n = 5)

oc: oH Clay Sand silt CEC* S5
oc 1 - - - - - -
pH -0.143 1 - - - - -
Clay 0006 0213 1 - - - -
Sand 0086 0.162 ~0.904¢ 1 - - -
Silt 0203 0742 0273 0657 1 - -
CEC 0040 0360 0.986¢ —0838¢ 0.147 1 -
ss 0094 0228 0,993 0872 0212 0976: 1

“OC: organic carbon; "CEC: cation exchange capacity; “SS: specific surface; ‘correlation is significant at 0.05 probability level; “correlation is significant
at 0.01 probability level.
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igure 2. Effect of the different second solvent relative to methanol on
the recoveries of the metribuzin herbicide in three soils (n = 3) with error
bars representing the standard deviation (extraction conditions: 10 g of
soil, 20 mL of solvent, 15 min shake, 15 min centrifugation (at 4000 rpm),
spike level of 0.7 g ¢-1). Conditions for MWCNT-SPE procedure: analyte
re-dissolved in 30 mL of water, and elution with 4 mL ethyl acetate.
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Figure 1. Effect of salt addition and acidification on the recoveries (%) of
metribuzin in three soils with error bars representing the standard deviation
(extraction conditions: 10 mL of acetonitrile. spike level of 0.7 ug g-).
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Table 1. Physical and chemical properties of the tested soils

oc-

Clay

silt

. CEC*/ ss</
Soil No. Textural class H e emlrke) (e
1 Loam 773 23 254 4096 3364 2.5 5245
3 Clay loam 782 62 374 360.6 2564 3035 10332
5 Silty clay 778 76 454 1496 3964 3407 11941
7 Loam 76 475 134 509.6 3564 1277 255
8 Sandy loam 797 62 194 580.6 2164 2062 4038

“OC: organic carbon: "CEC:

exchange capacil

<§S: specific surface.
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Table 2. Results expressed in mg kg™, for Na, K and Ca [average = confidence interval (93%), n = 3]. in biodiesel samples obtained by different analytical
methods

Na/(mgkg") K/(mgkg") Ca/(mgkg")

Sample NBA‘:Z";:S FAES-CDK  FAES-CDE m‘:ﬂ‘gﬁ FAES-CDK FAES-CDE N“:‘?I'\gsa FAES-CDK FAES-CDE
SB-01 <10+ 0772005 078003 <10* 0.19:0008 022+001 0582005 <20 <10
SB-02 253006 25202  25:01 <10 <02: <02 27=01 26201 <10
SB-03. 129+04 13009 133206 2042008 202x009 20=0.1 068003 <200 <10
CA-01 38+02  369=007 366007 <10 032+002 036£002 1342003 <20 <10
SF-01 139+03 15905 157=03 <10 037+002 038001 1712005 <20 <10
SF-02 142205 12906  128=02 <10 022+001 022:001 133203 13005  13.1=04
CT01 43x01 42201  41=01 <10 0342001 030£001 0292002 <20 <10
CT02 51+02 48203 48203 123206 126205 12402 0872003 <200 <10
MA-01 1862000 1972002 1.94x0.07 <10 <02: <02 0242002 <200 <10
CN-01 282008 28x02 278004 <10 <02: <02 <05 <20 <10
BE-01 19£01 19201 <005 <10 022+001 0242001 0392002 <20 <10
RO-01 170007 1642009 1.66+0.02 <10 028+001 027£002  092:004 <20 <10
MX-01 43x01 45202 44202 <10* 046+003 045001 43202 4322005 <10
MX-02 58+04 81202 5301 <10 <02: <02 49202 51202 <10

‘Considering the dilution of the samples.
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Table 4. Mean recoveries of soils and extraction method (at 1.0 pg g™ spiking level)

Soil No. Mean recovery / % Extraction method Mean recovery / %
1 88.24ab SPE with HLB 9597a
3 81.13b SPE with MWCNTS 90.67b
5 80.26b QuECheRS 87.46b
7 9541a Ultrasonic: 87.52b
8 96.50a Liquid-solid extraction 75.90¢

Results are expressed as a mean of three measurements. Means within a column followed by the same letter are not significantly different at p > 0.05 by
[SD test
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Figure 3. Recovery (%) of metribuzin for five different extraction methods
at four spiking levels for soil 5 (n = 3). Error bars represent the standard
deviation.
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lable 6. Relative standard deviation (RSD) of metribuzin recoveries with five extraction methods

Method
Soil No. SPE with HLB SPE with MWCNTS QuECheRS Ultrasonic Liquid-solid extraction
1 354 4903 2.87 528 5.49
3 521 5.05 449 406 461
5 428 386 632 5.80 433
7 390 453 428 423 3.93
8 547 427 627 547 438






OPS/images/a22img08.png
lable 5. Comparison of mean recovery of soils and extraction methods (n = 3)

. Method
Soil No. SPE with HLB SPE with MWCNTs QuECheRS Ultrasonic Liguid-solid extraction
1 94.11bed 9231ed 89.14de. 87.43de 78.17F
3 88.88de 88.62de 82.73ef 83.03ef 6239
5 8821de 87.19de 82.48¢f 81.62ef 61.79¢
7 100.13abe 101.42ab 92.48¢d 93.32bed 89.67de
8 108.53a 103.81a 90.48de 92.18¢d 87.47de

Means within a column followed by the same letter are not sig:

-antly different at p = 0.05 by LSD test.





