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    Cocaine chemical profiling can provide relevant information for law enforcement authorities. Since 2006, Brazilian Federal Police has been working on its own cocaine impurity profiling program (PeQui project). In the effort to establish chemical profiling routines, this work describes major component results (cocaine purity, degree of oxidation and pharmaceutical products used as cutting agents), identified by gas chromatography with flame ionization detection (GC-FID) analysis of 210 samples seized in several Brazilian states between 2009 and 2012. The mean purity of cocaine was 71% (expressed as base) and the degree of oxidation, determined by the relative content between cis/trans-cinnamoylcocaine and cocaine, depends on the location where the seizures were performed. Most of the not oxidized samples were seized on traditional cocaine producer country border states. Cocaine is mainly present in free base form (59%) and more than 50% of the analyzed samples did not have any major adulterant. Among the identified cutting agents, phenacetin was the most abundant (30% of the total samples). Levamisole, caffeine and lidocaine were also identified. The PeQui project has been used on regular basis to provide technical and scientifically based information to law enforcement intelligence analysis and statistical data that might contribute to the better understanding of the cocaine trafficking.

    Keywords: cocaine, chemical profiling, purity, refining, cutting agents, PeQui

  

   

  
    Perfis químicos de cocaína podem fornecer informações relevantes para autoridades da área de segurança pública. Desde 2006, a Polícia Federal tem trabalhado em seu próprio perfil químico de impurezas da cocaína (projeto PeQui). No esforço de estabelecer rotinas de perfil químico, este trabalho descreve os resultados obtidos para identificação de componentes majoritários (pureza da cocaína, grau de oxidação e fármacos utilizados como adulterantes), através da análise por cromatografia gasosa com detector de ionização de chama (GC-FID) de 210 amostras apreendidas em diferentes estados brasileiros entre 2009 e 2012. A pureza média observada para cocaína foi de 71% (expressa como base) e o grau de oxidação, determinado pela medida relativa entre cis/trans-cinamoilcocaína e cocaína, mostrou-se dependente do local de apreensão. A maioria das amostras não oxidadas foram apreendidas nos estados que fazem fronteira com os países produtores. A forma de base livre é a mais comumente encontrada (59%) e mais de 50% das amostras analisadas não apresentaram nenhum adulterante majoritário. Dentre os fármacos adulterantes identificados, fenacetina foi o mais abundante (30% das amostras). Levamisol, cafeína e lidocaína também foram identificados. O projeto PeQui tem sido utilizado regularmente para prover informações técnicas cientificamente embasadas para a análise de inteligência em segurança pública e de dados estatísticos que podem contribuir para um melhor entendimento do tráfico de cocaína.

  

   

   

  Introduction

  Several scientific and law enforcement institutions around the world have been implementing their own profiling programs, always trying to establish drug chemical characterization studies and routines to provide useful data for law enforcement authorities involved with illicit drugs issues.1-5 Brazil is a major player in the illicit drugs market, considering the population size (200 million inhabitants) and the consumption of cocaine and cannabis. The UNODC 2012 World Drug Report (WDR)6 states that there is an increase in cocaine use in Brazil that pushed the federal government to launch a national program in 2010 focused in crack, cocaine and other drugs, aiming to promote public policies to reduce drugs supply and demand, as well as investing in education and health care.7The WDR also found an increased tendency in federal seizures, focused in international or interstate apprehensions, that have more than tripled since 2004, reaching 27 tons in 2010, and how it could also reflect the role of Brazil as a country of departure for cocaine smuggled across the Atlantic Ocean.

  It is also important to point that Brazil, as one of the world's ten largest chemical manufacturers, has a regionally relevant chemical industry and is the only country that borders all the main coca leaf producing countries.8Therefore, chemicals control represents a particular challenge to Brazilian authorities, demanding reliable and scientific based information about the current trends on drugs manufacturing. It's also crucial to be aware of the methodologies that have been used by cocaine producers or dealers to extract, refine, dilute and adulterate (e.g., adding pharmaceutical products, as phenacetin, caffeine and lidocaine) the illicit drug that passes through the Brazilian territory or has been consumed by local users.9

  Since 2006, the Brazilian Federal Police (BFP) has been developing and implementing its own illicit drug chemical profiling program. The PeQui project ("Perfil Químico de Drogas" in Portuguese) was designed to provide police intelligence information and forensic chemistry results, regarding both drug origin and seizure correlations throughout detailed chemical analysis.As BFP mainly deals with federal and interstate crimes and drug trafficking, it is also relevant to aggregate to PeQui project scientific based information about street drugs seizures, usually performed by local law enforcement institutions. Some initiatives have already been undertaken,10 but further studies still depend on sponsorship.

  The BFP already has a network of 30 forensic chemistry labs, which includes all 27 Brazilian states and the National Institute of Criminalistics (NIC, in Brasília, Federal District). The NIC has the technical coordination attribution to develop and implement the PeQui project routines according to the different realities around the country (i.e., demand for drug analysis, availability of instrumentation, training and staff). As the majority of BFP state labs have at least one gas chromatograph coupled with both flame ionization detection (FID) and mass spectrometer (MS) detectors, the main developments were performed to be used by the GC-FID mode.

  In the present study, the major components cocaine and cis and trans-cinnamoylcocaine were quantified by GC-FID, while the more common pharmaceutical cutting agents (adulterants) were qualitatively identified by retention times (benzocaine, phenacetin, caffeine, lidocaine, levamisole, hydroxyzine, procaine, diltiazem), considering previous works already published in Brazil11,12and elsewhere.13-21 Currently is in development in NIC a method to lead to a more comprehensive quantification of major components in cocaine seized samples also by GC-FID.

  The samples analyzed in the present study were seized during 2009-2012 in western Brazilian states [Amazonas (AM), Acre (AC), Rondônia (RO), Mato Grosso (MT), Mato Grosso do Sul (MS) and Paraná (PR)], which border with traditional coca leaf producing and cocaine processing countries (Colombia, Peru and Bolivia) and also in Brasília (FD) and São Paulo (SP), due to their economic and geographic relevance. In 2011, 72% of all 24 metric tons of cocaine apprehended by BFP were seized in those states.

  This work's main goal is to establish a chemical profile of cocaine seizures in Brazil nowadays. The major components and levels of oxidation of the cocaine samples was determined and discussed.

   

  Experimental

  Chemicals

  Cocaine·HCl standard (88.4% as base) were purchased from Lipomed AG and trans-cinnamoylcocaine (99.8%) was provided by the Drug Enforcement Administration (DEA) Special Testing and Research Laboratory (STRL) and stored at –20 ºC. 2,2,2-triphenyl-acetophenone, dipentyl phthalate and caffeine (98.5%) were provided by Acros Organics; benzocaine (99.9%); lidocaine hydrochloride monohydrate, procaine hydrochloride (> 97%), tetramisole hydrochloride (levamisole), diltiazem hydrochloride (> 99%) and hydroxyzine dihydrochloride (> 98%) were purchased from Sigma and phenacetin (99.9%) was provided by TCI-EP. All working solutions were prepared by dilution of reference materials with chloroform (HPLC Grade) provided by Tedia Brazil. 2,2,2-triphenyl-acetophenone and dipentyl phthalate were used as internal standards dissolved in a solution of chloroform and 3% (v/v) of diethylamine. Helium, synthetic air, nitrogen and hydrogen (> 99.995% of purity) were supplied by IBG.

  Sampling

  For cocaine seizures, the PeQui sampling strategy was established with a threshold seizure size (at least 5 kg) where profiling samples should be taken from. Samples from 2009-2012 seizures performed in 8 Brazilian states were sent to NIC and 210 samples were randomly selected to major components analysis. Table 1 shows the origin and sample numbers per state. Figure S1 (Supplementary Information) shows the Brazilian territory as well as the localization of the studied states.
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  Sample preparation

  All the samples were prepared following the PeQui Project methods, as described in the next sections.

  Sample homogenization

  Samples were manually crushed and homogenized. Only cocaine base samples were homogenized in the presence of liquid nitrogen. The cryogenic procedure is adequate to treat "sticky" cocaine base samples. In all cases, the final product was a homogeneous and finely divided solid, which was used in the following steps.

  Sample preparation for quantification analysis

  Amounts of 8.0 mg ± 0.5 mg of each previously crushed sample were mixed with 10.0 mL of internal standards solution [2,2,2-triphenylacetophenone (0.051 mg mL–1) and dipentyl phthalate (0.490 mg mL–1) in chloroform solution with 2% diethylamine] and carefully stirred until homogenization. Around 1 mL of fresh prepared solutions were transferred to glass vials, sealed and sent to chromatographic analysis.

  Gas chromatography coupled to flame ionization detector (GC-FID)

  Quantification analysis and identification of cutting agents were carried out in an Agilent Technologies 6890N gas chromatograph with a flame ionization detector, using an Agilent Technologies 7683B Series autosampler, according to the following conditions. Injection volume: 1.0 µL; split ratio = 50:1; chromatographic column: DB1-MS Methyl Siloxane, 35 m × 200 µm (i. d.) × 0.33 µm film thickness; oven temperature program: 150 ºC for 2 min, 40 ºC min–1 to 315 ºC for 4 min; injection port temperature: 280 ºC; FID temperature: 320 ºC; carrier gas flow rate: 1.0 mL min–1 (helium).

  Quantitative and qualitative determinations

  Quantification of major components

  Eight solutions of cocaine (from 0.014 to 1.441 mg mL–1) and six solutions of trans- cinnamoylcocaine (from 0.002 to 0.222 mg mL–1), all expressed as bases, were prepared in triplicate and used to obtain the analytical curves, with dipentyl phthalate (0.490 mg mL–1) and 2,2,2-triphenylacetophenone (0.051 mg mL–1) as internal standards, respectively. The cis-cinnamoylcocaine was determined with the trans- cinnamoylcocaine analytical curve.

  Figures of merit, such as specificity, linearity, repeatability, accuracy and working range of the method were evaluated before analysis. The control samples results were all within acceptable limits.

  Classification of oxidation levels was performed applying DEA/USA criteria: samples containing less than 2% of total cinnamoylcocaines (cis+trans cinnamoylcocaine) relative to cocaine are classified as "highly oxidized"; between 2-6% are classified as "moderately oxidized"; more than 6% are classified as "minimally or not oxidized".22

  Qualitative analysis of major components

  Some typical cocaine cutting agents were identified by retention time comparison with available reference materials and mass spectrometry analysis, using the same conditions in the two injectors and two detectors (FID and MS) Agilent Technologies 6890N gas chromatograph.

  Infrared (FTIR/ATR-Nicolet iS10 model, equipped with a SMART iTR accessory) and qualitative analyses were used to differentiate the cocaine form of samples (base or hydrochloride salt).

   

  Results and Discussion

  Qualitative analysis of major components

  The GC-FID analysis showed that 51% of the samples did not have any significant adulteration with typical pharmaceutical products (Figure 1). That scenario can be justified considering that the samples seized by BFP are connected with international trafficking, i.e., before the adulteration steps to improve profit in street drugs level. It is interesting to note that SP state samples showed only 20% of non-adulterated samples.
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  The results show a predominance of phenacetin as the main adulterant (such as described in France by Evrard et al. 20), being found in 30% of samples. Previous routine analysis of BFP used to identify phenacetin as typical adulterant found in cocaine seizures from north Brazil, but the results of this work showed that phenacetin is present as the main adulterant in all states studied. Levamisole (19%), caffeine (6%) and lidocaine (4%) were also found in a significant number of samples.

  Table 2 lists the frequency of each cutting agent used to adulterate the samples per Brazilian state.
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  Figure 2 showed the same results as Figure 1, but separating the samples by region of seizure. Results of the presence of cutting agents in all set of analyzed samples are described in the Supplementary Information (Table S1).
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  Quantitative analysis of major components

  The GC-FID quantitative analysis showed wide variations on the content of cocaine (expressed as base), covering the range of 12.0% to 93.4% purity, while the overall average content was 71.2%. Despite the geoeconomics differences between the Brazilian states studied, the average levels of cocaine were similar, ranging from 64% to 74% (Figure 3). It is important to mention that the minimum purity in some states (AC, FD and SP) were above 47%, showing high cocaine levels for all samples analyzed from those sites. On the other hand, some samples from AM, RO and PR had less than 20% of cocaine.
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  Figure 4 shows the distribution of cocaine purity in all analyzed samples (Figure 4a) and per state (Figure 4b-4i). It can be seen that most samples (51.9%) had levels between 70 and 80% of cocaine. It is also observed that the samples from PR (south) showed the highest levels of cocaine, with 46% of the samples with purity of 80-90%. More detailed quantitative results in the set of samples analyzed are described in the Supplementary Information (Table S1).
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  The ratio among cis+trans-cinnamoylcocaine and cocaine (oxidation levels) revealed that only a minority of samples (20%) underwent high oxidation, while minimally or not oxidized samples were responsible for 42% of the total (Figure 5a).22 Figure 5b shows the scenario per state. Detailed results and classification are also described in the Supplementary Information (Table S1).
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  Most samples of free base cocaine (e.g., coca paste, coke base or crack cocaine)9 suffered only moderate oxidation (21%) processes or were neither oxidized (72%) (Figure 6a). On the other hand, most cocaine hydrochloride samples undergone moderate (61%) or high (38%) oxidation (Figure 6b).
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  Conclusions

  From a set of 210 samples seized by Brazilian Federal Police between 2009-2012, the chemical profiling routines of PeQui project to major components revealed that the illicit drug cocaine is mainly present in free base form (59%), with purity (expressed as base) in the range of 12 to 93% (mean 71%).

  The oxidation levels, determined by the relative content between cis+trans-cinnamoylcocaine and cocaine determined in GC-FID analysis showed that most samples were composed of moderately (38%) and not oxidized (42%) cocaine. A tendency to high oxidation degree occurred mainly on cocaine hydrochloride samples.

  More than 50% of the samples analyzed did not have any adulterant, which is coherent with the cocaine international trafficking seizures performed by Brazilian Federal Police in a relative high purity scenario. Among the pharmaceuticals products identified as cutting agents, phenacetin was the most abundant (30% of the total samples) and was found in seizures all over the country. Levamisole (18%), caffeine (6%) and lidocaine (4%) were also identified, but with some regional bias.

  The PeQui project has been used on regular basis to provide technical and scientifically based information to law enforcement intelligence analysis and statistical data that might contribute to a better understanding of the scenario of the cocaine international trafficking.

   

  Supplementary Information

  Supplementary data are available free of charge at http://jbcs.sbq.org.br as PDF file.
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    The quality of molecularly imprinted recognition sites depend on the mechanisms and the extent of the functional monomer-template interactions present in the prepolymerization mixture. Thus, an understanding of the physical parameters governing these interactions is key for producing a highly selective molecularly imprinted polymer (MIP). In this paper, novel molecular modeling studies were performed to optimize the conditions for the molecular imprinting of fenitrothion. Four possible functional monomers were evaluated. Five porogenic solvents were investigated employing the polarizable continuum method. The MIP based in methacrylic acid (MAA-MIP) synthesized in the presence of toluene shown to be the most thermodynamically stable complex. Contrarily, MIP based in p-vinylbenzoic acid (PVB-MIP) had the lowest binding energy. According to the adsorption parameters fitted by the Langmuir-Freundlich isotherm, MAA-MIP presented twice the number of binding sites compared to PVB-MIP (103.35 and 53.77 µmol g-1, respectively).

    Keywords: molecularly imprinted polymer, molecular modeling, Gibbs free energy, functional monomer, solvent effect

  

   

  
    A qualidade dos sítios de reconhecimento molecularmente impressos dependem dos mecanismos e da extensão das interações monômero funcional-molde presentes na mistura de pré-polimerização. Assim, a compreensão dos parâmetros físicos que governam estas interações é a chave para a produção de um polímero de impressão molecular (MIP) altamente seletivo. Neste trabalho, novos estudos de modelagem molecular foram realizados para otimizar as condições de impressão molecular de fenitrotiona. Foram avaliados quatro possíveis monômeros funcionais. Cinco solventes porogênicos foram investigados utilizando o método da polarização contínua. O MIP baseado em ácido metacrílico (MAA-MIP) sintetizado na presença de tolueno demonstrou ser o complexo mais termodinamicamente estável. Ao contrário, MIP com base em ácido p-vinilbenzóico (PVB-MIP) teve a menor energia de ligação. De acordo com os parâmetros de adsorção ajustados pela isoterma de Langmuir-Freundlich, MIP-MAA apresentou duas vezes o número de sítios de ligação em comparação com o PVB-MIP (103,35 e 53,77 µmol g-1, respectivamente).

  

   

   

  Introduction

  Molecularly imprinted polymers (MIPs) are considered important synthetic receptors due to their high affinity for a template molecule that is employed during the synthesis of these materials.1,2

  Prior to MIP synthesis, it is important to select an appropriate functional monomer (FM), i.e., with complementar functionality in relation to the template to favor the formation of the complex FM-template.3 The formation of covalent bonds between the FM and template molecule allows the establishment of more defined and homogeneous binding sites.4

  Nevertheless, MIPs based on noncovalent interactions (e.g., electrostatic, hydrogen bonding, π-π and hydrophobic interactions) are more common than those based on covalent bonds because of the relatively simple experimental approach and the vast number of compounds capable of forming noncovalent interactions with polymerizable monomers.4,5

  Recently, molecular modeling studies have been employed to MIP synthesis to identify a FM that interacts strongly with the template molecule and to select a porogenic solvent that enables the formation of a MIP with high selectivity and capacity. Computational approaches using density functional theory (DFT) have been routinely used to calculate binding energies.1,2,6-16 Due to its greater computational speed and acceptable chemical accuracy, this method is more attractive when compared with Hartree-Fock calculations.13,17

  The computational approach is comprised of the separate optimization of conformations of the template (and/or its analogues) and FM, followed by the calculation of the energy (E) of each molecule. The same process is repeated for the FM-template complex. Finally, the binding energy (ΔE) is obtained from equation 1:

  
    [image: Equation 1]

  

  This methodology was employed in studies conducted by Farrington and Regan,11 Liu et al., 2 Yao et al., 9 Wu et al., 13 Dong et al. 7 and Chen et al. .18 However, the use of Gibbs free energy (ΔG) to estimate the binding energies between two entities was taken into consideration in the 1990s because this parameter is more comprehensive and involves the values of enthalpy, entropy and temperature.19-22 Furthermore, ΔG is the determinant thermodynamic criterion for a spontaneous process.

  In general, molecular modeling studies have been focused on evaluating the interaction between the template and the FM. Only a few papers reported in the literature included the solvent effect in their calculations. It is worth emphasizing that during the polymerization, the extent of the noncovalent pre-polymer complex is affected by the polarity of the solvent3,9,23 and that the porogen solvent should not dissociate the interactions formed between the FM and the template.2 Modeling the solvation effect has been performed using the polarizable continuum model (PCM).8,13,24,25

  The aim of the present study was to develop a MIP for the determination of fenitrothion (FNT), an organophosphate insecticide widely employed in agriculture, by selecting the optimal conditions using molecular modeling. For this purpose, the density functional theory, at the B3LYP/6-31G(d) level, and the PCM were adopted. To validate the theoretical results, FNT-imprinting was synthesized with two functional monomers (methacrylic acid and p-vinyl benzoic acid) and in three solvents (toluene, dichloromethane and acetonitrile) and subjected to the adsorption of FNT. Finally, the polymers synthesized were characterized using Fourier transform infrared spectroscopy (FT-IR), scanning electron microscopy (SEM), cross polarization magic angle spinning nuclear magnetic resonance (13C CP-MAS NMR) and nitrogen sorption porosimetry (Brunauer-Emmet-Teller (BET) and Barrett-Joyner-Halenda (BJH)). Batch rebinding studies were performed to check the MIP selectivity in comparison with a non-imprinted polymer (NIP) and to evaluate the theoretical results obtained. Additionally, isotherms were adjusted to the Langmuir-Freundlich model.

   

  Experimental

  Materials and reagents

  Fenitrothion (99%) was obtained from Chem Service (West Chester, PA, USA). Methacrylic acid (MAA), p-vinyl benzoic acid (PVB) and ethyleneglycol dimethacrylate (EGDMA) were obtained from Fluka (Buchs, Switzerland). The radical initiator 2,2'-azobis-iso-butyronitrile (AIBN) was obtained from Sigma-Aldrich (Munich, Germany). All of the reagents were used without further purification and were at least of analytical grade. HPLC grade solvents acetonitrile (ACN) and dichloromethane (DCM) were obtained from Tedia (Fairfield, OH, USA), and methanol (MeOH) was obtained from JT Baker (Phillipsburg, NJ, USA). Toluene was obtained from Synth (São Paulo, SP, Brazil), and acetic acid was obtained from Nuclear (São Paulo, SP, Brazil). Throughout the study, water was obtained from a Milli-Q system from Millipore (São Paulo, SP, Brazil). Before HPLC analyses, samples were filtered through a 0.22 µm nylon filter from Millipore.

  Molecular modeling studies

  Molecular modeling simulation was performed using Gaussian 03 software.26 All the structures were minimized to the lowest energy conformation in vacuum at the B3LYP/6-31G(d) level. Subsequently, the harmonic vibrational frequencies were calculated. Thus, the electronic, vibrational, rotational and translational entropies and enthalpies of each molecule were obtained at 298.15 K. The same process was repeated with the FM-FNT complexes. Finally, the FM-FNT binding energy of each complex was estimated from ΔG.

  Initially, FNT, FM, and FM-FNT absolute internal energies (UT) were obtained from Gaussian 03 according to equation 2:

   [image: Equation 2] 

  where U0 is the zero-point energy; Uelectronic is the optimized energy; and Uvib, Urot and Utransl are the vibrational, rotational and translational thermal energies, respectively.

  For the calculation of the internal energy (ΔU), the FNT absolute internal energy UTFNT and the FM absolute internal energy UTFM were subtracted from the complex absolute internal energy UTFM–FNT.

  
    [image: Equation 3]

  

  Then, ΔH was obtained from equation 4:

  
    [image: Equation 4]

  

  where Δn is the change in the amount of substance in the reaction, R is the universal gas constant and T is the temperature.

  The total entropy (ST) of FNT, FM and FM-FNT was determined as follows:

  
    [image: Equation 5]

  

  where Svib, Srot and Stransl are the vibrational, rotational and translational entropies, respectively.

  The variation of entropy (ΔS) was found by subtracting the FNT total entropy and FM total entropy from the complex total entropy :

  
    [image: Equation 6]

  

  Finally, ΔG was obtained from:

  
    [image: Equation 7]

  

  Additionally, the solvent effect (γ) for five different solvents (toluene, dichloromethane, acetonitrile, tetrahydrofuran and water) was evaluated using the polarizable continuum model (PCM).9,13 The solvent energy was estimated through ∆G, which was estimated using equation 8:

  
    [image: Equation 8]

  

  A higher γ indicates a stronger affinity of the FM-FNT complex to the solvent and thus infers a higher degree of formation of the complex.

  Square-wave voltammetry measurements

  The FNT contents in the solutions used for the batch rebinding studies were determined by square-wave voltammetry (SWV) using an Autolab PGSTAT 30 potentiostat/galvanostat (Eco Chemie, Utrecht, The Netherlands) interfaced with a computer and controlled by GPES 4.0 software. A hanging mercury drop electrode (HMDE, area 0.52 mm2) was used as the working electrode. Platinum wire and Ag/AgCl, KCl 3 mol L–1 were used as counter and reference electrodes, respectively.

  pH measurements were obtained with a DM-20 pH meter from Digimed (São Paulo, Brazil) using a combined glass electrode.

  The square wave voltammetric conditions used for the determination of FNT were described in a previous work and are as follows: frequency: 250 s–1; pulse amplitude: 40 mV and scan rate: 200 mV s-1 . FNT quantitation was performed through external standardization using calibration graphs. The peak current intensities for FNT were measured at –0.35 V vs. Ag/AgCl, KCl 3 mol L–1. The linear range of the calibration graph was from 0.5 × 10–5 to 3.0 × 10–5 mol L–1 with a linearity higher than 0.999.27

  Polymer synthesis

  MIPs were prepared by bulk polymerization, according to the non-covalent approach. FNT (0.5 mmol) as template, MAA or PVB (2 mmol) as functional monomer, EGDMA (8 mmol) as a cross-linker and AIBN (1.2 mmol) as a free radical initiator were dissolved in 3 mL solvent (toluene, DCM or ACN) in a 75 mL thick-walled glass tube. The mixture was homogenized in an ultrasonic bath and purged with oxygen-free nitrogen for 10 min. The glass tube was sealed with Parafilm under nitrogen, and polymerization was carried out in a thermostated oil bath at 65 ºC for 24 h. The monolithic polymer obtained was crushed, ground and sieved (using a 250 mesh sieve). To remove the template from the polymer, the material was washed several times with MeOH:acetic acid (90:10, v/v) until FNT could no longer be detected in the solution by the previously established voltammetric method. Finally, acetic acid was removed from the polymer by percolating in 250 mL methanol. The polymer was dried overnight at 60 ºC and stored at room temperature in a desiccator over silica gel. Non-imprinted polymers were prepared under identical conditions, except that there was no template present during the polymerization process.

  Polymer characterization

  Fourier transform infrared (FT-IR) spectroscopy

  Polymer FT-IR spectra were obtained in 1% KBr pellets in an ABB Bomem (Quebec, Canada) MB Series spectrometer (model B100) between 4000-400 cm-1 with a resolution of 4 cm -1.

  Cross polarization magic angle spinning nuclear magnetic resonance (CP-MAS NMR)

  NMR spectra (13C CP-MAS) were recorded on a Bruker Avance II 400 MHz from Bruker Bio Spin (Rheinstetten, Germany) at 300 MHz with a contact time of 4 ms, repetition interval of 3 s and acquisition signal time of 50 ms.

  Scanning electron microscopy (SEM)

  Particle size analyses were performed using a JEOL 6360 LV-JSM (Tokyo, Japan) instrument operating at 15 keV. Polymer particles were sputter-coated with gold up to a thickness of 12 nm in a Bal-Tec MED 020 (Balzers, Liechtenstein) coater prior to obtaining the SEM measurements.

  Brunauer-Emmett-Teller (BET) analysis

  The pore size distribution and surface areas of the washed polymers were measured by a multipoint Brunauer-Emmett-Teller (BET) analysis carried out on Quantachrome Analysis® equipment at cryogenic temperatures. Pore volume and average pore diameter were determined by the multipoint BJH (Barret-Joyner-Halenda) model on desorption. Adsorption and desorption isotherms were built to provide relevant information about the surface area, total pore volume and average pore diameter of the polymers.

  Batch rebinding studies

  Batch rebinding studies were performed for two purposes: to evaluate the molecular modeling predictions related to the interaction energy between FM-FNT using a solvent mixture of toluene:ACN (80:20, v/v) and to validate the molecular modeling predictions related to the solvent effect using a solvent mixture of toluene:ACN (80:20, v/v), DCM:ACN (80:20, v/v) or DCM:ACN (70:30, v/v). For the first purpose, fifty milligram quantities of dry polymer (MIP or NIP synthesized with MAA or VPB, in toluene) were transferred to 15 mL glass flasks, and 3 mL of a solution of FNT 3 mmol L-1, prepared in toluene:ACN (80:20, v/v), were added. For the second purpose, fifty milligram quantities of dry polymer (MIP or NIP synthesized in toluene, DCM or ACN with MAA as functional monomer) were transferred to 15 mL glass flasks, and 3 mL of a solution of 3 mmol L-1, prepared in each solvent mixture, were added. Then, the flasks were properly sealed, and the mixture was incubated under agitation in a horizontal shaker from Fanem (São Paulo, Brazil), model 315E, for 24 h. Aliquots of the supernatant were collected, and the FNT was quantified by SWV as described in the SWV measurements section. The data were analyzed using the computational software Origin 8 from OriginLab Corporation (Northampton, MA, USA).

  Adsorption isotherms

  Batch rebinding studies were performed to construct the adsorption isotherms for the polymers synthesized using the functional monomers MAA and PVB in toluene. Fifty milligram quantities of dry polymer (MIP or NIP) were transferred to 15 mL glass flasks, and 3 mL of a solution of FNT (concentration varying from 0.5 to 7.5 mmol L-1), prepared in each solvent mixture, were added. The same procedure described previously in the previous section was followed. The adsorption isotherms were fitted using the computational software Origin 8 from OriginLab Corporation (Northampton, MA, USA).

  Selectivity of MIP by solid phase extraction

  Besides FNT, three structurally related compounds, parathion (PT), methylparathion (MPT) and fenthion (FT), were employed to evaluate the selectivity of the imprinted polymer at the determination of FNT in tomatoes using a solid phase extraction procedure as described in a previous work.28 For this purpose blank tomato samples (5.0 g) were fortified with FNT, PT, MPT and FT at a concentration level of 1.000 µg g-1.

   

  Results and Discusssion

  Theoretical selection of the functional monomer

  The molecular structure of FNT shows two possible binding sites for the complexation with the FM: a nitro (NO2) and a phosphorothionate (O3PS) group. Thus, the formation of two complexes at these two binding sites was considered in the calculations. The proportion 1:1 FM:FNT was maintained.

  The optimized geometries of functional monomertemplate complexes (1:1) between MAA-FNT, AAD(acrylamide)-FNT, PVB-FNT and AAN(allylamine)FNT are shown in Figure 1.

  
    

    [image: Figure 1. Optimized geometries]

  

  The calculated binding energies of FNT with the functional monomers MAA, AAD, PVB and AAN are presented in Table 1. The results obtained show that MAA forms a more stable complex with FNT compared with AAN, AAD and PVB. Through the obtained structures and the calculated stabilization energies it is possible to consider that the effects of charge delocalization are important to justify the lower stability of the PVB-FNT complex in relation to MAA-FNT. For the other two complexes, hydrogen bond occurs between O.....H–N, which are weaker than the O.....H–O. In light of the obtained results, MAA was chosen as FM for the MIP synthesis.

  
    

    [image: Table 1. Gibbs energies]

  

  Theoretical selection of the porogenic solvent

  The gas phase predictions are appropriate for many purposes. However, they are inadequate for describing the characteristics of many molecules and systems in solution. Indeed, the properties of molecules can differ considerably between the gas phase and solution. Solvation models based on polarizable continuum dielectrics have proven to be flexible and accurate in particular because the solute is accommodated in a molecular cavity of realistic shape.29 Thus, the solvent effect was theoretically evaluated using the polarizable continuum model using FNT and MAA as the FM and template molecules, respectively.

  The Gibbs energy for the solvent effect was obtained using the same calculation procedure as that previously described for DFT. However, the PCM method considers the Gibbs free energy in solution as the sum of three terms: electrostatic contributions, repulsion-dispersion and cavitation energy.

  The magnitudes of ∆G for the interaction of FNT with MAA in different solvents, as well as the solvent dielectric constants, are shown in Table 2. Five solvents were considered: toluene, tetrahydrofuran, dichloromethane, acetonitrile and water. The interaction energies were estimated through ∆G (Gibbs energy difference of the FNT-MAA complex in solvent and in vacuum), and the results are presented in Table 2. The Gibbs binding energy of the complex FNT-MAA calculated in vacuum increases in the presence of solvent, indicating that the solvent acts as a competitor. An ideal solvent should not interact with the template molecule or with the functional monomer. It was verified that water interacts most strongly with the FNT-MAA complex, followed by ACN, DCM, THF and toluene. Therefore, toluene would interfere less in the formation of the FNT-MAA complex.

  
    

    [image: Table 2. Dieletric constants]

  

  It was verified that protic solvents with high dielectric constants tend to interfere in the complex formation. Therefore, solvents with low dielectric constants are more appropriate to be used as a porogen in the synthesis of a molecular imprinting polymer. According to Dong et al., 6 molecular modeling of the interaction FM-template considering the solvent effect can help in choosing an appropriate solvent as a complementary approach to the selection experiment.

  Polymer characterization

  Fourier transform infrared spectroscopy (FT-IR)

  FT-IR spectra of (A) PVB-MIP/MAA-MIP and (B) PVB-NIP/MAA-NIP are shown in Figure 2. Both spectra present the same characteristic absorption bands, which indicate that the adopted washing procedure was efficient for removing residual FNT from the polymer and that the imprinted polymer did not incorporate the template molecule into the polymeric structure. Moreover, the NO2 group of FNT shows intense absorption between 1553 and 1347 cm-1 that is related to axial deformation of the asymmetric and symmetric NO2 group on the aromatic ring of the FNT, which was not observed in the spectra. The main absorption bands are the following: 3444 cm-1 (OH stretch for the monomer in the COOH group), 3001 cm-1 (OH stretch for the COOH dimer), 1733 cm-1 (OH stretch for the ester and COOH), 1639 cm-1 (C=C stretch for unreacted vinyl groups), 1400 cm-1 (angular deformation of –O–CH2), and 1267 cm-1 (angular deformation of C-O of the ester group). The presence of OH group stretching bands indicates the presence of carboxylic groups in the polymer, which provide the polymer with the ability to form H-bonds with the template.7

  
    

    [image: Figure 2. FT-IR spectra]

  

  Cross polarization magic angle spinning nuclear magnetic resonance (CP-MAS NMR)

  The 13C CP-MAS NMR spectra (Figure 3) also confirm that both polymeric solids (MIP and NIP) present the same carbonic structure. The main resonances shown are attributed to the following: 20-80 ppm (methyl and methylene groups of EGDMA and FM), 100-130 ppm (unreacted double bonds of the EGDMA) and 160-180 (C=O of EGDMA and FM).23
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  Scanning electron microscopy

  Micrographs of the MIP and the corresponding NIP-polymers of the same FM (Figure 4) revealed the existence of appreciable differences in their morphologies. To compare the morphological differences between these polymers, only those synthesized using MAA as a functional monomer will be considered because the polymer obtained with PVB generated polymers with highly irregular morphologies. The micrographs obtained for the polymers synthesized with MAA (Figure 4A-B) showed that the surface of the MIP is very similar to the NIP. The morphology of these polymers is in agreement with several studies using the bulk method to the preparation of these materials.

  
    

    [image: Figure 4. Scanning electron micrographs]

  

  BET analysis

  The porosities of the polymers synthesized with MAA and PVB in toluene were obtained through nitrogen sorption porosimetry. Whereas surface areas were obtained by the BET method, volumes and average pore sizes were calculated by the BJH method. The results are shown in Table 3. The results corroborate with those reported by Farrington and Regan,11 where the imprinted polymers present a larger surface area than the non-imprinted polymers. Nevertheless, the pore volumes and average pore diameters did not vary to a great extent between the imprinted and non-imprinted polymers; this finding could be attributed to the fact that the polymers were synthesized with the same volume and with the same porogen solvent.
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  According to the experimentally obtained data, all polymers may be considered as mesoporous because they presented surface areas ranging from 10 to 500 m2 g-1 and pores with average diameters ranging from 2 to 50 nm.

  Evaluation of the adsorption efficiency of polymers synthesized with the functional monomers MAA and PVB in toluene

  To validate the results obtained by theoretical molecular modeling of FM-FNT interaction, batch rebinding studies were conducted for the best functional monomer (MAA) and the worst functional monomer (PVB), determined from the molecular modeling calculations.

  Figure 5 shows the adsorbed FNT on the imprinted and non-imprinted polymers synthesized with MAA or PVB as well as the relative selectivity coefficients (ratio of the adsorbed FNT amount by MIP and NIP).
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  A large selectivity coefficient (β) indicates good selectivity of the imprinted polymer. The value of β for the polymer synthesized with MAA is approximately 8.4, whereas for the polymer synthesized with PVB, the value of β is approximately 1.9. Thus, the theoretical results are verified experimentally, and we can conclude that an imprinted polymer produced using MAA as functional monomer has a higher specificity for selective sites in the molecular recognition process.

  Evaluation of the adsorption efficiency of polymers synthesized in different solvents

  To validate the theoretical results obtained by molecular modeling studies, polymers synthesized using toluene, DCM and ACN as porogenic solvents were evaluated through batch rebinding studies. For this purpose, the percentages of FNT adsorbed by each polymer synthesized in a different solvent were determined (Figure 6).
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  The results obtained are in agreement with those obtained using molecular modeling, where toluene was demonstrated to be the most appropriate solvent for the synthesis of the molecularly imprinted polymer FNT-MAA. The MIP synthesized in toluene presents an FNT adsorption of approximately 50% and a relative selectivity coefficient (β) of 8.4, whereas the MIPs synthesized in DCM and ACN presented a β value of 4.1 and 2.4, respectively. These results corroborate those reported by Kyzas et al., 30 where MIP in hydrophobic organic solvents, such as chloroform or toluene, generally presents a better performance. This finding can be explained by non-polar solvents eliminating non-specific hydrophobic interactions and creating a better environment for electrostatic interactions, which play an important role in molecular recognition. Therefore, toluene, with a lower dielectric constant, will be more adequate for selective FNT recognition by the MIP.

  Adsorption isotherms

  To characterize the adsorption behavior and the binding site distribution of the MIP synthesized in toluene, using the best and the worst FM (MAA and PVB), the adsorption isotherms of MIPs and NIPs were constructed. For this purpose, the adsorption of FNT by the polymers in ten different concentrations, ranging from 0.5 to 7.5 mmol L-1, was evaluated. The procedure employed was that described previously.

  Generally, the adsorption isotherms had been classified into two types, homogeneous (Langmuir) and heterogeneous (Freundlich, Bi-Langmuir and Langmuir-Freundlich), where the heterogeneous models had been widely used to characterize the molecularly imprinted polymer.5,31

  As observed in Figure 7, the experimental isotherms of the MIP were fitted by Langmuir-Freundlich (LF) because this model can fit both the sub-saturation and saturation regions of the isotherms.32,33
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  This LF model describes the relationship between the equilibrium concentrations of adsorbed per gram (B) and free (F) guest molecules in heterogeneous systems with three different coefficients obtained by the following equation:

  
    [image: Equation 9]

  

  where Nt is the total number of binding sites, A is the average binding and m is the heterogeneous index.

  The results presented in Table 4 show that both polymers (MIP) presented a heterogeneity index lower than 1, indicating that the material is heterogeneous and corroborating the results obtained by scanning electron microscopy. The number of binding sites determined for both MIP (MAA-MIP and PVB-MIP) was higher than those measured for the respective NIPs, indicating that the MIPs have a greater number of binding sites available. In addition, it was verified that the MIP synthesized with MAA presented twice the number of binding sites as the MIP synthesized with PVB.
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  Selectivity of MIP by solid phase extraction

  The selectivity of the FNT-imprinted polymer was evaluated following a previously optimized MISPE procedure.28 The recovery of FNT and its analogues after fortifying blank tomato samples, using MIP and NIP were evaluated. The recovery values obtained after the washing and elution steps by the imprinted and non-imprinted polymers are shown in Table 5.
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  It was verified that the analogous FNT were mainly removed from the MISPE cartridge at the washing step and FNT was recovered at the elution step, using the optimized experimental conditions described previously. These results confirm the selectivity of the synthesized MIP to FNT even when this compound is present in a complex food matrix in the presence of other FNT-analogous substances. In addition, FNT showed non-affinity for the synthesized NIP.

   

  Conclusions

  Molecular modeling based on DFT proved to be a powerful tool to select the functional monomer for the synthesis of a molecularly imprinted polymer for FNT recognition. The experimental results showed that the MIP synthesized with the predicted best FM (MAA) presented a selectivity coefficient approximately 4 times higher than that synthesized with PVB, which was predicted to be the worst FM. Toluene was shown to be the best solvent for the stabilization of the pre-polymerization complex. The solvent effect was evaluated by analysis of the solvent interference in the complex formation between the FNT and MAA in the synthesis of MIP. Batch rebinding experiments were performed by the synthesis of different imprinted polymers, using MAA and PVB as functional monomers and toluene, dichloromethane and acetonitrile as porogens to validate these approaches.

  The experimental results obtained confirmed the data predicted by molecular modeling.

  Methacrylic acid and toluene were determined to be the combination of functional monomer and solvent, respectively, that leads to the most stable complex for FNT-imprinting.

  The MIP synthesized showed suitable properties for use in molecularly imprinted solid phase extraction and was successfully applied for the selective determination of FNT in tomatoes.
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    trans-Dehydrocrotonin (t-DCTN) a bioactive 19-nor-diterpenoid clerodane type isolated from Croton cajucara Benth, is one of the most investigated clerodane in the current literature. In this work, a new approach joining X-ray diffraction data, nuclear magnetic resonance (NMR) data and theoretical calculations was applied to the thorough characterization of t-DCTN. For that, the geometry of t-DCTN was reevaluated by X-ray diffraction as well as 1H and 13C NMR data, whose geometrical parameters where compared to those obtained from B3LYP/6-311G++(d,p) level of theory. From the evaluation of both calculated and experimental values of 1H and 13C NMR chemical shifts and spin-spin coupling constants, it was found very good correlations between theoretical and experimental magnetic properties of t-DCTN. Additionally, the delocalization indexes between hydrogen atoms correlated accurately with theoretical and experimental spin-spin coupling constants. An additional topological analysis from quantum theory of atoms in molecules (QTAIM) showed intramolecular interactions for t-DCTN.
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    trans-Desidrocrotonina (t-DCTN), um bioditerpeno do tipo 19-nor-clerodano isolado de Croton cajucara Benth, representa um dos clerodanos da atualidade com maiores índices de investigações científicas. Neste trabalho, uma nova abordagem unindo dados de difração de raios X, dados de ressonância magnética nuclear (NMR) e dados teóricos foi aplicada para a completa caracterização da t-DCTN. Para tanto, a geometria de t-DCTN foi reavaliada por difração de raios X e NMR de 1H e 13C e foi comparada com os dados teóricos obtidos por B3LYP/6-311G++(d,p). A subsequente avaliação dos valores teóricos e experimentais de deslocamentos químicos de NMR e constantes de acoplamento spin-spin apresentou correlações muito boas entre propriedades magnéticas teóricas e experimentais. Adicionalmente, os índices de deslocalização entre átomos de hidrogênio, δ(H,H'), correlacionaram bem com os dados experimentais e calculados de constante de acoplamento. Uma análise topológica complementar utilizando a teoria quântica de átomos em moléculas (QTAIM) mostrou interações intramoleculares para t-DCTN.

  

   

   

  Introduction

  The clerodane group of diterpenes includes more than 800 isolated compounds and a significant number showed to have biological activity such as antimicrobial,1 psychotropic,2 antiulcer3 and antitumor.4 Actually, the 19-nor-clerodane trans-dehydrocrotonin (t-DCTN), a furan clerodane skeleton type diterpene (Figure 1), is one of the most important bioactive clerodane reported in the current literature. This natural compound isolated from Croton cajucara Benth (Euphorbiaceae), a widely grown tree in the Amazonian region of Northern Brazil, became an important target for pre-clinical researches. In fact, pharmacological studies examining t-DCTN confirmed its anti-inflammatory, analgesic, antitumor, antiulcer, hypolipidemic and cardioprotective effect.5,6 t-DCTN has also been shown to have antimutagenic activity5-7 and did not induce clastogenic, anticlastogenic, apoptotic and cytotoxic activities.8
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  In general, a complete characterization of natural terpenoids compounds requires a large amount of work, in which 1D and 2D-nuclear magnetic resonance (NMR) techniques can be combined with X-ray diffraction analysis. Since 1976, when Ferguson and Marsh reported the first crystallographic analysis of a diterpenoid type clerodane molecule,9 a plenty of reports arises describing clerodane molecules by crystallographic analysis in combination with NMR techniques. Owing to the complexity of clerodane structural molecule, the X-ray diffraction analysis is an important tool for a reliable and complete structural analysis of a new natural or semi-synthetic organic compound. In this context, the use of theoretical quantum chemistry methods becomes a complementary tool for structural analysis of organic compounds.3,10-26

  The NMR spectral data of a new compound provide an useful information for its molecular identity and geometry. In fact, NMR parameters such as chemical shifts and spin-spin coupling constants (SSCC), as well as theoretical calculations and 1H spectrum simulations give support for the total characterization of complex molecules. Regarding the SSCC parameter, it plays an important role on the conformational analysis and elucidation of several types of molecules,27-31 mainly when it is correlated with theoretical SSCC.32-43

  Most of the theoretical descriptions of spin spin coupling constants follows the Ramsey and Purcell interpretation44 and Ramsey formulation.45 In this method, the coupling constants are calculated by adding four different terms: (1) diamagnetic spin orbit (DSO) as well as (2) the paramagnetic spin orbit (PSO), which represent the interactions of the magnetic field of the nuclei mediated by the electron orbital motion, (3) the Fermi contact (FC), which is also a response property reflecting the interaction between the electron spin magnetic moment close to the nucleus and the magnetic field at the nucleus, and (4) the spin dipole (SD), which describes the interactions between the nuclear magnetic moments as mediated by the electronic spin angular moment. For an accurate quantum chemical description of SSCCs all the terms cited above must be considered.46-49 In addition, the delocalization index between two hydrogen atoms, δ(H,H'), can also be used in the theoretical analysis of the SSCCs.50

  The quantum theory of atoms in molecules (QTAIM)51 is based on an observable, the electron density, and it has been used for several experimental applications, for example, the estimate of the intensity of infrared (IR) spectrum52,53 and magnetic susceptibility,54 as well as the calculation of topological information from X-ray diffraction data55 and the linear correlation between delocalization index δ(H,H') and proton-proton coupling constants.56-58 The linear correlation between delocalization index and fluorine fluorine coupling constants was also described.59

  Unambiguous NMR assignments for t-DCTN and its stereochemistry determination were previously reported using a powerful NMR equipment (600 MHz for 1H), 2D-NMR experiments, AM1 calculations and 1H NMR spectrum simulations.60 In the present work, we have performed X-ray diffraction of t-DCTN and many theoretical calculations using B3LYP. The geometric skeleton of t-DCTN was re-examined by means of several correlations involving experimental and theoretical data in order to provide additional structural information such as bond length and dihedral angles measurements which are extensively used in the conformational analysis of biomolecules applied to its pharmacological responses.3,12,24 Correlations between theoretical results and corresponding experimental data plus topological analysis from QTAIM are herein discussed.

   

  Experimental

  Material and methods

  Plant material was collected in Jacundá City located at Pará State (Amazonian region, Brazil), and identified by Nelson A. Rosa.5 A voucher specimen (no. 247) has been stored at the Herbarium of the Museu Paraense Emílio Goeldi (Belém, PA, Brazil). The isolation of t-DCTN was performed according to the literature5 and its recrystallization (from a mixture of hexane:ether 7:3) yielded suitable crystal for X-ray diffraction. The assignments for structure elucidation were previously determined from 1H (600 MHz) and 13C (150 MHz) NMR spectroscopy.60

  Single crystal X-ray diffraction

  The crystal data were measured on an Enraf-Nonius CAD4 diffractometer using graphite monochromated Mo-Kα radiation (λ = 0.71069 Å) at room temperature. A colorless crystal with dimensions of 0.40 × 0.33 × 0.30 mm was isolated from a homogeneous crystalline sample of t-DCTN. Unit-cell parameters were determined from centering of 25 reflections in the θ angle ranging from 4.92 to 12.03º and refined by the least-squares method according to standard procedure.61 Intensities were collected using the ω-2θ scan technique. All diffracted intensities were corrected by Lorentz and polarization effects. The structure was solved by direct methods and was refined by the full-matrix least-squares method using SIR97 and SHELXL97.62,63 All non-hydrogen atoms were refined with anisotropic displacement parameters. Hydrogen atoms were placed at idealized positions using standard geometric criteria. The PLATON program64 was used to generate the picture of the molecular structure. Further relevant crystallographic data are summarized in Table 1.
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  Crystallographic data (atomic coordinates and equivalent isotropic displacement parameters, calculated hydrogen atom parameters, anisotropic thermal parameters and bond lengths and angles) have been deposited at the Cambridge Crystallographic Data Center (deposition number CCDC 276648). Copies of this information may be obtained free of charge from: CCDC, 12 Union Road, Cambridge, CB2 1EZ, UK (Fax: +44-1223-336-033; e-mail: deposit@ccdc.cam.ac.uk or http://www.ccdc.cam.ac.uk).

  Computational details

  The geometry of the studied species was optimized using standard techniques.65 Vibrational analysis of t-DCTN optimized geometry was carried out to determine whether it was a true minimum or a transition state. No imaginary frequency was obtained confirming that a minimum was found in the potential energy surface. The calculations were performed at B3LYP/6-311G++(d,p)66-71 using GAUSSIAN 09 package.72 From the Kohn-Sham orbitals of t-DCTN optimized structure, the electron density was obtained and then used for the calculation of t-DCTN topological data by means of the AIM2000 software.73

   

  Results and Discussion

  The DFT procedures for computing proton-proton coupling constants and/or chemical shifts of unknown structures or targets from synthetic studies, have been extensively reported.32-38 In this work, aiming to describe the most stable conformational status of t- DCTN (Figure 1) more thoroughly, we have examined the combined set of X-ray data, NMR spectra and computational calculations using B3LYP/6-311G++(d,p) level of theory. A single crystal X-ray diffraction was undertaken in order to re-examine the asymmetric centers (C5, C8, C9, C10 and C12) of t-DCTN. The PLATON perspective drawing (Figure 1a) is in agreement with the geometric configuration supported by NMR spectra of t-DCTN. The theoretical analysis of geometric and magnetic properties of t-DCTN gives additional support for its experimental characterization since it confirms the structure of the most stable conformer of t-DCTN.

  Figure 1 shows the crystallographic structure of t-DCTN (Figure 1a), the corresponding skeleton formula (Figure 1b) and its optimized structure obtained from B3LYP/6-311G++(d,p) (Figure 1c). In the perspective drawing (Figure 1a and 1c), the conformation of the decalin system chair is distorted due to D3,4 double bond (located at C3 and C4 in the so-called ring A) and also the spirolactone at C9 (in the so-called ring B).

  Geometrical data available in the Supplementary Information indicate that the hydrogen atoms at C10 and C5 positions are on the opposite side of A/B decalin system, assuming trans configuration (Table S1 from Supplementary Information). In addition, the bond lengths and angles are as expected for a trans geometry for t-DCTN.

  The existence of the spiro arrangement in lactone moiety can be noticed by the fact that C9 is shared by the lactone group itself and also by ring B of decalin system. The α,β-unsaturated carbonyl group located in C2, C3, C4 and O1 atoms of decalin ring A could be observed revealing similar bond lengths of 3-(4-chloro-benzene-sulfonamido)5-methyl-cyclo-hex-2-en-1-one, whose geometric and topological parameters were described by Jackson and co-workers.74 The C=O, C=C and C–C bond lengths of 3-(4-chloro-benzene-sulfonamido)-5-methyl-cyclo-hex2-en-1-one (1.251, 1.356 and 1.437 Å, respectively) are comparable to those corresponding bonds in ring A of t-DCTN (1.215, 1.325 and 1.449 Å, respectively).

  The minimum in the potential energy surface of t-DCTN was obtained by B3LYP/6-311G++(d,p) level of theory whose geometrical parameters were compared with those from X-ray diffraction (Table S1 from Supplementary Information). The theoretical and experimental parameters for t-DCTN are very similar, except for some angle values from furan and lactone moieties. The O3–C12–C11, C15–C14–C13 and C13–C16–C14 angles have nearly two degrees of discrepancy when comparing theoretical and experimental results (See Supplementary Information). The root mean square deviation (RMSD) of t-DCTN bond lengths and bond angles was calculated in order to measure the accuracy of theoretical results in comparison with X-ray data. The RMSD values are 0.0153 and 0.9333 for bond lengths and bond angles, respectively. These values show the precision of the chosen level of theory for geometric calculations of t-DCTN and also indicate the relatively smaller precision of calculated bond angles with respect to experimental values.

  As a consequence of agreement between experimental and theoretical results, Figure 1a (PLATON thermal ellipsoids plots) and Figure 1c (an optimized structure) indicate similar nuclear configuration for t-DCTN. Both stereo views showed a visual similarity in arrangements of the decalin and lactone moieties, as well as for furan ring, which is out of plane for both representations.

  Theoretical magnetic properties (chemical shifts and SSCC) of t-DCTN were obtained from B3LYP/6-311G++(d,p) level of theory and compared with corresponding experimental values (See Supplementary Information).

  Aiming to reinforce the discussion on the absolute configuration of t-DCTN, correlations between the experimental NMR data60 and theoretical NMR chemical shifts of t-DCTN are presented in Figures 2a (1H NMR chemical shifts, in ppm) and 2b (13C NMR chemical shifts, in ppm). Thereby we found very good linear correlations between the experimental and theoretical NMR chemical shifts as indicated by their corresponding coefficient of determinations. The agreement between experimental (both X-ray and NMR data) and the corresponding theoretical data from our applied computational protocol, indicate that B3LYP/6-311G++(d,p) level of theory suffices for the analysis of magnetic and geometric properties of the evaluated clerodane t-DCTN.
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  The vicinal or long range coupling constants of t-DCTN were calculated from the gauge-independent atomic orbital (GIAO) method including the four contributing terms (FC, PSO, DSO, SD)46 at the B3LYP/6-311G++(d,p) level of theory. The B3LYP/GIAO method provides accurate coupling constant values in many systems, being most of them related to rigid structure and/or aromatic molecular systems.37-40

  A reasonably good correlation between calculated and experimental coupling constants was obtained (Figure 3), except for those values involving hydrogen atoms 8 and 17, whose differences between experimental and theoretical values were larger than three ppm. Therefore, the B3LYP/6-311G++(d,p)/GIAO method, including the four contributing terms (FC, PSO, DSO, SD), suffices to describe magnetic properties of low symmetry and flexible structures similar to t-DCTN.
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  The delocalization index from QTAIM is the quantity of shared electrons in an atomic pair, bonded or non-bonded, and it has been used to establish a relation with coupling constants of many molecular systems.56 There are excellent correlations observed in literature37,56-58 between delocalization index of vicinal or long range hydrogen atoms δ(H,H') and corresponding experimental coupling constants. Additionaly, fluorine fluorine coupling constants also showed satisfactory correlation with delocalization index data for aromatic systems.59

  Figures 4a and 4b shows the plots of experimental and theoretical coupling constants versus corresponding delocalization index of vicinal or long range hydrogen atoms of t-DCTN, respectively. Both of them give a reasonably good coefficient of determination, meaning that the amount of shared charge density between long or vicinal hydrogen atoms is related with the magnitude of the corresponding coupling constant, i.e., a relation between electronic and magnetic properties of t-DCTN is established in Figure 4. According to Gutowsky and collaborators,75 the spin-spin coupling arises from second-order interaction between the nuclear magnetic moments and some magnetic field internal to the molecule through electrons along chemical bonding. The results from Figure 4 suggest that the influence of weak electron interaction, through field effect, between the interacting nuclei plays some role in long range or vicinal spin-spin coupling as well, which concords with J-couplings in hydrogen bonds.76,77
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  Aiming at the investigation of possible intramolecular interactions in t-DCTN, we also carried out its topological analysis based on the gradient of the charge density distribution. Figure 5 shows the molecular graph of t-DCTN which contains critical points of the charge density and bond paths. Critical point is a mathematical point of a determined function, whose gradients, with respect to their coordinates, are zero. The topology of charge density may have four types of critical points: the nuclear attractor critical point (where it is located an atomic nucleus), the bond critical point (a critical point between two linking atoms), the ring critical point (a critical point within a ring) and the cage critical point (a critical point inside a molecular cage). The bond path is an atomic interaction line linking two nuclear critical points (or atomic basins) and one bond critical point between them. It corresponds to the maximum charge density compared to vicinal transversal region.51
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  Figure 5 shows the molecular graph of the t-DCTN which has five bond critical points associated with intramolecular closed-shell interactions, where three out of them are hydrogen-hydrogen bonds (Table 2).
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  An important applicability of QTAIM is to quantify and qualify bonded interactions based on five topological parameters obtained at the analyzed bond critical point:78-81 (1)  the value of the charge density of the critical point (ρb); (2)  the value and the sign of the Laplacian (∇2ρ) of the charge density; (3) the ratio |λ1|/λ3, where λ1 and λ3 are eigenvalues of Hessian matrix of the charge density; (4) the ratio Gb / ρb, where Gb is the kinetic energy density; and (5) the total energy density (Hb) at the bond critical point. In the case where ∇2ρ> 0, ρb is relatively low (ρb<6 × 10-2 a.u.), the ratio |λ1|/λ3 < 1, the ratio Gb / ρb > 1 or close to 1, and Hb has a positive value, close to zero, the chemical interaction is defined as closed shell interaction and it corresponds, for example, to hydrogen bond, ionic bond and van der Waals interactions.78-81 Table 2 shows these five topological data for all intramolecular bonded interaction in t-DCTN (Figure 5) which are certainly related to the highest stability of t-DCTN found in its NMR and X-ray data.

  All values in Table 2 are in agreement with the topological characterization of closed shell interaction for the five interatomic interactions.78-81 The values of Gb/ ρb in Table 2 are in the same range to that found in closed shell interactions in metallocenes, involving metal atom and π ligand carbon atom.82 The most stable conformer of t-DCTN presents five intramolecular interactions: three H-H bonds, linking hydrogen atoms from decalin system to hydrogen atoms from spiro-lactone and furan rings, and two (C)O--H(C) bonded interactions linking the lactone carbonyl oxygen to two axial hydrogen atoms from decalin ring. It is demonstrated in literature that H–H bonding contributes as a stabilizing factor to the energy of a chemical system.81,83 Matta and co-workers have investigated intramolecular H–H bonding in several compounds showing its stabilizing effect whose values of the five topological parameters listed in Table 2 were similar to the H–H bonds in t-DCTN.

  Regarding the (C)O--H(C) bonded interactions we compared the charge density of bond critical points and Laplacian of the charge density between (C)O--H(C) bonded interactions and the corresponding values from hydrogen bonds (O--HO) of substituted malonaldehyde enols.84 The charge density of (C)O--H(C) bonded interactions are nearly one-fifth of the averaged charge density value of hydrogen bonds of substituted malonaldehyde enols. On the other hand, according to less positive values of ∇2r of the bond critical point related to (C)O--H(C) bonded interactions in t-DCTN, the corresponding distribution of the charge density is less dispersed in (C)O--H(C) bonded interactions in t-DCTN than that in hydrogen bonds of substituted malonaldehyde enols.84

  Therefore, the sum of the charge density in the five intramolecular interactions in t-DCTN is nearly equivalent to the charge density of one hydrogen bond of malonaldehyde enol,84 which shows the cooperative effect of the five weak intramolecular interactions in determining the most stable conformer of t-DCTN. Three intramolecular interactions (H–H bonds) are not influenced by polarity while it influences the other two interactions involving oxygen atom. Indeed, the most stable conformer of t-DCTN is the one obtained by means of NMR and X-ray whose experimental values are in very good agreement with the corresponding theoretical data. Then, our theoretical calculations reinforced the characterization of the most stable conformer and also enabled a clear understanding of the electronic structure of t-DCTN.

  Currently, there is a number of Croton cajucara Benth researches devoted to its chemical, biochemical, pharmacological and more recently potential advantages of molecular incorporation into drug delivery systems, specifically DCTN-load studies.85-88 In fact, concerning to the biotechnological advanced context, our recent work reported to trans-dehydrocrotonin cover its encapsulation in liposomes with a significant enhancement of the antitumor activity of this 19-nor-clerodane-type diterpene.85 Since the stability of t-DCTN loaded in different biological formulations had been investigated aiming its pharmacologic improvement, this present work attracts significant importance on physicochemical characteristics of this compound to be applied in the advancement of this drug uses in therapy. For that, in this present work, a new approach joining two different methodologies, previously applied to organic compounds, has been developed and validated for the thorough characterization of some complex organic compounds such as the natural bioactive t-DCTN.

   

  Conclusions

  The crystallographic and theoretical data are in agreement with the previously detailed NMR analysis and characterization of the structure of t-DCTN. Experimental and theoretical geometric parameters present nearly negligible discrepancies, indicating that B3LYP/6-311G++(d,p) is a satisfactory level of theory for the calculation of the optimized geometry of complex molecules such as t-DCTN. Those results confirmed the stereochemistry of the decaline and lactone units and a hindered rotation around the C12–C13 bond in t-DCTN.

  There are very good correlations involving experimental and theoretical magnetic properties (NMR nuclear shielding and spin-spin coupling constants), indicating that: (1) the B3LYP/6-311G++(d,p)/GIAO method is satisfactory for the calculation of NMR nuclear shielding and; (2) the B3LYP/311G++(d,p)/GIAO method is satisfactory for the calculation of spin-spin coupling constants.

  The values of QTAIM delocalization indexes involving vicinal or long range hydrogen atoms correlate well with both corresponding theoretical and experimental spin-spin coupling constants of t-DCTN, indicating that the amount of charge density between each proton pair (being vicinal or not) is directly proportional to the spin-spin coupling constant.

  From the topological analysis of t-DCTN there are five intramolecular bonded interactions in t-DCTN (three out of them being hydrogen-hydrogen bonds) which possibly influence in the optimal nuclear configuration and the geometric structure of t-DCTN.

  A new approach joining two different methodologies, previously applied to organic compounds, has been developed and validated in this work for the thorough characterization of complex organic compounds.

   

  Supplementary Information

  Selected bond length and bond angles from X-ray diffraction and B3LYP method, experimental and theoretical 1H and 13C NMR chemical shifts, experimental and theoretical NMR spin-spin coupled constants, Z-matrix and crystallographic data for t-DCTN. This material is available free of charge at http://jbcs.sbq.org.br as PDF file.
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    Supplementary Information

     

    Bond length and bond angles data for t-DCTN
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    1H and 13C NMR chemical shift data, in ppm, for t-DCTN

     Following the IUPAC diterpene numeration rule, both carbon (C) and hydrogen (H) atoms have the same numeration. The numbered skeleton structure of t-DCTN is indicated below Table S2.
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    NMR spin-spin coupling constant data for t-DCTN
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    Z-Matrix structure for t-DCTN
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    Two new biflavonoids 3,5,7,4'-tetrahydroxyflavanone-(2→O →4':3→3')-2',4',6',4tetrahydroxydihydrochalcone (1) and 3,5,7,4'-tetrahydroxyflavanone-(2→O →7:3→8)-3,4',5,7tetrahydroxyflavone (2), named as amburanin A and amburanin B, respectively, were isolated from the trunk bark of Amburana cearensis, and their structures elucidated on the basis of spectroscopic analysis and by comparison with literature data. The effects of 1 and2 on the pro-inflammatory response of human neutrophils were investigated (0.1; 1; 25; 50 e 100 µg mL-1). At concentration higher than 25 µg mL-1, both compounds suppressed nearly 92% of the neutrophil degranulation and 53% of myeloperoxidase activity, thus indicating that they are potential anti-inflammatory lead compounds.

    Keywords: Amburana cearensis, anti-inflammatory, myeloperoxidase, biflavonoids, amburanins

  

   

  
    Dois novos biflavonoides 3,5,7,4'-tetraidroxiflavanona-(2→O →4':3→3')-2',4',6',4tetraidroxidiidrochalcona (1) e 3,5,7,4'-tetraidroxiflavanona-(2→O →7:3→8)-3,4',5,7tetraidroxiflavona (2), denominados amburanina A e amburanina B, respectivamente, foram isolados da casca do caule de Amburana cearensis, e as estruturas deles foram elucidadas com base em análises espectroscópicas e por comparação com dados da literatura. Os efeitos de 1 e 2 sobre a resposta pro-inflamatória de neutrófilos humanos foram investigados (0,1; 1; 25; 50 e 100 µg mL-1). Ambos compostos inibiram em torno de 92% a degranulação de neutrófilos a partir da concentração de 25 µg mL-1, e reduziram em até 53% a atividade da mieloperoxidase humana, indicando o potencial deles como substâncias anti-inflamatórias.

  

   

   

  Introduction

  Amburana cearensis  A. C. Smith (syn.: Torresea cearensis Fr. All.), commonly known as "cumaru" or "imburana-de-cheiro", is a native tree from northeastern Brazil. Popularly, the trunk bark and seeds are utilized either as a household medicine ("lambedô") or as a syrup commercially available to treat respiratory conditions (asthma and bronchitis).1 Previously, the aqueous alcohol extract of the trunk bark showed bronchodilatory, anti-inflammatory and analgesic properties.2 One of its constituents, amburoside A [(4-O-β-D-glucopyranosylbenzyl) protocatechuate], showed neuroprotective and hepatoprotective effects,3,4 while a second compound, isokaempferide, exhibited bronchodilator and antiproliferative activities.5,6 Both amburoside A and isokaempferide displayed anti-inflammatory activity.7 Coumarin, the most abundant component, also exhibited bronchodilator, antimalarial, and antileishmanial activities.2,8

  Previous phytochemical studies of the trunk bark of A. cearensis revealed several other known phenolic compounds: amburoside B [(4-O-β-D-glucopyranosylbenzyl) vanillate],8 vanillic acid (4-hydroxy-3-methoxybenzoic acid), protocatechuic acid (3,4-dihydroxybenzoic acid), afrormosin (7-hydroxy-4',6-dimethoxyisoflavone), kaempferol (4',5,7-trihydroxyflavonol), quercetin (3',4',5,7-tetrahydroxyflavonol) and 4'-O-methylfisetin (3',7-dihydroxy-4'-methoxyflavonol).9 Later on, novel compounds such as glucosylprotocatechuate derivatives (amburosides C-H) and 6-coumaryl protocatechuate were reported from either the trunk bark or seeds of A. cearensis, besides 6-hydroxycoumarin and formononetin.10 Furthermore, 3',4'-dimethoxy-1'-(7-methoxy-4-oxo-4H chromen-3-yl)benzo-2',5'-quinone along with five known flavonoids were isolated from resin of A. cearensis .11 Phytochemical analyses associated with pharmacological studies revealed that cultivated young plants of A. cearensis exhibited similar chemical and pharmacological profiles as the wild plant.12,13 Recently, we have also studied the physicochemical characteristics of the spray-dried ethanol extract for obtaining A. cearensis powders with better pharmacological and technological properties.14

  This report will discuss the isolation and structural elucidation of two daphnodorin-type biflavonoids from A. cearensis trunk bark (Figure 1), as well as their in vitro effect on human neutrophil degranulation and myeloperoxidase (MPO) activity.
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  Experimental

  General experimental procedure

  Melting points (uncorr.) were determined with a Mettler Toledo FP82HT apparatus (Columbus, OH, USA), with a heating rate of 2 ºC min-1. Optical rotations were measured on a Perkin-Elmer 341 polarimeter (at 589 nm) in MeOH at 20 ºC. Electronic circular dichroism (ECD) spectra were recorded in high purity MeOH on a JASCO J-815 CD spectrometer (Easton, MD, USA) at 25 ºC using a 1 cm path length quartz cuvette. ECD spectra for both compounds were obtained at concentrations of 0.10, 0.08, 0.06, 0.04, and 0.02 mmol mL-1 in order to determine the concentration which produced the highest quality data. UV spectra were obtained on a Varian Cary 50 Conc UV-Visible spectrophotometer (Mulgrave, Australia). Infrared (IR) spectra were recorded with a Perkin-Elmer FT-IR 1000 spectrometer (Waltham, MA, USA), using KBr pellets. Nuclear magnetic resonance (NMR) experiments were performed on a Bruker DRX-500 spectrometer (Bruker Biospin, Rheinstetten, Germany) at room temperature, using dry DMSO-d 6 as solvent (Cambridge Isotope Laboratories), and were internally referenced to residual undeuterated solvent signals (δH 2.50 and δC 39.51 ppm). High resolution mass spectra (HR-MS) were recorded on a Q-TOF Xevo mass spectrometer (Waters, Milford, USA), utilizing an electrospray ionization (ESI) source as ionization method. Column chromatography was run on silica gel 60 (70-230 mesh, VETEC) and Sephadex LH-20 (Amersham Pharmacia Biotech). Thin layer chromatography (TLC) was performed on precoated silica gel polyester sheets (Merck) and monitored by UV detection and vanillin-perchloric acid reagent detection. High performance liquid chromatography (HPLC) purification was performed on a Waters 1525 (Milford, MA, USA) chromatograph, equipped with a binary pump, Rheodyne injector (200 µL loop), and photodiode-array detector (Waters-2996 PDA), using a Waters X-Terra RP-18 column (250 × 4.6 mm, 5 µm) at 35 ºC in a thermostatic oven. HPLC MeOH was purchased from Tedia Co, and HPLC grade water (18 mΩ) obtained by a Milli-Q purification system (Millipore, Bedford, MA, USA).

  Plant material

  Trunk bark of A. cearensis was collected in the Quixeramobim region, Ceará State, Northeastern Brazil, in September 2002. Voucher specimens (# 837 and 847) were deposited at the Prisco Bezerra Herbarium, and identified by Dr. Afrânio G. Fernandes, a botanist at the Departamento de Biologia, Universidade Federal do Ceará.

  Extraction and isolation

  A. cearensis was submitted to a similar procedure as that previously described by Canutoet al..10 Briefly, powdered dried trunk bark (4.0 kg) was extracted with EtOH in a Soxhlet apparatus, yielding 192.5 g (4.8% m/m) of a viscous brown extract, which was suspended in H2O (350 mL) and partitioned with EtOAc (150 mL, 3×). Afterwards, the fractions were evaporated and lyophilized. The EtOAc fraction (82.6 g) was dissolved in MeOH (200 mL) and defatted with hexane (100 mL, 3×) to provide 64.5 and 16.6 g of the MeOH (ACM, brown solid) and hexane (ACH, green solid) residues, respectively. The latter fraction was discarded, whereas ACM was adsorbed onto 65 g of silica gel and eluted with CHCl3 CHCl3/EtOAc 1:1 (3.5 L); EtOAc (2.0 L), and finally MeOH (0.5 L) to afford 2.1, 22.7, 25.3, and 12.3 g fractions, respectively. The CHCl3-EtOAc (1:1) fraction was adsorbed onto 160.2 g of silica gel in a glass column (500 mL) and chromatographed, collecting fractions of 75 mL with the following eluents: CHCl3 (F1-6), CHCl3-EtOAc (9:1) (F7-18), CHCl3-EtOAc (8:2) (F19-25), CHCl3-EtOAc (6:4) (F26-29), CHCl3-EtOAc (1:1) (F30-31), EtOAc (F32), and MeOH (F33). Fractions F1-2, F3-7, F8-15, F16-19, F20-23, and F24-31 were each pooled together after TLC analysis. F24-31 (4.0 g) was subjected to Sephadex LH-20 (60 g) column chromatography with MeOH as the eluent, resulting in 34 fractions of 75 mL each. The fractions were analyzed by TLC and pooled to yield F'1, F'2-8, F'9-18, F'19-33, and F'34. F'34 was identified as quercetin (40 mg, dark yellow solid). F'2-8 was re-subjected to Sephadex LH-20 column chromatography under the same conditions as used previously, resulting in the isolation of protocatechuic acid (F''4-6: 186 mg, yellow crystals), amburoside A (F''8-13: 954 mg, pink solid) and vanillic acid (F''14-15: 47 mg, yellowish crystals). F'9-18 (1.5 g) was subjected to successive Sephadex LH-20 column chromatography, eluted with MeOH to yield compound 1 (61 mg, yellow powder). F'19-33 was also chromatographed on Sephadex LH-20 (8.0 g) with MeOH, yielding 15 fractions of 3 mL each. Fractions F''5 to F''12 were pooled. F''5-12 (162 mg) was purified by HPLC/PDA (loop = 200 µL) on a 250 × 10 mm i.d. X-Terra RP-18 column, using H2O-MeOH as the mobile phase at a flow rate of 4.5 mL min-1. The elution gradient varied from 60 to 75% MeOH over 10 min total run time. The chromatogram was observed at 284 nm and showed one of the peaks corresponding to compound 2 (tR = 8.8 min, 53 mg, yellow powder).

  Amburanin A (1)

  Yellow powder (MeOH); m.p. > 300 ºC; [α]D20 –15.9  (c 0.24, MeOH); UV (MeOH) λmax/nm (log ε) 291 (4.96),  230 (5.18), 208 (5.26); IR (KBr) νmax/cm-1 3335 (O–H),  1641 (>C=O), 1512, 1440, 1252, 1171, 955. For 1H and 13C NMR spectroscopic data, see Table 1. HRESIMS m/z 581.1060 [M+Na]+ (calcd. for C30H22O11Na, 581.1063); m/z 557.1066 [M–H]– (calcd. for C30H21O11, 557.1084).

  
    

    [image: Table 1. 1H and 13C NMR data]

  

  Amburanin B (2)

  Yellow powder (MeOH); m.p. > 300 ºC, [α]D20 –12.4 (c 0.21, MeOH); UV (MeOH) λmax/nm (log ε) 285 (4.73), 227 (4.98), 208 (5.06); IR (KBr) νmax/cm-1 3433 (O–H), 1640 (>C=O), 1517, 1473, 1329, 1258, 1168. For 1H and 13C NMR spectroscopic data, see Table 1. HRESIMS m/z 593.0679 [M+Na]+ (calcd. for C30H18O12Na, 593.0696); m/z 571.0853 [M+H]+ (calcd. for C30H19O12, 571.0877).

  Human neutrophil degranulation assay

  Human neutrophils from peripheral blood of healthy volunteers were isolated using the method described by Lucisano and Mantovani.15 The cell preparations presented 90% neutrophils with 97.7 ± 0.94% viability, determined by the Trypan blue test. According to the procedure reported by Boyum,16 aliquots of 5 × 106 cells mL-1 were suspended in buffered Hank's balanced salt solution (HBSS) and then incubated at 37 ºC with compounds 1 and 2 (0.1, 1, 25, 50, and 100 mg mL-1) or indomethacin (36 mg mL-1, standard compound) for 15 min at 37 ºC. The cells were then stimulated with phorbol-myristate-acetate (PMA, 0.1 mg mL-1) for 15 min at 37 ºC. The resulting suspension was centrifuged for 10 min at 2000 × g at 4 ºC and aliquots (50 µL) of the supernatants were then added to phosphate-buffered saline (100 µL), sodium phosphate buffer (6.1 mmol L-1 Na2HPO4 and 74 mmol L-1 Na2HPO4.2H2O, 50 µL, pH 5.4) and H2O2 (0.012%). After 5 min at 37 ºC, 3,3',5,5'-tetramethylbenzidine (TMB, 1.5 mmol L-1, 20 µL) was added and the reaction was stopped by 30 µL of NaOAc (1.5 mol L-1, pH 3.0). Absorbance was recorded at 620 nm.

  Myeloperoxidase activity assay

  The aforementioned method16 was modified to evaluate the effect of the bioflavonoids on MPO activity. Human neutrophils were stimulated with PMA, and the MPO-rich supernatant was separated by centrifugation. Aliquots of the supernatant were incubated at 37 ºC with compounds 1 and 2 (25, 50, and 100 µg mL-1), DMSO (1% v/v, vehicle) or HBSS (untreated cells) for 15 min, before determining MPO activity.

  Cytotoxic assay

  Human neutrophils (5 × 106 cells mL-1) were incubated at 37 ºC with the compounds 1 and 2 (25, 50 and 100 µg mL-1), DMSO (1% v/v, control/vehicle), HBSS (untreated cells) or Triton X-100 (0.2% v/v, standard compound) for 30 min at 37 ºC, and before adding 3-(4,5-dimethyl-2-thiazolyl)-2,5diphenyl-2H-tetrazolium bromide (MTT) to the medium. After 3 h under a 5% CO2 atmosphere, the cells were washed with PBS, and the formazan product was dissolved in 100 µL of DMSO. The absorbance was recorded at 550 nm;17 its values decreased as a function of cell death.

   

  Results and Discussion

  The ethanol extract of A. cearensis trunk bark was subjected to liquid-liquid partitioning (EtOAc/H2O) to yield an EtOAc phase that was further separated by either silica gel or Sephadex LH-20 column chromatography. Subsequent HPLC and spectroscopic analysis of purified compounds led to the isolation and structural characterization of biflavonoids 1 and 2, along with known compounds vanillic acid, protocatechuic acid, quercetin and amburoside A.9

  Compound 1, a yellow powder, showed quasi-molecular ions at m/z 581.1060 [M+Na]+ (calcd. for C30H22O11Na, 581.1063) and 557.1066 [M-H]– (calcd. for C30H21O11, 557.1084) in its HRESIMS spectrum. A broad and intense IR absorption band centered at 3335 cm-1 confirmed the presence of hydroxy groups, while an intense band with a shoulder at 1641 cm-1 suggested the presence of conjugated carbonyl functionalities. Additional IR absorption bands at 1252 and 1171 cm-1 were attributed to phenolic and tertiary alcohol C-O stretching frequencies, respectively.

  The 1H NMR spectrum for compound 1 in dry DMSO-d 6 displayed two methylene proton triplets at δH 2.87 and 3.29 (t, 2H, J 7.7 Hz, H-IIβ and H-IIα), and two m-coupled doublets at δH 5.86 and 5.95 (d, 1H, J 2.0 Hz, H-I8 and H-I6), the latter characteristic of the I-A-ring aromatic protons. Five sharp singlets at δΗ 6.51, 9.17, 9.77, 11.70 and 13.17 (s, 1H), in addition to a broad singlet at δH 11.02 (s, 2H) characterized seven hydroxy groups. Four pairs of two-proton doublets at δH 6.62, 7.02 (d, 2H, J 8.4 Hz, H-II3, 5 and H-II2, 6), 6.72 and 7.25 (d, 2H, J 8.7 Hz, H-I3', 5' and H-I2', 6') were characteristic of two para-disubstituted aromatic rings, while a singlet at δH 5.96 (s, 1H, H-II5') was associated with the single hydrogen on the pentasubstituted benzene ring. A gradient-selective correlation spectroscopy (gs-COSY) spectrum showed, as expected, scalar coupling between the two aliphatic methylenes and hydrogen at δH 6.62 (d, 2H, J 8.4 Hz, H-II3, 5) and the hydrogens at δH 7.02 (d, 2H, J 8.4 Hz, H-II2, 6), as well as between the hydrogens at δH 6.72 (d, 2H, J 8.7 Hz, H-I3', 5') and those at δH 7.25 (d, 2H, J 8.7 Hz, H-I2', 6').

  The 13C NMR composite pulse decoupling (CPD) spectrum showed 26 resonances, four of which had intensities indicative of the two sets of carbons on para-disubstituted aromatic rings. The distortionless enhancement by polarization transfer (DEPT) 135 spectrum confirmed the presence of two saturated methylene carbons at δC 30.3 (C-IIβ) and 45.3 (C-IIa), the methine carbons of the p-disubstituted aromatic rings at δC 115.6 (C-I3', 5'), 115.9 (C-II3, 5), 129.3 (C-I2', 6') and 130.0 (CII-2, 6), and three methine sp2 carbons at δ 95.5 (C-I8), 97.5 (C-I6) and 98.5 (C-II5').

  The 13C NMR data (Table 1) showed the presence of two carbonyl carbons; one at δC 203.7 (C-IIβ'), related to a dihydrochalcone as suggested by the presence of the two methylene carbons, and one at δC 192.2 (C-I4), characteristic of a dihydroflavonol moiety. The presence of eight oxygenated aromatic carbons was inferred from the carbon resonances at δC 156.4 (C-II4), 159.5 (C-I4'), 161.3 (C-I9), 162.2 (C-II6'), 163.5 (C-I5), 164.0 (C-II2'), 166.7 (C-II4') and 167.7 (C-I7). A further conclusion from the chemical shifts of these carbons is that there were not oxygenated ortho-carbons, as such species would lead to more shielded chemical shifts (144 < δC < 148).18 This suggested that the A-ring oxygenation pattern followed the common phloroglucinol A-ring theme for flavonoids.18 A saturated quaternary carbon bearing an oxygen atom at δC 80.5 (C-I3) was readily characterized, while the dioxygenated carbon at d 118.6 (C-I2) was identified by comparison with the chemical shifts of dihydroflavonol moieties from the daphnodorins isolated from Daphne odora Thunb.19

  The heteronuclear single quantum coherence (HMQC) spectrum permitted the correlation of all protonated carbons (Table 1). The heteronuclear multiple-bond correlation (HMBC) data were of crucial importance for confirming structural assignments and correctly positioning the hydroxy groups and all non-protonated carbons. From Table 1 it is evident that the assignments of C-6 and C-8 could mistakenly be interchanged, as C-6 is slightly more deshielded than C-8.18 Unambiguous assignment was, however, possible due to several key HMBC correlations. The hydrogen at δH 5.86 (H-I8) showed two- and three-bond correlations to the carbons at δC 99.4 (C-I10) and 161.3 (C-I9), respectively, while the one at δH 5.95 (H-I6) exhibited correlations to the carbons at δC 163.5 (C-I5) and 95.5 (C-I8). The doublet at δH 7.25 (H-I2', 6') showed a three bond correlation with the dioxygenated carbon at δC 118.6 (C-I2), whereas the one at δH 7.02 (H-II2, 6) correlated to the monoxygenated carbon at δC 156.4 (C-II4). The respective correlations involving the methylene hydrogens at δH 3.29 (H-IIa) and 2.87 (H-IIβ) with the methylene carbon at δC 30.3 (C-IIβ) and the carbonyl carbon at δC 203.7 (C-IIb') ratified the presence of the dihydrochalcone moiety. The hydrogen at δH 5.96 (H-II5') additionally presented "W"-coupling (4J ) with the CII-β' carbonyl carbon and with the carbons at δC 108.4 (C-II3') and 166.7 (C-II4’). The linkage between the two flavonoid  moieties via a dihydrofuran ring was confirmed by the  coupling of the hydroxy hydrogen at δH 6.51 (HO–C-I3)  with the carbons at δC 118.6 (C-I2) and 108.4 (C-II3’). Long-range correlations for the hydroxy hydrogens further  corroborated the suggested structure. The hydrogen-bonded  hydroxy group at δH 13.17 correlated to carbon resonances  at δC 162.2 (C-II6’, 2J ), 101.9 (C-II1’, 3J ) and 98.5 (C-II5’, 3J ), while the hydroxy proton at δH 11.70 (H-II2’) correlated to δ 164.0 (C-II2'). Figure 2 shows additional important C-H correlations observed in the HMBC spectrum.

  
    

    [image: Figure 2. HMBC correlations]

  

  Thus, the structure of 1 was assigned as 3,5,7,4'-tetrahydroxyflavanone-(2→O →4':3→3')- 2',4',6',4-tetrahydroxydihydrochalcone, an adduct of the flavonol kaempferol and the dihydrochalcone phloretin, and named amburanin A. Comparison of the 13C NMR chemical shifts reported for these two monomers with those of compound 1, shows agreement, taking into account the empirical influence of the substitution effect.18 This effect is particularly noticeable for C-II3' as it is deshielded by 12.7 ppm due to the "ipso" effect of C-I3, and for C-I3 as it is deshielded by 6.8 ppm due to the α-effect of C-II3'.18 Although compound 1 possessed a negative specific rotation, ([α]D20 –15.9, c 0.24, MeOH), the experimental ECD spectrum (not shown) lacked distinct Cotton effects (CEs) at all concentrations examined, indicating a lack of enantiomeric purity.

  Compound 2 was obtained as a yellow powder, with a molecular formula of C30H18O12 as revealed by a HREIMS quasi-molecular ions at m/z 593.0679 [M+Na]+ (calcd. for C30H18O12Na, 593.0696); m/z 571.0853 [M+H]+ (calcd. for C30H18O12, 571.0877). Its FT-IR spectrum exhibited a broad absorption band centered at 3433 cm-1, characteristic of hydroxy groups, and an absorption band with a shoulder at 1640 cm-1 characteristic of C=O stretching. Absorption bands at 1258 cm-1 and 1168 cm-1 were characteristic of phenolic and tertiary alcohol C–O stretching frequencies, similar to those observed for 1.

  The 1H NMR spectrum displayed two m-coupled one-proton doublets at δH 5.92 and 5.95 (d, 1H, J 2.0 Hz, H-I8 and H-I6), a one-proton singlet at δH 6.71 (s, 1H, H-II6) and two pairs of o-coupled two-proton doublets at δH 6.79 (d, 2H, J 8.7 Hz, H-I3',5'), 6.94 (d, 2H, J 8.7 Hz, H-II3',5'), 7.28 (d, 2H, J 8.7 Hz, H-I2',6') and 8.16 (d, 2H, J 8.7 Hz, H-II2',6'). The o-coupled two-proton doublets showed the same relative coupling patterns (δH 6.79 with 7.28 and δH 6.94 with 8.16) as observed for compound 1.

  The 13C NMR (CPD) spectrum of 2 was similar to that of compound 1 and showed 26 resonances between δC 80 and 192, two with prominent intensities. From Table 1, it is evident that the dihydroflavonol moiety is the same for both compounds. The chemical shift of the second carbonyl absorption (δC 177.1, C-II4), however, indicated that the second C6–C3–C6 unit was a flavonol moiety instead of a dihydrochalcone. This was supported by the lack of the two saturated methylene carbons seen in compound 1. Two sp2 carbons at d 136.9 (C-II3) and 148.3 (C-II2) were instead present, further supporting the assignment of a flavonol moiety.

  The HMQC and HMBC experiments corroborated the suggested structure. The most important C–H long-range correlations in the HMBC spectrum are depicted in Figure 3. Thus, compound 2 was structurally characterized as 3,5,7,4'-tetrahydroxyflavanone-(2→O →7:3→8)3,4',5,7-tetrahydroxyflavone, an adduct of two kaempferol molecules, and named amburanin B. Since the ring closure of the flavonol moiety could have occurred via either the C-II9 or C-II5 hydroxy group, the HMBC experiment was again of crucial importance. As depicted in Figure 3, the hydrogen-bonded hydroxy proton at d 13.3 (HO–C-II5) correlated to the carbons at δC 95.6 (C-II6, 3J ), 106.1 (CII10, 3J ) and 164.7 (C-II5, 2J ), unequivocally confirming structure 2.
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  Although compound 2 possessed a low magnitude negative specific rotation of [α]D20 –12.4 (c 0.21, MeOH), the experimental ECD spectrum (Figure S17 in the Supplementary Information section) contained distinct CEs which appeared to correspond to the multiple UV maxima for the compound. Attempts to interpret these CEs based on the precedent of the daphnodorins,19,20 however, revealed a series of significant differences between ECD data for the daphnodorins with their flavan and flavan3-ol constituents units, and compound 2. However, the negative CE at ca. 320 nm presumably indicates (2S, 3S ) absolute configuration for this compound based on the ECD data of daphnodorins F and H with similar configuration at C-2 and C-3. The low magnitude of the specific rotation of compound 2 presumably reflects a low degree of enantiomeric purity when compared to the reported values for daphnodorins F and H (–120.0 and –170.4, respectively).16,19

  Although the two new amburanins A and B (1 and 2) are here described for the first time, analogous dihydrofurantype biflavonoids, the daphnodorins, have been reported from Glycyrrhiza glabra L. (Fabaceae)21 and several species of the genus Daphne (Thymelaeaceae) including D. odora, 18,20 D. acutiloba Rehd.,22 D. genkwa Sieb. et Zucc.,23 D. giraldii Nitsche24 and D. tangutica Maxim.25 These compounds have shown pharmacological activities including in vitro and in vivo cytotoxicity,23,25-27 antifungal and anti-HIV activities,28 and inhibitory effects on human chymase and 12-lipoxygenase.27-30

  In previous studies,2,4,7,13,31 it has been shown that hydroalcohol extract, coumarin, isokaempferide, amburoside A, vanillic acid and afrormosin from A.cearensis display various pharmacological properties. These molecules showed anti-inflammatory activity in rodents by inhibiting paw edema and the accumulation of inflammatory cells into the peritoneal cavity of mice. In addition, isokaempferide and amburoside A were able to inhibit human neutrophil degranulation, myeloperoxidase activity and the secretion of TNF-α by human neutrophils, showing no cytotoxicity at the concentrations investigated. Other studies have shown the anti-inflammatory properties of vanillic and protocatechuic acids.31-33 Additional investigations into the possible anti-inflammatory activities of amburanins A and B were therefore deemed worthwhile, as these compounds could contribute to the biological activities of A. cearensis .

  The recruitment and activation of polymorphonuclear leukocytes (PMNs) is considered one of the main defense mechanisms of innate immunity. Chemical mediators subsequently released by activated cells play an important role in the pathophysiology of several inflammatory diseases, such as rheumatoid arthritis, pulmonary emphysema and asthma.34-36 As part of the first line of host defense, PMNs possess bactericidal activities and are involved in pathogen adherence, chemotaxis towards infected cells, and phagocytosis of pathogens and damaged cells.37 Activation of various PMNs during inflammatory processes results in the release of complement components, reactive oxygen species and lysosomal enzymes, including MPO. MPO levels can therefore serve as an index of neutrophil recruitment and activation and also display traditional cytokine-like properties that can serve to modulate the activation state of leukocytes in the inflammatory process.38-40 In addition, MPO has direct effects on endothelial cells since its internalization by these cells is followed by the intracellular production of oxidants.41

  The possible effects of biflavonoids 1 and 2 on the neutrophil degranulation were assessed by measuring MPO release by PMA-stimulated cells. Exposure of neutrophils to compounds 1 and 2 (0.1-100 µg mL-1) caused an inhibition of MPO release (Figure 4) that was comparable to the effects of indomethacin (36 µg mL-1), a non-selective cyclooxygenase inhibitor used as reference compound. At concentrations higher than 10 µg mL-1, biflavonoids 1 and 2 inhibited MPO activity by 45.5 and 52.7%, respectively; at 36 µg mL-1, indomethacin inhibited MPO activity by 45% (Figure 5). Compared with the control group (115.2 ± 3.8%), 1 and 2 did not interfere significantly in the cell viability at concentrations ranging from 10 to 100 µg mL-1; the reference compound Triton X-100 reduced the cell viability to 12.1% (Figure 6).
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  These results provide evidence that the biflavonoids amburanins A and B have anti-inflammatory potential through the modulation of human neutrophil degranulation, but this effect seems is related at least in part to a direct effect of the biflavonoids on the MPO activity. Furthermore, the anti-inflammatory activity of these biflavonoids seems not to be related to a cytotoxic effect, since these compounds did not affect the neutrophil viability, as assayed by the MTT assay. In this context, because neutrophils play important roles in the pathophysiology of several inflammatory diseases and the MPO activity correlates well with leukocytes infiltration in inflamed regions,42 it is likely that pharmacological activities of amburanins A and B reported here have beneficial effects in the treatment of inflammatory diseases.

   

  Conclusions

  The chemical investigation of Amburana cearensis trunk bark permitted the isolation of two unusual biflavonoids, amburanins A and B (compounds 1 and2). These compounds displayed inhibition of human neutrophil pro-inflammatory responses, such as degranulation and MPO activity, suggesting potential anti-inflammatory effects similar to those of co-occurring amburoside A, isokaempferide and afrormosin.7,31 These findings corroborate the folk usage of this plant, justifying its pharmacological potential for the treatment of inflammatory diseases such as asthma.

   

  Supplementary Information

  Supplementary data of the compounds 1 and 2 (NMR, IR and HR-MS spectra, Figures S1-S17) are available free of charge at http://jbcs.sbq.org.br as PDF file.
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    The reagent 1-(2-thiazolylazo)-2-naphtol (TAN) has been extensively used in solid-phase extraction without a critical evaluation of the adsorption process. In this work, the adsorption of TAN onto XAD-7 and silica gel has been investigated and the experimental equilibrium data were fitted to the Langmuir, Freundlich and Dubinin-Radushkevich models. These models provided good fits for both adsorbents and their respective parameters KL, KF and KD-R were calculated. For the same TAN concentration range, the minimum time of contact for adsorption and the maximum amount of TAN adsorbed per gram were lower in XAD-7 (35 min and 4.05 × 10−3 g g−1) than in silica gel (210 min and 1.81 × 10−2 g g−1). The evaluation of the mean sorption energy characterized the adsorption as physical and the surfaces for both adsorbents as energetically heterogeneous. The experimental data for both systems showed an excellent adjustment to the pseudo-second order model. Excellent agreements between qmax,calc and qmax,exp were found in all cases and the kinetic constant value confirmed the different minimum time to reach maximum adsorption of TAN onto XAD-7 and silica gel. By considering the adsorption capacity and the force of the interaction, silica gel can be pointed out as the best support for adsorption of TAN.
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    O reagente 1-(2-tiazolilazo)-2-naftol (TAN) tem sido extensamente usado em extração em fase sólida (EFS) sem avaliação crítica do processo de adsorção. Neste trabalho, a adsorção de TAN em XAD-7 e sílica-gel foi investigada e os dados experimentais foram ajustados aos modelos de Langmuir, Freundlich e Dubinin-Radushkevich. Estes modelos forneceram bons ajustes para ambos adsorventes e seus respectivos parâmetros KL, KF and KD-R foram calculados. O tempo mínimo de contato de adsorção de TAN e a quantidade máxima de TAN adsorvido foram menores em XAD-7 (35 min e 4,05 × 10−3 g g−1) em relação à sílica-gel (210 min e 1,81 × 10−2 g g−1). A avaliação da energia de adsorção média caracterizou a adsorção como física e as superfícies para ambos os adsorventes como energeticamente heterogêneas. Os dados experimentais para ambos os sistemas mostraram excelentes ajustes ao modelo de pseudo-segunda ordem. Concordâncias entre qmax,calc e qmax,exp foram encontradas em todos os casos e a constante cinética confirmou o tempo mínimo diferente para alcançar adsorção máxima de TAN em XAD-7 e sílica-gel. Sílica gel pode ser apontada como o melhor adsorvente, considerando a capacidade de adsorção e a força de interação para adsorção de TAN.

  

   

   

  Introduction

  The reagent 1-(2-thiazolylazo)-2-naphtol (TAN) (Figure 1) is an orange solid produced by the diazotizing reaction of 2-aminothiazol with NaNO2 and subsequent reaction with 2-naphtol in alcoholic and alkaline medium.1 In acid or strongly basic conditions, TAN is soluble due to the formation of positively (HTAN+) or negatively (TAN–) charged species, respectively, but in its neutral form, the reagent is only slightly soluble in water. This low solubility in water and their properties as chelating agent for transition metals make it suitable to adsorption procedures.2,3
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  TAN is extensively used as chromogenic reagent for spectrophotometric determination of divalent metal ions, as well as in liquid-liquid extraction.4 Several analytical applications have exploited solid-phase extraction,5,6 including solid-phase spectrophotometry,7-10 with TAN immobilized on C18 bonded silica. In spite of the good results attained, adsorption studies have not been carried out to select the best adsorbent aiming minimizing lixiviation of the immobilized reagent under the different acidity conditions used for retention and elution of the analytes.

  Amberlite XAD are synthetic organic polymeric resins with excellent physical, chemical and thermal stability, large adsorption capacity, stability in a wide pH range and structural diversity. Their properties vary with surface area, polarity, particle size, porosity and percentage of cross linked bonds. The possibility to enhance the selectivity by modifying the surface with adsorbed organic reagents is attractive and several analytical applications have been reported in literature.11-14 The Amberlite XAD-7 is a non ionic, ester acrylic polymer of aliphatic nature, macroreticular structure and high surface area.15 It has been used in solid phase extraction for determination of ultratrace levels and removal of metals in several samples,16-20 equilibrium and adsorption studies21,22 as well as in chromatographic separations.23,24 Silica gel is an amorphous inorganic polymer of high mechanical resistance constituted by siloxane groups (Si-O-Si) in the internal part and by superficial silanol groups (Si-OH). Chemical and physical modifications are feasible by exploiting reactions with silanol groups in order to get novel materials suitable for analytical applications.25,26

  The Langmuir model was originally proposed to describe the adsorption of gases on metallic surfaces. It represents sorption on a set of energetically equivalent adsorption sites, independent of the surface coverage and without interaction between adsorbed molecules.27 The model allows evaluating the adsorption capacity, including the estimative of the equilibrium constant related to the adsorption process. Maximum adsorption is verified when surface of adsorbent is covered with a monolayer of adsorbate. The model allows applying experimental data in an extensive range of concentrations.28 Equation 1 describes the Langmuir model in its non-linear form, which relates the adsorbed mass and the equilibrium concentration (Ceq / mol L–1).

  
    [image: Equation 1]

  

  where qeq is the concentration of adsorbate at equilibrium (g L−1); q0 is monolayer capacity of the maximum amount of solute adsorbed per gram of adsorbent (g g−1), i.e., the adsorption capacity and KL is the Langmuir constant (L g–1) which is related to the adsorption equilibrium involving several factors, including physical, chemical and energetic characteristics. The linear equation 2 is obtained by rearrangement of equation 1:
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  The Freundlich model29 is useful to evaluate the energetic distribution of the adsorption sites on the surface characterized by the heterogeneity factor (n ). Adsorption can be defined as a process of molecules accumulation from a bulk solution onto the exterior and interior surfaces of an adsorbent and it may include various interactions such as hydrophobic, electrostatic attraction, and hydrogen bonding. Physical properties of the solid adsorbents like surface area, pore distribution, pore radius, and porosity, as well as chemical characteristics of the adsorbate, can also play an important role in the adsorption equilibria. The linear equation 3 expresses the quantitative relation between qeq and Ceq.

  
    [image: Equation 3]

  

  where KF is an empirical constant which provides an indication of the adsorption capacity and 1/n indicates the energetic heterogeneity of the adsorption sites; qeq and Ceq have the same definitions as previously presented for Langmuir model.

  The Dubinin-Radushkevich isotherm model30 is based on the theory of the Polanyi potential sorption that assumes a fixed volume of sorption space close to the adsorbent and the existence of a sorption potencial over these spaces. Equation 4 describes mathematically the model and equation 5 is used to calculate the energy involved on the adsorption process in order to distinguish between physical and chemical adsorption.
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  where qeq is the amount of the adsorbate in the adsorbent at equilibrium (mol L−1 g−1); KDR is the Dubinin-Radushkevich constant related to the maximum amount adsorbed onto solid surface (mol g−1); ε is the potential Polanyi {ε = RT ln[1+(1/Ceq )], in which R is the gas constant (8.314 J K–1 mol−1) and T is the temperature in Kelvin}; E is the adsorption energy referring to the transfer of 1 mol of the adsorbate from the solution to the surface of the adsorbent (kJ mol−1) and B is related to the average sorption energy (E).

  Kinetic models are useful to investigate the adsorption mechanism. The differential equation 6 describes the pseudo-first order model,31 where k1 (min−1) is the rate constant of pseudo-first order adsorption, qmax is the maximum amount of TAN adsorbed (qTAN/qadsorbent ) (g g−1) corresponding to the monolayer coverage and qt is the amount of TAN on the surface of adsorbent (g g-1 adsorbent) when t ≠ 0 . Applying the boundary conditions, qt = 0 at t=0, and the equilibrium condition, qads= qt for each time t, equation 6 is converted in equation 7, whose linear regression supplies values of k1 and qmax, calc .
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  The pseudo-second order model is mathematically described by equation 8,31 where k2 (g g−1 h−1) is the rate constant of pseudo-second order adsorption, qmax,calc and qt have the same meaning as in equation 7. Integrating equation 8 and applying the boundary condition qt = 0 at t= 0, and the equilibrium condition, qads = qt for each time t, yield equation 9.
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  Adsorption involves diverse stages, where the rate-controlling step is the intraparticle diffusion mechanism. Close to the equilibrium, the intraparticle diffusion becomes slower due to the low concentration of adsorbate in solution. This possibility is dependent of the adsorbate amount and of the square root of time, as described by the Morris-Weber model,32 expressed by the equation 10, where kP is the intraparticle diffusion rate constant (g g−1 min−1/2). A plot of qt × t1/2 should then be a straight line with a slope corresponding to kP when the intraparticle diffusion is a rate-limiting step and C is the intercept corresponding to the linear coefficient.
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  In this work, kinetic and thermodynamic sorption studies of TAN on XAD-7 and silica gel were carried out aiming to select the best material for using in solid-phase extraction.

   

  Experimental

  Adsorbents, reagents and solutions

  All reagents and solvents were of analytical grade. Stock solutions 0.1% (m/v) TAN were prepared in 72% ethanol (Merck) and 0.1% (m/v) Triton X-100 (Sigma) to increase TAN solubility. TAN working solutions were prepared by dilution of the stock with 0.1 mol L−1 Triton X-100 and hexamine (Synth) buffer solution (0.1 mol L−1; pH = 6.5). These buffer and pH were selected by taking into account the use in previous works involving SPE.5-10 As at pH 6.5 predominates the neutral form of TAN, the adsorption tend to be maximum.

  Physicochemical properties of the adsorbents are shown in Table 1.15,33 Silica gel (Aldrich), 60 Å, 230-400 mesh grade was used. Initially the material was washed with 0.1 mol L−1 HCl solution for 24 h, for removing adsorbed metal ions and impurity traces. The solid was collected on a Büchner funnel with a filter paper and repeatedly washed with deionized water until the filtrate showed pH close to 6. The XAD-7 resin was thoroughly washed with 0.1 mol L–1 HCl solution for 15 min to remove any impurities and the reagents NaCl and Na2CO3 originally added to the resins in order to prevent the bacterial growth. The resin was filtered and washed in similar way. The washed silica and XAD-7 were dried in a dessecator for 4 days to remove adsorbed water.

  
    

    [image: Table 1. Physicochemical properties]

  

  Apparatus

  The measurements were carried out with an UV-vis spectrophotometer (Femto, model 700 S) using 1.00-cm quartz cells (all adsorption experiments and the desorption studies in acid medium). A flow cell with 100-cm optical path (Ocean Optics), based on a Teflon® AF-2400 liquid-core waveguide was employed in the desorption studies from hexamine buffer.

  The pH measurements were performed with a pH-meter (Metrohm 654) equipped with a glass electrode with the Ag/AgCl reference electrode filled with 3 mol L–1 NaCl solution. The agitation of the mixtures was performed on a shaker (TE-140 Tecnal) with controlled velocity. An analytical balance (Sartorius BP 110S) and centrifuge (Spin IV, Incibras) were also used. The room temperature was kept in 25 ± 1 ºC during all experiments.

  The cuvettes and all vessels used in the experiments were washed with 10% (v/v) HNO3 aqueous solution followed by distilled and deionized water to remove traces of contaminants.

  Adsorption and desorption studies

  TAN adsorption kinetics was investigated using the solution depletion method. In polyethylene flasks with screw caps, 50.0 ± 0.1 mg of each resin was shaken for different periods (1 to 250 min) with 10.0 mL TAN solutions in hexamine buffer at pH 6.5. The sorbed amount of TAN at equilibrium was calculated by the difference (attenuation) in the absorbance of the aliquots drawn before and after shaking. TAN initial concentrations were fixed at 5.00 × 10−5 and 9.02 × 10−5 mol L−1 for the systems XAD-7/TAN and silica gel/TAN, respectively. The supernatants were separated by centrifuging the mixtures and the remaining TAN concentration was determined by spectrophotometry at 488 nm, with a 1-cm optical path cell. The blank solutions were prepared in similar way but without TAN reagent.

  For isotherm studies, glass flasks were preferred to minimize TAN adsorption at the tube walls. A mass of 1000.0 ± 0.1 mg of each material was shaken for 35 or 210 min, respectively, with 10.0 mL TAN aqueous solutions at pH 6.5. For the XAD-7/TAN and silica gel/TAN systems the TAN concentrations varied from 4.70 × 10−5 to 1.10 × 10−4 and from 6.30 × 10−5 to 1.20 × 10−4 mol L−1, respectively. The time of contact was based on the kinetic study and the experimental procedure was the same as described above.

  Nitric acid solutions at 0.5 or 0.1 mol L−1 and hexamine buffer 0.1 mol L−1 solution (pH 6.5) were used to evaluate TAN desorption from the loaded adsorbents. In glass tubes, 1000.0 ± 0.1 mg of each adsorbent was shaken for 1 h with 10.0 mL of each solution. The supernatants were separated by centrifuging the mixtures and the concentration of TAN was determined by spectrophotometry at 441, 445 and 488 nm for 0.1 and 0.5 mol L−1 HNO3 and hexamine buffer solutions, respectively. The absorbance of the solutions in acidic and buffered media was measured in 1.00 and 100 cm optical path cells, respectively, due to the different amounts of TAN released.

   

  Results and discussion

  Adsorption isotherms

  Due to its hydrophobic characteristics, TAN has been widely used for modification of solid materials aiming SPE of several metal ions. However, these hydrophobic characteristics make TAN only slightly soluble in water and addition of miscible organic solvents, surfactants or both are required for reagent dissolution. As the amount of these additives can affect the adsorption process, they were minimized and kept constant in all experiments, i.e., all solutions contained 0.1% (m/v) Triton X-100 and lower than 2% (v/v) ethanol.

  TAN UV-vis spectra for aqueous solutions at pH 6.5 showed maximum absorption at 488 nm. The analytical curve for TAN at these pH and wavelength is described by equation 11 (r = 0.999), in which A is the absorbance and CTAN is the concentration of the azo-reagent in mol L−1. In aqueous solutions, TAN may have acid/base bahaviors with two ionization constants (pK1 = 2.36 and pK2 = 8.71) therefore at pH 6.5 we can consider that the neutral species of TAN is predominant.

  
    [image: Equation 11]

  

  Several experiments were conducted to assess the minimum time necessary to obtain a maximum adsorption of TAN onto XAD-7 resin and silica gel. These experiments were carried out at pH 6.5 and 5.00 × 10−5 mol L−1 TAN for XAD-7 and 9.02 × 10−5 mol L−1 TAN for silica gel. The variation of the mass of TAN adsorbed per gram of adsorbent as a function of time is shown in Figure 2 for both materials. The maximum sorption of TAN was achieved after 35 min for XAD-7 (Figure 2a) and 210 min for silica gel (Figure 2b). The acrylic ester resin (XAD-7) then reaches equilibrium faster than silica gel. These minimum time intervals were fixed to obtain the adsorption isotherms and related parameters.
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  Experimental data in Figure 2 were obtained using only one TAN concentration aiming to determine the minimum interval necessary to reach the equilibrium. These times for TAN adsorption onto XAD-7 and silica gel were adopted for further experiments, when the initial concentration of TAN was varied. Then, the isotherm models were applied to determine the thermodynamic data by varying the adsorbate concentration with a fixed time for adsorption.

  Adsorption studies are carried out in steady state condition in which the adsorbate in the solution bulk is involved in a dynamic equilibrium with the surface of the adsorbent. Knowledge of this process is required for better understanding features of the adsorbent/adsorbate system like their affinity or sorption capacity. Experimental values were obtained for the adsorption of TAN on silica gel and XAD-7 and three commonly used mathematical models were evaluated: Langmuir, Freundlich and DubininRadushkevich.29,34

  Figure 3 shows the experimental data 1/qeq × 1/Ceq for XAD-7/TAN (a) and silica gel/TAN (b). The fit of these linear curves (minimum square method) resulted in correlation coefficients of 0.979 and 0.986, respectively, for XAD-7/TAN and silica gel/TAN. The parameters KL are 3.95 × 105 L g−1 and 2.81 × 102 L g−1, whereas q0 are 4.05 × 10−3 g g−1 and 1.81 × 10−2 g g−1 for XAD-7 and silica gel, respectively. The Langmuir parameters described in Table 2 indicate that the adsorption capacity for silica gel is 4.5-fold higher than on XAD-7. This may be correlated with the higher surface area and lower pore size for silica gel (Table 1) which present important effects on the adsorption capacity. The KL constants indicate higher bonding energy of TAN on XAD-7 than on silica gel.
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  The Freundlich parameters 1/n and KF were calculated from the slope and intercept of the plots log qeq × log Ceq (Figure 4). The high correlation coefficients (r = 0.993 and 0.998 for XAD-7 and silica gel, respectively) show that the model is very suitable for describing the adsorption systems in the studied concentration ranges, thus yielding KF and n values showed on Table 2. The Freundlich adsorption isotherm does not predict any saturation of the solid adsorbent surface, therefore the infinite coverage is predicted mathematically. Adsorption on silica gel shows a KF value (2.27 g g−1) 10-fold higher than the corresponding XAD-7 value (KF = 0.232 g g−1) which represents a stronger interaction between TAN and the silica gel than that with XAD-7. The values of n obtained for the adsorption of TAN in both adsorbents were higher than 1, indicating favored adsorption and that the process for both adsorbents is energetically heterogeneous.
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  In order to distinguish between physical and chemical adsorption, the experimental data were applied to a Dubinin-Radushkevich isotherm model.34 A linear plot of ln qeq × ε2 (Figure 5) yielded linear correlation coefficients of 0.992 and 0.808 for XAD-7/TAN and silica gel/TAN, respectively. The calculated values (Table 2) of B and KDR from the slope and the intercept are (−2.65 × 10−9 J2 mol−2) and 0.196 mol g−1 for XAD-7/TAN and (−1.15 × 10−6 J2 mol−2) and 27.5 mol g−1 for silica gel/TAN. The numerical values of E calculated from equation 6 are 13.7 kJ mol−1 for XAD-7/TAN and 7.07 kJ mol−1 for silica gel/TAN. As these energy values are lower than 42 kJ mol−1, the adsorption of TAN on both adsorbents can be considered as physical.35 Weak physical intermolecular forces acting on adsorbent surface are attributed to van der Waals or hydrogen bonding.36
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  Freitas et al. 37 applied the Langmuir, Freundlich and Dubinin-Radushkevich models to evaluate the adsorption of monoethanolamine (MEA) and di-2-pyridyl ketone salicyloylhydrazone (DPKSH) on XAD-7. The results obtained with these systems are shown in Table 3 for comparison with those attained with TAN under similar conditions. According to the Langmuir model, XAD-7/TAN system shows the highest KL constant. This feature is own of each system and reflects chemical, physical and energetic factors. The formation of a monolayer at equilibrium, evaluated by maximum mass of adsorbate per gram of the adsorbent is lower for XAD-7/TAN than for XAD-7/MEA. The XAD-7/DPKSH system showed the highest q0 value among the three systems indicating that a high quantity of DPKSH composes the monolayer in the surface of the adsorbent. For all systems, n was higher than 1, indicating the energetic heterogeneity of the adsorption sites, which corroborates the results obtained in the present study with the same adsorbent. The force of contact, evaluated by the Freundlich constant (KF ), was higher for XAD-7/MEA than for XAD-7/TAN, showing that MEA seems to be more strongly adsorbed in XAD-7. For XAD-7/DPKSH, the parameter KF was the lowest, probably due to the high esteric hindrance of the adsorbate, which contains three aromatic rings. For all systems, the adsorption energy (E / kJ mol-1) referring to the transference of 1 mol of adsorbate (TAN, MEA or DPKSH) from the solution to the surface of the adsorbent was lower than 42 kJ mol-1, thus indicating a physical adsorption, which involves weak binding energies (van der Waals energy).29
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  Adsorption kinetics

  Aiming to investigate the adsorption mechanism for the XAD-7/TAN and silica gel/TAN systems, pseudo-first order (Langergren), pseudo-second-order and intraparticle diffusion models were applied to the experimental data. Spectra of the supernatant solutions were obtained after the contact with the adsorbents in different TAN concentrations and time periods. Figure 6 presents the experimental curves of the variation of the TAN mass adsorbed in function of time for different initial concentrations of TAN for XAD-7 (Figure 6A) and silica gel (Figure 6B).
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  By applying the pseudo-first order model, linear correlation was not found to the experimental data for silica gel adsorbent. Such behavior was observed in the whole contact time and initial concentrations evaluated. This poor correlation indicates that TAN does not adsorb onto material occupying only one adsorption site.

  For XAD-7/TAN, a good linear correlation between log (qmax – qt) and t (r > 0.996), was observed only at low TAN concentrations and the first 10 min, thus indicating that this system follows the pseudo-first order mechanism. In comparison to the silica gel-TAN system, higher values of pseudo-first order constants (k1 ) were found: 0.475 and 0.359 g g−1 min−1 for initial TAN concentrations of 2.00 and 4.00 × 10−5 mol L−1, respectively. These higher rates are associated to a large number of sites that are available for adsorption. For higher initial TAN concentrations a different behavior was observed, in general the rates were lower and with some tendency to be constant with the increase of TAN concentration. This behavior can be explained by considering that part of the adsorbate molecules occupy two adsorption sites on the solid surface instead only one, showing an interesting double behavior.

  The adsorption kinetics may also be described by a pseudo-second order model (equations 8 and 9). Experimental data of t/qt were registered as function of time for both systems and good linear correlation coefficients (r > 0.996) were found for all adsorbate/adsorbent contact times and initial TAN concentrations investigated. This agreement shows that the adsorption follows a pseudo-second order mechanism and that adsorbate bonds to two active adsorption sites on both silica gel and XAD-7 surface. Values of qmax,calc and k2 calculated for both systems are shown in Table 4.
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  For both materials, in the lowest initial concentration (2.00 × 10−5 mol L−1), the large number of adsorption sites favored the adsorption and consequently, k2 presents a higher value for silica gel (6.35 × 10−2 min−1) than for XAD-7 (0.802 × 10−2 min−1). However, considering all TAN initial concentrations, values of k2 show an irregular variation. A minimum value was observed and then, k2 tends to a constant value, independent of the initial concentration. Although a pseudo-first order behavior had been observed for XAD-7/TAN it was showed only for low contact time (10 min). Therefore, by considering the whole time interval and TAN concentrations, we can assume that the both systems follow the pseudo-second order model.

  The intraparticle diffusion model was applied to experimental data obtained in different initial concentrations (Figure 7). Non-linear plots were observed over the whole range of time (multilinearity) indicating that other processes drive the adsorption of TAN on XAD-7. In general, a first sharper portion of the curve may be considered as an external surface adsorption or a faster adsorption stage. A second portion is a gradual adsorption stage, where intraparticle diffusion is rate-controlled. The third portion is attributed to the final equilibrium stage where the intraparticle diffusion is slower due to the extremely low adsorbate concentrations in solution. The rate of uptake might be limited by size of adsorbate molecule, concentration of the adsorbate and its affinity to the adsorbent, diffusion coefficient of the adsorbate in the bulk phase, the pore-size distribution of the adsorbent and degree of mixing.
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  Values of kp (g g−1 min−1/2) and the correlation coefficients for all TAN initial concentrations investigated are in Table 5. High correlation coefficient (r > 0.97) is found to the range of the experimental data to the diffusion model. The second portion of the curves can be attributed to intraparticle diffusion and an irregular variation of the diffusion rate with the initial TAN concentration was observed. An irregularity of the kp values was also reported by Al-Ghout et al .38 that can be related to either the heterogeneity of the material or the capability of adsorbate molecules to agglomerate on its surface. Deviations from the model were not observed in the highest initial concentration of TAN (8.00 × 10−5 mol L−1), whereas this behavior may be observed if some repulsion adsorbent/adsorbate or absorbate/adsorbate happens.39 Intercept values of the linear diffusion segments does not pass through the origin of the graphic plot indicating that intraparticle diffusion is not the single rate-controlling mechanism. For silica gel/TAN system, it was not possible to observe any linear portion in the plot of qt × t for all TAN initial concentrations (2.00 × 10−5 to 8.00 × 10−5 mol L−1), then kp values were not calculated.
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  Desorption of TAN from the modified materials

  Desorption studies of TAN were accomplished for both adsorbents modified with the azo-reagent for HNO3 (0.1 and 0.5 mol L−1) and 0.1 mol L−1 hexamine buffer, employing 1 h of contact time. These solutions were selected by considering applications of TAN immobilized on solid supports for separation and concentration of metal ions,5-10 in which a buffered medium (e.g., hexamine buffer) is used in the loading step and a diluted solution of a strong acid (e.g., HNO3) is used for elution. In the elution step, undesirable desorption of TAN (weakly bounded to XAD-7 and silica gel by van der Waals forces) can occur due to the formation of the protonated species (HTAN+). The analytical wavelengths for aqueous solutions in acid medium and hexamine buffer were established at 445 and 488 nm, respectively.

  According to the results shown in Table 6, the highest leaching was observed for 0.5 mol L−1 HNO3 followed by 0.1 mol L−1 HNO3 and hexamine buffer. These differences are associated to the acid-base equilibria involved. TAN is more soluble in acidic solution due to the formation of positively charged species (HTAN+). In hexamine buffer solution at pH 6.5 predominates the neutral form and then the mass of TAN desorbed is reduced. Desorption percent was estimated by considering initial concentration q0 as 4.05 × 10−3 g g−1 and 1.81 × 10−2 g g−1 for XAD-7 and silica gel, respectively.
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  Conclusions

  The adsorption capacity of TAN was suitably described by Langmuir, Freundlich and Dubinin-Radushkevich models and it was found to be higher onto silica gel than XAD-7. According to Langmuir model, silica gel presents a mass of TAN adsorbed (1.81 × 10−2 g g−1) about 4.5 times higher than XAD-7 (4.05 × 10−3 g g−1). In addition, according to Freundlich model, a higher KF value was obtained for silica gel (2.27) in comparison to XAD-7 (0.232) indicating a stronger adsorption capacity for silica gel and the n values correspond to an energetically heterogeneous surface. The pseudo-second order kinetic model best describes the sorption kinetic for both systems, thus suggesting that the interaction of each molecule of TAN occurs by the occupation of two sites on the surface of both adsorbents. In spite of lower desorption of TAN adsorbed in XAD-7 in acid media, by considering the adsorption capacity and the force of the interaction TAN/adsorbent, silica gel can be pointed as the best support for adsorption of TAN.
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    A simple rapidly synergistic cloud point extraction procedure has been developed for the separation and preconcentration of trace amounts of lead from food and water samples by flame atomic absorption spectrometry (FAAS). Rapidly synergistic cloud point extraction (RS-CPE) greatly simplified and accelerated the procedure of traditional cloud point extraction (CPE). This method was accomplished in room temperature in 1 min. Non-ionic surfactant Triton X-114 was used as extractant. Octanol worked as cloud point revulsant and synergic reagent which lowered the cloud point temperature of Triton X-114 and assisted the subsequent extraction process. Some parameters that influenced cloud point extraction and subsequent determination were evaluated in detail, such as sample pH, amounts of octanol, amounts of Triton X-114, type of diluting solvent, extraction time and ionic strength, as well as interferences. Under optimized conditions (pH 8.5, octanol: 10 µL, Triton X-114: 0.04% w/v and diluting solvent: 1 mol L−1 HNO3 in methanol), an enhancement factor of 40 could be obtained, and the detection limit (LOD) for lead was 1.6 µg L−1. Relative standard deviation for ten replicate determinations of the standard solution containing 100 µg L−1 lead was 2.1%. The proposed method was applied for the determination of lead in food (spinach, rice and black tea bag) and water samples and satisfactory results were obtained.
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    Um procedimento de extração no ponto nuvem de sinergia rápida foi desenvolvido para a separação e determinação de traços de chumbo em amostras de água e de alimentos antes da determinação por espectrometria de absorção atômica com chama (FAAS). A extração no ponto nuvem de sinergia rápida (RS-CPE) simplifica e acelera de forma eficiente o procedimento tradicional de extração no ponto nuvem (CPE). Este método é realizado em 1 minuto, a temperatura ambiente, na presença do surfactante não-iônico Triton X-114. Octanol atuou como reagente sinérgico para a extração no ponto nuvem, causando a diminuição na temperatura do Triton X-100, e contribuiu para o subsequente processo de extração. Alguns parâmetros que afetam a extração no ponto nuvem e a determinação do chumbo foram avaliados cuidadosamente, como o pH da amostra, a quantidade de octanol, a quantidade de Triton X-114, o tipo de solvente para a extração e a força iônica, bem como o efeito de interferentes. Nas condições otimizadas para a extração de chumbo (pH 8.5; octanol: 10 µL; Triton X-114: 0,04% w/v; e solvente de diluição: HNO3 1 mol L−1 na presença de metanol) foi obtido um fator de enriquecimento igual a 40 e limite de detecção (LOD) de 1,6 µg L−1. O desvio padrão para dez replicatas de uma solução contendo 100 µg L−1 de chumbo foi de 2,1%. O método proposto foi aplicado para a determinação de chumbo em amostras de água e de alimentos (espinafre, arroz e chá preto), com resultados satisfatórios.

  

   

   

  Introduction

  The environment and all the life on earth face a very serious threat due to heavy metal pollution resulting from rapid industrialization and increase in world population. It has been noted that some heavy metals (for instance lead, cadmium, and mercury) have an estrogenic activity; that is, they serve as an environmental endocrine disruptor.1 Lead is one of the most abundant heavy metals in the environment and its toxic effects have been recognized since a long time.2 Lead is released into the environment through several processes including waste and coal burning, industrial processes, volcanic emissions, metal mining, and smelting.3,4 In 1991, the United States Environmental Protection Agency (USEPA) published a regulation to control lead in drinking water, which included an action level of 0.015 mg L−1.5 The World Health Organization (WHO) has released the guidelines for drinking water quality containing the guideline value 0.01 mg Pb L−1.6 Consequently, the accurate determination of lead at trace levels in environmental samples is a subject of great concern.

  The usual methods for the determination of lead in a solution involve spectrophotometric methods,7 atomic absorption spectrometry,8 inductively couple plasma-mass spectrometry9,10 and electrothermal atomic absorption spectrometry.11 However, due to the presence of lead in environmental samples at low levels, its separation from other elements present, and also the use of a preconcentration step prior to lead determination, can be necessary.

  Various preconcentration techniques were used for the separation and preconcentration of trace amounts of lead such as liquid-liquid extraction,12 dispersive liquid-liquid microextraction,13,14 flotation,15 coprecipitation,16 solid phase extraction,17,18 and cloud point extraction.19,20

  Among the various kinds of preconcentration methods, cloud point extraction (CPE) has been well developed and applied in many fields of sample pretreatment and analysis in the recent decade21 because it has several critical advantages such as low cost, safety, easier manipulation, no need for large amounts of organic solvents, less stringent requirements for separation, higher preconcentration factor, and easier attachment to analytical instruments such as graphite furnace and flame atomic absorption spectrometry.

  Recently, rapidly synergistic cloud point extraction (RS-CPE) was introduced by Wen et al .22,23 It is based on the use of a synergic reagent such as octanol22,23 and 3,5-dichlorophenol,24 for decreasing the cloud point temperature of surfactants in traditional CPE method. Triton X-114 was one of the most applied surfactants in CPE for its lower cloud point temperature (30 ºC). In this method, octanol functioned as cloud point revulsant of Triton X-114 and synergic reagent for extraction. Rapid cloud point extraction was realized at room temperature (about 20 ºC) without heating units or adding salts. Thus, traditional CPE pattern was considerably simplified and accelerated. Only 1 min was needed for the improved extraction compared with traditional CPE (about 40 min for heating, incubation and cooling). Compared to traditional CPE method, the proposed method is low time-and labor-consuming. There is no need to heat and/or cool solutions for separating phases which, as a result, avoids any possible losses due to volatilization and adds greater stability to phases once they have been separated.22,23

  In this study, FAAS was investigated in order to be coupled with the proposed RS-CPE for the determination of lead. FAAS is used for determination because of its fast analysis time, relative simplicity, and lower cost. The proposed method was very simple and rapid. Various factors affecting extraction efficiency were evaluated and optimized. Under optimum conditions, the developed method was used for the preconcentration, separation, and determination of lead in food and water samples with satisfactory results.

   

  Experimental

  Reagents and solutions

  All chemicals were of analytical reagent grade. Stock standard solution (1000 mg L−1 in 0.5 mol L−1 HNO3) of lead was prepared using Pb(NO3)2 that was obtained from Merck (Darmstadt, Germany). The working standard solutions were prepared by appropriate stepwise dilution of the stock standard solution with deionized water.

  Other reagents used namely nitric acid, perchloric acid, hydrochloric acid, hydrogen peroxide, sodium hydroxide, ethanol, methanol, acetone, tetrahydrofuran, and sodium nitrate were obtained from Merck (Darmstadt, Germany). Triton X-114 was obtained from Fluka Chemie AG, Buchs, Switzerland. All glassware was rinsed with deionized water, decontaminated for at least 24 h in 10 % (v/v) HNO3 solution, and rinsed again five times with deionized water.

  Instruments

  A SensAA (GBC, Australia) atomic absorption spectrometer equipped with deuterium background correction and lead hollow cathode lamp was used for the determination of lead at a wavelength of 217.0 nm. The instrumental parameters were adjusted according to the manufacturer's recommendations (lamp current: 5 mA, band pass: 1 nm). Phase separation was assisted using a centrifuge (Hettich, EBA 20). The pH-meter model 827 from Metrohm (Herisau, Switzerland) with combined glass electrode was used for pH measurements.

  Sample preparation

  Spinach, rice and black tea bag sample were purchased from the local supermarket at Sari in Iran. First, the spinach sample was cleaned with tap water and deionized water. Then, this sample was dried at 110 ºC. The dried sample was ground to reduce particle size and then thoroughly mixed to ensure the homogeneity of the sample. A mass of 500.0 mg of spinach was transferred into a 250 mL beaker and 5 mL of 0.5 mol L−1 HNO3 was added to moisten the sample thoroughly. This was followed by adding 10 mL of concentrated HNO3 and heating it on a hot plate at 130 ºC for 3 h. After cooling it to room temperature, 5 mL of concentrated perchloric acid was added to it drop wise. The mixture was heated gently until the completion of sample decomposition. In this step, a clear solution was obtained. This was left to cool down and then was transferred into a 100 mL volumetric flask by rinsing the interior of the beaker with small portions of 0.1 mol L−1 HNO3 and the solution was filled to the mark with the same acid.25

  The black tea bag sample was ground in a household grinder. 6.0 g of the sample was placed in a 100 mL beaker, and 10 mL of concentrated HNO3 (65% w/w) was added to it. The mixture was evaporated to near dryness on a hot plate at about 130 ºC for 4 h. After cooling to room temperature, 3 mL of concentrated hydrogen peroxide (30%, w/w) was added. The mixture was again evaporated to near dryness. The resulting solution was diluted to 25 mL with distilled water. The result was filtered and diluted to 100 mL by double deionized water.26

  5.0 grams of powdered rice sample was dissolved in 25 mL concentrated HNO3 and heated on a hot plate at a low temperature. Then, 8.5 mL of concentrated HCl was added to the mixture and heated to near dryness. Under the heating conditions, 7.5 mL concentrated hydrogen peroxide was added and heated to complete the digestion. The solution was diluted to 100 mL with deionized water.27

  Before doing the CPE procedure, the digested samples were neutralized with NaOH and then, the pH was reached to 8.5 by adding buffer.

  Extraction procedure

  For CPE preconcentration, 25 mL analytical solution containing lead ion, 0.04 mol L−1 phosphate buffer (pH = 8.5) and 0.04 % Triton X-114 was placed in a screw cap glass tube and 10 µL octanol was added. After shaking, the mixture solution became turbid because of the effect of octanol. The extraction was accomplished in 1 min under shaking. After centrifugation, the water phase was carefully removed with a syringe, and the surfactant-rich phase was diluted with 1.0 mL 1 mol L−1 HNO3 in methanol. After that, the resultant sample was transported to FAAS for determination.

   

  Results and Discussion

  The extraction efficiency depends on some important experimental parameters. In order to obtain the maximal extraction efficiency, various parameters such as sample pH, amounts of octanol, amounts of Triton X-114, type of diluting solvent, extraction time, and ionic strength were investigated in detail. Triplicate extractions were performed for all experiments, and the average of these results was reported in figures or tables. Finally, these optimal conditions were applied to extract and detect lead in food and various water samples.

  The effect of pH

  The effect of pH on the cloud point extraction of 25 mL of lead standard solution (100 µg L−1) was studied in the range of 4-11. Figure 1 shows the effect of pH on the extraction of lead. It can be seen that the recovery is nearly constant in the pH range of 8-10. At pH values below 8, however, the percent recovery is much lower. Triton X-114 forms a cationic complex with [Pb(OH)]+ through their polyoxyethylene groups.28,29 The lower extraction efficiency in acidic media may be due to the fact that H+ ions can also bind to polyoxyethylene groups of surfactant, thereby hinders the complex formation of [Pb(OH)]+ ions. The lower extraction efficiency in pH > 10 may be due to the formation of lead hydroxide. Therefore, pH 8.5 was chosen for further work. In further work, 0.04 mol L−1 of phosphate buffer (pH 8.5) was used for adjusting pH of the solution.

  
    

    [image: Figure 1. The effect of pH on extraction recovery]

  

  The effect of octanol amounts

  In RS-CPE, octanol worked as cloud point revulsant and synergic reagent as mentioned before, which lowered the cloud point of the surfactant below room temperature and assisted the subsequent extraction process. Thus, this factor must be optimized. In this step, the volume of octanol was investigated from 10 to 500 µL. The lower volumes were not studied because at lower volumes cloudy solution is not formed completely. If no octanol was employed, the extraction could not be carried out. The results showed that, with the increase of octanol volume, the analytical signal decreased. It was found that 10 µL was the optimal condition, and excessive amounts of octanol led to remarkable decrease of signals. With larger amounts of octanol, the volume of organic phase increased. The larger volume of organic phase increased the viscosity of the resultant samples when diluted to 1.0 mL with 1 mol L−1 HNO3 in methanol. The increased viscosity seriously decreased the sampling efficiency of pneumatic nebulization of FAAS.22,23

  The effect of Triton X-114 amounts

  The amount of surfactant used was a critical variable for the surfactant-rich phase volume and recovery obtained. Therefore, the effect of Triton X-114 concentration on the extraction recovery of lead was investigated between 0.002 and 0.06% (w/v). Figure 2 shows variation of the analytical signal of the analyte as a function of the surfactant concentration. As can be seen, the analytical signal increased as the concentration of Triton X-114 increased from 0.002 to 0.04% (w/v). However, further increase in the surfactant concentration resulted in a decrease in the analytical signal of lead, likely because the excessive surfactant could affect the room temperature RS-CPE efficiency.22,23 So, a 0.04% (w/v) of Triton X-114 was used for further work.

  
    

    [image: Figure 2. The effect of Triton X-114]

  

  The effect of the type of diluting solvent

  Since the surfactant-rich phase obtained after cloud point extraction is very viscous and the demand of sampling volume for the conventional flame atomic absorption spectrometer is about 1.0 mL, it is necessary to dilute surfactant rich phase before detection. Hence, various diluting solvents were studied to achieve maximum analytical signal. The results are shown in Figure 3. It can be seen that maximum analytical signal was obtained by 1 mol L−1 HNO3 in methanol. Thus, this solvent was selected for further experiments.

  
    

    [image: Figure 3. The effect of diluting]

  

  The effects of centrifuge conditions

  Centrifugation was applied for separating Triton X-114 from the aqueous solution in the proposed method. In order to attain the best phase separation, the centrifugation rate and time was optimized. The results showed that 4000 rpm and 4 min were the optimum conditions.

  The effect of ionic strength

  The influence of ionic strength on the extraction efficiency of lead ions was examined by using aqueous solutions containing various concentrations of sodium nitrate (0.0-20.0%). The results showed that ionic strength had no significant effect upon extraction efficiency (at a 95% confidence level) and sensitivity up to 20.0%. This is in agreement with the results reported in the literature which demonstrate that increase in ionic strength in micelle mediated systems do not seriously alter the extraction efficiency of the analyte.30,31

  Matrix effects

  The effect of potential interference encountered in real samples on the recovery using the proposed method were examined using 100 µg L−1 lead standard solution in the presence of various amounts of individual ions. A variation on the recovery higher than ± 5% was considered as interference. The results (Table 1) indicate that lead recoveries are quantitative in the presence of interfering ions.

  
    

    [image: Table 1. Effect of interfering]

  

  Figures of merit

  The analytical performance of RS-CPE coupled with FAAS for the preconcentration and determination of lead was systematically investigated under optimized experimental conditions (Table 2). The results exhibited that there was an excellent linear correlation between the absorbance and the concentration of lead from 5 to 400 µg L−1 and a good correlation coefficient of 0.9988. The precision of this method was 2.1% (RSD, n = 10) at the spiked concentration of 100 µgL−1. The detection limit (calculated as the concentration corresponding to three times the standard deviation of 10 runs of the blank samples) of the proposed method was 1.6 µg L−1. The preconcentration factor (calculated as the ratio of the volumes of the solution before and after preconcentration) was 25 for 25 mL sample solution and the enhancement factor (calculated as the ratio of the slopes of the calibration curves with and without preconcentration) obtained was 40.
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  Comparison of the present method with other preconcentration methods

  Comparative data from some recent papers on preconcentration of lead from various samples for the figure of the merits are summarized in Table 3. The proposed procedure shows better detection limit and precision compared to other preconcentration methods. A comparison of the enrichment factor of the proposed method with values reported from several other adsorbents is noteworthy. This methodology is a rapid, reproducible, simple, and low cost technique for the determination of lead in food and water samples.

  
    

    [image: Table 3. Comparison of the presented method]

  

  Analysis of real samples

  The method was applied for the determination of lead in food samples (spinach, rice, and black tea bag) as well as five kinds of water samples including tap, river, spring, mineral, and sea water, under the optimized experimental conditions. The results obtained for the samples are shown in Tables 4 and 5.
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  Before the analysis of water samples, the collected water samples were filtered through a 0.45 µm Millipore membrane. The water samples were extracted using the proposed method and analyzed by FAAS. The results show that all water samples were free of lead contamination. The water samples were spiked at different concentration levels for evaluating the recovery. The recoveries for the spiked water samples were in the range of 98.7-107.7%. The RSDs were better than 2.7% for 3 replicate analyses. Also, in the analysis of food samples the relative recoveries at different spiking levels were obtained in the range of 98.2-106.0% and RSDs were better than 2.6%. Therefore, based on these analytical results, it was found that the preconcentration technique was suitable for the determination of ultra-traces of lead in food and water samples.

   

  Conclusion

  In the present work, the rapidly synergistic cloud point extraction (RS-CPE) method was successfully combined with FAAS for the determination of ultra-trace lead in food and water samples. The surfactant Triton X-114 was applied as the extractant and octanol worked as cloud point revulsant and synergic reagent for extraction, which lowered the cloud point temperature of Triton X-114 and assisted the subsequent extraction process. In this work, lead was extracted into micelle rich phase with octanol without adding any complexing agent. Besides displaying the advantages of traditional CPE, this method is fast, convenient, and low time-and labor-consuming. The proposed method displayed several good characteristics, such as fast extraction, low price, low LOD, and proper selectivity for lead determination by FAAS. The proposed method was used successfully for sensitive extraction and determination of lead ions from food and water samples.
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    In this work, nine metals were determined in superficial samples and sediment cores obtained from five sampling sites in the Preto, Turvo, and Grande Rivers during the wet and dry seasons. The metals were determined by flame atomization atomic absorption spectrometry. Principal component analysis of the data was performed to evaluate the factors responsible for the variations in metal concentrations. Granulometry and organic matter were the determining factors of metals concentrations. In the Preto River (urban area), high Zn concentrations are due to anthropic sources, whereas the high levels of total nitrogen, Al, Cr, Cu, Fe, K, Mn, and Ni in the Turvo river (damming, rural area) are due to agricultural runoff. Although lower concentrations of metals were observed at the remaining sites, violations of the guide values for sediment quality, particularly for Cr and Mn, indicate the need for management strategies for the Turvo/Grande Hydrographic Basin.

    Keywords: sediments, metals, Turvo/Grande Hydrographic Basin, PCA, FAAS.

  

   

  
    Neste trabalho foi feita a determinação de nove metais em amostras superficiais e testemunhos de sedimentos de cinco locais de amostragens nos rios Preto, Turvo e Grande em períodos chuvoso e seco. Os metais foram determinados por espectrometria de absorção atômica com atomização por chama. Análise de componentes principais dos dados foi feita para avaliar os fatores que controlam as variações nas concentrações de metais. A granulometria e teor de matéria orgânica foram determinantes das concentrações de metais. No rio Preto (área urbana) concentrações elevadas de Zn são provenientes de aporte antrópico, enquanto que no rio Turvo (represamento, área rural) níveis elevados de nitrogênio total, Al, Cr, Cu, Fe, K, Mn e Ni foram decorrentes do escoamento superficial agrícola. Os demais locais mostraram menores concentrações de metais, porém violações dos valores guia de qualidade de sedimento, principalmente para Cr e Mn, indicam a necessidade de estratégias de gerenciamento da Bacia Hidrográfica do Turvo/Grande.

  

   

   

  Introduction

  From an ecological perspective, bottom sediment is an important compartment of the aquatic environment that serves as a habitat and source of nutrients for benthic organisms.1 However, bottom sediment is also significant because it is the final destination of contaminants in aquatic media. Geoaccumulation involves processes by which contaminants are adsorbed onto suspended particulate material, which causes the sediments to become an accumulation matrix of pollutants in a water body upon its subsequent deposition.2, 3 Metals are particularly worrisome contaminants because they are non-degradable, which may lead to bioaccumulation and/or biomagnification, resulting in toxicity in aquatic organisms at high concentrations and consequently leading to ecological imbalance in the aqueous environment.4, 5

  Anthropic sources of metals in the water bodies include the discharge of industrial effluents and superficial urban and agricultural runoffs.6-9 Sediments are a critical aspect of water quality because they can also be a source of contaminants. Physical perturbation processes or changes in physicochemical conditions, such as pH or redox potential, may cause the resuspension of metals in the water column.10 Thus, evaluations of sediment quality have been incorporated into various environmental studies to facilitate the diagnosis of the level of contamination of aquatic ecosystems. These data also serve as an initial basis for elucidating the level of contamination that aquatic organisms are exposed to.11,12 In addition, each deposited sediment layer represents the water quality at the moment of deposition. Thus, sediment analysis can be employed to evaluate the pollution history of a water body.13-15

  The Turvo/Grande Hydrographic Basin (TGHB), which is located in the northeast region of São Paulo State, is a predominantly agricultural area. The TGHB is home to 25 sugarcane-alcohol industries,16 which together processed 45.7 t of sugarcane in 2011, the second largest production of sugar and alcohol in São Paulo state.17 Sugarcane plantations occupy 23% of the hydrographic basin area. In addition, an industrial park involving other sectors such as food, furniture, jewelry, metals, and leather industries is currently undergoing expansion and includes over 4000 units.18

  Principal Component Analysis (PCA) was used in this study as an exploratory data analysis. This chemometric tool allows the projection of multivariate data in a space of smaller dimension known as principal components. The samples and variables are visualized in this projection as graphs of scores and loadings, respectively. The combination of these two graphs facilitates the visualization and evaluation of the original data. PCA enables conclusions to be drawn about which samples are influenced by certain given variables.

  The main TGHB water bodies are the Preto, Turvo, and Grande Rivers. The Preto River contributes approximately 30% of the public water supply of the city of São José do Rio Preto, which has 408,258 inhabitants,19 the largest population of the hydrographic basin.20 The main factors that affect the quality of TGHB surface waters are the discharge of domestic sewage (the total remaining charge of biochemical oxygen demand in the basin is 17.56 t day-1)21 and urban and agricultural runoff.22-24 When evaluating the metal concentrations in the surface waters of TGHB rivers, Melo24 observed concentrations that were occasionally higher than the maximum permitted values specified by the Brazilian environmental law, resolution number 357 of the National Council for the Environment (Conselho Nacional do Meio Ambiente-CONAMA).25 However, the level of contamination of sediments by metals has not been well characterized. The most recent data come from the monitoring program of the Environmental Company of São Paulo State (Companhia Ambiental do Estado de São Paulo-CETESB), which was implemented in 2006 and 2012 at a single site in the Preto River and in one of the tributaries of the TGHB parent rivers.26, 27 Thus, the objective of this work was to characterize the sediment profiles of the Preto, Turvo, and Grande Rivers and determine the sources of metals with the aid of chemometric tools.

   

  Experimental

  Study area

  TGHB comprises 64 cities in an area of 15,983 km2, with a total of 1,424,761 inhabitants.20 The region possesses only 1.9% of native arboreal vegetation, which, in combination with agricultural practices, makes the soils susceptible to erosion.28 In this work, five sampling sites along the Preto, Turvo, and Grande Rivers were selected to study the differences in the characteristics of sediments depending on the area (rural and urban) in which the water bodies are located (Figure 1). The source of the Preto River (NRP; S20º55'11.3"; W049º17'59.9") was chosen as a reference site in this work and is located in a rural area, close to sugarcane plantation areas. The CAPRP sampling site (S20º48'29.2"; W049º22'24.1") is located in the Preto River at the site of water harvesting for the public supply of São José do Rio Preto. This sampling site is a lotic-lentic environment that is located in the urban area of this city; the site is heavily silted and receives industrial effluents and diffuse pollution from the urban area.24 By contrast, the PORTUR sampling site (S20º44'31.8"; W049º06'11.4") is located in the Turvo River in a rural area, a lotic environment with extended sugarcane planted areas in its vicinity. RTURARG (S19º58'09.8"; W049°53'37.1") is also located in the Turvo River, and the RGRANDE site refers to the Grande River after its confluence with the Turvo River. Both sites are located in the damming area of the Água Vermelha Hydroelectric Plant, which lies in an agricultural region (energetic potential of 1396 MW)29 and receives the runoff from this area.22
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  Collection of samples

  Two sets of samples were collected; one was obtained during the wet season (February/2010), and the other was obtained during the dry season (July/2010). In the lentic environments (CAPRP, RTURARG, and RGRANDE), the sediment core samples were collected with the aid of a Kajak-type core sampler containing an acrylic tube with a diameter of 10 cm and a depth of up to 45 cm. In these environments, triplicate sampling was performed on each of the banks and at the center of the water body. In NRP and PORTUR (lotic environment), a Van Veen dredger was used to sample superficial sediments. In the field, the core sediments were sliced into layers with a thickness of 3 cm. Layers of the same depth were then combined and stored in plastic bags, as with the superficial samples. All samples were refrigerated during transport to the laboratory and stored at –18 ºC until analysis. The sample collection and preservation procedures were performed according to the recommendations of official methods (Brazilian Standard NBR 9898, EPA 2006).30, 31

  Characterization and preparation of samples

  The granulometric distribution, elemental composition (CHN), organic matter content (OMC), and pH of the samples were characterized. The granulometric distribution was determined using the pipette method.32 The elemental composition was measured using a CHNOS Analyzer (CE Instruments/EA 1110) with samples previously dried at 50 ºC and homogenized in a mortar. The OMC was determined by the loss on ignition method, in which samples are calcinated in an oven at 550 ºC for 4 h. The pH was measured using a method adapted from the method for soils proposed by the Brazilian Enterprise for Agricultural Research (Empresa Brasileira de Pesquisa Agropecuária - Embrapa).33 To 2-3 g of sediment, 10 mL of distilled water was added, and the mixture was stirred for 10 min. The pH was measured by immersing the pH electrode in the mixture immediately after stirring. For metal determination, sediment samples (1-2 g) were digested with nitric acid and hydrogen peroxide (30% v/v) according to method 3050B of the US Environmental Protection Agency.34

  Determination of metals

  Al, Cr, Cu, Fe, K, Mn, Ni, Pb, and Zn were determined in the samples using a flame atomization atomic absorption spectrometer (FAAS; Varian, 240FS). The repeatability of the methods was verified by analysis of a standard after the analysis of every 10 samples. The accuracy of the methods was evaluated based on analysis of certified reference samples (standard reference material; SRM) of soil (2709a) and sediment (1944), both from the National Institute of Standards and Technology (NIST). In addition, the laboratory in which this work was performed participated in proficiency examinations organized by EMBRAPA, for the determination of metals in samples of vegetal tissue and achieved satisfactory results.

  Statistical treatment

  Many authors have employed chemometric tools to facilitate the determination of the sources of evaluated metals and to identify the associations between these and other components.9,35-39 In this work, PCA and Pearson correlation analysis was performed. For the PCA, the metal concentration, total carbon (TC), and total nitrogen (TN) data were organized in a matrix containing 111 samples (including samples collected at different locations, positions, and depths within the water body and different seasons). The remaining variables were not included in the PCA because data were not available for all samples. As a pre-processing step, auto-scaling of the data matrix (141:14) was performed to give the same weight to all variables. After processing, the average and standard deviation of the samples were equal to 0 and 1, respectively. The PCA was performed using the computational program Pirouette 4.0 rev. 2 (Infometrix, Bothell, E.U.A.). All studied variables (excluding the pH) were used for the Pearson correlation analysis, and the correlation matrix was calculated with the Excel software.

   

  Results and discussion

  Adaptation of US Environmental Protection Agency method 3050B34 for the determination of metals

  The results of the determination of metals in the sample SRM 2709a were in accordance with the certified values, with errors of less than 5%. The obtained limit of detection (LOD) were 0.05, 0.04, 1.17, 0.04, 0.17, 1.10, 3.70, and 0.16 mg kg-1 for Cu, Cr, Fe, K, Mn, Ni, Pb, and Zn, respectively. The limit of quantification (LOQ) of the method were 0.17, 0.13, 3.89, 0.13, 0.57, 3.66, 12.32 and 0.53 mg kg-1 for Cu, Cr, Fe, K, Mn, Ni, Pb, and Zn, respectively.

  Sediment characterization

  The results of the characterization of the TGHB sediments are listed in Table 1. The pH values of the sediments varied from 5.8 to 7.1 for all samples and periods studied, values that are close to neutrality. According to the textural classification of Shepard,40 the TGHB samples were classified as silty sand, with the exception of PORTUR, which was classified as sandy. This site is a lotic environment, which disfavors the deposition of fine particles. The OMC, TC, and TN were not remarkably different between the sampling sites, indicating that the locations of the sites and the specific impacts to which they were subject (urban and rural areas) did not interfere with the amount of organic matter accumulated in the sediment. In PORTUR, the low OMC and TC values are related to the sandy granulometry because organic matter associates preferentially with fine sediment fractions.41 In addition, the vertical distribution of OMC in CAPRP, RTURARG, and RGRANDE indicated higher concentrations in the superficial portions, which may be related to the recent inflow of organic matter in the water bodies. By contrast, the TN values are close to the concentration ranges of Total Kjeldahl Nitrogen in sediments from agricultural regions in São Paulo state (between 0.23 and 0.54%),21 in agreement with the use characteristics of the TGHB.
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  Metals in the sediment

  The depth profiles of the metals in the dammed sampling sites CAPRP, RTURARG, and RGRANDE are presented in Figures 2, 3, and 4, respectively. Different profile behaviors were observed between the various sampling sites. Similarly, depending on the collection position (bank or center) within the same water body, different profile patterns were observed, indicating the heterogeneity of the sediment.
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  Depth profile trends may indicate changes in the quality of the water body over time.13-15 In CAPRP and RTURARG, a clear trend in the variation of concentration with depth was not observed. Indeed, the concentrations remained nearly unchanged along the profile, indicating that the inflow of metals in these water bodies was nearly constant. An exception to this behavior was observed for Zn in CAPRP, which increased in concentration in the direction of the superficial layers, suggesting that an increase in the inflow of this metal occurred over the years. In RGRANDE, all metals exhibited trends of increasing concentration in the direction of the superficial layers, in agreement with the behavior of a lentic water body. This increase may be associated with the intensification of deposition of particles after damming of the water body, particularly because this site is located immediately after the confluence with the Turvo River, which carries a large amount of suspended particulate material. Because the Turvo River extends over a large area and is predominantly lotic, this material stems from both the agricultural area and from other regions of the hydrographic basin and reflects different patterns of soil use and urbanization.

  PCA of all samples evaluated in this work (Figure 5) clearly demonstrated differences between the sediments of TGHB water bodies and the relationship of the metal concentrations with the TN and TC. Two Principal Components (PC) were extracted, which together corresponded to 66.5% of the total data variance (PC 1: 45.7%; PC 2: 20.8%). The samples can be divided into two groups: one formed by CAPRP, which includes the samples from the center and both banks of the water body, and the other formed by the samples from the left bank of RTURARG and one sample from NRP. The CAPRP samples were also discriminated by the metal Zn (the score and loadings graphs are also represented in this figure); higher Zn concentrations (between 200 and 300 mg kg-1; Figure 2) were observed relative to the other dammed water bodies (concentrations ranging from 30 to 90 mg kg-1, approximately). This behavior indicates that Zn has an anthropic origin in CAPRP, which suggests that the increase in the concentration of this metal over time may be related to increasing inflow due to effluent discharges from small metallurgic companies upstream and/or from vehicle traffic adjacent to the water body, which generates  residues that may contain metals.42-44 Studies in the Brunette hydrographic basin (Canada) revealed that urban runoff is responsible for the transport of metals such as Zn and Cu into water bodies, both in dissolved form and adsorbed 
    onto particulate material.8
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  The sediments of the left bank of RTURARG and NRP were affected by PC2 and exhibited high concentrations of Al, Cr, Cu, Fe, K, Mn, TN, and Ni. All of these elements, with the exception of Ni, Cr, and Cu, are major components  of the soil. K and N are also components of fertilizers. In  addition, K is present in high concentrations in vinasse,  the main byproduct of the sugar and alcohol industry.45 As  RTURARG and NRP are located in the agricultural region  and in the vicinity of a sugarcane plantation area, the high  concentrations of Al, Fe, K, Mn, and TN in the sediment  may stem from agricultural runoff. This runoff transports to  the water body elements naturally present in the soil or those resulting from mineral fertilization and fertigation, such as K and N. Another factor that may contribute to the inflow of these metals to the sediment is the high susceptibility of TGHB soils to erosion resulting from agricultural practices without adequate technical criteria. By contrast, in PORTUR, the sediments contained low concentrations of all metals due to the sandy granulometry of the sediments. According to Li et al., 46 the lower superficial area of sand particles relative to smaller-diameter particles (silt and clay) leads to a low metal accumulation. As shown in Figure 5, the samples of RGRANDE were distributed around the axis corresponding to PC1. The majority of these samples are located in the negative quadrant of this PC and exhibit low metal concentrations. These samples correspond to sediments of deeper layers. As a dammed environment, the deeper layers of the sediment are composed of the original soil of the region at this sampling site. Although dating data for these sediments are not available, these lower concentrations reflect a smaller anthropic influence and may represent basal values.