OPS/images/a27img27.png
Ey)

I, ()=, exp {be, [ EvEuono +AEsIn01)]} (26)






OPS/images/a27img38.png
_(1=2,0) komo

lim,0n

@7

/4ift0,





OPS/images/a23img04.png
Table 1. Screening of the conditions to perform the addition of diethylzinc
to p-chlorobenzaldehyde using 1 as catalyst

° on

Z H Salvent :

© BUZ g

o o'

a a
Sotvent Amount time/  Yield/ ce./

eniry e of1/% h @ %
la hexane s 2 9B O®r
b hexane 5 2 B O®
2 hexanestoluene (1:1) 5 285 6®
3 5 2 %0 8®
s 8 2 B O®
5 2 285 O®
6 5 )
7 5 6 B O®
8 s [ X

“Yield of isolated product; “determined by chiral GC (column:
B-cyclodextrin-CB); “absolute configuration determined by comparison
of the optical rotation with published data:" “ligand used in a 95:5
Jiastereomeric mixture.
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Figure 3. Determination of the stereochemistry of the major diastereomer of ligand 1 by NOE.
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Table 3. Addition of diethylzinc to benzaldehydes using higand 1 as
catalyst

o on
Hexane >

H ligand 1

B

2n
eniry R Yield /% el %
1 H 04 7Ry
2 0-CHO 90 69 (R
3 mCHO 2 78 (Ry
4 P-CHO 93 7Ry
5 Pl 93 69 (RY

“Yield of isolated product; "determined by chiral GC (column:
CB-cyclodextrin-f); “absolute configuration determined by comparison
of the optical rotation with published data.™
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lable 2. Addition of diethylzinc to p-chlorobenzaldehyde using chiral
B-hydroxy-2-oxazolines as catalysts®

eniry Ligand Yield / % el U
1 1 93 60 (R
2 2 61 50(R)
3 3 62 25 (R)

“The reaction was carried out using hexane as solvent, 5% molar ratio
of ligand, 0 °C, for 2 h; "yield of isolated product; “determincd by chiral
GC (column: CB-cyclodextrin-B); absolute configuration determined by
comparison of the optical rotation with published data.™
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re 4. Chromatogram from GC-ECD analysis of metribuzin (MT.) with retention time 4.06






OPS/images/a27img29.png
o, F®o, (Ey) (28)





OPS/images/a27img28.png
2 B, B B Hlna (B, 8) G273






OPS/images/a23img02.png
e s

75 80 85

Figure 2. Chromatogram obtained with a fused silica column coated with Chirasil-Dex CB-B-cyclodextrin (30 m x 0.25 mm x 0.25 um) showing the arca
of elution of ligand 1 in (a) 75:25 diastereomeric ratio and (b) after diastereomeric purification, at 95:5 diastereomeric rati
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re 1. Preparation of the chiral B-hydroxy-2-oxazolines.
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Figure S2. "C NMR spectrum (50 MHz, CDCL,) of 1.
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Figure S1. 'H NMR spectrum (200 MHz, CDCL) of 1.
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*EC,, value of compounds against each cancer cell line. EC,, value was defined as concentration (M) causing S0°% inhibition of cll growth invitr: data

are expressed as mean + SEM of three independent experiments; doxorubicin as a positive control.
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Figure 3. The 'H-'H COSY correlations (bond) and key HMBC
correlations (H — C) of 2.
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Figure S1. HR-ESIMS chromatogram of 1.
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Figure 2. The 'H-'H COSY correlations (bond) and key HMBC
correlations (H — C) of 1.
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Figure S4. 'H-"H COSY spectrum of 1.
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Figure §3. "C NMR spectrum of 1 (125 MHz, CDCL).
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Figure §7."H NMR spectrum of 2 (500 MHz, CDCL).
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Figure S8. "C NMR spectrum of 2 (125 MHz, CDCL).
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Figure S5. HMOC spectrum of 1.
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Figure $6. HMBC spectrum of 1.
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Figure $9. HMQC spectrum of 2.
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Figure $10. HMBC spectrum of 2.
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