  Pearson correlation analysis was performed for the metals, OMC, and granulometry to study the influence of these factors on the retention of metals in the sediment of each of the evaluated lentic environments (Tables S1-3, supplementary information). In CAPRP, all metals, except Cu, Zn, and K showed significant positive correlations with clay and silt contents and negative correlations with the percentage of sand. By contrast, all metals showed strong positive correlations with OMC, with the exception of Al. These results indicate that the metals are mainly associated with fine fractions and organic matter at this sampling site. All metals also showed correlations with Fe, suggesting that iron oxyhydroxides are part of the metal carriers to the sediment of this water body. However, the absence of a correlation between Zn and other variables corroborates the PCA results, supporting the hypothesis that this metal has an anthropic origin.

  In RTURARG, all metals with the exception of Pb, Ni, and Zn showed strong positive correlations with the percentages of clay and silt but strong negative correlations with the sand content and no correlation with OMC. By contrast, in RGRANDE, the metals only had strong positive correlations with OMC. Therefore, in RTURARG, the granulometry is the determinant in the metal accumulation, with the metals being associated with particles of fine fractions, whereas in RGRANDE, the metals are mainly retained by organic matter.

  Comparison with Guide Values of Sediment Quality

  The ranges of metal concentrations found in the superficial sediments of NRP and PORTUR are presented in Table 2 and were compared with the Guide Values of Sediment Quality (GVSQ) established by the Canadian Council of Ministers of the Environment (CCME)47 and by Buchman,48 which are also shown in Table 2. In lentic environments, the metal concentrations can be visualized in the depth profiles shown in Figures 2, 3, and 4. In NRP, the concentration range of Cr and Cu was higher than the threshold effect level (TEL), and the concentration range of Ni was higher than the probable effect level (PEL). However, the concentrations of Fe and Mn were close to and higher than the severe effect level (SEL), respectively. Although this site was considered as a reference, it does not have riparian vegetation and is susceptible to impacts stemming from rural properties and sugarcane plantation areas in its vicinity. By contrast, in PORTUR, all metals were at concentrations below the GVSQ. In CAPRP (Figure 2), the concentrations of Cr and Cu in the profiles were above the PEL, and the metals Ni, Pb, and Zn were above the TEL, although the Zn concentrations were close to the PEL. In RTURARG, the metals Cr and Ni were above the PEL in the profiles, Cu and Pb were above the TEL, and Mn was above the SEL. In RGRANDE, where the concentrations were lower, Cr and Ni also exceeded the PEL in the superficial layers of the sediment, and the concentrations of Mn were above the SEL in these layers. Based on these results, the metals Cr and Mn are of greatest concern in the TGHB because are more frequently present at concentrations that violate the GVSQ PEL and SEL, respectively. These metals may be resuspended in the water column when the physicochemical conditions of the sediment are perturbed or altered, which may compromise the water quality.10 This is important because the waters of one of the sampling sites (CAPRP) are destined for public water supplies and are eventually subjected to desilting works.
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  Conclusion

  The TGHB sediments are predominantly silty-sandy and present TN levels characteristic of agricultural areas. Depth profiles and PCA demonstrated that an increase in Zn inflow occurred over time in CAPRP (urban area of São José do Rio Preto) due to urbanization and the effluent discharge of small metallurgic industries upstream. High levels of Al, Cr, Cu, Fe, K, Mn, TN, and Ni were observed in RTURARG and NRP (rural area); these levels were associated with agricultural practices. Lower metal concentrations were observed at the remaining sampling sites (PORTUR and RGRANDE). The granulometry and OMC were the decisive factors in the metal concentrations in the TGHB. The metal concentrations occasionally exceeded the PELs and SELs, mainly for Cr and Mn. These levels are important because perturbations in the sediment may compromise the quality of water destined for public supplies. Thus, effective management measures are needed for the TGHB. Although some values violated the GVSQ, ecotoxicological tests are needed to confirm and evaluate the risk of these contaminants to the aquatic biota.

   

  Supplementary Information

  Supplementary data are available free of charge at http://jbcs.sbq.org.br as PDF file.

   

  Acknowledgements

  The authors would like to thank the São Paulo Research Foundation (Fundação de Amparo a Pesquisa do Estado de São Paulo - FAPESP), processes 2012/23066-4, 2010/09271-9 and 2009/12147-0, for financial support of this project.

   

  References

  1. http://www.sednet.org/download/SedNet_strategic_paper_2004.pdf accessed in October 2012.

  2. Cortecci, G.; Boschetti, T.; Dinelli, E.; Cidu, R.; Podda, F.; Doveri, M.; Appl. Geochem. 2009, 24, 1005.

  3. Dessai, D. V. G.; Nayak, G. N.; Basavaiah, N.; Estuar. Coast. Shelf S. 2009, 85, 307.

  4. Farag, A.; Nimick, D.; Kimball, B.; Church, S.; Harper, D.; Brumbaugh, W.; Arch. Environ. Con. Tox. 2007, 52, 397.

  5. Yi, Y.; Wang, Z.; Zhang, K.; Yu, G.; Duan, X.; Int. J. Sed. Res. 2008, 23, 338.

  6. Kaushik, A.; Kansal, A.; Santosh; Meena; Kumari, S.; Kaushik,  C. P.; J. Hazard. Mater. 2009, 164, 265.

  7. Tang, W.; Shan, B.; Zhang, H.; Mao, Z.; J. Hazard. Mater. 2010, 176, 945.

  8. Li, L.; Hall, K.; Yuan, Y.; Mattu, G.; McCallum, D.; Chen, M.; Water, Air, Soil Pollut. 2009, 197, 249.

  9. N'Guessan, Y. M.; Probst, J. L.; Bur, T.; Probst, A.; Sci. Total Environ. 2009, 407, 2939.

  10. Eggleton, J.; Thomas, K. V.; Envinron. Int. 2004, 30, 973.

  11. Cardoso, A. G. A.; Boaventura, G. R.; Silva, E. V.; Brod, J. A.; J. Braz. Chem. Soc. 2001, 12, 767.

  12. Bordon, I.; Sarkis, J. E. S.; Gobbato, G. M.; Hortellani, M. A.; Peixoto, C. M.; J. Braz. Chem. Soc. 2011, 22, 1858.

  13. Di Leonardo, R.; Tranchida, G.; Bellanca, A.; Neri, R.; Angelone, M.; Mazzola, S.; Chemosphere 2006, 65, 2366.

  14. Mil-Homens, M.; Branco, V.; Vale, C.; Boer, W.; Alt-Epping, U.; Abrantes, F.; Vicente, M.; Cont. Shelf Res. 2009, 29, 381.

  15. Di Leonardo, R.; Vizzini, S.; Bellanca, A.; Mazzola, A.; J. Marine Syst. 2009, 78, 136.

  16. http://www.energia.sp.gov.br/a2sitebox/arquivos/documentos/104.jpg accessed in October 2012.

  17. http://www.energia.sp.gov.br/portal.php/regioesadministrativas# accessed in October 2012.

  18. http://www.riopreto.sp.gov.br/PortalGOV/SubportaisDownload?tp=geral&i=59836 accessed in October 2012.

  19. http://www.ibge.gov.br/cidadesat/link.php?codmun=354980 accessed in October 2012.

  20. http://www.grande.cbh.gov.br/UGRHI15.aspx, acessed in January 2014

  21. http://www.cetesb.sp.gov.br/userfiles/file/agua/aguassuperficiais/relatorio-aguas-superficiais-2011.zip accessed in October 2012.

  22. Campanha, M. B.; Melo, C. A.; Moreira, A. B.; Ferrarese, R.; Tadini, A. M.; Garbin, E. V.; Bisinoti, M. C.; Pereira, E. R.; Quim. Nova 2010, 33, 1831.

  23. Melo, C. D.; Moreira, A. B.; Bisinoti, M. C.; Quim. Nova 2009, 32, 1436.

  24. Melo, C. A.; Campanha, M. B.; Ferrarese, R. F. M. S.; Tadini, A. M.; Bisinoti, M. C.; Moreira, A. B.; Yabe, M. J. S. In Sustainable Water Management in the Tropics and Subtropics - and Case Studies in Brazil ; Bilibio, C.; Hensel, O.; Selbach, J., eds; Fundação Universidade Federal do Pampa, UNIKASSEL, PGCult-UFMA: Jaguarão, Brazil, 2012, vol. 3, ch. 17.

  25. http://www.mma.gov.br/port/conama/res/res04/res34404.xml accessed in October 2012.

  26. http://www.cetesb.sp.gov.br/media/files/Agua/relatorios/rios/rel_aguas_int_2003/relatorio_anual_aguas_int_2003.zip accessed in October 2012.

  27. http://www.cetesb.sp.gov.br/Agua/relatorios/rios/rel_aguas_int_2006/relatorio_2006.zip accessed in October 2012.

  28. http://www.grande.cbh.gov.br/_docs/outros/DiagnosticodaSituacaodosRHnoRioGrande.pdf accessed in October 2012.

  29. http://www.sigrh.sp.gov.br/sigrh/ARQS/RELATORIO/CRH/1063/ugrhi_15_22.pdf accessed in October 2012.

  30. ABNT. NBR 9898: Preservação e Técnicas de Amostragem de Efluentes Líquidos e Corpos Receptores, Rio de Janeiro, 1987

  31. United States Environmental Protection Agency (US EPA) - Method 2016; Sediment Sampling, 1994.

  32. Kairytė, M.; Stevens, R. L.; Mar. Geol. 2009, 257, 87.

  33. Empresa Brasileira de Pesquisa Agropecuária (EMBRAPA); Manual de métodos de análise de solos, 2nd ed., Rio de Janeiro, 1997.

  34. United States Environmental Protection Agency (US EPA) - Method 3050B; Acid Digestion of Sediments, Sludges and Soil, 1996.

  35. Díaz-de Alba, M.; Galindo-Riaño, M. D.; Casanueva-Marenco, M. J.; García-Vargas, M.; Kosore, C. M.; J. Hazard. Mater. 2011, 190, 177.

  36. Krishna, A. K.; Satyanarayanan, M.; Govil, P. K.; J. Hazard. Mater. 2009, 167, 366.

  37. Passos, E. D.; Alves, J. C.; dos Santos, I. S.; Alves, J. D. H.; Garcia, C. A. B.; Costa, A. C. S.; Microchem. J. 2010, 96, 50.

  38. Amano, A.; Kuwae, M.; Agusa, T.; Omori, K.; Takeoka, H.; Tanabe, S.; Sugimoto, T.; Mar. Environ. Res. 2011, 71, 247.

  39. Loska, K.; Wiechuła, D.; Chemosphere 2003, 51, 723.

  40. Shepard, F. P.; J. Sediment. Petrol. 1954, 24, 8.

  41. Sageman, B. B.; Lyons, T. W. In Treatise on Geochemistry ; Mackenzie, F. T., ed.; Elsevier: Oxford, United Kingdom, 2005, vol. 7, ch. 7.

  42. Adachi, K.; Tainosho, Y.; Envinron. Int. 2004, 30, 1009.

  43. Sezgin, N.; Ozcan, H. K.; Demir, G.; Nemlioglu, S.; Bayat, C.; Envinron. Int. 2004, 29, 979.

  44. Wang, Y. F.; Huang, K. L.; Li, C. T.; Mi, H. H.; Luo, J. H.; Tsai, P. J.; Atmos. Environ. 2003, 37, 4637.

  45. Christofoletti, C. A.; Escher, J. P.; Correia, J. E.; Marinho, J. F. U.; Fontanetti, C. S.; WasteManage . 2011, 71, 2752.

  46. Li, G.; Cao, Z.; Lan, D.; Xu, J.; Wang, S.; Yin, W.; Environ. Geol. 2007, 52, 1559.

  47. http://st-ts.ccme.ca/?chems=all&amp;chapters=3&pdf=1, accessed in January 2014.

  48. http://response.restoration.noaa.gov/sites/default/files/SQuiRTs.pdf accessed in October 2012.

   

   

  Submitted on: October 16, 2013.

  Published online: January 21, 2014.

  FAPESP has sponsored the publication of this article.

   

   

  
    *e-mail: bisinoti@ibilce.unesp.br

     

     

    Supplementary Information

    
      

      [image: Table S1. Pearson correlation coefficients]

    

    
      [image: Table S2. Pearson correlation coefficients]

    

    
      

      [image: Table S3. Pearson correlation coefficients]

    

  





  DOI: 10.5935/0103-5053.20140015

  ARTICLE

  
    Barra PMC, Oliveira PL, Aragão DMO, Sabarense CM, Aarestrup BJV, Azevedo MS, et al. Study of fatty acids profile in biological sample by capillary zone electrophoresis associate to chemometric approach. J. Braz. Chem. Soc. 2014;25(4):675-685

  

  
    Study of fatty acids profile in biological sample by capillary zone electrophoresis associate to chemometric approach

  

   

   

  Patrícia M. C. BarraI; Patrícia L. OliveiraI; Danielle M. O. AragãoII; Céphora M. SabarenseIII; Beatriz J. V. AarestrupIV; Mônia S. AzevedoV; Ana Carolina O. CostaV; Gustavo A. MickeVI; Marcone A. L. OliveiraI,*

  IChemistry Departament, Institute of Exact Sciences, Federal University of Juiz de Fora, Rua José Lourenço Kelmer-São Pedro, 36036-900 Juiz de Fora-MG, Brazil

  IIBiology Departament, Institute of Biologica lSciences, Federal University of Juiz de Fora, Rua José Lourenço Kelmer-São Pedro, 36036-900 Juiz de Fora-MG, Brazil

  IIINutrition Departament, Federal University of Juiz de Fora, Rua José Lourenço Kelmer-São Pedro, 36036-900 Juiz de Fora-MG, Brazil

  IVMorphology/Histology Departament, Institute of Biological Sciences, Morphology,Center for Reproductive Biology, Federal University of Juiz de Fora, Rua José Lourenço Kelmer-São Pedro, 36036-900 Juiz de Fora-MG, Brazil

  VDepartment of Food Science and Technology, Federal University of Santa Catarina,Campus Reitor João David Ferreira Lima, s/n, Trindade, 88040-900 Florianópolis-SC, Brazil

  VIChemistry Department, Federal University of Santa Catarina, Campus Reitor João David Ferreira Lima, s/n, Trindade, 88040-900 Florianópolis-SC, Brazil

   

  
    The determination of fatty acids (FA) in liver from three different groups of Wistar rats (six rats by group) submitted to diet (AIN-93G) by capillary zone electrophoresis (CZE) was proposed. Each group received the same diet. However, the soybean oil used to prepare the feed, whose amount was 7% w/w, had different origins. The first group was fed with feed containing soybean oil fresh; the second one was fed with soybean used during 7 days in deep frying process; finally, the third was fed with soybean used during 15 days in deep frying process. After 45 days the rats were submitted to euthanasia and the FA amount in liver was successful monitored by CZE in a simple, fast and efficient way. The results obtained were compared to gas chromatography official method and no significant differences were observed within 95% confidence interval. The electropherograms to FA analysis were submitted to principal component analysis (PCA) being possible to discriminate the final from the control and intermediate groups. In addition to PCA results, the low density lipoprotein (LDL) was evaluated indicating that the total time exposure of the oil submitted to deep frying processes can be considered relevant to evaluating the oil quality.

    Keywords: fatty acids, liver rat, capillary zone electrophoresis, gas chromatography, chemometric

  

   

  
    Foi proposta a determinação de ácidos graxos (FA) no fígado de ratos Wistar de três grupos diferentes (seis ratos por grupo) submetidos à dieta (AIN-93G) utilizando a técnica de eletroforese capilar de zona (CZE). Cada grupo recebeu a mesma dieta, sendo o óleo de soja a fração lipídica da dieta (7% m/m). O primeiro grupo foi alimentado com ração contendo óleo de soja fresco, o segundo foi alimentado com a dieta cuja fração lipídica foi óleo de soja utilizado durante 7 dias em processo de fritura por imersão e, finalmente, o terceiro grupo foi alimentado com dieta cuja fração lipídica foi óleo de soja utilizado durante 15 dias em processo de fritura. Após 45 dias consumindo essas dietas, os ratos foram submetidos à eutanásia e o teor de FA no fígado foi monitorado por CZE de uma forma simples, rápida e eficiente. Os resultados obtidos foram comparados com o método oficial por cromatografia à gás e não foram observadas diferenças significativas no intervalo de confiança de 95%. Os eletroferogramas para análise de FA foram submetidos à análise de componentes principais (PCA), sendo possível discriminar o grupo final dos grupos intermediários e controle. Além dos resultados da PCA, a lipoproteína de baixa densidade (LDL), foi avaliada, indicando que o tempo de exposição total de óleo submetido a processos de fritura profunda pode ser considerado relevante para a avaliação da qualidade do óleo.

  

   

   

  Introduction

  The consumption of certain foods or fatty acid (FA) supplements can modulate abnormal FA and eicosanoid metabolism, both of them associated with development of chronic diseases. Among all the fats, certain FA have the potential to be used as functional ingredients since their intake has been found positively related to health.1,2

  According to Wang et al., in vivo data from male Wistar rats indicate that diets with high rate of saturated fatty acids, but not unsaturated fatty acids results in induction of hepatic endoplasmic reticulum (ER) stress and liver damage.3 According to Mattson and Grundy, a diet rich in saturated fatty acids promotes raise in low density lipoprotein (LDL) level in comparison with monounsaturated and polyunsaturated diet.4

  Fried foods have high acceptance and one of the preferential aspects for this kind of cooking is the sensorial characteristic developed and the energetic value acquired. However, the frying process induces changes in the oils, and these modifications are related with FA profile modification and thus, the production of toxic compounds,5 which could be ingested from fried foods.6 In this way, the single most important determinant of the FA composition of the final fried product is the quality of the frying oil. There was a linear relationship between the degradation index throughout the frying process.7 The substances formed during deep-fat frying are toxic compounds and may cause deleterious effects on rats when ingested through heated fats, especially in their liver.8

  The metabolic impact of a greater use of these frying oils on population fat intake is more difficult to assess, so it has been studied in animals. One of the investigation methods is the metabolic studies or histological evaluation in hepatic tissue.9

  In general, FA analysis of whole blood is a representative biological sample for the assessment of the FA status in relation to physiopathological conditions. Other samples (e.g., adipose tissues, erythrocytes, cellular membrane) could also be conducted to estimate the FA status in populations and this information is useful in relation to dietary fat intakes to health outcomes.10

  The classical separation technique for FA analysis is the gas chromatography with flame ionization detector (GC-FID). The FA methodology analysis involves firstly lipid fraction extraction, saponification reaction and then derivatization of the total FA content into fatty acid methyl esters (FAME) before injection in the GC-FID equipment.11-13 However, other possibilities have been reported in the literature such as high performance liquid chromatography under UV detection (HPLC-UV) taking into account derivatization reactions using phenacyl and naphthacyl esters,14 thin layer chromatography impregnated with silver (HPLC-Ag+), Fourier-transform infrared (FTIR),15,16 and infrared total attenuated reflectance (ATR-IR).17

  Among the capillary electrophoresis (CE) methodologies used to FA analysis, it is possible to highlight different modes and detection possibilities, for example: non aqueous capillary electrophoresis (NACE) with a near-infrared fluorophore detection,18 NACE combined with indirect fluoresce detection,19 hydro organic CZE-UV under direct or indirect detection,20-25 micellar electrokinetic chromatography under UV detection (MECK-UV),26,27 and capillary electrophoresis with contactless conductivity detection (CE-C4D).28,29

  Due to the chemical FA features, which are low molar absorptivity, low solubility in aqueous medium, and the presence of FA homologues and isomers; the most common background electrolyte (BGE) systems used for FA analysis by CE takes into account the optimization of variables, such as: buffers like phosphate or Tris/HCl, buffers chromophore like Tris/p-hydroxybenzoate or p-anisato,27 chromophore agents like sodium dodecyl benzenesulfonate (SDBS),22 organic solvents like methanol (MeOH),30 acetonitrile (ACN)28 and/or 1-octanol,22 surfactants agents like sodium dodecyl sulfate (SDS),31 polyoxyethylene 23 lauryl ether (Brij 35),22 and chiral selectors like cyclodextrins.27,30

  Since the 1990s, the analysis of long chain FA by CE has aroused interest in the scientific community due to the versatility, short analysis time and absence of derivatization reaction in sample preparation step. During the last ten years the majority cis/trans FA analysis have been performed by Oliveira group in several different food matrices as oils and fats using CZE approach.20-22,24,29,32-34 For illustration, an example of chemical structures of FA saturated and cis/trans unsaturated chains were depicted in Figure 1. However, studies involving analysis of liver samples or the other animal tissues by CE are incipient and assessing the content of FA in this type of matrix is necessary.

  
    

    [image: Figure 1. The chemical structures]

  

  Within this context, the deposit of fat and FA profile in the liver of Wistar rats fed diets with soybean oil for deep frying were evaluated by CZE. The methodology selected was performed under indirect UV detection in the absence of derivatization and extraction steps for sample preparations and compared to the classical GC method.

   

  Experimental

  Animals and diets

  The study was conducted under the approvals of the Local Commission of Animal Experiment Ethics at the Federal University of Juiz de Fora.

  The rats were kept in the bioterio of the Institute of Biology at the University of Juiz de Fora, 3 animals per box, two boxes per group, totalizing eighteen animals, with supply of filtered water and food (for each group) ad libitum. The temperature was maintained between 22 and 26 ºC. The brightness was set to light and dark cycles lasting 12 h each.

  The animals were fed a diet formulated with ingredients of high purity, closely following the guidelines outlined by the American Institute of Nutrition35 as described in Table 1. The AIN-93G diet is recommended to support growth, pregnancy and lactational phases. Bourre et al. 36 suggested that the optimal (n-6):(n-3) ratio to rodents is between 1 and 6. Soybean oil is the only single source of dietary fat that comes close to meeting these criteria. The oil contains about 14% saturated fatty acids, 23% monounsaturated fatty acids, 51% linoleic acid, and 7% linolenic acid. This gives a (n-6):(n-3) ratio of 7, and a polyunsaturated: saturated ratio of ca. 4.36 Thus, soybean oil is the recommended source of fat in the AIN-93 diets.

  
    

    [image: Table 1. AIN-93G diet formulated]

  

  In this work, three groups were formed with six Wistar rats each, and the animals of group A were fed with AIN-93G diet whose fat source was soybean oil fresh from the same batch used in the frying process called here SOY OIL A. The diet of the animals in Group B was also AIN-93G diet, however the lipid source of the formulation was soybean oil used in the frying process by intermediate time (1 week, 04 cycles of use and frying various food in days non sequential) called here SOY OIL B and for animals of group C were fed with AIN-93G diet whose fat source was soybean oil used in the frying process for maximum time before disposal, according to the undesirable sensory parameters such as viscosity and darkening (2nd week of use, total of 10 cycles, four cycles in the first week and second week six cycles of use of oil, on average 15 days total time of use), called here SOY OIL C. It is noteworthy that the percentage of any component of the diet was changed between the groups, only the quality of soy oil used. The diet of each group was separately prepared by mixing each ingredient described in Table 1, suitably sieved, with subsequent achievement of pellets that were immediately frozen to prevent mold and oxidation until the time of delivery to the animals.

  After 45 days from the beginning of the experiment, all the animals involved were euthanized according to the Guide for the Care and Use of Laboratory Animals37 by anesthetic overdose with ketamine (100 mg kg–1) and xylazine (10 mg kg–1). After the observation of a significant decrease in heart rate, the heart was exposed then step exsanguination was performed and the blood was collected for subsequent biochemical test. The liver was obtained by removing complete excision, stored in suitable containers and stored at –80 ºC until the analysis. The liver samples used to the histology analyses were fixed in 10% buffered formaldehyde immediately after the collection and subsequently subjected to histological processing. The rest of the material used was not intended for medical waste collected in University. The flowchart described in Figure 2 makes clear the process above cited.

  
    

    [image: Figure 2. The animal experiment]

  

  Chemicals and Materials

  All reagents were of analytical grade and the water was purified by deionization (Milli-Q system; Millipore, Bedford, MA, USA). The solvents MeOH (Vetec, Rio de Janeiro, Brazil), ACN (Merck, Rio de Janeiro, Brazil), hexane, petroleum ether and 1-octanol (Merck, Rio de Janeiro, Brazil) were purchased with chromatographic grade. Polyoxyethylene 23 lauryl ether (Brij 35®) and SDBS were obtained from Sigma-Aldrich (St. Louis, MO, USA). Reagents such as KOH, H2SO4, NaOH, NH4Cl, and HCl were obtained from Merck (Rio de Janeiro, Brazil).

  FA standards of C13:0 (internal standard), C16:0, C18:0, C18:1 9c, C18:2cc, C16:1c and C18:3ccc were purchased from Sigma-Aldrich (St. Louis, MO, USA). Individual FA stock solutions at a concentration of 20.0 mmol L–1 were prepared by dissolving appropriate amounts of the above mentioned standards in MeOH; then they were stored in a freezer until the analysis. A mixture of all of the standards was prepared at the concentration of 0.5 mmol L–1 by the appropriate dilutions in MeOH.

  Mixture FAME standards containing: 37 FAME from 4 to 24 carbon atoms (Supelco Inc. Bellefonte, PA, USA) with certificated quantities of each compound; mixture of cis/trans FAME isomers of 18:2 (cc, ct, tc, tt) and 18:3 (ccc, cct, ctt, tcc, ttc, tct, ctc, ttt) (Sigma Chemical Co, St Louis, MO); individual FAME standards about 99% purity (Sigma Chemical Co, St Louis, MO): elaidic (18:1 9t), 18:1 7c, 18:1 12c, conjugated linoleic acid (18:2 9c11t and 18:2 10t12c) were used for experimental set.

  Aqueous Brij 35® stock solution was prepared by weighing and dissolving an amount corresponding to 50.0 mmol L–1 in a 100.0 mL volumetric flask. A mass of NaOH corresponding to 0.5 mol L–1 was weighed and dissolved in a 100.0 mL volumetric flask and the volume was made up with MeOH. Aqueous SDBS stock solution was prepared by weighing and dissolving a mass corresponding to 100.0 mmol L–1 in a 100.0 mL volumetric flask.

  Aqueous buffer stock solutions at concentrations of 100.0 mmol L–1 were prepared from a mass of sodium phosphate monobasic (NaH2PO4); corresponding to 50.0 mmol L–1 and 50.0 mmol L–1 of sodium phosphate dibasic (Na2HPO4); which was weighed and dissolved in a 250.0 mL volumetric flask. Phosphate buffers and the Brij 35® stock solutions were kept in a freezer to prevent mold formation. The fresh working electrolyte solution was prepared by the appropriate dilutions of stocks and the incorporation of solvents.

  Instrumentation

  Capillary electrophoresis system

  Separation optimization experiments were conducted using a CE system (HP3d CE, Agilent Technologies, Palo Alto, California, USA) equipped with a diode-array detector, with indirect detection (inverted peak: 400 (± 2) nm in sample and 224 (± 2) nm in reference), a temperature control device (set at 25 ºC), and a data acquisition and treatment software (HP ChemStation, rev A.06.01). Samples were hydrodynamically injected (12.5 mbar for 5 s) and the electrophoretic system was operated under normal polarity and constant voltage (+19 kV); manual integration using peaks baselines. For all the experiments, a fused-silica capillary tube with fluoro-polymer external coating was used (TSH: this capillary is more abrasion resistant and offers unique solvent resistance properties): (Polymicro Technologies, Phoenix, AZ, USA) 48.5 cm long (40 cm effective length) 75 µm of internal diameter (I.D.) and 375 mm of outside diameter (O.D.). It is important to highlight that using TSH capillary avoids some adsorptions problems in the fused silica capillary inner wall in comparison with the capillary containing polyimide external coating. Such studies on adsorption investigation were described by Balesteros et al.. 38

  Gas chromatography

  The FA analysis from rat liver and soybean samples were performed using AOCS Official Method Ce 1f-96: "Determination of cis- and trans- Fatty Acids in Hydrogenated and Refined Oils and Fats by Capillary GLC, Reapproved 1997 • Revised 2002"39 with appropriate adaptations in temperature program for determination of fatty acid composition. The 7890A gas chromatography system (Agilent Technologies) equipped with a flame ionization detector (FID), a split/spitless injector, operated with a split ratio of 1:10, and a capillary column HP-88 (88% Cianopropylaryl 60 m × 0.250 mm I.D. × 0.20 µm film thickness) was used. Helium was used as the carrier gas at flow rate 1mL min–1. Temperatures of injector and detector were 260 ºC and 300 ºC, respectively. The oven temperature was held at 140 ºC for 5min, temperature programmed at 4 ºC min–1 to 240 ºC held for 10 min. Gas-chromatographic peaks of FAME of the samples were identified by comparison with the standards data retention time.39

  Histological assessment and histopathologic analysis

  The material, from total hepatectomy was cleaved along with the long axis section from the major hepatic blood vessels and their branches in the right lobe, as surgical procedure by Nolan and Leibowitz.40

  After blocks manufacturing, cuts corresponding to each sample were separated for performing routine staining with hematoxylin and eosin (HE) to perform histochemical reaction.

  Sections were analyzed on Zeiss microscope (Hallbergmoos, Germany) in increments of 250X, 400X and 1000X, along its entire length. The analysis was performed by two different observers with experience and training in histopathology, along its entire length. From this assessment, representative areas were selected to capture digital computerized AxionVision (Zeiss, Berlin, Germany), via digital camera coupled to an optical microscope.

  For evaluation of acute liver injury was used Ishak Modified by Hepatic Activity in liver necroinflammatory activity,41 as suggested by Theise,42 and the criteria suggested by Albassams et al. for acute poisoning were observed.43

  Sample preparation

  Capillary electrophoresis

  Approximately 250 mg of rat liver sample (RL) and 300 mg of soybean oil were saponified separately with 2.0 mL of a methanolic NaOH solution (0.5 mol L–1) in a heated water bath (75-80 ºC) for 25 min. Then the saponification content dissolved was diluted in a volumetric flask of 5.0 mL. Before a CE injection, 200 µL of each RL sample was diluted separately in MeOH in a volumetric flask to 1.0 mL. It is important to emphasize that when solid residue remained into the saponification flask was observed, the residue was subtracted from the original mass weighed before the final calculation.

  Official method by gas chromatography

  Lipid extraction was performed according to analytical standards from the Adolfo Lutz Institute in Brazil.44 The samples were esterified according to Metcalfe et al., and Hartman and Lago, with adaptations.45,46

  Statistical analysis

  The statistical tests such as normality, homocedasticity and independence were performed in SPSS 8.0 for Windows software. The lack of fit analysis was performed in Microsoft Office® Excel software. Finally, the liver rat electropherograms obtained were manipulated using a MATLAB environment. For PCA calculations the data were preprocessed using the normalize (1-Norm, area = 1), SNV and mean center.

  Analytical procedure

  When a new capillary was used, it was conditioned by the pressure flushing of 1.0 mol L–1 NaOH solution (30 min), deionized water (5 min) and electrolyte solution (10 min). In between runs, the capillary was replenished with 0.2 mol L−1 NaOH solutions (2 min), deionized water (2 min), and fresh electrolyte solution (3 min, pressure flush). This conditioning procedure was critical for ensuring the peak area and migration time repeatability and for preventing deleterious solute adsorption to the capillary wall.

   

  Results and Discussion

  Fatty acids analysis

  The proposal for the FA quantification in the real samples was based on a statistical study which involved the response factor (Rf) calculation through using C13:0 as internal standard (IS). Rf is a measure of the relative response of an analyte compared to its internal standard. Each calibration or response factor represents the slope of the line between the response for a given standard and the origin.47 In order to calculate Rf, a random experiment in genuine replicates using of C18:0, C18:1 9c, C16:0, C18:2cc, C16:1 c C18:3ccc standards solution with ranging concentrations at 0.15, 0.30, 0.50, 0.70, 0.90 and 1.10 mmol L–1 and C16:1c standard solution with ranging concentrations at 0.05, 0.30, 0.55, 0.80 and 1.05 mmol L–1, and fixed C13:0 concentration at 0.5 mmol L–1 was based in the detailed study performed in our research group.32 Thus, the Rf calculation is an interesting approach to FA quantification. The Rf is calculated just once for each FA in introductory experiments (under controlled operational conditions with standards). The Rf takes into account the statistics evaluation of the regression models by carrying out tests such as normality, homoscedasticity, independence test in residues and linearity evaluation (lack of fit test, ANOVA) in data set. In other words, by implementing an analysis using the same internal standard at the same concentration as in the preliminary experiment, under the same operational conditions, and if there is no occurrence of assumption violation in the statistic tests, the Rf for each FA can be used for different samples without the necessity to perform experiments to measure the response factor every time.

  In the present work, the quantification procedure involved the calculation of Rfi as described by the mathematical equation 1:

  
    [image: Equation 1]

  

  where: AFAi is the FA area, AC13:0 is the IS area, [FAi] is the FA concentration in mmol L–1 and [C13:0] is the IS concentration fixed in 0.5 mmol L–1. Subscript i means each individual FA: C18:0, C18:1 9t, C18:1 9c, C16:0, C18:2cc, C18:3ccc and C16:1c.

  Since the regression model diagnosis was considered satisfactory, the slope could be used as Rf in equation 1, as long as the C13:0 at 0.5 mmol L–1 is used, the concentration of each FA remaining as incognito. Percentage for each FA (%FAi) in the samples was carried out through equation 2, obtained after rearranging equation 1:

  
    [image: Equation 2]

  

  where: AFAi is the area for each FA, AC13:0 is IS area, [C13:0] is the IS fixed concentration of 0.5 mmol L–1, V is the volume in L, m is the sample mass in mg, Rfi is the response factor (fitted model slope for each FA), and MWFAi is the molecular weight for each FA.

  The Rfi values to FA were 0.477, 0.506, 0.555, 0.589, 0.626, 0.818, and to C18:0, C18:1 9t, C18:1 9c, C16:0, C18:2cc, C18:3ccc, respectively.32 However, to Rf the C16:1c was performed in this work and the value that was found was 0.425.

  In order to check the CE methodology reliability for the FA analysis, the soybean oil samples were analyzed in genuine duplicate and the results were compared to the AOCS official GC method Ce 1f-96.39

  Table 2 shows statistical results to soybean quantification for CE and GC. For normality test (Shapiro-Wilk) no significant difference was found for 99% confidence interval, because p-values found were higher than 0.01. According to the paired sample t test, no evidence of significant difference between the two methodologies was observed in the 95% confidence interval (p-value found was higher than 0.05), and Figure 3 shows the soybean oil electropherograms obtained through the CE analysis.
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  During the batch process by deep frying, the oil is exposed repeatedly to high temperatures, an average 180 ºC in the presence of air and water vapor released from the fried food. This process causes decreased content of polyunsaturated fatty acids with consequent increase in the content of saturated fatty acids, and other reactions.6

  The oil corresponding to the final group had C18: 2cc and C18: 3ccc FA, despite the long frying process and, hence oxidative processes. However, the lipid profile of the oil is also affected by the exchange of fatty acids between the food and the frying medium. Whereas food from animal origin (meat) were used in the frying process, changing the content of C18: 2 may not be as drastic.

  TFA was not detected in samples of frying oil, probably because the frying has been used in various food intermittent cycles. Reports in the literature signal that the formation of TFA in frying oils occurs after 10 h under continuous use and when a single type of food often of vegetable origin has been considered.48,49

  In order to check the CE methodology reliability for the FA analysis in biological samples, the Wistar liver rat samples were analyzed in genuine duplicate and the results were compared to the AOCS official GC method Ce 1f-96.39 Table 3 shows statistical results (Shapiro-Wilk normality test and paired sample t test) for CE and GC. For normality test no significant difference was found for 95% and 99% confidence interval, because p-values found were higher than 0.05 and 0.01, respectively. According to paired sample t test, no evidence of significant difference between the two methodologies were observed in the 95% and 99% confidence interval (p-values found were higher than 0.05 and 0.01, respectively) and Figure 4 shows the liver rat electropherograms obtained through CE analysis and Figure 5 shows the liver rat chromatograms.
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  The quality of the oil used for deep frying process of various foods was evaluated by varying the content of the FA. It was observed that the elevated temperature and time of use of the oil resulted in decreased content of polyunsaturated FA (C18: 2ccc and C18: 3ccc) and consequently, increased content of saturated FA (C18: 0 and C16: 0).

  The increase of saturated fatty acids is related to fat deposition in the liver of animals fed with used oil in the frying process (SOY OIL C), and the profile of the saturated FA in tissue. Since the essential linoleic acid is not synthesized in the body, the presence of this FA in tissues is a direct consequence of the diet consumption. Thus, there was also a decrease in the content of C18: 2cc (ω-6) in the rat liver, and it was more evident in the liver of final group animals compared to the control group. This decrease in ω-6 content can damage the production of eicosanoids compounds; it is known that the eicosanoids have various biological activities, such as: modulate the inflammatory response and immune response, and play an important role in platelet aggregation, growth and cell differentiation.50

  The graph in Figure 6 summarizes the variation in the content of saturated, monounsaturated and polyunsaturated FA in oil and rat liver samples.
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  Histological evaluation

  Although not having analyzed the total fat amount in the tissue studied, it is found in Figure 4 that the presence of vesicles of fat, which are increased in the tissue of the animals of both intermediate and final group. The samples were evaluated in zones 1, 2 and 3, according to the criteria: vasodilation (sinusoidal capillaries and venules), stasis (sinusoidal congestion of capillaries and venules), intracellular accumulation (glycogen/lipid), inflammatory infiltration, hepatocyte necrosis and focal fibrosis.51 Through analysis of histological slides; it could be inferred that in the samples from the control group, characteristics compatible with normality were observed, as shown in Figure 4a. However, one of the samples of the control group exhibited mild vasodilation without pathological significance. Moreover, the intermediate group (Figure 4b), discrete vasodilation was observed in all samples, especially more prominent in zone 3, and intracellular accumulation in zone 1 and zone 2 portion. Finally, in the final group, as highlighted in Figure 4c, the samples exhibited intracytoplasmic accumulation throughout the length of the hepatic lobule (zones 1, 2 and 3) and, in some samples, it was slightly more intense vasodilation observed in relation to the intermediary group, also in all zones. Thus, one can notice that in any sample there was progression to chronic hepatitis nonspecific as well as areas of necrosis and fibrosis. However, evidence shows that there could be development of inflammation in tissues final group if the diet continued to be administered for a longer period of time.

  It is known that the fat diet and with high proportion of saturated fatty acids can lead to hepatic fat deposition, with the risk of developing diseases. In the present study, this relationship was observed, when considering a diet adequate in lipids quantitatively, but qualitatively compromised by the long period prescribed for heating the frying medium.

  Lipoprotein analysis

  According to values of lipoproteins described in Table 4, increases in total cholesterol and LDL can be observed, and the decreased level of high density lipoprotein (HDL) are directly related to the quality of the diet fed to the animals. This may be due to the increased content of saturated fatty acids and decrease of polyunsaturated fatty acids in the oil as it is exposed to a deep frying process, as shown in Table 2. Another time, the relationship between diet quality and impact on the nutritional status of the animals in relation to lipoproteins was confirmed. These measures are useful in diagnostic risk of cardiovascular disease.
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  Principal components analysis in electropherograms obtained from rats' liver

  In order to evaluate the behavior of the three groups of animal experimental model used, a study involving principal component analysis (PCA) was performed, shown in Figure 7. In the present case, the total of eighteen electropherograms (objects) obtained from experimentation was used in PCA calculation resulting in total percentage explained to 93.21% for the two first principal components (PC1 and PC2). Through analysis of the score plot, it was observed that the final group (lineate) remained separated in comparison with the other groups (control and intermediate groups). In other words, the results indicate that the final group can be considered to be a risk group with more predispositions to develop cardiovascular disease. In addition to PCA results, the LDL Box-Plot analysis was plotted and indicated that LDL medium value to the final group was higher than the control and intermediate groups, indicating that the total exposure time of the oil submitted to deep frying processes can be considered relevant to evaluating the oil quality. Therefore, it can be concluded that as more intense the exposure time of the oil in the frying process, the higher will be the alteration caused in the animal tissue (liver), according to what was demonstrated previously in Figure 4.
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  Conclusion

  An alternative CZE methodology optimized for FA analysis in biological tissues was successfully demonstrated. The methodology present simplicity, acceptable efficiency, short analysis time, low cost, absence of derivatization step in sample preparation, low sample amount for analysis and high throughput in comparison with the GC official method, since no significant differences were observed within 95% confidence interval. Thus, taking into account the advantages presented, the CZE methodology can be an interesting analytical tool to FA analysis in biological research. In the present work, the CZE methodology optimized allowed to monitoring the metabolic alterations in Wistar rats liver according to the lipid content offered in the diet. The promising results presented encourage us to begin research involving monitoring of FA in human blood serum in order to try to relate it to diagnostic of diseases.
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    Migration of nonvolatile and inorganic residual compounds from post-consumer recycled polyethylene terephthalate (PET) submitted to cleaning processes for subsequent production of materials intended to food contact, as well as from multilayer packaging material containing postconsumer recycled high-density polyethylene (HDPE) was determined. Tests were carried out using food simulants. Nonvolatile organic contaminants from PET, determined by liquid chromatographymass spectrometry (UPLC-QqQ/MS), showed significant migration reduction as consequence of the more complex cleaning technologies applied. However, contaminants not allowed by Brazilian and European Union regulations were identified even in deep cleaning samples. Results from multilayer HDPE showed a greater number of contaminants when compared to recycled pellets. Inorganic contaminants, determined by inductively coupled plasma mass spectrometry were below the acceptable levels. Additional studies for identification and quantitation of unknown molecules which were not possible to identify in this study by UPLC-QqQ/MS are required to ascertain the safety of using post-consumer recycled packaging material.
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    Foi determinada a migração de compostos residuais não voláteis e de inorgânicos provenientes do polietileno tereftalato (PET) pós-consumo reciclado, submetido a processos de descontaminação para produção de materiais destinados a contato com alimentos, bem como de material de embalagem multicamada contendo polietileno de alta densidade (HDPE) pós-consumo reciclado. Os ensaios foram realizados utilizando simulantes de alimentos. Os contaminantes orgânicos não voláteis do PET, determinados por cromatografia líquida-espectrometria de massas (UPLC-QqQ/MS), apresentaram redução significativa da migração como consequência da complexidade da tecnologia de descontaminação aplicada. No entanto, contaminantes não permitidos pelas legislações brasileira e europeia foram identificados, mesmo em amostras submetidas à tecnologia mais complexa. Os resultados do HDPE multicamadas mostraram maior número de contaminantes quando em comparação aos peletes reciclados. Os níveis de contaminantes inorgânicos, determinados por espectrometria de massa com fonte de plasma, se mostraram abaixo dos níveis recomendados. Estudos adicionais para identificar e quantificar as estruturas moleculares não identificadas neste estudo por UPLC-QqQ/MS são necessários para garantir a segurança do uso de material de embalagem pós-consumo reciclado.

  

   

   

  Introduction

  Packaging materials are currently considered an important source of environmental waste mainly due to their large volume fraction in the waste stream. Furthermore, the economic packaging sector maintains a high volume of polymeric materials consumption (mainly plastics). Plastic packaging offers several advantages to consumers; it is safe, lightweight, strong, easily processed and stored, and economical.1

  The recycling of plastic packaging is one of the most effective methods for decrease the negative effects of waste disposal in the environment. Recycling can be performed using a variety of technologies that employ critical cleaning methods without affecting the chemical structure of the plastic.2

  Several approaches have been proposed for recycling waste polymers including: primary, mechanical, chemical or feedstock recycling and energy recovery. Almost all the above techniques have been employed for the recycling of polymeric materials used for food packaging.1

  Among the common plastics, polyethylene naphthalene (PEN), polyethylene terephthalate (PET), and rigid polyvinyl chloride (PVC) have more favorable material properties for packaging in comparison to other plastic materials, such as polyolefins and polystyrene (PS). In addition, these plastics are, in terms of compound migration, well suited for being reused in packaging applications. Polymers such as PS and high-density polyethylene (HDPE) may also be introduced into this closed loop recycling if the cleaning processes are efficient enough to remove contaminants.3

  Stabilizers, such as antioxidants, ultraviolet (UV) absorbers, and processing stabilizers, are added to extend the lifetime of these types of polymers.4-5 However, these additives might also decompose during processing or through the lifetime of the polymer. Concerning recycling, stabilizers may be added during each step to obtain a sufficient level in the end-product, subsequently maintaining its lifetime. As a result, accumulation of stabilizers and degradation products from the additives might occur.6

  Regarding consumer safety, the composition and concentration of typical substances in post-consumer plastics and the ability of the applied recycling process to remove all post-consumer substances to concentrations similar to virgin materials is of interest.3

  Hazardous components, flavorings, odors, monomers, oligomers, degradation products, and flame retardants are examples of compounds found in recycled materials. Some compounds might change the properties of the material or enhance degradation of the polymer. Colored inorganic salts produce visual defects on the recycled fraction. The presence of printing inks, paint residues, surfactants, and fatty materials can also lead to enhanced degradation of the polymer.7 Inorganic elements, due to the presence of catalysts or environmental contamination, can influence the properties of recycled plastics and could reach toxic levels. Direct contact between recycled plastic materials and food can result in the migration of these contaminants from packaging materials into foodstuffs.

  In the European Union, the materials for food packaging must comply with the Framework Regulation 1935/2004/EC which requires that the packaging material may not endanger human health. Furthermore, the recycled materials must also comply with the Regulation 10/2011/EU related to plastic materials and Regulation 282/2008/EC related to recycled plastic materials and articles intended to come into contact with food.8-10 In Europe, the Regulation established the challenge test, which consists of contaminating materials with a series of surrogate representatives of the probable pollutants in PET and applying the cleaning and recycling procedures at an industrial scale. This test is intended to demonstrate the cleaning efficiency of a recycling process to remove chemical contamination from plastic materials.

  In 2006, the United States Food and Drug Administration (US FDA) published a guidance for the industry ("Use of Recycled Plastics in Food Packaging: Chemistry Considerations"),11 which provides recommendations for testing the cleaning efficiency of the investigated recycling processes. The maximum content of post-consumer substances in recycle-containing packaging materials and threshold limits for migration were also advised.3

  In Brazil, the National Agency for Sanitary Surveillance (ANVISA) regulated the use of recycled post-consumer PET for direct contact with foods through Resolution No. 20, published on March 26, 2008.12

  Regarding HDPE materials, researchers have demonstrated higher diffusion and sorption characteristics than PET. Development of food grade HDPE recycling process based on the super cleaning process applied to PET has been considered, particularly for milk bottles.13,14

  In Brazil, some industries have demonstrated interest in the manufacture of multilayer packaging containing recycled post-consumer HDPE intended for pharmaceutical products and cosmetics. For pharmaceutical products, international regulatory authorities require that the package should not interact physically or chemically with their contents.15-17 Although several studies deal with volatile compounds in recycled plastics,18-21 only a few studies that identify nonvolatile compounds and inorganic elements in recycled PET and HDPE have been reported. Bentayeb et al. 22 screened samples of recycled PET and detected 36 chemical compounds that included common additives, such as N,N '-diβ-naphthyl-p-phenylenediamine (antioxidant) and 2,4-di-tert-butyl-6-(5-chloro-2H-benzotriazol-2-yl) phenol (light stabilizer), and degradation compounds, such as ethylene terephthalate dimers and trimers. Nerín et al. 23 screened recycled PET and reported very low levels of inorganic compounds and nonvolatile PET oligomers. Thereby, the aim of this study was to determine nonvolatile and inorganic compounds residual contaminants in post-consumer recycled PET submitted to cleaning processes. In addition, considering the lack of scientific information, in Brazil, about the use of post-consumer recycled HDPE intended for pharmaceutical and food products, multilayer packaging material containing recycled HDPE in the middle layer was evaluated for the potential migration of nonvolatile and inorganic compounds.

   

  Experimental

  Chemicals and solutions

  Ethanol and acetic acid were HPLC-grade and were supplied by Scharlau (Barcelona, Spain). HPLC-grade methanol was obtained from Scharlau and Merck (São Paulo, Brazil). The water used throughout this study was obtained from a Milli-Q system from Millipore (Bedford, MA, USA).

  For inductively coupled plasma mass spectrometry (ICP-MS), stock solutions were prepared in 1% (v/v) HNO3 using a certified multi-element solution containing 100.0 mg L-1 of Al, As, Ba, Cr, Fe, Pb, Mn, Mo, Ni and Se. A standard solution containing 1000 mg L-1 of Sb was also prepared. All reagents for ICP-MS were obtained from Scharlau. Polyethylene containers and vials were used for samples and standard storage.

  Samples

  PET and HDPE samples are shown in the flowchart presented in Figure 1. The type of cleaning process applied to the PET and HDPE samples is pointed out in Tables 1 and 2, respectively. All samples were supplied by Brazilian packaging and recycling companies. PET post-consumer samples were obtained as flakes and pellets. HDPE multilayer packaging containing recycled HDPE was portioned to sample sizes of 4.0 × 3.0 cm.
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  Ultra performance liquid chromatography mass spectrometry (UPLC-QqQ/MS)

  The UPLC-QqQ/MS system consisted of an ACQUITY™ UPLC chromatograph coupled to a Micromass® Quattro micro™ API mass spectrometer with a triple quadrupole mass analyzer (Waters, Milford, MA, USA). An electrospray ionization (ESI) interface was used for analyses. MassLynx (v. 4.0) software was used to acquire and process the chromatographic and MS data. The extracts from simulants, prepared in duplicate, were directly infused into the MS or injected into the UPLC system, and analyzed in positive ionization mode. The following conditions were employed: a capillary voltage of 3.00 kV; a cone voltage of 40 V for samples directly infused into the MS and 30, 40 and 50 V applied simultaneously when the sample was injected throughout the UPLC system; a source temperature of 125 ºC, a desolvation temperature of 350 ºC; a cone gas (N2) flow rate of 60 L h-1; a desolvation gas (N2) flow rate of 600 L h-1; and an infusion flow rate of 20 µL min-1. Parent-daughter spectra (MS/MS) were acquired in ESI positive mode using collision energies of 5, 15, 20 and 30 V applied simultaneously. The mass interval scan ranged from 100 to 1450 amu.

  Some extracts were also analyzed using the UPLC-QqQ/MS system with an atmospheric pressure chemical ionization (APCI) interface, positive mode, and under the following conditions: a capillary voltage of 3.00 kV; a cone voltage of 40 V for samples directly injected into the MS and 30, 40 and 50 V applied simultaneously when the sample was injected throughout the LC system; a source temperature of 130 ºC; a desolvation temperature of 500 ºC; a cone gas (N2) flow rate of 40 L h-1; and a desolvation gas (N2) flow rate of 125 L h-1. The mass interval scan ranged from 100 to 1450 amu.

  An UPLC™ BEH C18 column (2.1 × 100 mm, 1.7 µm particle size, and flow rate of 300 µL min-1), an injection volume of 15 µL, and water (solvent A) and methanol (solvent B) mobile phases were used. Both solvents were filtered through 0.45 µm nylon membranes (Sartorius, Göttingen, Germany) and degassed for 5 min in an ultrasonic bath under vacuum. The separation was performed using a gradient elution with mobile phase A increasing linearly from 10 to 90% over 9 min. These conditions were maintained for 10 min and then returned to the original conditions for 5 min.

  Inductively coupled plasma mass spectrometry (ICP-MS)

  The ICP-MS system consisted of an Agilent 7500a series (Agilent Technologies Inc., Japan), equipped with a Babington nebulizer and nickel sampler and skimmer cones. An aqueous solution of HNO3 (1%, v/v) was used as carrier solution at a flow rate of 1.2 mL min-1 and samples, prepared in triplicate, were introduced by a peristaltic pump.

  A tuning of the instrument was carried out using a tuning solution provided by Agilent (10 µg L-1 Li, Co, Y, Ce and Tl solution). The radio frequency power (1290 W), sample depth (4.6 mm), plasma gas, and lens voltage were automatically optimized by the instrument during the tuning. Spray chamber temperature was 2 ºC and carrier gas was 1.14 L min-1. Plasma gas was argon (Alphagaz purity higher than 99.999%) supplied by Carburos Metálicos (Barcelona, Spain). Data acquisition parameters were as follows: 3 points per peak, 0.9 s integration time per mass and 3 repetitions. Isotopes selected for data acquisition were 27Al, 55Mn, 57Fe, 62Ni, 75As, 76Se, 138Ba, 123Sb, 98Mo, 50Cr and 207Pb.

  Migration tests

  Migration tests were carried out by the total immersion of samples (0.5 g each, 17 samples) as follows: 20 mL of 3% (m/v) acetic acid aqueous solution (simulant B) and 10% (v/v) ethanol in water (simulant C), according to European and Brazilian Regulations.9,24,25 Also, in accordance with Brazilian Regulations,25 20 mL 95% (v/v) ethanol in water was used as a simulant (simulant D). The experiment was performed in Teflon® capped vials. The vials were closed and incubated in an oven at 40 ºC for 10 days before analysis.

  For migration tests, blank samples were prepared using the same migration procedure without the presence of PET, HDPE, or the multilayer material.

  Extracts from simulants B and C were concentrated eightfold by gentle evaporation under a nitrogen flow at 70 ºC and were analyzed by UPLC-QqQ/MS. The extracts from simulant D were concentrated eightfold by gentle evaporation under a nitrogen flow at room temperature and were analyzed by UPLC-QqQ/MS. After the concentration, all the extracts were stored at 4 ºC before analysis.

  The extracts from simulants B and C, prepared in triplicate, were analyzed by ICP-MS after the migration test. However, the extracts from simulant D were diluted fivefold with water before the ICP-MS analysis. The same treatment was applied to the blank samples.

  Inorganic elements were determined using certified solutions with concentrations of 1.0, 2.0, 3.0, 4.0, 5.0, 10.0, 20.0, 30.0, 50.0, 120.0, 140.0, 160.0, 180.0, and 200.0 µg L-1. The quantification was performed using an analytical curve. The limit of detection (LOD) and limit of quantification (LOQ) were calculated according to Miller and Miller26 using the following expressions: LOD = 3 Sy/x/m and LOQ = 10 Sy/x/m, where Sy/x is the standard deviation of the residuals and m is the slope of the analytical curve.

   

  Results and Discussion

  Nonvolatile compounds by UPLC-QqQ/MS

  For all evaluated samples, nonvolatile compounds were screened by UPLC- QqQ/MS analysis.

  The migration was higher in simulant D than in simulants B and C for both PET and HDPE samples. Several non-identified compounds were also detected in the blank samples evaluated in simulant D. Their presence could be attributed to the presence of concentrated impurities from the solvent (95% ethanol in water), as well as contaminants from the Teflon® capped glass vials used for the migration test. Similar interferences have also been reported in other studies.22 These compounds were not detected in simulants B and C.

  Several additional compounds were detected for all evaluated samples when the extracts from simulant D were subject to chromatographic separation prior to MS analysis. The results obtained for simulant D using a cone voltage of 30, 40, and 50 V, positive mode, and ESI and APCI interfaces are listed in Table 3. In scan mode, the sensitivity is lower. Therefore, three injections were made for m/z 100-550, 550-1000, and 1000-1450 amu. MassLynx software was used to combine the obtained data. Overall, the ESI source provided better sensitivity than the APCI source.
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  Several attempts were made to identify the compounds present in simulant D by taking into account the parent ions detected as sodium adducts, formed in the mobile phase due to the presence of sodium. Data are shown in Table 3. Very few data on nonvolatile compounds determined by UPLC-QqQ/MS are available in the literature for food packaging materials. Also, there are no libraries available which would allow a comparative analysis of the results. The main reason for that is the necessity of different analytical conditions in the mass spectrometer for the different substances found in the packaging materials.27-29 Considering these aspects the tentative identification of substances in Table 3 was based on the mass weight of organic compounds. A series of compounds were identified as common additives employed in the transformation process of polymers, for example plasticizers, such as diisononyl adipate (bis(7-methyloctyl) hexanedioate) and diisononyl phthalate (diisononyl ester 1,2-benzenedicarboxylic acid); optical brightening agents, such as Uvitex OB (2,5-bis(5-tert-butyl-2-benzoxazolyl thiophene) and slip agents, such as oleamide ((Z )-octadec9-enamide). As these nonvolatile substances are included in ANVISA and European Union positive lists, they can be found in plastic materials. Nevertheless, it is important that the residual levels accomplish the specific regulations.9,25

  An UV stabilizer, Tinuvin 328 (2-(benzotriazol-2-yl)4,6-bis(2-methylbutan-2-yl)phenol); and the slip agent diethyl toluamide (N,N-diethyl-3-methyl-benzamide) were also identified. According to ANVISA and European Union regulations, these substances are not included in the positive lists; therefore, the presence in PET samples is quite unexpected.9,25 These substances probably come from materials of different sources, suggesting that improvements must be worked out in the PET recycling chain in order to avoid undesirable contamination.

  Oleamide is frequently found in HDPE; its presence in PET may have originated from contact with polyolefin.

  The identification of substances in the samples submitted to several cleaning processes raises interest about the efficiency of each process in removing contaminants from the samples. Diethyl toluamide was found in recycled PET after conducting conventional cleaning (S7cc and S7dc), but it was not present after deep cleaning. This finding suggests that the final removal process is more efficient. Diisononyl phthalate and Uvitex OB were identified in virgin and several recycled PET samples submitted to conventional cleaning process. Uvitex OB is an additive used mainly for polyolefin, while diisononyl phthalate is employed as plasticizer of plastics and as component of printing inks and lacquers.30 Those compounds were also present in virgin and recycled PET samples submitted to deep cleaning processes. Tinuvin 328 was also identified in PET samples submitted to deep cleaning (S5dc). Diisononyl phthalate, Uvitex OB and Tinuvin 328 were not expected to be found in PET, suggesting that they may have originated from a post-contamination source or from contact with other polymers. The occurrence of post-contamination enforces that improvements must be introduced in the recycling chain in order to obtain recovered materials suitable for food contact, regarding European and Brazilian legislation.

  Diethylene glycol (DEG), a PET monomer, was found in samples submitted to conventional followed deep cleaning process (S2). The monomer did not appear in sample S4, which was treated by conventional and super cleaning, followed by extrusion and solid-state polycondensation (SSP) processes.

  Detected organic compounds in samples submitted to conventional cleaning could not be identified, particularly for S5cc (m/z 149.0 and 158.0 amu for APCI+ mode; m/z 209.2, 227.2, 271.2, 285.3, 293.4, 301.3, 353.3, 365.3, and 455.4 amu for ESI+ mode). Samples S6cc and S7cc showed few unidentified organic compounds, expressed by the low number of ions present in the obtained UPLC-QqQ/MS spectra. Considering that the cleaning process was the same for these samples, these results demonstrate the heterogeneous characteristics of samples collected from different sources. The removal of such substances after deep cleaning (S5dc, S6dc, and S7dc) was verified by the UPLC-QqQ/MS spectra. These findings were also corroborated by the spectra obtained from direct infusion into the MS (extracts from conventional and deep cleaning). As expected, the number of substances identified in the extracts from conventional cleaning was greater than from deep cleaning processes. These results demonstrate that the purpose of more complex cleaning process is attained, since deep-cleansing process is employed to improve the quality of the recycled polymer and the migration thereof is directly proportional to its concentration in the food contact materials. To illustrate this result, the spectra of the extracts from simulant D, obtained by direct infusion into the mass spectrometer (QqQ/MS), from conventional (S5cc) and deep cleaning (S5dc) processes are shown in Figure 2.
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  Interesting results arise when the efficiency of the deep cleaning and the deep cleaning followed by extrusion are compared. Sample S2 possessed several organic compounds after deep cleaning (m/z 129.1, 149.0 301.3, 399.2, 451.0 and 497.1 amu for ESI+). These compounds were not detected in sample S3, which was subject to deep cleaning and extrusion, suggesting that this process is more effective in removing contaminants. The obtained data also showed that ion of m/z 149.0 amu was present in S5cc, S6cc and S7cc, submitted to conventional cleaning process, which shows that the introduction of detergent and friction were not enough to remove such substance.

  The spectra obtained from the direct infusion into the MS indicates that the more rigorous the cleaning process, the higher the efficiency in removing organic contaminants from the samples. Nevertheless, some organic compounds were still detected in the deep cleaned samples that were not detected in virgin PET (flakes and bottles). Thus, this cleaning process did not remove all the impurities from recycled PET. On the other hand, it is important to notice that ions found in sample S4 are the same ones found in virgin PET, suggesting the good quality of the final product obtained in relation to nonvolatile contaminants. In relation to the recycled PET obtained from different companies (PET-R1 and PET-R2) both contained diisononyl phthalate and diisononyl adipate, and only PET-R1 contained Uvitex OB (Table 3). Nevertheless, in general, no difference in the detected organic compounds was observed between the materials. This behavior is corroborated by the spectra obtained by direct infusion into the MS.

  Evaluated HDPE samples included recycled pellets (HDPE-R) and multilayer packaging materials (HDPE-3 and HDPE-7). Some compounds (m/z 701.6 amu for APCI+; m/z 149.0, 217.2, 245.1, 295.2, 304.3, 409.1, 441.4 and 928.0 amu for ESI+) were common in the extracts of simulant D for all HDPE materials (HDPE-R, HDPE-3, and HDPE-7). The multilayer packaging containing recycled HDPE (HDPE-3 and HDPE-7) showed a lower number of peaks when compared to the recycled HDPE pellets (HDPE-R). Considering that contaminants come from the post-consumer plastics, these results suggest a dilution effect for the contaminants present in the HDPE-R, since the global packaging structure of the HDPE multilayer materials contain other virgin polymers.

  Taking into account the scenario presented in this research, it becomes clear that additional studies to identify and quantify the molecular structures of the m/z ions not identified by UPLC-QqQ/MS are required to ascertain the safety of using post-consumer PET and HDPE multilayer packaging for food and cosmetics, respectively.

  Inorganic elements

  The extracts from all the simulants (B, C, and D) in contact with all the recycled samples (PET, HDPE, and HDPE multi-layer) were also screened by ICP-MS to study the migration of inorganic elements (Tables 4-6). Table 4 shows the inorganic elements found in simulant B and the limits of detection (LOD) and quantification (LOQ) of the method of analysis. The linear ranges were from 2.23 to 360.45, 1.98 to 342.51, and 1.50 to 274.76 µg L-1 for simulants B, C, and D, respectively.
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  The inorganic elements with the highest migration were iron and aluminum. Aluminum and iron exhibited levels from 211 to 315 and 15.53 to 903 µg L-1, respectively, for PET samples from conventional, deep, and super cleaning processes. For virgin, recycled PET, and HDPE samples, the iron concentrations ranged from 22 to 78 µg L-1, and the levels of aluminum were 242 and 226 µg L-1 for PET-R1 and HDPE-R, respectively. These inorganic elements may have been originated from a number of sources, such as labels and glues, rather than from the PET. By analyzing the potential migration obtained for PET samples subject to conventional, deep, and super cleaning, in simulants B, C, and D, a decrease in element concentration, such as barium and lead, was observed while other inorganic elements were completely eliminated after the cleaning processes. In simulant B, for PET samples from conventional cleaning, the level of barium was 20 µg L-1 for S5cc, and the levels of lead ranged from 2.3 to 52 µg L-1. After deep cleaning, the concentrations decreased to 2 and 1.66 µg L-1 for lead. Barium level was below the LOQ. For simulant C (S5cc), the barium concentration was 0.3 µg L-1 (Table 5).

  In simulant B, the levels of antimony in PET samples from conventional cleaning processes (from 1.2 to 3.0 µg L-1) did not change even after applying deep and super cleaning processes (from 1.7 to 3.7 µg L-1) (Table 4). In virgin and recycled PET samples, the levels of antimony ranged from 0.5 to 14.0 µg L-1. In simulant C, the antimony concentration was below the LOQ in PET samples from conventional cleaning. The deep and super cleaning processes reduced the level to 0.8 µg L-1 (Table 5). The virgin and recycled PET samples exhibited levels of antimony ranging from 8 to 8.9 µg L-1.

  In simulant D, the concentration of antimony was 4 µg L-1 for PET samples from conventional cleaning (Table 6). Also, the maximum level of antimony determined in PET samples submitted to deep and super cleaning processes was 3 µg L-1.

  Antimony trioxide is the preferred polycondensation catalyst for the production of PET. The Sb concentration of commercialized PET resin ranges between 190 and 300 µg g-1.31 Moreover, antimony is widely used in plastics and commonly found in many laboratories.32 The concentration of antimony in the samples was below the limits established by the Regulation 10/2011/EU, as well as by the Brazilian Resolution No. 17, from March 17, 2008 (40 mg kg-1).9,33

  In simulant B, the only element that showed a significant increase after deep and super cleanings was chromium, possibly due to contamination during these processes. Chromium was quantified in PET sample S4 (46.2 µg L-1), due to solid-state polycondensation (SSP), which was also responsible for increasing the levels of antimony.34 After deep cleaning, the maximum level of chromium was 12 µg L-1.

  The HDPE samples exhibited low concentrations of inorganic elements (maximum concentration found was 226 µg L-1). The HDPE-R exposed to simulant B exhibited concentration levels of 226, 2, 22, and 0.30 µg L-1 for aluminum, chromium, iron, and lead, respectively. A greater number of inorganic elements were identified in HDPE-7 compared to HDPE-R and HDPE-3; however, a lower nickel concentration of 0.4 µg L-1 in simulant B was observed (Table 4). Manganese (34 µg L-1) and nickel (15 µg L-1) were found in HDPE-R and HDPE-3, respectively, when exposed to simulant C (Table 5). Aluminum was observed in HDPE-7 at 68 µg L-1. In simulant D, HDPE samples exhibited levels from 2 to 4 and 5 to 7.28 µg L-1 for lead and molybdenum, respectively (Table 6).

  Considering the European Regulation 10/2011/EU,9 as well as the Brazilian Resolution No. 17, of March 17, 2008,33 for the inorganic elements the migration levels found were below the specific migration limits. Some of them are regulated for colorants in plastic packaging materials, according to Resolution No. 52, 2010.35 Specific migration limits are shown in Table 7. For elements, such as aluminum and lead, the Regulation 10/2011/EU9 considers limits in the plastic material. Nickel and selenium are not mentioned in these European and Brazilian regulations.
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  Conclusions

  A reduction of migration of nonvolatile compounds as a consequence of the cleaning process was verified in the PET post-consumer samples studied. As expected, this reduction was more evident when more sophisticated technologies were applied, such as deep and super cleaning. It is important to notice that the super cleaning technology is recommended for post-consumer selected materials. Thus, considering that in this study there was used recycled PET and HDPE originally collected from unknown origin and, consequently, there was not any form of sample contamination control (a real scenario employed in the recycling of plastic packaging material), our results suggest that the usage of such technologies for decontamination of post-consumer PET material intended for food contact is very promising. Nevertheless, none of the cleaning process, including deep and super cleaning, was able to eliminate all the organic compounds present in the post-consumer PET samples. In addition, taking into account that contamination of recycled plastic materials can occur in several steps of the recycling chain, it can be suggested that improvements should be worked out starting by a more efficient control of post-consumer materials source to the cleaning process employed.

  The recycled HDPE pellets (HDPE-R) showed a greater number of nonvolatile compounds when compared to the multilayer packaging material, probably due to a dilution effect of the compounds present in the HDPE-R, since the global packaging structure of the HDPE multilayer materials contain other virgin polymers. In general, additional studies are required to identify and quantify the molecular structures of the nonvolatile compounds (m/z ions) not identified when UPLC-QqQ/MS was used, in order to ascertain the safety of using post-consumer PET and HDPE multilayer packaging for food contact material and cosmetic packaging material, respectively.

  The inorganic element levels found in the recycled PET were below the tolerable levels, according to the European Union and Brazilian legislation. The reduction in migration level of contaminants according to the different cleaning processes employed suggests differences in efficiency among the applied technologies.

  In general, the HDPE samples presented low concentrations of inorganic elements. However, the multilayer (seven layers) HDPE samples demonstrated higher levels of inorganic elements, probably as a consequence of the manufacturing process.
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    Itraconazole, a broad-spectrum anti-fungal, has many side effects, and nanosystems for drug delivery have been proposed as a method to optimize the drug's pharmacokinetics and reduce side effects. An high performance liquid chromatography (HPLC) procedure using fluorometric detection was developed for determination of itraconazole in polymeric poly(lactic-co-glycolic acid) nanoparticles, plasma and tissue. Linearity, limits of detection and quantification, recovery, precision, selectivity and stability were established. The developed method was tested in itraconazole detection and quantification of biodistribution of nanoparticles administered intraperitoneally to Balb/C female mice. This study developed an analytical method for HPLC with fluorometric detection for quantification of itraconazole in polymeric nanoparticles, tissue and plasma, which is sensitive, low cost, viable for routine usage and with potential for application in itraconazole biodistribution and pharmacokinetics studies.
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    Itraconazol, um antifúngico de amplo espectro, possui muitos efeitos colaterais e o uso de nanossistemas para a entrega de fármacos tem sido proposto como um método para otimizar a farmacocinética da droga e reduzir os efeitos colaterais. Um procedimento de cromatografia líquida de alta performance (HPLC) utilizando detecção fluorimétrica foi desenvolvido para a determinação de itraconazol em nanopartículas do copolímero de ácido láctico e glicólico, plasma e tecidos. A linearidade, limites de detecção e quantificação, recuperação, precisão, seletividade e estabilidade do método foram estabelecidas. O método desenvolvido foi testado na detecção e quantificação de itraconazol na biodistribuição de nanopartículas administrados intraperitonealmente em camundongos fêmeas Balb/C. Neste estudo foi desenvolvido um método analítico de HPLC com detecção fluorimétrica para quantificação de itraconazole em nanopartículas poliméricas, tecidos e plasma, sendo ele sensível, de baixo custo, viável para uso de rotina e com potencial para aplicação na biodistribuição e estudos farmacocinéticos de itraconazole em nanossistemas.

  

   

   

  Introduction

  Itraconazole (ITZ) (Figure 1) is a classical member of the triazole class that exhibits a broad-spectrum anti-fungal activity.1 Diverse side effects, such as nausea, vomiting, abdominal pain, diarrhea, headaches and mild alopecia, commonly identified with ITZ treatment of fungal infections,2,3 can be avoided using nanoparticulated drug delivery systems.4 Nanosystems can protect drugs from degradation and inactivation, allowing the concentration needed to obtain therapeutic efficacy to be reduced and consequently produce fewer adverse effects.5 One of the most important aspects of nanosystems and inclusion complexes for drug delivery is the capacity to alter pharmacokinetics and biodistribution of drugs in the vascular system and on targeted tissue.6-8 Polymeric nanosystems have gained increased attention and poly(lactic-co-glycolic acid) (PLGA), a polymer from the ester family, has wide use in the biomedical industry, since by-products of its degradation are nontoxic.9
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  Various methods for the quantification of ITZ have been developed, with spectrophotometry,10-13 thin layer chromatography,14,15 and high performance liquid chromatography (HPLC) from diverse matrixes.16-19 Liquid chromatographic methods are the most extensively used techniques in pharmaceutical analysis, and HPLC has gained increased attention for being the most versatile technique. It can be used for separation, identification and quantification of active substances, excipients and impurities.20 Despite its worldwide usage and applications in ITZ quantification in diverse nanosystems,21,22 no method has yet been developed and validated for determination of ITZ of PLGA nanoparticles in biological matrices.

  Green analytical chemistry principles should always be considered in the development of new analytical methods. For liquid chromatographic separations, solvent replacement, use of less toxic or less persistent solvents, allied to a reduction in solvent usage in all the steps of the procedure, are the typical ways used to cut down on products that are harmful to human health or the environment.23

  The aim of this study was to develop an environmentally friendly bioanalytical method for HPLC with fluorometric detection for quantification of ITZ in nanoparticles, plasma, lung, liver, kidney and spleen tissue, and that was sensitive, low-cost, viable for routine usage and with potential for application in ITZ biodistribution and pharmacokinetics studies.

  The method was validated based on FDA guidelines for validation of bioanalytical methods.24 The assay performance was evaluated through the determination of selectivity, limits of detection (LOD), limits of quantification (LOQ), the linearity over the tested concentration range, recovery, precision and stability.

   

  Experimental

  Chemicals

  Itraconazole (R051211-98% purity), dimethyl sulfoxide (DMSO-HPLC grade) and zinc sulfate heptahydrate (ACS reagent) were purchased from Sigma (Sigma-Aldrich Co., St. Louis, MO, USA) and itraconazole internal standard (R51012) was purchased from Fitzgerald (Fitzgerald Industries International Inc., Concord, MA, USA). Acetonitrile (ACN), methanol (MeOH) and tetrahydrofuran (THF) used for the HPLC analyses were HPLC grade and were purchased from Mallinckrodt (Mallinckrodt Inc., Hazelwood, MO, USA). Trifluoracetic acid (TFA), ethylenediaminetetraacetic acid (EDTA) and sodium cloride (NaCl) were purchased from VETEC (Duque de Caxias, RJ, Brazil) and were ACS grade. Milli-Q water was obtained from Barnstead EASYpure II Thermo Scientific (San Jose, CA, USA) and was used to prepare aqueous solutions. DMSA-PLGA nanoparticles loaded with itraconazole were synthesized and characterized as described by Cunha-Azevedo et al.. 25

  Instrumentation

  The chromatographic equipment (Shimadzu-Prominence) comprised of on-line degasser (Model DGU 20A5), solvent delivery module (Model LC-20AT), autosampler (Model SIL-20AHT), column oven (Model CTO-20A), fluorescence detector (Model RF-10AXL) and system controller CBM-20A. Reverse-phase C18 column ACE AQ (25 × 0.4 cm, 5 µm particle size) (ACE, Aberdeen, Scotland) with a pre-column (25 × 0.4 cm, 5 µm particle size) (ACE, Aberdeen, Scotland) were used. Samples were stored in ultra-low temperature freezer, Model MDF-U3086S (Sanyo), and centrifuged in microcentrifuge model Mikro 220R (Hettich).

  Chromatographic condition

  The mobile phase was obtained from the mixture of 0.12% TFA in Milli-Q water (pump A) and 0.12% TFA in acetonitrile (pump B) at 50:50 (v/v) proportion, rendering an isocratic phase. Fluorimetric measurements were carried out in a 12 µL flow cell at 260 and 365 nm excitation and emission wavelength respectively. The injection volume was 10 µL and the flow-rate during the assays was 1 mL min–1 at working pressure of 80 kgf cm–2. Analysis was performed with column temperature of 30 ºC. Software LCsolution (Shimadzu, Tokyo, Japan) was used for data processing and identification of chromatographic parameters.

  Extraction and quantification of ITZ in nanoparticles

  ITZ in PLGA-DMSA nanoparticles was extracted with DMSO as described by Cunha-Azevedo et al ..25 MeOH, ACN and THF were also used to compare ITZ extraction capacity of different solvents. Briefly, aliquots of nanoparticles containing ITZ were dissolved in the cited solvents (1:1000), sonicated for 10 min, filtered through 0.22 µm nylon filters (Millex GN, Millipore, Darmstadt, Germany) and injected in HPLC system. Filter interference in ITZ quantification was determined by comparisons with non-filtered centrifuged solutions. Effect in quantification of ITZ and IS when diluted in mobile phase or in MeOH was also determined.

  Animals

  Female BALB/c mice weighing 20-22 g were purchased from the University of Campinas, São Paulo, Brazil. The mice were housed in polypropylene cages under controlled conditions of luminosity and were provided with food and water ad libitum . All animal procedures performed in this study were approved by the Animal Care and Use Committee of the University of Brasília (UnB), Brasília, Federal District, Brazil.

  Biological sample preparation

  Plasma, liver, spleen, lung and kidney samples from drug-free animals were used as blanks for method validation. Blood from anesthetized mice (ketamine 60 mg kg–1 and xylazine 7.5 mg kg–1) was collected by heart puncture and transferred to tubes containing EDTA. After 30 min at room temperature, tubes were centrifuged for 5 min at 5000 g, aliquoted and stored at –80 ºC for future analyses.

  For quantification of ITZ in plasma, 0.2 mL of plasma were transferred to microcentrifuge tubes with 20 µl of 20% ZnSO4 (for protein precipitation),26 mixed in a vortex for 1 min and extracted with 0.7 mL of MeOH. The samples were shaken on a vortex for 3 min and centrifuged for 5 min at 6000 g. Supernatant was transferred to a 2 mL volumetric flask and 1 mL of MeOH was added to samples to repeat extraction. Samples were vortexed for 3 min followed by centrifugation for 5 min at 24000 g and transference to volumetric flask.

  For ITZ quantification in tissue, organs were removed, washed with cold 0.9% NaCl solution, blotted on filter paper, weighed and stored at –80 ºC for future analyses. Whole organs and 400 mg of liver were homogenized in 1.5 mL microcentrifuge tubes with hand pestles and extracted using the same process as described for plasma.

  Previous to extraction of plasma and tissue, 40 µL of itraconazole internal standard (20 µg mL–1) was added to the tubes.

  Method development

  A stock solution (1 mg mL–1) of ITZ was prepared in tetrahydrofuran and itraconazole internal standard (IS) (1 mg mL–1) was prepared in MeOH. Solutions of ITZ (500, 100, 25, 5 and 1 µg mL–1) and IS (20 µg mL–1) were prepared as standards and quality control samples (QC) for quantification in biological matrices. Calibration curve standards were prepared in mobile phase and in biological matrices. Curves in mobile phase were constructed using ITZ concentrations of 10, 5, 2, 1, 0.5, 0.2, 0.1, 0.05, 0.02 and 0.01 µg mL–1 and in biological matrices using ITZ concentrations of 10, 2, 0.5, 0.1 and 0.02 µg mL–1 with internal standard concentration of 0.4 µg mL–1. Calibration curve in mobile phase was obtained by the serial dilution method from the stock solution and areas of ITZ observed in chromatograms were used. Calibration curves in biological matrices were obtained by doping tissue with cited concentrations of ITZ and IS, followed by extraction as described in topic Biological sample preparation. The ratio of areas of ITZ and IS obtained on chromatograms was used to construct calibration curves with internal standard in biological matrix.

  The bioanalytical method was also used to determine ITZ concentrations in plasma, liver, kidney, spleen and lung samples of healthy mice (n = 3). The mice received 300 µL of single intraperitoneal doses of 200 µg mL–1 ITZ-loaded, PLGA nanoparticles. Blood samples (approximately 800 µL) were collected by heart puncture in VACUETTE® K3E K3EDTA tubes (Greiner Bio-One) one hour after administration. Samples were centrifuged after 30 min for 5 min at 500 g, and the plasma was then frozen at −80 ºC until analysis. After euthanasia of the mice, tissues of interest were excised, washed with cold saline and blotted on filter paper. The quantification of ITZ in biological samples was undertaken within 72 h post-collection of samples using the method described above.

  Method validation

  Linearity

  The data, area (ITZ) vs. ITZ known concentration, were fitted to a linear equation (y = mx + b) and the regression parameters and determination coefficient (r2) calculated.

  Limit of detection and limit of quantification

  The limit of detection was determined as 3.3*(standard deviation)/(slope of analytical curve) and limit of quantification as 10*(standard deviation)/(slope of analytical curve),27 considering the standard deviation of the lowest concentration of ITZ used in the calibration curve.

  Recovery

  Recovery of the method (%) was obtained by comparison of observed values of ITZ/IS in processed matrix with standard solutions of ITZ/IS containing the same added concentration. Intra-day recovery was determined by analysis of three replicates of low, medium and high (0.01, 1 and 10 µg mL–1, respectively) concentrations of ITZ and IS (0.4 µg mL–1) in liver, lung, spleen, kidney and plasma in the same day. Inter-day recovery was determined by the analysis of different processed samples on three different days.

  Precision

  Intra-day precision was determined by analysis of three replicates of low, medium and high (0.01, 1 and 10 µg mL–1, respectively) concentrations of ITZ and IS (0.4 µg mL–1) in liver, lung, spleen, kidney and plasma in the same day. Inter-day precision was determined by the analysis of different processed samples on three different days. The precision of the method was expressed as relative standard deviation (RSD) of ITZ/IS areas in processed matrices in the cited concentrations.

  Selectivity

  Selectivity of the method was investigated by processing and analyzing blank plasma and tissues from three animals with and without addition of ITZ/IS. Selectivity is established as absence of peaks in blank samples at the same retention time of ITZ and IS.

  Stability

  Stability of ITZ and IS in methanol was determined by daily quantification of solutions maintained at –20 ºC and at 25 ºC with low, medium and high concentrations of ITZ (0.01, 1 and 10 µg mL–1, respectively) and IS (0.4 µg mL–1). Samples were verified for seven days, maximum time proposed for sample processing.

   

  Results and Discussion

  Optimum mobile phase composition was determined by analysis of ITZ and IS peaks in water/solvent gradients in a standard C-18 column. The composition, acetonitrile/ water with trifluoracetic acid with gradient elution, allowed modulation of mobile phase strength and optimization of retention time of ITZ and IS. The retention time of ITZ and IS was decisive for definition of isocratic mobile phase used throughout experiments: acetonitrile: water (50:50, with 0.12% TFA). Injection volume was defined by optimum signal range/sensitivity factors and was established in 10 µL, since this volume resulted in a wide range of concentrations detectable in the same method (10-0.01 µg mL–1) with high sensitivity. Injection volumes of 5 and 20 µL were also tested with solutions with concentrations ranging from 10-0.01 µg mL–1, but the dynamic range was always smaller. Using the developed analytical method, ITZ retention time was 7.6 min and internal standard retention time was 9.1 min with 11 min for each run. With the conditions obtained, the typical chromatographic parameters: retention time, retention factor (k'), separation factor (α), resolution (Re), number of plates (N), height of theoretical plates (H) and suitability were calculated for each compound (Table 1). Suitability was determined as relative standard deviation of areas of peaks of consecutive injections of ITS and IS stock solution (0.1 µg mL–1 and 0.4 µg mL–1, respectively) (n = 6).
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  The parameters values demonstrated: 1) adequate interaction with the column, 2) ideal separation of peaks of itraconazole and internal standard, and 3) symmetric shape of the peaks obtained.

  Solvent extraction of ITZ from nanoparticles and tissue aimed at low cost-high output extraction procedure. The efficiency of different solvents in ITZ extraction from nanoparticles was determined by comparison with DMSO extraction, because DMSO is the solvent used for the drug encapsulation efficiency calculation in nanoparticle characterization.24 MeOH, DMSO and THF rendered the same extraction capacity, and for practical reasons, MeOH was used throughout all extraction procedures. No difference was observed in the ITZ fluorescent signal when the drug was dissolved in mobile phase or MeOH, rendering unnecessary solvent substitution from extracted ITZ.

  Calibration curves in mobile phase and in biological matrices resulted in the values observed in Table 2. For construction of each point of the calibration curve in mobile phase triplicates of peak areas were used. Over the range of 10-0.02 µg mL–1 for biological matrices and 10-0.2 and 0.2-0.001 µg mL–1 in mobile phase, the linear fit was used and correlation coefficients were obtained (Table 2).
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  The limits of detection (LOD) and quantification (LOQ) were determined (Table 2), and results are in agreement with the targeted application of the method: the value of the limit of detection obtained demonstrates sensitivity that permits dosage of ITZ in probable low concentrations throughout biodistribution studies. Calibration curves for ITZ and IS ratio in biological matrix can be seen in Table 3.
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  Recovery and precision of extractions from doped plasma and tissue may be observed in Table 4. The recovery varied between 83 and 106%. The extraction procedure was the same for all tested matrices and demonstrated satisfactory and rapid extraction of ITZ. It is worth noting that only one solvent was used without purification or substitution, rendering a low-cost and fast method. The precision observed for the analytical procedure developed expresses a close agreement between a series of measurements obtained from multiple sampling of a homogeneous sample. Intra-day and inter-day precision and recovery of plasma, lung, kidney, spleen and liver are presented in Table 4.
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  No interfering peaks were found at the retention time of the analyzed drug and internal standard, demonstrating the selectivity of the method (Figure 2). The chromatographic runs were completed at 11 min, a short run when compared to most methods for ITZ quantification in HPLC,28 resulting in less waste, in accordance with the principles of green analytical chemistry.23

  
    

    [image: Figure 2. Chromatogram of blank and spiked]

  

  Stability of quality control samples maintained as 25 ºC demonstrated by the seventh day degradation of 23%, 15% and 17% of low, medium and high concentration while all samples kept at –20 ºC varied in less than 0.05% of initial concentration. This result demonstrates that processed samples can be stored for one week without degradation of ITZ.

  Application of bioanalytical method

  The bioanalytical method was tested for ITZ quantification in organs and plasma after administration of nanoparticles in mice. One hour after intraperitoneal injection, organs were extracted and processed as described earlier. The result of percentage of injected drug per gram of tissue is shown in Table 5. The method demonstrated fast and effective capacity of ITZ dosing in tissue and plasma after nanoparticle administration and calibration curves in matrixes with the ITZ/IS reason rendered a method that normalizes losses in extraction procedures.

  
    

    [image: Table 5. Determination of ITZ in organs and plasma]

  

  The proposed method was described and validated for ITZ extraction for biodistribution/pharmacokinetic studies, but serves as a model for future development of methods for extraction of lipophilic drugs from nanosystems and tissue. The cited advantages of HPLC for routine detection and quantification more than justify its usage in such studies, as well as the growing demand for validated, efficient and rapid methods for application in nanotechnology.

   

  Conclusion

  An HPLC method with isocratic elution and fluorescent detection was developed for ITZ determination in polymeric nanoparticles and biological samples. Only one solvent was used in a liquid-liquid extraction with no need of drying or concentrating of samples, resulting in time gained in process. The method was simple, low-cost and environmentally friendly, using only MeOH for extraction of itraconazole in samples. Low limits of detection and quantification were observed. The validated method permits the identification and quantification of ITZ in virtually all staged of nanoparticle preparation with an adequate precision and recovery. Preliminary biodistribution of itraconazole showed good applicability for biodistribution and pharmacokinetic studies.
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    The ethyl acetate (EtOAc) phase obtained from the partition of the ethanol (EtOH) extract from leaves of O. sessiliflora R. E. Fries (Annonaceae) was subjected to several chromatographic steps, including high efficiency liquid chromatography (HPLC), to afford the flavonoids: quercetin-3-O-α-L-rhamnopyranosyl-(1→4)-β-D-glucopyranoside (1), unprecedented in the literature, kaempferol-3-O-α-L-rhamnopyranosyl-(1→4)-β-D-glucopyranoside (2), rutin (3), and kaempferol-3-O-rutinoside (4). The structures were elucidated by analysis of their1H and 13C nuclear magnetic resonance (NMR) (1D and 2D) spectra and mass spectrometry.

    Keywords: Oxandra sessiliflora, flavonoids, quercetin-3-O-α-L-rhamnopyranosyl-(1→4)β-D-glucopyranoside

  

   

  
    A fração em acetato de etila (EtOAc) obtida a partir da partição do extrato de etanol (EtOH) das folhas de O. sessiliflora R. E. Fries (Annonaceae) foi submetida a diversos procedimentos cromatográficos, incluindo cromatografia líquida de alta eficiência (HPLC), o que resultou no isolamento dos flavonóides: quercetina-3-O-α-L-ramnopiranosil-(1→4)-β-D-glucopiranosídeo (1), inédito na literatura, canferol-3-O-α-L-ramnopiranosil-(1→4)-β-D-glucopiranosídeo (2), rutina (3) e canferol-3-O-rutinosídeo (4). As estruturas foram definidas através da análise dos espectros de ressonância magnética nuclear (NMR) de 1H e de 13C (1D e 2D) e espectrometria de massas.

  

   

   

  Introduction

  The genus Oxandra (Annonaceae) consists of about 22 species, 14 of these being found in Brazil and distributed in North, Northeast, Midwest and Southeast regions.1,2 This genus has native origin and phytogeographic domains in the Amazon, Caatinga, Cerrado, and Atlantic Forest.3 There are few articles reporting the chemical composition and pharmacological activity of plants of the genus Oxandra. Alkaloids, triterpenes, monoterpenes, and steroids with anti-inflammatory and antioxidant activities were isolated from O. xylopioides, 4-12 while trypanocidal and antileishmanial monoterpenes have been reported from O. espintana. 13 Additionally, alkaloids, sesquiterpenes and triterpenes have been isolated from O. asbeckii. 14

  Oxandra sessiliflora R. E. Fries, popularly known as "conduru-preto",3,15,16 is a species endemic to Brazil in which only the chemical composition of essential oil from leaves have previously been reported in the literature.17 In continuation with our studies on O. sessiliflora, the present work describes the isolation and characterization of four flavonoids from ethyl acetate (EtOAc) phase from ethanol (EtOH) extract from leaves: quercetin-3-O-βD-glucopyranosyl-(1→4)-α-L-rhamnopyranoside (1), kaempferol-3-O-β-D-glucopyranosyl-(1→4)-α-Lrhamnopyranoside (2), quercetin-3-O-β-D-glucopyranosyl(1→6)-α-L-rhamnopyranoside (rutin,3), and kaempferol-3O-β-D-glucopyranosyl-(1→6)-α-L-rhamnopyranoside (4). The structures of the isolated compounds were established based on the analysis of their 1H and 13C nuclear magnetic resonance (NMR) spectra, including HMQC, HMBC and COSY experiments, and comparison with literature data. This is the first occurrence of flavonoid 1 and assignment of 13C NMR data of flavonoid 2.

   

  Results and Discussion

  The EtOH extract of the leaves of O. sessiliflora was partitioned between MeOH:H2O 2:1 and hexane, CH2Cl2 and EtOAc successively. The EtOAc fraction was subjected to column chromatography on reverse phase (C18) and Sephadex LH-20, followed by purification of the obtained fractions by high performance liquid chromatography (HPLC) to afford compounds 1-4 (Figure 1).

  
    

    [image: Figure 1. Structures of isolated flavonoids]

  

  The 1H NMR spectrum of compound 1 showed five signals in the aromatic hydrogen region, consistent with the replacement pattern of the flavonol quercetin: two broad singlets at δH 6.21/6.40, assigned to H-6/H-8, two doublets at δH 6.88 (d, 1H, J 8.0 Hz, H-5') and 7.58 (d, 1H, J 8.0 Hz, H-6') as well as one broad singlet at δH 7.71, assigned to H-2'. This spectrum displayed also signals at δH 3.20-3.72 (H-2"-H-6"), which in association to the presence of one doublet at δH 5.24 (d, 1H, J 7.5 Hz, H-1''), assigned to the anomeric hydrogen trans-diaxial position with H-2, characterize the β-D-glucoside unit. In this spectrum was also observed a broad singlet at δH 5.22 (H-1''') assigned to an anomeric di-equatorial hydrogen, which, associated to the doublet at δH 1.25 (d, 3H, J 6.0 Hz, H-6''') suggests the presence of α-L-rhamnose.18

  The negative HRESIMS of 1 revealed a pseudo-molecular ion at m/z 609.1411 [M-H]–, consistent with the molecular formula C27H30O16. 13C NMR spectra, including DEPT 90º and 135º, displayed 27 carbon signals being one methyl, one methylene, 15 methyne and 10 non-hydrogenated carbons. Oxymethine carbon signals ranging from δC 84 to 69, mainly those at δC 62.5 (C-6"), 17.9 (C-6"'), 102.7 (C-1"') and 104.3 (C-1"), confirmed the presence of glucose and rhamnose in the molecule of 1.18,19

  Hydrogen signals of each sugar unit were assigned by analysis of the 1D TOCSY spectrum. Irradiation of the anomeric hydrogen from rhamnose (δH 5.22, H-1"') allowed the attribution of signals at δH 3.99 (H-2''/H-5'''), 3.72 ( H-3'''), 3.41 (H-4''') and 1.25 (H-6''') to rhamnose unit and those at δH 3.59 (H-2''/ H-4''/ H-6''a), 3.25 (H-3''), 3.41 (H-5''), and 3.72 (H-6'' b) to glucose unit (Table 1). HMQC, HMBC and DQF-COSY spectra displayed important correlations between hydrogens and carbons of 1 (Figure 2), mainly that of H-1'' (δH 5.24) with C-3 (δC 135.6), which showed that glucose is linked to the aglycone at C-3, and that of H-1''' (δH 5.22) with C-4'' (δC 84.4), which indicated that rhamnose is linked at C-4 of glucose. Therefore, analysis of the obtained data was consistent with the new structure quercetin-3-O-β-D-glucopyranosyl-(1→4)-α-L-rhamnopyranoside (1).
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  The 1H NMR spectrum of 2 showed similarities to that recorded to flavonoid 1, with two broad singlets at δH 6.19/6.38, assigned to H-6/H-8 of ring A. This spectrum displayed also signals at range from δH 3.20 to 5.21 (oxymethine hydrogens) and one doublet at δH 1.24 (J = 6.0 Hz), suggesting the presence of rhamnose in the molecule. The signals superimposed at δH 5.21 (2H) have been assigned to the anomeric protons H-1" and H-1'''. The main observed difference in the 1H NMR spectrum of 2 is associated to the substitution pattern of kaempferol (1,4-disubstituted B ring), due to the presence of two doublets at δH 6.88 and 8.03 (d, J = 8.0 Hz) integrated to two hydrogens each and thus assigned to H-3'/H-5' and H-2'/H-6', respectively. 13C NMR spectra of 2, including DEPT 90º and 135º, showed one carbonyl carbon signal at δC 179.4 (C-4) and aromatic carbon signals at range δC 166-95, to confirm the kaempferol aglycone moiety. Oxygenated carbons at range δC 84-70, mainly methylene carbons and methyl at δC 62.5 (C-6'') and 17.9 (C-6'''), respectively, as well as anomeric carbons at δC 104.2 (C-1") and 102.7 (C-1'"), confirming the presence of glucose and rhamnose. These information, associated with literature data for flavonoids with the same aglycone,19 allowed the identification of 2 as kaempferol-3-O-β-D-glucopyranosyl-(1→4)-α-L-rhamnopyranoside, previously isolated from Acacia pennata Willd (Mimosaceae).20 However, this is the first occurrence in Annonaceae family and the first description of its assigned 13C NMR data.

  The structures of flavonoids 3 and 4 were identified by analysis of 1H and 13C NMR as well as HRESIMS and comparison with data described in the literature.18,19

   

  Conclusion

  This study contributed to the expansion of the chemical constituents of the Oxandra genus since the compound kaempferol-3-O-β-D-glucopyranosyl-(1→4 )-α-Lrhamnopyranoside (2) is being described for the first time in Annonaceae while quercetin-3-O-β-D-glucopyranosyl(1→4)-α-L-rhamnopyranoside (1) is a new compound.

   

  Experimental

  General procedures

  1H and 13C NMR spectra were obtained on Varian spectrometer-model INOVA, operating at 500 MHz for 1H and 125 MHz for 13C using CD3OD as a solvent and tetramethylsilane (TMS) as internal reference. HRESIMS spectrum (negative mode) was recorded on a Bruker Daltonics UltrOTOFq-ESI-TOF spectrometer. Silica gel (70-230 mesh, Merck) and Sephadex LH-20 (Amersham Biosciences) were used for column chromatography (CC), whereas silica gel 60 GF254 was employed for analytical thin layer chromatography (TLC) (0.50 mm). HPLC analyses were performed on Varian Pro Star with ternary system pumps Model 240, UV-Vis Diode Array Detector (DAD) model 330 and injector model 410 (analytical), and Varian Star Model Prep SD-1 with UV-Vis detector model 320, manual injector Rheodyne model 7725i with sample loop of 2.5 mL (preparative). Phenomenex Gemini C-18 columns (250 × 4.6 mm, 5 µm and 250 × 21 mm, 10 µm) were used to these analyses. Solvents and reagents used were of analytical purity grade and HPLC.

  Plant material

  The leaves of O. sessiliflora were collected in the Environmental Park of Teresina-PI, in June 2009. The species was identified by Professor Roseli Farias Melo Barros and a voucher specimen with number TEPB 27870 was deposited in the Herbarium Graziela Barroso do Amaral (UFPI).

  Extraction and isolation

  The leaves of O. sessiliflora were dried at room temperature and then grinded. The obtained material (779 g) was subjected to exhaustive maceration with EtOH at room temperature. After concentration on reduced pressure, 109 g of EtOH extract were obtained (14%). Part of the EtOH extract (86 g) was suspended in MeOH-H2O (2:1) and extracted with hexane, CH2Cl2 and EtOAc successively to afford 21 g (24%), 30 g (35%) and 14 g (17%) of organic phases, respectively.

  Part of the EtOAc phase (3.5 g) was suspended in 10 mL of H2O-MeOH 1:1 and the soluble portion was applied in a Stracta column (C18, 10 g), which was eluted with MeOH:H2O 1:1, MeOH and chloroform (CHCl3) successively. The fraction eluted with MeOH-H2O 1:1 (FA1; 1380 mg) was chromatographed on Sephadex LH-20 eluted with MeOH to afford 5 groups (A-E). Group D (345 mg) was analyzed by reverse phase HPLC-UV DAD eluted with exploratory gradient H2O + 0.2%AcOH-MeOH (5% → 100%; 200-600 nm, 1 mL min–1; 50 min) and then subject to a isocratic elution mode. The improved separation of the constituents was achieved with the mobile phase (MeOH-ACN 1:1) / (H2O + 0.2% AcOH) (3:7), resulting in the isolation of flavonoids 1 (20 mg), 2 (21 mg) 3 (11 mg) and 4 (8 mg).

  Quercetin-3-O-α-L-rhamnopyranosyl-(1→4)-β-D-glucopyranoside (1)

  Yellow amorphous solid; HRESIMS: 609.1411 [M-H]– (calculated to C27C29O16: 609.1455); NMR data: see Table 1.

  Kaempferol-3-O-α-L-rhamnopyranosyl-(1→4)-β-D-glucopyranoside (2)

  Yellow amorphous solid; 1H NMR (CD3OD, 500 MHz) δ 6.19 (br s, H-6), 6.38 (br s, H-8), 8.03 (d, J 8.0 Hz, H-2'/H-6''), 6.88 (d, J 8.0 Hz, H-3'/H-5'), 5.21 (d, J 7.5 Hz, H-1''), 5.21 (br s, H-1'''), 1.24 (d, J 6.0 Hz, H-6'''), 3.20-4.00 (H-2'' to H-6'', H-2''' to H-5'''); 13CNMR: see Table 1.

  Quercetin 3-O-β -D-glycopyranosil-(6→ 1)-α -L-rhamnopyranoside (rutin, 3)

  Yellow amorphous solid; HRESIMS: 609.1616 [M-H]– (calculated to C27H29O16: 609.1455) and 301.0851 [M-glucose unit]–; 1H NMR (CD3OD, 500 MHz) δ 6.21 (d, J 2.0 Hz, H-6), 6.40 (d, J 2.0 Hz, H-8), 7.66 (d, J 2.0 Hz, H-2'), 6.86 (d, J 8.5 Hz, H-5'), 7.60 (dd, J 8.5 and 2.0 Hz, H-6'), 5.11 (d, J 7.5 Hz, H-1''), 4.52 (d, J 1.5 Hz, H1'''), 1.18 (d, J 6.0 Hz, H-6'''), 3.20-3.90 (H-2'' to H-6'', H-2''' to H-5'''); 13C NMR (CD3OD, 125 MHz) δ 158.5 (C-2), 135.9 (C-3), 179.5 (C-4), 163.0 (C-5), 100.0 (C-6), 166.1 (C-7), 94.9 (C-8), 159.0 (C-9), 105.6 (C-10), 123.0 (C-1'), 117.9 (C-2'), 145.8 (C-3'), 150.0 (C-4'), 116.1 (C-5'), 123.6 (C6'), 104.7 (C-1''), 75.7 (C-2''), 77.2 (C-3''), 71.4 (C-4''), 78.2 (C-5''), 68.6 (C-6''), 102.4 (C-1'''), 72.1 (C-2'''), 72.3 (C-3'''), 73.1 (C-4'''), 69.7 (C-5'''), 18.0 (C-6''').

  Kaempferol-3-O-rutinoside (4)

  Yellow amorphous solid; HRESIMS: 593.1639, [M-H]– (calculated to C27H29O15: 593.1506), 284.0652 [M-glucose unit]–; 1H NMR (CD3OD, 500 MHz) δ 6.21 (br s, H-6), 6.40 (br s, H-8), 8.06 (d, J 9.0 Hz, H-2'/H-6'), 6.90 (d, J 9.0 Hz, H-3'/H5'), 5.11 (d, J 7.5 Hz, H-1''), 4.52 (br s, H-1'''), 1.12 (d, J 6.0 Hz, H-6'''), 3.27-3.80 (H-2'' to H-6'', H-2''' to H-5'''); 13C NMR (CD3OD, 125 MHz) δ 158.7 (C-2), 135.5 (C-3), 179.4 (C-4), 163.1 (C-5), 100.0 (C-6), 166.2 (C-7), 95.0 (C-8), 159.4 (C-9), 105.6 (C-10), 122.8 (C-1'), 132.4 (C-2'/C-6'), 116.2 (C-3'/C-5'), 161.5 (C-4'), 104.6 (C-1''), 76.8 (C-2''), 78.2 (C-3''), 71.5 (C-4''), 77.2 (C-5''), 68.6 (C-6''), 102.4 (C-1'''), 72.1 (C-2'''), 72.3 (C-3'''), 74.0 (C-4'''), 69.7 (C-5'''), 17.9 (C-6''').

   

  Supplementary Information

  Supplementary information (NMR and LRESIMS for compounds 1-4) is available free of charge at http://jbcs.sbq.org.br as PDF file. (Figures S1 to S26).
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    In this study, a new method based on Fe3O4 magnetite nanoparticles (MNPs) has been developed for the extraction, preconcentration and determination of trace amounts of carbaryl from environmental water samples. Fe3O4 MNPs were synthesized and modified by the surfactant sodium dodecyl sulfate (SDS), then successfully applied for the extraction of carbaryl and its determination by spectrofluorimetry. Main factors affecting the adsolubilization of carbaryl such as the amount of SDS, pH value, standing time, desorption solvent and maximal extraction volume were optimized. Under the selected conditions, carbaryl could be quantitatively extracted. Acceptable recoveries (84.5-91.9%) and relative standard deviations (6.2%) were achieved in analyzing spiked water samples. A concentration factor of 20 was achieved by the extraction of 100 mL of environmental water samples. The limit of detection and quantification were found to be 2.1 and 6.9 µg L–1, respectively. The proposed method was successfully applied for the extraction and determination of carbaryl in environmental water samples.

    Keywords: Fe3O4-MNPs, SPE, carbaryl, environmental water samples, spectrofluorimetry

  

   

  
    Nesse estudo, um novo método baseado em nanopartículas de magnetita Fe3O4 (MNPs) foi desenvolvido para a extração, preconcentração e determinação de traços de carbaril de amostras de água do meio ambiente. Fe3O4 MNPs foram sintetizadas e modificadas pelo surfactante dodecil sulfato de sódio (SDS) e aplicadas com sucesso na extração de carbaril e na sua determinação através de espectrofluorimetria. Fatores que afetam a adsolubilização do carbaril, como quantidade de SDS, pH, tempo de espera, solvente de desorção e volume máximo de extração foram otimizados. Sob as condições selecionadas, foi possível extrair carbaril quantitativamente. Recuperações (84,5-91,9%) e desvio padrão relativo (6,2%) aceitáveis foram alcançados ao analisar amostras de água adulterada. Um fator de concentração de 20 foi obtido na extração de 100 mL de amostras de água do meio ambiente. Os limites de detecção e quantificação encontrados foram 2,1 e 6,9 µg L-1, respectivamente. O método proposto foi aplicado com sucesso na extração e determinação de carbaril em amostras de água do meio ambiente.

  

   

   

  Introduction

  Recently, nanoparticles (NPs) have attracted substantial interest in the scientific community for the sample extraction. Compared with micrometer-sized particles used in the solid phase extraction (SPE), NPs offer a significantly higher surface area-to-volume ratio and a short diffusion route, resulting in a higher extraction capacity; rapid dynamics of extraction and higher extraction efficiencies.1,2 Also, NPs' surface functionality can be easily modified to achieve the selective sample extraction or cell collection.1,2 In these NP-based extraction procedures, the NPs were collected after extraction either by centrifugation or by filtration, which would be difficult in some cases such as with large volume samples.1

  More recently, magnetite nanoparticles (MNPs) have received increasing attention. MNPs as adsorbents can be easily collected by using an external magnetic field placed outside of the extraction container.1 Thus separation process can be performed directly in crude samples containing suspended solid material without additional centrifugation or filtration, which makes separation easier and faster.1,3

  Because of their large surface area and unique physical and chemical properties, they have been widely applied in the analytical chemistry field. These MNPs (as bare or modified Fe3O4 adsorbents) can be used for the extraction and determination of trace amounts of organic1,4-16 and inorganic2,17-20 compounds from different samples.

  The adsorption of ionic surfactants on MNPs can form hemimicelles and admicelles. Thus, new SPE methods based on hemimicelle assembles have been proposed for the extraction and preconcentration of a variety of pollutants from complex environmental matrices.5-8,13-17 In these methods, the sorbents were produced by the adsorption of anionic6,8,13,17 or cationic5,15,16 surfactants on the surface of MNPs. By using hemimicelles in SPE, a new kind of adsorbents is obtained which has many advantages, such as high extraction yields, high breakthrough volumes, rapid separation and rapid elution of analytes. Furthermore, no clean-up steps are required additionally.5,7,15

  Determination of trace level pesticides in aquatic environment is very important due to their intense use in agriculture and to their persistence as well.1 These compounds cause a variety of neurotoxic and endocrine disruptor effects. Thus, World Health Organization (WHO) and various national governmental institutions have established residue limits and published guidelines for quantification of pesticide residues in waters.21,22

  Carbaryl is a broad spectrum pesticide belonging to the N-methylcarbamate group and functioning as a reversible inhibitor of cholinesterase (ChE) activity. Carbaryl moderately binds to soil and has potential to leach to groundwater. It is not persistent in soil since it can be hydrolyzed, photodegraded, oxidized and degraded by microbes. In alkaline or neutral water, hydrolysis is the major degradation route for carbaryl, with half-lives ranging from a few hours to a few days. It is also subject to microbial degradation in natural water. Photolysis plays a role in the degradation process, significantly reducing degradation half-life of carbaryl. The major degradation product is 1-naphthol. In general, carbaryl is slightly toxic to mammals, moderately to highly toxic to aquatic organisms and honeybees.23

  In Australia, the guideline for carbaryl in drinking water has recommended the health value (HV) to be 0.03 mg L–1. The environmental quality standards in Japan are established the level for carbaryl as 0.05 mg L–1 in public water. Canadian drinking-water quality maximum acceptable concentration (MAC) value is 0.09 mg L–1.1

  Analyses of carbamates by high performance liquid chromatography (HPLC) and by mass spectrometry (MS) coupled with HPLC and gas chromatography (GC) in environmental samples, either with direct or with derivatization methods, have been widely used.24

  However, GC based analysis of many carbamates is hindered by the thermal degradation of the analytes and precolumn derivation is required.25,26 On the other hand, the costs of HPLC and HPLC-MS methods are high. They usually use high volumes of toxic solvents and their separation procedure is time-consuming. Sometimes you have to develop an extremely complex gradient for the separation, specific preprocessing procedures for samples or sophisticated cleanup strategies.27

  Therefore, there is an increasing demand for developing sensitive, simple and reliable methods for determining pesticides in aquatic environments. Luminescence spectroscopy is considered as a sensitive and selective analytical technique. It offers remarkable analytical features for the determination of organic pollutants. However, its use (especially fluorescence) for analysis of organic pesticide residues has been limited by the fact that relatively few of these compounds are strongly luminescent.28

  In this work, Fe3O4 MNPs were synthesized and modified by the sodium dodecyl sulfate (SDS) surfactant. Then, a SPE procedure based on these modified NPs was developed for the extraction of carbaryl from environmental water samples and its determination by a simple, rapid and inexpensive spectrofluorimetric method. Predominant factors influencing the synthesis of SDS-coated Fe3O4 NPs as well as carbaryl extraction and determination were investigated and optimized.

   

  Experimental

  Apparatus

  All fluorescence measurements were made using a Shimadzu RF-5301 PC spectrofluorophotometer (Kyoto, Japan) equipped with a 150 W Xenon lamp and 1.00 cm quartz cells. Instrument excitation and emission slits both were adjusted to 5 nm. A centrifuge from Hettich (EBA 20 model/Andreas Hettich GmbH & Co. KG, Tuttlingen, Germany) with 15 mL calibrated centrifuge tubes (Hirschmann, EM techcolor, Germany) was used to accelerate the phase separation process. The pH-meter model M120 (Halstead, Essex, England CO9 2DX) supplied with a glass combined electrode was used for the pH measurements. The mixtures were shaked using a Unimax 1010 Shaker-Inkubator (Heidolph, Germany).

  Materials

  Iron (II) chloride tetrahydrate (FeCl2.4H2O), iron (III) chloride hexahydrate (FeCl3.6H2O) and SDS were purchased from E. Merck (Darmstadt, Germany). Carbaryl was purchased from PolyScience Corporation (Chemical Division, Analytical Standards, Arlington Heights, Illinois 60004). All solvents and chemicals including acetone, acetonitrile, ethanol, methanol, chloroform, sodium chloride and HCl were obtained from E. Merck (Darmstadt, Germany).

  A stock standard solution at a concentration of 500 µg mL–1 was prepared by dissolving appropriate amount of carbaryl in methanol and stored under dark conditions in refrigerator when not in use. This solution was stable for 1 month. Working standard solutions were obtained daily by appropriately diluting this stock solution with ultrapure water. The water used for sample preparation was deionized and purified using a Milli-Q system (Advantage A 10, Millipore, France).

  Preparation and characterization of MNPs

  Fe3O4 NPs were prepared by the co-precipitation method with some modifications.17 So, the mole ratio of Fe3+/Fe2+ was approximately 1.7:1 instead of approximately 2:1 in the cited reference. Firstly, 4.6 g of FeCl3·6H2O, 2.0 g of FeCl2·4H2O, and 0.85 mL of HCl (12 mol L–1) were dissolved in 25 mL of deionized water which was degassed with N2 before use. The resulted clear yellowish green solution was added drop-wise into 250 mL of 1.5 mol L–1 NaOH solution (heated to 80 ºC), under vigorous stirring with N2 passing continuously through the solution during the reaction. Upon addition, the solution turned black and was then stirred magnetically at 1000 rpm for 30 min. After the reaction, the obtained precipitate was separated from the reaction medium by magnetic field, washed with 200 mL of deionized water four times, and then re-suspended in 250 mL of deionized water. The average particle size of the obtained MNPs was observed by using a scanning electron microscope (SEM), model vega2 (Czech Republic).

  Recommended procedure

  For the batch adsorption experiments, a 100 mL sample solution containing 2-100 µg mL–1 of carbaryl (or real water sample), 5 mL of NPs solution and 400 µg mL–1 of SDS solution were put into a 250 mL beaker and the pH of the mixture was adjusted to the desired value with 0.1 mol L–1 HCl. Secondly, the mixture was shaked at 200 rpm and allowed to complete the extraction process for 5 min. Subsequently, a strong magnet was placed at the bottom of the beaker, and the SDS-coated Fe3O4 NPs was isolated from the solution. After about 5 min, the solution became limpid and supernatant solution was decanted. Finally, the preconcentrated target analyte was eluted from the isolated particles with methanol (2 × 2.5 mL) to desorb the target analyte with the aid of stirring. The fluorescence intensity of final solution (i.e., 5 mL) was measured at 334 ± 3 nm with the excitation wavelength set at 279 ± 3 nm.

  Sample collection

  All water samples were obtained from different districts of Azerbaijan-e-sharghi. Tap water samples were taken from our lab in Tabriz and a well water sample came from the Jolfa. River water samples were collected from Aras river (Jolfa). Bottled mineral water samples were obtained from local markets in Tabriz. All samples were collected randomly and filtered through 0.45 µm filter paper before use in order to remove suspended solids. The filtered water samples were stored at 4 ºC until analysis. Then, a 100 mL portion of clear samples was subjected to the extraction and spectrofluorimetric determination. The spiked water samples were made by adding certain amounts of carbaryl standard solution to the real water samples of fixed volume.

   

  Results and Discussion

  Synthesis of Fe3O4 MNPs

  Co-precipitation is a facile and convenient way to synthesize Fe3O4NPs from aqueous Fe2+/Fe3+ salt solutions by the addition of a base under inert atmosphere at room temperature or at elevated temperature. The size, shape and composition of MNPs depends on the type of salts used (e.g., chlorides, sulfates, nitrates), the Fe2+/Fe3+ ratio, the reaction temperature, the pH value and ionic strength the media.13

  In this work, different conditions were investigated for the NPs synthesis consisting of: using chloride or sulfate salts, changing the Fe2+/Fe3+ ratio from 1:1 to 1:2.5, adjusting the sample pH with NH4OH or NaOH and finally the addition of base to Fe2+/Fe3+ solution or reverse order. The results showed that using this procedure, the quality of MNPs is fully reproducible once the synthesis is performed using chloride salts, the Fe2+/Fe3+ ratio fixed at 1:1.7 and addition of Fe2+/Fe3+ mixture to NaOH solution (heated at 80 ºC). The SEM image (Figure 1) of the dispersed Fe3O4 NPs in water shows that the synthesized MNPs have rather high surface area and also the substructures with dimensions less than 42 nm could be observed.

  
    

    [image: Figure 1. SEM image of the dispersed]

  

  Effect of pH

  In the mixed hemimicelle based SPE, value of pH plays a critical role in the hemimicelles formation and the target compound extraction. The surface charge density of Fe3O4 NPs is a main factor affecting the extraction of analyte and its amount varies strongly with the pH values.13 The effect of pH on the adsorption of carbaryl was investigated in the range between 1.5-9.5 by using 0.1 mol L–1 HCl or NaOH solution for pH adjustment (see Figure 2). The percent adsorption and thus analytical signal was increased by increasing pH and reached maximum at pH 3.0, then remained nearly constant up to pH 3.5 and decreased at higher pH values. Thus, a pH of 3.0 was chosen for all subsequent experiments and HCl solution used for the pH adjustment.
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  The surface charge of bared Fe3O4 NPs is neutral at the pH ca. 6.5 (pHzpc = pH zero point charge).8,13,17 Therefore, it is concluded that the surface of these particles has a positive charge at acidic pHs. The positively charged surface of Fe3O4 NPs in acidic solutions was favorable for the adsorption of anionic surfactants and thus targeted analyte. When pH was above the isoelectric point of the Fe3O4 NPs, the positive charge density on the surface of the Fe3O4 NPs is decreased, thus the adsorption of SDS molecules on NPs surfaces becomes less favorable8,11,13,17 and this could lead to a remarkable depression in the analytical signal. However, in quite acidic medium, the analytical signal was decreased probably due to dissolution of Fe3O4 NPs at pHs below 2 or protonation of SDS molecules, which could reduce the hemimicelles formation efficiency.13

  The amounts of Fe3O4 NPs and sample volume

  Compared to ordinary sorbents (micron-size particle sorbents), NP sorbents have higher surface areas. Therefore, satisfactory results can be achieved with fewer amounts of NP sorbents. The influence of MNPs content was studied by adding different amounts of Fe3O4 suspension, ranging from 1-6 mL. The results showed that an amount of 5 mL of suspension was the optimum value.

  Effect of sample volume on the adsorption of carbaryl was studied so, the 50, 100, 150 and 200 mL solutions containing 100 µg L–1 carbaryl were selected. Then adsorption and desorption processes were performed under the optimum conditions as described in experimental section. The results showed that the carbaryl present in the volumes up to 100 mL was completely and quantitatively adsorbed with NPs. The adsorption then remained constant at higher volumes. Therefore, for determination of trace quantities of carbaryl in samples, a sample volume of 100 mL was selected.

  Effect of SDS amount

  It was observed that MNPs can't adsorb carbaryl from aqueous solution at all, while their SDS modified form adsorbed carbaryl efficiently. The adsorption of surfactants on the surface of mineral oxides is a favorable process and based on the added surfactants, they can form various aggregates on the surface (i.e., hemimicelles, mixed hemimicelles and admicelles), below and above the critical micelles concentration (CMC).6,8,17 In this study, SDS was added to the solution at concentrations lower than its CMC (2.3 g L–1)29 to modify the surface of Fe3O4 NPs. The effect of SDS amounts on the adsorption of carbaryl was considered in the ranges of 15-180 mg for the surfactant when 100 mL of water containing 100 µg L–1 of carbaryl was used (see Figure 3). According to the results, with increase in the SDS amount, the adsorption amount of the carbaryl increased remarkably. The increase in adsorption can be explained by the gradual formation of SDS aggregates on the Fe3O4 NP surface and the carbaryl is adsorbed gradually. Maximum adsorption was obtained when SDS amounts were between 50-90 mg. At higher amounts of SDS, the adsorption of carbaryl decreased gradually due to formation of SDS aggregates in the solution, which can compete with formation of SDS aggregates on the surface of Fe3O4. Given these findings, 80 mg of SDS (final concentration of 400 µg mL–1) was selected for the next studies.
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  Extraction time

  In the SPE process, the shaking time is one of the prime factors influencing the target analytes extraction. The extraction time profiles were studied by varying the mixing time of MNPs-sample suspension in the range of 1-10 min. Results reveals that a rapid extraction could occurr in about 5 min. The high surface area of MNPs along with homogeneous distribution of the nano-sorbent throughout the sample could be the possible reasons for achieving such a fast extraction process. Thus, a short shaking time of 5 min was selected for adsorption in subsequent experiments.

  Desorption condition

  Organic solvents can rapidly and completely disrupt the mixed hemimicelles and therefore the analyte is removed from the surface of NPs. In this work, methanol, ethanol, acetone and acetonitrile were studied for desorption of analyte from the SDS-coated Fe3O4 NPs by gently shaking the solution. The maximum signal was observed when methanol was used. Therefore, desorption of analyte was carried out by using 2 × 2.5 mL of methanol. For achieving the more efficient desorption condition, desorption time was investigated in the range of 1-10 min. A duration time of 5 min appeared to be sufficient for complete desorption.

  Analytical parameters

  Under the optimum experimental conditions, calibration graphs were obtained by extraction of 100 mL of standard solutions and under the experimental conditions specified in the procedure. The calibration curve for the detection of carbaryl was linear over the concentration range of 2 to 100 µg L–1. The corresponding fitted equation was FI = 7.23(± 0.51) C + 14.18(± 0.92) (n = 9) and the coefficient of correlation (r2) was 0.9989. In this equation, the FI is the fluorescence intensity and C is the carbaryl concentration in µg L–1. The relative standard deviation (RSD) obtained for the repetitive determinations of 50 µg L–1 of carbaryl was found to be 6.2% (n = 6). The limit of detection (LOD) and quantification (LOQ) by using the criterion 3Sb/m and 10Sb/m, were found to be 2.1 and 6.9 µg L–1, respectively, where Sb is the standard deviation of the blank measurements and m is the calibration slope.

  In order to highlight the advantageous features of the proposed method, its performance in the extraction of carbaryl was compared with other methods reported in the literature. The distinct features of these methods are summarized in Table 1. Compared with references21,30-34 which use GC-MS or HPLC for the determination of targeted analyte, the proposed method does not require high investment and maintenance costs of the instruments. Also, it is evident that the concentration factor (CF) obtained with the SDS-coated Fe3O4 NPs is relatively high in comparison with some of these methods.31,34-36 More importantly, our LOD is comparable to or even better than some of these methods which use very sensitive detection techniques.31,33-37
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  Mukdasai et al.37 has used a two-step micro-extraction method for the extraction of carbaryl. This method is based on the derivatization reactions for both carbaryl and its SPE sorbent, which is a laborious and time-consuming method. This method uses a high concentration factor (i.e., 2730); however, our LOD is approximately ten times better than that reported in this work. The second method uses graphene (G) grafted silica-coated Fe3O4 nanocomposite for the extraction of carbaryl and its determination by HPLC.38 Some reported features in this work are better than our method. But a simple, rapid and low-cost spectrofluorimetric method in combination with a different sorbent has been adopted in this work for the extraction and determination of carbaryl.

  The validation and application of the method

  The present method was validated by different water samples spiked with known amount of carbaryl. As shown in Table 2, the overall recoveries of carbaryl added to water samples were in the range of 75.2 to 87.0% which were acceptable except for the river water samples. The addition of a neutral salt such as NaCl, can increase these values (up to 84.5-91.9%) due to known salting out effect.
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  Figure 4 shows typical excitation and emission spectra for carbaryl in different samples. The coincidence of excitation and emission spectra in this figure along with acceptable recoveries indicated that no significant matrix effect occurred in the proposed method. In order to test the applicability of the proposed method, four different water samples were collected and analyzed under the optimum conditions. The results have been summarized in Table 2.
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  By considering the guidelines for carbaryl in drinking water, the merit of analytical figures indicates that the present method is sensitive enough for the monitoring of carbaryl in different water samples. On the other hand, the carbaryl concentration in these samples was lower than specified levels.

   

  Conclusions

  In this work, SDS-coated Fe3O4 NPs combined with  spectrofluorimetric detection was developed for the  extraction and determination of carbaryl in different  water samples. The proposed method offers a simple,  safe, sensitive, and inexpensive method for extraction and  determination of carbaryl. Method validation using spiked  real samples demonstrated that the method is capable  of detecting trace carbaryl with adequate trueness and  precision. In addition, sensitivity of the method is enough  for the determination of carbaryl in variety of environmental  samples. The proposed methodology possessed several  advantages like simplicity, proper preconcentration factor  and low cost, especially if more sophisticated techniques  such as HPLC or GC are not available.
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    This study describes the structural, porosity and morphological changes of porous polymerderived ceramics obtained by pyrolysis of polysiloxane-clay composites, containing a pore former based on poly (dimethylsiloxane) and nickel acetate as nanostructure inductor. The composites were blended in a steel mold, thermally treated at 950 ºC and 1500 ºC (inert atmosphere). The increase of the temperature together with the presence of Ni resulted in more crystalline and porous ceramics and a higher ordering process of Cfree phase in the Ni-containing sample. The ceramics revealed a wide pore size distribution, from micro to macropores. At 950 ºC the ceramic revealed the presence of pores and Ni- and C-rich islands dispersed on the fracture surface. However, at 1500 ºC, nanowires with large aspect ratio, constituted by Si, C and O elements were generated. Thus, the presence of Ni associated to higher pores amount gave rise to an appropriate environment for the nucleation and growth of SiCO nanowires.

    Keywords: polysiloxane, ceramic matrix composites, clay, pyrolysis

  

   

  
    Este trabalho descreve as alterações estruturais, texturais e morfológicas de cerâmicas porosas derivadas de polímeros e obtidas pela pirólise de compósitos polissiloxano/argila, contendo formador de poros à base de poli(dimetilsiloxano) e acetato de níquel como indutor de nanoestruturas. Os compósitos foram obtidos a partir de molde de aço-inox, seguido por tratamento térmico a 950 ºC e 1500 ºC (atmosfera inerte). O aumento da temperatura associado com a presença de Ni resultou em cerâmicas mais cristalinas e porosas, além de maior ordenamento da fase de Clivre. As cerâmicas revelaram ampla faixa de tamanho de poros. Em 950 ºC, foram gerados poros e ilhas ricas em Ni e C dispersas na superfície de fratura. Entretanto, a 1500 ºC, foram obtidos nanofios com alta razão de aspecto constituídos de Si, C e O. Assim, a presença de Ni associada a maior quantidade de poros originou um ambiente apropriado para a nucleação e crescimento de nanofios de SiCO.

  

   

   

  Introduction

  During the last years many studies have been focused on the preparation of silicon oxycarbide ceramics by pyrolysis of polymeric precursors.1-4 These materials, also known as polymer-derived ceramics (PDCs), possess the general formula SiCxO4-x + C, where 0 < x < 4 and C corresponds to the free carbon in the molecular structure, i.e., the secondary phase constituted of carbon atoms that are not bonded in the network. The presence of this phase, which is associated to the incomplete thermal degradation of aliphatic and aromatic hydrocarbons species, under an inert atmosphere, can be controlled by the prior selection of the polymeric precursor. The partial substitution of oxygen by carbon leads to the production of carbidic carbon units, which increase the bond density and, consequently, the network structure strengthen.5 In this way, typical physical and chemical properties, such as the glass transition temperature, elastic modulus, hardness and chemical durability are also expected to increase.

  In spite of PDCs present the possibility to be produced by different conventional polymer processing techniques (spinning, warm pressing, injection-molding and blowing, for example), the main drawbacks of these materials are the pronounced shrinkage and formation of cracks in the final material structure, as a consequence of the density increase and gaseous substances release during the polymer-ceramic conversion by pyrolysis route.6,7 An alternative of minimizing and/or controlling the shrinkage and generation of cracks in the ceramic materials can be achieved from the incorporation of suitable fillers (active or inactive) in the polymeric precursor, as first described by Greil,8 generating ceramic matrix composites (CMC). Moreover, the addition of fillers has also been carried out to improve the integrity and mechanical properties of final ceramic materials.9 Typical active fillers (Ti, Zr, Cr and Mo), under pyrolysis in inert atmosphere, may react with the gaseous decomposition products from polymeric precursor as well as pyrolysis gas, giving rise to secondary phases in the resulting ceramics, mainly consisting of carbides and nitrides. However, inactive fillers (SiC and Si3N4, for example) do not react with such decomposition products and, in this case, the total shrinkage can partially be reduced by filler volume effect. The process developed by Greil8 and associated with the incorporation of such fillers is called AFCOP (active-ﬁller-controlled polymer pyrolysis).

  On the other hand, porous polymerderived ceramics are considered a promising search field and have attracted much attention of researches due to the wide range of technological applications, such as catalyst supports,10 separation,11 chemical sensing,12 and more recently, hydrogen storage.13 In fact, porosity for dense or porous SiCO ceramics has a great effect on their applications (mechanical strength, thermal conductivity, adsorption, etc.) and many studies have been reported in order to obtain optimized properties by controlling surface area, amount, structure and pore size distributions.1,14,15 Different manufacturing processes of porous polymerderived  ceramics have been proposed, including replica  of a polymeric template, direct foaming of a solution,  use of sacriﬁcial pore formers, etching of suitable fillers,  self-assembly of a preceramic polymer, infiltration into  meso-porous template and synthesis of an inorganic-organic  diblock copolymer.16-20 All these proposed processing  methods have showed to be capable to produce ceramics  with engineered porosity affording varied and tailored  characteristics, which are of interest for a wide range of  applications. In this sense, siloxane-clay composites are  attractive ceramic precursors, for which few studies have  been done. Taking into account that clays are basically  composed by silicate, the introduction of this phase aims  to improve the strength of porous ceramic walls. During  pyrolysis process, the pressure imposed by the pore formers  degradation can induce the opening of clay galleries and  release of silicate layers on porous ceramic structure.21 In  addition, the catalytic activity of the Ni transition metal  on the production of ceramic nanophases22 is well known,  such as nanowires, nanotubes and nanocables, generating  materials with future applications, mainly in the electronic  and/or optical fields.23

  The present study reports the synthesis and characterization of porous ceramics derived from polysiloxane-clay composites, containing Ni and poly(dimethylsiloxane-co-methylpropylethylene oxide siloxane) as inductor of nano/microstructures and pore former agent, respectively. The natural clay was employed in order to obtain more straightforward ceramic matrix composites, mainly at walls of porous ceramic. The as-prepared ceramic products pyrolysed under inert atmosphere at 950 ºC and submitted to a heat treatment at 1500 ºC were investigated in terms of their structural, textural and morphological features. In addition, the effect of Ni on the nano/microstructures formation of porous polymer-derived ceramic composites was evaluated.

   

  Experimental

  Starting materials

  Natural montmorillonite GEL MAX 400, MT, was supplied by Eduardo Vasconcelos Representações LTDA (Porto Alegre, Brazil). MT is a polycationic clay with cation exchange capacity of 106 mequiv (100 g)–1 and real density of 1.54 g cm–3. The elemental composition (wt.%) of the MT clay determined by X-ray fluorescence is: SiO2 (60.8), Al2O3 (27.4), Fe2O3 (2.4), TiO2 (0.4), MgO (2.7), CaO (2.9), K2O (3.0), others (0.4). Commercially available poly(methylsiloxane), (HSi(CH3)O)n, PMS, (molar weight ca. 2000 g mol–1) and poly(dimethylsiloxaneco-methylpropylethylene oxide siloxane), PDMS-PEO,    (molar weight ca. 3100 g mol–1) were supplied by Dow Corning (Hortolândia, Brazil). Divinylbenzene (DVB) was purchased from Aldrich Chemical Corporation (Milwaukee, USA) and dichloro-1,3-divinyl-1,1,3,3-tetramethyldisiloxane platinum(II) complex was purchased by Gelest ABCR GmbH Co. (Karlsruhe, Germany). Nickel acetate tetrahydrate [Ni(Ac)2.4H2O], supplied by Vetec    Química Fina Ltda (Rio de Janeiro, Brazil), was previously dried (NiAc) and toluene P.A. was supplied by Synth (Diadema, Brazil).

  Synthesis of the siloxane-clay composite

  Initially, NiAc was incorporated into PDMS-PEO21 followed by the MT addition. The resulting mixture was blended in a MARCONI mechanical stirrer at 1000 rpm during 2 h. This mixture was added to a solution of PMS and DVB, catalyzed by Pt(II) complex, which was in 1:1 ratio, considering the molar relation of Si-H bonds (from PMS) and C=C bonds (from DVB) and then mixed according to the procedure previously described,4 to give rise to the polymeric matrix of the composite. The final mixture was blended until a viscous solution was obtained, which was immediately poured into a steel mold of (13.5 × 1.3 × 0.3) cm3. The final content of PDMS-PEO, MT and NiAc was 18, 36 and 1 wt.%, respectively. The obtained material was cured at 80 ºC and ca. 80 MPa for 1 h in a MARCONI molding machine, in the absence of inert atmosphere. The final product, named green body (GB), was additionally cured at 100 ºC in a vacuum oven for 8 h.

  Ceramic materials preparation

  The ceramic materials (CM) were obtained by controlled pyrolysis of the GB at 950ºC (CM950), followed by heat treatment at 1500 ºC (CM1500), at a heating rate of 5 ºC min–1 and a holding time of 60 min at the final selected temperature. The pyrolyses were carried out in EDG 5P tubular furnace, equipped with an internal alumina tube and a temperature controller, under argon flow (100 mL min–1), using a multi-step-heating schedule. For the sample obtained at 1500 ºC, the heat treatment procedure was carried out from a sample previously pyrolysed at 950 ºC in a Thermolyne F59340-CM tubular furnace.

  Characterization techniques

  Thermal stability and ceramic yield of the green body were analysed by thermogravimetry (TG) in a TA 2950 thermobalance (TA Instruments, New Castle, DE) from 25 to 980 ºC, at a heating rate of 20 ºC min–1 under argon flow (100 mL min–1).

  The structural evolution from the siloxane-clay composites to ceramic materials was monitored by infrared (IR) spectroscopy, using a Bomen B100 spectrometer, operating in the transmission mode between 4000 and 400 cm–1, at 4 cm–1 resolution.

  X-ray diffraction (XRD) patterns were recorded on a Shimadzu diffractometer, model XRD6000, using Cu Kα radiation (λ = 1.54060 Å).

  Micro-Raman scattering was obtained in a Renishaw Raman microscope with excitation by an Ar laser (514.5 nm), potency of 1.1 mW cm–2 and calibration of the Si peak at 520.7 cm–1. The error in the peak positions was less than ± 2.0 cm–1.

  Micro-, meso- and macroporosities were evaluated by both nitrogen adsorption/desorption and mercury intrusion porosimetry techniques. The specific surface area, total pore volume and average pore size were obtained from N2 adsorption experiments, on a fully automatic nitrogen gas adsorption apparatus (Autosorb, Quantachrome Instruments), which can be programmed to measure gas adsorption and desorption isotherms. The surface area was obtained from the N2 adsorption isotherms by using the Brunauer, Emmet and Teller (BET) method.24 The total pore volume was calculated by using the N2 desorption isotherm, following the Barret, Joyner and Halenda (BJH) method.25 In order to full comprises the porosity features of the samples, open porosity was characterized by high-pressure mercury intrusion (PoreMaster, Quantachrome), with intrusion pressures from 20 to 33000 psi. Pore size distributions were calculated from the intrusion curve by using the Washburn equation.26 A value of 140º was used for the contact angle of the mercury on the solid, and the surface tension of the mercury was taken at 480 erg cm–2. The samples were outgassed up to 50 mmHg immediately prior to analysis to facilitate the filling of the penetrometers with mercury.

  Density measurements were performed in a helium pycnometer (Micromeritics, model 1305), using helium as carrier gas. The analyses were conducted with samples dried at 120 ºC for 1 h and purged with helium at least 10 times before measuring. These measurements correspond to bulk density and the obtained values include the closed pores.

  The morphology of fracture surface of the samples was observed by scanning electron microscopy (SEM) using a JEOL JSM 6360-LV microscope with an accelerating voltage of 20 keV. Previously to analyses, the exposed fracture surface was covered with a thin layer of Au/Pd alloy, using a Bal-Tec MED 020 equipment. The chemical composition analysis of Si, O and C elements was performed by energy dispersive spectroscopy (EDS) technique.

   

  Results and Discussion

  Thermal stability of the MT, MT/PDMS-PEO and GB

  The TG and DTG curves for MT, MT/PDMS-PEO and GB are illustrated in Figure 1.
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  The MT presented two main steps of weight loss: the first (28-184 ºC), with a loss of 2.7%, can be attributed to the presence of weakly bonded water and intercalated water into the interlayer regions, and the second stage (460-750 ºC), which corresponds to a weight loss of 5%, is related to the loss of structural hydroxyl groups.27,28 The curves for MT/PDMS-PEO showed the thermal decomposition of PDMS-PEO, with a weight loss of 47% (220-550 ºC), and also the steps observed for MT. The first weight loss of GB, from ca. 80 to 350 ºC (4.3%), corresponded to volatile monomer not included in the polymeric network. A weight loss of 15% (440-640 ºC) was attributed to the degradation of organic groups, involving C–H, C–C and Si–C bond scissions of Si–CH3 Si–CH2–CH2 residual groups.29 From 640 ºC to 840 ºC, part of the phenyl rings can be degraded, followed by the formation of inorganic material.30 In this last step, reorganization reactions of Si sites can also take place, giving rise to silicon oxycarbide formation. At 980 ºC, the ceramic yield obtained for GB was 69%.

  Structural characterization from green body to the ceramic materials

  The structural evolution from GB to the ceramic materials (CM950 and CM1500) was monitored by IR analyses and the spectra are showed in Figure 2.
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  In the GB spectrum, a drastic reduction of n C=C (ca. 3055 cm–1)and n Si–H (ca. 2162 cm–1)absorptions31 were observed, compared to DVB and PMS pristine spectra, respectively. This result indicated that the hydrosilylation reaction between PMS and DVB was effective, generating a hybrid polymeric network. For the sample pyrolyzed at 950 ºC, CM950, the disappearance of the absorption bands from 2966 to 2869 cm–1 of the CH3 andCH2 groups was verified, indicating the formation of a typical inorganic material. A recent study showed that the conversion process from PMS/DVB polymeric network to ceramic material is already practically complete at 700 ºC.4 The broad bands at ca. 1080 and 800 cm–1 are assigned to n Si–O–Si and n Si–C absorptions, respectively, as expected for the CM950. The relative intensity and width of the absorption centered at 1080 cm–1 (n Si–O–Si) decreased with increasing of the temperature from 950 to 1500 ºC, as showed in the CM950 and CM1500 spectra. In addition, an increase in the relative intensity of the absorption at 800 cm–1 (n Si–C) was observed. These results indicated that at high heat treatment temperature, the formation of silicon carbide (SiC) is more intense. This behavior is expected, once it is well established that SiC is formed at temperatures higher than 1300 ºC by a carbothermal reduction reaction of Si–O and C rich sites present in a non-crystalline SiCxOy phase,32,33 as illustrated by reaction scheme below:

  SiO2(s) + 3C(s)→ SiC(s) + 2CO(g)

  The IR spectra for CM950 and CM1500 samples also showed the presence of a weak absorption at 480 cm–1, characteristic of ѵ Si–O, which corresponds to the mode associated with cyclic siloxane.

  The XRD patterns for GB and CM950 and CM1500 ceramic materials are showed in Figure 3.
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  The GB showed a single (001) diffraction peak at 2θ = 5.5º, corresponding to the MT d-spacing (interlayer distance) of 1.60 nm, calculated according to Bragg's equation. The d-spacing of MT is higher than that of the pristine montmorillonite (1.26 nm, not shown) due to the insertion of PDMS-PEO between clay galleries. Other diffraction peaks, with characteristic intensities at 20º, 35º and 62º (2θ), corresponding to (100), (110) and (060) smectite plane reflections,34 respectively, were also observed.

  During the conversion process from polymeric precursor to ceramic, the layered structure of the MT is destroyed and the clay (001) diffraction peak is not more observed in the ceramic materials. XRD pattern for CM950 showed the formation of cristobalite silica (c-SiO2) at 22º and 28º(2θ),35 C-graphite at 26.1º (2θ), attributed to its (002) plane,36 and lower intensity reflections at 35.5ºand 45.4º (2θ), corresponding to (111) plane37 of β-SiC and Ni2Si phases,30 respectively. These reflections became more intense with increasing of the temperature, as can be observed in the XRD pattern for CM1500 sample. Moreover, additional peaks of the characteristic β-SiC phase at 60º and 72º (2θ) were also verified for CM1500, related to the (220) and (311) planes,32 confirming the more effective crystallization of the β-SiC phase for sample obtained at 1500 ºC, as also showed in the IR spectra. The peak at 42º (2θ) was assignment to Ni3C phase,38,39 probably formed during methane and hydrogen gases released in the pyrolysis process. Apart from the increasing of the temperature has favoured the formation of crystalline phases in a SiCxOy matrix, the presence of Ni was crucial to this process. Recently, studies about structural evolution from PMS/DVB hybrid networks to ceramic materials, with emphasis to the Ni addition in the polymeric precursors, were performed. The results stated that Ni acted as an inductor of the crystallization process, reducing the activation energy towards the c-SiO2, β-SiC and graphitic carbon phases, in comparison with the material without Ni obtained at the same temperature.4 Thus, in the present study, the presence of NiAc in the polymeric precursor certainly contributed to an effective crystallization of the resulting ceramics, according to previously results.4

  Polysiloxanes-derived ceramics generally contains an excess of carbon in its structure, known as dispersed carbon phase (Cfree) (secondary phase), where the carbon atoms were not bonded to the polymeric network. The presence of the Cfree in the ceramic matrices was evaluated by Raman spectroscopy, which is a technique usually employed for the characterization of C-containing materials. Figure 4 displays the Raman spectra for CM950 and CM1500 samples.
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  The spectra for both materials showed two typical features of disordered graphitic forms: the D (disordered) band at ca. 1350 cm–1 and the G (graphite) band at around 1600 cm–1.40-42 The spectral profile for CM950 showed a less intense band at 791 cm–1, characteristic of SiC phase,43 whereas for CM1500 this band became more intense, in addition to the presence of a less intense band at 944 cm–1, which also corresponds to SiC phase. The identification and behavior of the SiC phase by Raman spectra, considering the increase of the temperature, is in agreement with IR and XRD data. As can be clearly verified, CM950 spectrum exhibited a large fluorescence background, mainly above 2000 cm–1, characteristic of these non-crystalline materials,44 with broader D-and G-bands. It has been reported that the pronounced fluorescence phenomenon can prevent the identification of the Cfree phase, as verified in C-rich SiCO ceramics heated at 1400 ºC.33,45 According to these authors, this phenomenon may be associated with defects present in the samples and radical formation during the polymer-to-glass transformation.

  The increase of the temperature from 950 to 1500 ºC promoted a decrease in the fluorescence background. In addition, the valley between D-and G-bands became deeper, with smaller full width half-maxima (FWHM). CM950 sample revealed a value of 195 cm–1 for D-band, while for CM1500 this value was 61 cm–1. This result indicates that at 1500 ºC, the ceramic sample exhibited very distinct D- and G-bands, characterized by rather narrow peaks, which suggests that an ordering process occurred within the Cfree phase during heat treatment of these samples, confirmed by smaller FWHM value of D-band for CM1500 sample. The typical increase in the intensity of the G band and concomitant decrease of the D band is indicative that turbostratic carbon was formed at 1500 ºC.46 Moreover, D-and G-bands slightly shifted for lower frequencies values with increasing of pyrolysis temperature. This behavior for D-band suggests a decrease in a number of ordered aromatic rings on passing from nano-crystalline graphite to non-ordered carbon structure.41 The G-band position in graphite carbon-containing materials, however, is expressed according to amount of Csp3 sites, in which increasing the amount of these carbon sites shifts G-band to lower values, just verified for CM1500.

  Porosity measurements

  Initially, ceramic materials were submitted to the N2 adsorption technique (isotherms not showed) in order to characterize the micro- and mesopores, followed by the high-pressure Hg intrusion to supply a complete porosity characterization, once this last technique evaluates the meso- and macropores range in these materials. Table 1 shows specific surface area, total pore volume, average pore size, porosity and bulk density values, obtained by N2 adsorption, Hg intrusion porosimetry and density measurements, of the ceramic materials produced at 950 ºC and 1500 ºC. As observed, the low specific surface area value provides a prediction that polymer-derived ceramics are classified as dense materials, revealing extremely low values, in the 1-2 m2 g–1 range.47 The specific surface area values, determined by the BET method, showed tendency to increase with increasing of the temperature, as well as the total pore volume values obtained by BJH method. This behavior is attributed to the intense carbothermal reduction reaction at 1500 ºC, as result of the reorganization reactions of different silicon sites, promoting the β-SiC phase crystallization and thus the reduction of the SiO2 and C phases from ceramic matrix. This phenomenon probably contributed to the increase in the porosity (Hg intrusion porosimetry) from 19.2 to 28.3 % of the ceramic materials obtained at 950 ºC and 1500 ºC, respectively, which is in agreement to SEM illustrations exhibited in the next section. Additionally, the average pore size of CM950 and CM1500 samples (1.5 and 1.9 nm, respectively) confirmed that both materials presented microporous into ceramic matrix, which are in the considered range for this classification (d < 2 nm).48 Then, as earlier described, the N2 adsorption/desorption technique detects the micro- and mesopores range, however, in these ceramic materials, only the presence of micropores was verified.
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  The effect promoted by the temperature on the crystallization of the resulting ceramics generally gives rise to changes in the density of the resulting materials. It is well known that SiCxOy glasses derived from polymeric precursors present a glass transition temperature in the 1300-1350 ºC range.49 Thus, above the glass transition temperature of the SiCxOy glass, the densification of the specimens takes place as a consequence of a viscous sintering process. In addition, the carbothermal reduction reaction also contributes to the formation of the β-SiC crystalline phase (density of 3.21 g cm–3)50 and, consequently, to the increase of the density value. Although CM1500 reveals higher crystallinity than CM950 sample, comprised by the intense and well-defined diffraction peaks, its density value was slightly lower. This behavior may be explained by higher average pore size and porosity values for CM1500 when compared with the CM950 sample.

  High-pressure Hg porosimetry is a widely employed technique for evaluating of the open-porosity and pore size distribution in ceramic materials. This technique comprises the mesopores (2 < d < 50 nm) and macropores (d > 50 nm) range, limiting only for micropores range (d < 2 nm).48 The equipment possesses two analysis stations: the low pressure station (from 0 to 50 psi), which determines pores with higher diameters and the high pressure station (from 0 to 33000 psi), which comprises the region of pores with lower sizes present in the material. After analyzing, it is generated a standard curve of the Hg intruded volume in function of the pressure necessary for the penetration of Hg inside pores. Figure 5 illustrates the histograms of normalized volume (Hg intruded volume in relation to sample mass ratio) as a function of pore diameter for CM950 and CM1500 obtained by Hg intrusion technique.
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  Both samples showed wide pore size distribution, in the meso- and macropores regions. As observed, CM1500 revealed higher amount of mesopores than CM950, mainly for those with sizes between 35 and 50 nm (initial left part of histogram). In addition, a more significant amount of macropores with diameters lower than 100 mm was also verified for ceramic obtained at 1500 ºC. However, CM950 showed a more pronounced macroporosity than CM1500 for pores with sizes higher than 100 mm, mainly for sizes around 200 mm (final right part of histogram). The presence of the generated pores can be clearly seen in the SEM images (next section), where the wide range of sizes is comparable to porosity results, mainly related to macropores. In this way, high-pressure Hg porosimetry allowed a complete porosity characterization for studied ceramics, revealing the presence of meso- and macropores in both materials, where these last are not possible to be identified by the N2 adsorption/desorption technique.

  Morphological evaluation

  Figure 6 shows that the fracture surface morphology of the CM950 is mainly formed by islands with different sizes and shapes together with high amount of polydisperse pores associated to the PDMS-PEO degradation. As can be seen in the magnified area of Figure 6a, the islands are distributed all over the surface of the sample as well as inside the pores (Figure 6b).
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  SEM observations coupled with EDS analysis revealed that the islands are basically composed by carbon and nickel elements, as illustrated in Figure 7. The presence of these elements suggests the formation of the nickel carbide (Ni3C) phase which is rather unusual carbide, once this phase is not stable at high temperature.39 Probably, this phase was produced in small amount in the ceramic matrix. The Ni3C generated in CM950 was only verified by SEM-EDS; however, it was not identified by XRD, since it is not sufficiently sensitive to detect a small amount of this phase. Nickel carbide is usually prepared by the reaction of some activated form of nickel metal with carbon monoxide.51 The formation of the carbide phase can occur via adsorption of a C-containing matrix constituent on the surface of a nickel cluster and subsequent decomposition of the absorbed molecule, whereas the carbon diffuses into the nickel to form the carbide phase.52 Kashiwagi et al.53 used sucrose as a carbon source to synthesize Ni3C nano-whiskers, by means of the spray pyrolysis technique at 800 ºC. Podsiadly et al.39 reported the effective synthesis of nanocrystalline nickel and iron carbides through hydrocarbons decomposition on respective metal catalysts at different temperatures. In the present study, however, the main carbon sources are the DVB component from the hybrid polymeric network precursor, which, under inert argon atmosphere, generates dispersed Cfree from incomplete thermal degradation of aliphatic and aromatic groups of the organic specie, and volatile hydrocarbons such as hydrogen and methane released during pyrolysis process.
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  Figure 8 shows the fracture surface morphology of the CM1500. The morphological investigation of the ceramics supported the porosity data.
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  CM1500 presented a higher amount of pores (Figure 8a) than CM950 (Figure 6a), which can be associated to the reorganization reactions of different silicon sites, as explained for the porosity data, besides the effective PDMS-PEO degradation. An important feature related to the morphology of the CM1500 was the presence of ultra-long nanowires formed in some pores, as shown in Figures 8b and 8c (Figure 8c corresponds to amplified region from Figure 8b). These nanowires of large aspect ratio are normally entangled and randomly oriented, similar to typical carbon nanotubes morphology.39,54 EDS analysis (not shown) revealed that the nanowires are probably composed by carbon, oxygen and silicon elements (32, 33 and 15 wt.% respectively). However, this will be further investigated. The Ni- and C-rich islands of the CM950, associated to presence of pores, probably contributed to the formation of the nanowires at higher temperature (1500 ºC). Podsiadly et al.39 reported that carbon nanostructures (nanotubes and/or nanofibers) can be produced through the decomposition of the metal carbides, preferentially on metals able to form unstable carbides. The authors observed that the formation of catalytic nickel carbide phase was associated to chemical composition of hydrocarbons in the reaction medium and decomposition temperature. Hydrocarbons containing high amounts of hydrogen in relation to carbon atoms led to reduction of this carbide phase, whereas smaller hydrogen to carbon ratios exhibited opposite behavior. In this way, the small amount of Ni3C obtained in this study could be justified by relatively hydrogen-rich atmosphere, generated by thermal decomposition of Si–CH3 and Si–H bonds from polymeric network and pyrolysis temperatures, since Ni3C decomposition is usually more favored than its formation at high temperatures.39 Moreover, it can be accepted that the pores, specifically, can provide enough growth space for nanowires.55 The presence of NiAc in the polymeric precursor has been reported to be effective for inducing nanowire formation with different morphologies in the ceramic products when compared to ceramics prepared without Ni.22 The formation of these typical nanostructures in the polymer-derived ceramics, generally promoted by specific techniques using or not transition metals, becomes these materials with potential applications for catalyst support56 and those related to construction of nanoscale electronic and optoelectronic devices.57

   

  Conclusions

  In summary, this study describes the effect of the Ni and the pyrolysis temperature on the structural, textural and morphological features of SiCO-derived ceramic, obtained from polysiloxane-clay composites, in the presence, or not of Ni. The carbothermal reduction reaction occurred at temperature above 1200 ºC and, mainly, in the presence of NiAc in the polymeric precursor. From 950 ºC to 1500 ºC, the Cfree phase, typical of SiCO-derived ceramics, exhibited an ordering process, as verified by Raman spectra. Complementary porosity techniques showed the wide pore size distribution, comprising pores in the micro, meso and macro scales. However, the results indicated that CM1500 possesses higher pore amounts, justifying the formation of nanowires only in this sample. The presence of Ni metal was crucial to effective production of the nanowires in some areas of the ceramic products, making them as a candidate material in future applications, such as optoelectronic devices and catalyst support.
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    The bismuth vanadate (BiVO4) is a semiconductor that has attracted much attention due to the photocatalytic efficiency in the visible light region. The objective of this work was to synthesize monoclinic BiVO4 by solution combustion synthesis, with different surfactants and fuels and apply it as photoelectrodes. The characterization by infrared spectroscopy and Raman spectroscopy showed that all samples showed characteristic bands of the monoclinic structure BiVO4. The samples synthesized with glycine and glycine/Tween® 80 had V2O5. The film obtained from the alanine/Tween® 80 showed highest photocurrent values, which may be related to smaller size particles (200 to 300 nm) observed by scanning electron microscopy images. The films obtained using alanine showed highest values of rate constant reaction and percentage discoloration of methylene blue.
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    O vanadato de bismuto (BiVO4) é um semicondutor que tem atraído muita atenção devido à eficiência fotocatalítica na região da luz visível. O objetivo deste trabalho foi sintetizar o BiVO4 monoclínico por síntese de combustão em solução, com diferentes combustíveis e surfatantes e aplicá-los como fotoeletrodos. A caracterização por espectroscopia de infravermelho e Raman mostrou que todas as amostras apresentaram bandas características da estrutura monoclínica do BiVO4. As amostras sintetizadas com glicina e glicina/Tween® 80 apresentaram V2O5. O filme obtido a partir da alanina/Tween® 80 apresentou maior fotocorrente, o que pode ser relacionado ao menor tamanho das partículas (200 a 300 nm) verificado pelas imagens de microscopia eletrônica de varredura. Os filmes obtidos usando alanina apresentaram maiores valores de constante de velocidade observada e percentagem de descoloração do azul de metileno.

  

   

   

  Introduction

  Photoactive semiconductor nanocrystalline materials had been used in many systems, such as water disinfection, organic synthesis, solar cells, gas sensors, positive electrode material for rechargeable lithium batteries, among others.1-4

  The bismuth vanadate (BiVO4) is a n-type semiconductor and it has been widely studied due to its properties as ferroelasticity, ionic conductivity, electrochemical, inorganic dye, and also due to the photocatalytic activity in the degradation of organic compounds when irradiated with λ < 520 nm (ca. 2.4 eV).5 However, the photocatalytic activity of BiVO4 depends on their crystal structure, which can vary between monoclinic and tetragonal.6

  The monoclinic structure of BiVO4 is the only one that displays efficient photocatalytic activity in the visible light region due to the narrow difference between the valence and conduction bands. When the crystal structure of monoclinic BiVO4 receives energy from 2.4 eV (ca. 520 nm) promotes the electron from the valence band of the 6s orbital bismuth atom to the 3d orbital of the vanadium atom. Despite the fact that the tetragonal structure shows photocatalytic activity in the ultraviolet region with band-gap energy around 3.1 eV.7-9

  Numerous techniques are employed for the synthesis of photoactive materials such as solid state synthesis,2 sol-gel hydrolysis,10 precipitation in aqueous solution9 and combustion synthesis solution.11,12

  The solution combustion synthesis (SCS) has been widely used for the synthesis of ceramics, alloys, intermetallic nanomaterials, catalysis, composites and advanced processes. It is a simple, fast, versatile and also it liberates enough energy to produce pure and homogeneous nanostructure crystals.11-13

  The immobilization of the powder produced on the surface of the conductive substrate result in thin films with different properties depending on the deposition technique used. These films can be produced by various techniques such as dip-coating,4 casting,5 electrodeposition,1 electrophoretic deposition,12,14 among others.

  The electrophoretic deposition (EPD) is a technique based on charged particle movement toward a surface of opposite charge due to the application of an external electric field.15 The EPD process can be cathodic when the particles are positively charged and anodic when the particles are negatively charged.16 This process occurs in three stages: (i) formation of stabilized suspension of particles, (ii) migration of particles toward the electrode deposition under the influence of the electric field, (iii) destabilization of the suspension by the formation of deposits on the surface of electrode.17

  Surfactants had been applied as a stabilizer, overlaying agent and template which may control size, anisotropic growth and cluster formation in different synthesis process.18 Moreover, adding surfactants in precursor solution it is possible to diminish the surface tension, promote nucleation, and reduce the energy of the formation of a new phase. Surfactant molecules are comprised by hydrophilic head and hydrocarbonic tail that acts as hydrophobic part in molecule. The supermolecular arrangement of surfactants forming micelles in solution acts as growth controller performing as cluster inhibition, while hydrocarbonic tail plays the role of fuel in the combustion process. The advantages of using surfactant during the synthesis process regards the nanostructured material produced, which presents extraordinarily large surface area and narrow pore size.18 In this way, the addition of surfactant in precursor solution during BiVO4 synthesis can promote the formation of better electrocatalyst. To the best of our knowledge, however, the synthesis of BiVO4 by combustion synthesis method with the assistance of surfactants has not been reported.

  The aim of the present manuscript remains on the synthesis of semiconducting monoclinic BiVO4 by solution combustion synthesis using different fuels (alanine, glycine and urea) and different surfactants (anionic: dodecyl sulphate; cationic: cetyl trimethyl ammonium bromide; and, neutral: polysorbate, Tween® 80) for construction of photoanodes. The synthesized BiVO4 was deposited in conducting substrates by electrophoretic deposition. The resulting films had been applyied in photoelectrocatalysis methylene blue.

   

  Experimental

  All reagents had analytical grade and were used without prior purification. The masses were measured using an analytical balance and all solutions were prepared in ultrapure water (Millipore Plus).

  Solution combustion synthesis of BiVO4 semiconductor

  In this study, urea, glycine, and alanine were used as fuel for the preparation of BiVO4 by SCS process. Besides these fuels, polysorbate surfactants (Tween® 80), cetyl trimethyl ammonium bromide (CTAB) and sodium dodecyl sulphate (SDS) were added to the synthesis to improve the surface properties of the semiconductor.

  Initially, 1.21 g of Bi(NO3)3.5H2O and 0.48 g citric acid were dissolved in 50 mL of 1.5 mol L–1 nitric acid solution. Then, the pH of the solution was adjusted to 7.0 ± 0.2 by adding NH4OH concentrated. Afterward, 1.00 g of fuel was added to the solution yielding a clear solution, referred in this manuscript as solution A. A second solution designated as solution B was prepared by dissolving 0.29 and 0.48 g of NH4VO3 and citric acid, respectively, in 50 mL of ultrapure water heated at 70 ºC, yielding a dark green solution. Subsequently, the solutions A and B were mixed, resulting in a dark blue solution. This mixed solution was evaporated at 80 ºC in a furnace for 20 h resulting in a dark blue gel, which was calcined at 500 ºC for 1 h to obtain BiVO4 crystals. When the fuel alanine was used in solution A was also added different amounts of surfactants: CTAB, SDS and Tween® 80, thus obtaining four distinct compounds. For fuels only glycine and urea were added to the solution A the surfactant Tween® 80, yielding two distinct compounds for each fuel.

  Electrophoretic deposition

  BiVO4 films were obtained by electrophoretic deposition from aqueous suspension of each sample BiVO4 0.4 g L–1 in fluorine doped tin oxide (FTO) conductive substrate by applying a potential of 15 V for 1 h using a power supply (ICEL Manus). The final heat treatment of the films was 500 ºC for 1 h in a muffle furnace (EDG Equipment EDGCON 1P).

  Physical and electrochemical characterization of BiVO4

  Thermal analysis of the BiVO4 gels obtained with different surfactants and fuels were measured by thermogravimetric analysis (TGA) under N2 from 30 ºC up to 950 ºC with a heating rate of 10 ºC min–1, equipment 4000 from Perkin Elmer TGA. The alumina was used as reference substance. For analysis by infrared spectroscopy (FT-IR) transmittance spectra were recorded 4000-400 cm–1 with a resolution of 2.0 cm–1 in spectrometer Perkin Elmer FT-IR/NIR Frontier. The vibrational modes of the material were obtained by Bruker spectrophotometer FT-Raman RFS 100 with excitation at 1064 nm, output beam 40 to 100 mW, 128 up to 512 scans and spectral resolution of 4 cm–1. The films morphology BiVO4 was investigated by scanning electron microscopy (SEM) electron microscopy model-FEI Quanta 200 with magnification up to 30,000 times. The electrochemical and photoelectrochemical characterization was performed in glass electrochemical cell with electrodes: working (BiVO4 films), reference (Ag/AgCl 3 mol L–1 KCl) and auxiliary (platinum wire). Analyses were performed at potentiostat/galvanostat 128N from AUTOLAB with potential window from 0 to 1.4 V in a solution of Na2SO4 0.1 mol L–1 with a scan rate of 5 mV s–1.

  Photoelectrocatalysis for methylene blue dye discoloration

  The discoloration of methylene blue was conduct by chronoamperometry in a solution of 20 µmol L–1 methylene blue dye using 0.1 mol L–1 Na2SO4 as supporting electrolyte by applying the potential of +1.4 V. The illumination system was conduct under a dichroic lamp from Philips 50 W irradiation (λ > 400 nm). At certain times (0, 10, 20, 40, 60, 90 and 120 min), aliquots of the solution were taken. Spectra UV-Vis absorption of the solution was made at 200-800 nm in room temperature, in Ocean Optics USB 4000 spectrophotometer, using quartz cuvette with 1 cm optical path. The decrease in absorbance was monitored at 664 nm and the discoloration rate constant, kobs, was determined graphically considering a rate law of pseudo-first order.

   

  Results and Discussion

  TGA of BiVO4 gels synthesized with different fuels and surfactants showed that thermal decomposition of the compounds was dependent on the type of fuel and surfactant used in the synthesis, Figure 1. The total mass loss varied from 87 to 90% occurring at different stages.

  
    

    [image: Figure 1. TGA curve for BiVO4 precursor gels synthesized with]

  

  The gel thermograms for BiVO4 samples synthesized in presence of alanine and alanine/CTAB showed four major mass loss, while the samples synthesized with alanine/SDS and alanine/Tween® 80 present five mass losses. The first was related to water loss on the moisture content ranging between 65 and 83 ºC. The second loss corresponding to reduction-oxidation reactions of the fuel and decomposition occurred at 150 ºC for samples synthesized with alanine, alanine/CTAB and alanine/SDS; and, 170 ºC for the sample synthesized with alanine/Tween® 80. The third loss was related to the decomposition of the precursors (nitrates) that occurred between 161-192 ºC. The last loss corresponds to total pyrolysis 498, 530, 511 and 505 ºC producing BiVO4 residual mass of 11.7, 12.3, 10.9 and 13.1% for samples synthesized with alanine, alanine/CTAB, alanine/SDS and alanine/Tween® 80, respectively. The samples synthesized with alanine/SDS and alanine/Tween® 80 still had one loss at 230 ºC corresponding to the decomposition of surfactants, Figure 1a.

  BiVO4 samples synthesized with glycine and urea as fuels showed three major weight losses. The first was related to water loss on the moisture content ranging between 73 and 94 ºC. The second loss is related to the oxidation-reduction reactions, decomposition of precursors and fuel at 152, 170, 172 and 177 ºC for samples synthesized with glycine, glycine/Tween® 80, urea and urea/Tween® 80, respectively. The third loss corresponds to total pyrolysis at 512, 543, 248 and 266 ºC with BiVO4 residual products 9.6, 12.1, 10.5, and 11.3% for samples synthesized with glycine, glycine/Tween® 80, urea and urea/Tween® 80, respectively, Figure 1b.

  The formation of BiVO4 occurred at lower temperatures using the fuel urea (248 and 266 ºC) when compared with the alanine and glycine. This indicates that the combustion is complete, without any significant loss of mass after this temperature. On the other hand, when using glycine as a fuel, the formation of BiVO4 occurred at higher temperatures 540 and 548 ºC, which may have caused incomplete combustion of the material when these samples were calcined at 500 ºC occurring formation of another compound, such as V2O5.

  Although the BiVO4 formation occurs at higher temperatures using alanine compared to urea fuel, these temperatures were lower than the samples synthesized with glycine. The formation temperatures of BiVO4 using alanine were close to 500 ºC causing complete combustion of this fuel and forming the semiconductor.

  Figure 2 shows the FT-IR spectra of the samples of BiVO4 synthesized with different fuels and surfactants. All samples showed broadband 737 cm–1 with shoulder at 838 cm–1 and a weak band at 477 cm–1 which are characteristic of BiVO4 monoclinic structure. The band at 838 cm–1 corresponds to the symmetric stretching n1 and VO band; at 737 cm–1 refers to the antisymmetric stretching n3 (VOV). The band at 477 cm–1 is assigned to the symmetric angular deformation VO43–.

  
    

    [image: Figure 2. FT-IR spectra of the BiVO4 samples (with KBr pellet) synthesized with different fuels and surfactants]

  

  The values for characteristic bands of BiVO4 monoclinic found by other authors19-21 are coincident with those found in this study, confirming the monoclinic crystalline phase in the samples synthesized. Venkatesan et al.19 have found bands at 827, 731 and 470 cm–1, which are characteristic of monoclinic BiVO4. Dong et al.20 identified bands at 830 and 742 cm–1 characteristic of BiVO4 monoclinic synthesized by hydrothermal method. Zhang et al.21 identified strong broadband near 730 cm–1 with shoulder at 836, 666 and 640 cm–1 and a band around 470 cm–1 for BiVO4.

  In addition, besides the characteristic bands of BiVO4 monoclinic samples synthesized with glycine and glycine/ Tween® 80 were also possible to identified characteristic bands for V2O5 at 1017, 632 and 518 cm–1, corresponding to V=O stretching (vanadyl), deformation and stretching V–O, respectively. Almeida et al.22 found bands characteristics of V=O stretching of vanadyl between 950 and 1020 cm–1 and the stretching at wave number below 600 cm–1, for V2O5. While Surca et al.23 have found bands at 612 and 503 cm–1 relating to deformation and stretching of V–O, respectively.

  The crystals BiVO4 present intense yellow coloration, but the samples synthesized using glycine as fuel had dark yellow coloration due to the presence of V2O5, confirmed by FT-IR and Raman.

  Figure 3 shows the Raman spectra of the BiVO4 samples synthesized using different fuels and surfactants. All samples showed characteristic bands of monoclinic structure BiVO4 in 828, 709, 367 and 327 cm–1. A single band at 828 cm–1 is assigned to symmetric stretching V–O (Ag symmetry) while the band at 709 cm–1 is attributed to the anti-symmetric stretching V–O. The bands at 367 and 327 cm–1 are assigned to the deformation angle (V–O) symmetric (Ag) and anti-symmetric (Bg) of VO43–, respectively. The bands at 213 and 130 cm–1 are attributed to external modes of rotation and translation.

  
    

    [image: Figure 3. Raman spectra excited at 1064 nm for BiVO4 samples (with KBr pellet) synthesized with different fuels and surfactants]

  

  Similarly to FT-IR results, the bands found in Raman spectra by other authors19-21 are coincide with those found in this work for BiVO4, confirming the monoclinic structure of the semiconductor. Zhou et al.24 have found monoclinic BiVO4 characteristic bands at 333, 365 and 826 cm–1. Moreover, Wetchakun et al.25 observed bands at 322, 378, 721 and 831 cm–1 for BiVO4 synthesized by hydrothermal method. Su et al.26 have noticed bands at 324, 367, 712 and 827 cm–1 BiVO4 obtained by precipitation in aqueous solution in presence of carbon spheres.

  Figure 4 shows the Raman spectra of the BiVO4 samples using glycine and glycine/Tween® 80 which present  characteristic bands for V2O5. These samples exhibit a characteristic band at 992 cm–1 assigned to vanadyl's stretching (V=O) from V2O5; additionally, the characteristic bands of monoclinic BiVO4 are observed by Almeida et al.22 and Su et al.26 have found a band at 995 cm–1 characteristic of V=O bond from V2O5. Furthermore, Raman spectra showed no shift in BiVO4 characteristic bands indicating phase segregation between V2O5 and BiVO4.
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  The images obtained by SEM showed changes in particle morphology of BiVO4 deposited on the FTO conductive substrate by electrophoretic deposition, dependent of fuel and surfactants used during the synthesis, Figure 5.

  
    

    [image: Figure 5. SEM images for thin films deposited by electrophoretic process of BiVO4 synthesized with different fuels and surfactants]

  

  From images obtained by SEM, it was estimated the average size of the particles, from the results, it was possible to observe that the smallest size was observed for synthesized compound using alanine as fuel in presence of the surfactant Tween® 80.

  BiVO4 particles are predominantly spherical with size of approximately 410, 350, 920 and 675 nm, for films synthesized with  alanine, alanine/CTAB, glycine and urea, respectively. However, for the samples synthesized with alanine/SDS and glycine/Tween® 80, the particles have the appearance of larger structures with undefined geometry and sizes around 400 and 425 nm, respectively. In the samples synthesized with urea/Tween® 80 had been observed a sintered process among the particles on the FTO surface substrate with size of approximately 565 nm, while the alanine/Tween® 80 synthesized samples formed particle agglomerates with sizes of 270 nm. The addition of surfactant decreased the particle size with all fuels used in the synthesis.

  The photoelectrochemical profiles for BiVO4 electrodes synthesized with different fuels and surfactants showed an augmentation in photocurrent with potential increasing, during the anodic scan, characteristic of n-type semiconductor, Figure 6. Moreover, photocurrent density was higher for all tested electrodes with light irradiation when compared with electrochemical process at dark, Table 1.

  
    

    [image: Figure 6. Cyclic voltammetry of film BiVO4 synthesized with Alanine]
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  The electrode showed better results in terms of photocurrent density when film was synthesized with alanine/Tween® 80, reaching approximately 190 µA cm–2 when the system was illuminated with visible light, Figure 6a. On the other hand, Silva et al.4 analyzed BiVO4 films deposited by dip-coating FTO showed current density around 50 µA cm–2 in very similar experimental conditions.

  The voltammogram of BiVO4 film synthesized with alanine/Tween® 80 showed the interaction of visible light with the film resulting in a hedge when the current system was illuminated with pulses of 5 s, during the anodic scan. In the absence of the light source, there was decay in the photocurrent, as shown in the inset of Figure 6b. Moreover, the response time for this hedge photocurrent was 200 ms.

  The increase in photocurrent is due to the fact that the photogenerated holes being directed towards the semiconductor surface, while electrons migrate to the cathode, decreasing the pair electron/hole recombination.

  The discoloration of methylene blue (20 µmol L–1) was performed by chronoamperometry observing the decrease in absorbance at 664 nm regarding two conditions: the dark and continuously irradiated with visible light. The efficiency in the photocatalytic discoloration was observed for all the films when the system was illuminated with visible light. The film of BiVO4 synthesized with the fuel alanine and alanine/tween were the most electroactive discoloration, reaching 100% bleach solution in 120 min, Table 2. The percentage of dark discoloration were not significant for both the BiVO4 film synthesized as alanine and alanine/Tween® 80.
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  The decolorization reactions followed first order kinetics and the rate constants (kobs) were calculated by the equation 2 and the results are summarized in Table 2.

  
    [image: Equation 2]

  

  where Abst is the absorbance of the solution at the time t, Abs0 is the absorbance of the solution at time zero, k is the rate constant and t is the reaction time.

  The photolysis experiment shows that without the addition of photocatalyst, the methylene blue solution (20 µmol L–1) does not have significant discoloration with visible light irradiation (11%) and the rate constant is low (0.09 × 10–2 min–1, R2 = 0.97).

  Discoloration of methylene blue occurs by absorption of the photon by BiVO4, promoting the electron from the valence band to the conduction band and forming the hole in the valence band. The electron is promoted directed to the counter electrode, in this case, the platinum wire through the application potential of +1.4 V suitable for BiVO4 and so is the reduction of water generating H2. The hole photogenerated oxidizes water to form hydroxyl radicals (OH•) that oxidize the organic compound, in this case the methylene blue. The advantage of photoelectrocatalysis is the decrease in the recombination of charge carriers, increasing the photocatalytic activity. For this activity to be effective photon absorbed by the photocatalyst should have an appropriate wavelength to the material used, in this case requires a light BiVO4 with λ < 520 nm.5

  The decrease in photocatalytic efficiency of the synthesized materials with glycine is due to the fact that the synthesis of an incomplete combustion, with other compounds such as V2O5, and confirmed by Raman spectroscopy in the infrared region.

  The BiVO4 film synthesized with alanine/Tween® 80 showed the best electrochemical response of current density and higher percentage of discoloration of methylene blue solution. This fact is related to the smaller size of the particles, confirmed by SEM images.

  Timmaji et al.12 used solution combustion synthesis to prepare BiVO4 photocatalyst for pollutants remediation, exploiting the influence of precursors of vanadium (VCl3 and VOSO4) and fuel (urea, glycine and citric acid) during the synthesis. They showed that the synthesized semiconductor precursor with VCl3, regardless of the fuel, presented V2O5 in the resulting compound formed and lowest band-gap values. Moreover, the authors observed that samples synthesized with VOSO4 presented tetragonal BiVO4 increasing the band gap energy value. In comparison with commercial sample, semiconductors synthesized showed greater response and higher electrochemical oxidation of methyl orange dye in 4 h of irradiation with visible light. Time to complete discoloration two times bigger as we have reached in the present manuscript.

  In the present work was used the alanine as fuel and also the same fuels used in the studies of Timmaji et al..12 Alanine was more efficient in the synthesis of BiVO4, improving the electrochemical response of films and efficiently managing discolor the solution of methylene blue for 2 h under visible light irradiation.

   

  Conclusions

  The results demonstrated the successful electrophoretic deposition of synthesizes monoclinic BiVO4 by solution combustion synthesis. From the characterization of the produced vanadate, by FT-IR and Raman, it was possible to identify V2O5 present in the vanadate samples synthesized with glycine and glycine/Tween® 80. The film obtained from alanine/Tween® 80 showed the highest photocurrent (190 μA cm–2) when compare with other films. This may be related to the smaller particle size obtained by SEM images (200-300 nm).

  All BiVO4 films show to be effective in the discoloration of methylene blue under visible light irradiation by presenting energy band-gap around 2.4 eV. However, films obtained by deposition of BiVO4 synthesized with alanine as fuel showed highest values for kobs around 1.6 × 10–2 min–1 per cm2 of electrode area. This fact can be related by combustion power alanine be larger than the other fuels.
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    A miniaturized liquid-phase extraction procedure based on directly suspended droplet microextraction combined with flame atomic absorption spectrometry was developed for determination of trace amounts of iron and copper, without any need for the centrifugation step for phase separation. The method was based on the extraction of the iron and copper complexes with 2-mercaptopyridine-N-oxide onto a microdrop of methyl isobutyl ketone (MIBK) as extractant solvent. The factors influencing the extraction were optimized. Under optimum conditions, an enrichment factor of ~25 was obtained for both iron and copper from only 6.5 mL of aqueous phase. The analytical curves were linear between 40-800 µg L-1 and 25-1200 µg L-1 for iron and copper, respectively. The limits of detection were 3.76 µg L-1and 1.84 µg L-1 for iron and copper, respectively. The developed method has been successfully applied for the determination of iron and copper ions in environmental waters, fruits, vegetables and also certified reference materials, with high efficiency.

    Keywords: directly suspended droplet, microextraction, iron, copper

  

   

  
    Um procedimento de extração em fase líquida miniaturizado, baseado na microextração direta em gota suspensa combinada com espectrometria de absorção atômica com chama foi desenvolvido para a determinação de traços de ferro e cobre, sem a necessidade da etapa de centrifugação para a separação de fases. O método consiste na extração de complexos de ferro e cobre com 2-mercaptopiridina-N-óxido em uma microgota de metil-isobutil-cetona (MIBK) como solvente extrator. Os fatores que afetam a extração foram otimizados. Nas condições otimizadas um fator de enriquecimento de ~25 foi obtido para ambos, ferro e cobre, a partir de 6,5 mL de fase aquosa. As curvas analíticas mostraram-se lineares no intervalo de 40 a 800 µg L-1 e de 25 a 1200 µg L-1 para ferro e cobre, respectivamente. Os limites de detecção foram 3,76 e 1,84 µg L-1 para ferro e cobre, respectivamente. O método proposto foi aplicado para a determinação de íons ferro e cobre em águas, frutas, vegetais e também em materiais de referência certificados, com resultados bastante eficientes.

  

   

   

  Introduction

  Recently, pollution of water and food samples by appreciable amount of heavy metals has been considered as a result of human activities. Heavy metal composition of foods is of interest because of their essential or toxic nature. For example, iron, zinc, copper, chromium, cobalt and manganese are essential, while lead, cadmium, nickel and mercury are toxic at certain levels. Toxic elements can be very harmful even at low concentrations when ingested over a long time. Other elements (iron, zinc, copper, etc.), are essential for human life at low concentrations, however, they can also be toxic at high concentrations.1 Iron is an essential nutritional element for all life forms, i.e., it is a cofactor for a number of enzymes and is essential for oxygen transport and electron transfer. Although daily requirements for iron are 8 and 18 mg for men and women, respectively, it is potentially toxic in excess concentrations because of its prooxidant activity. Hence, its concentrations in body samples should be frequently controlled.2 On the other hand, copper is an important trace bioelement for mammals and plants and plays a significant role as a cofactor in at least 30 important enzymes. Study of this metal in real samples is of a great interest because of its critical biological effects as an essential element. But in higher levels it is toxic and can cause nausea, vomiting, irritation of nose and throat, liver trouble or even death. Because of this, there is an increasing need to control the trace copper content in water and food samples on a daily basis.3

  However, due to matrix effect and low concentration of metal ions, efficient separation and preconcentration steps are essential prior to analytical measurements. Several preconcentration methods such as co-precipitation,4 liquid-liquid extraction (LLE)5 and solid phase extraction (SPE)6,7 have been developed for the separation and preconcentration of iron from environmental matrices. Among the methods of copper preconcentration reported are liquid-liquid extraction,8,9 coprecipitation10 and also several systems based on solid phase extraction.11-14 However, the uses of classical extraction methods for these purposes are usually time-consuming, labor-intensive and require large amounts of high purity solvents for extraction.

  In recent years, there has been a growing interest in the development of miniaturized preconcentration methods based on liquid-liquid or solid-phase extraction.15-18 Liquid-phase microextraction (LPME) technique, which emerged in the 1990s,19-22 is a miniaturized format of LLE and overcomes many of disadvantages of solid phase microextraction (SPME), e.g., non-dependence on a commercial supplier. It is generally simple to use, a quick procedure, which is characterized by affordability and reliance on widely available materials. Research on this technique began by using small droplets of organic solvents suspended from the tip of a microsyringe needle. However, new approaches have been developed to analyze compounds of a different nature and to obtain large enrichment factors using relatively short extraction times.23 LPME based on static microdroplets does have some drawbacks. First of all, the microdroplet can be lost from its support due to gravity, shear force and flow-field turbulence. Also, constrained stirring decreases the extraction efficiency or enrichment factor. The volume of the microdroplet is limited to 5 µL, which results in poor compatibility with some instruments that require larger injection volumes (e.g., high performance liquid chromatography (HPLC)). In recent years, Yangcheng and co-workers24 developed directly suspended droplet microextraction (DSDME) as a new sampling method. In this method, a stirring bar is placed at the bottom of a vial containing an aqueous sample and rotated at a speed required to cause a gentle vortex. If a small volume of an immiscible organic solvent is added to the surface of the aqueous solution, the vortex results in the formation of a single droplet at or near the center of rotation. The droplet itself may also rotate on the surface of the aqueous phase, increasing mass transfer. In comparison with the other LPME techniques based on droplet systems (e.g., SDME), it provides more flexibility in the choice of the operational parameters, especially the amount of the solvent and the stirring frequency. The possibility of applying larger volumes of organic solvents in this method also makes it a useful technique to match with HPLC in addition to gas chromatography (GC).25

  The aim of this study was the combination of green and simple directly suspended droplet microextraction (DSDME) with flame atomic absorption spectrophotometry (FAAS) for determination of Cu(II) and Fe(III) in different samples for the first time without need of any special glass tube for extraction solvent collection.

   

  Experimental

  Instrumentation

  Determination of iron and copper was performed on a Shimadzu AA-670 atomic absorption spectrometer (Kyoto, Japan) under the recommended condition for each metal ion. The instrumental parameters were as follows: wavelengths 248.3 and 324.8 nm for iron and copper, respectively. Bandwidths were 0.2 and 0.5 nm for iron and copper, respectively. All pH measurements were made using a Metrohm E-691 digital pH meter with a combined glass electrode. A 100 µL Hamilton syringe (Hamilton Bonaduz AG, Bonaduz, Switzerland), was used for methyl isobutyl ketone (MIBK) injection and withdrawal of the enriched drop at the end of the DSDME process. Stirring of the solution was carried out by a magnetic stirrer (Rodwell Monostir, England) and a stir bar (8 mm × 3 mm). A homemade microsample introduction system was constructed from a 25 mL pipette valve and was coupled to the nebulizer needle by a small length of the PTFE capillary tube.26,27

  Reagents and materials

  Nitric acid, hydrogen peroxide, formic acid, perchloric acid, hydrofluoric acid and MIBK from Merck (Darmstadt, Germany) were of analytical grade. The stock solution of 1000 mg L-1 of iron and copper were prepared by dissolving Fe(NO3)3.9H2O and Cu(NO3)2.3H2O from Merck (Darmstadt, Germany) in 1% HNO3.1 The calibration standards for the analytes were prepared using the atomic absorption standard solutions (Fe(NO3)3 1000 mg L-1 Fe, and Cu(NO3)2 1000 mg L-1 Cu from Merck (Darmstadt, Germany)).

  A 1.0 g L-1 solution of 2-mercaptopyridine-N-oxide sodium salt (Alfa Aesar, Germany) in water was prepared. Other metal salts were analytical grade and purchased from Merck. Working solutions were prepared daily by appropriate dilution of the stock solutions. All experiments were done three times and mean values were evaluated.

  General procedure

  A 5 mL water sample solution (0.5 µg mL-1 Fe3+ and Cu2+) or real samples, a stir bar (8 mm × 3 mm), 1.0 mL of 0.1 mol L-1 formate buffer (concentration in solution is 0.0154 mol L-1), and 0.5 mg of 2-mercaptopyridine-N-oxide (equal to 0.5 mL of 1.0 g L-1 solution in water) were placed in a 10 mL glass tube. The magnetic stirrer was subsequently turned on and the stirring rate fixed at 700 rpm in order to form a steady vortex. Then, 210 µL of MIBK was injected onto the surface of the aqueous solution with a microsyringe. The solvent immediately formed a drop-shape upon contact with aqueous solution. After 27 min, the remaining microdrop (50 ± 3 µL) was taken back into the microsyringe and diluted with ethanol to 250 µL. Then 100 µL of the final solution was aspirated into the flame atomic absorption spectrometer for each metal using a home-made microsample introduction system.26,27 The described method was successfully applied for the determination of Fe(III) and Cu(II) in water, vegetable, fruit and certified reference material samples (JA-1a, JB-3, SRM 1643e and 1640a). The samples were prepared as follows.

  Preparation of natural water and water certified reference materials

  River water from Sepid Rood (Astaneh Ashrafieh, Iran), mineral water (Hayat, Iran) and drinking water (Sanandaj, Iran) were acidified to pH < 2.0 with concentrated HNO3, immediately filtered (for river water) and stored in precleaned polyethylene bottles. In order to determine the total iron and copper, a 50.0 mL aliquot of each sample was oxidized by addition of 5.0 mL concentrated HNO3 and 1.0 mL concentrated H2O2 (30% m/m). The beaker was covered with watch glass and heated at 100 ºC for 30 min to complete the oxidation.5,28 Then, the sample was transferred into the 50 mL flask and diluted to mark with deionized water. Further, 5 mL of this solution was tested for determination of iron and copper under the general procedure. Preparation of natural water certified reference materials (SRM 1643e and SRM 1640a) followed the same method.

  Preparation of vegetable and fruit samples

  One gram of sample was placed in a 100 mL beaker, and 10 mL of concentrated HNO3 (65% m/m) was added to the beaker. The mixture was evaporated near to dryness on a hot plate at about 130 ºC for 4 h. After cooling to room temperature, 3 mL of concentrated hydrogen peroxide (30% m/m) was added. The mixture was again evaporated near to dryness. The resulting solution was diluted to 25 mL with distilled water. The filtration procedure was made for some vegetable samples which were not completely dissolved.1 For the analysis of concentrated samples another dilution was done. After adjusting the pH, analysis was done as previously mentioned.

  Preparation of rock certified reference materials

  The rock sample was analyzed according to the literature29-31 with a little modification: 0.1 g of powdered rock was weighed in a 50 mL Teflon beaker and 4 mL HNO3 (65% m/m), 3 mL HClO4 (70% m/m) and 5 mL HF (40% m/m) were added. These were mixed well and this mixture was kept for more than 30 min at room temperature, then the beaker was covered and heated at ca. 160 ºC for one day. Then the mixture was recovered and evaporated to dryness at ca. 140 ºC for 2-3 days. The residue was dissolved with 10 mL (1+1) HCl by heating and dilution to 50 mL for analysis. After another dilution (1000 and 500 times for Fe and Cu, respectively) and adjusting the pH, analysis was done as previously mentioned.

   

  Results and Discussion

  In order to obtain high enrichment factor and absorbance, the effect of different parameters such as MIBK volume, pH, amount of 2-mercaptopyridine-N-oxide, extraction time, stirring rate and salt addition was optimized. Then, the effect of coexisting ions was investigated and different real samples such as natural water, vegetable and fruit were subjected to the proposed method to evaluate the concentration of iron and copper. Finally, method validation was made using rock certified reference material.

  For DSDME, as a special type of LLE, the equilibrium organic phase concentration is given by

  
    [image: Equation 1]

  

  where Coeq and Caqeq are the equilibrium concentration in the organic phase and aqueous phase, respectively, Caq 0 is the initial concentration in the aqueous phase, κ is the distribution coefficient, Vaq is the sample volume, and Vo is the organic solvent volume.

  The Co/Caq at time t is defined as κt, and the enrichment factor E is expressed by24

  
    [image: Equation 2]

  

  The organic solvent volume has great impact on the extraction of target analytes, since the kinetics of extraction depend upon the interfacial area (A) and the organic solvent volume (Vo) in accordance with the following equation:

  
    [image: Equation 3]

  

  where k is the observed rate constant, Vaq is the sample volume, Vo is the extractant organic phase and βo is the overall mass transfer coefficient with respect to the extractant phase.32

  The recovery of extraction (ER) was calculated according to:

  
    [image: Equation 4]

  

  where Co is the concentration in the organic phase.33

  Selection of organic solvent and effect of organic solvent volume

  Selection of organic solvent is very important for achieving efficient analyte preconcentration. The analyte in the sample solution (donor phase) should have high partition coefficient into the organic solvent. The appropriate organic solvent in this work should also have low solubility in water to minimize dissolution in the aqueous phase. It should also have high viscosity to hold the microdroplet and a lower density than water to float over the aqueous sample solution.34

  Three low-density solvents (toluene, n-hexane, MIBK) differing in polarity and water solubility were tested for this purpose. In the same experimental condition, the absorbance results for MIBK were better than other solvents. Therefore, methyl isobutyl ketone (MIBK) (density: 0.80 g mL-1; solubility in water: 1.91 g per 100 mL (20 ºC)) was selected as extraction solvent for subsequent experiments. In order to evaluate the effect of the extraction solvent volume, different volumes of MIBK were added to 6.0 mL aqueous phase (5.0 mL of sample solution containing 500 µg L-1 of Fe3+and 500 µg L-1 Cu2+ ions and 1.0 mL ligand 1.0 g L-1) in the range of 150-300 µL and the remained organic phase diluted to 250 µL with ethanol and the determination of iron and copper was done according to the recommended procedure. The results are shown in Figure 1. As can be seen, the absorbance increases by increasing the MIBK volume in the range of 150-200 µL. These results are consistent with equation 3, since a larger interfacial area-to-drop volume ratio is provided by smaller drops.26 Furthermore, the use of MIBK volumes higher than 250 µL gradually decreases the absorbance signal which is due to increasing the volume of the organic phase. Therefore, in the subsequent studies, 210 µL of MIBK was selected as the optimum volume of the extraction solvent.

  
    

    [image: Figure 1. Effect of volume of extraction solvent on the absorbance of iron and copper.]

  

  Effect of pH

  One of the most important parameters affecting the preconcentration procedure is the pH of the solution, because the formation of soluble metal complexes and their stabilities in aqueous solutions are strongly related to the pH of the medium.35 The effect of pH on the complex formation and extraction of Fe3+ and Cu2+ from 6.0 mL of aqueous phase into organic phase (210 µL MIBK) was studied in the range of 1.0-9.0. The pH values were adjusted by either nitric acid or sodium hydroxide solution. The experimental results are illustrated in Figure 2, showing that the maximum absorbance is obtained at pH 3.0 and pH 3.0-4.0 for iron and copper, respectively. The decrease in extraction of iron and copper ions at higher pH is due to the competition of hydroxyl ions with pyrithion for reaction with analytes. Therefore, pH 3.0 was chosen for subsequent experiments and the pH adjustment was carried out by formic acid/sodium formate buffer solution.
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  Effect of amount of 2-mercaptopyridine-N-oxide

  In order to study the influence of the 2-mercaptopyridine-N-oxide amount on the extraction and analytical response for iron and copper, 6.0 mL of aqueous phase (5.0 mL of sample solution containing 0.5 µg mL-1 of Fe3+ and 0.5 µg mL-1 of Cu2+ ions and 1.0 mL of 0.1 mol L-1 formate buffer) were extracted into organic phase (210 µL of MIBK) using various amounts of ligand (1.0 g L-1) ranging from 0.0-1.0 mg. As can be seen from Figure 3, the absorbance increased rapidly as the amount of ligand increased from 0.2 to 0.4 mg, and then slowly decreased upon further increasing in the ligand amount. Therefore, a 2-mercaptopyridine-N-oxide amount of 0.5 mg (equal to 0.5 mL of 1.0 g L-1 ligand solution) was chosen for subsequent experiments.

  
    

    [image: Figure 3. Effect of amount of 2-mercaptopyridine-N-oxide on the absorbance of iron and copper.]

  

  Effect of extraction time

  Extraction is an equilibrium process, and the maximum extraction efficiency is obtained when the system is at equilibrium. Therefore, optimum time is required to reach equilibrium.36 Thus, the effect of time on extraction efficiency of iron and copper from 6.5 mL of aqueous phase (5.0 mL of sample solution containing 0.5 µg mL-1 of Fe3+ and 0.5 µg mL-1 of Cu2+ ions, 1.0 mL 0.1 mol L-1 formate buffer and 0.5 mL 2-mercaptopyridine-N-oxide solution) into organic phase (210 µL of MIBK) was examined in the range of 5-35 min. The results showed that absorbance increased by the increase in time, up to 25 min and then remained constant upon further increasing in extraction time. Thus, the extraction time of 27 min was selected for further experiments.

  Effect of stirring rate

  Stirring speed is one of the major factors that affect the extraction efficiency. Agitation of the sample is routinely applied to the mass transfer coefficient in aqueous solution and accelerates the extraction kinetics. Increasing the stirring rate can decrease the thickness of the diffusion film in the aqueous phase and improve the repeatability the extraction method.37 The effect of the stirring rate was studied in the range of 200-1000 rpm. The results showed that the analytical signal increased with increasing stirring rate from 0 to 600 rpm, and then it remained nearly constant upon further increase in the stirring rate up to 800 rpm. Thus, 700 rpm was chosen as the optimum stirring rate.

  Effect of salt

  The effect of salt on extraction efficiency was studied by varying the concentration of NaCl within the range of 0-10% m/v. Based on the obtained results (Figure 4), addition of salt did not improve the extraction efficiency and the extraction efficiency was higher without addition of sodium chloride. In fact, apart from the salting out effect, salt addition causes a second effect and changes the physical properties of the Nernst diffusion film and reduces the rate of diffusion of the target analyte into the droplet.38 Hence, the extraction experiments were carried out without additional salt.
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  Effect of coexisting ions

  The effects of common coexisting ions on the extraction of iron and copper were also studied. In these experiments, 5.0 mL of solutions containing 0.5 µg mL-1 of metal ions and various amounts of interfering ions were treated according to the recommended procedure. A species was considered to interfere if it resulted in a ± 5% variation of the absorbance signal. The results are given in Table 1. As can be seen from Table 1, the majority of the investigated ions have no significant influence on the extraction of Fe(III) and Cu(II) under the selected conditions. This may be due to formation of more stable complexes of Fe(III) and Cu(II) with pyrithione than the other metal ions studied. Lofts showed that the order of stability constants and, hence, the reactivity of the ligand toward metal ions followed the trend of Fe(III) > Cu(II) > Pb(II) > Zn(II) > Ni(II) > Co(II) > Cd(II) > Mn(II) > Ca(II).39 Thus, it is not surprising that other cations cannot significantly interfere in the extraction of Fe3+ and Cu2+ from aqueous solution. In the case of Hg2+ ions the data given in Table 1 shows that the interference effect of this ion is higher than the other metal ions studied. This is probably because Hg2+ ion as a soft acid has a high affinity for the sulfur atom of the pyrithion as a soft base, which results in strong interactions that increase the stability of Hg2+-pyrithion complex and therefore, an increase in interference of this ion.
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  Analytical figures of merit

  The analytical characteristics of the proposed method, including linear range, limit of detection, relative standard deviation (RSD), correlation coefficient (R2), and enrichment factor, were obtained. Under the optimum experimental conditions, analytical curves were achieved by analyzing 5.0 mL of standard solution containing a known amount of target ions in the range of 10-1400 µg L−1. The organic phase (50 ± 3 µL) was diluted to 250 µL with ethanol, and 100 µL of this solution was aspirated into the flame atomic absorption spectrometer for determination of each metal. The linear dynamic range was 40-800 µg L-1 and 25- 1200 µg L-1 for iron and copper respectively. The limit of detection (LOD), calculated as the concentration of the absolute amount of analyte yielding a signal equivalent to three times the standard deviation of the blank (LOD = 3 σblank / m, n = 10), where m is the slope of the analytical curve in accordance to IUPAC recommendation, were 3.76 and 1.84 µg L-1 for Fe3+ and Cu2+, respectively. The limit of quantification (LOQ = 10 σblank / m, n = 10), were 12.53 and 6.13 µg L-1 for Fe3+ and Cu2+, respectively.

  The results are summarized in Table 2.
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  Applications

  The proposed method was successfully used for the determination of total iron and copper in several water, fruit and vegetable samples. The results, along with the recovery for the spiked samples, were given in Tables 3 and 4. As can be seen, added iron and copper are quantitatively recovered from all samples. The accuracy of the proposed method was evaluated by means of recovery experiments and analysis of certified reference materials JA-1a and JB-3 (andesite and basalt, Geological Survey of Japan), SRM 1643e and SRM 1640a (trace elements in natural water from NIST). The results are shown in Table 5. These results indicate the validity of the proposed methodology for analysis of iron and copper in real samples.
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  Conclusions

  In the present study, an efficient and straightforward mode of microextraction technique (DSDME) has been developed for trace analysis of metallic cations such as iron and copper. This technique provides multi-element enrichment capability, simplicity, low consumption of organic solvent, such as MIBK, which is less toxic than other chlorinated extracting solvents, and doesn't need any centrifugation step for phase separation. The developed DSDME method possesses a high potential for the separation of iron and copper ions from a host of coexisting alkali, alkaline earth, transition and heavy metal ions. Determination of iron and copper can be easily achieved by flame atomic absorption spectrometry with an inexpensive homemade micro sample introduction system. DSDME-FAAS was compared with other reported methods for determination of iron and copper (Table 6). As can be seen, the proposed procedure shows a good limit of detection and precision, wide linear dynamic range and more drastic preconcentration factor, which are better in most cases and are comparable with reported methods in other cases. The application of MIBK as an extracting solvent in comparison with dodecanol and chlorinated solvents have advantages like adaptability with flame AAS and no need for dilution or solvent evaporation.45,46 The method was successfully applied to the separation and determination of iron and copper in different real samples.
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    The presence of some inorganic elements in biodiesel can compromise the fuel quality and enhance the emission of pollutants. In this context, a new procedure for biodiesel sample preparation using a high pressure asher (HPA) is presented, aiming the determination of Al, Ca, Cu, Fe, K, Mg, Mn, Na, Ni, P, Sr, and Zn, in soybean, sunflower, animal fat, cotton and castor oil, by inductively coupled plasma optical emission spectrometry (ICP OES). The digestion conditions of the HPA were optimize to digest 1.5 g of biodiesel, with HNO3 and H2O2, at a temperature of 300 ºC and pressure of 435 psi, which considered the sample dilution factor, the total solids in solution and the acidity for ICP OES determinations. Analytes concentrations in these biodiesels were calculated using standard addition method. Detection limits from 0.05 to 0.7 mg kg–1 were suitable to attend biodiesel quality parameters, government policy and legislations worldwide. Therefore, the proposed procedure proved to be efficient to eliminate the major organic interferences typically present in oil based samples allowing a fast, precise, interference-free and robust analytical condition for biodiesel characterization.

    Keywords: biodiesel samples, high pressure asher (HPA-S), elemental analysis, inductively coupled optical emission spectrometry (ICP OES)

  

   

  
    A presença de alguns elementos inorgânicos no biodiesel pode comprometer a qualidade do combustível e aumentar a emissão de poluentes. Neste contexto, este artigo descreve um procedimento para o preparo das amostras de biodiesel utilizando high pressure asher (HPA) para a determinação de Al, Ca, Cu, Fe, K, Mg, Mn, Na, Ni, P, Sr e Zn, em biodiesel de soja, girassol, sebo bovino, algodão e mamona, por espectrometria de emissao optica com plasma indutivamente acoplado (ICP OES). Os parâmetros de digestão do HPA foram otimizados para digerir 1,5 g de biodiesel, com HNO3 e H2O2, a temperatura de 300 ºC e pressão de 435 psi, considerando o fator de diluição da amostra, os sólidos dissolvidos e a acidez da amostra para as determinações por ICP OES. A concentração dos elementos determinados nos biodieseis acima listados foram calculados utilizando o método de adição de padrão. Os limites de detecção na faixa de 0,05-0,7 mg kg–1 foram adequados para atender os parâmetros de qualidade de biodiesel, seguindo a política de governo e legislações em todo o mundo. Portanto, o procedimento proposto mostrouse eficiente para eliminar as principais interferências orgânicas presentes em amostras à base de óleo, permitindo uma condição analítica rápida, precisa, livre de interferências e robusta para a caracterização do biodiesel.

  

   

   

  Introduction

  The instability in the petroleum prices and the concern about environmental impacts due to intensive use of fossil fuel, has been leading the effort to improve alternative technologies using renewable energy.1 Crop-based fuels denoted as biofuels, emerged as a real alternative to the use of gasoline and conventional diesel in transportation. Having the advantages of been easily available from common biomass sources, biodegradable, environmental friendly and renewable. Since it is made of renewable biological materials the balance of the carbon cycle could be maintained. Furthermore, there are other benefits in using biofuel, not only related to the environment, but also economic and social.2,3 Due to all of the benefits, in the last few years, an exponential increase in the consumption of such biofuels has taken place.4

  Biodiesel is an alternative to petroleum based fuels used in cars and other vehicles with diesel engine. Refers to vegetal oils, animal fats, algae, or even recycled cooking greases diesel fuel. Produced by the transesterification of triglycerides with alcohol,5 predominantly from rapeseed in Europe, palm oil in Asia and soybeans in Brazil.6 It is considered a clean fuel as it has almost no sulfur, no aromatics and has about 10% built-in oxygen, which helps it to burn completely and also gives it a high octane number.7 Compared to the diesel originated from petroleum, biodiesel can reduce the emission of particulate matter (PM), carbon dioxide (CO2), carbon monoxide (CO), sulfur dioxide (SO2), unburnt hydrocarbon (UBHC) and metals.8,9

  The presence of some inorganic elements in biodiesel, as in fossil fuels, has a direct bearing on the engine during combustion, emissions and ash chemistry. For diesel and biodiesel engine, Ca, K, Mg, Na and P are considered the most critical elements. Therefore, worldwide regulation agencies and organizations for standardization decided to harmonize the determination procedures for these elements. These chemical elements achieve the biodiesel through different pathways, which are related to the biomass origin, harvesting method and oil processing procedures.10 Depending on their concentrations levels, it may influence the engine performance and fuel behavior. Specifically, the quantification of Ca, Mg, K, Na, and P in biodiesel becomes necessary to evaluate fuel quality and to control the emission of pollutants to the atmosphere.11-15 The normative document issued by the European Committee for Standardization (CEN), for fat and oil derivatives, which also includes biodiesel, recommend the dissolution of the samples in xylene prior to the analysis by inductively coupled plasma optical emission spectrometry (ICP OES)16,17 and flame atomic absorption spectrometry (F AAS).18,19 Similarly, the Brazilian National Standards Organization (ABNT), established the dilution of biodiesel in either xylene or kerosene, with different dilution rates, depending on the element to be analyzed by ICP OES20 and F AAS.21

  Although sample preparation procedures, based on organic matter digestion for ICP OES elemental analysis, of oil and petroleum samples are well established in the literature,22,23 few reports focus biodiesel analysis. Following the standard procedure, biodiesel was diluted in kerosene (1:4) for the determination of Ca, Cl, K, Mg, Na and P by ICP OES. In this procedure, the addition of oxygen to the Ar plasma was used to improve Na and K determination by depleting C residues in samples.11 Likewise, sample dilution with ethanol was proposed for the simultaneous determination of Ca, P, Mg, K and Na by ICP OES. External calibration with standard solutions in ethanol, and the use of Y as internal standard achieved accurate and precise results.11,24 The addition of oxygen to the auxiliary Ar was also required to decrease C background and avoid plasma extinction.11 Another approach was based in the production of emulsions with biodiesel, using Triton X-100 and water for analysis by F AAS25 and ICP OES.26

  Despite the currently use of sample dilution with organic solvents, several disadvantaged of these sample pretreatment were peer reviewed by Korn et al..22 Among the difficulties described are the low stability of the analyte in the organic diluted standard solutions; the need of oil based organometallic calibration standards, which might also show a sensitivity different from the organometallic compounds present in the fuel; the complex handling of some organic solvents due to their high vapor pressure and/or low viscosity; and their toxicity which requires special care to avoid any health hazard for laboratory personnel. Further, the analysis of samples with organic solvents by atomic spectroscopy techniques is hampered by flame or plasma instabilities or extinction, contamination of the atomizer with carbon residues, and the undesirable matrix effects which depends on the composition of the fuel and diluents used.22,23 For elemental analysis of biodiesel samples by spectrometric methods, the high pressure asher (HPA-S) system was a choice to attain complete digestion of the organic matter, overcoming digestion problems related to oil based sample preparation procedures, such as mineralization with sulfuric acid in an open system, mineralization of small sample amounts in a closed microwave system, dry ashing in open crucibles, matrix evaporation followed by acid dissolution, acidic extraction, and samples dilution in organic solvent.22,23,27-30 In this work, a procedure for biodiesel sample preparation using a high pressure asher system is proposed for determination of Al, Ca, Cu, Fe, K, Mg, Mn, Na, Ni, P, Sr, and Zn by ICP OES. The complete decomposition of soybean, sunflower, cotton and castor oils, and animal fat biodiesels, were attained with HNO3 and H2O2, in an ultrasonic bath followed by the total digestion in the HPA. Furthermore, the proposed procedure minimizes the risks of contamination and analyte losses, along with high sample throughput, easy handling and safety.

   

  Experimental

  Apparatus

  The oily samples were digested in the high pressure asher HPA-S (Anton Paar® GmbH, Austria), equipped with 90 mL reaction vessels. The reaction vessels were place into a pressure vessel filled with nitrogen. Reaching up to 130 bar pressure and heating to a maximum of 320 ºC.

  Twelve analytes were simultaneously determined using an Optima™ 3000 DV ICP OES (PerkinElmer Life and Analytical Sciences, Shelton, CT, USA). The ICP OES was operated using plasma Ar flow rate of 15.0 L min–1; cross-flow nebulizer Ar flow rate of 0.75 L min–1; auxiliary Ar flow rate of 1.2 L min–1; rf power 1.4 kW, and reflected power < 3 W. The analytes and emission lines measured using radial view are listed in Table 1. Some elements were measured in different emission lines, although only one line was used to quantify the element concentration in each sample.
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  Regent and solutions

  Purified water (18.2 MΩ cm) produced by a Milli-Q system (Millipore, Bedford, MA) was used through-out. The samples were digested using sub boiled distilled nitric acid and analytical grade hydrogen peroxide from Merck (Darmstadt, Germany).

  Stock solutions of Al, Ca, Cu, Fe, K, Mg, Mn, Na, Ni, P, Sr and Zn containing 1000 mg L–1 (Spex Ind., Edison, NJ, USA) were properly diluted to produce working multielement standard solutions for calibration purposes and to apply the standard addition method.

  The limit of detection (LOD) was estimated using 3× the standard deviation of 10 blank measurements, expressed as concentration using calibration solutions ranging from 0.10 mg L–1 to 5.0 mg L–1. To calculate the element concentration in the samples, the standard addition method was applied. A multielement solution containing 0.0, 5.0, 10.0 and 15.0 mg L–1 was added to each sample, in triplicate, before the digestion procedure.31 To validate the proposed method, the recovery was calculated using the 10.0 mg L–1 addition, following the IUPAC recommendation for standard addition methods.33

  Sample preparation

  Five biodiesel samples produced from soybean, sunflower, cotton and castor oil and one sample from animal fat were digested and subsequently analyzed. Two decomposition methods where undertaken aiming the complete sample digestion, a direct digestion and a two steps procedure with an ultrasonic pre-treatment. In the pre-treatment step, the vessels were covered with a Parafilm® or Teflon Tape and placed in an ultrasonic bath during 30 min at 100 ºC. After received another portion of the acid mixture, the reaction vessels were sealed and placed inside the HPA-S's pressure vessel for attain total sample mineralization. After the preliminary tests, the optimal digestion program selected for the biodiesel samples consisted in two steps temperature ramp to attain complete sample mineralization under safety conditions. First of all, the temperature was gradually increased along 20 min from 20 to 100 ºC and holding it for 5 min. In the following 10 min, the temperature was increased up to 150 ºC and holding it for more 10 min. Afterwards, the temperature was programmed to ramp during 20 min to attain 300 ºC and hold that temperature for 40 min. After digestion, the samples were cooled down and diluted to a final volume of 15 mL in order to achieve concentrations in solution within the dynamic range of the instrument.

   

  Results and Discussion

  The harmonization of Na, K, Ca, Mg and P maximum concentration allowed in biodiesel samples is fundamental to attend their commercialization worldwide, aligning the limits and methods used in Brazil.31 The source of contaminants vary with the type of biodiesel and the production process. Alkali (Na and K) and alkaline earth (Ca and Mg) metals are introduced into the biodiesel fuel during the production process. Whereas alkali metals stem from catalyst residues, alkaline-earth metals may originate from hard washing water. Na and K are associated with the formation of ash within the engine. Calcium soaps are responsible for sticking the injection pump. Phosphorus has a strongly negative impact on the long term activity of exhaust emission catalytic systems and for this reason its presence in biodiesel is limited by specification. According to the Brazilian regulation, the maximum amount allowed for the sum (K + Na) and (Ca + Mg) should not exceed 5 mg kg–1, aligning these parameters with the European Union (EU) and United States of America (USA).32 For P, the maximum content allowed for the referred Standardization Organizations is 10 mg kg–1.32 Biodiesel are also contaminated with other metallic and semi-metallic elements. However there are no specific regulations or proposed rules for these elements.

  For biodiesel analysis, the heating program of the high pressure asher (HPA-S) used had to be adjusted for amounts of sample considering the sample dilution factor, the total solids in solution and acidity for ICP OES determinations. Therefore, two decomposition procedures were carried out, a direct digestion and a two-step digestion with an ultrasonic pre-treatment. The direct digestion in the HPA-S allowed the use of up to 0.5 g of biodiesel sample, with HNO3 plus H2O2. Attempt to digest 1.5 g of biodiesel in one-step, burn out the sample instead of digesting it, as shown in Figure 1A. Accordingly, the direct digestion procedure failed to eliminate the organic residues in solution which was attained by using an ultrasonic pre-treatment. In the two-step procedure, employing the pre-treatment followed by the digestion in the HPA-S, the digested solution looked as in Figure 1B and C. In this way, to achieve a complete digestion of 1.5 g biodiesel sample, 6 mL of HNO3 plus 4 mL of H2O2 were used in the two steps allowing a sample dilution factor of 25, which is reasonable for ICP OES measurements. However, this digested samples remains colored, Figure 1B. This cloudy yellow-brown color indicates an incomplete digestion, however, addition of H2O2 during the pre-digestion step, resulted in a clear, transparent digested solution, as depicted in Figure 1C. As a result, the sample amount used in the digestion procedure point out a compromise among the acidity, concentration level of the element in the sample, and detection limit, which were suitable parameters for ICP OES determinations.

  
    

    [image: Figure 1. Biodiesel digested samples residues following different procedures.]

  

  Despite the investigation of several elements related to biodiesel quality, only Ca, Mg, Na, K, and P were regulated by Standards Organizations worldwide, through documents ruled by the Brazilian Association of Technical Regulations (ABNT 15553:2008), the European Standards (EN 14538:2007), and others. Therefore, the alignment of the maximum concentration for these elements and the use of standardized method in different countries, as Brazil, EU and USA became fundamental to attend their commercialization. The ABNT 15553, specify the determination of concentrations higher than 1 mg kg–1 for Ca, Mg, Na, and P, and 2 mg kg–1 for K by ICP OES. However, the analyses of other major elements can lead to a more complete overview of the biodiesel sample quality. In this way, the limit of detection (LOD) achieved by proposed method, considering the final sample dilutions, expressed in mg kg–1 and presented in Table 2, attested to be suitable for biodiesel analysis.
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  In this proposal, the standard addition method was used to calculate the concentrations of Al, Ca, Cu, Fe, K, Mg, Mn, Na, Ni, P, Sr, and Zn due to the absence in certified reference material for biodiesel and to overcome possible matrix interference during the analysis. As presented in Table 3 and Figure 2, the results obtained for soybean, castor oil, cotton, sunflower, and animal fat biodiesel samples employing the digestion procedure described were suitable for the determinations proposed, allowing for the limits specified by the standardization organizations. The results obtained presented correlation coefficients varying from 0.990 to 0.999 for Al, Cu, K, Mg, Mn, Ni and Zn, and 0.980 to 0.999 for Ca, Fe, Mo, Na, and Sr. For P, the correlation was reduced because of the relatively low sensitivity for this element by ICP OES determination (Table 3). Considering the maximum concentration regulations for Na, the results obtained for the presented biodiesel sample are higher than the maximum allowed, but for castor oil the concentration was four times higher than the upper limit value. For K, the cotton biodiesel sample result was slightly higher than the limit value proposed in the regulation. Despite the non-regulation for Zn, the concentration of this element in the samples was in the level of the maximum permissible for the regulated ones. The high concentration of Na and K in the five biodiesel analyzed is probably arising from the production process. During the transesterification process to produce biodiesel, sodium and potassium hydroxide are used as catalysts that can contaminate the final product.34,35
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  All recovery values calculated for the addition of 10 mg kg–1, presented in Table 4, were adequate demonstrating the accuracy of the proposed procedure. Therefore, the presented results showed that the proposed method is adequate for biodiesel sample quality monitoring, considering that it attains the limit of detection (LOD) required in the legislation and is able to determine higher concentration of the listed elements.
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  Conclusions

  The proposed HPA-S high pressure digestion procedure is a reliable alternative for biodiesel and oil based sample preparation aiming metals determination by ICP OES. The complete chemical decomposition of most oils based samples using HNO3 and H2O2, was attained because the HPA-S reaches pressure up to 435 psi and temperature up to 300 ºC.

  The present proposal allows preparing larger sample volumes than in microwave digestions, using just nitric acid plus hydrogen peroxide, and no organic solvent to obtain extracts compatible with ICP OES.

  The application of the standard addition method was effective to overcome possible non-spectral interference in the ICP OES analysis, caused by the different physical properties of the sample solution. The detection limits and results attained with the proposed sample preparation procedure were adequate to attend the worldwide biodiesel quality legislation.
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    The effects of impregnation methods (co-impregnation and sequential impregnation) and drying conditions (air and vacuum) on the structure and catalytic behavior of MCM-41 supported Ni-W catalysts were investigated. The catalysts were characterized by powder X-ray diffraction (XRD) analysis, Fourier-transform infrared spectroscopy (FT-IR), diffuse reflectance UV-Vis absorbance spectroscopy (DRS), Raman spectroscopy, X-ray photoelectron spectroscopy (XPS) and pyridine adsorbed infrared spectroscopy (Py-IR) techniques. They were tested for hydrodenitrogenation (HDN) of quinoline at temperatures of 300-400 ºC. The HDN results showed that the catalysts prepared by co-impregnation were more active than the catalysts prepared by sequential impregnation and the catalysts prepared by drying under vacuum were more active than the catalysts dried in air. Characterization revealed that the co-impregnation method and drying under vacuum promoted the dispersion of W, the formation of the active phases, and the formation of acidic sites on the catalysts.

    Keywords: Ni-W/MCM-41 catalysts, impregnation method, hydrodenitrogenation, quinoline

  

   

  
    Os efeitos dos métodos de impregnação (co-impregnação e impregnação sequencial) e das condições de secagem (ar e vácuo) sobre estrutura e o comportamento catalítico de catalisadores Ni-W suportados em MCM-41 foram investigados. Os catalisadores foram caracterizados por difratometria de raios X de pó (XRD), espectroscopia de absorção no infravermelho com transformada de Fourier (FT-IR), espectroscopia de absorção no UV-Vis por refletância difusa (DRS), espectroscopia Raman, espectroscopia fotoeletrônica de raios X (XPS) e espectroscopia de absorção no infravermelho após adsorção de piridina (Py-IR). Eles foram testados para hidrodesnitrogenação (HDN) de quinolina nas temperaturas de 300-400 ºC. Os resultados de HDN mostraram que os catalisadores preparados por co-impregnação foram mais ativos do que aqueles preparados por impregnação sequencial, e que os catalisadores preparados por secagem sob vácuo foram mais ativos do que aqueles secados ao ar. A caracterização revelou que o método de co-impregnação e a secagem sob vácuo promoveram a dispersão de W, a formação de fases ativas e a formação de sítios ácidos na superfície dos catalisadores.

  

   

   

  Introduction

  The hydrotreating process is becoming an increasingly important technology for converting heavy oils to clean transportation fuels because of the shortage of light crude oils. However, most of the heavy oils have substantial amount of nitrogen compounds which are inhibitors in hydrotreating process because they can lead to the fast deactivation of hydrotreating catalysts. Meanwhile, the serious environmental pollution (NOx) can also be caused by the nitrogen compounds in oils.1,2 Therefore, it is necessary to remove the nitrogen compounds in heavy oils by hydrodenitrogenation (HDN) method. Thus, the development of the efficient HDN catalyst is essential.

  Typical hydrotreating (including hydrodenitrogenation and hydrodesulfurization (HDS)) catalysts are alumina supported bimetallic sulfides of molybdenum or tungsten with either nickel or cobalt promoter prepared by impregnation method. In recent years, many efforts are aimed to improve the catalytic activity of the catalysts, including the use of supports such as silica-alumina, titania-alumina, zeolites and order mesoporous materials.3-6 Among them, the support of MCM-41 which is the order mesoporous silica has attracted more and more attention due to the high surface areas and homogeneous pore diameters.2 Wang et al. studied Ni-Mo and Ni-W sulfide catalysts supported on MCM-41 in the HDS of dibenzothiophene and the results showed that both the catalysts display high performance in HDS because the high surface area of MCM-41 favors the dispersion of active species.7,8 Since the catalysts prepared with MCM-41 as supports exhibit good performance in HDS, they may show good properties in HDN. However, little research on their applications in HDN has been done.

  Generally, the preparation method of catalysts is one of the fundamental factors that play an important role in the precursor structure of catalysts and in the activity of catalysts.9-13 Nowadays, the impregnation method is frequently used for preparing catalysts, including co-impregnation (CI) and sequential impregnation (SI). It was reported that impregnation method significantly affected the structure, dispersion, and chemical states of Ni and Mo species on the sulfided Ni-Mo catalysts, hence affected the HDN activity for Ni-Mo based catalysts.14,15 It was also reported that sulfided Ni-W catalysts are superior to sulfided Ni-Mo catalysts for HDN because of their high activity in hydrogenation reaction.16 However, there has been little study about the effect of the impregnation method on the HDN activity over sulfided Ni-W based catalysts. In addition, the drying condition for the preparation of the catalyst had a significantly effect on the W species,17 which is crucial for the hydrotreating catalyst. Based on this, the effects of the impregnation methods and drying conditions on the HDN activity over Ni-W based catalysts were investigated in the present study.

  A series of MCM-41 supported Ni-W catalysts were prepared by different impregnation methods (CI and SI) and different drying conditions (air and vacuum). These catalysts were characterized by powder X-ray diffraction (XRD) analysis, Fourier-transform infrared spectroscopy (FT-IR), diffuse reflectance UV-Vis absorbance spectroscopy (DRS), Raman spectroscopy, X-ray photoelectron spectroscopy (XPS) and pyridine adsorbed infrared spectroscopy (Py-IR) techniques. The activity of HDN over the catalysts for quinoline was investigated. The relation between the structure and the catalytic activity of these catalysts in HDN of quinoline was also discussed.

   

  Experimental

  Catalyst preparation

  The W precursor and Ni precursor of the catalysts were the ammonium paratungstate and nickel nitrate hexahydrate (analytical grade, produced by Sinopharm Chemical Reagent Co., Ltd), respectively. The catalysts were prepared by co-impregnation (CI) or sequential impregnation (SI) on the MCM-41, using an equilibrium-adsorption technique. The MCM-41 was supplied by the Catalyst Plant of Nankai with a specific surface area of 1106.49 m2 g-1, a pore volume of 1.07 cm3 g-1 and a Barrett-Joyner-Halenda (BJH) average pore size of 3.84 nm. For the catalysts prepared by SI, MCM-41 was first impregnated with W precursor salts solution, followed by the introduction of Ni precursor salts solution. For the catalysts prepared by CI, MCM-41 was impregnated with a solution containing a mixture of W and Ni precursors salts. After each impregnation step, the sample was aged at room temperature for 12 h, then it was dried at 80 ºC for 12 h under air (A) or vacuum (V) condition, finally it was calcined at 540 ºC for 3h. The amounts of WO3 and NiO were 20 wt.% and 2.5 wt.%, respectively. The prepared catalysts were designated as Ni-W(X-Y), where X for preparation method (SI or CI) and Y means drying condition (V or A). Table 1 summarizes the preparation methods for the catalysts.

  
    

    [image: Table 1. The preparation methods for the catalysts]

  

  Characterization

  The physico-chemical characteristics of catalysts were characterized by XRD, FT-IR, DRS, Raman, XPS and Py-IR techniques.

  XRD powder patterns were recorded on a D8 ADVANCE with Cu Kα radiation (λ = 1.54178 Å) with a scanning rate of 0.01º s-1. FT-IR spectra were recorded using a Nicolet 380 spectrophotometer (4 cm-1 resolution and 32 scans) in dried KBr (Sigma) pellets. Diffuse reflectance UV-Vis absorbance spectra (DRS) over a range of 190900 nm were recorded by using a Shimadzu UV-2550 spectrophotometer equipped with an integrated sphere. Laser Raman spectra were recorded on a LabRAM HR800 System with a charge-coupled device (CCD) detector at room temperature. The 325 nm of the He-Cd laser was employed as the exciting source with a power of 30 MW. Lewis and Brönsted acid sites on the surface of the catalyst were determined with FT-IR spectra of adsorbed pyridine (Py-IR). The XPS spectra were measured by using a KRATOS XSAM800 fitted with an Al Kα source (1486.6 eV) with two ultra-high-vacuum (UHV) chambers.

  Catalytic activity

  The quinoline HDN reaction was carried out in a fixed-bed reactor (a 50 cm long stainless steel tube with an inner diameter of 6 mm) with the feed of 0.5 wt.% N of quinoline in n-heptane. The reactor was charged with 1 g catalyst in 20-40 mesh size. Prior to the reaction, the catalyst was in situ presulfided at 400 ºC and 3 MPa for 3 h with a 3 mL h-1 feed of 5 % CS2 in n-hexane. After that, the HDN reaction was carried out under the conditions (pressure of 4 MPa, temperature of 300-400 ºC at a step of 25 ºC, weight hourly space velocity (WHSV) of 2 h-1 and H2 feed volumetric ratio of 1000). Then after a stabilization period of 12 h, the reaction products were condensed and periodically separated from a gas-liquid separator. The reaction products were analyzed by Huaai 5860 GC gas chromatograph equipped with a flame ionization detector and a capillary column (DB-5).

   

  Results and discussion

  Dispersion of active species

  The low-angle XRD patterns of the MCM-41 and the catalysts are displayed in Figure 1A. The XRD pattern of MCM-41 shows three peaks that could be indexed to (100), (110) and (200) reflections, indicating the presence of well-formed mesoporous materials with hexagonal lattice. Compared with the XRD pattern of MCM-41, the peak intensity of XRD pattern for all the catalysts diminishes. For the catalysts drying under vacuum, the (100) reflection is still observed but the intensity obviously diminished, indicating the loss of long-range order of the materials.18,19 For the catalysts drying under air, all peaks disappear, suggesting a complete collapse of the long-range order of the materials. In conclusion, the vacuum condition is beneficial for preserving the order structure of the catalysts.

  
    

    [image: Figure 1. Low-angle and wide-angle XRD patterns of Ni-W catalysts prepared with different impregnation methods and drying conditions.]

  

  The wide-angle XRD patterns of the catalysts are presented in Figure 1B. It should be mentioned that the XRD pattern of the MCM-41 exhibits a broad signal caused by the amorphous silica walls. No crystalline phases are detected in the XRD pattern of Ni-W(CI-A) and Ni-W(CI-V), suggesting that the Ni and W species are well dispersed on the surface of the MCM-41 when the catalysts were prepared by co-impregnation method. However, the diffraction lines corresponding to the reflections of WO3 (23.1, 23.6, and 24.4º) can be observed in the XRD patterns of Ni-W(SI-A) and Ni-W(SI-V), indicating that there is a poor dispersion of the WO3 phase on the surface of the MCM-41 when the catalysts were prepared by sequential impregnation method. It should be noted that the peak intensity of WO3 for Ni-W(SI-V) is weaker than that for Ni-W(SI-A), which implies that the drying under vacuum favors the dispersion of W species on the surface of MCM-41. Moreover, the crystallite of Ni species cannot be detected by XRD, which indicates that the Ni species disperse much evenly with the micro-crystalline sizes less than 20 Å. This is due to that XRD is a bulk technique and is limited to crystallite sizes greater than 20 Å.20

  Structure and chemical state of Ni and W species

  The structure and chemical state of Ni and W species on catalysts were investigated by FT-IR, DRS and Raman techniques.

  The FT-IR results of the MCM-41 and the catalysts are shown in Figure 2. The vibrational bands attributed to asymmetric stretching mode and symmetric stretching mode of Si–O–Si are observed in the ranges of 1300-1000 and 850-770 cm-1, respectively. The vibrational bands attributed to the crystallization water molecules and the constitution water molecules are observed in the ranges of 3600-3200 and 1700-1550 cm-1, respectively. In addition, the band at 974 cm-1 is related to the surface Si–O–H groups, which could associate with metal compounds, inducing a high dispersion of the metal compounds on the surface of the MCM-41. The band at about 881 cm-1 is related to the octahedrally coordinated W species,21 which could be easily sulfided and be involved in the genesis of active sites. From the spectra in Figure 2, it can be found that the bands of catalyst are partially or fully overlapped with those of the MCM-41. Compared with the band of Si–O–H in the MCM-41, the band of Si–O–H in the catalysts shifts to lower wavenumber and becomes broader in the catalysts because of the interaction between the silanol groups and the metal compounds.22 It should be noted that a special band at about 881 cm-1 is presented in the catalysts of Ni-W(CI-A) and Ni-W(CI-V), especially for the catalyst of Ni-W(CI-V). As mentioned above, this band can be assigned to the presence of octahedrally coordinated W species and be involved in the genesis of active sites. Since the catalyst of Ni-W(CI-V) shows the greatest intensity at about 881 cm-1 among all the catalysts, it can be concluded that the catalyst of Ni-W(CI-V) has more active sites than the others.

  
    

    [image: Figure 2. FT-IR spectra of the catalysts prepared with different impregnation methods and drying conditions.]

  

  The DRS spectra are illustrated in Figure 3. A broad adsorption band ranged from 200 to 350 nm is exhibited for all the catalysts, which is ascribed to tetrahedron and octahedron W species.23 A band at about 363 nm can be assigned to the presence of bulk crystalline W oxide species.24 A band at about 440 nm can be assigned to the d-d charge transfers in W structures associated with Ni species.19,24 From the spectra in Figure 3, it can be found that the intensity of the band at 363 nm decreases in the order of Ni-W(SI-A) > Ni-W(SI-V) > Ni-W(CI-A) > Ni-W(CI-V). It indicates that the catalysts prepared by co-impregnation method have the well dispersed W oxide species on the surface of MCM-41, while the catalysts prepared by sequential impregnation method have the poor dispersed W oxide species on the surface of MCM-41. This is in good agreement with the results of XRD discussed above. It is noted that a new band with maximum at about 440 nm is observed for the catalysts of Ni-W(CI-A) and Ni-W(CI-V). As mentioned above, this band is assigned to the d-d charge transfers in W structures associated with Ni species. The result indicates that the co-impregnation method favors the formation of the Ni–W–O species. Generally, the Ni–W–O species is a precursor of the active species for the catalysts in hydrotreating process. Therefore, co-impregnation method favors for the formation of active species for the catalysts.

  
    

    [image: Figure 3. DRS spectra of catalysts prepared with different impregnation methods and drying conditions.]

  

  Furthermore, the broad band from 600 to 850 nm is exhibited for all the catalysts, which is associated with several Ni species and the identification of them is complicated. According to the literature,25,26 the band in the 600-650 nm range suggests the presence of Ni2+ species in a tetrahedral symmetry. In this case, the Ni2+ species can be assigned to NiO and/or NiWO4. However, the XPS results show the absence of NiO on the catalysts (see Figure 5). Therefore, the tetrahedral Ni2+ can be assigned to the Ni2+ in NiWO4.

  
    

    [image: Figure 4. Raman spectra of catalysts prepared with different impregnation methods and drying conditions.]

  

  
    

    [image: Figure 5. W 4f and Ni 2p XPS spectra of the catalysts prepared with different impregnation methods and drying conditions.]

  

  The Raman spectra are exhibited in Figure 4. It is well accepted that the standard octahedral crystalline WO3 presents the bands of 804, 714 and 274 cm-1 while the MCM-41 does not show Raman band.27,28 A band at 970 cm-1 reflects the symmetric stretching of the W=O band in octahedrally coordinated W species and a shoulder at around 811 cm-1 reflects the Ni–W–O stretching vibrations.17,29 The bands of 804, 714 and 274 cm-1 for the crystalline WO3 are not observed for catalysts of Ni-W(CI-A) and Ni-W(CI-V) in Figure 4, indicating the good dispersion of the W oxide phase on the catalysts of Ni-W(CI-A) and Ni-W(CI-V). On the contrary, the catalysts of Ni-W(SI-A) and Ni-W(SI-V) exhibit the bands of 714, 804 cm-1 for the crystalline WO3 with strong intensity, indicating the poor dispersion of the oxide W phase on the catalysts of Ni-W(SI-A) and Ni-W(SI-V). Meanwhile, compared with the catalyst of Ni-W(SI-V), the catalyst of Ni-W(SI-A) exhibits stronger intensity of the band at 714 and 804 cm-1 with a new band at 274 cm-1, indicating that drying under vacuum condition benefits the dispersion of W species. It is noted that the band at 970 cm-1 and the shoulders at around 811 cm-1 are found for catalysts of Ni-W(CI-A) and Ni-W(CI-V). On the basis of the aforementioned, they can be ascribed to the octahedrally coordinated W species and Ni–W–O species on the catalysts prepared by co-impregnation, respectively. As stated in the sections of FT-IR and DRS, the octahedrally coordinated W species and the Ni–W–O species are the genesis of active species. Therefore, it can be concluded that the co-impregnation method is favorable for the formation of active species. Furthermore, the intensity of bands at 970 and 811 cm-1 for the Ni-W(CI-V) catalyst is stronger than that for the Ni-W(CI-A) catalyst, indicating that the drying under vacuum condition is favorable for the formation of active species on the catalysts.

  From what has been discussed above, it can be concluded that the co-impregnation method and the drying under vacuum condition favor the formation of active species on the catalysts.

  Surface concentration of W species

  XPS technique was performed to better understand the chemical state of Ni and W species on the catalysts and the surface concentration of W species on the catalysts. The W 4f and Ni 2p XPS spectra of all the catalysts are presented in Figure 5. The W 4f7/2 and W 4f5/2 doublet are presented at binding energies (BE) about 36.3 and 38.3 eV, respectively. According to the literature,30 the BE of W 4f7/2 spectrum in the range of 35.8-36.5 eV is ascribed to W(VI) species. Therefore, a BE of 36.3 eV confirms the presence of W(VI) species. However, it is difficult to exactly confirm the W species by the present data because the W(VI) species includes WO3 or NiWO4 with similar binding energy values in this work.31 Similarly, the Ni 2p3/2 and Ni 2p1/2 doublet are presented at BE about 855.7 and 873.3 eV, respectively, with the corresponding shake-up satellite at  861.9 and 880.0 eV. According to the literature,32 the BE of Ni 2p3/2 assigned to NiO is in the range of 853.5-854.5 eV. The lack of peak in the range of 853.5-854.5 eV for all the catalysts in this work indicates the absence of NiO on the catalysts. According to the literature,14,33 the BE of Ni 2p3/2 spectrum about 855.9 eV is ascribed to Ni(OH)2, Ni2O3, and/or NiWO4. However, since all catalysts were calcined at 540 ºC, the presence of Ni(OH)2 phase can be excluded.15 Therefore, the Ni 2p3/2 spectrum for the catalysts should be attributed to Ni2O3, and/or NiWO4.

  Lawrence33 stated that the ratio of the metal-to-support from the XPS results can provide the important information about the dispersion of metal species on the surface of the support. Thus, the detailed ratio of the W/Si from the peak-fitting is listed in Table 2. Meanwhile, the BE of W 4f and Ni 2p are also listed in Table 2. It can be seen that no significant difference can be observed in the W 4f and Ni 2p positions for all the catalysts. Furthermore, the ratio of W/Si is following the order of Ni-W(CI-V) > Ni-W(CI-A) > Ni-W(SI-V) > Ni-W(SI-A). It indicates that co-impregnation method and drying under vacuum condition favor the formation of surface W species and improve the dispersion of W species, leading to more active species on the catalysts.

  
    

    [image: Table 2. XPS binging energies, Cw and W/Si ratios]

  

  Acid property of catalysts

  Figure 6 shows the Py-IR spectra for the catalysts. The features of the four catalysts are very similar. The bands at 1447 and 1595 cm-1 (L1) are ascribed to hydrogen-bonded pyridine. The bands at 1639 and 1545 cm-1 are ascribed to Brönsted (B) acid sites. In addition, the band at 1490 cm-1 indicates the formation of the adjacent Lewis and Brönsted (B+L) acid sites. Moreover, the amount of the Lewis acid sites is generally predominant. With increasing temperature, the band at 1610 cm-1 (L2) becomes obvious, whereas the intensity of the other bands mentioned above decreased gradually, especially for L1 bands. It accords with the report of Pranjal Kalita.34 In addition, the band at 1447 cm-1 shifts to higher wavenumber with increasing temperature. The shift could be due to the decrease in pyridine coverage and the increase in strength of Lewis acid.35 The amount of acid sites as a function of temperature is listed in Table 3. It clearly reveals that the acid amount follows the order of Ni-W(CI-V) > Ni-W(CI-A) > Ni-W(SI-V) > Ni-W(SI-A). Moreover, according to the acid amount at 200 or 250 ºC, it can be seen that the acid strength also follows the order of Ni-W(CI-V) > Ni-W(CI-A) > Ni-W(SI-V) > Ni-W(SI-A). Because of the highest acid density and strength for Ni-W(CI-V) which is prepared by the co-impregnation method and drying under vacuum condition, it can be concluded that co-impregnation method and drying under vacuum condition can improve the acid sites on the catalyst.

  
    

    [image: Figure 6. FT-IR spectra of pyridine adsorption combined with pyridine desorption at different temperatures on the catalysts prepared with different impregnation methods and drying conditions.]

  

  
    

    [image: Table 3. Acidity results for the Ni-W catalysts measured by FT-IR spectroscopy combined with pyridine desorption at different temperatures]

  

  Hydrodenitrogenation activity

  The effects of temperature on the conversion and the HDN of quinoline over all the catalysts are compared in Figure 7. It clearly shows that the conversion of quinoline is about 95-99% in the range of temperatures investigated but the HDN activity of quinoline is about 2-6% below the temperature of 325 ºC. It indicates that quinoline could be hydrogenated easily to hydrogenation products but the reaction temperature below 325 ºC may not be sufficient for the C–N band cleavage. Figure 7 also shows that the HDN activity for all the catalysts increases with increasing temperature, indicating that this reaction is activation energy demanding.36 In addition, it can be found that the different catalysts present different HDN activity, which is in the order of Ni-W(CI-V) > Ni-W(CI-A) > Ni-W(SI-V) > Ni-W(SI-A). It is indicated that the catalysts prepared by co-impregnation method were more active than the catalysts prepared by sequential impregnation method. This agrees with the results of Salerno et al.15 and Nava et al..11 Salerno et al.15 found that the catalyst prepared by co-impregnation method of Ni and Mo was more active than those prepared by sequential impregnation method for HDS and HDN of gas oil. Nava et al.11 found that the catalyst prepared by co-impregnation method of Co and Mo was more active than those prepared by sequential impregnation method for HDS of dibenzothiophene. Moreover, the HDN activity for the catalysts drying under vacuum is higher than that for the catalysts drying under air. It indicates that the catalysts drying under vacuum were more active than the catalysts drying under air. As stated previously, the catalysts prepared by co-impregnation method and drying under vacuum condition favor the fine dispersion of W species on the catalysts. The fine dispersion of W species can enhance the catalytic performance of catalysts. Moreover, the HDN activity of the catalyst is strongly dependent on the W species. As discussed above, co-impregnation and drying under vacuum condition favor the formation of octahedrally coordinated W species and Ni–W–O species, which could be more easily sulfided and are probably involved in the genesis of active sites. Furthermore, co-impregnation and drying under vacuum condition favor the formation of acid sites. In conclusion, the good HDN activity should be related with the good dispersion of W species, the appropriate nature of active species and more acid sites on the catalysts.

  
    

    [image: Figure 7. Effect of temperature on the conversion and HDN of quinoline: influence of the impregnation method and drying condition.]

  

  The HDN reaction network of quinoline is presented in Figure 8. Generally, the N in the quinoline can be removed via two pathways: the saturated intermediate pathway (Q→DHQ→PCHA→PCH+PCHE, Q: quinoline; DHQ: decahydroquinoline; PCHA: 2-propylcyclo-hexylamine; PCH: propylcyclohexane; PCHE: propylcyclohexene) and the aromatic intermediate pathway (Q→THQ1→OPA→PB, THQ1: 1,2,3,4-tetrahydroquinoline; OPA: ortho-propylaniline; PB: propylbenzene) (Figure 8).37 In this paper, the Ni-W(CI-V) catalyst is chosen as an example to show the product distribution for HDN of quinoline because the product distribution for HDN of quinoline is similar for all the catalysts, which is shown in Figure 9. It can be seen from Figure 9 that the selectivity of THQ1 is much higher than that of 5,6,7,8-tetrahydroquinoline (THQ5) at lower temperature. It indicates that the hydrogenation of quinoline to THQ1 is much easier than the hydrogenation of quinoline to THQ5, since the heterocyclic ring is more easily hydrogenated than the benzenoid ring. With increasing temperature, the selectivity of THQ1 decreases dramatically while the selectivity of DHQ and THQ5 goes through a maximum at 350 ºC then decreases. In fact, the C–N band cleavage is the rate-determining step at lower temperatures. Therefore, the further reaction of DHQ and THQ5 is limited at lower temperatures. Meanwhile, the formation of DHQ and THQ5 increases with the increasing temperature below 350 ºC. Consequently, the selectivity of DHQ and THQ5 is increased with the increasing temperature below 350 ºC. However, the C-N band cleavage is significantly accelerated with further increasing temperature.38 But the hydrogenation reaction is inhibited at high temperature because it is an exothermic reaction. So the selectivity of DHQ and THQ5 decreases with further increasing temperature. The selectivity of OPA and PCHA is negligible, revealing that the further reaction rate of OPA and PCHA is faster than the cracking rate of THQ1. The selectivity for the final products of PCH, PCHE and PB continuously increases with increasing temperature. The increase of PCH and PCHE is more significant than that of PB from 300 to 350 ºC. However, PCH and PCHE increase less significantly than PB from 350 to 400 ºC. These lead to the observation that the (PCH+PCHE)/PB ratio (Figure 10) goes through a maximum at 350 ºC, which is in agreement with Lee et al..39
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    [image: Figure 9. Product distribution for HDN of quinoline on Ni-W(CI-V) at different reaction temperatures.]
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  Conclusions

  A series of Ni-W based catalysts were prepared by two impregnation methods (co-impregnation and sequential impregnation) and two drying conditions (air and vacuum). The HDN activity was investigated over the Ni-W based catalysts. The results showed that the Ni-W(CI-V) catalyst prepared by co-impregnation and drying under vacuum exhibited the best HDN activity among all the catalysts investigated. Its superior HDN activity was due to the good dispersion of the W species, the appropriate nature of the active species and the higher number of acid sites on the catalyst.
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    This study reports on the photodegradation of biodiesel in contact with water using the photo-Fenton reaction. After 360 h of photodegradation, we observed a reduction of 73% in the amount of fatty acid methyl esters (FAMEs) initially quantified by gas chromatography coupled with a flame ionization detector (GC/FID). During the photodegradation, peaks for ketones and epoxy groups in carbon chains were recorded by gas chromatography coupled with mass spectrometry (GC/MS), and typical aldehyde and short-chain fatty acid shifts in hydrogen nuclear magnetic resonance spectroscopy (1H NMR) were observed. Ecotoxicity assays with Artemia salina revealed the presence of toxic components in the aqueous phase in increasing amounts up to 168 h of photodegradation and decreasing thereafter.
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    A fotodegradação de biodiesel em contato com água, utilizando reação foto-Fenton, foi investigada neste estudo. Após 360 h de fotodegradação obteve-se uma redução de 73% dos ésteres metílicos de ácidos graxos (FAMEs) quantificados inicialmente por cromatografia em fase gasosa acoplada ao detector por ionização em chama (GC/FID). No decorrer da fotodegradação foram detectados picos para cetona e grupo epóxido nas cadeias alifáticas em análises por cromatografia em fase gasosa acoplada ao espectrômetro de massas (GC/MS), e deslocamentos típicos de aldeídos e ácidos graxos de cadeia curta em análises por espectroscopia de ressonância magnética nuclear de hidrogênio (1H RMN). As análises de eco toxicidade usando como organismo teste Artemia salina evidenciaram componentes tóxicos na fase aquosa que aumentaram até 168 h de fotodegradação, apresentando decréscimo após este período.

  

   

   

  Introduction

  Biodiesel and bio-oil are useful options for the generation of renewable energy from biomass. Indeed, aiming at economic and social benefits, biodiesel is already being used in several countries, including China, Nicaragua, the United States, Japan, European Union countries, and Brazil. However, during the transport of these fuels, accidents and spills may occur and contaminate soil and aquatic environments.1 Due to limitations in the removal of this type of material from the environment, it is important to investigate alternatives for safely and economically degrading them on site. To date, studies have been published on the oxidative stability of biodiesel in contact with air, light, and at high temperatures.2-6 It is known that the stability of biodiesel is related to the presence of unsaturation in the carbon chains, temperature, presence of light, enzymes, and microorganisms, and storage conditions. Oxidation can be accelerated in the presence of metallic ions, leading to the formation of several degradation products, such as peroxides and hydroperoxides, which can later be converted into aldehydes, ketones, and short-chain and volatile carboxylic acids. However, long-chain compounds are also formed by oxidative polymerization.6 Physicochemical processes, such as coagulation/flocculation7,8 and filtration,9,10 may be used to treat effluents by removing organic matter. These processes can be complemented with advanced oxidative processes (AOPs), as performed by Ramirez et al.,11 whereby a biological process was linked to the photo-Fenton process to treat wastewater from the washing of biodiesel. AOPs are efficient for the degradation of many organic compounds and are characterized by the action of the highly oxidative hydroxyl radical (•OH) (equation 1), which can oxidize various organic compounds to CO2, H2O, and inorganic ions derived from heteroatoms.12

  
    [image: Equation 1]

  

  Hydroxyl radicals are generally formed in reactions as a result of the combination of oxidants (e.g., ozone or hydrogen peroxide) and catalysts (e.g., metallic ions and semiconductors) under ultraviolet (UV) or visible (Vis) light. Among AOPs, the Fenton process is often employed due to its efficiency and non-toxicity.12-14 The Fenton reaction occurs through the catalyzed decomposition of hydrogen peroxide by ferrous ions in an acid medium, with the production of hydroxyl radicals (equation 2). In the absence of a substrate, the hydroxyl radicals formed may oxidize other Fe+2 ions, as shown in equation 3, and the resulting ferric ions can decompose H2O2 into water and oxygen. However, excess H2O2 can hinder the degradation process due to the formation of hydroperoxyl radical (HO2•) via a reaction with hydroxyl.12
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  The objective of this study was to investigate the photodegradation of biodiesel B 100 using the photo-Fenton AOP under irradiation from a mercury lamp and to compare it to other catalytic degradation methods (Fenton and photolysis) in terms of degradation time and efficiency.

   

  Experimental

  This study utilized pure biodiesel (B 100) obtained by a methylic route from animal (40%) and vegetable origin (60%) and was kindly provided by a mill from the northwest region of Paraná State, Brazil. The biodiesel was stored at room temperature in amber-colored glass flasks wrapped in aluminum foil. The following chemicals of analytical grade were used without previous purification: H2O2 (30-32%, FMaia), H2SO4 (95-97%, Biotec), FeSO4.7H2O (97.6%, FMaia), ethanol (99.3%, FMaia), NaOH (98.0%, Synth), K2Cr2O7 (99.0%, Nuclear), KI (99.0%, Neon), Na2SO3 (98.8%, J. T. Baker), HPLC-grade dichloromethane (99.9%, Sigma-Aldrich), and HPLC-grade hexane (99.9%, Mallinckrodt).

  Chamber for sample irradiation

  A wooden box measuring 0.57 × 0.90 × 0.53 m (l × w × h) was fitted with 8 cooling blowers, four on each of two opposite sides. A mercury lamp (250 W, Philips E-40) without a glass protection cover was fixed at the center of the top of the box, 30 cm away from the suspension surface. The lamp emitted in the UVA, UVB, UVC, and visible bands, but the UVC radiation was filtered by the borosilicate glass of the reactors. The inside of the box was painted black with Brasilux extra-quick-drying enamel paint to prevent light reflection on the walls. The power of the light source inside the photo-reactor was measured with a light meter probe placed at the same position of the sample, resulting in an irradiance of approximately 3.0 mW cm-2.

  Biodiesel degradation

  To accelerate the degradation of biodiesel, assays were performed with aliquots of biodiesel in contact with water and Fenton's reagent. The water was acidified with sulfuric acid (pH 2.50) and was placed in Petri dishes (15.0 ± 0.1 mL), and B 100 was added (1.00 ± 0.02 mL), forming a thin layer on top of the water. Fenton's catalyst, consisting of a ferrous sulfate solution (9.79 ± 0.49 g L-1) mixed with 30% (v/v) hydrogen peroxide, was then added; the dishes were covered with PVC film and placed inside the irradiation chamber.

  Temperature effect

  To determine the effect of the temperature inside the reactor on the degradation of biodiesel, some Petri dishes were wrapped in aluminum foil and placed inside the box together with the other samples.

  The influence of UV radiation

  The effect of light on the degradation of biodiesel was assessed by photolysis assays. Aliquots of B 100 without Fenton's reagent were irradiated together with the other samples.

  Initial H2O2 concentration

  To determine the optimum degradation conditions, the irradiation time was set at 144 h, and the ratio between the molar concentration of ferrous ions [Fe2+] from the ferrous sulfate heptahydrate solution and the molar concentration of hydrogen peroxide [H2O2] was varied as follows: [Fe2+]:[H2O2] = 0.65, 0.30, and 1.33, varying [Fe2+] from 5.34 to 10.4 × 10-3 mol L-1 and [H2O2] as 4.02, 8.05, 15.6, and 32.9 × 10-3 mol L-1.

  Extraction

  After the irradiated samples were removed from the chamber, the pH of the samples was measured and adjusted to 6.5-7.0 by adding a Fenton reaction inhibitor solution containing 0.10 mol L-1 KI, 0.10 mol L-1 Na2SO3, and 0.10 mol L-1 NaOH to precipitate solid Fe(OH)3.13 The mixture was filtered through a membrane (HA cellulose esters, 0.45 µm, 47 mm, flat white, Millipore) using hexane to facilitate the passage of the organic phase, and a separation funnel was used to separate the organic and aqueous phases of the filtrate (hexane, 2 × 10.0 mL). The organic phase was evaporated in a rotary evaporator and transferred to Eppendorf tubes, covered with aluminum foil, and frozen. The volume of the aqueous fractions was adjusted to 99.919 ± 0.0218 mL and stored in a refrigerator in amber-colored glass flasks wrapped with aluminum foil.

  Gas chromatography coupled with mass spectrometry (GC/MS)

  The chemical constituents were analyzed by GC/MS (Thermo-Finnigan) equipped with a source of electron ionization (EI, 70 eV) and a mass analyzer quadrupole. The constituents were identified by a comparative analysis with fatty acid methyl ester mass spectra from the spectrum database contained in the NIST MS Search spectral library using the software Xcalibur with the Kovats indices, which were obtained by co-injection of the organic phase with a mixture of alkane standards (C9-C21) using the Van den Dool and Kratz equation.15 The oil phases were subjected to rotary evaporation to eliminate the hexane and diluted with HPLC-grade dichloromethane at 1:10000 and analyzed by GC/MS using a DB-5 capillary column (5% phenyl-95% methylpolysiloxane, 30 m × 0.25 mm × 0.25 µm) and He as the carrier gas. The detected masses ranged from 45 to 550 m/z. A sample volume of 1 µL was injected in split mode 1/10 at injector and ionizer temperatures of 250 ºC, with the following heating ramp: initial temperature of 50 ºC up to 290 ºC at 3 ºC min-1, maintained for 20 min.

  Gas chromatography coupled with flame ionization detection (GC/FID)

  The methyl esters were separated by gas chromatography using a Trace Ultra 3300 chromatograph (Thermo Scientific) equipped with flame ionization and a cyanopropyl capillary column (100 m × 0.25 mm × 0.25 µm, CP 7420). The gas flow rates used were 1.2 mL min-1 carrier gas (H2), 30 mL min-1 make-up gas (N2), and 35 and 350 mL min-1 flame gases (H2 and synthetic air, respectively). The sample-splitting rate was 1:80, and 2-µL samples were injected in triplicate. The operation parameters were as follows: detector and injection port temperatures of 240 ºC and 220 ºC, respectively, and a column temperature of 185 ºC for 7.5 min, programmed to increase at 4 ºC min-1 from 1 to 235 ºC and kept at this temperature for 1.5 min. The peak areas were determined using ChromQuest 5.0 software. The fatty acid retention times were compared to those of standard methyl esters. Quantification (in mg FAME g-1 of biodiesel) was performed using tricosanoic acid methyl ester as an internal standard (23:0), as described by Joseph & Ackman.16 Theoretical FID correction factor values were used to obtain the concentrations,17 and the FAME contents were calculated in mg g -1 of biodiesel using equation 4:
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  where FAME is the mg of fatty acid methyl esters per g of biodiesel, AX is the peak area (FAME), AIS is the peak area of the internal standard (IS), methyl ester of tricosanoic acid (23:0), WIS is the amount of IS added to the sample in mg, WX is the sample weight (in mg), CFX is the theoretical correction factor, and CFAE is the conversion factor necessary to express the results in mg of fatty acids rather than methyl esters. However, the CFAE factor was not used in this study because the results were already expressed in mg FAME.

  Nuclear magnetic resonance spectroscopy (1H NMR)

  B 100 biodiesel and biodiesel samples photodegraded with Fenton's reagent for 6, 12, 24, 48, 72, 96, and 120 h were analyzed by 1H NMR.3,18 The spectra were recording using a Varian Mercury Plus Model BB 300 MHz spectrometer operating at 300.06 MHz at 26.0 ºC. The samples were dissolved in deuterated dichloromethane (CDCl3, from Aldrich) at 0.1% v/v tetramethylsilane (TMS) (δ = 0.0 ppm), and the chemical shifts (δ) are given in ppm relative to TMS. The following acquisition parameters were used: spectral window, –2 to 14 ppm; pulse, 45º; number of repetitions of the pulse sequence, 32; acquisition time, 3.333 s; recycling delay, 1.000 s; spectral width, 4800.8 Hz; line broadening, 0.2 Hz; standard pulse sequence for 1H.

  Oxitest

  The biodiesel induction time was assessed using an Oxitest apparatus with approximately 5.0 g of sample per analysis, an initial pressure of 6.0 bar, and an oxygen temperature of 110 ºC.

  Chemical oxygen demand (COD)

  The chemical oxygen demand (COD) of the aqueous phase was determined by the colorimetric method.19 To verify the consumption of the hydrogen peroxide added at the beginning of the photocatalysis process, it was necessary to quantify the final amount and its evolution during the photodegradation process. The ammonium metavanadate method was used,14,20 and the values of residual peroxide were subtracted from the COD values.

  Toxicological assay with A. salina L.

  A brine shrimp (A. salina L.) assay was also employed for lethality screening of the aqueous phase of the samples irradiated with Fenton's reagent for 24, 72, 120, 168, and 360 h based on the LC50 criterion using a nutritive solution, as described by Meyer et al..21,22 The cyst-like eggs were hatched within a few hours, and the most resistant nauplii were used in the toxicity assay. For each test, a 5 mL mixture of effluent sample and nutritive solution (v/v) was prepared in a 10 mL glass tube at four dilutions (1, 10, 20, and 50%) in triplicate and was added to 1.00 mL of brine shrimp mixture into each tube. After 24 h, the numbers of dead and live brine shrimp in each tube were counted. As a control assay, A. salina L. larvae were incubated in pure nutritive solution.

  Fluorescence spectroscopy

  Synchronous fluorescence scans were recorded for the organic phase irradiated for 24, 72, 120, 168, and 360 h with Fenton's reagent and for the initial biodiesel B 100 sample without dilution. The spectra were obtained with a Varian Cary-50 commercial fluorimeter using a quartz cell. The wavelength interval, Δλ, between λem and λex was 20 nm, with a 10 nm bandpass. All the experiments were performed at 20 ºC.23,24

  UV-Vis spectrophotometry

  The aqueous and organic phases were tested using a Lambda 25 double-beam spectrophotometer (Perkin Elmer) in the range of 800 to 200 nm with 1.0 cm optical path length quartz cuvettes. Distilled water was used to adjust the transmittance to 100%, and aqueous-phase aliquots diluted in distilled water (1:1000) were analyzed. The organic phase was diluted in ethanol (1:10000), and ethanol was used to adjust the transmittance to 100%.

   

  Results and Discussion

  Determination of the best biodiesel photodegradation conditions using Fenton's reagent

  Eight biodiesel photodegradation assays were performed with five repetitions using a fixed degradation time of 144 h, Fenton reagent volumes ranging from 1.5 to 3.0 mL, and ferrous ion to hydrogen peroxide rates [Fe2+]:[H2O2] of 0.30, 0.65, and 1.33, as shown in Table 1.
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  COD analyses of the aqueous phase and GC/FID analyses of the organic phase were performed, and the results are shown in Table 2.

  
    

    [image: Table 2. GC/FID and COD results obtained for the degradation of biodiesela]

  

  Table 2 also shows the results of the main FAMEs identified in B 100, which are expressed as the methyl esters identified in 1 g of biodiesel or the organic phase. Comparing the FAME values for the initial B 100 biodiesel with the values found in experiments 1, 4, and 7 revealed an increase in the concentration of FAMEs in these experiments (Table 2). These results can be explained by the initial B 100 not coming into contact with water prior to the GC/FID analysis. When B 100 contacted water, a fraction of glycerol migrated from B 100 to the aqueous phase, causing a relative increase in the concentration of FAMEs in the organic phase. This effect occurred in all experiments but was most evident in experiments 1, 4, and 7, which were performed in the absence of light.

  During the degradation, there was a decrease in percentage in 16:1, 18:1, 18:2, and 18:3 unsaturated esters and an increase in the proportion of 16:0, 17:0, 18:0, 20:0, 22:0, and 24:0 saturated esters. Photolysis was performed to determine the influence of light alone on this process, proving to be an intense factor, as there was a decrease in total FAMEs of approximately 55% in relation to their initial amount in B 100. In contrast, a high COD, 59.476 g L-1, was observed for the aqueous phase. In the assays with Fenton's reagent, the maximum COD was lower than half of this value, which can be attributed to the action of the reagent on the photoproducts that migrated to the aqueous phase, thus accelerating their degradation. In the experiments in which the Petri dishes were wrapped with aluminum foil (experiments 1, 4, 6, and 7), the only effects observed were those of Fenton's reagent and the temperature. As the increase in the temperature inside the irradiation box was not greater than 2 ºC above room temperature, the main effect observed was due to Fenton's reagent in the absence of light. Additionally, the COD values of the aqueous phase were approximately 20% smaller than those observed for the aqueous phase under irradiation, suggesting that few organic-phase components were transported to the aqueous phase. Therefore, the joint action of Fenton's reagent and light is important in these reactions.

  The aliquots with Fenton's reagent that were irradiated showed an increase in saturated FAMEs and a decrease in unsaturated FAMEs, with a mean value of 61.5 ± 2.05% relative to B 100 and 22.5 ± 1.59% for the aqueous-phase COD. The best results were obtained in experiment 5, which had a total FAME content of 229.54 mg per g of organic phase analyzed and a smaller aqueous phase COD of 69% relative to the photolysis assay.

  Gas chromatography coupled with mass spectrometry (GC/MS)

  Kovats experimental indices (KI) were calculated using equation 5, as proposed by Van Den Dool and Kratz:15
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  where n = the number of carbon atoms of compound x, Δn = the variation in the number of carbon atoms of the hydrocarbon standard eluted before and after the addition of compound x, trx = the compound x retention time, trz = the retention time of the hydrocarbon standard eluted before the addition of compound x, and trz+1 = the retention time of the hydrocarbon standard eluted immediately after the addition of compound x.

  The results were compared with those in the literature (NIST MS search, 2.0) and are provided in Table 3.
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  B 100 presented four main FAMEs: 16:0, 18:2, 18:1, and 18:0, and two other compounds, 16:1 and nonanoic acid 9-oxo-methyl ester, were found during the 24 h photodegradation process. In addition to these compounds, ramifications of the ester carbon chain and epoxidation were also observed after 96 h; however, the experimental KI values did not match the theoretical values. No KI values were found in the literature for the analysis of this compound using the column used in the present study. Ketones and epoxides have also been found during the thermal degradation of biodiesel,5 and it was observed that saturated FAMEs were not oxidized at high temperatures, with high concentrations remaining after 360 h. Ketones were observed during the degradation of epoxides, which are produced by the addition of peracids to carbon chain unsaturations. During photodegradation, there was an increase in the amount of saturated esters and a decrease in the amount of unsaturated esters. However, the GC/MS analysis was only qualitative; thus, a quantitative analysis was performed using GC/FID.

  Gas chromatography coupled with flame ionization detection (CG/FID)

  The FAMEs initially found in B100 were 16:0, 17:0, 18:0, 20:0, 22:0, 24:0, 16:1, 18:1, 18:2, and 18:3, with the main esters being quantified during the photodegradation process after 144 and 360 h. The results are given in Table 4.
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  FAMEs, particularly the unsaturated FAMEs, were degraded during the photodegradation process. A 1 g sample of B 100 showed 835.73 mg FAMEs. In contrast, there was a total decrease in FAMEs of 51% after 144 h, and only 27% of the initial amount was observed after 360 h. Furthermore, only 16:0 and 18:0 were detected after degradation for 360 h.

  1H NMR

  The 1H NMR spectra exhibited signals for specific types of protons in the ester mixture, as illustrated by the spectrum of B 100 shown in Figure 1.

  
    

    [image: Figure 1. 1H NMR spectrum of B 100.]

  

  Some researchers have used 1H NMR spectra to analyze fatty acid and biodiesel composition by utilizing only the integration value peaks caused by the protons in the fatty acid chains.3,5,18 The peaks that may allow the quantification of unsaturated FAMEs are those of the protons of olefins (5.3-5.4 ppm), bis-allylic carbons (2.7-2.8 ppm), allylic carbons (2.0-2.1 ppm), and terminal methyl groups (0.8-0.9 ppm). Saturated FAMEs can be determined using the signal for methylene protons, CH2 (1.2-1.4 ppm). The % FAME values calculated according to Knothe et al.3,18 are given in Table 5.

  
    

    [image: Table 5. FAME percentages of non-irradiated B 100 and B 100 irradiated for 12 h by 1.54 mL of Fenton's reagent, [Fe2+]:[H2O2] = 0.65, analyzed by 1H NMR. The samples were dissolved in CDCl3]

  

  The peaks of the terminal methyl groups of linolenic methyl esters were not observed after 24 h of irradiation, suggesting that the conjugated double bonds of FAMEs were oxidized during this period. This result is due to the proximity of the C15-C16 double bond in linolenic methyl esters to the terminal CH3; the signal of the terminal CH3 is thus shifted downfield to approximately 0.95 ppm and can be integrated separately from the signal of the terminal CH3 in the other fatty acid chains.18 As peaks for olefinic, allylic, and bis-allylic carbon protons were not observed after 120 h of irradiation, the fatty acid unsaturations had been oxidized during this time period (Figure 2).
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  An increase in viscosity and darkening of the color of the degraded biodiesel was observed, most likely due to the oxidation of unsaturations. The signal of the beta group (–CH2–CH2–COOCH3) at δ 1.6 ppm showed some broadening during the photodegradation process, which may be due to the oxidation of unsaturations and consequent overlapping of CH2 group signals.

  Oxitest

  The Oxitest equipment analyzes the induction time of organic matter, which is the time needed to oxidize organic matter in an oxygen-rich atmosphere, a process that depends on the nature and amount of fatty acids in the biodiesel sample. Biodiesel free of antioxidants has an induction time of approximately 2 h,25 and the investigated biodiesel was considered to be free of antioxidants because it showed an induction time of 2:44 h. After irradiation of the samples with Fenton's reagent for 6 h, the induction time decreased to 29 min, and the samples were completely oxidized in under 24 h of photodegradation.

  Chemical oxygen demand (COD)

  The aqueous-phase COD increased during up to 120 h of photodegradation with 3.0 mL of Fenton's reagent ([Fe2+]:[H2O2] = 0.65, with 10.4 × 10-3 mol L-1 [Fe2+] and 15.6 × 10-3 mol L-1 [H2O2]) in different Petri dishes (Figure 3). This increase may be attributed to an increase in the amount of organic matter in the water from photoproducts transferred from the organic phase to the aqueous phase. After this time, the COD decreased progressively up to 360 h of photodegradation and apparently reached equilibrium, with the migration of the photoproducts to the aqueous phase, following oxidation by Fenton's reagent in the presence of light. However, the COD was not completely reduced because the organic matter resulting from the degradation of biodiesel continues to migrate to the aqueous phase until the biodiesel film on the water surface has been completely degraded.

  
    

    [image: Figure 3. Chemical oxygen demand of the aqueous phase under irradiation for 360 h with 3.0 mL of Fenton's reagent: [Fe2+]:[H2O2] = 0.65.]

  

  Toxicity test with Artemia salina L.

  There was an increase in the mortality rate of A. salina L. during photodegradation, reaching a maximum between 120 and 168 h, though we observed a slight decrease in mortality at 360 h for the most diluted aliquots (1%). The aqueous-phase samples with a concentration greater than 20% presented 100% mortality for all the photodegradation times investigated, indicating that the biodiesel products were either transferred or transformed during photodegradation. The experimental results of the A. salina L. assays are provided in Figure 4.

  
    

    [image: Figure 4. Percent mortality rate of A. salina L. in aliquots of aqueous phases irradiated for 360 h with 1.54 mL of Fenton's reagent, [Fe2+]:[H2O2] = 0.65.]

  

  By comparing the results of the acute toxicity results of COD (Figure 3), it is clear that recalcitrant components were formed, reaching higher concentrations between 120 h and 168 h of photodegradation. After 168 h, there was a decrease in these recalcitrant compounds due to the action of the photo-Fenton system, thereby decreasing the mortality of the microcrustaceans.

  Biodegradation refers to the process by which organisms use organic contaminants as a food or energy source. However, recalcitrant compounds are not degraded by microorganisms; thus, the action of a chemical agent is very important, as noted in the work of Garcia et al.22 in which the action of advanced oxidation processes (AOP) decreased the toxicity of an effluent to A. salina L.

  A study of the biodegradability of biodiesel in soil found 84% biodegradation of B 100 after 60 days.26 This same study also reported respirometer tests and the analysis of microorganism DNA, concluding that, although B 100 can be more rapidly degraded than diesel fuel, there was a decrease in the microbial community of soil contaminated with B 100 after 60 days. This finding indicates that some products of biodiesel photodegradation can be toxic to organisms.

  Because there was no mortality with the aqueous phase in contact with biodiesel not degraded after 24 h, the toxic effects of photodegradation can be attributed to the biodiesel intermediates that migrated to the aqueous phase.

  Fluorescence spectroscopy

  Synchronous scan excitation spectra were obtained by measuring the fluorescence intensity simultaneously with excitation and emission at a certain wavelength using a constant optimized by the difference of the wavelengths, as follows: Δλ = λem – λexc.27 The synchronous scan excitation spectra of the undiluted organic phase are shown in Figure 5.

  
    

    [image: Figure 5. Synchronous fluorescence spectra of (a) biodiesel B 100 and biodiesel with 1.54 mL of Fenton's reagent, [Fe2+]:[H2O2] = 0.65, irradiated for (b) 24 h; (c) 72 h; and (d) 120 h.]

  

  Prior to photodegradation, the biodiesel presented bands between 340 and 363 nm and close to 520 nm. However, only one band, between 380 and 400 nm, was observed after 24 h of photodegradation, and this band became less intense at 72 h; no fluorescence signal was observed at 120 h. The chromophore compounds that may be present in biodiesel, such as FAME molecules with double conjugated bonds, are oxidized during the photodegradation process, eliminating the fluorescence. Although the aqueous-phase aliquots were scanned, the salts previously added to interrupt the Fenton reaction interfered with the measurements.

  UV/Vis photometry

  During the photodegradation process, the biodiesel photoproducts are transferred to water, which increases absorption in the UV region. As the aqueous phase had a maximum absorbance at 226 nm, the absorbance was monitored at this wavelength for various photodegradation times, as shown in Figure 6. The absorbance was at a maximum after 120 h of irradiation, decreasing thereafter and reaching a minimum at 360 h, most likely because the photoproducts were transferred to water and continued to be subjected to the action of Fenton's reagent and irradiation. Two maximum absorbance wavelengths were observed for biodiesel in the UV region, at 205 and 228 nm. During irradiation, the absorbance at 205 nm decreased and reached a minimum after 360 h of photodegradation. An increase in absorbance was also observed at 228 nm during the first 24 h, followed by a decrease in this region up to 360 h.

  
    

    [image: Figure 6. UV-region spectrophotometry of the aqueous phase]

  

   

  Conclusions

  The best degradation conditions for 1 mL of biodiesel using Fenton's reagent were [Fe2+]:[H2O2] = 0.65, with the addition of 1.54 mL of a mixture of sulfate heptahydrate with concentrations of [Fe2+] = 5.34 × 10-3 mol L-1 and [H2O2] = 8.05 × 10-3 mol L-1 under irradiation. Under these conditions, the FAME concentrations were the smallest in the organic phase, and COD was smaller in the aqueous phase than in the non-irradiated samples and the samples irradiated without the addition of Fenton's reagent. After 360 h, a 73% decrease in total FAMEs was found, with only 18:0 and 16:0, the most persistent FAMEs, being quantified by GC/FID. Peaks for ketone and carbon chain epoxide groups were observed during photodegradation according to GC/MS analyses, as were typical aldehyde and short-chain fatty acid shifts according to 1H NMR analyses. Ecotoxicity analyses with Artemia salina revealed toxic components in the aqueous phase, which increased up to 168 h of photodegradation and decreased thereafter.
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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

     

    The absorbance spectrum for ethanol compared with the absorbance spectrum of biodiesel is shown in Figure S1.

    
      

      [image: Figure S1. UV-region spectrophotometry of the biodiesel (ethanol dilution rate, 1:1000)]

    

    It is possible to use ethanol as solvent for the organic phase as it does not interfere with their absorbance spectra. Figure S2 shows the absorption spectra for the organic phase and the aqueous phase which have undergone the action of Fenton's reagent and light at various periods of time.

    
      

      [image: Figure S2. Absorbance spectra]

    

  

  
    

    [image: Figure S3. GC/MS chromatogram of B 100 dissolved in dichloromethane.]

  

  
    

    [image: Figure S4. GC/MS chromatogram of degraded biodiesel by photo-Fenton ([Fe2+]:[H2O2] = 0.65, 1.54 mL) for 24 h, dissolved in dichloromethane.]

  

  
    

    [image: Figure S5. GC/MS chromatogram of degraded biodiesel by photo-Fenton ([Fe2+]:[H2O2] = 0.65, 1.54 mL) for 96 h, dissolved in dichloromethane.]

  

  
    

    [image: Figure S6. GC/MS chromatogram of degraded biodiesel by photo-Fenton ([Fe2+]:[H2O2] = 0.65, 1.54 mL) for 168 h, dissolved in dichloromethane.]

  

  
    

    [image: Figure S7. GC/MS chromatogram of degraded biodiesel by photo-Fenton ([Fe2+]:[H2O2] = 0.65, 1.54 mL) for 360 h, dissolved in dichloromethane.]

  

  
    

    [image: Figure S8. GC/MS chromatogram of a mixture of alkane standards (C9-C21) dissolved in dichloromethane.]

  

  
    

    [image: Figure S9. 1H NMR spectrum of degraded biodiesel by photo-Fenton ([Fe2+]:[H2O2] = 0.65, 1.54 mL) for 360 h.]
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    A rapid and variable-volume sample loading scheme for nonaqueous microchip electrophoresis with laser induced fluorescence detection (NAMCE-LIF) was developed, which included a porous polymer plug, a low-cost microvacuum pump, and a single potential supply. The porous polymer plug was fabricated within the separation channel as a select valve, which prevented the running buffer from buffer waste reservoir (BW) flowing back into the separation channel, but allowed electrophoretic migration along the separation channel. By applying a subatmospheric pressure to the headspace of sample waste reservoir (SW), sample and running buffer were drawn immediately to SW. At the same time, a branch of the sample stream was driven across the porous polymer plug by the electric force and formed a sample zone in the separation channel. The injected sample zone length was in proportion with the injection time. The proposed method was successfully applied to separation of Rhodamine 123 (Rh123) and Rhodamine 6G (Rh6G). The limits of detection for Rh123 and Rh6G based on S/N = 3 were 0.63 and 0.48 nmol L–1, respectively. The system has been proved to possess an exciting potential for improving throughput, repeatability, sensitivity, separation performance of nonaqueous microchip electrophoresis and a wide range of applications.
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    Um esquema rápido e de volume variável de carregamento de amostras para eletroforese não-aquosa em microchip com fluorescência induzida a laser (NAMCE-LIF) foi desenvolvido, incluindo um plugue de polímero poroso, uma bomba de microvácuo de baixo custo e uma fonte de alta tensão com potencial único. O plugue de polímero poroso foi fabricado dentro do canal de separação como uma válvula de seleção, que impedia o tampão de corrida do reservatório de descarte de tampão (BW) de fluir de volta ao canal de separação, mas permitia a migração eletroforética ao longo do canal de separação. Aplicando uma pressão subatmosférica ao headspace do reservatório de descarte (SW), amostra e tampão de corrida eram passados imediatamente ao SW. Concomitantemente, uma parte do fluxo de amostra era conduzido através do plugue de polímero poroso pela força elétrica, formando uma zona de amostra no canal de separação. O comprimento da zona de amostra injetada era proporcional ao tempo de injeção. O método proposto foi aplicado com sucesso na separação de Rodamina 123 (Rh123) e Rodamina 6G (Rh6G). Os limites de detecção para Rh123 e Rh6G baseados em S/N = 3 foram 0,63 e 0,48 nmol L–1, respectivamente. O sistema provou possuir um potencial para aperfeiçoamento de rendimento, repetibilidade, sensibilidade, desempenho da separação da eletroforese não aquosa em microchip e uma ampla gama de aplicações.

  

   

   

  Introduction

  In the past decade, microchip electrophoresis (MCE) has been developed for biological and biomedical applications.1,2 There are various advantages of MCE over traditional separation techniques including high separation efficiency, rapid analysis, small reagent and sample requirements, quite miniaturization, and integration. However, the small sample quantity makes it a challenge to achieve highly sensitive detection. Sample injection is crucial because it determines the quantity and the shape of a sample plug, both of which are closely related to separation.3 Up to now, electrokinetically pinched injection is the most commonly used method.4,5 But it has been reported that long sampling times, typically 10-150 s, are required for sampling with electrokinetically pinched scheme, which restricts the analytical speed.6 Two of the main limitations of electrokinetic injection are its strong dependency on surface properties of channel walls and the bias effect towards different species.7 To avoid biased injection and reduce injection time, our research group has proposed some negative pressure sampling devices in which negative pressure generated by a syringe pump,8 a microvacuum pump,9 or a pipet bulb,10 which only need 0.5-2 s for sampling. But the above method only could provide a short well-defined sample plug and the amount of sample was fixed, which may not meet the requirement of large volume injection.4,5,8-10 In practical analysis, the concentration of analytes may be extremely low, which need to increase the amount of sample to increase the sensitivity. Qi et al.11 developed a rapid and variable-volume sample loading scheme for chip-based sieving electrophoresis by negative pressure combined with electrokinetic force. This method realized variable-volume sample loading, but it may only suitable for separation of macromolecules of biological and medical interest such as DNA, RNA and protein. It is reported that integrating a lectin affinity monolith column in the microchannel of a microfludic chip would prevent pressure flow, but allow electrophoretic migration along the separation channel,12 and the combination of negative and electrokinetic has been well discussed.8-10 Combining negative pressure, electrokinetic, and a polymer plug would be a good choice to realize rapid and variable-volume sample loading.

  Rhodamine dyes are used extensively in biotechnology applications due to their excellent optical property and considerable water solubility.13,14 Meanwhile, they may also affect on energy transduction,15 or selective phototoxicity to carcinoma cells.16 Once being widely used in textile industry, Rhodamine 6G (Rh6G) can pose environmental risk as being an emerging contaminant in wastewater.17 In general, the most attractive analytical separation techniques for determination of rhodamine dyes are high performance liquid chromatography (HPLC),18,19 capillary electrophoresis (CE),20 MCE,21,22 nonaqueous microchip electrophoresis (NAMCE),23 with detection of mass spectrometry (MS), laser induce fluorescence (LIF), or chemiluminiscence (CL).

  It is reported that a better result with higher sensitivity can be achieved in nonaqueous media compared to analysis in aqueous media. In this paper, a rapid and variable-volume sampling loading in NAMCE-LIF system was established. This approach has been proved to be highly reproducible for introducing rhodamine dyes in NAMCE with the following advantages: 1. the capability to freely choose the sample plug volume by simply changing the injection time; 2. high sensitivity and superior separation performance; 3. simplification of the electrophoresis system by using a single power supply with a low-cost microvacuum pump-based negative pressure sampling device and a porous polymer plug; 4. rapid bias-free analyte transport from sample reservoir to the injection point.

   

  Experimental

  Chemicals and reagents

  All the chemicals and reagents were of analytical grade and used without further purification. Ultrapure water (Mili-Q Plus 185, Millipore Corporation) was used throughout. Butyl methacrylate (BMA), 2-acrylamido-2-methyl-1-propane sulfonic acid (AMPS), 3-glycidoxypropyltrimethoxysilane (GLYMO) and fluorescein sodium salt (Flu) were obtained from Sigma-Aldrich (St. Louis, MO, USA). Ethylene dimethacrylate (EDMA) and 2,2-dimethoxy-2-phenylacetophenone (DMAP) were purchased from Acros Organics (Geel, Belgium, USA). Rhodamine 123 (Rh123) was purchased from Fluka (Buchs, Germany). Rh6G and 2-hydroxyethyl methacrylate (HEMA) were purchased from J&K Chemical LTD (Shanghai, China).

  Flu was dissolved in the running buffer (20 mmol L–1 borate buffer, pH 9.2). 1 × 10–4 mol L–1 sample stock solutions were prepared by dissolving certain amount of Rh123 and Rh6G in acetonitrile (ACN), respectively. The running buffer for separation Rh123 and Rh6G was 5 mmol L–1 Tris and 5 mmol L–1 ammonium acetate in ACN.

  Instruments

  The schematic diagram of NAMCE-LIF analysis system is shown in Figure 1. A microvacuum pump (Ruiyi, Model PS5008B, Chengdu, China), a vacuum vessel (50 mL), a 3-way electromagnetic valve (SMC, Model VDW250-5G-2-M5, Tokyo, Japan)，a timer (precision 10 ms), a vacuum gauge (60 mm, 0-1000 mbar, YXC-100, YICHUAN, Shanghai, China) with two electric switches to adjust the vacuum in the vacuum vessel and a single high voltage power supply (HV) (Dongwen, Model DW-P602-1F, Tianjin, China), variable in the range of 0-6 kV, were used for sampling and electrophoresis separation. The vacuum vessel was connected to the terminal c of the 3-way electromagnetic valve through a polytetrafluoroethene (PTFE) tubing of 0.8 mm i.d. and 1.8 mm o.d.. The terminal b of the 3-way electromagnetic valve was connected to SW using the same PTFE tubing via an interfacing plug as detailed in Zhang's work.8 The terminal a of 3-way electromagnetic valve was open to the ambient air.

  
    

    [image: Figure 1. Schematic diagram of the integrated NAMCE-LIF system.]

  

  A home-made confocal microscope laser induced fluorescence detector (LIF) system used for detection has been described previously.24 Data acquisition and processing were carried out using a Model N2010 A/D converter (Zheda Instruments, Hangzhou, China) and a computer. Fluorescence images were obtained using a charge-coupled device (CCD) camera (YH-9682, Yonghui, Shenzhen, China) mounted on an inverted microscope equipped with an air-cooled solid-state laser source. The laser beam was expanded on the chip at an angle of about 45º. A 510 nm cut-off filter was directly positioned next to the window of the CCD camera. Two Flu solutions (1 × 10–4 mol L–1 and 5.0 × 10–4 mol L–1) were used for obtaining the CCD images.

  Microchip fabrication

  The microchip was fabricated on soda-lime glass using photolithographic and wet chemical etching procedures described in Ling's work.25 The channel design of the microchip device used for this work is shown in Figure 1. The channel between sample reservoir (S) and sample waste reservoir (SW) was used for sampling and the channel between the buffer reservoir (B) and buffer waste reservoir (BW) was used for electrophoresis separation. The channels were etched to a depth of 25 µm and a width of 60 µm. Access holes were drilled into the etched plate with a 1.2 mm diameter diamond-tipped drill bit at the terminals of the channels. Four 5 mm inner diameter and 30 mm tall micropipette tips were joined by epoxy resin on the chip surface surrounding the holes S, SW, B and BW, serving as reservoirs with volumes of approximately 600 µL each.

  Preparation of porous polymer plug

  A 500 µm length porous polymer plug was prepared using a photoinitiated free-radical polymerization technique within the separation channel (Figure 1).12,26 The hydrophobic porous polymer plug was composed of EDMA (mass ratio, 16%), BMA (mass ratio, 24%), 1-propanol (mass ratio, 35%), 1,4-butanediol (mass ratio, 19%), and ultrapure water (mass ratio, 6%). The hydrophilic porous polymer plug was composed of EDMA (mass ratio, 16%), HEMA (mass ratio, 24%), 1-dodecanol (mass ratio, 30%), and methanol (mass ratio, 30%). If necessary, the formulae could be supplemented with 0.12% mass ratio of AMPS, which provided negatively charged functionalities for extra positive EOF generation.27 The detailed process for preparation of the porous polymer plug was described previously.28

  Experimental procedure

  A 500 µL, 50 µL and 500 µL running buffer was added into B, SW and BW respectively, and 250 µL sample solution was pipetted into S. The terminal b of the 3-way electromagnetic valve was connected to SW using a PTFE tubing via an interfacing plug as detailed above.

  A constant voltage was applied to B and BW, while the other reservoirs were floating in the whole analysis process as depicted in Figure 1. The microchip was operated under either a "sample loading" or "separation" mode. In the sample loading mode, the 3-way electromagnetic valve was switched to connect b to c, the negative pressure in the vacuum vessel was applied to headspace of SW. The sample and running buffer were drawn instantaneously from S and B toward SW. Meanwhile, a branch of the sample stream was migrating across the porous polymer plug by the electric force simultaneously and forming a sample zone in the separation channel. The length of sample zone was depended on injection time. In the separation mode, the 3-way electromagnetic valve was switched to connect b to a to release the vacuum in SW and to cutoff the connection between SW and the vacuum vessel. It was accomplished automatically by using the timer. The sample zone entered into the separation channel and migrated along the separation channel under the potential applied. At the same time, the data acquisition and processing system was activated to record the electropherograms.

   

  Results and discussion

  Function of the porous polymer plug

  A negative pressure sampling device was used for sample loading which has been detail presented in our previous work.8-10 According to the previous work,8-10 in the sample loading mode, a well pinched sample plug was formed at the channel intersection. As can be seen from Figure 2A, when microvacuum pump was used to generate negative pressure,9 a well pinched sample plug could be formed in less than 0.5 s, and it would remain the same profile with longer sampling time. In this paper, since a 500 µm length porous polymer plug was fabricated within the separation channel as a select valve, which prevented the running buffer from BW flowing back into the separation channel, but allowed electrophoretic migration along the separation channel. Variable-volume sampling loading was realized by controlling injection time. Fluorescence images of sample loading profile with different injection time are shown in Figure 2B. With the injection time increased, more and more sample was introduced into the separation channel.

  
    

    [image: Figure 2. Fluorescence images depicting negative pressure sampling method.]

  

  The interaction between analytes and porous polymer plug has been investigated in this work. It is known that the surface properties of the porous polymer plug was judged by the monomers used. HEMA provided hydrophilic polar function, BMA afforded a hydrophobic surface, ionizable monomer-AMPS was used in the polymerization mixtures to provide negatively charged functionalities. When the porous polymer plug with hydrophilic surface was chosen to detect Flu, Flu could not pass through the porous polymer plug after several injections. When the porous polymer plug with hydrophobic surface was used, the reproducibility was satisfactory after dozens of injections. Therefore, to meet the requirement of different analyses, special monomers should be chosen.

  To avoid the interaction between analytes and porous polymer plugs, opposite polarities of porous polymer plugs were chosen for analytes with different polarities. The effect of the porous polymer plug with hydrophobic surface on separation was investigated by MCE-LIF system. The result is shown in Figure 3. Average migration times of impurity and Flu were 38.48 s, 76.21 s and 37.49 s, 70.01 s, with RSDs of 1.7%, 2.8% and 1.2%, 1.4% for the porous polymer plug with hydrophobic surface and without a porous polymer plug, respectively. Average peak widths were 3.71 s, 11.32 s and 3.88 s, 10.19 s, with RSDs of 2.5%, 1.6% and 5.4%, 5.1%. RSDs of average peak height were 1.1%, 3.5% and 0.4%, 3.6%. RSDs of average of peak area were 3.6%, 2.1% and 4.8%, 4.9%. Resolution of the two compounds were 4.6 and 5.0, with RSDs of 4.9% and 3.5% (n = 5). Hence, the porous polymer plug in the separation channel would not affect the separation performance.

  
    

    [image: Figure 3. Electropherograms of 5 times repetitively separated Flu and impurity and microscope image of porous polymer plug.]

  

  NAMCE-LIF system applied in the separation of Rh123 and Rh6G

  Rh6G and Rh123 were used as model molecules in the proposed NAMCE-LIF system to investigate the performance of this method. To avoid adsorption of Rh6G and Rh123 on the surface of the porous polymer plug, hydrophobic surface of the porous polymer plug was chosen in this section.

  Running buffer and electric-field strength

  The influences of three different running buffers (pure ACN, 5 mmol L–1 Tris in ACN, 5 mmol L–1 Tris and 5 mmol L–1 ammonium acetate in ACN) on nonaqueous electrophoresis separation were investigated under different electric-field strength ranging from 75 to 750 V cm–1. As shown in Figure 4, when pure ACN was used, with the increasing of electric-field strength, the degree of separation first increased then decreased, and the optimized degree of separation was 0.76 at the electric-field strength of 162.5 V cm–1, which could not meet the requirement of the analysis method. Electroosmotic flow (EOF) was reduced to improve separation. On the one hand, the monolith used to generate EOF must contain ionizable functional groups, ionizable monomer-AMPS was used in the polymerization mixtures to provide negative charged function for extra EOF generation.26 Therefore, when a 500 µm length hydrophobic porous polymer plug without AMPS was prepared in separation channel, the EOF would be reduced. On the other hand, adding the appropriated electrolytes in nonaqueous was another good choice. The higher concentration of the electrolyte, the smaller EOF.29 When 5 mmol L–1 Tris in ACN was used, the results showed that the optimized degree of separation was 0.926 at the electric-field strength of 125 V cm–1 (Figure 5). But under this condition, the column efficiency was a little small. Then, 5 mmol L–1 Tris and 5 mmol L–1 ammonium acetate in ACN was used. As shown in Figure 6, the degrees of separation were all more than 1.0 at each electric-field strength. Considering both the effect of joule heating and the column efficiency, electric-field strength of 375 V cm–1 was selected. Therefore, 5 mmol L–1 Tris and 5 mmol L–1 ammonium acetate in ACN and electric-field strength of 375 V cm–1 were used in the following experiments.

  
    

    [image: Figure 4. Influence of electric-field strength on NAMCE separation of Rh123 (2 × 10–7 mol L–1) and Rh6G (2 × 10–7 mol L–1) using ACN as running buffer]

  

  
    

    [image: Figure 5. Influence of electric-field strength on NAMCE separation of Rh123 (5 × 10–8 mol L–1) and Rh6G (5 × 10–8 mmol L–1) using 5 mmol L–1 Tris in ACN as running buffer]
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  Injection time

  As discussed above, the proposed method was based on variable-volume sampling loading. With injection time increased, the length of sample zone increased, which is very suitable for trace analysis. 1.0 × 10–8 mol L–1 of Rh123 and Rh6G was examined under injection time of 0.1, 0.3, 0.6, 1, 1.5 and 2 s. The results showed that the peak area increased with the increase of injection time. A linear relationship was between peak area of Rh123 and Rh6G and injection. The linear regression coefficient of Rh123 and Rh6G were 0.9907 and 0.9913, respectively.

  Performance of the NAMCE-LIF system

  To evaluate the precision of the method, 30 sequential injections were performed using a standard solution of 2.0 × 10–7 mol L–1 Rh123 and 2.0 × 10–7 mol L–1 Rh6G with detection point at 25 mm down towards BW from the cross intersection and 0.5 s of injection time. The average migration time of the peaks for Rh123 and Rh6G were 28.1 and 35.6 s, with a precision of 2.6 and 2.1% RSD, respectively. Peak height precisions for Rh123 and Rh6G were 3.5% and 4.2% and peak area 5.6% and 4.8% RSD (n = 30). These results indicate that the sample composition in S would not vary with the running times, because the analytes were bias-freely transported from S to the injection point by a subambient pressure applied to the headspace of SW. In addition, it can also be inferred that liquid level variation has a little effect on the sampling precision. Chip-to-chip deviation were also examined by measuring the same solution on 4 parallel prepared microchips. The RSDs for the migration time were 6.8% and 6.5% and the peak height 7.2% and 8.3% for Rh123 and Rh6G respectively. The LODs for Rh123 and Rh6G based on S/N = 3 were found to be 0.63 and 0.48 nmol L–1, respectively.

   

  Conclusions

  The present method provided a time-based sample injection scheme in nonaqueous microchip electrophoresis using a simple and robust sampling device composed of a single power supply, a low-cost microvacuum pump, and a porous polymer plug. It enables rapid bias-free analyte transport from sample reservoir to the injection point. Simply changing the injection time can freely optimize the sample plug length. The approach has been proved to be useful for introduction of rhodamine dye with high reliability in NAMCE. Experimental results indicated that high sensitivity, reproducibility and superior separation performance can be achieved in NAMCE due to the more injected sample amount.
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    Acyl-CoA oxidase (ACO) is the key enzyme that catalyzes the rate-determining step in the peroxisomal beta-oxidation of fatty acids. ACO catalyzes the oxidation of acyl-CoA with molecular oxygen to produce trans-2,3-dehydroacyl-CoA and H2O2. Given the participation of H2O2 in an enhanced chemiluminescent reaction with luminol, we have developed a novel "two-step" procedure for the quantitation of ACO activity by recording light emission using a chemiluminescence detector. A number of recommendations on standardizing the reaction conditions for the quantitative measurement of ACO-catalyzed reactions are offered. The proposed method is simple and reliable and has been successfully applied in the rat liver assay. The results indicate that ACO activities increased in the liver of type-2 diabetic rats but showed no significant change in the liver of insulin-resistant rat.

    Keywords: acyl-CoA oxidase, chemiluminescence, luminol, peroxisomal oxidation

  

   

  
    A acil-CoA oxidase (ACO) é a enzima-chave que catalisa a etapa determinante da velocidade da beta-oxidação peroxissomal de ácidos graxos. A ACO catalisa a oxidação de acil-CoA com oxigênio molecular, produzindo trans-2,3-desidroacil-CoA e H2O2. Considerando a participação de H2O2 em uma reação quimiluminescente melhorada com luminol, nós desenvolvemos um procedimento de duas etapas novo para quantizar a atividade de ACO usando um detector de quimiluminescência para registrar a emissão de luz. São apresentadas várias recomendações de padronização das condições de reação para a medida quantitativa das reações catalizadas por ACO. O método proposto é simples e confiável, e foi aplicado com sucesso ao teste com fígado de rato. Os resultados mostraram que as atividades de ACO eram maiores no fígado de rato com diabetes tipo 2, mas não apresentaram alteração no fígado de rato resistente à insulina.

  

   

   

  Introduction

  Fatty acid degradation primarily occurs through the β-oxidation cycle. In mammals, β-oxidation occurs in the mitochondria and peroxisomes. When the fatty acid chains exceed the length that can be handled by the mitochondria (more than C-22), fatty acid β-oxidation occurs in the peroxisomes. Peroxisomal β-oxidation consists of four steps: (1) dehydrogenation, (2) hydration, (3) redehydrogenation, and (4) thiolytic cleavage. These reactions are catalyzed by different enzymes (Figure 1). In peroxisomes, the first reaction of the β-oxidation spiral is catalyzed by acyl-CoA oxidase (ACO), which, in contrast to the mitochondrial acyl-CoA dehydrogenases, directly reduces oxygen to hydrogen peroxide (H2O2). ACO is the initial and rate-limiting enzyme of the peroxisomal β-oxidation system. Recently, increasing evidence suggests that reduced ACO activity can cause fatty acid β-oxidation deficiency, which leads to fatty acid accumulation.1-3 Thus, the measurement of ACO activity has received increasing attention.

  
    

    [image: Figure 1. Process and enzymology of fatty acid β-oxidation in human peroxisomes.]

  

  Several spectrophotometric and fluorometric methods have been developed to measure ACO activity. Small et al.4 coupled the formation of H2O2 to the oxidation of a dye that can be assayed by monitoring the changes in A502 using a recording spectrophotometer. This spectrophotometric method was used to measure the ACO activities in the liver of brown trout (Salmo trutta)5 and mammals.6 Kvannes et al.7 developed a method for assaying peroxisomal fatty acyl-CoA oxidase in subcellular fractions. The method was based on the peroxidase-linked oxidation of 4-hydroxyphenylacetic acid to a fluorescent compound. By utilizing indolepropionyl-CoA as a chromogenic substrate, Gopalan et al.8 measured the ACO activity either directly, by monitoring the formation of the reaction product indoleacryloyl-CoA (λmax = 367 nm), or indirectly, by measuring the formation of H2O2 via the oxidative-coupled assay system, which involves 4-aminoantipyrine, phenol, and horseradish peroxidase (HRP). However, despite their previous development, these assays still suffer from a number of drawbacks, including poor sensitivity in measuring small volumes of samples and the need for derivatization.

  Chemiluminescence (CL) has attracted considerable attention as a versatile and highly sensitive detection tool that can be used in diverse fields, including biochemistry, bioimaging, and analytical technology. The major advantages of modern CL methods over routine biochemical assays are their high sensitivity, rapidity, and relatively low costs.9-11 Of the different CL reagents available, luminol (5-amino-2,3-dihydro-1,4-phthalazinedione) appears to be the most popular. Luminol is oxidized by strong oxidants in the presence of a catalyst to produce CL emissions. This property has led to the use of luminol in various analytical methods. The oxidative CL of luminol has wide application in the determination of various oxidants as well as of the analytes that produce these oxidants. The use of luminol in these methods has allowed enzymes such as uricase, xanthine oxidase, and L-amino acid oxidase to be assayed.12-14

  In the first stage of fatty acid β-oxidation in the peroxisomes, ACO catalyzes the oxidation of acyl-CoA with molecular oxygen to produce trans-2,3-dehydroacyl-CoA and H2O2 (c.f. E1). Therefore, the activity of ACO can be determined by measuring the amount of H2O2 that forms during the oxidase-catalyzed reaction. Despite the numerous advantages of luminol-based CL assays over routine procedures for oxidase monitoring, these methods also have inherent limitations, including the complexity of the CL mechanism and the high nonspecific sensitivity of these methods toward even trace impurities. In the subsequent sections, we disclose the methodology of a "two-step" design for monitoring the CL emissions in oxidation processes. This design overcomes the aforementioned problems.

   

  Experimental

  Reagents and equipment

  HRP, palmitoyl-CoA, flavin adenine dinucleotide (FAD), coenzyme A (CoA), and luminol were purchased from Sigma (St. Louis, MO, USA). 4-Iodophenol (PIP, Alfa Aesar), nicotinamide adenine dinucleotide (NAD, Biomol), sodium azide, 30% H2O2, sucrose, Na2EDTA•2H2O, NaOH, K2HPO4, KH2PO4, sodium dodecyl sulfate, potassium sodium tartrate, and Folin & Ciocalteu's phenol reagent were purchased either from Beijing Chemical Reagent Company (Beijing, China) or from Tianjin Chemical Reagent Company (Tianjin, China). All reagents were either analytical-grade or guaranteed reagents and used as received without further purification. The PIP solution was stored in brown glass stoppered flask at 4 ºC. All buffers were prepared with deionized water and filtered through a 0.22 µm membrane prior to use.

  CL measurements were performed using a flow-injection analyzer detection system (IFFM-E, Xi'an Remex Electronic Science-tech, Xi'an, China). The reaction vial was placed in front of the detection window of the photomultiplier tube. The CL signals were processed by a personal computer. A Vortex-Genie Model K 550G mixer (Scientific Industries, New York, USA) was used to mix the solutions. A Mettler Toledo FE20 pH meter was used for all aqueous pH measurements. Temperature was controlled within 40 ± 0.5 ºC using a conventional control equipment and a circulating pump.

  Sample preparation

  For ACO activity measurements, rat tissue homogenates were prepared by placing tissues in an ice-cold saline solution to remove blood. All subsequent procedures were performed at 0 ºC to 4 ºC. Minced tissues were suspended in a 3.0 mmol L-1 Tris-HCl buffer containing 0.25 mmol L-1 sucrose, and 1.0 mmol L-1 EDTANa3 (pH 7.0). The tissues were then homogenized with an electric homogenizer. The resulting homogenate was centrifuged at 30,000 × g for 10 min at 4 ºC. The supernatant was then collected for the subsequent ACO activity analysis.

  Method principles and analytical procedure

  The method principle and procedure are shown in Figure 2. In this assay, the difference in the CL intensities in steps 1 and 2 was used as a measure of the H2O2 produced during the ACO-catalyzed reaction and, consequently, of the ACO activity. Given that luminol can react with a number of coexisting substances in the liver tissue, the following "two-step" procedure was used in the ACO activity assay:

  Step 1: A microglass vial containing 20 µL of a composite phosphate buffer (pH 8.5) was placed in front of the photomultiplier tube (PMT) in a light-tight detector container containing palmitoyl-CoA, FAD, 200 µmol L-1 NAD, 170 µmol L-1 CoA, 4 mmol L-1 NaN3, and 5 mmol L-1 EDTANa3. Considering the wide distribution of peroxidases among living organisms, peroxidase inhibitors (NaN3, Na2EDTA) were added into the reaction system to protect H2O2. Subsequently, 10 µL of the homogenate supernatant was added into the vial to initiate the enzymatic reaction at 40 ± 0.5 ºC. Afterward, 70 µL of a CL reagent (containing 40 µmol L-1 luminol, 50 µg mL-1 HRP, and 20 µmol L-1 PIP) was added into the mixed solution. The resulting CL signal was immediately recorded.

  Step 2: In another microglass vial containing 20 µL of a composite phosphate buffer (pH 8.5, same content and concentration as that used in step 1), another 10 µL of the homogenate supernatant was added into the vial to initiate another enzymatic reaction at the same temperature. The reaction mixture was then incubated for 10 min. Afterward, 70 µL of the CL reagent (same content as that used in step 1) was added into the mixed solution, and the resulting CL signal was immediately recorded. The difference in the CL intensities in steps 1 and 2 was due to the H2O2 produced during the ACO-catalyzed reaction. The CL signal in step 1 was used as the background value. One unit (U) of ACO activity was defined as the amount of enzyme that catalyzes the production of 1 µmol of H2O2 per minute under a given condition.

  
    

    [image: Figure 2. Analytical procedure for the acyl-CoA oxidase activity assay.]

  

  The luminol-H2O2 reaction system works optimally at about pH 11.15 However, the high pH condition required by the luminol-H2O2 reaction to produce light efficiently is incompatible with enzymatic reactions. Consequently, an enhancer must be added to the luminol-H2O2 CL reaction mixture under mild pH conditions. Given that HRP is a poor catalyst for luminol oxidation, compounds known as primary enhancers, including PIP, are added to the substrate mixture to increase the CL intensity.8 PIP has been used as a CL enhancer in the direct detection of liposomeencapsulated HRP using luminol CL.8,16

  
    [image: Equation 1]
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  Results and Discussion

  Effects of the palmitoyl-CoA concentration on the CL intensity

  Palmitoyl-CoA is often used as a substrate in ACO activity assays. Rat liver peroxisomes contain three acyl-CoA oxidases: palmitoyl-CoA oxidase, pristanoyl-CoA oxidase, and trihydroxycoprostanoyl-CoA oxidase. Short-chain mono (hexanoyl-) and dicarboxylyl (glutaryl-)-CoAs and prostaglandin E2-CoA are exclusively oxidized by palmitoyl-CoA oxidase. Meanwhile, long-chain mono (palmitoyl-) and dicarboxylyl (hexadecanedioyl-)-CoAs are oxidized by palmitoyl-CoA oxidase. The very long-chain lignoceroyl-CoA is also oxidized by palmitoyl-CoA oxidase and pristanoyl-CoA oxidase. The substrate dependences of palmitoyl-CoA oxidase and pristanoyl-CoA oxidase are highly similar when assayed with the same (common) substrate.17

  In this study, the palmitoyl-CoA concentrations in the solutions significantly affected the CL emission intensities. As shown in Figure 3, the CL intensity initially increased and then decreased as the palmitoyl-CoA concentration was increased. The inhibitory effect appears to be due to the excess substrate. The maximum CL intensity was obtained when the palmitoyl-CoA concentration was 30 µmol L-1. Therefore, this concentration was chosen for subsequent studies.

  
    

    [image: Figure 3. Effect of palmitoyl-CoA (P-CoA) concentration on chemiluminescence (CL) intensity.]

  

  Effects of the FAD concentration on the CL intensity

  FAD is a cofactor of ACO and has an enhancing effect on the luminol-H2O2 CL system.5 As shown in Figure 4, the FAD signals showed slight fluctuations from 10 to 90 µmol L-1. These results indicate that the "two-step" design can significantly reduce the effects of FAD. Given that the 10 µmol L-1 FAD concentration used in this study is similar to that found in the human body, this concentration was used in our measurements.

  
    

    [image: Figure 4. Effect of flavin adenine dinucleotide (FAD) concentration on chemiluminescence (CL) intensity.]

  

  Effect of the reaction time on the CL intensity

  Figure 5 shows the effect of the reaction time (from 3.0 to 13.0 min) on the CL intensity. The strongest CL signal was obtained when the ACO-catalyzed reaction time was 10 min. This phenomenon is similar to that described in a previous study.8 Therefore, the reaction time of 10 min was used in subsequent experiments.

  
    

    [image: Figure 5. Effect of acyl-CoA oxidase (ACO)-catalyzed reaction time on chemiluminescence (CL) intensity.]

  

  Optimum pH

  The effects of the potassium phosphate buffer pH on CL emission intensities were also determined. When the potassium phosphate buffer pH was increased from 7.0 to 10.0, the CL intensity increased and reached its peak at 8.5. Further increasing the pH reduced the CL emissions. Hence, pH 8.5 was used in the assay procedure.

  Effect of the sample protein concentration on CL intensity

  Protein is a coexisting substance in homogenate samples. Bovine serum albumin (BSA) was used as a standard to determine the sample protein concentrations using the method of Lowry.18 The ACO activity in the liver tissue was expressed as the amount of milliunits per mg of protein (mU mg-1). The results show that the CL intensity decreased as the BSA concentrations were increased from 25 to 800 µg mL-1 (Figure 6). The regression equation used is ICL = −14.499C + 46590 (C is the concentration of BSA, in µg mL-1). This equation indicates that 200 µg mL-1 BSA will slightly reduce approximately 6.8% of the CL intensity. However, the protein concentrations in the reaction system are generally less than 100 µg mL-1. Therefore, the protein concentration in our sample is less than 100 µg mL-1, and the effect of the protein on the assay results can be considered negligible.

  
    

    [image: Figure 6. Effect of protein concentration on chemiluminescence (CL) intensity.]

  

  Validation of the CL method

  Under the optimized conditions, the linearity of the detection was assessed by triplicate analyses of solutions containing 3.3 to 60 µmol L-1 H2O2. The coefficients of determination ranged from 0.9980 to 0.9989. This result indicates an excellent linearity of response that is compatible with a fully quantitative method. The coefficient of variation (day-to-day) for the method was 7.6%.

  Application to rat liver samples

  The CL intensities of the sample solutions were detected under the same optimum conditions. The results obtained by the proposed method are shown in Table 1. Compared with that of the control groups (65.57 ± 9.16 mU mg-1), the ACO activity in the liver of the diabetes groups increased (78.33 ± 12.18 mU mg-1, p < 0.05), whereas that in the insulin-resistant groups showed no change (60.75 ± 10.15 mU mg-1, p > 0.05) (Figure 7).

  
    

    [image: Table 1. ACO activities in rat liver]

  

  
    

    [image: Figure 7. ACO activities in the liver of normal rats (Con), insulin resistance rats (IR), and diabetic rats (DM).]

  

   

  Discussion

  The "two-step" design achieved minimal interference from the coexisting substrate. The experimental conditions, including FAD and BSA concentrations, for CL detection were investigated in detail to achieve maximum assay sensitivity. The optimum conditions of the substances in the system are as follows: 30 µmol L-1 palmitoyl-CoA, 10 µmol L-1 FAD, 200 µmol L-1 NAD, 170 µmol L-1 CoA, 4 mmol L-1 NaN3, and 5 mmol L-1 EDTANa3 in 20 µL of the composite phosphate buffer (pH 8.5); and 40 µmol L-1 luminol, 50 µg mL-1 HRP, and 20 µmol L-1 PIP in 70 µL of the CL reagent. The ACO activity in the rat liver can be assayed by utilizing the facile CL method. The proposed method is sufficiently sensitive for the study of peroxisomal β-oxidation activities in the liver and other organs.

  Most of the CL reactions of luminol with H2O2 occur in basic medium. Many substances, particularly a number of metal ions even at trace levels, affect the CL systems of luminol in a basic solution. In the proposed procedure, a pH 8.5 buffer is used. In such a mild pH condition, metal ions in the tissue homogenate would have negligible effects on the luminol-H2O2 system and thus lead to high stability and measurement reproducibility. Furthermore, H2O2 is fairly stable in such a mild pH solution because the decomposition of H2O2 begins with the hydroperoxide ion (HO2–), which is more readily formed in basic solutions based on the acid-base equilibrium (pKa = 11.7) of H2O2.19

  ACO activity is most commonly assayed using a procedure in which H2O2 formation is coupled to the oxidation of a dye that can be spectrophotometrically measured.4 However, the main drawback of this spectrophotometric method is its relatively low sensitivity. Therefore, we developed a highly sensitive method for ACO activity assay. The results obtained by the proposed method indicate that the ACO activities increased in the liver of type-2 diabetes rats but showed no significant changes in the liver of insulin-resistant rats. As expected, the ACO activities determined by this assay are considerably higher than those previously obtained via spectrophotometric detection.20

   

  Conclusions

  This study is the first to report to the use of a CL method for ACO activity determination. Under optimized conditions, the developed "two-step" procedure minimizes the interference from coexisting substrates. Moreover, the proposed method exhibits higher sensitivity and requires smaller amounts of samples compared with the previously reported spectrophotometric and fluorimetric assays.
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    A rapid and simple capillary electrophoresis (CE) method was developed to determine 5-hydroxytryptophan (5-HTP) in samples of commercial dietary supplements. The optimized background electrolyte (BGE) was composed by 20 mmol L−1 sodium phosphate (pH 10) and 0.2 mmol L−1 cetyltrimethylammonium bromide (CTAB) for electroosmotic flow inversion. The limits of detection (LOD) and quantification (LOQ) for 5-HTP were 3.1 and 10.1 µmol L−1, respectively. The analytical curve demonstrated linearity over a concentration range of 0-500 µmol L−1 with a correlation coefficient (R2) of 0.9995. The intraday instrumental precision (repeatability) as relative standard deviation (RSD) in terms of peak area and migration time of the 5-HTP were 2.2 and 1.9% (n = 8), respectively. The CE method was applied to the analysis of four different samples of commercial dietary supplements and the RSD (n = 3) for the determinations ranged from 2 to 3%. The accuracy of the method was evaluated comparing the measured 5-HTP concentrations to those obtained by a high performance liquid chromatography (HPLC) method. The relative error ranged from 0 to 5.9% (n = 3) and no significant differences between the concentrations were observed at a confidence level of 95%.

    Keywords: serotonin, tryptophan, indolamines, Griffonia simplicifolia, depression

  

   

  
    Neste trabalho é apresentado o desenvolvimento de um método rápido e simples, empregando eletroforese capilar, para determinação de 5-hidroxitriptofano (5-HTP) em amostras de suplementos alimentares. O eletrólito de corrida utilizado foi constituído por 20 mmol L−1 de fosfato de sódio (pH 10) e 0,2 mmol L−1 de brometo de cetiltrimetilamônio (CTAB), empregado como inversor de fluxo eletrosmótico. Foram obtidos limites de detecção e quantificação de 3,1 e 10,1 µmol L−1, respectivamente. A curva analítica obtida, para concentrações do analito entre 0-500 µmol L−1, apresentou linearidade com coeficiente de correlação linear (R2) de 0,9995. A precisão instrumental intra-dia (repetibilidade), expressa em desvio padrão relativo (RSD), para a área de pico e tempo de migração do 5-HTP foram de 2,2 e 1,9% (n = 8), respectivamente. O método eletroforético foi empregado na análise de quatro diferentes amostras comerciais de suplementos alimentares e o RSD (n = 3) para as determinações variaram de 2 a 3%. A exatidão do método foi avaliada pela comparação das concentrações de 5-HTP obtidas pelo método proposto e por cromatografia líquida de alta eficiência (HPLC). Os erros relativos variaram entre 0 e 5,9% e não foram observadas diferenças significativas entre as concentrações, ao nível de 95% de confiança.

  

   

   

  Introduction

  The use of complementary and alternative medicines for the treatment of physical and mental health problems has been increasing in the last decade worldwide.1,2 Natural medications for mood disorders, such as depression, anxiety, and insomnia are among the most popular. An example is the commercialization of 5-hydroxytryptophan (5-HTP) as dietary supplements for the treatment of depression, obesity, fibromyalgia, insomnia, chronic headaches, and also as a potent antioxidant.3 The 5-HTP is an aromatic amino acid synthesized in vivo from the essential amino acid tryptophan by the enzyme tryptophan hydroxylase (Figure 1).1,4 After entering the central nervous system, the 5-HTP is converted to serotonin (5-hydroxytyptamine) by the enzyme tryptophan decarboxylase.5,6

  
    

    [image: Figure 1. Biosynthesis pathway of serotonin from tryptophan.]

  

  Serotonin is a neurotransmitter and vasoconstrictor in the central nervous system, responsible for the modulation of anger, aggression, mood, sexuality, appetite, and muscle contraction. Some authors have reported7,8 that low serotonin levels can lead to depression disease. As 5-HTP and tryptophan are precursors in the serotonin synthesis (Figure 1), the ingestion of these amino acids has been studied for the treatment of depression.1 For this propose, the 5-HTP has some advantages, once it is converted more quickly to serotonin because it easily crosses the barrier blood-brain, while the tryptophan needs a carrier molecule.1,9 Moreover, tryptophan requires an additional step (conversion to 5-HTP) in the serotonin synthesis pathway.

  Currently, commercial supplements of 5-HTP are obtained from seeds of an African plant called Griffonia simplicifolia. In the USA, dietary supplement formulations containing 5-HTP, vitamins, and preservatives can be purchased from health-food stores and drugstores without medical prescription. The main benefits of taking 5-HTP dietary supplements are effectiveness as standard antidepressants, mood enhancement, helping in weight loss, and aiding sleeping.

  There is an increasing tendency towards using 5-HTP as alternative and natural medication for treatment of mood disorders and obesity, so the development of analytical methods for determination of this amino acid in dietary supplements, biological fluids, and other matrices has gained great attention. High performance liquid chromatography (HPLC) methods have been used for determination of 5-HTP and other indoleamines, such as tryptophan and serotonin, in rat brain tissue,10 coffee,9 human serum,11 fruiting bodies of edible mushroom,12 chocolate,7 milk-based ingredients, and dried sport supplements.13 Electrochemical14-16 and ultravioletvisible16 spectroscopy methods have also been used for determination of 5-HTP.

  Capillary electrophoresis (CE) can be advantageous for determination of 5-HTP, since this technique can provide high separation efficiency and short analysis time with consumption of low volumes of sample and background electrolyte (BGE).17 However, few works have reported the use of CE for determination of 5-HTP in standard solutions,18,19 urine,20-22 serum,22,23 neuronal extracts,24 medical syrup,25 and human plasma.26 In addition, most of these works employed amperometric,19,20 fluorescence,21-24 and mass spectrometry26 detection methods instead of ultraviolet (UV) detection that is the most commonly used in commercial CE systems.

  In this paper, a simple and rapid method for determination of 5-HTP in dietary supplements using CE with UV detection is proposed. This method required simple sample preparation steps such as dissolving samples in water, filtration, and appropriated dilution in the CE BGE. To the best of our knowledge, this is the first work reporting the analysis of 5-HTP dietary supplements by CE.

   

  Experimental

  Reagents and solutions

  All reagents were of analytical grade except methanol, which was HPLC grade. Sodium hydroxide, sodium phosphate, and phosphoric acid were purchased from Labsynth (Diadema, SP, Brazil). Potassium hydrogen phthalate was from Vetec (Rio de Janeiro, RJ, Brazil). Cetyltrimethyl ammonium bromide (CTAB) and L-tryptophan were purchased from Sigma-Aldrich (Steinheim, Germany), and 5-HTP was from Acros (New Jersey, USA). Methanol was from Tedia (Fairfield, OH, USA). Ultra-pure water was obtained from Direct-Q 3 UV Water Purification System (Millipore, Molsheim, France). The BGE was composed by 20 mmol L−1 sodium phosphate and 0.2 mmol L−1 CTAB for electroosmotic flow inversion. The pH of the BGE was adjusted to 10 with sodium hydroxide aqueoussolution (0.1 mol L−1). Stock solution of 5-HTP (10 mmol L−1) was prepared by dissolving the solid reagent in ultra-pure water. Standard solutions of 5-HTP were prepared by dilution of the stock solution with ultra-pure water or BGE, as required. Phthalate (as potassium hydrogen phthalate) was added (100 µmol L−1) to all solutions as an internal standard.

  Sample preparation

  Four different commercial dietary supplements containing 5-HTP were purchased from pharmacy stores in the USA. The samples were crushed (tablets) or removed from the capsules (pills), and 0.0400 g of the powdered samples was then dissolved under sonication (for 30 min) in 250 mL of ultra-pure water. For CE analysis, the sample solutions of each dietary supplement were diluted with BGE and the internal standard was then added. For HPLC analysis, the samples solutions were only diluted with ultra-pure water. The diluted sample solutions were filtered through a membrane filter (0.22 µm) before injection into CE or HPLC systems.

  Instrumentation and procedure

  CE analyses

  CE analyses were performed in an Agilent 7100 capillary electrophoresis system (Agilent, Waldbronn, Germany) equipped with a diode array detector. The CE method employed a bare fused silica capillary of 60 cm total length, 52.5 cm effective length, and 50 µm internal diameter. The sample solutions were hydrodynamically injected into the capillary using 50 mbar pressure for 4 s. The separation voltage was −20 kV and the UV detection was performed at 214 nm with a data acquisition rate of 2.5 Hz. Before the first run of the day, the capillary was flushed with 1 mol L−1 NaOH aqueous solution for 5 min, then with ultra-pure water for 5 min, and finally with the BGE for 5 min.

  HPLC analyses

  The accuracy of the proposed method was evaluated by comparison with a HPLC method adapted from a reference method for determination of tryptophan.27 The HPLC analyses were performed using an Agilent HPLC 1200 Series (Agilent, Waldbronn Germany). The analytical column was a C18 Zorbax Eclipse plus (5 mm, 4.6 mm × 250 mm). The mobile phase consisted of sodium acetate aqueous solution (8.5 mmol L−1), with pH 4.0 adjusted with acetic acid/methanol (95:5, v/v), at a flow rate of 1.5 mL min−1. UV detection was performed at 280 nm.

   

  Results and Discussion

  CE Separation

  The optimization of the CE parameters was important to attain fast and efficient separation. The pH of the BGE was adjusted to 10.0 because at high pH values the 5-HTP has a net negative charge caused by the full ionization of its carboxylic acid group (pKa = 2.7) and the partial protonation of the amine group (pKa = 9.6) and the hydroxyl group (pKa = 10.7) on the indole ring. Figure 2 shows an electropherogram of a standard solution containing 5-HTP and tryptophan. Separation of tryptophan was also evaluated because this amino acid is the precursor of 5-HTP (Figure 1) and may be present in the analyzed dietary supplements. Figure 2 shows that these amino acids could be baseline separated and the 5-HTP showed a higher electrophoretic mobility (shorter migration time) than tryptophan. This difference can be explained by the presence of the hydroxyl group in the 5-HTP that is partially ionized at the pH of the BGE.

  
    

    [image: Figure 2. Electropherogram of a standard solution of 5-HTP and tryptophan (300 μmol L−1 each).]

  

  The noticeable asymmetry in the peak shape, mainly for phthalate and tryptophan, can be ascribed to electrodispersion, an intrinsic phenomenon in electrophoretic process caused by differences in mobilities between the analyte zones and the BGE. Despite this electrodispersion, good peak resolution was achieved.

  The inversion of the eletroosmotic flow, by adding CTAB in the BGE, contributed to a reduced separation time of less than 7 min. Phthalate was demonstrated to be a good internal standard because it was not present in the samples and its migration time was very close to those of the analytes.

  Figures 3a and 3b show electropherograms of a standard solution of 5-HTP (300 µmol L−1) and a dietary supplement sample, respectively. For some samples, slight shifts in the migration time for the 5-HTP peak were observed and can more likely be attributed to variation in the electroosmotic flow intensity or influence of the sample composition (ionic strength). Nevertheless, the identity of the 5-HTP peak was confirmed by spiking experiments. Although vitamins, additives, and excipients were present in the samples, no interference peaks were observed, demonstrating a good selectivity of the proposed method.

  
    

    [image: Figure 3. Electropherograms of (a) a standard solution of 5-HTP (300 μmol L−1)]

  

  The CE method demonstrated a good recovery (95%) for a sample spiked with tryptophan at 300 µmol L−1 (Figure 3c), suggesting the proposed method can also be used to evaluate contamination or intentional adulteration of 5-HTP dietary supplements with tryptophan. Nevertheless, the analyzed samples showed tryptophan concentration lower than the limit of detection (LOD).

  Figures of merit of the CE method

  To ensure the applicability of the proposed method, the main figures of merit were evaluated according to the recommendations described in the literature28 and the results are summarized in Table 1. The linearity of the analytical curve over a wide range of 5-HTP concentrations (0-500 µmol L−1) was evidenced by the high value of the regression coefficient (R2 = 0.9995). The instrumental precision was evaluated by consecutive injections (n = 8) of a standard solution of 5-HTP (200 µmol L−1) and the relative standard deviation (RSD) was 2.2% in terms of peak area and 1.92% for the migration time.

  
    

    [image: Table1. Figures of merit of the method]

  

  Analyses of dietary supplements

  The feasibility and usefulness of the developed CE method was evaluated by the determination of 5-HTP in four different samples of commercial dietary supplements. The labeled concentration of 5-HTP in the samples was 100 mg pertablet (or pill) except for one sample that was 200 mg per tablet. Table 2 shows the results obtained by the proposed CE method and the HPLC method used for comparison. The RSD (n = 3) for the determinations ranged from 2 to 3 % for the CE method and 0.5 to 6% for the HPLC method. By the Student's t-test (Table 2), no statistically significant differences between the concentrations measured by the methods were found at a confidence level of 95%.

  
    

    [image: Table 2. Results of the comparison between CE and HPLC methods]

  

   

  Conclusions

  The consumption of 5-HTP as a dietary supplement has increased worldwide since evidence emerged suggesting this amino acid can be an alternative and natural medication for treatment of mood disorders and obesity. Thus, the development of analytical methods for determination of 5-HTP in many sample matrices will attract great attention in the coming years. In this context, this work has contributed to demonstrating that CE can be a suitable technique for fast and simple determination of 5-HTP in dietary supplements, as well as for detection of contamination/adulteration with tryptophan.
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    In the present investigation, two specimens of the nudipleuran mollusc Pleurobranchus areolatus have shown to accumulate oxidized rodriguesin A derivatives. Rodriguesic acid presents a carboxylic acid replacing the terminal methyl group of the alkyl chain of rodriguesin A. A hydroxamate group was also present on the diketopiperazine moiety of a rodriguesic acid derivative. The structures of both rodriguesic acid and of rodriguesic acid hydroxamate have been established by analysis of spectroscopic data, including their absolute configuration. Two methyl esters of the rodriguesic acids have been isolated as major compounds, but were considered to be isolation artifacts.
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    O presente estudo foi realizado com dois espécimes do molusco nudipleura Pleurobranchus areolatus que demonstraram acumular derivados oxidados da rodriguesina A. O ácido rodriguêsico apresenta um grupo ácido carboxílico no lugar do grupo metila de uma cadeia alquila terminal da rodriguesina A. Um grupo hidroxamato foi observado na porção dicetopiperazínica do ácido rodriguêsico. As estruturas do ácido rodriguêsico e do hidroxamato do ácido rodriguêsico foram estabelecidas por análise de seus dados espectroscópicos, inclusive sua configuração absoluta. Dois ésteres metílicos dos ácidos rodriguêsicos foram isolados como compostos majoritários, porém considerados como artefatos de isolamento.

  

   

   

  Introduction

  Shell-less heterobranch molluscs are usually predators of sessile invertebrates, or feed on marine algae or cyanobacteria, from which they frequently capture secondary metabolites, typically for defensive purposes.1-4 Among the secondary metabolites acquired through diet by sea slugs are modified peptides that exhibit potent biological activities. Kahalalides, obtained from molluscs belonging to the genus Elysia, are potently cytotoxic modified peptides, for which the actual source is the alga Bryopsis sp.5 Currently kahalalide F is undergoing Phase I clinical trials for the treatment of a number of solid tumors.6 Cyanobacteria-derived peptides and lipopeptides are also frequently captured and stored by molluscs, such as seahares.7,8 Onchidins, modified cyclic peptides isolated from the panpulmonate mollusc Onchidium sp., provide an example.9,10 The mixed polyketide-non ribosomal peptide derived metabolite kulokekahilide-2 is a very potent cytotoxin which has been evaluated along with several synthetic derivatives against A549 (lung carcinoma), K562 (chronic myelogenous leukemia) and MCF7 (breast adenocarcinoma, displaying cytotoxic activities at subnanomolar concentrations.11,12 

  As part of our ongoing program for the search of bioactive secondary metabolites from opisthobranch molluscs occurring in Brazilian waters,13 we have investigated the chemistry of two specimens of the nudipleuran mollusc Pleurobranchus areolatus. The nudipleuran molluscs were found on the Didemnum sp., from which we have previously isolated the related antibacterial modified diketopiperazines, rodriguesines A (1) and B (2).14 In the course of this study we aimed to address whether P. areolatus not only accumulates the modified diketopiperazines 1 and 2 found in the ascidian but also whether these compounds are modified to generate related derivatives.

  Herein we report the isolation and structures of two new modified diketopiperazines from P. areolatus, rodriguesic acids 3 and 4, and the respective esters 5 and 6 (Figure 1), that are closely related to the diketopiperazines 1 and 2 previously reported from Didemnum sp.

  
    

    [image: Figure 1. Structures of rodriguesins]

  

   

  Experimental

  General procedures

  Optical rotations were measured using a Jasco P-1010 polarimeter with sodium light (589 nm). The 1H and 13C nuclear magnetic resonance (NMR) spectra were recorded on a Bruker AV-600 spectrometer with a 5 mm CPTCI cryoprobe. 1H chemical shifts are referenced to the residual DMSO-d6 signal (δ 2.49 ppm), and 13C chemical shifts are referenced to the DMSO-d6 solvent peak (δ 39.5 ppm). Low-and high-resolution electrospray ionization quadrupole ion trap mass spectrometry (ESI-QIT-MS) spectra were recorded on a Bruker-Hewlett-Packard 1100 Esquire-LC system mass spectrometer. Solvents used for extraction and flash chromatography were glass distilled prior to use. HPLC-grade solvents were utilized without further purification in high-performance liquid chromatography (HPLC) separations. HPLC semipreparative separations were performed either with a Waters quaternary pump 600, double beam UV detector 2487, and data module 746 or with a Waters 600E system controller liquid chromatography attached to a Waters 996 photodiode array detector, on which the UV spectra have been recorded as well. High-performance liquid chromatography/photodiode array mass spectrometry (HPLC-PDA-MS) analyses were performed using a Waters Alliance 2695 coupled online with a Waters 2996 photodiode array detector, followed by a Micromass ZQ2000 mass spectrometry detector with an electrospray interface. The photodiode array scanned the sample between 205 and 254 nm. The mass spectrometer detector was optimized to the following conditions: capillary voltage, 3.00 kV; source block temperature, 100 ºC; desolvation temperature, 350 ºC, operating in electrospray positive mode; detection range: 200-800 Da with total ion count extracting acquisition. The cone and desolvation gas flow were 50 and 350 L h-1, respectively, and were obtained from a Nitrogen Peak Scientific N110DR nitrogen source. Data acquisition and processing were performed using Empower 2.0.

  Animal material

  Pleurobranchus areolatus (identified by V. Padula, SNSB-Zoologische Staatssammlung München, Germany and Department Biology II and GeoBio-Center, Ludwig-Maximilians-Universität München, Germany) was collected at a depth of 8 m, at Ilha do Papagaio, Cabo Frio, Rio de Janeiro state, in December 2008. The specimens were immersed in 95% EtOH immediately after collection. A voucher specimen is kept at the Malacological collection, Museu Nacional, Universidade Federal do Rio de Janeiro (MNRJ 12312).

  Extraction and isolation

  Two specimens of P. areolatus, collected from the surface of Didemnum sp., were removed from the EtOH where they were preserved (300 mL) and sequentially extracted with MeOH (300 mL, 10 min in ultrasound bath), 1:1 acetone/CH2Cl2 (300 mL, 10 min in ultrasound bath) and CH2Cl2/MeOH (300 mL, 10 min in ultrasound bath). The extracts were pooled and evaporated. The resulting organic extract was suspended in MeOH 95% and defatted with hexane (3 × 200 mL). After evaporation, the MeOH extract (400 mg) was first analyzed by thin layer chromatography (TLC, 9:1 CH2Cl2/MeOH, ninhydrin) then fractionated by chromatography on a reversed-phase C18-silica-gel column (10 g) with a gradient of MeOH in H2O, from 9:1 H2O/MeOH to 100% MeOH. Eight fractions were obtained: Pame-1 (137.8 mg), Pame-2 (29.5 mg), Pame-3 (16.0 mg), Pame-4 (22.4 mg), Pame-5 (25.4 mg), Pame-6 (95.3 mg), Pame-7 (44.0 mg) and Pame-8 (10.5 mg). All fractions were analyzed by HPLC-UV-MS, using an analytical C18 reversed-phase column (Waters X-Terra MS C18, 3.5 mm, 2.1 × 50 mm) with a linear gradient of 1:1 MeOH/MeCN in H2O (with 0.1% formic acid), starting at 85% to 10% H2O over 30 min, at a flow rate of 0.5 mL min-1. Detection was monitored by UV between 200 and 400 nm and by positive ion ESIMS with a cone voltage of 25 V monitoring ions between m/z 180 and 700. Fractions Pame-3 and Pame-4 were pooled (38.4 mg) and further fractionated using a phenyl-derivatized silica gel column (Inertsil Ph, 5 mm, 4.6 × 250 mm, GL Sciences Inc.) with a linear gradient of 1:1 MeOH/MeCN in H2O, starting at 90% to 0% H2O over 30 min, at 1.0 mL min-1 flow rate. Five fractions were obtained: Pame-3a (2.9 mg), Pame-3b (1.1 mg), Pame-3c (2.0 mg), Pame-3d (30.0 mg) and Pame-3e (0.5 mg), which were again analyzed by HPLC-UV-ESIMS. Fraction Pame-3d was separated by reversed-phase HPLC (Inertsil ODS-3, 5 mm, 4.6 × 250 mm, GL Sciences Inc.) using 3:3:4 MeOH/MeCN/H2O with 0.1% trifluoroacetic acid (TFA) as eluent. Six additional fractions were obtained: Pame-3d1 (6.3 mg), Pame-3d2 (5.4 mg), Pame-3d3 (7.1 mg), Pame-3d4 (2.3 mg), Pame-3d5 (1.0 mg) and Pame-3d6 (7.9 mg) and these were analyzed by HPLC-UV-MS and dereplicated using SciFinder and MarinLit databases. Fraction Pame-3d5 was identified as a pure sample of rodriguesic acid methyl ester (5). Fraction Pame-3d6 was further purified by reversed-phase HPLC (Inertsil ODS-EP, 5 mm, 4.6 × 250 mm, GL Sciences Inc.) using a linear gradient of 1:1 MeOH/MeCN in H2O, starting at 85% until 0% H2O over 30 min, at 1.0 mL min-1, to give 3.3 mg of the methyl ester of rodriguesic acid hydroxamate (6). HPLC-UV-MS analysis of fractions Pame-3d6b (1.0 mg), Pame-3d3c (1.2 mg) and Pame-5 (25.4 mg) revealed the presence of both 5 and 6, as well as the minor compounds, the free acids 3 and 4. Pooling these fractions and separation by reversed-phase HPLC using a C18 Inertsil ODS-EP column (5 mm, 4.6 × 250 mm) and MeOH/MeCN/H2O 42:10:48 as eluent, yielded fractions Pame-x1 to -x6. Fraction Pame-x2 (14.2 mg) was then further fractionated by C18 reversed-phase HPLC using a CSC-Inertsil 150A/ODS2 (5 µm, 25 × 0.94 cm) column, initially under isocratic conditions for 30 min with 4:1 (0.05% TFA/H2O)/MeCN as eluent, followed by a linear gradient to 7:3 (0.05% TFA/H2O)/MeCN over the course of an additional 30 min (at 1.0 mL min-1), to give pure samples of compounds 3 (1.0 mg) and 4 (1.9 mg), 5 (0.6 mg) and 6 (0.6 mg).

  Rodriguesic acid (3)

  Colorless gum; [α]D26 +24.5 (c 0.5, 3:1 MeOH/CH2Cl2); 1H NMR (DMSO-d6, 600 MHz), see Table 1; 13C NMR (DMSO-d6, 150 MHz) see Table 2; HRESIMS ([M+H]+) calcd. for C26H41N4O5: 489.3077; found: 489.3080.

  
    

    [image: Table 1. 1H NMR data for compounds 3-6 in DMSO-d6]
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  Hydroxamate of rodriguesic acid (4)

  Colorless gum; [α]D26 +27.4 (c 0.95, 3:1 MeOH/CH2Cl2); 1H NMR (DMSO-d6, 600 MHz), see Table 1; 13C NMR (DMSO-d6, 150 MHz) see Table 2; HRESIMS ([M]+) calcd. for C26H41N4O6: 505.3026; found: 505.3020.

  Rodriguesic acid methyl ester (5)

  Colorless gum; [α]D26 +13.8 (c 0.05; MeOH); UV (MeOH) λmax/nm (log ε) 206 (3.1); 1H NMR (DMSO-d6, 600 MHz), see Table 1; 13C NMR (DMSO-d6, 150 MHz) see Table 2; HRESIMS ([M]+) calcd. for C27H43N4O5: 503.3233; found: 503.3232.

  Hydroxamate of rodriguesic acid methyl ester (6)

  Colorless gum; [α]D26 + 9.09 (c 0.16; MeOH); UV (MeOH) λmax/nm (log ε) 206 (3.1); 1H NMR (DMSO-d6, 600 MHz), see Table 1; 13C NMR (DMSO-d6, 150 MHz) see Table 2; HRESIMS ([M]+) calcd. for C27H43N4O6: 519.3183, found: 519.3179. HRFTMS/MS ([M]+) 519.31476; ([M–OH]+) 502.29129; 484.28073; 
    ([M–C3H9N2]+) 445.23340; ([M–C5H12N2O]+) 403.22293; ([M–C11H13N2O3]+) 298.20139; 282.20651.

   

  Results and Discussion

  Two specimens of P. areolatus were preserved in 95% EtOH and subsequently extracted with MeOH, 1:1 acetone/CH2Cl2 and 1:1 CH2Cl2/MeOH. The pooled and concentrated organic extracts were partitioned between hexane and 95% MeOH. The MeOH fraction was fractionated by reversed-phase C18 column chromatography. HPLC-UV-MS analysis of the fractions obtained revealed compounds related to the rodriguesines A (1) and B (2) previously isolated from a Didemnum sp. ascidian.14 Subsequent HPLC purifications gave rodriguesic acid (3), rodriguesic acid hydroxamate (4), and the methyl esters 5 and 6.

  The HRESIMS analysis of rodriguesic acid (3) displayed a [M]+ ion at m/z 489.3080, appropriate for the molecular formula C26H41N4O5, that differs from the ammonium salt of rodriguesine A (1) by the addition of two oxygens and the loss of two hydrogens, and requiring an additional site of unsaturation. The 1H and 13C NMR spectra (Tables 1 and 2) of 3 showed a marked similarity to the spectra obtained for rodriguesine A (1). The significant difference was the absence of the terminal methyl triplet assigned to Me-28, resonating at δ 0.93, in 1. Instead, an additional carbonyl resonance at δC 174.5, along with the constraints imposed by the molecular formula, suggested the presence of a C-28 carboxylic acid functionality in 3. Correlations observed in the gHMBC spectrum between the alkyl chain methylenes assigned to H-26 (δH 1.46/δC 24.4) and H-27 (δH 2.16/δC 33.6) and the C-28 carboxylate carbon at δC 174.5 confirmed this assignment. The isolation of rodriguesic acid (3) as its corresponding ammonium salt was indicated by the integration of the NH3+ signal at δ 7.63, and also by the fact that CH2-14 was observed as a sextet. All other structural features of 3 were the same as 1.

  Rodriguesic acid hydroxamate (4) gave a [M]+ ion at m/z 505.3020 in the HRESIMS, that was appropriate for the molecular formula C26H41N4O6, which has one oxygen more than that recorded for compound 3. Moreover, the doublet at δ 8.24 assigned to the H-4 resonance of the amide in 3 is missing in the 1H NMR spectrum of 4 (Table 1). Instead, a sharp singlet at δ 10.33, which did not show gHSQC correlations to a carbon or a nitrogen atom, was observed. Additionally the significant chemical shift differences for the resonances assigned to the protons and carbons at positions CH-3 (δH 4.37/δC 64.3), C-5 (δC 159.9) and CH2-7 (δH 3.04 and 3.20/δC 35.2) compared to those observed for 3 (Tables 1 and 2) indicated a structural change at N-4. A weak three bond correlation observed in the gHMBC spectrum between the singlet at δ 10.33 and the C-5 carbonyl assigned to the resonance at δ 159.9, along with the additional oxygen required by the HRESIMS, allowed for the placement of a hydroxamate at position N-4. A tROESY correlation between the N-OH hydroxamate singlet (δ 10.33) and the phenyl H-9/H-13 (δ 7.11) provided further support for this assignment, since an equivalent tROESY correlation was observed between the amide H-4 resonance (δ 8.24) and the phenyl H-9/H-13 resonances (δ 7.13) in the spectrum obtained for 3. Complete analysis of the 1D and 2D NMR data revealed that all other structural features of 4 were the same as 3 and the structure was defined as the rodriguesic acid hydroxamate (4). A closely related hydroxamate-modified diketopiperazine, etzionine, was previously isolated from an ascidian of the genus Didemnum.15 

  The HRESIMS analysis of compound 5 displayed a [M]+ ion at m/z 503.3232, appropriate for the molecular formula C27H43N4O5, that differs from rodriguesic acid (3) by the addition of 14 mass units. Other than an additional oxygenated methyl singlet (δC 51.1/δH 3.56, s) and the loss of the broad signal at δ 11.93 assigned to the exchangeable carboxylate proton in 3, the 1H and 13C NMR spectra obtained for 3 and 5 were essentially identical Therefore, the structure of compound 5 was assigned that of the methyl ester of rodriguesic acid. The structure of 6, for which the HRESIMS analysis showed a [M]+ ion at m/z 519.3179 corresponding to the formula C27H43N4O6, was established based on analogous arguments as the methyl ester of rodriguesic acid hydroxamate (Tables 1 and 2). Furthermore, HRFTMS/MS analysis revealed fragments corresponding to the loss of hydroxyl at m/z 502.3, the loss of a diaminopropyl fragment at m/z 445.2, loss of CH2–(CO)–NH(CH2)3NH2 at m/z 403.2, as well as the loss of the entire diketopiperazine moiety at m/z 298.2 (see Supplementary Information). The last three fragmentations provide additional support that the hydroxyl group in 6, and by inference in 4, is attached to the phenylalanine nitrogen rather than the nitrogens of the 1,3-diaminopropyl chain.

  The absolute configuration of rodriguesines A (1) and B (2) was previously established as 3S,19R.14 The circular dichroism (CD) spectrum of the inseparable mixture of 1 and 2 showed a well-defined, intense negative Cotton effect at λmax 215 nm (Figure S11, Supplementary Information). The CD spectra of rodriguesic acid methyl ester (5) and of the hydroxamate 6 present almost identical negative Cotton effects (Figures S12 and S13, Supplementary Information). Therefore, both 5 and 6 and the free acids 3 and 4 are assumed to have the same absolute configuration as 1 and 2.

  Previous investigations of the chemistry of Pleurobranchus mollusc species have reported the membrenones, polypropionates from P. membranaceus,16 keenamide A, a cytotoxic cyclic hexapeptide from P. forskalii,17 testuninariols A and B, ichtyotoxic triterpenes from P. testudinarius,18 as well as the cytotoxic maleimide-bearing diterpenes haterumaimide L, M and 3β-hydroxychlorolissoclimide isolated from P. albiguttatus and P. forskalii.19 More recent examples of Pleurobranchus spp. metabolites include the cytotoxic macrocyclic peptide cycloforskamide,20 as well as the highly modified ergot alkaloid ergosinine,21 both isolated from P. forskalii. Considering that Pleurobranchus spp. molluscs are carnivores, the chemical diversity found in P. forskalii may well be a result of the animals' varied diet and possibly the presence of associated microorganisms that have the potential to transform sequestered metabolites into modified derivatives.

  The methyl esters 5 and 6 may well be artifacts of isolation of the actual secondary metabolites, rodriguesic acid (3) and rodriguesic acid hydroxamate (4). A particular feature of compounds 3-6 is the presence of a carboxylic acid replacing the methyl group at the terminus of the aliphatic side chain. Only recently Hertweck's group unveiled the biosynthesis of the potent microbial toxin bongkrekic acid. Bongkrekic acid also bears a carboxylic acid group in the place of a polyketide terminal methyl group. The results obtained by Hertweck's team demonstrated that the bonL enzyme, in association with a cytochrome P450 monooxygenase (CYP), is responsible for the transformation of a terminal methyl group into a carboxylic acid through a six-electron oxidation. The enzyme bonL is assumed to be the first CYP reported to oxidize the terminal methyl group of a polyketide-derived putative precursor to a carboxylic acid.22 The isolation of rodriguesic acids 3 and 4 perhaps represent additional examples of CYP oxidation, and suggests that a P. areolatus symbiont may be responsible for this transformation. Recently diketopiperazines have been isolated from the culture media of a mollusc-derived actinobacterium.23 To the best of our knowledge, rodriguesic acids 3 and 4 are the first diketopiperazine derivatives isolated from a mollusc.

  On the other hand, another possible biogenetic pathway that can be proposed for the β-amino-dicarboxylic acid moiety of both 3 and 4 has aspartic acid as a "starter" for the condensation with four malonate/acetate groups (Figure 2). This pathway would require a transamination reaction with glycine in order to account for the subsequent condensation of the β-amino-dicarboxylic acid residue into the core diketopiperazine. In this scenario, compounds 3 and 4 would be made by the ascidian prior to sequestration by the mollusc rather than being formed by the mollusc (or an associated microorganism) transformation of 1 after ingestion.

  
    

    [image: Figure 2. Proposed biogenetic]

  

  Diketopiperazines exert an array of biological activities, such as antibiotic, antifungal, antiviral, biofilm formation inhibition, as well as acting as chemical signaling agents.24 The accumulation of rodriguesic acid (3) and of the hydroxamate of rodriguesic acid (4) by the shell-less mollusc P. areolatus may represent a strategy of chemical defense. Although we have been unable to test compounds 3 and 4 in bioassays, due to the limited amount of material, the esters 5 and 6 were evaluated in cytotoxicity assays against MCF-7 (breast), B16 (melanoma) and HCT8 (colon) cancer cell lines25 and antimicrobial assays against different pathogenic strains of Staphylococcus aureus, oxacillin-resistant S. aureus, Escherichia coli, Pseudomonas aeruginosa, Candida albicans, Enterococcus faecalis, Streptococcus sanguinis, and Streptococcus mutans,14 but did not exhibit any significant activity.

   

  Conclusions

  The isolation of rodriguesic acid (3) and of the rodriguesic acid hydroxamate (4) represents the first report of diketopiperazine derivatives from a mollusc. The presence of rodriguesic acids in P. areolatus presumably results from the sequestering of rodriguesin A (1) from the ascidian Didemnum sp., on which the mollusc was found, with a further modification of the terminal methyl group into a carboxylic acid group. However, secondary metabolites sequestration and subsequent transformation by marine opistobranchs are a rare metabolic capacity.4,26 The presence of a carboxylic acid group substituting a terminal methyl group of an alkyl chain is also unusual among such compounds, and may constitute the second example of such a biosynthetic transformation in secondary metabolites. The results herein reported constitute an example of complex biological and biochemical interactions among marine organisms which deserve further investigation to uncover the metabolic origin of these metabolites.
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      [image: Figure S8. LR-ESI (top) and HR-ESI (bottom) mass spectra of the rodriguesic acid hydroxamate (4).]
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      [image: Figure S10. 13C NMR spectrum of the rodriguesic acid methyl ester (5) in DMSO-d6 at 150 MHz.]

    

    
      

      [image: Figure S11. LR-ESI (top) and HR-ESI (bottom) mass spectra of the rodriguesic acid methyl ester (5).]
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      [image: Figure S13. 13C NMR spectrum of methyl ester of the rodriguesic acid hydroxamate (6) in DMSO-d6 at 150 MHz.]

    

    
      [image: Figure S14. LR-ESI (top) and HR-ESI (bottom) mass spectra of methyl ester of the rodriguesic acid hydroxamate (6).]

    

    
      [image: Figure S15. HRFTMS/MS analysis of methyl ester of the rodriguesic acid hydroxamate (6) [M+H]+ ion at m/z 519.31476.]

    

    
      [image: Figure S16. Circular dichroism spectrum of rodriguesines A (1) and B (2) in MeOH (0.030 mg mL-1).]

    

    
      [image: Figure S17. Circular dichroism spectrum of rodriguesic acid methyl ester (5) in MeOH (0.033 mg mL-1).]

    

    
      [image: Figure S18. Circular dichroism spectrum of the hydroxamate of rodriguesic acid methyl ester (6) in MeOH (0.2 mg mL-1).]
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   Page 217, Table 3

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

  
    

    [image: Table 3. Fatty acids present]

  

  Will change to:

  The fatty acid palmitic acid (C16:0) is in the percentage of 19.6 on crude oil of buriti and percentage of 19.4 in refined oil from buriti.

  
    [image: Table 3. Fatty acids present in crude]

  

  We acknowledge Prof. Luis-Felipe Gutierrez for bringing this mistake to our attention.
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Figure S9. Expansion HMQC NMR experiment (CD,OD, 500 x 125 MHz) of compound 1 isolated from leaves of Oxandra sessiliflora.
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Figure S12. Expansion gCOSY NMR experiment (CD,OD, 500 MHz) of compound 1 isolated from leaves of Oxandra sessiliflora.
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Figure S11. gCOSY NMR experiment (CD,0D, 500 MHz) of compound 1 isolated from leaves of Oxandra sessiliflora.
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Figure S16. Expansion HMBC NMR experiment (CD,0D, 500 x 125 MHz) of compound 1 isolated from leaves of Oxandra sessiliflora.
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gure S15. Expansion HMBC NMR experiment (CD.OD, 500 x 125 MHz) of compound 1 isolated from leaves of Oxandra sessiliflora.
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Figure 2. HMBC and COSY correlations in the structure of 1.





OPS/images/a12img06.png
220 201 180

150 10 Pt a i a I

13C NMR spectrum (CD.OD, 125 MHz) of compound

lated from leaves of Oxandra sessiliflora.





OPS/images/a12img05.png
1255
T

\ssa

|
i
s H 7 H s N H 2 1 oon

Figure S2. 'H NMR spectrum (CD.OD, 500 MHz) of compound 1 isolated from leaves of Oxandra sessiliflora.
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Figure S5. DEPT 90° NMR experiment (CD,0D, 125 MHz) of compound 1 isolated from leaves of Oxandra sessiliflora.
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Figure S4. DEPT 135° NMR experiment (CD,OD, 125 MHz) of compound 1 isolated from leaves of Oxandra sessiliflora.
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Table 1. Origin of 210 analyzed samples

Number of
Brazilian state Brazilian region  samples analyzed

(total = 210)
Acre (AC) North 18
Amazonas (AM) North 17
Rondénia (RO) North 20
Federal District (FD) Central-West 24
Mato Grosso do Sul (MS) Central-West 16
Mato Grosso (MT) Central-West 36
Parani (PR) South 39
Siio Paulo (SP) Southeast 40
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Figure 2. Presence of cutting agents in samples from different regions of Brazil
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Figure 1. Presence of cutting agents in all analyzed samples.
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Table 2. Cutting agents identified in analyzed samples

Cutting agents identificd* (number of samples)”

Brazilian state

Uncut Phe. Lev Caf Lid Ben Hyd Dil
Acre (AC) 10 8 0 1 0 0 0 0
Amazonas (AM) 9 5 1 4 0 0 0 1
Rondénia (RO) 15 5 0 1 0 0 0 0
Federal District (FD) 14 9 6 2 0 0 0 0
Mato Grosso do Sul (MS) 8 6 1 0 1 0 1 0
Mato Grosso (MT) 18 9 9 0 0 0 0 0
Parand (PR) 23 1 4 2 1 2 0 0
Sdo Paulo (SP) 10 1 18 2 7 0 1 1
Total 107 o4 38 12 9 2 2 1

*Phe = phenacetin, Lev = levamisole, Caf = caffeine, Lid = lidocaine, Ben = benzocaine, Hyd = hydroxyzine, Dil = diltiazem; "One or more adulterants
can be present in each powder; *Procaine was not detected in any sample.
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Figure S7. TOCSY 1D NMR experiment (CD.OD. 125 MHz) of compound
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ure $6. TOCSY 1D NMR experiment (CD,OD, 125 MHz) of compound 1 isolated from leaves of Oxandra sessiliflora.
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Figure S8. Expansion HMQC NMR experiment (CD,OD, 500 x 125 MHz) of compound 1 isolated from leaves of Oxandra sessiliflora.
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Figure 4. Excitation and emission spectra after NP based-SPE:
(a) reagent’s blank, (b) a blank spiked with the concentration in the range
of LOQ, (c) river water sample, (d) river water spiked with carbaryl at
60 pg L-'and (¢) standard solution of carbaryl (75 pg L-).
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Table 2. Results of recoveries of spiked water samples

Sample Added / (pg L) Found D (n=3)/ (g L) Recovery / %
Tap water - nd -
200 1740+ 112 87.0 903y
400 3410215 852(89.5¢
Well water - 5332032 -
200 2050133 80.9 (8561
400 38.50+2.64 829 (8831
River water - 8872056 -
200 23,90 1.57 7528458
400 40,10+ 2.60 78.1 893y
Botiled mineral water - nd -
200 1700+ 1.05 850 91.9¢
400 33.60+222 840 9061

“Recoveries in the presence of NaCl (5% m/v); nd = not detected.
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Figure 2. IR spectra of PMS, DVB and GB starting materials and CM950
and CM1500 ceramic materials.
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Figure 1. TG and DTG curves: MT, MT/PDMS-PEO and GB.
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Figure 4. Raman spectra of CM950 and CM1500 ceramic materials.
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Figure 3. X-ray diffraction patterns of GB, CM950 and CM1500 ceramic
materials.
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Figure 5. Normalized volume as a function of diameter of CM9S0 (a)
and CM1500 (b) samples obtained from mercury porosimetry technique.
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Table 1. Specific surface area, total pore volume, average pore size, porosity and bulk density values of the CM950 and CM1500 ceramic materials,
obtained by N, adsorption, Hg intrusion porosimetry and density measurements

. . Specific surface arca®/  Total pore volume* / . N Bulk density*/
Ceramic materials poginy 0 remar | Average poresizet/nm  Porosity"/ % Gom
CMosO 05 17 15 192 10
CMI500 20 96 19 23 09

“Data obtained from N, adsorption isotherms: *data obtained from Hg intrusion porosimetry: “value obtained in a helium pycnometer using helium as carrier gas.
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Table 1. Analyt

I characteristics of different methods used for extraction and determination of carbaryl

Extraction/determination Concentration

method S L) r RSD/% LOD/(ugL") Meanrecovery/%  C, Ref.
DLLME/GC-MS/MS water 0.08-40 0.9980 7380 103.1(x10%)  980-127.0 100 21
DLLMEHPLC(UV) water 1-10 (x10°) 0.9980 45 0.1 66.397.6 100 30
DLLME- MEC(DAD) juice 4200 09940 3569 10 93.4-101.7 100 31
DLLMEHPLC(F) water & FJ 0.1-1000 0.9999 27 123 (x107) 96.3-114.2 87 32
DLLMEHPLC(DAD) water 5-500 09994 51 13 82,0930 "2 33
CPE/HPLC(UV) fruits. 005-10(x 109 0.9998 36 50 103.0-1100 ca. 14 34
ACCPE/S water & V 100-7000 0.9990 23 50.0 91.0-103.0 ca.2 35
AC-CPEFF water 20-1000 >09996 <60 19 90.7-98.6 ca.7 36
DLME & DSPE/S water & FI 10-100 - 85 80 97.3-108.0 2730 37
NP-SPE/HPLC(UV) 2 05-100ng/g  0.9956-0.9984 24-58  0.08-02nglg - - 38
MHM-SPE/F water 2-100 0.9980 62 2.1 845919 20 This work

GC-MS = gas chromatography-mass spectrometry; HPLC = high performance liquid chromatography; MEC = micellar electrokinetic chromatography:
DAD = diode array detector: AC-CPE = acid-induced cloud point extraction; § = spectrophotometry: F = spectrofiuorimetry; C, = concentration factor;
FJ = fruit juice; V = vegetables.
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gure $20. DEPT 90° NMR experiment (CD,OD, 125 MHz) of compound 2 isolated from leaves of Oxandra sessiliflora.
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gure $23. °C NMR spectrum (CD,OD, 125 MHz) of compound 3 isolated from leaves of Oxandra sessiliflora.
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Figure S19. DEPT 135° NMR experiment (CD.OD. 125 MHz) of compound 2 isolated from leaves of Oxandra sessiliflora.
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Table 3. Parameters of Langmuir, Freundlich and Dubinin-Radushkevich isotherms for adsorption of TAN, MEA and DPKSH” on XAD-7

Freundlich Dubinin-Radushkevich
K /(Lg) /(e K/(gg") N Kpe/(molg)  E/(K mol)
TAN 395x10° 4.05x 10~ 0232 257 0.196 137
MEA 3.06x 10¢ 5.18x 107 441 1.40 0.0840 9.78
DPKSH L17x 107 1.04x 102 0.170 1.30 0.0663 9.54
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ure 6. Dependence of adsorbed mass of TAN per gram of the adsorbents on time of contact: (A) XAD-7 and (B) silica gel. TAN initial concentrations:
(2) 2.00x 10, (b) 4.00 x 10, () 5.02 x 107, (d) 6.47 x 10~ and () 8.00 x 10 mol L; pH = 6.5.
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Table 4. Results of pseudo-second order adsorption model for TAN on XAD-7 and s

XAD-7/TAN

Cop/ (10° mol L) K, / (10° min™) T (107 g g 4/ (107 g g r
2,00 635 0.59% 0518 0.998
4.00 448 1.05 101 0.999
5.02 1.56 129 125 0.999
647 336 1.59 156 0.999
8.00 3.06 1.98 1.96 0.999

SILICA GEL/TAN

2,00 0.802 0.493 0494 0.999
4.00 0297 0.963 0.965 0.999
5.02 0211 122 121 0.999
647 0.0881 1.59 1.58 0.999
8.00 0524 1.90 1.90 0999
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ure 7. Intraparticle diffusion model for XAD-7/TAN system for

initial concentrations of: (a) 2.00 x 10, (b) 4.00 x 10, (¢) 5.02 x 10,
(d) 6.47 x 10~ and (e) 8.00 x 10 mol L-
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Table 1. AIN-93G diet formulated for the growth, pregnancy and
Iactational phases of rodents™®

Ingredient Dict/ (g k™)
Comstarch 307.486
Casein (> 85% protein) 200.000
Dextrinized comstarch (90-94% tetrasaccharides)* 132.000
Sucrose 100.000
Soybean oil (no additives) 70.000
Fiber® 50,000
Mineral mix (AIN-93G-MIX) 35.000
Vitamin mix (AIN-93-VX) 10000
Lecystine 3.000
Choline bitartrate (41.1% choline)* 2,500
Tert-butylhydroquinone 0014

“Dyetrose (Dyets, Bethlehem, PA) and Lo-Dex 10 (American Maize,
‘Hammond, IN) meet these specifications. An equivalent product may also
be used: *Solka-Floc® (200 FCC FS&D, St. Louis, MO) or it equivalent
is recommended; “based on the molecular weight of the fiee base.
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Figure 1. The chemical structures of saturated (palmitic acid, C16:0),
cis unsaturated (oleic acid C18:1 cis 9) and trans unsaturated (claidic
acid C18:1 trans 9) FA.
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Figure 2. The animal experiment process flowchart.
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Figure 3. Adsorption isotherms (Langmuir model) of TAN onto (a) XAD-7 and (b) silica gel at pH 6.5 and 25 = 1 °C.
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Figure 4. Adsorption isotherms (Freundlich model) of TAN onto (a) XAD-7 and (b) silica gel at pH = 6.5 and 25 = 1 °C.
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Table 1. ACO activities in rat liver

Group n ACO activity / (mU mg )
Con 10 6557916

IR 8 6075 10.15

DM 8 78331218

‘p < 0.05 compared with the Con group. Con: normal rats; IR: insulin
resistance rats; DM: diabetic rats.
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Table 2. Parameters of Langmuir, Freundlich and Dubinin-Radushkevich models for adsorption of TAN on
in the text

gel and XAD-7. Symbols are defined

Langmuir Freundlich Dubinin-Radushkevich
Adsorbent

K, /(Lg") %/ (gg") Ki/(gg") n Ko/ (molg?) B/ (J mol?) E/(kJ mol)
silica gel 281 10° 181x102 227 101 275 ~LISx10° 707

XAD7 3.95x 10° 4.05x 107 0232 257 0.196 -265x10° 137
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Figure 5. Effect of acyl-CoA oxidase (ACO)-catalyzed reaction time on
chemiluminescence (CL) intensity.
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resistance rats (IR), and diabetic rats (DM). *p < 0.05 compared with
the control group.
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Figure 2. Effect of the contact time on the adsorbed mass of TAN per adsorbent mass at pH 6.5 (hexamine buffer): (a) XAD-T/TAN and (b) silica gel/
TAN systems.
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‘Table 1. Physicochemical properties of silica gel and XAD-7 adsorbents'*

Physicochemical property Silica gel XAD-7
Surface area/ (m*g") 530 450
Particle size / mesh 230400 2040
Average pore volume / (em'g™)  0.80 114
Average pore diameter / A 60 90
Total porosity / (cm* em-) 0420 0550
Dry/Wet density / (g cm) 107/1.02 1241105

Polarity Polar  Polar (intermediate)
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Figure 2. Analytical procedure for the acyl-CoA oxidase activity assay.
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Figure 1. Process and enzymology of fatty acid B-oxidation in human
peroxisomes. SCOX: straight chain acyl-CoA oxidase; BCO!
branched chain acyl-CoA oxidase; DBP: D-bifunctional protein; LBP:
L-bifunctional protein: PTH: peroxisomal thiolase.
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Figure 4. Effect of flavin adenine dinucleotide (FAD) concentration on
chemiluminescence (CL) intensity.
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Figure 3. Effect of palmitoyl-CoA (P-CoA) concentration on
chemiluminescence (CL) intensity.
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Table 2. FA levels in soybean oil samples by CZE and GC methods

Cis:0

Clgle cl6:0 Clg: Clg:3
Soybean oil

CE G CE GC CE G CE GC CE Gc
Control 3.66 355 2015 2206 1082 1095 5414 5331 503 598
Intermediate 350 375 288 2475 1274 1231 4153 5027 543 5.10
Final 364 398 2725 2008 1512 1399 4007 4390 485 424
test 0093 0217 0266 0.104 0.184

“Mean (g FA 100g-" of sample, genuine duplicate), p-value > 0.05 (interval 95% of confidence), normality test p-value: 0.048.
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‘Table 3. FA levels in Wistar liver rat samples by CZE and GC methods and statistical approaches

Animals__ CI8:0/(g100g")  CI8:19c/(g100g") CI6:0/(g100g")  Cl8:2cc/(g100g") Cl:le/ (g 100g)
CE G CE G CE G CE GC CE G
Control group 1 077 076 196 195 251 240 156 131 035 032
2 060 062 168 176 191 185 178 125 027 025
3 061 064 150 170 219 212 136 L1 037 039
4 054 055 139 152 167 166 125 17 02 025
5 081 082 085 083 141 124 148 L1 016 012
6 062 065 10 131 159 157 166 137 o021 024
Mean 066 067 143 151 188 181 152 12 021 026
Standard deviation o011 010 040 040 041 041 020 ol 008 009
ttest p-value 005 008 002 0n2
Intermediate group. 7 060 161 195 200 207 120 120 036 038
065 188 195 220 215 124 L1 041 040
9 055 051 128 140 158 151 139 120 02 024
10 055 052 091 005 117 109 132 087 017 016
1 054 058 078 075 114 099 103 081 013 010
12 064 069 1712 156 151 135 115 024 020
Mean 059 060 127137 161 155 125 106 02 025
Standard deviation 005 008 042 050 043 048 013 017 ol 012
ttest p-value 052 012 002 001 015
Final group 13 066 075 210 204 23 220 121 005 042 040
14 060 069 L1l 147 130 156 104 095 025 029
15 061 065 193 198 247 220 122 102 042 04l
16 065 062 123 146 143 144 123 13 021 024
17 052 055 146 147 165 154 098 084 031 028
18 047 055 123 125 137 139 116 086 023 020
Mean 058 064 151 161 177 172 L1409 031 030
Standard deviation 008 008 041 032 05 03 010 ol 010 009
ttest p-value ol 013 085 001 095
Normality p-value 043 005 022 0.64 0,04
*LOD (mmol L) 00029 00033 00032 00017 00021
*LOQ (mmol L) 00089 00100 00096 00052 00062
*Linear range (mmol L) 0.15-1.10 0.15-1.10 0.15-1.10 0.15-1.10 0.05-1.05

“p-value > 0.01 (Interval 99% of confidence); *values of CE method; LOD: limit of detection and LOQ: limit of quantification, normality Shapiro-Wilk test.
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Figure 3. Soybean oil electropherograms. (a) soybean A (fresh oil), (b) soybean B (used for intermediate time) and (c) soybean C (used for final time
before disposal). 1- C18:0, 2- CI8:1Ic, 3- C16:0, 4- C18:2ce, 5- CI8:3cce and 6- C13:0 (IS). Operational conditions: injection 5 s x 12.5 mbar, +19 Ky
applied voltage, 25 °C cartridge temperature and indireet detection at 224 (= 2) nm, TSH capillary with 48.5 cm long (40 cm effective length) 75 pm LD.

and 375 mm O.D.. Electrolyte: 15.0 mmol L of NaH,PO/Na,HPO, at pH 6.86, 4.0 mmol L' of SDBS, 8.3 mmol L of Brij 35, 45% v/v of ACN and
2.1% of 1-octanol.
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Figure 5. Fatty acids chromatograms obtained from liver rat. (a) Control group, (b) Intermediate group and (¢) Final group. 1-C16:0, 2-C16:l, 3-CI8:
4-C18:1c, 5-C18:2ce and 6-C22:Ic. Operational conditions: split/spitless injector, operated with a split ratio of 1:10, and a capillary column HP-88 (88
Cianopropylaryl 60 m x 0.250 mm LD. x 0.20 um film thickness). Helium as carrier gas at flow rate | mL min-". Temperatures of injector and detector
‘were 260°C and 300 °C, respectively. The oven temperature was held at 140 °C for S min, temperature programmed at 4 °C min-" to 240°C held for 10 min.
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Figure 4. Histological assessment and fatty acids clectropherograms
obtained from liver rat (histological slides with increased 400X - Hepatic
venule is highlighted X and portal tract is highlighted®). (a) Control
group, (b) Intermediate group and (c) Final group. Peaks identified in
electropherograms: 1-C18:0, 2-C18:1e, 3-C16:0, 4-Cl8:2cc, 5-Cl6:le
and 6-C13:0 (IS). CE operational conditions: injection 5 s x 12.5 mbar,
+19Kv applied voltage, 25 °C cartridge temperature and indircet detection
at 224 (= 2) nm, TSH capillary with 48.5 cm long (40 cm effective
length) 75 pm LD. and 375 mm O.D., electrolyte: 15.0 mmol L of
NaH,PO/Na,HPO, at pH 6.86, 4.0 mmol L of SDBS, 8.3 mmol L of
Brij 35. 45% v/v of ACN and 2.1% of I-octanol.
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feed ratio = 1000, WHSV =2 h'.
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Figure 2. Vertical profiles of metals in the sediments of CAPRP in -B- center, wet scason; - A- cener, dry season; -¥- right bank, dry season; - - left

bank, dry season.
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Table 2. APS binging energies, Cw and W/51 ratios

Binding energy / eV

Catalyst C, /% atoms WiSi
W4f, W4y, Ni 2py Ni 2p,s

NI-W(CL-V) 362 38.1 855.7 8733 094 0.042
861.9 880.0

NI-W(CI-A) 363 383 8559 8738 084 0038
862.5 880.4

NI-W(SI-V) 365 384 8550 8735 079 0027
862.1 8802

NI-W(SI-A) 364 384 856.0 8738 057 0026
8623 8804
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Table 1. pH values, granulometry, organic matter content (OMC), total carbon (TC) and total nitrogen (TN) (in percentage) of the TGHB sediments,
considering all samples collected at different positions and sampling periods

TC/% N/%
Sampling site pH Sand/%  Silt/%  Clay/%  OMC/% - -
min-max  average  min-max  average
NRP 65 45 45.1 104 135 763177 7.70 025028 027
CAPRP 6171 517 344 77 49171 <0.03-466 193 0.06-051 024
PORTUR 70 971 19 10 09 <003 <003 0170.19 018
RGRANDE 5869 609 341 49 58146 <0.033.10 141 <006057 019

RTURARG 59-6.7 649 293 59 49198 <0.03-293 173 <0.06-0.65 048
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lable 1. The preparation methods for the catalysts

Catalyst Impregnation method Drying condition
Ni-W(CL-V) co-impregnation vacuum
Ni-W(CI-A) co-impregnation air
Ni-W(SI-V) sequential impregnation vacuum

Ni-W(SI-A) sequential impregnation air
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izure 2. Proposed biogenetic pathway for the formation of the B-amino-dicarboxylic acid residue of 3 and 4.
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Table 2. "C NMR and "N data for diketopiperazines 3, 4, 5 and 6
(150 MHz, DMSO-d,)

Position 3 4 5 6
1 no. no. - -

2 1654 1644 1654 1644
3 559 643 559 644
4 263 no. - -

5 1658 1599 1658 1599
6 no. no. us 44
7 300 352 400 352
8 136.1 1349 1361 1350
9 1209 1300 1209 1300
10 1282 1282 1282 1282
1 1217 1272 1267 1272
12 1282 1282 1282 1282
13 1209 1300 1209 1300
14 368 368 368 368
15 273 273 274 274
16 355 355 355 356
162 261 261 - .

17 1608 1696 1699 1696
18 379 375 379 315
19 no. no. 505 n

20 27 23 27 203
21 253 254 253 253
2 27 27 87 286
23 26 26 286 25
4 25 26 85 284
25 25 285 84 283
2% 24 244 44 43
27 336 336 32 332
28 1745 1745 1733 1733
29 - - sL1 sL1
NH," 350 -350 - .

“Broad signals: n.o. not observed. "N assignments from *N HSQC and
15N IFHMOC spectra
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Figure S2. "H NMR spectrum of rodriguesic acid (3) in DMSO-d, at 600 MHz.
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Pleurobranchus areolatus
(2 specimens)

2. MeOH (300

1. EtOH (300 mL)

3. 1:1 acetone/CH,Cl, (300 mL), ultrasound, 10 min.
4.1:1 McOH/CH,Cl (300 mL), ultrasound, 10 min.

‘L), ultrasound, 10 min.

. Evaporation
6. Partitioning between 95% MeOlhoxanc
hexane fraction  MeOH fraction (400 mg)
oluma chromatography Ciy reversed phas
gradient MeOH in H0 from 10:90 to 100% MeOH
Pame-1  Pame2 Pame3 Pame-d |Pames | Pame6  Pame-7 Pame-
(1578 mg) (295 me) (16.0mg) (224 mg) |(25.4 mg) | (953 mg) (4.0 mg) (10.5 mg)

e —

[HPLC: Cyg reversed-phase Inertsil ODS-EP
|column (5" m, 4.6 x 250 mm) and
McOH/MeCN/I0 42:10:48 as eluent

Pamex1 | Pame-x3
Pamex2  Pamexd  Pamex6
(142 mg)

HPLC: €, reversed-phase HPLC using a CSC-
Tnertil 150A/0DS2 (S 25 x 0.94 cm)
column.

Tsocratic 4:1 (0.05 % TFA/H,0/MeCN, then
Tinear gradient 0 7:3 (005 %
TFA/H,0)/MeCN, during additional 30 mi.
flow rate: 1.0 mL min™

[
0.5 me)

3

(10mg)  (19mg  (6mg

HPLC condition 1: Phenyl-derivaized Si gel column (inersil Pk, $ m, 4.6 x 250 mm, GL Sciences Inc.)
lincar gradicnt of 1:1 MOH/MeCN in H;0, starting at 90% to 0% H,0 over 30 min.

flow rate: 1.0 mL min”!

Pame-3a Pamo-3b Pame-dc
@Omp (00mg) (0.5me)
HPLC condition 2: Cg reversed-phase HPLC (Inertsil ODS-3, 5 m, 4.6 x 250 mm, GL Sciences Inc.)

(2.9 mg)

(1.1mg)

Pame3d  Pame-3c

isocratic 3:3:4 MeOH/MeCN/H,O with 0.1% TFA|

Pame-3d1 Pame-3d2 Pame-3d3 Pame-3d4 Pame-3d5 Pame-3d6
63mp G4mp (Limp (3mp (L0mg) (9mg)
HPLC condition3 Scicnces Inc.);linca gradicnt

T over 30 min; flow rate: 1.0 mL, min

Pamcdlla  Pamc3db | Pamedds
Clmg  G2me (12mg) [Pame3d6a [Pame-3a65 | Pame3déc
63w | (0mp | @5mg
[

'HPLC condition 3; Cg reversed-phase HPLC (Inertsil ODS-EP, 5 m, 4.6 x 250 mm, GL

of 1:1 McOH/MCCN in H,0, starting at 85% until 0% H;0

S1. Separation scheme for the isolation of rodriguesic acid derivatives 3-6.
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lable 2. Results of the comparison between CE and HFLC methods

Concentration measured Accuracy,
Sample (mean + SD) Error/ % calculated
CE HPLC tvalues
1 066  19=1 35 199
2 9622 10224 59 232
3 10825 10524 29 081
4 %422 %426 0 0

“mg per tablet or pill; SD = standard deviation (n = 3); "relative error;
“calculated Student’s t-value; 2.78 is the tabulated t-value at a confidence
level of 95% and 4 degrees of freedom.
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lablel. Figures of merit of the method

Migration time / min* 52201
N/me 158003
Regression cquation® Y=25% 107~ LIS x 102
LOD/ (umol L~ EX

LOQ/ (umol L) 101

Linear range / (umol L)' 0500

R 09995

“Mean and standard deviation for § consecutive replicate runs; "number of
plates per meter calculated from N/m = 5.54 (1/w, /L. where t is the
migration time, w,, is the peak width at half height, and L is the effective
capillary length; x = concentration of 5-HTP (umol L-): y = ratio of peak
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Table 1. "H NMR data for compounds 3-6 in DMSO-d, [5, multiplicity (J in Hz)] at 600 MHz

Position 3 4 5 6

3 407 (bd,2.9) 437 (bs) 407 (bdd, 7.9.4.9) 437(1,4)

4 824 (bd, 24) 825(d.3.1) -

6 295(d, 17): 340 (. 17) 235(d, 17341 (4, 17) 295 (d, 172):340 (d, 17.1) 235(d, 17341 @ 17)

7 2.88(dd, 49, 13.6); 3,04 (bd, 13.6); 2.88(dd, 50, 12.9); 3.04(dd, 29, 13.7);
301(dd,56,13.6) 320(dd,47,13.6) 3.00(dd, 5.6,13.5) 321(dd, 438, 138)

o/13 713.67) 7.11(d,60) 7.14 (m) 741 (m)

1012 727 (m) 7.25 (m) 727 (m) 7.25 (m)

1 725 (m) 7.25 (m) 7.25 (m) 7.24 (m)

14 275 (bsex. 62) 274 (bsex. 6.5) 275 (sex, 62) 274 (sex. 74)

15 1.63 (qui, 7.4) 1.63 (qui, 7.4) 1.64 (qui, 6.6) 1.63 (qui, 7.3)

16 3.07 (m) 3.08 (m) 3.08 (m) 3.00 (m)

16a 7.99(1,5.6) 7.96(4,5.6) 7.99(1,6.0) 7.96(t,54)

18 210(,67) 200(d,69) 211(d.65) 2,00 (bd, 7.7)

19 452 (bs) 442 (bs) 453 (bs) 442 (bs)

20 130 (m); 145 (m) 127 (m); 1.40 (m) 1.30 (m); 1.46 (m) 127 (m); 1.40 (m)

21 101 (m) 094 (m) 102 (m) 094 (m)

2 119 (m) 116-1.19 (m) 120 (m) 117 (m)

23 119 (m) 116-1.19 (m) 120 (m) 117 (m)

24 119 (m) 116-1.19 (m) 120 (m) 117 (m)

25 110 (m) 116-1.19 (m) 120 (m) 117 (m)

2 145 (bqui, 6.7) 145 (m) 1.46 (m) 147 (qui. 67)

7 216(t,74) 216(,74) 226(,74) 226(,74)

2 - - 3.56 () 357()

NH;* 7.63 (bs) 7.64 (bs) 7.62 (bs) no.

COH 1193 (vbs) 119 (vbs) - -

N-OH no. 1033 no. 1033

bs: broad singlet: vbs: very broad singlet: n.0.: not observed.
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igure 1. Structures of rodriguesins A (1) and B (2) previously isolated from the ascidian Didemnum sp.'* and of rodriguesic acid derivatives 3-6 herein
lated from the mollusk Pleurobranchus areolatus.
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Figure 1. Chemical structure of the reagent 1-(2-thiazolylazo)-2-naphtol.
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H, "C HMBC-NMR spectrum (500 x 125 MHz, DMSO-d,) of amburanin B (2).
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Figure 2. Electropherogram of a standard solution of 5-HTP and
tryptophan (300 pmol L each). BGE: 20 mmol L' sodium phosphate
(pH 10) and 0.2 mmol L' CTAB for electroosmotic flow inversion. Fused
silica capillary column with 50 pum internal diameter (i.d.) and 60 cm length
(52.5 cm effective). Separation voltage of ~20 kV: pressure injection at
50 mbar for 4 s; detection wavelength of 214 nm. Peaks: (1) phthalate
internal standard); (2) 5-HTP: (3) tryptophan.
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Figure S16. High resolution mass spectrum of amburanin B (2).
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Figure 1. Biosynthesis pathway of serotonin from tryptophan.
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Figure S17. Experimental ECD spectrum for amburanin B (2) at 0.06 mmol mL-
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Table 5. Intraparticle diffusion adsorption model parameters of TAN on

XAD-7 in various initial concentrations
c,/ K/ c/
A0 mol L) (10 gg min™™ (10 gg) :
2.00 275 -1.99 0.999
4.00 373 -1.67 0.996
5.02 1.33 0.208 0.985
647 7.01 -3.55 0.999

8.00 6.17 -1.08 0.994
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igure 3. Electropherograms of (a) a standard solution of 5-HTP
(300 pmol L), (b) a sample of dietary supplement, and (c) a sample
of dietary supplement spiked with tryptophan (300 umol L-). Phthalate
(100 umol L) was added to the solutions as internal standard. Separation
conditions as in Figure 2. Peaks: (1) phihalate (internal standard),
(2) 5-HTP. (3) tryptophan.
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Figure 4. Vertical profiles of metals in the sediments of RGRANDE in -B- center, wet scason; - A- center, dry season; -¥- right bank, dry season; -<- left
bank, dry season.
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zure 3. Vertical profiles of metals in the sediments of RTURARG in
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- center, wet season; - «- left bank, dry season.





OPS/images/a18img13.png
Table 3. Acidity results for the Ni-W catalysts measured by FI-IR spectroscopy combined with pyridine desorption at difierent temperatures

Brinsted acidity / (umol pyridine g)

Lewis acidity / (umol pyridine g')

Catalyst
40C 100°C 200C 250C 40°C 100°C 200-C 250-C
Ni-W(CL-V) a1 3 16 1 312 99 4 18
Ni-W(CI-A) 36 31 15 8 250 86 30 15
Ni-W(SL-V) 35 31 7 0 198 78 30 7
Ni-W(SL-A) 20 18 0 0 154 71 15 1
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Table 2. Concentration range of metals in the superficial sediments of NRP and PORTUR and TEL and PEL values™**

Metal

Unit NRP PORTUR TEL PEL SEL
Al gkg' 2336 1621 . . .

cr mekg' 879 2018 373 %0 110
Cu mekg' 2 0826 357 197 110
Fe gkg! 148338 513 . . 400
K mekg! <013 <013 . . .

Mn gkg! 134229 007021 . . 110
Ni mekg' 4246 1639 18 36 75

Zn mekg' 3260 2132 123 315 820
P mgkg' 15-33 <123 35 913 250

*No GVSQ is available for this metal.
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Figure 5. Biplot graph of scores and loadings for PC1 versus PC2.





OPS/images/a08img09.png
‘Table S2. Pearson correlation coefficients (r) for metals, granulometry, and OMC of samples of sediment from RTURARG for all periods studied

Element  [Cr] [Cu] [Pb) INiJ [Zn] [Fe]  [Ma]  [A5 [K]  %clay %silt  %sand % OMC
Cr 1.00 - - - - - - - - - - _
Cu 082 1.00 - - - - - - - - - -
Pb 052 0.79 1.00 - - - - - - - - -
Ni 041 073 095 1.00 - - - - - - - -
Zn 054 075 092 095 1.00 - - - - - - -
Fe 031 059 0.68 060 058 1.00 - - - - - -
Mn 0.79 053 022 005 023 0.14 1.00 - - - - -
Al 076 069 034 015 027 050 080 1.00 - - - -
K 008 016 018 018 024 004 012 004 1.00 - - -
% clay 075 068 054 030 038 087 079 086 0.79 1.00 - -
%osilt 042 031 023 010 003 066 071 076 0.79 083 1.00 -
%sand 053 042 032 001 008 074 076 081 082 090 09 100

%OMC 008 013 019 039 040 019 024 031 0.61 077 078 082 100

Highlighted values are significant at the level of 0.01.
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‘Table S1. Pearson correlation coefficients (r) for metals, granulometry, and OMC of sediments samples from CAPRP for all periods studied

Element  [C]  [Cu]  [Pb]  [Ni  [Zn]  [Fe]l  [Ma]  [Al  [K]  %cly st %sand %OMC
cr 100 - - - - - N - - - B - N
Cu 071 100 - - - - - - - - - - N
Pb 087 076 100 - - - - - - - - - N
Ni 091 076 080 100 - - - - - - - - N
Zn 046 070 061 039 100 - - - - - - - N
Fe 093 067 08 089 041 100 - - - - - - N
Mn 086 054 076 084 034 090 100 - - - - - N
Al 064 063 042 080 021 064 066 100 - - - - N
K 087 082 08 09 055 088 082 066 100 - - - -
Gclay 065 017 050 065 027 071 068 050 042 100 - - -
%silt 079 045 068 077 054 081 072 050 064 078 100 - -
Gsand 078 038 066 076 048 082 073 050 061 088 098 100 -

%OMC 084 066 081 086 072 077 068 054 081 0.69 079 080  1.00

Highlighted values are significant at the level of 0.01.
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Table S3. Pearson correlation coefficients (7) for metals, granulometry, and OMC of samples of sediment from RGRANDE for all periods studied

Element  [Cr] [Cu] [Pb) INi] [Zn] [Fe]  [Ma]  [Al [K]  %clay %silt  %sand % OMC

Cr 1.00 - - - - - - - - - - - _

Cu 0.89 1.00 - - - - - - - - - - -
Pb 085 083 1.00 - - - - - - - - - -
Ni 043 053 0.64 1.00 - - - - - - - - -
Zn 039 046 0.68 097 1.00 - - - - - - - -
Fe 087 080 085 076 071 1.00 - - - - - - -
Mn 025 035 055 091 0.93 0.60 1.00 - - - - - -
Al 044 054 070 098 098 073 091 1.00 - - - - -
K 0.12 004 047 070 082 045 071 074 1.00 - - - -
% clay 022 008 009 018 02 019 007 016 045 100 - - -
%osilt .63 051 040 058 058 056 039 054 013 052 1.00 - -
% sand 0.60 047 038 056 056 054 034 052 018 063 099 100 -
%OMC 068 055 082 080 082 075 078 082 041 02 044 045 1.00

Highlighted values are significant at the level of 0.01.
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“Table 7. Specific migration limits (SML) established by European and Brazilian Regulations

. Regulation 1072011 Regulation 17/2008 Regulation 52/10

Element SML/ (mg kg") European Union® ANVISA® ANVISA®
Aluminum - up1025.0 _
Antimony 004 004 004
Arsenic - - 001
Barium 10 10 10
Chromium - - 005

Iron 480 upt0300 -

Lead - - 10
Manganese 06 06 -
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Figure S5. LR-ESI (top) and HR-ESI (bottom) mass spectra of rodriguesic acid (3).
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Table 6. Inorganic elements quantified in the simulant D (n = 3)

Tnorganic elements / (ug L") “Mn TAs “Mo Sh =P
LOD*/ (ng L) 657 226 0915 0377 0428
LOQ*/ (ug L) 219 7.55 305 126 143
st - - 521 - -

s2 - - 522 321 -
s4 - - - 20207 -
SSee 4824 - - - 422
s5de - - 1022 25207 321
S6de - 133205 12208 321 3009
STde - - 9507 - 3009
PETVI - - 622 - -
PET-V2 - - 9708 422 2005
PETRI - - - 5=l

PETR2 - - 521 20206 -
HDPE-R - - 6305 - 2003
HDPE-3 - - 523 - 2005
HDPE-7 - - 728007 2+ 422
“Jimit of detection; *limit of quantification.
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Table 1. Chromatographic parameters of itraconazole and internal standard in described method

Standard / . . Suitability /

Gemly L/min K Re o N H/pm T st
Itraconazole. 01 76 16 1000+ 14 09563 2 11 031%
Internal standard 04 9.1 22 4 - 10691 2

. retention time; k': retention factor; Re: resolution; a: separation factor; N: number of plates; H: height of theoretical plates; T:
correlated to dead volume peak: resolution correlated to itraconazole peak.
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Figure 1. Chemical structure of itraconazole (1-R051211) and internal
standard (2-R051012).
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Table 3. Linear regression parameters for itraconazole/itraconazole internal standard (ITZ/IS) curve

Range of concentration / (ug mL-")

Parameter of curve

Slope Intercept Determination coefficient ()
Kidney 10-002 37119 00849 09996
Liver 10-002 42484 0,166 09998
Lung 10-002 3288 01317 09999
Spleen 10-002 35052 00384 09999
Plasma 10-002 35530 00293 09996
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Table 2. Linear regression parameter and limits of detection and quantification for itraconazole (area vs. concentration)

Calibration curves  Range of concentration / Parameter of curve LoD/ LOQ/
(ngmL) Slope Intercept ° (ngmL~) (ng mL)
Mobile phase: 10020 720801 —4366.1 09992 0.151 0459
Mobile phase: 02001 780523 276 09999 0.003 0.008
Kidney 10002 707156 14640 09996 0.001 0.004
Liver 10-0.02 642671 5640 09994 0.007 0020
Lung 10002 601500 11502 09999 0.000 0026
Spleen 10-0.02 646530 12203 09999 0020 0.061
Plasma 10-0.02 653569 12560 09998 0039 0117

7% determination coefficient; LOI

imit of detection; LOQ: limit of quantification.





OPS/images/a05img18.png
o

—am

3om 180 160 140 120 100 80 60 a0

Figure S11. "C NMR spectrum (125 MHz, DMSO-d.) of amburanin B (2).
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Figure S11. LR-ESI (top) and HR-ESI (bottom) mass spectra of the rodriguesic acid methyl ester (5).
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re S13. "C NMR spectrum of methyl ester of the rodriguesic acid hydroxamate (6) in DMSO-d, at 150 MHz.
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gure S14. 'H, "C HSQC-NMR spectrum (500 x 125 MHz, DMSO-d.) of amburanin B (2).
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re S12. 'H NMR spectrum of the methyl ester of the rodriguesic acid hydroxamate (6) in DMSO-d, at 600 MHz.
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Figure S6. 'H NMR spectrum of the rodriguesic acid hydroxamate (4) in DMSO-d. at 600 MHz.
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Figure S8. LR-ESI (top) and HR-ESI (bottom) mass spectra of the rodriguesic acid hydroxamate (4).
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Figure S8. High resolution mass spectrum of amburanin A (1).
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Figure S10. "H NMR spectrum (500 MHz, DMSO-d,) of amburanin B (2).
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re S4. "C NMR spectrum of rodriguesic acid (3) in DMSO-d, at 150 MHz.






OPS/images/a05img12.png
ks

Figure S5. 'H,'H COSY-NMR spectrum (500 x 500 MHz, DMSO-d.) of amburanin A (1).
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Figure S3. Expansion of the 'H NMR spectrum of rodriguesic acid (3) in DMSO-d_ at 600 MHz.
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Figure S6. 'H, *C HMQC-NMR spectrum (500 x 125 MHz, DMSO-d,) of Amburanin A (1).
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Figure 2. Chromatogram of blank and spiked samples (ITZ

.5 pg mL-", 1S = 0.4 pg mL-") of tissues and plasma.
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Table 4. Precision and recovery of intra-day and inter-day itraconazole extraction in biological matrices (n = 3)

Concentration / Precision (RSD%) Recovery / %
Tissue

(g mL) Intra-day* Inter-day* Intra-day Inter-day

001 1436 st 8324 105.73

Plasma 1 450 157 103.42 100.52

10 141 181 95.46 9932

001 813 1492 105.23 102.96

Liver 1 301 113 93.47 95.56
10 278 138 99.04 105.16

001 521 705 10501 8505

Lung 1 172 315 100.09 9732

10 543 221 93.10 99.61

001 794 1292 8872 108.25

Kidney 1 305 251 472 99.41
10 475 071 96.94 102.60

001 1024 574 10341 96.33

Spleen 1 158 0.68 97.82 97.48
10 715 175 95.14 104.64

RSD = Relative standard deviation; “intra-day
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Figure 1. Structures of isolated flavonoids from Oxandra sessiliflora
R. E. Fries.
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Table 5. Determination of ITZ in organs and plasma after 1 h of

intraperitoneal ad:

stration of nanoparticles containing ITZ (n = 3)

Sample. % dose x (g of tissue)”!

Kidney 035 037 046

Liver 746 7.26 601

Lung 51.90 60.78 66.38

Spleen 1485 15.10 1152
% dose x (total plasma) !

Plasma 012 002 005
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Figure 6. Graphs of the variation in the content of saturated, monounsaturated and polyunsaturated FA in oil and rat liver samples.





OPS/images/a09img13.png
SmpesscresPetaty
s m—
I

s

P

ry

Py

Scores on PC 2 2240%)
& =

P

e S

E) 4 W w w
Scores nPC 17081%)

el

Figure 7. Principal component analysis (PCA) scores and low density
lipoprotein (LDL) box plot.
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Table 4. Lipoproteins values to Wistar rats

Groups HDL/ (mg dL-") LDL/ (mg dL-") Total cholesterol / (mg dL-)*
Control 88.31 38.66 141.81
Intermediate 80.46 3415 127.88
Final 78.99 54.65 148.53

“Mean value (n = 6), HDL: high density lipoprotein, LDI

low density lipoprotein.
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Table 1. Description of the PET samples analyzed and type of cleaning process they were submitted

Material Sample _Type of cleaning process
VirginPET  Pellets  PELVI  Virgin
Flakes  PET-V2  Virgin boitle
Recycled PET  Flakes  SI Conventional cleanin;
Flakes  S2 S followed by deep cleaning (hot caustic washing with detergent, friction washing and drying)
Pellets  S3 2 followed by extrusion
Pellets  S4 S followed by super cleaning (hot water and additives ), extrusion and SSP (solid-state polycondensation)
Flakes  SSce Conventional cleaning: flake washed with water
Flakes  Séee Conventional cleaning: flake washed with water
Flakes  STce Conventional cleaning: flake washed with water
Flakes  SSdc Deep cleaning: hot caustic washing with detergent, friction washing and drying
Flakes  S6dc Deep cleaning: hot caustic washing with detergent, friction washing and drying
Flakes  S7dc Deep cleaning: hot caustic washing with detergent, friction washing and drying
Pellets  PET-RI  Recycled conventional cleaning
Pellets  PETR2  Recycled conventional cleaning

PET-V1 and PET V-2: samples obtained from different supplicrs. S1, 52, 3 and S4: samples obtained from the same supplier. S5cc, Sce, STee: samples
obtained from different suppliers. S5dc, S6dc, and $7dc: correspond, respectively, to samples S3cc, S6cc, STe submitted to deep cleaning process. PET-R1
and PET-R: post—consumer recycled PET obtained from different suppliers.
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Figure 1. Flowchart of analyzed PET and HDPE samples. Description of the PET and HDPE samples analyzed and type of cleaning process they were
submitted is presented in Tables 1 and 2, respectively.
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Figure SI. Infrared spectrum (KBr) of amburanin A (1).
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Figure 2. "H NMR spectrum (500 MHz, DMSO-d,) of amburanin A (1).
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Figure S3. "C NMR spectrum (125 MHz, DMSO-d,) of amburanin A (1).
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igure 3. HMBC correlations (H—> C) observed for compound 2.
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Figure 4. Effects of biflavonoids 1 and 2 on the human neutrophil
degranulation assayed using release MPO as marker. Freshly isolated cells
(5 10°) were preincubated with the indicated concentration of 1 or 2 prior
to the addition of PMA (0.1 mg mL"). Data are expressed as percentage
of inhibition of MPO release by the tested compounds. Numbers represent
‘mean = standard error of the mean (SEM).
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Figure 5. Effects of biflavonoids 1 and 2 on the activity of human
neutrophil myeloperoxidase (MPO). The MPO-rich supernatant obiained
from PMA-stimulated neutrophils was incubated with compound 1 or
2 at the concentrations indicated in the graph. Data are expressed as
percentages of inhibition of MPO activity by the tested compounds.
Numbers represent mean + SEM.
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Figure 6. Evaluation of biflavonoids 1 and 2 toxicity towards human

neutrophils. Data from two to cight samples. *p < 0.05 (ANOVA and
Tukey's post hoc test).
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Figure 1. Structures of amburanins A (1) and B (2).
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Figure S14. LR-ESI (top) and HR-ESI (bottom) mass spectra of methyl ester of the rodriguesic acid hydroxamate (6).
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‘Table 1. "H and "C NMR data (6 in ppm. J in Hz) of compounds 1 and 2 (500/125 MHz, respectively, DMSO-d,)*

Amburanin A (1) Amburanin B (2)
c 5 b c IR 8
12 1186 - 12 187 -
13 805 - 13 808 -
4 122 - 4 1918 -
) 1635 - L5 1643 -
L6 975 5.95(d. 1H,J2.0) 16 978 595(d, 1H,J2.0)
17 1677 - 17 1684 -
18 955 5.86(d, 1H,J2.0) 18 96.0 592(d, 1H,J2.0)
1o 1613 - 19 1613 -
L10 9.4 - 9.6 -
L 1245 - 1245 -
1203 7.25(d,2H,J8.7) 1202 728(d,2H,J8.7)
1156 6.72(d,2H,J8.7) 13,5 157 679(d,2H,J8.7)
1505 - 4 1596 -
1019 - 112 1483 -
1640 - 13 1369 -
1084 - 114 1771 -
1667 - 15 1647 -
985 5.96 (s, 1H) 16 956 6715, 1H)
1622 - 17 1657 -
3 2037 - 118 1069 -
a 453 320(L2H,J7.T) 9 1521 -
B 303 287, 2H,J1.T) 110 106.1 -
11 1318 - 1 1222 -
12,6 1300 7.02(d,2H,J8.4) 2.6 1310 8.16(d,2H,J8.7)
13,5 1159 6.62(d,2H,8.4) 3.5 1163 6.94(d,2H,J8.7)
14 1564 - 4 1604 -
OH (13) - 651 OH (1:3) - 696
OH (15) - 1102 OH (155) - 1180
OH (1-7) - 11.02 OH (1-7) - 11.02
OH (11-2') - 1170 OH (1-4) - 980
OH (I1-6') - 1317 OH (11-3) - 966
OH (14) - 911 OH (IL-5) - 1330
OH (I1-4) - 9.17 OH (11-4') - 1020

“Assignments were confirmed by 2D 'H-'H (COSY) and 2D "H-"C (HMQC, HMBC) experiments.
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Figure 2. HMBC correlations (H— C) observed for compound 1.
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‘Table 3. Compounds identified in the extracts from simulant D (PET and HDPE) analyzed by UPLC-QqQ using ESI and APCl in the positive mode at
collision energies of 5, 15, 20 and 30 V and cone voltage of 30, 40¢ 50V

o [MsNa)t § Commercial
&/ (min) e Mdentified compounds o CASNo.  Formula MW  Mode Samples
6170 1291 diethylene glycol - 111466 CHO, 1061 ESk S2

- 3514 2(benzotriazol-2yD-4.6- Tinuvin328 25973-55-1 C,H,NO 3512 ESL+ SSde
bis(2-methylbutan-2-y1)

phenol

6,689 4414 diisononyl ester ononyl  28553-120  C,H.O, 4186 ESI+ S2,54,S5cc, STec, PETRI, PETR,
1,2-benzenedicarboxylic  phihalate PET-VI, HDPE-3
acid

6.808 2140 N.N-diethyl-3-methyl- diethyl 134623 CHNO 1913 APCL+ S7ce, STde
benzamide toluamide

7.090 4534 25bisG-rerrbuyl2-  UvitexOB 7128645 C,H,NOS 4306 ESk+ SScc, SSde, Sode, PETRI, PET-V2
benzoxazolyl thiophene

7527 3992 bis(7-methyloctyl) ononyl  3370308-1 C,H,0, 3986 ESL+ S2PETRI,PETR2
hexanedioate adipate

9458 3043 (Z-octadec9cnamide  olcamide 04554980 C,H,NO, 2813 ESI+ SI,52,53.54,57ce, Sbee, S5de, Sodc,

PET-RI, PET-R, PET-V1, HDPE-R,
HDPE-3, HDPE-5
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"Table 2. Description of the HDPE samples analyzed

Material Sample _ Type of cleaning process

Recycled HDPE Pellets HDPE-R  Unknown recycling process

Multilayer packaging ~ HDPE-3  Layers: polyethylene/polyethylene with maleic acid + post-consumer recycled polyethylene/
polyethylene

Multilayer packaging ~ HDPE-7  Layers: polyethylene/polyethylene with maleic acid + post-consumer recycled polyethylene/
EVOH/post-consumer recycled polyethylene/polyethylene polyethylene with maleic acid
+ post-consumer recycled polyethylenc/polyethylene
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Table 4. Inorganic elements quantified in the simulant B (n = 3)

Inorganic clements / “Al “Cr “Mn “Fe “Ni “Se By =Py =sh
(LY

LOD*/ (ug L) 12 0053 0022 108 0045 256 0.064 0026 0.027
LOQ*/ (gL 374 0176 0075 3.60 015 855 021 0087 0,089
st - - 1208 23x17  30=1 - 6x1 78509 14204
s2 - <LOQ  10£03  108x12 - - 03201 - 1721
s3 202569 - 225 05202 <LOQ - - 050007
s4 253567 462209 - 15.53£001 - <L0Q - - 37203
See 26028 422 54205 903260 - - 201 52210 12204
See 211269 - 322 156225 - - - 423 30209
STee 203590 - 221 - - - - 23506 12203
S5de - 1222 321 717 - <L0Q - - 17205
Séde 315524 - 09:05 593 - - - 2:1 31205
STde - 1021 19206 152220 - - - 166001 32204
PETVI - - - 223 - - - 0532000 9=1
PET.V2 - - - 414205 - - - 079020005 13x2
PETRI 242528 - - 78213 - - - - 140+04
PETR2 - <L0Q - 2611 253008 - - 38+05 05201
HDPE-R 26+38 208 - 2:10 - <L0Q - 030005 -
HDPE-3 - - - 3610 - <LOQ 132001 - -
HDPE-7 - - - 32s14 04202 - 36207 - -

“limit of detection; *limit of quantification.
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Figure 2. Direct infusion spectra of recycled PET sample SSce
(conventional cleaning) (A) and S5de (deep cleaning) (B). Samples were
obtained using 95% (v/v) ethanol in water (simulant D) as extraction
solvent. Spectra were obtained under the following conditions: injection
flow 20 L min", cone voltage 40 V, m/% scan range from 100 to 1500
amu, by UPLC-QqQ/MS, ESI positive mode.
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Table 5. Inorganic elements quantified in the simulant C (n = 3)

Inorganic elements / (ug L") TAL “Mn e “Ni A "Se Ba 55
LOD*/ (ng L) 178 125 18 343 0036 102 0075 0072
LOQ"/ (ug L") 502 417 393 14 012 341 025 024
st <L0Q - <L0Q - 1592003 <LOQ - -

s2 <L0Q - <L0Q <L0Q - <L0Q - 12604
s4 <L0Q - <L0Q - - <L0Q - 11203
Ssee <L0Q <L0Q <L0Q - - <L0Q 03201 -
Stee <L0Q - <L0Q - - <L0Q <L0Q
STec <L0Q - <L0Q - 07£05  <LOQ - -
s5de <L0Q - - - <L0Q - 04202
S6de - - - - - <L0Q - 0801
STde <L0Q - - - - <L0Q - 05202
PETVI - - <L0Q - <L0Q <L0Q - 826
PET-V2 <L0Q <L0Q - <L0Q <L0Q - - 87206
PETRI <L0Q - <L0Q - <L0Q <L0Q - 89205
PETR2 <L0Q <L0Q <L0Q - <L0Q - - -
HDPE-R <L0Q 3424 <L0Q - <L0Q - - -
HDPE-3 <L0Q - <L0Q 156 <L0Q - - -
HDPE-7 68228 - <L0Q <L0Q <L0Q - - -

“limit of detection; *limit of quantification.
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Table 2. Rate constant (), percentage of discoloration after 2 h of
imadiation clectrode BiVO, synthesized with different fuels and surfactants

BiVO, photoelectrodes k,,*/ (10 min” em)  Discoloration / %

Alanine 1.64 100
Alanine/CTAB 091 744
Alanine/SDS 117 96.5
Alanine/Tween® 80 126 100
Glycine 0.63 592
Glycine/Tween® 80 0.63 59.8
Urea 0.66 60.9
Urea/Tween® 80 0.99 833

“Normalized by the electroactive area of the electrodes.
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‘Table S2. Experimental and theoretical 'Hand *C NMR chemical shifts
(ppm) for -DCTN

Experimental ‘Theoretical
Atoms
5C SH 5C oH
1(p)a 219 238
e 30.76 5 4871 o
10750 - 206.96 -
3 12673 580 13858 619
4 16570 - 18028 -
5 30.59 318 4084 342
6a 118 121
6e “= 227 e 23
Ta 188 220
- 3013 L6 3043 56
8 4174 169 5405 159
9 51.40 - 63.10 -
10 4611 181 5173 167
1 242 249
W 40.53 o 5167 o
12 7231 543 8250 53
13 12506 - 13887 -
14 10798 641 11978 691
15 14426 745 156.99 778
16 13093 746 15259 7.6
17 1757 116 2424 143
18 21.90 197 2096 207
2 17690 - 18861 -

a: axial; e: equatorial: (p): pseudo (related to some hydrogens of decalin).
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Table S3. Experimental® and theoretical (B3LYP/6-311++(d.p)) NMR
spin-spin coupling constants and delocalization indexes (DI) for hydrogen
pairs in -DCTN.

H pairs [ L) -~
Experimental __B3LYP.
Hi(pa-H10 138 1213 12,006
Hi(p)e-H10 28 271 2662
H3-HIS 127 196 1245
H3-HS 119 299 1253
HS-H6a 125 1051 11.008
HS-HI0 107 8.42 10546
HS-Hée 335 358 3328
HS-HIS 12 207 2303
Héa-HTa 127 1141 11508
Héa-HTe 361 351 4134
Hée-HTa 36 3601 3882
Hée-HTe 33 313 3765
H7aHS 1231 105 11877
H7e-HS 358 338 3.901
HS-HI7 68 361 3531
HII-HI2 8.62 782 6.998
HIT-HI2 865 8.1 7309
HI4HIS 183 172 2101
HI4HI6 089 034 1651
HISHI6 1.6 087 1919

a axial: e: equatorial; (p): pseudo (related to some hydrogens of decalin).
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lable 4. Application of the proposed method for analys
were analyzed)

of vegetable and fruit samples (n = 3 and three samples for each type of fruit and vegetable

Found/ (ng g") Recovery /%
Sample Added /e Fe Cu Fe Cu
0 502= 1.1 180,00 - -
Parsley (Sanandaj, Iran) 10 60715 116206 105 9%
50 110313 512205 102 9%
0 1101523 46+04 - -
Mint (Sanandaj, Iran) 10 1208516 14905 107 103
50 162252 543205 104 9
0 30721 132008 - -
Carrot (Sanandaj, Iran) 10 50113 114204 104 101
50 9L1=2 52504 103 101
0 37321 242007 - -
Apple (Sanandaj, Iran) 10 479211 121504 106 o7
50 804213 53409 104 102

Mean + standard deviation.
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Figure 4. (a) Plot of experimental spin-spin coupling constants of vicinal or long range protons [I* (H,H)] vs. corresponding delocalization index values
B(HH); (b) plot of calculated spin-spin coupling constants (B3LYP/6-311G++(d.p)) vs. corresponding delocalization index 8(H,H’) for -DCTN.
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Figure 5. Molecular graph for -DCTN indicating the bond paths analyzed
in Table 2.
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Table 2. Values of the charge density of bond critical points (p,). the corresponding Laplacian of the charge density (V*p), the ratio [A,| / A, the ratio
G, /p,, and the total energy density (H,) of all intramolccular bonded interactions in -DCTN

Interactions X 10°/ 2. Vip/au. [ Gy/p, H,x 10°/ au.
Hie-H11 1285 0045 0.104 0721 1653
Hie-H14 0384 0012 0175 0632 0487
HIT-HI2 01 0026 0162 0705 0971
02-HTa 0882 0029 0.167 0722 1186

02-H5 1.139 0.036 0.184 0.707 1512
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Table S1. Selected bond length and bond angles of +- DCTN from X-ray diffraction and B3LYP method

A Bond length /A A
toms Xeray BILYP toms
2 1506 1510 C2-CI-CI10
ci-clo 1523 1536 01-C2-C3
c2-01 1215 1220 01-C2-Cl
3 1440 1466 C3-C2-Cl
C3c4 1325 1347 C4C3-C2
c4Cls 1501 1504 C3-c4-Cl8
c4Cs 1506 1522 C3-C4-Cs
€506 1525 1537 CI8-C5-C4
c5-Cl10 1530 1548 C4-C5-C6
C6-CT 1521 1527 €4-C5-C10
c7-c8 1508 1533 C6-C5-C10
cs8-C17 1538 1535 C7-C6-Cs
€809 1545 1578 C8-C7-C6
€9-C20 1526 1536 c7-c8-C17
co-cil 154 1547 C7-C8-C9
€o-Cl10 1546 1565 C17-C8-C9
cli-cn2 1523 1544 €20-Co-Cl1
ci-ci3 1466 1491 €20-Co-C8
C12-03 1470 1450 Cl1-Co-C8
CI3-Cl6 1343 1.361 €20-C9-C10
CI3-Cl4 1424 1440 C11-C9-C10
CI5-04 1358 1364 C8-Co-C10
Cl6-04 1347 1358 CI-C10-C5
€20-02 1200 1203 CI-C10-C9
€20-03 1346 1353 C5-C10-C9
CI2-C11-C9
CI3-C12-03
o3-ci-Cll
Cl6-CI3-Cl4
Cl6-CI3-CI2
CI5-C14-CI3
CI4-CI5-04
CI3-C16-04
02-C20-03
02-C20-C9
03-C20-C9
€20-03-C12

C16-04-CI5
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Figure 1. Effect of volume of extraction solvent on the absorbance of
iron and copper. Conditions: water sample volume, 5.0 mL; 1.0 mL
2-mercaptopyridine-N-oxide 1.0 g L; extraction solvent, MIBK
concentration of Fe(ITT) and Cu(lD), 05 pg mL " extraction time, 20 min;
stirring rate, 600 rpm: n = 3.
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Figure 3. Effect of amount of 2-mercaptopyridine-N-oxide on the
absorbance of iron and copper. Conditions: water sample volume, 5.0 mL;
1.0 mL formate buffer 0.1 mol L; extraction solvent, MIBK 210 pL;
conceniration of Fe(I1T) and Cu(ID), 05 g mL"; extraction time, 20 min;
stirring rate, 600 rpm: n = 3.
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Figure 2. Effect of pH on the absorbance of iron and copper. Conditions:
water sample volume, 5.0 mL; 1.0 mL 2-mercaptopyridine-N-oxide
1.0 g L; extraction solvent, MIBK 210 uL; concentration of Fe(IIl) and
Cu(II), 0.5 ptg mL"; extraction time, 20 min: stirring rate, 600 rpm: n = 3.
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CIF data for t-DCTN
data_publica

_audit_creation_method SHELXL-97
_chemical_name_systematic
2

_chemical_name_common 2
_chemical_melting_point 2
_chemical_formula_moiety  ‘C19 H22 04’
_chemical_formula_sum

“C19 H22 04

_chemical_formula_weight 31437

loop_
_atom_type_symbol
_atom_type_description
_atom_type_scat_dispersion_real
_atom_type_scat_dispersion_imag
_atom_type_scat_source
‘C’ C’ 0.0033 0.0000
‘International Tables Vol C Tables 4.2.6.8 and 6.1.1.4"
‘H’ ‘H’ 0.0000 0.0000
“International Tables Vol C Tables 4.2.6.8 and 6.1.1.4"
‘0’ ‘0’ 0.0106 0.0000
“International Tables Vol C Tables 4.2.6.8 and 6.1.1.4"

_symmetry_cell_setting orthorhombic
_symmetry_space_group_name_H-M ‘P 2121 21’
_symmetry_space_group_name_Hall ‘P 2ac 2ab’

loop_
_symmetry_equiv_pos_as_xyz
XY, 7

x+1/2, -y, z+1/2°

X112, -y+112, 2

X, y+172, -z+1/2°

_cell_length_a 7.3869(8)
_cell_length_b 13.8966(13)
_cell_length_c 16.018(3)
_cell_angle_alpha 90.00

_cell_angle_beta 90.00
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Table 1. Effect of coexisting ions on the extraction of 0.5 pg mL" Fe(III)
and 0.5 pg mL" Cu(Il)

Maximum
Coexisting ions tolerable
limit / (mg L)
Na*, K" 5000
cr 3500
Mg™, Ba, CIO,-, Br-, Ca®, oxalate 1500
Urea 1000
SF*, SO, I, Cd**, Ni*, NH,',citrate, thiourea 500
Co™, Zn*, Pb**, PO, SCN - 250
S, AP 150

Hg> 50
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Figure 4. Effect of salt on the absorbance of iron and copper. Conditions:
water sample volume, 5.0 mL: 1.0 mL formate buffer 0.1 mol L; 0.5 L.
2-mercaptopyridine-N-oxide 1.0 ¢ L' extraction solvent, MIBK 210 uL;
concentration of Fe(IIl) and Cu(IT), 0.5 g mL; extraction time, 27 min;
ing rate, 700 rpm: n = 3.
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i Found: / (ng L") Recovery /%
Sample Added / (pg L") . - = P
0 11323 BDL® - -
Tap water (Sanandaj, Iran) 50 16123 4822 % 9%
100 20825 9622 95 9%
0 BDL BDL - -
Mineral water (Hayat, Iran) 50 4922 4923 %8 9%
100 973 9623 97 9%
0 21425 222 - -
River water (Sepid Rood, Iran) 50 26125 7923 o4 o
100 31126 12723 97 95

sMean + standard deviation: "BDL: below detection li
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lable 2. Analytical hgures of ment

Analytical parameters Fer Cu
Linear dynamic range / (ug L") 40-800 25-1200
Slope / (abs mg" L) 0253 0816
Intercept 0.001 0007
Correlation coefficient 0999 0998
RSD/ % 17 21
Limit of detection / (g L") 376 184
Limit of quantification / (g L) 12.53 613
Recovery of extraction / % 9% 9%
Enrichment factor® 257 254
Enrichment factor” 200 200

‘Relative standard deviation (n = 10, 0.5 pg mL"); "the enrichment factor
i the ratio of iron and copper concentration in ethanol (250 jL) to that
of the bulk phase initially; “the enrichment factor is the ratio of sample

volume/final volume (5 mL/0.25 mL).
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Figure S1. UV-region spectrophotometry of the biodicsel (cthanol dilution
rate, 1:1000) (M): ethanol (99.3%. FMaia) (M): and baseline (H).
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gure 6. UV-region spectrophotometry of the aqueous phase (-B-
=226 nm (aqueous phase: distilled water dilution rate, 1:1000).
UV-region spectrophotometry of the organic phase (-#-) A = 205 and
(-0-) A = 228 nm (organic phase: ethanol dilution rate, 1:1000). For
degradation of 1 mL of biodiesel, 1.54 mL of Fenton’s reagent were used,
[Fe?]:[H.0,] = 0.65.
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iigure 3. Plot of experimental vs. calculated (B3LYP/6-311G-++(d.p)) 'H vicinal or long range NMR spin-spin coupling constants [*J (H.H")] for -DCTN.
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Figure S2. Absorbance spectra of: a) organic phase and b) the aqueous
phase irradiated for 360 h using Fenton’s reagent: (M) distilled water
(baseline), (1) ethanol (baseline), (M) biodiesel undegraded, (M) 24 h,
(M) 72 h, (M) 120 h, (M) 168 h, (M) 360 h. Aqueous phase was diluted
with distilled water, 1:1000 and the organic layer diluted with cthanol,
1:10000. For degradation of I mL biodiesel, Fenton’s reagent was used
[Fe2+:[H,0,] = 0,65, 1.54 mL was added to a mixture of ferrous sulfate
heptahydrate concentration of [Fe™] = 5.34 x 10° mol L " and [H,0,] =
8.05 x 10° mol L in the presence of light.
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Figure 4. Percent mortality rate of A. salina L. in aliquots of aqueous
phases irradiated for 360 h with 1.54 mL of Fenton’s reagent,
[Fe2*):[H,0,] = 0.65. The aqueous phase was diluted with a saline mixture
(vIv): (-9-) 1%: (-01-) 10%: (-A-) 20%.
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‘Table 4. Cocfficients of the Langmuir-Freundlich isotherms for MIP
synthesized with MAA or PV as functional monomers and toluene as
porogen solvent

Polymer  N./(umolg’) A/(mmol'L)  m T
MAA-MIP 10335 0354 0680 0999
PVB-MIP 53773 0.144 0375 0990

N;: total number of binding sites; A: average of binding affinity: m:
heterogencity index; r: correlation coefficient.
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igure 3. Chemical oxygen demand of the aqueous phase under irradiation
for 360 h with 3.0 mL of Fenton’s reagent: [Fe]: 0.65.
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Table 5. Recovery of FNT and its analogs by MIP and NIP

Recovery / %
MIP NIP
Washing _ Elution  Washing __Elution
FNT N/D 98 94 3
T 90 NID 88 ND
MPT 92 NID 91 3
FT 8 4 %0 ND

N/D: not detected.
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Figure 1. (a) Crystallographic structure, (b) skeleton formula and (c) optimized structure from B3LYP/6-311G++(d.p) level of theory of the clerodane -DCTN.
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Figure 5. Synchronous fluorescence spectra of (a) biodiesel B 100 and

biodiesel with 1.54 mL of Fenton’s reagent, [Fe?7:[H,0,] = 0.65, imadiated
for (b) 24 h: (¢) 72 h: and (d) 120 h.
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Table 3. Surface areas, pore volumes and pore diameters for MIP and
NIP synthesized with MAA or PVB as functional monomers and toluenc
as porogen solvent

Polymer Surface area/  Pore volume /  Average pore

(m*g?) (em’ g diameter / nm
MAA-MIP 3080 04 54
MAA-NIP 267.5 03 46
PVB-MIP 96.7 o1 45

PVB-NIP 86.6 0.1 44
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Figure 5. FNT adsorbed by the synthesized MIP and NIP using MAA or
PVB as functional monomers and their relative selectivity coefficients (B).
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Figure 6. FNT adsorbed by the synthesized MIP and NIP using MAA as
functional monomers in different solvents and their relative selectivity
coefficients.
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igure 2. 1H NMR spectra of non-irradiated B 100 and B 100 iradiated with 1.54 mL of Fenton’s reagent, [Fe*J:[H,0,] = 065, for up to 120 h. The

samples were dissolved in CDCL. at 0.1% viv TMS.
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Figure 7. Adsorption isotherms of MIP and NIP (MAA and PVB
functional monomers) using the Langmuir-Freundlich model. B is the
concentration of FNT retained/polymer concentration x 1000; F is the
concentration of the free FNT.
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Figure 1. '"H NMR spectrum of B 100. The biodiesel was dissolved in CDCL. at 0.1% v/v TMS (Aldrich,
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Table 1. Crystal data and structure refinement for -DCTN

Empirical formula
Formula weight

Temperature / K

Wavelength / A

Crystal system

Space group

alA

b/A

c/A

Volume / A®

z

p/(gem’)

w/mm?

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected / unique
Completeness to theta = 27.97°
Absorption correction
Refinement method

Data/ restraints / parameters
Goodness-of-fit on F*

Final R indices [1 > 20(1)]
Rindices (all data)

C.H0,
31437

2932)

071073

Orthorhombic

P22,

7.3869(8)

13.8966(13)

16.018(3)

16443(4)

4

1270

0.088

672

0,40 033 % 0,30 mm®
1.941027.07
0<h<0.-185k<0.21<150
2184 /2184 [R(int) = 0.0000]
962%

None
Full-matrix least-squares on F*
2184/0/208
0082
RI'=00502: wR2
RI'=0.1753% wR2

Largest diff. peak and hole / (¢ A*) 0.170 and -0.105
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Figure 2. (a) Plot of experimental vs. calculated (B3LYP/6-311G++(d.p)) 'H NMR chemical shifts and (b) plot of experimental vs. theoretical "C NMR
chemical shifts for --DCTN.
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Table 3. Element concentration in soybean, castor oil, cotton, sunflower and animal fat biodiesel samples determined by ICP OES applying the standard
addition method. The lincar regression equation and the correlation coefficient for cach standard addition are presented afterward

Concentration / (mg kg)

Element

Soybean Castor oil Cotton Sunflower Animal fat
Al 1122025 0.458 +0.195 0769 +0.163 <LOD <LOD
y=664.03x+ 74328 y=T7006Tx +3208 y=635451 +448.41 y=T38.120+ 50854 y=67274x+ 10175
(0.9965) (0.9997) (0.9967) (0.9935) (0.9978)
Ca 219031 340124 2722055 2.69=0.60 250032
¥ =47663x + 104566 y=45011x + 156298 y=40773x + 111096 y=49368x + 132839 y=42472x+ 106313
(0.9898) (0.9963) (0.998) (0.9969) (0.9964)
Cu 0.660 +0.010 0.743 =0.008 0.536 =0.054 0327 +0.036 0.463 =0.010
y=1289.8x+ 851.52 y=1316.1x + 977.42 ¥=12363x+ 662,44 y=14153x+ 46236 ¥=127531+ 59086
(0.9993) (0.998) (0.998) (0.9958) (0.9955)
Fe 2342038 1082027 0.578 0281 124019 0.937 =0.180
y=139.33r+325.44 y=15877x+ 170.83 ¥=13649x+ 78.873 y=1226x+151.83 y=14501x+ 13593
(0.9963) (0.9893) (0.9962) (0.9847) (0.9946)
K <LOD 0.873=0.025 532037 04540015 <LOD
y=3762.5x + 19011 y=38024x + 33205 y=2807x + 14945 y=35287x+ 1601.2 ¥=3638.81+ 55027
(0.9975) (0.9968) (0.999) (0.9945) (0.9915)
Mg 0577 +0.108 0.854+0.043 04130021 03110079 0.142=0.025
y=1882.81+ 1087.2 y=1968.4x + 16813 y=1440.8x + 595.74 y=1591.9x+ 49474 y=1550.7x+ 22034
(0.9974) (0.9987) (0.9996) (0.9962) (0.9994)
Mn 0481 +0.004. 0.138 =0.004 <LOD <LOD <LOD
y=1030.6x +496.11 y=11023x+1523 ¥=896.12x + 59.374 y=102421+2931 ¥=966.92x+ 48322
(0.9964) (0.9998) (1.0) (0.9989) (0.9979)
Mo 0599 +0.039 0.767 =0.052 1262001 113011 0.691 +0.044
y=38.603x+ 23,186 ¥=3426x+2628 ¥=34.650x + 43.748 y=31.526x+ 35749 y=35.0331+24211
(0.9969) (0.9994) (0.9803) (0.9969) 0.999)
Na 344088 101=1 20404 115207 13503
y=41837x+ 143915 y=44846x+451830  y=41723r+ 122549 y=8034.7x+ 92537 y=68558x +92529
(1.0) (0.9836) (0.9909) (0.9841) (0.9846)
Ni 0.203 +0.004. <LOD <LOD <LOD <LOD
y=31.024x+ 6.3004 y=35019x-3.8375 y=31216x-34204 y=32.8431-7.1401 y=31.35x +3.6061
(0.9955) (0.9999) (0.9978) (0.9945) 0.9991)
P <LOD <LOD 146 £0.32 <LOD 0.931=0.153
¥=1.4484x + 03106 y=1.3552¢-0.3015 ¥=1.1430x + 1.6649 y=1455x+ 02694 y=11586x+ 1.078
(0.9999) 0.9697) (0.9984) (0.9852) (0.9934)
St 0329.+0.007 0.250 =0.004 0.127+0033 0479 +0.021 <LOD
y=155451x + 51120 y=162818x + 40751 y=143762x + 18262 y=137278x+ 65736 y= 1492831+ 6121.6
(0.998) (0.9983) (0.9826) (0.9946) (0.9967)
Zn 833022 4872076 439103 547+030 3742077
y=67.378x + 561.46 y=82421x+401.8 y=69.242x +303.92 y=60611x+331.68  y=T4641x+278.92
(0.9902) (0.9991) (0.9958) (0.9954) (0.9984)
Number of replicates (n = 3).
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Table 6. Results of desorption studies of the adsorbents modified with TAN

Solution XAD-7 (@ af) / (22 Desorption /% Sillica gel (quus/d.) / (22")  Desorption/ %
0.1 mol L' HNO, 38310 00946 388x 10~ 214

0.5 mol L HNO, 52110 129 S511x 10+ 282

0.1 mol L+ hexamine, pH 6.5 217x 107 0536 126 10 00696
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igure 1. Low-angle and wide-angle XRD patterns of Ni-W catalysts
prepared with different impregnation methods and drying conditions. (A)
low-angle XRD: (B) wide-angle XRD.
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Table 5. Intraparticle diffusion adsorption model parameters of TAN on

XAD-7 in various initial concentrations
c,/ K/ c/
A0 mol L) (10 gg min™™ (10 gg) :
2.00 275 -1.99 0.999
4.00 373 -1.67 0.996
5.02 1.33 0.208 0.985
647 7.01 -3.55 0.999

8.00 6.17 -1.08 0.994
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Table 4. Recovenes (%) after analyte addition of 10.0 mg L™

Soybean Castoroil  Cotton  Sunflower Animal fat

Al 97.6 1003 992 103.1 99.4
Ca 983 974 100.9 1006 98.2
Cu 993 99.1 98.8 102.0 98.3
Fe 994 058 101.9 992 1014
K 98.1 97.9 101.0 97.0 97.1

98.6 1010 99.6 1015 99.5
97.9 99.5 100.0 1006 98.8
1012 993 945 98.9 1003
96.9 1013 103.7 1029 1004
1002 1002 993 1023 99.1
P 1003 1068 99.4 9.5 1038
St 98.7 994 957 97.1 98.3
Zn 98.1 1012 99.0 102.6 1015
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Table 3. GC/MS results and Kovats Index (K1) of the biodiesel analyzed during photodegradation with 1.54 mL of Fenton’s reagent, [Fe*"]:[H,0,] = 0.65,

for up to 360 h

Sample Retention time /min_ No. of C Experimental KI Compound Theoretical KI

Standard 2697 14 - n-tetradecane 1400
31.03 15 - n-pentadecane. 1500
38.58 17 - n-heptadecane 1700
42.09 18 - n-octadecane 1800
48.62 20 - n-cicosane 2000
60.13 4 - n-tetracosane 2400

B 100 4613 17 1924 hexadecanoic acid, methyl ester 1870-1926
51.36 19 2095 9,12-octadecadienoic acid (Z2)-, methyl ester  2092-2008
51.55 19 2102 9-octadecenoic acid, methyl ester 2082-2107
5233 19 2129 octadecanoic acid, methyl ester 2128-2135

24h 2820 10 1430 nonanoic acid, 9-oxo-, methyl ester 1436-1430
46.10 17 1023 hexadecanoic acid, methyl ester 1870-1926
5131 19 2003 9,12-octadecadienoic acid (Z2)-, methyl ester  2092-2008
51.50 19 2100 9-octadecenoic acid (Z,2)-, methyl ester 2082-2107
51.68 19 2106 10-octadecenoic acid, methyl ester 2100-2110
5232 19 2129 octadecanoic acid, methyl ester 2128-2135

96 h 2.19 10 1430 nonanoic acid, 9-oxo-, methyl ester 1436-1430
4613 17 1924 hexadecanoic acid, methyl ester 1870-1926
51.33 19 2004 9,12-octadecadienoic acid (Z2)-, methyl ester  2092-2008
5152 19 2101 9-octadecenoic acid (Z,2)-, methyl ester 2082-2107
5172 19 2108 10-octadecenoic acid, methyl ester 2100-2110
5232 19 2129 octadecanoic acid, methyl ester 21282135
56.68 19 2280 octadecanoic acid, 9,10-cpoxy-methyl ester 2129
5871 18 2351 6-hexadecenoic acid, 7-methyl, methyl ester 1963

168h 2823 10 1431 nonanoic acid, 9-oxo-, methyl ester 1436-1439
46.10 17 1023 hexadecanoic acid, methyl ester 1870-1926
5152 19 2101 10-octadecenoic acid, methyl ester 2100-2110
5233 19 2129 octadecanoic acid, methyl ester 21282135
56.60 19 2070 octadecanoic acid, 9,10-cpoxy-methyl ester 2129
5871 51 2088 6-hexadecenoic acid, 7-methyl.methyl ester 1963

360h 36.98 15 1706 tetradecanoic acid, methyl ester 1675-1725
45.58 17 1007 Hexadecanoic acid, methyl ester 18701926
50,97 19 2082 10-octadecenoic acid, methyl ester 2100-2110
51.80 19 2111 octadecanoic acid, methyl ester 21282135
56.15 19 2262 octadecanoic acid, 9,10-epoxy-methyl ester 2129
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Table 2. GUFID and COD results obtained for the degradation of biodiesel”™

— FAME® Total FAME / coDs/
16:0/(mgg’)  18:0/(mgg’)  18:1/(mgg’)  182/(mgg’)  18:3/(mgg") (mgg?) [350]
B 100 15058220585 86.72+7.337  25581=19824 30077=24112 328522741 8357329307 -
Exp. | 161646214 963721034 2817820651 33784=10618 364521082 01408455 119720639
Exp.2 35303234363 21055222019 9606909 4102064 NI 63728214718 21671 =2.006
Exp.3 17260258105 1040036886 2636 =8.658 NI NI 30305224806 20671 =0.550
Exp. 4 154036331 92073430 2730457566 3185120034  3378=1304 871433371 131220423
Exp. § 140910741 860322514 234020703 0.5720589 NI 250911962 2335322611
Exp. 6 125073800 703624358 2201726863 253588118  2638=1579 69655258 502424622
Exp.7 160515046 942024420 2011011990 3422527915  3585=1458 024003982 123320175
Exp. 8 22585+84.277 13801 250769 4465 = 16.058 NI NI 40851 =34.111  24.173% 1240
Photolysis 16208226740 10095+ 17344 11469 =20.713 NI NI 3777124765 74800 17.403

“Results expressed in mg of ester for cach gram of biodiesel or organic phase analyzed. Values are means of three replicates accompanied by deviation;
“the symbols represent the main chain of the FAME (faity acid methyl ester); “chemical oxygen demand: expressed in grams of O, consumed per liter of
sample water phase analyzed. Values are means of five repetitions accompanied by its standard deviation: NI: not identified: Exp.: experiments which were
carried out varying the analysis conditions, as described in Table 1.
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Table 5. FAME percentages of non-irradiated B 100 and B 100 irradiated
for 12 h by 1.54 mL of Fenton’s reagent, [Fe2*J:[H,0,] = 0.65, analyzed
by 'H NMR. The samples were dissolved in CDCL,

FAMEs/ %
Sample

Cl60  CI$0  CI&l  CI82  CI8:3
B 100 750 4625 3136 935 545

12h 1365 5823 19.12 578 322
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Table 4. FAMEs quantified by GC/FID for pure biodiesel (B 100) and
biodiesel degraded by 1.54 mL of Fenton’s reagent, [Fe2*J:[H,0,] = 065,
for 144 h and 360 b

FAME B100/(mgg')  144h/(mgg)  360h/(mgg?)
16:0  *15058+20.585 *22585+84277  °144.15+3.005
18:0 867257337 13801=50760  *$4.98+2.520
18:1  25581=10.824 446516058
182 30977 =24.112 -

18:3 3285 2.741 -

Total  *§3573=38203  *408.51+99.689  220.13=3.022

“The resulis are averages of three replicates followed by the standard
deviation. Expressed as mg FAME per | g of organic material analyzed.
Means followed by the same letter on the same line do not differ
significantly (Tukey’s test. p < 0.05).
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fable 1. Factors analyzed for the optimization of the degradation of biodiesel

Experiment [Fe*] / (mol L) [H,0,]/(mol L') Fenton volume / mL [Fe]: [H,0,] Light
1 534%10° 805x10° 154 065 absence
2 104%10° 320x10° 300 030 presence
3 534x10° 402x10° 154 133 presence
4 104%10° 156x10° 300 063 absence
5 534x10° 805x10° 154 065 presence
6 534x10° 402x10° 154 133 absence
7 104%10° 320x10° 300 030 absence
8 104x10° 156x10° 3.00 063 presence

“Each experiment was repeated five times.
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Figure $9. H NMR spectrum of degraded biodiesel by photo-Fenton ([Fe2+]:[H,0,] = 0.65, 1.54 mL) for 360 h. Typical shifts can be observed for aldehyde
(9.4-10.0 ppm) and carboxylic acids (about 8 ppm). whereas the chemical shifts between 6.0 and 6.4 ppm are due to the conjugated bonds of these compounds.
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Figure 1. Optimized geomeries of the most stable 1:1 complexes of FNT
with MAA, PVB, AAN and AAD.
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Figure S8. GC/MS chromatogram of a mixture of alkane standards (C9-C21) dissolved in dichloromethane.
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‘Table 1. Gibbs energies of NO, and O,PS groups (AG) and average Gibbs
energies (AG,) of the 1:1 complexes of fenitrothion with MAA, AAD,
PVB and AAN.

AG/ (K mol*)

Complexes ~ ———————————— G,/ (k] mol")
NO,Group  O,PS Group

MAAFNT 24888 24757 24823

AAD-FNT 24615 24438 24557

PVB-ENT 24463 24283 24373

AAN-ENT 24414 24506 ~2446.0
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Table 2. Dieletric constants (¢) and calculated solvent effects (7) of 1:1
MAA-ENT complexes

Environment e AG/ (kI mol")  y/ (kJ mol)
Vacuum 24648 -
Toluene 24 24473 175
Tetrahydrofuran 76 24144 204
Dichloromethane. 89 24336 312
Acetonitrile 36.5 24215 433

Water 784 24107 541
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igure S5. GC/MS chromatogram of degraded biodiesel by photo-Fenton ([Fe2+]:[H,O.]

.65, 1.54 mL) for 96 h, dissolved in dichloromethane.
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Figure S4. GC/MS chromatogram of degraded biodiesel by photo-Fenton ([Fe?+]:[H,0,] = 0.65, 1.54 mL) for 24 h, dissolved in dichloromethane.
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Figure S7. GC/MS chromatogram of degraded biodiesel by photo-Fenton ([Fe2+]:[H.0.]

.65, 1.54 mL) for 360 h, dissolved in dichloromethane.
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Figure S6. GC/MS chromatogram of degraded biodiesel by photo-Fenton ([Fe2+]:[H,0.] = 0.65. 1.54 mL) for 168 h, dissolved in dichloromethane.
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Figure 2. The effect of Triton X-114 concentration on analytical signal of
lead. Sample volume: 25 mL; pH = 8.5 octanol: 10 uL: Pb: 100 pg L.
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Figure 3. DRS spectra of catalysis prepared with different impregnation
methods and drying conditions.
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Figure 1. The effect of pH on extraction recovery of lead. (Sample volume:
25 mL: Triton X-114: 0.04 % (w/v): octanol: 10 uL: Pb: 100 pg L'
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Figure 2. FT-IR spectra of the catalysts prepared with different
impregnation methods and drying conditions.
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Table 1. Effect of interfering ions on the extraction of lead

Ton/Pb(I)  Recovery /

Interfering ions o/ (whw) %

K*, Nat, Li*, Ca**, Mg®, Br, F, C,NO,” 1000 1000
PO, Ag", Cu, Co, Cr, As*, Cr(V]) 100 9.7
r 80 993
Zn* 50 994
€O~ Hg* 30 1000
Ba, Cd#*, Fe 20 99.1
Nizt, AP, Fe 10 98.7
Mo 5 984

“In the presence of 4.0 x 10~ mol L KSCN:*in the presence of
0.1 mol L' KE.
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igure 5. W 4f and Ni 2p XPS spectra of the catalysts prepared with
different impregnation methods and drying conditions.






OPS/images/a07img03.png
0.16

a b c d

Type of diluting solvent

Figure 3. The effect of diluting solvent type on analytical signal of
lead, (a) 1.0 mol L' HNO, in THF; (b) 1.0 mol L' HNO, in acetone;
(©) 1.0 mol L+ HNO, in ethanol: (d) 1.0 mol L~ HNO, in methanol;
sample volume: 25 mL; pH = 8.5; Triton X-114: 0.04% (w/v); octanol:
10 uL: Pb: 100 g L.
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Figure 4. Raman spectra of catalysts prepared with different impregnation
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Figure 2. FTIR spectra of (A) MAA-MIP/PVB-MIP and (B) MAA-NIP/
PVB-NIP.
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Table 3. Comparison of the presented method with other preconcentration methods for determination of lead

Method LOD*/ (ug L) RSD*/ % LDR/ (pg L) PF Sample volume / mL Reference
SPE-FAAS 167 - - 120 1200 32
SPE-FAAS 55 - - 200 2000 33
SPE-FAAS 6.1 47 - 30 300 34
Online-SPE-FAAS 18 34 3250 1312 - 35
CPE-FAAS 521 16 75-3500 30 15 19
CPE- FAAS 342 48 500-10000 25 50 36
Coprecipitation-FAAS 20 245 2.5-200 400 1000 37
MF-FAAS 31 - - 150 300 38
RS-CPE-FAAS 43 49 upto 1200 30 40 23
RS-CPE-FAAS 16 21 5-400 400 25 This work.

“Limit of detection; 'elative standard deviation; lincar dynamic range; “preconcentration factor; solid phase extraction; ‘membrane filtration; fenhancement
factor (the ratio of slopes of the preconcentration and direct calibration equations).
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ure 7. Effect of temperature on the conversion and HDN of quinoling
influence of the impregnation method and drying condition. Reaction
conditions: p = 4 MPa, H, feed ratio = 1000, WHSV = 2 h".
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Figure 3. °C CP-MAS NMR spectra of (A) MAA-MIP/PVB-MIP and
(B) MAA-NIP/PVB-NII
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Table 2. Analytical characteristics of the method

Parameter Analytical feature
Linear range / g L™ 5400
Limit of detection / pg L+ (n =10) 16
RSD:/ % 21
Enhancement factor 40
Preconceniration factor 2

“Lead concentration was 100 pg L' for which RSD was obtained.
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Figure 6. FT-IR spectra of pyridine adsorption combined with pyridine
desorption at different temperatures on the catalysts prepared with different
impregnation methods and drying conditions.
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Table 5. Determination of lead in food sample

Lead amount / (g g™)

Sample Recovery / %
i Added Found* i
Spinach 0.00 3.90+0.08 -
4.00 783018 982
8.00 11842026 99.2
Rice 0.00 030001 -
0.40 071001 102.5
0.80 110002 100.0
Black tea bag 0.00 1042002 -
1.00 2.10+0.05 106.0
2.00 3.10=0.08 103.0

“Mean of replicate experiments (n

‘standard deviation.
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Table 4. Determination of lead in water samples

Lead amount / (pg L)

Sample ————————————Recovery /%
o Added Found: o
Tap water 00 nd -
(Drinking water system 100 102202 1020
of Sari, Iran) 300 20606 987
Mineral water 00 nd. -
(Damavand, mineral 100 101202 1010
water, Iran) 300 20607 987
River water 00 nd. -
(Siahrood river, Larim, 100 10003 1000
Tran) 300 20806 993
Sea water 00 174035 -
(Caspian sea water, 300 2063=41 1077
Babolsar, Iran) 600  2355:49 1025

“Mean of replicate experiments (n = 3) + standard deviation; "not detected.
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Figure 8. HDN reaction network of quinoline. Q. quinoline; THQS,
5.6.7.8-tetrahydroguinoline; DHQ, decahydroq ; THQL
12,3 4-tetrahydroquinoline; OPA, ortho-propylaniline; PCHA,
2-propylcyclo-hexylamine; PCHE, propyleyclohexene: PCH,
propylcyclohexane: PB. propylbenzene.
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Table 6. Comparison of the proposed method with other reported methods for determination and preconcentration of iron and copper

Analytical technique Analyte  LOD/(ugL?) LDR/(ugL")  EF  Sample volume/mL RSD*/ % Ref.
CPE-FAAS Fe,Cu 22,14 15-200,10250 30 15 06-4.1 40
DLLMEUV/Vis Fe 75 25-1000 5 5 12 41
SPE-FAAS Fe.Cu 082,064 250-5000 625 40 37,26 2
LLE-UV/Vis Cu 277 200-400 10 200 - 4
SPE-FAAS Cu 3 - 20 250 <12 “
USAEME-FAAS Fe 74 40800 142 5 25 45
USAE-SFODME-FAAS® Fe,Cu 86,41  40800,20-1200 13 5 20,12 46
DSDME- FAAS Fe,Cu 376,184 40800251200 25 5 17,21 this work

lative standard deviation; “CPE: cloud point extraction; “DLLME: dispersive liquid-liquid microextraction; *SPE: solid
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3. Analytical results for certified reference materials (n = 3)

JA-la B3 SRM 1643¢ SRM 1640a
Sample Fel% Cu/ppm Fel% Cu/ppm Fe !/ ppb Culppb Fe !/ ppb Culppb
Certified value 508 417 827 194 057214 BLDR® BLDR 85752051
Found 504205  4L1=19 835502 188223 965221 - - 817025
Recovery / % 101 98 101 97 98 - - 95

“Mean + standard deviation: *BLDI

Jow linear dynamic range.
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Figure 4. Influence of electric-field strength on NAMCE separation of Rh123 (2 x 107 mol L") and Rh6G (2 x 10 mol L) using ACN as running buffer
(a) 75V em’; (b) 125V em'; () 162.5 V em; (d) 200 V em' and () 250V em-. A 500 pm length hydrophobic porous polymer plug containing AMPS:
sampling loading time: 0.2 s; vacuum degree of sampling: ~50 mbar; detection length L = 2.5 cm; arrows on the baselines correspond to the starting point
of the NAMCE separation.
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Figure 3. Electropherograms of 5 times repetitively separated Flu and impurity and microscope image of porous polymer plug. (A) porous polymer plug
with hydrophobic surface without AMPS; (B) without porous polymer plug: (C) image of porous polymer plug. Sampling loading time: 0.2 s, detection
length L = 2 cm, electric-field strength E = 250 V em', n = 5. Arrows on the bas correspond to the starting point of the MCE separation.






OPS/images/a20img06.png
05

0.4

034

024

014

o= )N W v S

A T 7
0 10 20 30 40 S0 60 70 80 9 100 110 120 130 140 150 160 170 180
Migration time / s
Figure 6. Influence of electric-field strength on NAMCE separation of Rh123 (2 x 10 mol L) and Rh6G (2 x 107 mol L) using 5 mmol L Tris +
5 mmol L-* ammonium acetate in ACN as running buffer (2) 200 V cm'; (b) 375 V e (¢) 500 V em'; (d) 625 V cmr* and () 750 V cm-'. A 500 um

length hydrophobic porous polymer plug without AMPS; sampling loading time: 0.5 s; vacuum degree of sampling: ~50 mbar; detection length L =2.5 cm:
arrows on the baselines correspond to the starting point of the NAMCE separation.
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igure 5. Influence of clectric-field strength on NAMCE separation of Rh123 (5 x 10 mol L) and R6G (5 x 10 mmol L") using 5 mmol L Tris in
ACN as running buffer (2) 625 V cml; (b) S00V em™; (c) 375 V emr' (d) 250 V em'; (¢) 187.5 V e and () 125V em-. A 500 pum length hydrophobic
porous polymer plug without AMPS; sampling loading time: 0.5 s; vacuum degree of sampling: 50 mbar; detection length L = 2.5 em; arrows on the
baselines correspond to the starting point of the NAMCE separation.
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Figure 1. Schematic diagram of the integrated NAMCE-LIF system. Dimensions are given in mm.
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Figure 5. Oxidation levels of (a) all analyzed samples and (b) per state.
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Figure 6. Oxidation levels of (a) free base cocaine (n = 123) and (b) cocaine hydrochloride (n = 87).
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Figure S1. Brazilian territory and the localization of the studied states.
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lable 51. Brazihan state and year of apprehension. cocaine and (cis+trans)-cinnamoylcocaine levels, sample classifications based on oxidation degree,
cocaine presentation form and cutting agents found

Total cinnamoylcocaine/

Sample State Cocaine / % i, Oxidation Form Cutting agents Year
1 AC 826 132 Base Uncut 2011
2 AC 780 127 Base Fen 2011
3 AC 76.8 34 Base Fen 2010
4 AC 732 18 Base Uncut 2010
5 AC 763 80 Base Uncut 2011
6 AC 760 115 Base Fen 2010
7 AC 718 68 Base Uncut 2010
8 AC 60.9 09 Base Fen/Caf 2010
9 AC 6.6 76 Base Uncut 2011
10 AC 796 89 Base Uncut 2011
1 AC 735 0.1 Base Fen 2011
12 AC 850 73 Base Uncut 2011
13 AC 732 79 Base Fen 2011
14 AC 736 22 Base Uncut 2011
15 AC 556 123 Base Fen 2011
16 AC 710 83 Base Fen 2011
17 AC 774 25 HCl Uncut 2012
18 AC 76.8 25 HCl Uncut 2012
19 AM 411 08 Base Fen/Caf 2010
20 AM 429 24 Base Fen/Caf 2010
21 AM 521 24 Base Uncut 2010
2 AM 193 00 Base Uncut 2010
23 AM 702 1.9 Minimum Base Uncut 2010
24 AM 784 20 Moderate HCl Uncut 2009
25 AM 7.1 21 Moderate HCl Uncut 2009
26 AM 709 20 High Base Fen 2009
27 AM 716 17 High HCl Caf 2009
28 AM 408 1.9 Minimum Base Fen 2009
29 AM 569 05 High HCl Lev/Dil 2009
30 AM 718 51 Moderate Base Fen 2009
31 AM 796 25 Moderate HCl Uncut 2009
32 AM 794 22 Moderate HCl Caf 2009
3 AM 794 27 Moderate HCl Uncut 2009
34 AM 745 156 Minimum Base Uncut 2012
35 AM 799 49 HCl Uncut 2012
36 DF 76.5 03 HCl Fen/Lev 2010
37 DF 60.0 44 Base Fen 2010
38 DF 720 47 Base Fen 2010
39 DF 713 115 Base Fen 2009
10 DF 76 116 Base Uncut 2009
41 DF 766 89 Base Fen 2010
2 DF 814 29 HCl Uncut 2010
43 DF 83.1 28 HCI Uncut 2010
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Figure 3. Cocaine purity (average, minimum and maximum), per state.
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Figure 4. Distribution of cocaine purity in all analyzed samples (a) and per state (b-i).
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Figure 2. Elements concentration in soybean, castor il cotton, sunflower and animal fat biodiesel samples. The dashed lines, point out the 5 mg kg
concentrations, which are the maximum permissible levels, allowed for the sum Ca + Mg, Na-+ K and 10 mg kg-!for P, following the Brazilian Standardization

Organization.
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Figure 1. Biodiesel digested samples residues following different
procedures. (A) direct digestion in the HPA-S; (B) two step digestion
procedure, with 6 ml HNO, and the subscquently addition of 4.5 mL H.O,
and (C) two step digestion procedure, frst the addition of 4 mL HNO, +
2.5 mL H.0, followed by the addition of 2 mL HNO. + 2 mL H.
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Table 2. Limits of detection (LOD), in mg of the analyte per kg of biodiesel

LOD/ (mgkg)
Al 032
Ca 025
Cu 002
Fe 036
K 028
Mg 002
Mo 001
Mn 009
Na 070
Ni 013
P 079
sr 0.06

Zn 0.10
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Iable 1. Analytes and wavelengths used

Analyte Wavelength / nm

Aluminum AIT308215, AIT1396.152*
Calcium Ca Il 317.933, Ca 11 396,847, Ca 11 393.366
Copper Cul324754

Iron Fe 11259.940

Potassium K1766.491

Magnesium Mg 11 279.079, Mg 11 280.270*
Manganese Mn 11257610

Sodium Na1580.502: Na 1330237
Nickel Ni1232.003

Phosphorus PI1214914

Strontium Sr1407.771

Zine Zn1213.856", Zn 11 202.548

“Used for quantification purposes.
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. Fatty acids present in crude and refined bunti oils

Samples
Fatty acids Crade  Refined
buriti il bariti oil
Miristic acid - C 14:0 05 05
Margaric acid - C 17:0 03 02
Stearic acid - C18:0 23 3900
Total saturated fatty acids - SFA / % ar 46
Palmitoleic acid - C16:1 196 104
Oleic acid - C18:1 nr  nr
Total monounsaturated fatty acids - [
MUFA / %
26 23
200 15
Total polyunsaturated fatty acids - PUFA / %0 4.6* as

Different letters on same row represent significant difference at 5% level
by t-Student test. The values are expressed in percentage (%).
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Figure S18. Circular dichroism spectrum of the hydroxamate of
rodriguesic acid methyl ester (6) in MeOH (0.2 mg mL-").
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lable 3. Fatty acids present in crude and refined buriti oils

Samples
Fatty acids Crude  Refined
buriti oil__ buriti o
Myristic acid - C 14:0 05 0.5
Margaric acid - C 17:0 03 02
Stearic acid - C18:0 23 300
Palmitic acid - C16:0 196 194
Total saturated fatty acids - SFA % nr ue
Oleic acid - C18:1 nr  nr
Total monounsaturated fatty acids - nr 22
MUEA %
Linoleic acid - C 18:2 260 23
Linolenic acid - C 18:3 200 15
Total polyunsaturated fatty acids - PUFA/ % 4.6* 38

Different letters on same row represent significant difference at 5% level
by r-Student test. The values are expressed in percentage (%).
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Figure S15. HRETMS/MS analysis of methyl ester of the rodriguesic acid hydroxamate (6) [M+H]+ ion at m/z 519.31476.
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Figure $17. Circular dichroism spectrum of rodriguesic acid methyl ester
(5) in MeOH (0.033 mg mL").
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Figure S16. Circular dichroism spectrum of rodriguesines A (1) and B
(2) in MeOH (0.030 mg mL-
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Figure 2. FT-IR spectra of the BiVO, samples (with KBr pellet
synthesized with different fucls and surfactants: (a) alanine, (b) alanine/
CTAB, (¢) alanine/SDS and (d) alanine/Tween® 80, (¢) glycine, (1)
glycine/Tween® 80, (g) urca and (h) urea/Tween® 80. Bands related to
the presence of V.0 are marked as ©.
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re 1. TGA curve for BiVO, precursor gels synthesized with: (a)
(—) alanine, (---) alanine/CTAB, () alanine/SDS and (---) alanine/

Tween® 80; and (b) (—) glycine, (---) glycine/Tween® 80, () urea e
) urea/Tween® 80.
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Figure 4. Raman spectra excited at 1064 nm for BiVO, samples (with
KBr pellet) synthesized with different fuels and surfactants: (a) glycine
and (b) elycine/Tween® 80.
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Figure 3. Raman spectra excited at 1064 nm for BiVO, samples (with

KBr

0 synthesized with different fuels and surfactants: (a) alanine,

(b) alanine/CTAB, (c) alanine/SDS and (d) alanine/Tween® 80, (¢) glycine,

(f) glycine/Tween® 80, () urea and (h) urea/Tween® 80.
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Figure 6. Cyclic voltammetry of film BiVO, synthesized with Alanine
and Tween® 80in 0.1 mol L' Na,SO, and v =5 mV s-' (a) (—) dark and
ht irradiation: and. (b) light chopped each 5 s.
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{fable 1. Current density () obtamned for BiVO, electrodes synthesized
with different fuels and surfactants at +1.4 V with and without irradiation
ble light

BiVO, photoelectrodes j’((m;“l) JI((‘;A..dZ'.“ ) Aj/ (uA cmr?)
imadiation)*
Alanine 248 526 278
Alanine/CTAB 557 033 376
Alanine/SDS 127 204 871
Alanine/Tween® 80 123 190 7538
Glycine 947 158 632
Glycine/Tween® 80 158 216 573
Urea 727 13 3.90
Urea/Tween®80 126 269 143

“Normalized by the electroactive area of the electrodes.
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fable 51. continuation

Sample State Cocaine /% % “::::::3';“““" Oxidation Form Cutting agents Year
173 sp 568 05 Base Fen/Caf/Lid 2010
174 sp 66.1 75 Base Fen/Caf 2010
175 sp 747 76 Base Fen 2011
176 sp 843 26 HCl Fen 2011
177 sp 600 838 Base Fen 2010
178 sp 793 32 HCl Fen/Lev 2010
179 sp 735 09 HCl LeviLid 2010
180 sp 69.1 23 HCl Lev 2010
181 sp 817 17 HCl Uncut 2010
182 sp 796 32 HCl Uncut 2010
183 sp 768 23 HCl Fen/Lev 2010
184 sp 77 106 Minimum Base Uncut 2010
185 sp 739 21 Moderate HCl LeviLid 2010
186 sp 712 30 Moderate HCl Fen/Lev 2010
187 sp 570 838 Minimum Base Fen 2010
188 sp 582 22 Moderate HCl Lid 2010
180 sp 695 15 High Base Uncut 2010
190 sp 607 838 Minimum Base Fen 2010
191 sp 719 29 Moderate Base Uncut 2010
12 sp 779 22 Moderate HCl Uncut 2010
103 sp 771 24 Moderate HCl Uncut 2010
194 sp 868 21 Moderate HCl Lid/Hid 2010
195 sp 715 00 High HCl Lev 2011
196 sp 822 42 Moderate HCl Lid 2011
197 sp 034 11 High Base Lid 2011
198 sp 771 00 High HCl Lev 2011
199 sp 705 00 High HCl Lev 2011
200 sp 683 00 High HCl Lev 2011
201 sp 471 92 Minimum Base Uncut 2011
202 sp 769 28 Moderate HCl Lev 2011
203 sp 724 13 High HCl Lev 2011
204 sp 755 23 Moderate HCl Uncut 2011
205 sp 774 17 High HCl Lev 2011
206 sp 793 00 High HCl Lev 2011
207 sp 74 00 High HCl Lev 2011
208 sp 643 94 Minimum Base Lid 2011
200 sp 704 41 Moderate HCl Lev 2011
210 sp 504 29 Moderate HCI Lev 2011
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Table 51. continuation’

Total cinnamoylcocaine/

Sample State Cocaine / % cocaine 1 % Oxidation Form Cutting agents Year
130 PR 50.5 71 Minimum Base Ben/Fen/Caf 2010
131 PR 81.6 85 Minimum Base Uncut 2010
132 PR 78.1 65 Minimum Base Uncut 2010
133 PR 783 76 Minimum Base Fen 2010
134 PR 515 26 Moderate HCI Lev 2010
135 PR 76.8 17 High HCI Uncut 2010
136 PR 716 109 Minimum Base Uncut 2010
137 PR 6.2 36 Moderate HCI Lev 2010
138 PR 343 23 Moderate HCI Fen 2010
139 PR 86.6 74 Minimum Base Fen 2010
140 PR 76.9 29 Moderate Base Uncut 2010
141 PR 852 29 Moderate HCI Uncut 2010
142 PR 80.9 28 Moderate HCI Uncut 2010
143 PR 732 64 Minimum Base Fen/Lid 2010
144 PR 843 30 Moderate HCI Uncut 2010
145 PR 843 28 Moderate HCI Uncut 2010
146 PR 510 123 Minimum Base Fen 2010
147 PR 408 1.0 Minimum Base Ben/Fen 2010
148 PR 84.1 03 High HCI Uncut 2010
149 PR 843 08 High HCI Uncut 2010
150 PR 55.1 129 Minimum Base Fen 2010
151 RO 75.1 79 Minimum Base Uncut 2010
152 RO 88.7 84 Minimum Base Uncut 2010
153 RO 81.6 29 Moderate HCI Uncut 2010
154 RO 76.0 79 Minimum Base Uncut 2010
155 RO 733 24 Moderate Base Fen/Caf 2010
156 RO 28 35 Moderate HCI Uncut 2010
157 RO 617 85 Minimum Base Uncut 2010
158 RO 644 17 Minimum Base Uncut 2010
159 RO 3.1 123 Minimum Base Uncut 2010
160 RO 69.5 141 Minimum Base Uncut 2010
161 RO 617 85 Minimum Base Fen 2010
162 RO 6716 62 Minimum Base Uncut 2010
163 RO 76.9 1.0 Minimum Base Uncut 2010
164 RO 713 172 Minimum Base Uncut 2010
165 RO 824 58 Moderate Base Uncut 2010
166 RO 197 24 Moderate HCI Fen 2010
167 RO 65.6 22 Moderate Base Uncut 2010
168 RO 88.4 7.0 Minimum Base Uncut 2010
169 RO 79.3 28 Moderate Base Fen 2010
170 RO 71.0 43 Moderate Base Fen 2010
171 sp 71.0 27 Moderate HCI Uncut 2010
172 SP. 85.1 11 High HCI Lev 2010
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lable 51. continuation

Sample State Cocaine /% % “::::Ez';mi“”’ Oxidation Form Cutting agents Year
87 MT 524 81 Base Uncut 2010
88 MT 642 109 Base Uncut 2010
89 MT 729 14 Base Uncut 2010
% MT 709 13 Base Uncut 2010
o1 MT 663 76 Base Uncut 2010
02 MT 790 00 HCl Lev 2012
03 MT 795 00 HCl Lev 2012
04 MT 789 00 HCl Lev 2012
05 MT 785 00 HCl Lev 2012
% MT 781 00 HCl Lev 2012
07 MT 663 94 Minimum Base Fen 2012
o8 MT 759 57 Base Fen 2012
% MT 786 00 HCl Lev 2012
100 MT 79.1 00 HCl Lev 2012
101 MT 798 00 HCl Lev 2012
102 MT 713 86 Base Uncut 2012
103 MT 77 85 Base Uncut 2012
104 MT 735 87 Base Uncut 2012
105 MT 740 86 Base Uncut 2012
106 MT 730 838 Base Uncut 2012
107 MT 728 838 Base Uncut 2012
108 MT 812 105 Base Fen 2012
109 MT 810 106 Base Fen 2012
10 MT 800 18 Base Fen 2012
i MT 803 19 Base Fen 2012
1 PR 820 25 HCl Uncut 2010
13 PR 762 26 HCl Uncut 2010
14 PR 835 25 HCl Caf 2010
1s PR 857 31 HCl Uncut 2010
116 PR 850 26 HCl Uncut 2010
17 PR 687 11 HCl Lev 2010
18 PR 864 26 HCl Uncut 2010
1o PR 867 24 HCl Uncut 2010
120 PR 875 14 HCl Lev 2010
121 PR 870 26 HCl Uncut 2010
122 PR 676 22 HCl Uncut 2010
123 PR 120 00 Base Uncut 2010
124 PR 767 102 Base Uncut 2010
125 PR 7538 102 Base Uncut 2010
126 PR 824 73 Base Fen 2010
127 PR 852 48 Base Fen 2010
128 PR 426 33 Base Fen 2010
129 PR 464 37 Base Uncut 2010
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Table 51. continuation’

Total cinnamoylcocaine/

Sample State Cocaine / % R Oxidation Form Cutting agents Year
44 DF 723 03 High HCI Fen/Lev 2010
15 DF 5.1 04 High HCI Fen/Lev 2010
16 DF 618 30 Moderate HCI Fen/Caf/Lev 2010
17 DF 6.2 EN Moderate HCI Fen/Caf/Lev 2010
18 DF 79.9 20 High HCI Uncut 2009
19 DF 726 03 High HCI Lev 2009
50 DF 712 134 Minimum Base Uncut 2010
51 DF 74.0 6.6 Minimum Base Uncut 2010
52 DF 535 40 Moderate Base Uncut 2012
53 DF 70.6 146 Minimum Base Uncut 2012
54 DF 742 134 Minimum Base Uncut 2012
55 DF 653 73 Minimum Base Uncut 2012
56 DF 68.0 17.5 Minimum Base Uncut 2012
57 DF 616 166 Minimum Base Uncut 2012
58 DF 716 185 Minimum Base Uncut 2012
59 DF 703 0.0 High HCI Uncut 2012
60 MS 720 15 High HCI Hid 2009
61 MS 468 40 Moderate Base Uncut 2009
62 MS 782 24 Moderate Base Fen 2009
63 MS 748 658 Minimum Base Fen 2009
64 MS 76.4 25 Moderate HCI Uncut 2009
65 MS 55.7 09 High Base Uncut 2009
66 MS 50.4 27 Moderate Base Fen 2009
67 MS 82.6 103 Minimum Base Uncut 2009
68 MS 719 57 Moderate Base Fen 2009
69 MS 30.7 63 Minimum Base Uncut 2009
70 MS 73.6 59 Moderate Base Uncut 2009
71 MS 29 62 Minimum HCI Uncut 2009
/] MS 73.9 14 Minimum Base Uncut 2009
73 MS 9.2 33 Moderate Base Fen 2009
74 MS 638 13 Minimum Base Fen 2011
75 MS 529 30 Moderate HCI Lev/Lid 2011
76 MT 735 21 Moderate HCI Lev 2010
7 MT 758 76 Minimum Base Fen 2010
78 MT 710 9.1 Minimum Base Uncut 2010
79 MT 76.6 8.1 Minimum Base Uncut 2010
80 MT 78.1 87 Minimum Base Uncut 2009
81 MT 47 95 Minimum Base Fen 2010
82 MT 78.6 26 Moderate Base Uncut 2010
83 MT 69.5 136 Minimum Base Uncut 2010
84 MT 817 115 Minimum Base Fen 2010
85 MT 719 35 Moderate HCI Uncut 2010
86 MT 786 38 Moderate HCI Uncut 2010






